
 

 

 
 

 

Edinburgh Research Explorer 
 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Haemoglobin mass responses and performance outcomes
among high-performance swimmers following a three-week Live-
High, Train-High camp at 2,320m

Citation for published version:
Astridge, DJ, McKenna, M, Campbell, A & Turner, AP 2024, 'Haemoglobin mass responses and
performance outcomes among high-performance swimmers following a three-week Live-High, Train-High
camp at 2,320m', European Journal of Applied Physiology. https://doi.org/10.1007/s00421-024-05454-x

Digital Object Identifier (DOI):
10.1007/s00421-024-05454-x

Link:
Link to publication record in Edinburgh Research Explorer

Document Version:
Peer reviewed version

Published In:
European Journal of Applied Physiology

General rights
Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.

Take down policy
The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 11. May. 2024

https://doi.org/10.1007/s00421-024-05454-x
https://doi.org/10.1007/s00421-024-05454-x
https://www.research.ed.ac.uk/en/publications/abb738a0-576b-47b8-960e-adcca705a8fd


1 
 

Haemoglobin mass responses and performance outcomes among high-performance 1 

swimmers following a three-week Live-High, Train-High camp at 2,320m  2 

 3 

European Journal of Applied Physiology 4 

Original Investigation 5 

 6 

Daniel J. Astridge1. Corresponding author.                         7 

Email – daniel.dj@hotmail.co.uk             8 

Telephone - +61 452 128 997                         9 

Orcid ID – 0000-0002-0473-8112 10 

Michael McKenna2  11 

Adrian Campbell2  12 

Dr Anthony P. Turner1                                      13 

Orcid ID – 0000-0003-1202-6649 14 

 15 

1Human Performance Science Research Group; Institute of Sport, Physical Education and 16 

Health Sciences; University of Edinburgh; Edinburgh; Scotland; UK. 17 

2sportscotland Institute of Sport; Performance Physiology Department; Stirling; Scotland; 18 

UK. 19 

 20 

Word Count (Abstract) – 241 21 

Word Count (Main Body) – 4,540 22 

Number of Tables – 2 23 

Number of Figures – 3  24 

https://url.avanan.click/v2/___mailto:daniel.dj@hotmail.co.uk___.YXAzOndhaXM6YTpvOmQ2Mjc5ZDNlZWEyNjJkYzY0OWQ5MjA1NzNiNzM3NDU1OjY6NmIyNDpjNjIwMDM0ODZjNGUxNzA1NjRkNDVkYTMzYmIxYmE5N2EwMDU1Mjk4MTZlNDM4YzZmMzExNTg4M2MxYjUyZTViOnA6VA


2 
 

Abstract 25 

Greater quantification and characterisation of training load (TL) throughout Live-High, Train-26 

High (LHTH) altitude (ALT) training is required to identify periodisation strategies that may 27 

lead to physiological and performance improvements in swimmers.  28 

Purpose: This study aimed to examine the physiological responses and performance outcomes 29 

of fourteen high-performance swimmers (FINA points: 836.0 ± 35.1) following three-weeks 30 

of LHTH at 2,320m, while characterising the training load periodisation strategy adopted 31 

during the intervention.   32 

Methods: Haemoglobin (Hb) mass was measured pre-, seven- and fourteen-days post-ALT via 33 

CO rebreathing. Performance in each athlete’s primary event at national standard meets were 34 

converted to FINA points and compared from pre-to-post ALT. TL was quantified at sea level 35 

(SL) and ALT through session rating of perceived exertion (RPE), where duration of each 36 

session was multiplied by its RPE for each athlete, with all sessions totalled to give a weekly 37 

TL. Pre-to-post ALT changes were evaluated using repeated-measures ANOVA. 38 

Results: Hb mass increased significantly from 798±182g pre-ALT, to 828±187g at seven-days 39 

post (p=0.013) and 833±205g 14-days post-ALT (p=0.026). Weekly TL increased from SL 40 

(3179±638 au) during week one (4797±1349 au, p<0.001) and week two (4373±967 au, 41 

p<0.001), but not week three (3511±730 au, p=0.149). No evidence of improved SL swimming 42 

performance was identified.  43 

Conclusion: A periodisation strategy characterised by a sharp spike in TL followed by a slight 44 

de-load towards the end of a LHTH intervention led to improved physiological characteristics 45 

but no change in the competitive performance of high-performance swimmers. 46 

 47 
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Introduction 94 

High-performance endurance athletes have made greater use of terrestrial live-high, train-high 95 

(LHTH) altitude (ALT) camps in recent decades, aiming to use the hypoxic environment to 96 

enhance specific neuromuscular and physiological adaptations to improve subsequent sea level 97 

(SL) performance (Sharma, 2022). The primary physiological basis for LHTH is the enhanced 98 

oxygen carrying capacity of the blood, resulting from adaptations elicited by acclimation to the 99 

hypoxic environment and training under the additional stress of hypoxia (Rodríguez et al., 100 

2015). However, the benefits of hypoxic training for elite athletes are still debated in recent 101 

literature (Millet & Brocherie, 2020; Siebenmann & Dempsey, 2020). Despite high-102 

performance swimmers being among the athletes that utilise natural ALT interventions most 103 

often (García-Ramos et al., 2016), understanding of the efficacy of LHTH for the enhancement 104 

of swimming performance is conflicted (Rodríguez et al., 2015). The success of terrestrial ALT 105 

training can be influenced by an extensive range of factors, including injury and illness, iron 106 

supplementation and the periodisation of training load (TL) (Mujika et al., 2019). 107 

While most research is in agreement on the ability of LHTH to elicit substantial physiological 108 

adaptation in swimmers, with typical increases in haemoglobin mass (Hb mass) ranging from 109 

3.4 to 7.8% (depending on the sojourn duration and altitude)(Bonne et al., 2014; Friedmann et 110 

al., 2005; Gough et al., 2012; Rodríguez et al., 2015; Wachsmuth et al., 2013), there is greater 111 

discordance in the evidence identifying a translation of these adaptations into improved SL 112 

performance. Wachsmuth and colleagues (Wachsmuth et al., 2013) compared pre and post-113 

altitude competitive performances using the point system of the German Swimming Federation, 114 

identifying a trend of impaired performance for a period of two-weeks following return to SL, 115 

and then no change for the subsequent ten-days. An improvement in performance (p=0.016) 116 

was not identified until 25-35 days post-ALT. Conversely, Siewierski et al. (Siewierski et al., 117 

