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14 Abstract

15 Background: Exercise performed at high-altitude may cause a sub-clinical pulmonary 

16 interstitial edema which can worsen gas exchange function. This study aimed to 

17 evaluate whether there are changes in alveolar-capillary diffusion after exercise during 

18 a short-term exposure to hypobaric hypoxia in elite swimmers.

19 Materiols & Methods: Seven elite swimmers [age: 20.4 ± 1.4 years, height: 1.78 ± 

20 10.8 m, body mass (BM): 69.7 ± 11.1 kg] participated in the study. Diffusing capacity of 

21 the lungs for carbon monoxide (DLCO), transfer coefficient of carbon monoxide (KCO), 

22 pulse oximeter oxygen saturation (SpO2) and heart rate (HR) were measured at sea level 

23 at rest (SL-R), and after a short-term hypobaric hypoxia exposure (4,000 m), both at rest 

24 (HA-R) and at the end of moderate interval exercise (HA-E).

25 Results: The combined exposure to high-altitude and exercise did not change DLCO from 

26 SL-R to HA-R, or HA-E (43.8 ± 9.8 to 41.3 ± 10.5 to 42.4 ± 8.6 ml·min-1·mmHg-1, P = 0.391). 

27 As expected, elite swimmers showed large decrease in SpO2 (72 ± 5; P < 0.001) and 

28 increase in HR (139 ± 9 beats·min-1; P < 0.003) after HA-E.

29 Conclusions: An acute high-altitude exposure combined with submaximal exercise 

30 does not change alveolar-capillary diffusion in elite swimmers.

31

32

33

34 Key Words: diffusing capacity, intermittent hypoxic exercise (IHE), high-altitude 

35 pulmonary edema (HAPE), hypoxic training, lung diffusing capacity for carbon monoxide 

36 (DLCO)
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38 Introduction 

39 Evidence is accumulating on the growth limitations of the pulmonary system as fitness 

40 level increase (Sheel et al., 2004). Endurance training does not improve the structural 

41 and functional properties of the lungs to the same extent as the cardiovascular or 

42 muscular system in land-based athletes (Dempsey, 1986; McKenzie, 2012). However 

43 water-based athletes, such as swimmers, have larger lungs and higher diffusing capacity 

44 than other athletes (Armour et al., 1993; Mickleborough et al., 2008) probably due to 

45 repeated exposure to mechanical strain and hypoxia during swimming (Wagner, 2005).

46 Altitude training camps are extensively utilized by elite swimming coaches (Lundby and 

47 Robach, 2016), but the possible modifications of the alveolar–capillary exchange are still 

48 unknown. Under severe altitude exposure and/or high intensity exercise, the O2 delivery 

49 to active tissues may not sufficient to ensure an adequate function, leading to 

50 hypoxemia (Naeije and Chesler, 2012), diffusion limitation (Mairbäurl et al., 2019) and 

51 lung interstitial edema (Anholm et al., 1999; Eldridge et al., 2006; Marabotti et al., 2017). 

52 In particular, the practice of swimming has been associated to the occurrence of 

53 pulmonary edema (Hohmann et al., 2018), with an specific denomination (swimming-

54 induced pulmonary edema, SIPE).

55 Different modalities of altitude training have been proposed although Living High - 

56 Training High (LHTH) protocol is still the most feasible modality among swimmers 

57 (Rodríguez et al., 2015). However, the application of intermittent hypoxic exercise (IHE) 

58 in hypobaric hypoxic chamber or normobaric hypoxic tents at severe altitude (> 3,000 

59 m) are becoming popular among elite athletes to enhance exercise performance (Viscor 

60 et al., 2018). The exposure to severe hypoxia may provoke changes in the diffusing 

61 capacity of the lungs for carbon monoxide (DLCO) although there are no consensus about 

62 the conditions needed to provoke these changes in lung diffusing parameters (de 

63 Bisschop et al., 2012; Clarenbach et al., 2012; Coffman et al., 2017; Taylor et al., 2016). 

64 Recently, we showed that a session of moderate cycling at normobaric hypoxia (3,000 

65 m) during a 14-day altitude training camp at moderate altitude (1,850 m) decrease 

66 acutely DLCO in elite swimmers (García et al., 2020).

