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Summary. It is uncertain that exercise with re- 
duced frequency breathing (RFB) results in arter- 
ial hypoxemia. This study was designed to investi- 
gate whether RFB during exercise creates a true 
hypoxic condition in arterial blood by examining 
arterial oxygen saturation (SaO2) directly. Six 
subjects performed ten 30 s periods of exercise on 
a Monark bicycle ergometer at a work rate of 
210 W alternating with 30 s rest intervals. The 
breath was controlled to use 1 s each for inspira- 
tion and expiration, and two trials with different 
breathing patterns were used; a continuous 
breathing (CB) trial and an RFB trial consisting 
of four seconds of breath-holding at functional 
residual capacity (FRC). Alveolar oxygen pres- 
sure during exercise showed a slight but signifi- 
cant (p < 0.05) reduction with RFB as compared to 
CB. However, a marked increase in alveolar-arter- 
ial pressure difference for oxygen (A-aDO2) 
(p < 0.05) with RFB over CB resulted in a marked 
(p<0.05) reduction in arterial oxygen pressure. 
Consequently, SaO2 fell as low as 88.8% on aver- 
age. Additional examination of RFB with breath- 
holding at total lung capacity showed no in- 
creases in A-aDO2 in spite of the same amount of 
hypoventilation as compared with that at FRC. 
These results indicate that RFB during exercise 
can result in arterial hypoxemia if RFB is per- 
formed with breath-holding at FRC, this mecha- 
nism being closely related to the mechanical re- 
sponses due to lung volume restriction. 
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Introduction 

Exercising while the frequency of breathing is 
compulsorily reduced has been used since the 
1970's, mostly by competitive swimmers, to in- 
duce tissue hypoxia and thereby to activate cellu- 
lar adaptation to hypoxia. The theory behind this 
training exercise is that periodically induced hy- 
poxia will result in increased anaerobic glycolysis 
and hence improved lactic acid tolerance (Coun- 
silman 1977). Whether this mode of  exercise does 
create a degree of arterial blood hypoxia suffi- 
cient to cause tissue hypoxia has been doubted. In 
some previous studies of training with reduced fre- 
quency breathing (RFB), the decreased values for 
alveolar oxygen pressure (PAO2), which were ac- 
companied by significant increases in alveolar 
carbon dioxide pressure (PACO2), were insuffi- 
cient to cause a reduction in arterial oxygen satu- 
ration (SaO2) (Craig 1979; Dicker et al. 1980; 
Holmer and Gullstrand 1980). Other studies, how- 
ever, showed a lung diffusion limitation for oxy- 
gen (Piiper and Scheid 1981; Tore-Bueno et al. 
1985), and a ventilation-perfusion inequality in al- 
veolar hypoxia (Gale et al. 1985) which would re- 
sult in an increased alveolar-arterial difference for 
oxygen (A-aDO2). 

To resolve the question whether this type of 
training creates arterial blood hypoxia, clearly it 
is necessary to measure SaO2 during exercise with 
RFB. Since training with RFB is often conducted 
as an intermittent exercise alternating with peri- 
ods of unrestricted breathing, this pattern has 
been used in the investigation of SaO2 and other 

physiological  effects during exercise with RFB. 

Methods 

The subjects used were six healthy physical education students 
ranging from 22--26 yrs of age. Their physical characteristics 
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Table 1. Physical characteristics of each subject 

Subject Age (years) Height (cm) Weight (kg) 

YY 22 173.5 68.0 
TF 25 162.0 58.5 
HH 23 181.0 72.0 
KS 26 168.5 63.0 
HF 22 161.0 54.0 
YT 23 168.0 60.0 

Mean 23.5 169.0 62.6 
SD 1.6 7.5 6.6 

are presented in Table 1. Before the experiment, each subject 
signed a written consent form after being informed of its pur- 
pose and the risks therein. 