2012) identified a 3.1% improvement in competitive swimming performance in 118 

international/Olympic swimmers both immediately and three-weeks following 23-days of 119 

LHTH at 2,320m. However, Gough et al. (Gough et al., 2012) found that compared to a control 120 

group, changes in international performances of 17 Australian swimmers were consistently 121 

worse at both day one (1.4±1.3%) and day seven (0.9±1.0%) following ALT. Overall, currently 122 

available data demonstrating the value of LHTH for improving SL swimming performance is 123 

inconclusive. Studies making use of SL control groups have not convincingly demonstrated 124 

greater improvements in performance (Bonne et al., 2014; Gough et al., 2012; Rodríguez et al., 125 

2015; Wachsmuth et al., 2013). In uncontrolled studies that identify performance 126 

improvements (Friedmann et al., 2005; Roels et al., 2006; Siewierski et al., 2012) considerable 127 

degrees of individual variation are reported. Further, these studies do not highlight which post-128 

ALT race has been targeted for peak performance. This makes it difficult to differentiate the 129 

timing of post-ALT training benefits vs. planned timing of peak performance. Given the 130 

complexities of translation to performance as a dependent variable, it is perhaps unsurprising 131 

that the ergogenic effects of LHTH interventions for high-performance swimmers remain 132 

largely unclear. 133 

Translation of many previous LHTH studies into practice can be limited by minimal TL 134 

quantification and the reporting of only basic training metrics, such as total volume or duration 135 

(Sharma et al., 2018). It is important that coaches and practitioners understand the effects of 136 

specific characteristics of endurance training on both physiological adaptations and how these 137 
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translate into improved performance (Casado et al., 2022). This is especially true during 138 

specific interventions, such as LHTH. One of these characteristics is the periodisation of 139 

training load, which has been evidenced to influence both physiological and performance 140 

adaptations in highly-trained endurance athletes (Bellinger et al., 2020; Ingham et al., 2008; 141 

Neal et al., 2013; Stöggl & Sperlich, 2014). In order to establish causal relationships between 142 

completed training and subsequent adaptations or performance improvements, it is vital that 143 

training is accurately recorded and quantified (Mujika, 2013). More specific and detailed 144 

training data from LHTH interventions, alongside related physiological and performance data, 145 

will aid in the identification of potential periodisation strategies that could increase the 146 

probability of subsequent SL performance improvements.  147 

Therefore, this study sought to determine changes in Hb mass and SL swimming performance 148 

before and after a three-week LHTH moderate terrestrial ALT camp, in high-performance 149 

swimmers. Furthermore, additional characteristics of the TL completed throughout the camp 150 

will be compared with previously completed SL training, to explore potential relationships with 151 

changes in performance and Hb mass, taking account of individual differences.  152 

 153 

Method 154 

Study Design 155 

This investigation adopted an observational, prospective, multiple case study design to 156 

examine changes in Hb mass and swimming performance following an in-season three-week 157 

LHTH intervention at 2,320m in high-performance swimmers. The ALT training camp was 158 

strategically periodised before the beginning of the national long-course racing season 159 

(January). The squad size and ethical considerations of with-holding a potentially beneficial 160 

intervention in-season precluded use of a more controlled experimental design. A ten-day lead-161 

in period of reduced TL preceded the camp. A general structure of three-days’ training followed 162 

by a rest day was adopted throughout the intervention (Table 1). Competitive performance was 163 

assessed at national swim meets three-weeks prior, and immediately and three-weeks post ALT. 164 

Hb mass testing occurred fourteen-days prior and both seven and fourteen-days post ALT.  165 

*Please insert Table 1 near here* 166 

Participants 167 

Fourteen (female n=9, male n=5) high-performance swimmers were recruited through 168 

convenience sampling. The sample were aged between 18 and 26 years (mean ± SD; 21.8 ± 169 

2.4) and had an average of 12.1 ± 3.4 years of experience in competitive swimming. All were 170 

resident near SL (***, average altitude 130m). Seven of the sample targeted primary events of 171 

shorter sprint distances (50 or 100m). The remaining seven targeted middle distance (200 or 172 

400m) events. The preferred competitive strokes of the swimmers were freestyle (n=8), 173 

breaststroke (n=4), butterfly (n=1) and backstroke (n=1). The participants provided written 174 

informed consent before the onset of the study, with ethical approval being granted from the 175 

host institution. 176 

The performance level of the sample was assessed through the World Aquatics 177 

(FINA)(Fédération Internationale De Natation, FINA Points, 2018) point scoring system. 178 

Briefly, a point score was attributed to each swimmer based on their pre-study personal best 179 
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time in their primary event. Scores could range from 0 to 1000 and were based on the 2019 180 

world record times in each event, where a world record equates to 1000 points. A mean of 181 

836.0±35.1 points was held by the sample, falling into ‘level 2’ of Ruiz-Navarro and colleagues 182 

(Ruiz-Navarro et al., 2022) swimming research performance classification model. This level 183 

represents the ‘B’ qualifying standard for FINA international events, highlighting the high-184 

performance nature of the sample. 185 

Haemoglobin Mass 186 

Total Hb mass was assessed pre (double-measure to assess test-retest reliability), seven- and 187 

fourteen-days post-ALT using the optimised carbon monoxide (CO) rebreathing method 188 

(Schmidt & Prommer, 2005). In brief, a bolus of CO is inhaled (males: 1.0mL CO.kg-1, females: 189 

0.8mL CO.kg-1) and rebreathed for two-minutes in a closed-system spirometer (Bloodtec Gbr, 190 

Bayreuth, Germany). Capillary blood, sampled from the fingertip both before, six- and eight-191 

minutes following the rebreathing period, was analysed to determine the percentage of bound 192 

carboxyhaemoglobin (COHb) using an ABL80 blood-gas analyser (Radiometer, Copenhagen, 193 

Denmark). Ventilatory CO concentration was measured with a Draeger Pac 6500 sensor 194 

(Lubek, Germany). Correction factors were added to the calculation of Hb mass, as per 195 

Prommer & Schmidt ((Prommer & Schmidt, 2007) with ambient temperature and air pressure 196 

being corrected for. 197 

A double baseline was taken pre-ALT, one-day apart, to assess typical error (TE) of 198 

measurement. The TE identified was 2.6%, similar to previous research (2.3%) (Sharma et al., 199 