67 As a result of these new approaches in hypoxic training (Viscor et al., 2018), the main 

68 goal of this study was to evaluate the lung diffusing response during exercise under 
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69 acute hypobaric hypoxia exposure in unacclimated elite swimmers. These include 

70 exposures of this kind to exercise at high-altitude while they reside at sea level. So, we 

71 aimed to evaluate the possible changes in DLCO after a short term exposure bout of 

72 exercise at 4,000 m high-altitude (HA). We evaluate DLCO at rest at sea level (SL-R), and 

73 then at 4,000 m, both at rest (HA-R) and after moderate intensity interval exercise (HA-

74 E). We hypothesized that there will be an increase in lung diffusion at rest in HA (HA-R) 

75 due to a recruitment and distension of the pulmonary vasculature, but there will be a 

76 decrease after exercise at HA (HA-E) due to an accumulation of interstitial fluid.

77

78 Materials & Methods

79 Participants

80 Seven elite swimmers, including 2 females and 5 males, were the participants of the 

81 study [age: 20.4 ± 1.4 years, height: 1.78 ± 10.8 m, body mass (BM): 69.7 ± 11.1 kg]. The 

82 participants had an average FINA (Fédération Internationale de Natation) points in their 

83 best event of 781 FINA points at the time of the study and five of them have participated 

84 in European and World junior championships. The training schedule of the swimmers 

85 were composed by 10 swimming training sessions and 5 dry land sessions per week, 

86 amounting 25 hours of training per week. None of them had asthma and none were 

87 smokers.

88 Experimental design

89 The study was performed in a hypobaric chamber sited at the University of Barcelona. 

90 The participants performed two DLCO measurements before the start of the study to 

91 become familiar with the procedure. A cycle ergometer (Corival Lode BV, Groningen, 

92 Netherlands) was used to do the exercise protocols, and a computerized spirometer 

93 (Easy One Pro, ndd Medical Technologies, Zurich Switzerland) was used to evaluate DLCO 

94 and other pulmonary parameters.

95 Lung diffusing capacity was evaluated in relation to exercise during a short-term 

96 exposure to hypobaric HA at 4,000 m. The participants performed a basal measurement 

97 in resting condition at sea level (SL-R). They reached the target barometric pressure of 

98 462 torr (equivalent to 4,000 m of altitude) in the hypobaric chamber in a time lapse of 

99 30 minutes of pressure stabilization. Then, measurements were performed in a resting 

100 condition at high-altitude (HA-R), and immediately at the end of 30 minutes of moderate 
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101 interval exercise at the same high-altitude (HA-E). The exercise interval protocol 

102 consisted of 5 sets with 3 minutes at moderate intensity (2 W per kilogram of individual 

103 body mass; 139 ± 23 W) and 3 minutes of active recovery (25 W). The computerized 

104 spirometer utilized to measure DLCO was placed within the hypobaric chamber during 

105 the HA measurements. The subjects were instructed to perform the DLCO manoeuvre 

106 less than one minute after the exercise. Exercise at HA was monitored by pulse oximeter 

107 oxygen saturation (SpO2) and heart rate (HR) to ensure an optimal health status during 

108 exercise.

109 All measures considered in this study were “grade A” manoeuvres, as identified by the 

110 system (Graham et al., 2017). In addition, the haemoglobin (Hb) concentration was 

111 determined from a small blood sample obtained by venepuncture to adjust DLCO to 

112 individual parameters before the beginning of the study and DLCO was also corrected to 

113 actual barometric pressure (DLCOadj) in the HA-R and HA-E conditions.  

114 Pulmonary function measurements

115 The procedure used to obtain diffusion lung capacity parameters was the single-breath 

116 method, for which a computerized spirometer was attached to a gas mixture cylinder. 

117 This method involves measuring the uptake of CO from the lungs over a short breath-

118 holding period. The recommendations made in a recent joint statement by the American 

119 Thoracic Society (ATS) and the European Respiratory Society (ERS) were followed 

120 (Graham et al., 2017). The participants were placed in a seated position, with a 

121 mouthpiece and nose-clip in place throughout the test procedure. The test started with 

122 tidal breathing for 2–4 breaths until the subject felt comfortable with the mouthpiece. 

123 Then the DLCO manoeuvre began with an unforced exhalation to residual volume (RV). 

124 At residual volume (RV) the subject’s mouthpiece was connected to the source of test 

125 gas, and the subject inhaled rapidly to maximal inspiration. After that, the participant 

126 was asked to hold their breath for 10 s and then exhale completely without interruption 

127 in less than 4 s and to continue with a tidal breath to finish the test. The test gases 

128 mixture used to calculate pulmonary function and diffusion capacity was composed of 

129 0.3% of carbon monoxide (CO), 11% of a tracer inert gas (He) used to measure alveolar 

130 volume (VA) and the initial alveolar CO, a mixture of 20.9% of oxygen (O2) and the rest 

131 was nitrogen (N2). In addition to DLCO and VA, transfer coefficient of the lung for carbon 
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132 monoxide (KCO), total lung capacity (TLC), vital capacity inspired (VCIN) and RV were 

133 calculated.