Periods of exercise (30 s) were alternated with periods of 
rest (30 s). In the exercise period, the subjects breathed with 
two different patterns: first, continuous breathing (CB) with 
1 s each for inspiration and for expiration; second, RFB, 
which started with a 4 s period of breath-holding at functional 
residual capacity (FRC), followed by 2 s of the regular CB pat- 
tern, followed again by 4 s breath-holding ..., until the 30 s pe- 
riod of exercise was over. Breathing was uncontrolled during 
the rest periods. Each subject performed ten exercise periods 
with CB and ten with RFB, the sequence of CB and RFB be- 
ing randomized. For averaging results from individual sub- 
jects, the CB and RFB periods were numbered separately in 
the sequence they occurred, and CB or RFB results of the 
same sequence number were averaged between subjects. Num- 
bering and averaging was the same for the rest periods follow- 
ing the CB or RFB periods. 

Expired air was collected in Douglas bags during alter- 
nate periods of exercise and rest for the determination of pul- 
monary ventilation (I/E) and oxygen uptake (I/o2). The fraction 
of oxygen and carbon dioxide were measured with a 1H21A 
polarographic O2 and infrared CO2 analyzer (Sanei-Sokki), 

and I/E was determined with a dry respiration gasmeter (Max- 
Planck, FRG). 

A saline filled polyethylene catheter, argyle MEDICUT 
22G (Sherwood), was inserted 30 min before the experiment 
into the right or left brachial artery after administering local 
anesthesia. 1 cc polyethylene syringes were used to collect ar- 
terial blood samples anaerobically after removing the saline in 
the dead space of the catheter. Samples were taken during a 
rest interval prior to the test, at the end of alternate periods of 
exercise and rest, and at the end of the 10th exercise period. 
Immediately following sample collection the syringes were 
sealed and stored anaerobically on ice until analyzed within 
10-15 rain. 

Arterial hydrogen ion concentration (H +), oxygen pres- 
sure (PaO2) and carbon dioxide pressure (PaCO;) were mea- 
sured with an IL system 1303 (Instrumental Laboratory, USA). 
and SaO2 was determined with an IL co-oxymeter 282 (Instru- 
mental Laboratory, USA). 

Alveolar ventilation (12A), PAOz and A-aDO; were calcu- 
lated from the following equations (Jones and Campbell 
1982); 

VA=VE X (1 -- PaCO2-PECO2 / 
\ PaC02 ] 

PAO2 = 0.2093 X (PB--47) + PaCO~ x (0.2093 + ~ )  

A-aDO2 = PAO2 - PaO2 

where PECO2 represents the carbon dioxide pressure of mixed 
expired air; PB, the barometric pressure; and R, the respira- 
tory exchange ratio. 

Aliquots of the arterial blood samples for determination 
of blood lactate concentration (LA-)  were deproteinized and 
centrifuged. The supernatants were put in frozen storage and 
were later analyzed in duplicate with a Lactate-UV-Test 
(Boehringer, Mannheim, FRG) and the mean values were re- 
corded. 

Arterial pressure was monitored with a BENTLEY 
TRANTEC MODEL 800 pressure transducer (DATASCOPE) 

Table 2. Values for pulmonary ventilation (I)'E), alveolar ventilation (I)A) and oxygen uptake (I)'o+) during exercise and rest periods. 
All values reported are Mean_+ SE. *, p < 0.05 between CB and RFB 

Exercise 

1st 3rd 5th 7th 9th 

l/E CB 30.4 _: 1.8 
(!- rain ~) RFB 19.8 __.:2.5* 
Va CB 17.0 -~: 1.9 
( l .min  - t )  RFB 8.7 -+1.1" 
r CB 1.01 -+ 0.04 
(1. min ~) RFB 0.70-+0.09* 

41.9 -+1.7 43.3 _+1.8 43.5 _+2.9 45.2 _+3.3 
25.1 +1.7" 25.0 -+2.5* 26.0 _+1.9" 25.0 _+1.4" 
27.6 _+2.4 33.4 _+2.7 34.1 _+3.5 35.1 _+4.0 
14.8 _+1.6" 15.3 _+2.0* 15.9 _+1.7" 15.2 +1.4" 