2018). Pre-ALT Hb mass was calculated as the mean of the two baseline measures. 200 

Performance 201 

Performance of each athlete’s primary event (both stroke and distance) at national standard 202 

meets were compared from pre- to both immediately- and 3-weeks post-ALT. The pools at all 203 

locations were indoor, with electronic timing systems (ALGE Timing, Lustenau, Austria). At 204 

each meet, athletes followed a consistent, individualised coach-prescribed warm-up, and were 205 

instructed to achieve the best time possible within their race. The swimmer’s primary event 206 

was always the first race completed in each session, with the fastest performance in the 207 

competition (i.e., heat or final), taken for subsequent analysis All post-ALT performances were 208 

raced in a 50m pool (long-course), with pre-ALT performances completed in a 25m pool (short-209 

course), due to the unavoidable timing of the altitude camp within the season relative to 210 

organised national swim meets. This was preferable to ensure ecological validity of the 211 

performance, vs. simulated competitions in the same pool. Equal priority was given to each 212 

race, with all three targeted for key peak performance in the periodisation of the athlete’s season. 213 

In order to compare between long- and short-course, all performances were ascribed a FINA 214 

point score (Fédération Internationale De Natation, FINA Points, 2018) (as described above).  215 

Training 216 

The training of the athletes was monitored for a three-week period of typical SL training 217 

preceding the ten-day lead-in phase (with SL load and volume values taken as the average of 218 

these three-weeks), and throughout the LHTH intervention. A similar training schedule was 219 

followed throughout both the SL and ALT periods, with training days consisting of morning 220 

and afternoon pool sessions and a land-based conditioning session (Table 1). Whilst generally 221 

adhering to a similar programme and session focus, training was individually prescribed for 222 
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each swimmer by their coach, based on event specialisation, performance level and 223 

physiological characteristics, in attempt to optimise the response from the LHTH intervention. 224 

All participants had a reduction in TL in the final week of the camp to de-load slightly for the 225 

upcoming meet.  226 

The athletes recorded all training on the ‘Smartabase’ electronic application (Fusion Sport, 227 

Brisbane, Australia). Total distance swam during each pool session was summated to give a 228 

total weekly volume in metres. Durations of all sessions (including land-based conditioning) 229 

were recorded in minutes, with a rating of perceived exertion (RPE) provided in the electronic 230 

application for each session on a modified Borg Scale from 1-10 (Foster, 1998). The sample 231 

were very familiar with this scale, using it daily in their normal training environment, and 232 

provided ratings within fifteen minutes following the end of each session. TL was quantified 233 

for each session as duration multiplied by RPE (session RPE), with this then totalled for all 234 

sessions to provide a measure of weekly load. A load:volume ratio (Sharma et al., 2018) was 235 

calculated for all pool-based training by dividing weekly pool load by volume, providing a 236 

measure of subjective exertion per kilometre swam. 237 

Statistical Analysis 238 

Descriptive data are presented as mean ± SD. Changes in TL, load:volume ratio, Hb mass and 239 

performance were evaluated using repeated-measures ANOVA with partial-eta-squared (ηp
2) 240 

effect sizes (ES). Least significant difference post-hoc analyses were subsequently applied 241 

where significant main effects were found. The non-parametric Friedman test, with Kendall’s 242 

value ES (W), was used to assess changes in pool volume. Post-hoc analysis with a Wilcoxon 243 

signed rank-test (Z), was conducted with a Bonferroni correction applied. Percentage change 244 

(%Δ) in the mean, as well as for each athlete, for each of the above parameters were calculated 245 

from pre-altitude to each testing point either within or post-ALT. The changes in performance 246 

and Hb mass were additionally assessed in relation to the smallest worthwhile change (SWC). 247 

This was calculated as one-fifth of the between-subject SD of the pre-ALT measures for each 248 

parameter (Hopkins, 2017).  249 

Pearson product-moment correlations were used to assess the associations between the 250 

following variables: 251 

- Baseline Hb mass and pre-to-post ALT %Δ in Hb mass 252 

- %Δ in mean weekly TL from SL to ALT and %Δ in pre-to-post ALT Hb mass 253 

- Pre-to-post ALT %Δ in Hb mass and performance. 254 

The magnitude of ES for the above associations were defined as trivial (r<0.1), small (0.1≤ r 255 

<0.3), moderate (0.3≤ r <0.5), large (0.5≤ r < 0.7), very large (0.7≤ r <0.9) or extremely large 256 

(r≥0.9).(Hopkins, 2010)  257 

All analyses were conducted using IBM SPSS (Version 25.0, IBM, Chicago, IL, USA), with 258 

the significance level set at p<0.05. Cohen’s d effect sizes, with 95% confidence intervals, are 259 

ascribed to all comparisons where applicable, with the magnitude of these defined as trivial (d 260 

<0.2), small (0.2≤ d <0.5), moderate (0.5≤ d <0.8) or large (d ≥0.8), with d representing units 261 

of SD (Cohen, 1988). 262 

 263 
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Results 264 

Haemoglobin Mass 265 

Mean ± SD Hb mass increased significantly (F(2, 26)=5.015, p=0.014, ηp
2=0.278) from 266 

798±182g pre-ALT, to 828±187g at 7-days post (p=0.013, d=0.89, 95% CI [0.12, 1.67]) and 267 

833±205g 14-days post-ALT (p=0.026, d=0.92, 95% CI [0.14, 1.70]). Figure 2 displays %Δ in 268 

Hb mass from pre-ALT to both 7-days (range: -3.98% to 12.98%) and 14-days (range: -5.07% 269 

to 13.66%) post-ALT, comparing this to the calculated SWC of 4.5%. Six of the 14 athletes 270 

reported an increase greater than the SWC at both 7 and 14-days post-ALT, with 1 athlete 271 

observing a decrease greater than the SWC at 14-days post-ALT (Figure 2).  272 

 *Please insert Figure 1 near here* 273 

Performance 274 

There were no significant differences (F(2, 22) = 0.214, p = 0.809, ηp
2 = 0.019) in the mean 275 

number of FINA points obtained by the sample either immediately (774.5±42.4; d = -0.07, 95% 276 

CI [-0.81, 0.67]) or three-weeks (775.4±54.5; d = -0.04, 95% CI [-0.79, 0.70]) following the 277 

return to SL, when compared to pre-altitude (777.1±53.2). The mean %Δ in FINA points from 278 

pre-ALT to both immediately (-0.34%; range: -6.01% to 13.43%) and 3-weeks (0.12%; range: 279 