134 Ethics

135 The study was developed in accordance with the Helsinki Declaration concerning the 

136 ethical principles of human experimentation and approved by the Institutional Ethical 

137 Committee from the University of Barcelona (Institutional Review Board number 

138 IRB00003099), in accordance with current Spanish legislation. The participants were 

139 informed and familiarized with all the experimental procedures, as well as the risks and 

140 benefits of the study. They signed an informed consent form and were free to withdraw 

141 from the experimental protocol at any time.

142 Statistical analysis

143 Data are reported as mean values ± standard deviation (SD). Differences in pulmonary 

144 parameters among different conditions (SL-R, HA-R and HA-E) were analysed using a 

145 one-way repeated measures analysis of variance (ANOVA), and in case of detecting 

146 statistical effects (p<0.05), Bonferroni corrections were performed. Effect sizes as partial 

147 eta squared (ŋ2
p) values were employed to present the magnitude of differences and 

148 statistical power (sp) was also described. The analyses were performed using the SPSS 

149 v. 26 (IBM SPSS Statistics, Armonk, New York, USA).

150 Results

151 Basal lung capacity and diffusing capacity of elite swimmers were higher than predicted 

152 by age and height, including DLCO (139 ± 6%), KCO (120 ± 7%) and VA (116 ± 8%).

153 Table 1 shows the response in pulmonary functional and structural parameters to HA 

154 conditions. At the hypobaric chamber, there were no differences between SL-R, HA-R, 

155 and HA-E in any of the main pulmonary parameters evaluated such as DLCOadj (43.8 ± 

156 9.8 to 41.3 ± 10.5 to 42.4 ± 8.6 mlL·min-1·mmHg-1, P = 0.319), KCOadj (6.02 ± 0.48 to 5.79 

157 ± 0.52 to 5.77 ± 0.84 ml·min-1·mmHg-1·l-1, P = 0.541), and VA (7.22 ± 1.34 to 7.10 ± 1.57 

158 to 7.31 ± 0.92 l, P = 0.787). 

159 Figure 1 shows the response in the cardiovascular parameters during the different 

160 conditions studied and Figure 2 shows the individual changes in SpO2, HR and DLCOadj 

161 from HA-R to HA-E in the sample of elite swimmers.
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162 Regarding SpO2, there were a significant interaction between SpO2 and the studied 

163 conditions (F = 124.17, P < 0.001, ŋ2
p = 0.95, sp = 1.000). There were a significant 

164 decrease in SpO2 from SL-R to HA-R (P < 0.001), and there were a significant decrease 

165 from SL-R to HA-E (P < 0.001) and from HA-R to HA-E (P = 0.004), respectively 99 ± 1 to 

166 84 ± 4 to 72 ± 5 %. 

167 Regarding HR, there were a significant interaction between HR and the studied 

168 conditions (F = 175.86, P < 0.001, ŋ2
p = 0.96, sp = 1.000) .There were a significant increase 

169 from SL-R to HA-R (P > 0.001), and there were a significant increase from SL-R to HA-E 

170 (P < 0.001) and from HA-R to HA-E (P < 0.001), respectively 60 ± 6 to 68 ± 11 to 139 ± 9 

171 beats·min-1.

172

173 Discussion

174 The main finding of this study is that there were no changes in any lung diffusion 

175 parameter during the exposure to 4,000 m in the hypobaric chamber (HA-R and HA-E), 

176 suggesting that the cardio-pulmonary system of healthy subjects cope well with a short-

177 term exposure to exercise at high altitude.

178 During a exposure to HA, a hypobaric pulmonary vasoconstriction (HPV) and a raise in 

179 pulmonary arterial pressure (PAP) are produced (West, 2012), conditions that may be 

180 aggravated by the high cardiac output and high pulmonary flow induced by exercise 

181 (Marabotti et al., 2017; Naeije and Chesler, 2012). In some cases an additional functional 

182 reserve can be recruited to improve membrane O2 diffusing capacity during exercise in 

183 hypoxia (Hanson et al., 1989; Taylor et al., 2016).