1.77-+0.05 1.84-+0.06 1.82_+0.10 1.92-+0.09 
1.29 _+ 0.07* 1.25 _+ 0.09* 1.31 _+ 0.08* 1.24 _+ 0.09* 

Rest 

1st 3rd 5th 7th 9th 

VE CB 27.1 -+1.2 
(!. rain- ~) RFB 28.0 __: 1.8 
VA CB 13.4 -+0.8 
(! �9 min ~) RFB 13.9 -+ 1.5 
Vo. CB 1.36_+0.09 
(1 �9 rain i) RFB 1.67_+0.10 

33.2 _+ 1.9 33.5 _+ 1.4 
45.0 _+2.0* 50.1 -+3.2* 
21.0 -+2.0 21.8 _+1.7 
31.7 _+2.0* 36.8 -+3.3* 

1.64+0.03 1.71 +0.04 
2.20-+0.07* 2.32-+0.13' 

37.3 _+ 1.2 
51.2 _+2.4* 
25.1 _+ 1.1 
39.0 _+3.3* 

1.85 _+ 0.04 
2.47 _+ 0.09* 

36.2 + 1.9 
51.5 _+3.8* 
24.5 _+ 1.4 
38.4 _+4.1" 

1.77 __. 0.06 
2.38+0.11" 
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Table 3. Values for PAO2, PaO2, A-aDO2, and SaO2 during exercise periods. All values reported are Mean4-SE. * indicated 
significant (p < 0.05) differences between CB and RFB (see text for abbreviations) 

Exercise 

1st 3rd 5th 7th 9th 

PAO2 CB 116.7 4- 3.8 109.7 + 7.4 109.7 4- 5.4 108.6 + 4.7 110.6 4- 5.6 
(Torr) RFB 105.9 4- 8.1 86.5 + 7.3" 97.0 4- 4.4* 98.7 + 5.5" 97.6 _+ 5.4* 
PaO2 CB 113.1 + 3.7 107.9 4- 5.2 107.6 -+ 3.5 105.2 4- 3.9 103.7 _+ 3.9 
(Torr) RFB 75.5+ 6.3* 68.4-+3.4* 68.1 4-3.2* 71.4_+5.1" 67.1 +_4.0* 
A-aDO2 CB 3.64- 2.4 1.94- 1.5 2.54- 1.5 3.64-2.7 6.9+_4.9 
(Torr) RFB 30.4 4- 10.4* 14.9 4- 6.5* 29.0 +_ 3.6" 27.4 4- 5.7' 30.5 4- 4.9'  
SaO2 CB 96.6 4- 0.5 96.6 4- 0.3 96.8 _+ 0.3 96.6 + 0.4 96.4 4- 0.5 
(%) RFB 93.3 + 1.3 91.2_+ 1.0" 90.4_+ 1.1" 88.8 _+ 1.3" 89.64- 1.6' 

and was further amplified and recorded with a DATASCOPE 
870/P3 (DATASCOPE). A polyethylene tube containing sal- 
ine was attached to the catheter through a three way stopcock. 
The stopcock was connected to the transducer and to the sam- 
piing syringe set up at the same height as the catheter. Mean 
arterial pressure (MAP) was calculated from the integration of 
a pulse pressure curve with an analogue integrator RFJ-5 (Ni- 
hon-koden) over a 20--25 s interval during each exercise and 
rest period. Heart rate (HR) mean values were also calculated 
from the pulse pressure curve over 20--25 s intervals. 

Statistical analysis was conducted by a two way ANOVA 
between subjects and between breathing patterns for each ex- 
ercise and rest period. Statistical significance was adopted 
when p < 0.05. 

Results 

Table 2 shows the values for I?E, I)'A and I2o.2 dur- 
ing every second exercise and rest period. VE and 
VA values were signi.ficantly lower for RFB than 
CB during exercise. Vo2 also showed significantly 
lower values (27.1--35.4%) in RFB than in CB. 
During rest periods, RFB values of I)'E, I)A and 
Vo~ were significantly higher (35.5--49.6, 3.7-- 

68.8, and 33.5--35.7%) than CB values, except 
during the first. The increases in these parameters 
during the rest periods, seen in RFB over CB, al- 
most completely compensated for the depressed 
values seen in RFB during the exercise periods. 