-6.97% to 4.43%) post-ALT were smaller than the calculated SWC of 1.37%. For both post-280 

ALT performances, 5 athletes observed a decrease in FINA points greater than the SWC, 281 

whereas 3 and 4 athletes increased FINA points by more than the SWC immediately and three-282 

weeks post-ALT, respectively. When split by event distance, 50-100m swimmers recorded a 283 

mean %Δ in FINA points of 1.0±5.9% and 1.3±5.3% respectively at each post-ALT 284 

performance compared to baseline. Comparatively, -1.3±2.8% and -3.5±4.1% changes in FINA 285 

points were reported for 200-400m swimmers immediately and 3-weeks post-ALT, 286 

respectively. There was no difference between groups (p=0.797).  287 

 288 

Training Load 289 

Total TL increased significantly from SL to ALT (F(3, 39)=14.047, p<0.001, ηp
2=0.519). It was 290 

found, through post-hoc analysis, that weekly TL was greater than SL (3179±638 au) during 291 

week 1 (4797±1349 au; p<0.001, d=2.28, 95% CI [1.34, 3.17]) and week 2 (4373±967 au; 292 

p<0.001, d=1.62, 95% CI [0.77, 2.48]) of ALT, but not week 3 (3511±730 au; p=0.149, d=0.44, 293 

95% CI [-0.31, 1.20]). Figure 2 displays %Δ in the total TL from SL for each week of ALT. 294 

Table 2 presents the descriptive data and %Δ from SL in each of the four components that 295 

combine in the calculation of total TL. 296 

*Please insert Figure 2 near here* 297 

Pool Volume 298 

Pool volume was significantly greater at ALT than at SL (χ2
(3) = 30.429, p<0.001, W=0.724). 299 

Post-hoc analysis identified volume to be greater than SL (33372±2573m) during week 1 300 

(41879±5409 m; Z= -3.233, p=0.001, d=2.49, 95% CI [1.49, 3.46]) and week 2 (46100±6877 301 

m; Z= -3.296, p=0.001, d=4.13, 95% CI [2.83, 5.45]) of ALT, but not throughout week 3 302 

(34543±4057 m; Z= -0.471, p=0.638, d=0.39, 95% CI [-0.36, 1.14]). Mean ± SD %Δ in pool 303 



10 
 

volume from SL were 26.1±18.2%, 38.5±20.9% and 3.8±12.0% for week one, two and three 304 

of ALT, respectively. 305 

*Please insert Table 2 near here* 306 

Pool Load:Volume Ratio 307 

There was no significant difference in the pool load:volume ratio from SL to ALT (F(3, 308 

39)=1.492, p=0.232, ηp
2=0.103). Mean ± SD ratios of 80.3±19.0, 89.0±23.5 (d=0.44, 95% CI [-309 

0.31, 1.19]), 81.2±18.6 (d=0.05, 95% CI [-0.69, 0.79]) and 79.7±15.9 (d= -0.03, 95% CI [-0.77, 310 

0.71]) were calculated for SL training and weeks 1, 2 and 3 of ALT, respectively. Mean and 311 

individual %Δ in load:volume ratio is displayed in Figure 3. 312 

*Please insert Figure 3 near here* 313 

Association Between Variables 314 

 Baseline Hb mass and %Δ in Hb mass 315 

No significant association was identified between the baseline Hb mass of the athletes and the 316 

mean pre-to-post ALT %Δ in Hb mass (r= -0.326, p=0.128), with the relationship 317 

demonstrating a moderate ES. 318 

 %Δ in TL and %Δ in Hb mass  319 

No significant association was identified between the mean pre-to-post ALT %Δ in Hb mass 320 

and %Δ in total TL from SL to ALT (r= -0.007, p=0.491), with the association displaying a 321 

trivial ES. 322 

 %Δ in Hb mass and %Δ in Performance 323 

A statistically significant positive association (r=0.476, p=0.043), with a moderate ES 324 

(Hopkins, 2010), was identified between the mean pre-to-post ALT %Δ in Hb mass and %Δ in 325 

FINA points. 326 

 327 

Discussion 328 

This investigation aimed to quantify and characterise the TL periodisation strategy of high-329 

performance swimmers during three-weeks of LHTH ALT training, examining the pre-to-post 330 

ALT response in physiological characteristics and SL performance. A significant increase in 331 

mean Hb mass (with considerable individual variation; Figure 2) was found post-LHTH, but 332 

there was no evidence of an improved squad SL performance either immediately or three-333 

weeks post-ALT. Despite this, there was some evidence of a moderate association between the 334 

individual change in Hb mass and change in performance of the sample. Total weekly TL 335 

increased significantly from SL during weeks 1 and 2, but not in week 3 (Figure 1), due to a 336 

prescribed de-load in preparation for performance immediately post-ALT. Increases in TL 337 

were principally influenced by escalation of training duration (Table 2). Changes in TL from 338 

SL to ALT were not related to the physiological adaptation observed. 339 

Physiological Adaptation 340 
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Compared to baseline, total Hb mass increased significantly both seven (3.9%) and fourteen-341 

days (4.1%) post-ALT. When compared to the model published by Garvican-Lewis and 342 

colleagues (Garvican-Lewis et al., 2016), which quantifies the relationship between hypoxic 343 

dose (in km.h) and Hb mass response, these findings are slightly below what might be expected 344 

(1170km.h = ~4.5% increase). However, the results of the current paper are certainly 345 

comparable to those of Gough et al. (Gough et al., 2012), who reported 3.8% and 4.0% 346 

increases in total Hb mass following three-weeks of LHTH  in elite male and female swimmers, 347 

respectively. As displayed in Figure 2, a large degree of inter-individual variability was 348 

identified in the Hb mass response across the sample of this study. When compared to 349 

baseline, %Δ measures ranged from -4.0% to 13.0% at seven-days and -5.1% to 13.7% 350 

fourteen-days post-ALT. Inter-individual Hb mass responses to natural hypoxic interventions 351 

are known to be highly variable (Millet et al., 2019). Wachsmuth and colleagues (Wachsmuth 352 

et al., 2013) found that the pre-to-post LHTH response in Hb mass in 25 elite German 353 

swimmers ranged from -2.5% to 13.0%, similar to the ranges reported here. Possible factors 354 

which may influence the response of total Hb mass to a natural hypoxic exposure, beyond the 355 

structure and content of the training completed (Rodríguez et al., 2015), include the genetic 356 

profile of the athletes, the extent of the erythropoietin response throughout the intervention, 357 

fitness levels, iron stores, and any pre-existing injuries or illness (Hauser et al., 2018). 358 