184 Regarding the literature, hypoxic exercise does not impair acutely neither lung diffusion 

185 (de Bisschop et al., 2012; Guenette et al., 2007), although some studies has found a slight 

186 increase (Snyder et al., 2006; Taylor et al., 2016) or decrease (Agostoni et al., 2013; Senn 

187 et al., 2006).

188 The DLCO response to short-term hypobaric hypoxia may be complex. Several 

189 hypotheses can explain our results. The hypobaric exposure could have been too short 

190 to induce interstitial fluid accumulation and thus a reduction in DLCO, although some 

191 relevant risk factors to the development of pulmonary edema were induced in our 

192 experimental design such as rapid ascent rate, high-altitude and intense exercise. 

193 However, the proposed exercise protocol could have been insufficient to present a 
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194 challenge in the respiratory system. Therefore, the HR got during exercise (139 ± 9 bpm) 

195 could not be enough to stress lung diffusion. The time of exposure to hypoxia and the 

196 intensity of the exercise may be decisive to find an increase, no changes or a decrease 

197 in DLCO. In a recent study, elite swimmers acclimated to 1,850 m had a significant 

198 decrease in DLCO after a similar exercise protocol even at lower simulated altitude 

199 (García et al., 2020). However, that cycling session was conducted after a swimming 

200 training within a 14-day altitude training camp and under normobaric hypoxia 

201 conditions (3,000 m). In addition, in this previous study, a lower HR in acclimated 

202 athletes may result in less lung perfusion and therefore greater diffusion limitation.

203 Dynamics of lung diffusing equilibrium may change depending on intensity, duration of 

204 the stimulus and inter-individual physiological status. In addition, the similarity between 

205 hypobaric and normobaric hypoxia stimuli are still under discussion (Viscor et al. 2018, 

206 Millet and Debevec, 2020; Richalet, 2020) which could have affected the divergent 

207 results. 

208 Apart from that, a maintained balance between the reduction in alveolar-capillary 

209 diffusion secondary to interstitial fluid accumulation and the increase in capillary lung 

210 perfusion due to the presented increase in HR (Bates et al., 2011; Taylor et al., 2014) 

211 could also explain the lack of changes in DLCO. Therefore, the induced increase in 

212 interstitial lung fluid could have been masked by the additional recruitment of the 

213 pulmonary vasculature during hypoxic exercise. The appearance of pulmonary edema 

214 or the reduced transit time under specific conditions of low PO2 and high flow of the 

215 blood such as exercise may provoke diffusion disequilibrium (Ayappa et al., 1998; Torre-

216 Bueno et al., 1985), limiting the O2 uptake in the lungs and the supplementary increases 

217 in DLCO. In our study, we did not measure SIPE with direct techniques (CT-scan or X-ray), 

218 but it cannot be dismissed that some interstitial fluid was still accumulating. The 

219 partition of DLCO into its components, DM and capillary blood volume (VC) (Roughton and 

220 Forster, 1957) is necessary to understand whether the absence of changes in lung 

221 diffusion capacity is related to changes in alveolar-capillary diffusion from basal to post-

222 exercise in hypoxia. 

223 Regarding the response in SpO2, there was an expected decrease in SpO2 during the 

224 studied conditions. Aquatic athletes such as artistic swimmers (Bjurstrom and Schoene, 

225 1987) and divers (Foster and Sheel, 2005) have a low hypoxic ventilatory response (HVR) 
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226 which is associated with HAPE-susceptible individuals (Hohenhaus et al., 1995). That is 

227 why, in some cases, elite athletes have been described as more susceptible to HAPE than 

228 control subjects (Hohenhaus et al., 1995). However, we could not associate this serious 

229 decrease in SpO2 (72 ± 5 %) to a diffusion limitation.

230 One concern of the study is the use of indirect measures of interstitial lung fluid. 

231 Although DLCO has been consistently associated with an increase in extravascular lung 

232 water (Snyder et al. 2006; Clarenbach et al. 2012), a combined study of DLCO and 

233 diffusion capacity of the lung for nitric oxide (DLNO) would be more accurate to detect 

234 very mild interstitial fluid accumulation (Dehnert et al. 2010), since DLNO reflects more 

235 sensitively the changes in membrane diffusing capacity (Zavorsky and Lee, 2017). 

236 Additional measurements of cardiac output or stroke volume could also explain the 

237 disassociation between the raise in HR and the unchanged DLCO after HA-E. 