Table 3 represents PAO2, PaO2, SaO2 and A- 
aDO2 during the exercise periods. PaO2 during 
exercise reduced significantly with RFB as com- 
pared to CB, except during the first exercise peri- 
od. The lowest mean values of SaO2 were 86.5 
Torr (11.5 kPa), seen in the third exercise period. 
However, PaO2 fell dramatically during the RFB 
exercise period, attaining 67.1--75.5 Torr (8.9-- 
10.1 kPa), and were significantly different when 
compared with the CB exercise period. SaO2 also 
fell significantly during the RFB exercise period 
as compared with the CB exercise period, except 
during the first exercise period. A-aDQ during 
the RFB exercise period was significantly higher 
than that during the CB exercise period. During 
rest periods, PAO2, PaO2 and SaO2 of the RFB 
trials soon recovered to near normal values. 

Table 4 shows the values for PaCO2, H +, and 

Table 4. Values for PaCO2, H +, LA- ,  HR and MAP during exercise periods. All values reported are Mean +SE. * indicated 
significant (p < 0.05) differences between CB and RFB (see text for abbreviations) 

Exercise 

I st 3rd 5th 7th 9th 

PaCO2 CB 36.5 4- 1.4 38.3 + 1.1 37.7 4- 1.3 38.1 4- 1.2 
(Torr) RFB 42.0 + 1.1" 48.0 4- 1.9" 48.8 + 1.8" 48.7 4- 2.1" 
H + CB 38.0 4- 1.4 42.7 4- 0.8 42.7 4- 1.2 43.7 +_ 1.7 
(nM) RFB 41.7 4- 0.8 50.1 4- 0.9* 52.5 _ 1.5" 53.5 _+ 2.0* 
LA-  CB 1.414- 0.27 1.294- 0.23 1.484- 0.13 1.86_+ 0.21 
(raM) RFB 1.414- 0.31 1.664- 0.22 1.98+ 0.20 2.15+_ 0.19 
HR CB 130.1 4- 9.4 133.8 + 8.7 135.4 + 8.7 141.3 _+_ 9.5 
(bpm) RFB 137.1 4- 9.6 139.0 4-12.3 147.9 +10.2 151.9 4- 8.9 
MAP CB 99.4 4-10.3 107.5 _+ 8.0 111.9 4- 8.9 108.2 _+10.2 
(Torr) RFB 114.0 +10.1 136.0 4-12.0" 138.3 + 8.5* 138.1 +_ 7.4* 

37.3 + 1.9 
49.7 4- 1.5" 
44.7 _ 1.3 
55.0 4- 1.6" 

2.01 4- 0.24 
2.37+ 0.15 

144.8 4- 8.1 
152.4 4- 10.6 
116.8 4- 9.7 
146.8 4- 9.1" 
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Fig. 1. Relationship between alveolar ventilation (CA) and al- 
veolar-a~erial difference in oxygen pressure (A-aDO2) during 
exercise, Open circles represent the values for CB, closed cir- 
cles the values for RFB with breath holding at functional re- 
sidual capacity; and open triangles represent the values for 
RFB with breath holding at total lung capacity. Mean + SE 

LA during exercise. PaCQ and H + values dur- 
ing exercise were significantly higher in RFB than 
in CB except for the value of H + during the first 
exercise period. The greatest increase in PaCO2 
(37.5%) and H § (25.9%) occurred in the ninth ex- 
ercise period. During the rest periods, however, 
no differences were found in either breathing pro- 
cedure. LA- increased with the repetition of exer- 
cise, with slightly higher values in RFB than in 
CB. However, no significant differences were 
found between RFB and CB. 