Performance Response 359 

Despite a positive physiological adaptation following the LHTH intervention, no significant 360 

change in mean competitive performance was identified either immediately or three-weeks 361 

post-ALT. These findings align with those of Gough and colleagues (Gough et al., 2012), who 362 

found that LHTH actually led to “possibly slower” competitive performance at one-day post-363 

ALT in 26 elite swimmers (%Δ ± 90% CIs: 0.4±0.4%), with no difference to pre-ALT then 364 

identified at seven (-0.2±0.7%), fourteen (-0.3±0.8%) and 28-days (0.2±0.9%) post-365 

intervention. Likewise, a decrease in the performance of elite swimmers for a period of 366 

fourteen-days following LHTH was found to approach significance (p=0.06), before showing 367 

no change from pre-ALT for the following ten-days (p=0.52) (Wachsmuth et al., 2013). 368 

Interestingly, performances then showed a significant improvement from pre-ALT between 369 

25- and 35-days following return to SL (p=0.02) (Wachsmuth et al., 2013). Taken together, 370 

these results appear to demonstrate an apparent temporary inhibition of swimming performance 371 

immediately following return to SL, with improvements not observed until approximately 372 

three- to four-weeks post-intervention. Potential mechanisms for these observations include a 373 

possible decrease in buffer capacity through a hypoxia-induced inhibition of both bicarbonate 374 

and non-bicarbonate buffer systems (Böning et al., 2001) and a delayed re-adaptation of 375 

multiple endocrinological metabolic pathways leading to a reduced synthesis of key 376 

performance-related hormones, such as aldosterone (Wachsmuth et al., 2013). Delayed 377 

performance improvements may then occur when hormonal status and buffering capacity has 378 

returned to normal. In addition, athletes may have then had sufficient time to take advantage 379 

of altitude-induced physiological adaptations, allowing a greater volume and intensity of 380 

training with improved recovery (Mujika et al., 2019).  This may be why, as recently described 381 

by Wilber (Wilber, 2022), following a LHTH intervention, USA Swimming first complete a 382 

SL training block before competing in major international events. 383 

Despite negligible changes in the group mean of FINA points obtained from pre-to-post ALT, 384 

substantial individual variation was identified between athletes. The %Δ in FINA points 385 
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achieved from pre-ALT ranged from -6.0% to 13.4% and -7.0% to 4.4% immediately and 386 

three-weeks post-ALT, respectively. Performance in a competitive environment is influenced 387 

by a complex interaction of variables, including tactical strategies, residual fatigue, underlying 388 

illness or injury, psychological characteristics and, of course, physiological capacity (Bonne et 389 

al., 2014). The significant positive association (r=0.476, p=0.043), identified between 390 

individual pre-to-post-ALT adaptation in Hb mass and individual change in competitive 391 

performance suggests those with a greater increase in Hb mass also experienced the largest 392 

improvements in performance, and importantly, vice versa. Correspondingly, Wachsmuth and 393 

colleagues (Wachsmuth et al., 2013) identified that a 1% increase in Hb mass following LHTH 394 

related to a performance improvement of 1.8 points in the German point scoring system. 395 

Therefore, their sample mean Hb mass adaptation of 6.5% corresponded with an increase of 396 

11.7 points (translating to a 0.4% performance improvement in male freestyle events). 397 

However, the relationship identified in the present study is influenced by an obvious outlier 398 

(Figure 3), and only demonstrates a moderate ES, with a variance (R2) of 23%. Ultimately, the 399 

highly variable and unpredictable nature of competitive athletic performance makes it 400 

challenging to determine the efficacy of a specific intervention for the development of 401 

performance within empirical research (Atkinson & Nevill, 2001). 402 

Training Load Quantification and Periodisation 403 

Total TL increased significantly from pre-ALT SL training during week 1 (54%) and week 2 404 

(41%) but not week 3 (13%) of LHTH. Table 2 demonstrates that these increases in load are 405 

primarily due to an increase in training duration, with no change in mean RPE identified across 406 

any of the weeks at ALT when compared to SL. This is further evidenced by the lack of a 407 

statistically significant change in pool volume:load ratio from SL to ALT, suggesting there was 408 

no change in subjective exertion per kilometre swam. Therefore, while load was increased 409 

through completion of greater training duration and volume, the hypoxic environment appeared 410 

to have little effect in increasing the perceived exertion of the athletes. A possible mechanism 411 

for this is that the athlete’s self-regulated speed and effort while in hypoxic conditions to match 412 

perceived intensity at SL, at the expense of absolute intensity. Sharma and colleagues have 413 

previously reported that in elite middle-distance runners, maintenance of absolute intensity 414 

(running speed) from SL led to significantly higher perceived exertions at an altitude of 2100m 415 

(Sharma et al., 2017). It has been demonstrated that a reduction of absolute intensity during a 416 

period of altitude training led to a trend of non-response in 5000m running performance in a 417 

sample of collegiate athletes (Chapman et al., 1998). Together, these findings suggest that 418 

maintaining absolute training intensity from SL appears necessary to increase the probability 419 

of achieving performance improvements following LHTH, despite a possible increase in 420 

perceived exertion. However, these findings contrast those found by Rodriguez and colleagues 421 

(Rodríguez et al., 2015), where swimmers who completed LHTH reported significantly greater 422 

RPE values than those who completed similar LHTL or SL training. These athletes also 423 

experienced a certain degree of over-reaching and post-ALT decrease in performance, with a 424 

similar mean physiological adaptation (3.8% increase in Hb mass) to the present study 425 

(Rodríguez et al., 2015). This suggests that an increased intensity of training at ALT may not 426 

necessarily have led to a greater degree of physiological adaptation within the present study’s 427 

sample. Providing further evidence to this, the current study identified that the association 428 

between %Δ in TL from SL to ALT and pre-to-post ALT %Δ in Hb mass was non-significant, 429 

with a trivial effect size (r= -0.007, p=0.491).  430 
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 431 