238 One strength from this study is that all the DLCO measurements were taken 30-s to 1-

239 min after exercise. Most of the studies assess DLCO 30 to 120 min after exercise 

240 suggesting that the potential decrease in DLCO is due to blood volume redistribution to 

241 the peripheral organs after exercise, a hypothesis that may be dismissed in our study.

242 In conclusion, this study shows that submaximal exercise during acute exposure to 

243 high-altitude does not change lung diffusing capacity in elite swimmers, suggesting that 

244 healthy participants can deal with this type of combined environmental stressors 

245 without compromise of respiratory exchange. However, this study does not definitively 

246 show that submaximal exercise during acute exposure to altitude does not impair 

247 alveolar-capillary diffusion in the lungs, due to the possible interference between the VC 

248 and DM in our exercise protocol. This finding could help coaches and medical doctors 

249 assure that hypoxic exercise is safe to the respiratory interface during altitude training 

250 camps or under severe hypoxic exposure in elite swimmers while residing at sea level. 

251 Some methodological limitations in this study do not allow to completely rule out the 

252 possibility of the unchanged lung gas diffusion not being also due, at least in part, to the 

253 small number of subjects studied, the relatively short duration and intensity of the 

254 exercise performed at simulated altitude and the intrinsic inaccuracy of this type of gas 

255 exchange measurements. Further studies should consider measurements of CT-scan, 

256 DLNO, DM and VC to fully understand the physiological implications of severe acute 

257 hypoxic exercise in the lungs.
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373 Figure legends

374

375 Figure 1. Pulse oximeter oxygen saturation (black circles, left scale) and heart rate (white 

376 circles, right scale) at the different conditions. Statistical significance (P<0.05) is denoted 

377 by asterisks (*) for the comparison to sea level at rest (SL-R) and by cross (†) for the 

378 comparison between rest (HA-R) and after exercise (HA-E) at simulated altitude (4,000 

379 m). Two symbols indicate P<0.01 and three symbols mean P<0.001. 

380

381 Figure 2. Individual changes in pulse oximeter oxygen saturation (SpO2), heart rate (HR) 

382 and diffusing capacity of the lungs for carbon monoxide (DLCOadj) from resting position 

383 at high-altitude (HA-R) to post-exercise at high-altitude (HA-E) in each one of the 7 

384 unacclimated elite swimmers. 

385

386  

387
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Table 1. Pulmonary parameters of swimmers and control subjects under different environmental and exercise conditions: Sea level at rest 
(SL-R), simulated high-altitude at rest (HA-R) and simulated high-altitude immediately at the end of exercise (HA-E).

* Significantly different than SL-R (P<0.05). † Significantly different than HA-R 
(P<0.05).

Elite swimmers (n = 7)

SL-R HA-R HA-E

DLCOadj (ml·min-1·mmHg-1) 43.8 ± 9.8 41.3 ± 10.5 42.4 ± 8.6

DLCOadj (%-predicted) 139 ± 6 133 ± 10 137 ± 12

KCOadj (ml·min-1·mmHg-1·l-1) 6.02 ± 0.48 5.79 ± 0.52 5.77 ± 0.84

KCOadj (%-predicted) 120 ± 7 115 ± 10 115 ± 16

VA (l) 7.22 ± 1.34 7.10 ± 1.57 7.31 ± 0,92

VA (%-predicted) 116 ± 8 113 ± 12 119 ± 16

TLC (l) 7.37 ± 1.34 7.25 ± 1.57 7.46 ± 0.92

TLC (%-predicted) 116 ± 8 113 ± 12 118 ± 15

VCIN (l) 5.46 ± 1.28 5.48 ± 1.24 5.19 ± 1.03

RV (l) 1.91 ± 0.34 1.77 ± 0.50 2.27 ± 1.03 * †
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Figure 1. Pulse oximeter oxygen saturation (black circles, left scale) and heart rate (white circles, right 
scale) at the different conditions. Statistical significance (P<0.05) is denoted by asterisks (*) for the 

comparison to sea level at rest (SL-R) and by cross (†) for the comparison between rest (HA-R) and after 
exercise (HA-E) at simulated altitude (4,000 m). Two symbols indicate P<0.01 and three symbols mean 

P<0.001. 
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Figure 2. Individual changes in pulse oximeter oxygen saturation (SpO2), heart rate (HR) and diffusing 
capacity of the lungs for carbon monoxide (DLCOadj) from resting position at high-altitude (HA-R) to post-

exercise at high-altitude (HA-E) in each one of the 7 unacclimated elite swimmers. 
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