The values for HR and MAP are also pre- 
sented in Table 4. Exercise and rest values for HR 
were consistently higher in RFB than in CB, with 
maximal increasing rates of 9.2 and 9.1% at the 
fifth exercise and rest periods respectively, how- 
ever, none of these differences were significant. 
Similar to the pattern shown by HR, MAP was 
consistently higher in RFB than in CB. The differ- 
ences during the first rest period, and in all exer- 
cise periods except the first, were significant. 

We further observed A-aDO2 during RFB ex- 
ercise with breath-holding at total lung capacity 
(TLC) (Fig. 1). Although RFB with breath-hold- 
ing at TLC resulted in similar levels of hypoventi- 
lation with respect to I)'A as compared to RFB 
with breath-holding at FRC, A-aDO2 did not in- 
crease to the same extent with breath-holding 
FRC. 

Discussion 

The present study has shown that RFB produces 
marked hypoventilation and changes in arterial 

blood gases. The RFB model was designed to si- 
mulate the breathing pattern adopted in "hy- 
poxic" training sessions in swimming (Counsil- 
man 1977). In studies of RFB during front crawl 
swimming, reductions of 27.3 to 42.0% in IZE have 
been observed during one breath/five strokes as 
compared to one breath/two strokes (Dicker et al. 
1980; Holmer and Gullstrand 1980). RFB in this 
study resembles the actual "hypoxic" training 
condition for the decreasing rate of VE. 

Craig (1979), Dicker et al. (1980), and Holmer 
and Gullstrand (1980) reported a PAO2 of 77--88 
Torr (10.3--11.7 kPa) during exercise with a re- 
duced breathing frequency, inferring that arterial 
hypoxemia may not be involved. The assumptions 
in these findings were that there was a negligible 
A-aDO2 and that PAO2 of 77--88 Torr was on the 
flat portion of the oxygen dissociation curve. The 
Bohr effect (H + effect) on the oxygen dissocia- 
tion curve, calculated by the Severinghaus' equa- 
tion (1979), reduced SaO2 by 0.3% maximally and 
therefore was negligible in the present study, in 
which, however, a large increase in A-aDO2 dur- 
ing RFB was observed. 

Hong et al. (1971) reported that alveolar hy- 
poxia was accentuated more during breath-hold- 
ing at FRC than at TLC. As shown in Figure 1, 
RFB with breath-holding at TLC resulted in simi- 
lar levels of hypoventilation with respect to VA as 
comapred to RFB with breath-holding at FRC; 
however, A-aDO2 did not increase to the same ex- 
tent with breath-holding at FRC. This indicates 
that lung volume restriction might have had a 
strong influence on increased A-aDO2 in this 
study. During the alveolar hypoxic condition, 
Piiper and Scheid (1981) and Torre-Bueno et al. 
(1985) reported lung diffusion limitation, and 
Gale et al. (1985) reported ventilation-perfusion 
inequality, both of which may lead to increased 
A-aDO2. One possible mechanism for this is an 
increased ventilation-perfusion inequality due to 
airway closure in the lower lung. Findley et al. 
(1983) reported that the differences between mea- 
sured SaO2 and SaQ predicted from PAO2, in- 
creased when lung volume at breath-holding re- 
duced below closing capacity. Craig et al. (1971) 
and Weenig et al. (1974) also reported that A- 
aDO2 increased when the closing capacity ex- 
ceeded FRC. These factors might have been in- 
volved in the increased A-aDO2 observed in this 
study. 

Counsilman (1977) inferred that a reduced 
breathing frequency might accentuate anaerobic 
metabolism resulting in an increase in lactate pro- 
duction. Holmer and Gullstrand (1980), however, 
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reported that LA-  tended to decrease in hypoxic 
swimming. Hsieh and Hermiston (1983) also re- 
ported that there were no differences in glycolytic 
parameters (blood glucose and LA-)  between hy- 
poxic and normal swimming. In spite of arterial 
hypoxemia occurring during exercise with RFB in 
this study, LA-  showed no significant differences 
between the two breathing procedures. It could be 
said that the supression in Vo~ during exercise pe- 
riods was almost completely compensated for 
during the relatively short (30 s) rest periods, indi- 
cating that oxygen stores were used during exer- 
cise (Table 2). Therefore, it is possible that the du- 
ration of RFB in this study was inadequate to ac- 
centuate anaerobic glycolysis sufficiently. 