Implications, Limitations and Practical Recommendations 432 

A LHTH intervention consisting of a sharp increase in TL, primarily driven by a greater 433 

training duration and volume, followed by a slight de-load in the final week, led to a significant 434 

mean increase in Hb mass but no change in the mean competitive performance of high-435 

performance swimmers. This TL periodisation strategy is recommended to those aiming for an 436 

increase in physiological capacity leading into a subsequent training phase, with those targeting 437 

improved SL performance suggested to allow a minimum of 3-4 weeks between return to SL 438 

and competition. However, as highlighted previously, it was not possible to employ a 439 

randomised control trial design to accurately explore cause-and-effect relationships regarding 440 

the interplay of the hypoxic environment and completed training. A further unavoidable 441 

limitation of this study is the comparison of short-course and long-course performances from 442 

pre-to-post ALT. While this was necessary to retain high ecological validity of the swimming 443 

performance in real competition, the change in pool distance may have benefitted some athletes 444 

more than others, and so should be considered when comparing the results of the present study 445 

to similar research. Nevertheless, the conversion of performance times to FINA points allows 446 

the results of the present study to be generalised to swimmers specialising in an event of any 447 

recognised stroke and distance, worldwide. Thirdly, it was not possible to track athlete 448 

compliance with a general recommendation to supplement their diet with iron, which may have 449 

contributed to the high degree of individual changes in Hb mass. Future research should 450 

complete pre-intervention assessments of serum ferritin, subsequently prescribing appropriate 451 

iron dose supplementation.  452 

 453 

Conclusion 454 

This study identified that a three-week LHTH intervention at 2,320m, characterised by a 455 

sudden increase in TL followed by a slight de-load in the final week, led to a significant positive 456 

physiological adaptation but no improvement in competitive performance in a sample of high-457 

performance swimmers. A statistically significant positive association was identified between 458 

the pre-to-post ALT response in Hb mass and change in performance level. However, this 459 

relationship demonstrated only a moderate ES. In addition, changes in TL from SL to ALT 460 

were not related to the physiological adaptation observed. It is evident that this LHTH approach 461 

is not an efficient or effective approach that benefits all swimmers. It is therefore clear that 462 

further research is required to characterise the highly individual relationship between the TL 463 

periodisation strategy adopted at ALT and the response in Hb mass and competitive swimming 464 

performance following the return to SL.   465 



14 
 

Statements and Declarations 466 

Competing Interests 467 

The authors have no relevant financial or non-financial competing interests to disclose. 468 

  469 

Funding 470 

The authors declare that no funds, grants, or other support were received during the preparation 471 

of this manuscript. 472 

 473 

Ethical Approval 474 

This study was performed in line with the principles of the Declaration of Helsinki. Approval 475 

was granted by the Moray House School of Education and Sport Research Ethics Committee 476 

at the University of Edinburgh. 477 

 478 

Consent to Participate 479 

Written informed consent was collected from all individual participants included in the study. 480 

 481 

Consent to Publish 482 

All participants provided informed consent for the publication of their data in a scientific 483 

journal. 484 

 485 

Data Availability Statement 486 

The datasets generated during and/or analysed during the current study are available from the 487 

corresponding author on reasonable request. 488 

 489 

Author Contributions 490 

All authors contributed to the study conception and design. Material preparation, data 491 

collection and analysis were performed by DA and MM, under the supervision of AT. The first 492 

draft of the manuscript was written by DA and all authors commented on subsequent versions 493 

of the manuscript. All authors read and approved the final manuscript.  494 



15 
 

References  495 

Atkinson, G., & Nevill, A. M. (2001). Selected issues in the design and analysis of sport 496 

performance research. Journal of sports sciences, 19(10), 811-827.  497 

Bellinger, P., Arnold, B., & Minahan, C. (2020). Quantifying the training-intensity distribution 498 

in middle-distance runners: the influence of different methods of training-intensity 499 

quantification. International Journal of Sports Physiology and Performance, 15(3), 500 

319-323.  501 

Böning, D., Maassen, N., Thomas, A., & Steinacker, J. M. (2001). Extracellular pH defense 502 

against lactic acid in normoxia and hypoxia before and after a Himalayan expedition. 503 

European journal of applied physiology, 84, 78-86.  504 

Bonne, T. C., Lundby, C., Jørgensen, S., Johansen, L., Mrgan, M., Bech, S. R., Sander, M., 505 

Papoti, M., & Nordsborg, N. B. (2014). “Live High–Train High” increases hemoglobin 506 

mass in Olympic swimmers. European journal of applied physiology, 114(7), 1439-507 

1449.  508 

Casado, A., González-Mohíno, F., González-Ravé, J. M., & Foster, C. (2022). Training 509 

Periodization, Methods, Intensity Distribution, and Volume in Highly Trained and Elite 510 

Distance Runners: A Systematic Review. International Journal of Sports Physiology 511 

and Performance, 17(6), 820-833.  512 

Chapman, R. F., Stray-Gundersen, J., & Levine, B. D. (1998). Individual variation in response 513 

to altitude training. Journal of applied physiology.  514 

Cohen, J. (1988). Statistical power for the behavioural sciences. Hilsdale. NY: Lawrence 515 

Erlbaum.  516 

Fédération Internationale De Natation, FINA Points. (2018).  Retrieved 17 February 2020 517 

from http://www.fina.org/content/fina-points 518 

Foster, C. (1998). Monitoring training in athletes with reference to overtraining syndrome. 519 

Medicine and science in sports and exercise, 30(7), 1164-1168.  520 

Friedmann, B., Frese, F., Menold, E., Kauper, F., Jost, J., & Bärtsch, P. (2005). Individual 521 

variation in the erythropoietic response to altitude training in elite junior swimmers. 522 

British journal of sports medicine, 39(3), 148-153.  523 

García-Ramos, A., Padial, P., de la Fuente, B., Argüelles-Cienfuegos, J., Bonitch-Góngora, J., 524 

& Feriche, B. (2016). Relationship between vertical jump height and swimming start 525 

performance before and after an altitude training camp. Journal of strength and 526 

conditioning research, 30(6), 1638-1645.  527 

Garvican-Lewis, L. A., Sharpe, K., & Gore, C. J. (2016). Time for a new metric for hypoxic 528 

dose? Journal of applied physiology, 121(1), 352-355.  529 

Gough, C. E., Saunders, P. U., Fowlie, J., Savage, B., Pyne, D. B., Anson, J. M., Wachsmuth, 530 