Another possible mechanism for unaltered 
LA-  could be considered. The marked hypercap- 
nia reported in previous studies (Craig 1979; 
Dicker et al. 1980; Holmer and Gullstrand 1980) 
was also observed during RFB in this study (Ta- 
ble 4). The fact that hypercapnia or respiratory 
acidosis reduces LA-  (Ehrsam et al. 1982; Gra- 
ham et al. 1980; Graham et al. 1982), which has 
generally been accepted, should be taken into ac- 
count. This reduction was though to have been 
caused by the inhibition of glycolysis and/or  the 
reduction of lactate effiux from working muscles, 
but the mechanisms for both these effects and 
their relative importance in reducing LA-  are not 
completely understood (Ehrsam et al. 1982). 
Heisler (1975) reported that respiratory acidosis 
(extracellular pH ranged from 7.15 to 7.40) did 
not affect intracellular pH, indicating that glyco- 
lysis was not likely to be inhibited in the present 
study. However, inhibition of lactate efflux from 
working muscles due to the high perfusing H + or 
HCO3 (Hirche et al. 1975; Mainwood and Wors- 
ley-Brown 1975; Seo 1984) may be possible. This 
possibility is an open question for further re- 
search. 

Systemic vascular hypertension was also nota- 
ble during RFB in this study (MAP was higher in 
RFB in CB). It is well known that inability to re- 
duce cardiac output adequately during breath- 
holding at rest in humans in the face of peripheral 
vasoconstriction results in hypertension (Bjert- 
naes et al. 1984; Hong et al. 1971; Kawakami et 
al. 1967; Lin et al. 1983). Lin et al. (1983) stated 
that peripheral vasoconstriction is a sympathetic 
dominated process induced by hypoxia and hy- 
percapnia. The hypertensive response seen in this 
study might have been influenced by the same 
mechanisms described above. 

In conclusion, RFB in the present study 
caused an increase in A-aDO2 and a resultant ar- 

terial hypoxemia, but blood lactate concentration 
was unaltered. The physiologial responses to more 
severe hypoxemia during exercise need to be 
studied. 

Acknowledgements. The authors greatly thank Dr. M. Kawau- 
chi and Dr. T. Kugimiya of Tokyo University Hospital for ca- 
theterization, Dr. K. Matsumoto of Tokyo University Hospital 
for blood gas analysis, and K. Nilsen and K. Mokushi for their 
kind help in the prepration of this manuscript. 

The authors also greatly thank Dr. R. L. Hughson of the 
University of Waterloo for his helpful comments on this 
work. 

References 

Bjertnaes L, Hauge A, Kjekshus J, Soyland E (1984) Cardio- 
vascular responses to face immersion and apnea during 
steady state muscle exercise. A heart catheterization study 
on humans. Acta Physiol Scand 120:605--612 

Counsilman JE (1977) Competitive Swimming Manual for 
coaches and swimmers. Counsilaman Co Inc, Indiana 

Craig AB, Jr (1979) Fallacies of "Hypoxic Training" in swim- 
ming. In Terauds J, Bedingfield EW (ed) Swimming III. 
University Park Press, Baltimore, pp 235--239 

Craig DB, Wahba HF, Don HF, Couture JG, Beckkade MR 
(1971) "Closing volume" and its relationship to gas ex- 
change in seated and supine posisions. J Appl Physiol 
31:717--721 

Dicker SG, Lofthus GK, Thornton NW, Brooks GA (1980) 
Respiratory and heart rate responses to tethered controlled 
frequency breathing swimming. Med Sci Sports Exerc 
12:20--23 

Ehrsam RE, Heigenhauser GJF, Jones NL (1982) Effect of res- 
piratory acidosis on metabolism in exercise. J Appl Phy- 
siol: Respirat Environ Exercise Pbysiol 53:63--69 