N., Prommer, N., & Gore, C. J. (2012). Influence of altitude training modality on 531 

performance and total haemoglobin mass in elite swimmers. European journal of 532 

applied physiology, 112(9), 3275-3285.  533 

Hauser, A., Troesch, S., Steiner, T., Brocherie, F., Girard, O., Saugy, J. J., Schmitt, L., Millet, 534 

G. P., & Wehrlin, J. P. (2018). Do male athletes with already high initial haemoglobin 535 

mass benefit from ‘live high–train low’altitude training? Experimental physiology, 536 

103(1), 68-76.  537 

Hopkins, W. G. (2010). Linear models and effect magnitudes for research, clinical and practical 538 

applications. Sportscience, 14, 49-59.  539 

Hopkins, W. G. (2017). A Spreadsheet for Monitoring an Individual's Changes and Trend. 540 

Sportscience, 21.  541 

http://www.fina.org/content/fina-points


16 
 

Ingham, S. A., Carter, H., Whyte, G. P., & Doust, J. H. (2008). Physiological and performance 542 

effects of low-versus mixed-intensity rowing training. Medicine and science in sports 543 

and exercise, 40(3), 579-584.  544 

Millet, G. P., & Brocherie, F. (2020). Hypoxic training is beneficial in elite athletes. Medicine 545 

and science in sports and exercise, 52(2), 515-518.  546 

Millet, G. P., Chapman, R. F., Girard, O., & Brocherie, F. (2019). Is live high–train low altitude 547 

training relevant for elite athletes? Flawed analysis from inaccurate data. In (Vol. 53, 548 

pp. 923-925): BMJ Publishing Group Ltd and British Association of Sport and Exercise 549 

Medicine. 550 

Mujika, I. (2013). The alphabet of sport science research starts with Q. International Journal 551 

of Sports Physiology and Performance, 8(5), 465-466.  552 

Mujika, I., Sharma, A. P., & Stellingwerff, T. (2019). Contemporary periodization of altitude 553 

training for elite endurance athletes: a narrative review. Sports medicine, 49(11), 1651-554 

1669.  555 

Neal, C. M., Hunter, A. M., Brennan, L., O'Sullivan, A., Hamilton, D. L., DeVito, G., & 556 

Galloway, S. D. (2013). Six weeks of a polarized training-intensity distribution leads 557 

to greater physiological and performance adaptations than a threshold model in trained 558 

cyclists. Journal of applied physiology.  559 

Prommer, N., & Schmidt, W. (2007). Loss of CO from the intravascular bed and its impact on 560 

the optimised CO-rebreathing method. European journal of applied physiology, 100(4), 561 

383-391.  562 

Rodríguez, F. A., Iglesias, X., Feriche, B., Calderón-Soto, C., Chaverri, D., Wachsmuth, N. B., 563 

Schmidt, W., & Levine, B. D. (2015). Altitude training in elite swimmers for sea level 564 

performance (Altitude Project). Med Sci Sports Exerc, 47(9), 1965-1978.  565 

Roels, B., Hellard, P., Schmitt, L., Robach, P., Richalet, J., & Millet, G. (2006). Is it more 566 

effective for highly trained swimmers to live and train at 1200 m than at 1850 m in 567 

terms of performance and haematological benefits? British journal of sports medicine, 568 

40(2), e4-e4.  569 

Ruiz-Navarro, J. J., López-Belmonte, Ó., Gay, A., Cuenca-Fernandez, F., & Arellano, R. 570 

(2022). A new model of performance classification to standardize the research results 571 

in swimming. European Journal of Sport Science, 1-11.  572 

Schmidt, W., & Prommer, N. (2005). The optimised CO-rebreathing method: a new tool to 573 

determine total haemoglobin mass routinely. European journal of applied physiology, 574 

95(5), 486-495.  575 

Sharma, A. P. (2022). Factors affecting sea-level performance following altitude training in 576 

elite athletes. Journal of Science in Sport and Exercise, 1-16.  577 

Sharma, A. P., Saunders, P. U., Garvican-Lewis, L. A., Clark, B., Stanley, J., Robertson, E. Y., 578 

& Thompson, K. G. (2017). The effect of training at 2100-m altitude on running speed 579 

and session rating of perceived exertion at different intensities in elite middle-distance 580 

runners. International Journal of Sports Physiology and Performance, 12(s2), S2-147-581 

S142-152.  582 

Sharma, A. P., Saunders, P. U., Garvican–Lewis, L. A., Périard, J. D., Clark, B., Gore, C. J., 583 

Raysmith, B. P., Stanley, J., Robertson, E. Y., & Thompson, K. G. (2018). Training 584 

quantification and periodization during live high train high at 2100 M in elite runners: 585 

an observational cohort case study. Journal of Sports Science & Medicine, 17(4), 607.  586 

Siebenmann, C., & Dempsey, J. A. (2020). Hypoxic training is not beneficial in elite athletes. 587 

Medicine and science in sports and exercise, 52(2).  588 

Siewierski, M., Słomiński, P., Białecki, R., & Adamczyk, J. (2012). Athletic performance of 589 

swimmers after altitude training (2,300 m above sea level) in view of their blood 590 

morphology changes. Biology of Sport, 29(2), 115-120.  591 



17 
 

Stöggl, T., & Sperlich, B. (2014). Polarized training has greater impact on key endurance 592 

variables than threshold, high intensity, or high volume training. Frontiers in 593 

physiology, 5, 33.  594 

Wachsmuth, N., Völzke, C., Prommer, N., Schmidt-Trucksäss, A., Frese, F., Spahl, O., 595 

Eastwood, A., Stray-Gundersen, J., & Schmidt, W. (2013). The effects of classic 596 

altitude training on hemoglobin mass in swimmers. European journal of applied 597 

physiology, 113(5), 1199-1211.  598 

Wilber, R. L. (2022). Practical application of altitude/hypoxic training for Olympic medal 599 

performance: The Team USA experience. Journal of Science in Sport and Exercise, 1-600 

13.  601 

602 



18 
 

Tables 

Table 1. 

 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 

Session 1 

07:00 – 

09:00 

 

Travel to 

altitude. 

Swim 

AEC 1 

4000m 

REST 

AM 

Swim 

AEC 1 

4000m 

REST 

DAY 

 

Swim 

AEC 2/3 

5000m 

Swim 

AEC 1 

5000m 

Session 2 

14:00 – 

16:00 

 

Swim 

Kick A1 

4000m 

Swim 

Pull A1 

5000m 

Swim 

ANC 

4000m 

Swim 

Speed 

3500m 

Swim 

Kick A1 

4000m 

Session 3 

16:30 – 

17:30 

Land-

based 

S&C 

Land-

based 

S&C 

Land-

based 

S&C 

Land-

based 

S&C 

Land-

based 

S&C 

 Day 8 Day 9 Day 10 Day 11 Day 12 Day 13 Day 14 

Session 1 

07:00 – 

09:00 

 

Swim 

Pull A1 

4000m 

REST 

DAY 

 

Swim 

AEC 1 

5000m 

Swim 

AEC 1 

6000m 

Swim 

AEC 1 

5600m 

REST 

DAY 

 

Swim 

Skills A1 

5500m 

Session 2 

14:00 – 

16:00 

 

Swim 

AEC 2/3 

6000m 

Swim 

ANC 

5000m 

Swim 

Skills A1 

5000m 

Swim 

AEC 2/3 

5000m 

Swim 

Speed 

4000m 

Session 3 

16:30 – 

17:30 

Land-

based 

S&C 

Land-

based 

S&C 

Land-

based 

S&C 

Land-

based 

S&C 

Land-

based 

S&C 

 Day 15 Day 16 Day 17 Day 18 Day 19 Day 20 Day 21 

Session 1 

07:00 – 

09:00 

 

Swim 

AEC 1 

6000m 

Swim 

AEC 1 

5000m 

REST 

DAY 

 

Swim 

AEC 1 

5000m 

Swim 

Speed 

3000m 

Swim 

AEC 1 

3000m 

Travel to 

meet. 

Session 2 

14:00 – 

16:00 

 

Swim 

Skills A1 

4000m 

Swim 

AEC 2/3 

5500m 

 Swim 

ANC 

3500m 

Swim 

AEC 1 

4500m 

REST  

PM 

 

Session 3 

16:30 – 

17:30 

Land-

based 

S&C 

Land-

based 

S&C 

 Land-

based 

S&C 

Land-

based 

S&C 
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Table 2. 

  

 Sea Level  

Mean (SD) 

Week 1 

Mean (SD) 

Week 2 

Mean (SD) 

Week 3 

Mean (SD) 

 

Weekly 

Pool 

Duration 

(mins) 

 

823 (142) 

 

1039 (141) 

+30.5% (32.1%)** 

d = 0.99 

95% CI [0.21, 1.78] 

 

1088 (172) 

+36.3% (32.4%)** 

d = 1.29 

95% CI [0.47, 2.11] 

 

804 (134) 

-2.3% (21.78%) 

d = -0.1 

95% CI [-0.84, 0.64] 

 

Pool 

Session 

RPE 

(au) 

3.3 (0.6) 3.6 (0.8) 

+9.9% (18.0%) 

d = 0.66 

95% CI [-0.10, 1.42] 

3.4 (0.8) 

+7.14% (23.5%) 

d = 0.17 

95% CI [-0.57, 0.92] 

3.4 (0.6) 

+6.91% (17.5%) 

d = 0.19 

95% CI [-0.55, 0.93] 

 

Weekly 

Pool 

Volume 

(m) 

 

33372 (2573) 41879 (5409) 

+26.1% (18.2%)** 

d = 2.49 

95% CI [1.49, 3.46] 

46100 (6877) 

+38.5% (20.9%)** 

d = 4.13 

95% CI [2.83, 5.45] 

34543 (4057) 

+3.8% (12.0%) 

d = 0.39 

95% CI [-0.36, 1.14] 

Weekly 

Land 

Duration 

(mins) 

131 (29) 241 (32) 

+90.5% (43.9%)*** 

d = 2.82 

95% CI [1.78, 3.87] 

136 (18) 

+8.74% (27.5%) 

d = 0.11 

95% CI [-0.63, 0.85] 

166 (29) 

+30.8% (30.7%)** 

d = 0.99 

95% CI [0.21, 1.78] 

 

Land 

Session 

RPE 

(au) 

3.9 (1.1) 4.3 (1.3) 

+12.9% (26.6%) 

d = 0.49 

95% CI [-0.26, 1.25] 

 

4.5 (1.1) 

+20.4% (28.3%) 

d = 0.56 

95% CI [-0.20, 1.31] 

4.4 (1.1) 

+14.1% (16.3%) 

d = 0.92 

95% CI [0.15, 1.71] 
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Figures 

Figure 1. 
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Figure 2.  
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Figure 3. 
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Table and Figure Captions 

Table 1. Training schedule for the three-week Live-High, Train-High altitude intervention, 

indicating session type, duration, focus and volume. Skill = session with focus on technical 

capability, typically comprised of drills completed with accessory equipment. Kick = main set 

completed using legs only (i.e., holding a kick board). Pull = main set completed using arms 

only (i.e., with pool buoy between legs). A1 = Regenerative low intensity aerobic training. AEC 

1 = Aerobic capacity 1 (long, extensive endurance training). AEC 2/3 = Aerobic capacity 2/3 

(aerobic overload (VO2max) training). ANC = Anaerobic capacity (lactate production training). 

Speed = supramaximal short duration sprint work. S&C = strength and conditioning.  

 

Table 2. Mean (SD) absolute values and percentage change from pre-altitude sea level training 

for weekly pool session duration (mins), pool session RPE (au), weekly pool volume (m), 

weekly land session duration (mins) and land session RPE (au), for each week of the altitude 

training camp. Significant differences are marked with * (p<0.05), ** (p<0.01) or *** 

(p<0.001). Cohen’s d effect sizes, with 95% confidence intervals, are displayed for each 

comparison to sea level. 

 

 

Figure 1. Percentage change in haemoglobin mass from pre-altitude at seven and fourteen-days 

post-altitude. Group mean (±SD) displayed in bold. Smallest worthwhile change (SWC) 

identified with dashed horizontal grey lines. Significant differences (p<0.05) in the group mean 

from pre-altitude identified with an asterisk. 

 

Figure 2. Percentage change in mean weekly total training load from pre-altitude for each week 

of the altitude training camp. Group mean (±SD) displayed in bold. Significant differences 

(p<0.05) in the group mean from pre-altitude identified with an asterisk. 

 

Figure 3. Percentage change in pool training load:volume ratio from pre-altitude for each week 

of the altitude training camp. Group mean (±SD) displayed in bold. 