Findley LJ, Ries AL, Tisi GM, Wagner PD (1983) Hypoxemia 
during apnea in normal subjects: mechanisms and impact 
of lung volume. J Appl Physiol: Respirat Environ Exercise 
Physiol 55 : 1777-- 1783 

Gale GE, Torre-Bueno JR, Moon RE, Saltzman HA, Wagner 
PD (1985) Ventilation-perfusion inequality in normal hu- 
mans during exercise at sea level and simulated altitude. J 
Appl Physiol 58:978--988 

Graham T, Wilson BA, Sample M, Van Dijk J, Bonen A (1980) 
The effects of hypercapnia on metabolic responses to pro- 
gressive exhaustive work. Med Sci Sports Exerc 12:278-- 
284 

Graham TE, Wilson BA, Sample M, Van Dijk J, Goslin B 
(1982) The effects of hypercapnia on the metabolic re- 
sponse to steady-state exercise. Med Sci Sports Exerc 
14:286--291 

Heisler N (1975) Intracellular pH isolated rat diaphragm mus- 
cle with metabolic and respiratory changes of extracellular 
pH. Respir Physiol 23:243--255 

Hirche H J, Hombach V, Langohr HD, Wacker U, Busse J 
(1975) Lactic acid permeation rate in working gastrocnemii 
of dogs during metabolic alkalosis and acidocis. Pflfigers 
Arch 356:209--222 

Holmer I, Gullstrand L (1980) Physiological responses to 
swimming with a controlled frequency of breathing. Scand 
J Sports Sci 2(1):1--6 

Hong SK, Lin YC, Lally DA, Yim BJB, Kominami N, Hong 
PW, Moore TO (1971) Alveolar gas exchanges and car- 



Y. Yamamoto et al.: Arterial hypoxemia during "bypoxic" training 527 

diovascular functions during breath holding with air. J 
Appl Physiol 30: 540-- 547 

Hsieh SS, Hermiston RT (1983) The actue effects of controlled 
breathing swimming on gtycolytic parameters. Can J Appl 
Sports Sci 8 : 149-- 154 

Jones NL, Campbell EJM (1982) Clinical exercise testing 2nd. 
W. B. Saunders, Philadelphia 

Kawakami Y, Natelson BH, Dubois AB (1967) Cardiovascular 
effects of face immersion and factors affecting diving re- 
flex in man. J Appl Physiol 23:961-970 

Lin YC, Shida KK, Hong SK (1983) Effects of bypercapnia, 
hypoxia, and rebreathing on circulatory response to apnea. 
J Appl Physiol: Respirat Environ Exercise Physiol 
54: 172-- 177 

Mainwood GW, Worsley-Brown P (1975) The effects of extra- 
cellular pH and buffer concentration on the efflux of lac- 
tate from frog sartorius muscle. J Pi~ysiol 250:1--22 

Piiper J, Scheid P (1981) Model for capillary-alveolar equili- 
bration with special reference to 02 uptake in hypoxia. 
Respirat Physiol 46:193--208 

Seo Y (1984) Effects of extracellular pH on lactate efflux from 
frog sartorius muscle. Am J Physiol (Cell Physiol 16) 
247:C175--C181 

Severinghaus JW (1979) Simple, accurate equations for human 
blood 02 dissociation computations. J Appl Physiol: Res- 
pirat Environ Exercise Physiol 46:599--602 

Torre-Bueno JR, Wagner PD, Saltzman HA, Gale GE, Moon 
RE (1985) Diffusion limitation in normal humans during 
exercise at sea level and simulated altitude. J Appl Physiol 
58:989--995 

Weenig CS, Pietak S, Hickey RF, Fairley HB (1974) Relation- 
ship of preoperative closing volume to functional residual 
capacity and alveolar-arterial oxygen difference during an- 
esthesia with controlled ventilation. Anesthesiol 41:3--7 

Accepted April 21, 1987 


