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Abstract

This study tested the hypothesis that athletes exposed to 4 wk of intermittent hypobaric hypoxia 

exposure (IHE 3h/d, 5d/wk at 4000-5500m) or double-blind placebo increase their red blood cell 

volume (RCV) and hemoglobin mass (Hbmass) secondary to an increase in erythropoietin (EPO). 

Twenty-three collegiate level athletes were measured before (PRE) and after (POST) the 

intervention for RCV via Evans blue (EB) dye, and in duplicate for Hbmass using CO-rebreathing. 

Hematological indices including EPO, soluble transferrin receptor (sTfr) and reticulocyte 

parameters were measured on 8-10 occasions spanning the intervention. The subjects were 

randomly divided among hypobaric hypoxia (HYPO n=11) and normoxic (NORM n=12) groups. 

Apart from doubling EPO concentration 3h after hypoxia there was no increase in any of the 

measures for either HYPO or NORM groups. The mean change in RCV from PRE to POST for 

the HYPO group was 2.3% (95% confidence limits = -4.8 to 9.5%) and for the NORM group was 

-0.2% (-5.7 to 5.3%). The corresponding changes in Hbmass were 1.0% (-1.3 to 3.3%) for HYPO 

and -0.3% (-2.6 to 3.1%) for NORM. There was good agreement between blood volume (BV) 

from EB and CO; BVEB = 1.03 BVCO + 142, r2=0.85, p<0.0001. Overall, evidence from four 

independent techniques (RCV, Hbmass, reticulocyte parameters and sTfr) suggests that IHE did 

not accelerate erythropoiesis despite the increase in serum EPO. 
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Introduction

Exposure to high altitude (4000-5500m) is classically associated with an increase in serum 

erythropoietin (EPO) concentration (38) after as little as 120 min of exposure (30). Chronic 

exposure to this degree of hypoxia has also been associated with polycythemia, increased 

hemoglobin concentration, percent reticulocytes and blood volume in South American natives 

and in sea level residents sojourning to these altitudes (37,42). Modern understanding of EPO

biology has clarified that hypoxia initiates EPO gene transcription (31,51), and that hypoxia 

inducible factor-1 (HIF-1) is the pivotal oxygen-regulated transcription factor responsible for this 

response pathway (55). Gene expression is up-regulated when hypoxia is present for more than a 

few minutes (55). 

Despite this orthodox and well-established paradigm, the extent of erythropoiesis and benefits for 

sea level performance of athletes after living and training at moderate altitude (~2200-2500m) for 

2-4 wk are controversial (22,50). The degree of erythropoiesis after 2-4 wk living in moderate 

hypoxia (equivalent to ~2200-2500m) and training near sea level is also contentious (19,34), 

although this may be due to an inadequate dose of hypoxia in studies that expose their athletes to 

less than 12 h/d of hypoxia for less than 3 weeks(50). A very time efficient approach of 

administering hypoxia has been proposed recently as a method to stimulate red blood cell 

production (11,47,49) as well as VO2max (by ~5%) and performance (by ~1%) (48). This method, 

called intermitted hypoxic exposure (IHE), applies severe hypoxia (~4000-5500m) at rest for 1.5 

to 5 h/d for 2-3 wk. Exposure periods beyond 2 h at 5450m have previously been demonstrated to 

yield a 50% increase in serum EPO (30), and even shorter periods (90 min) of exposure to a 
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simulated altitude of 5500m elicited a 55% increase in serum EPO 3 h after the termination of 

hypoxia (49). However, most of the IHE studies have inferred an erythropoietic effect from 

indirect markers such as increased hematocrit, red blood cell count, and hemoglobin 

concentration (47,49). The mechanism by which IHE increases performance is also contentious 

since others have observed neither evidence of erythropoiesis nor an increase in VO2max after 

severe hypoxia but worthwhile improvements in 3,000m run time (~1.3%) (29). Finally, the 

results of all IHE studies suffer from a lack of double-blinding.

Collectively, there is sufficient conflicting evidence about the effect and likely mechanisms of 

resting in severe hypoxia to warrant further investigation. Therefore, the present double-blind, 

randomized, study was designed to investigate the effects of hypobaric IHE (3 h/d, 5 d/wk, for 4 

wk) combined with sea-level training on hematological parameters in well-trained collegiate 

runners and swimmers. We hypothesized that, in contrast to placebo conditions, IHE would be 

associated with a significant increase in serum EPO, RCV and Hbmass. 
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Materials and Methods

Subjects

Twenty-seven well-trained athletes (15 swimmers (9 men, 6 women)) and 12 runners (7 men, 5 

women) were recruited from high school, collegiate and Masters teams. Two of the male 

swimmers and two of the male runners completed duplicate tests at baseline, but did not 

commence the intervention (see study design) leaving a final sample size of n = 23. Their 

characteristics are provided in Table 1. All subjects were sea-level residents and trained at least 

daily for 10 months prior to the study and continued to train throughout the 10 week study, which 

was conducted in Dallas during May – July, 2003. Each subject provided their voluntary written 

informed consent to participate in protocols approved by the Institutional Review Boards of the 

University of Texas Southwestern Medical Center and Presbyterian Hospital of Dallas.

Study design

As part of a multi-centre international collaboration, a variety of measures not reported here were 

conducted on these subjects; four associated papers will address the effect of IHE on 

performance, economy, hypoxic ventilatory response, and autonomic function. The overall study 

design is summarized in Figure 1. After completing duplicate baseline measures for most

variables subjects were matched for gender, performance level and training history, and then 

assigned to either 4 wk of hypobaric hypoxia (HYPO; simulated altitude of 4000-5500m) or 

normobaric normoxia (NORM; 0-500m) in a randomized, double blind, placebo controlled trial. 

Carbon monoxide rebreathing was conducted twice before (PRE) and twice after (POST) 

treatment, whereas Evans blue dye was administered once before and once after hypoxic or 

placebo intervention because of limited dye availability. Venous blood was drawn eight times 
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during the 10-wk study (twice before, once per week during and twice after) and analyzed for 

hemoglobin concentration [Hb], hematocrit (Hct), percent reticulocytes (%Ret), mean cell 

volume (MCV), mean cell volume of reticulocytes (MCVr), total hemoglobin content of 

reticulocytes (RetHb = number of reticulocytes x per cell Hb content of reticulocytes)), soluble 

transferrin receptor concentration (sTfr) and erythropoietin concentration (EPO). The samples 

taken each week during the period of hypoxia or placebo were taken just prior to entering the 

hypobaric chamber, ~20 hours after the previous hypoxic exposure. Venous blood was also 

drawn twice (Wk 2, Wk 4) at approximately 3h after chamber exposure and assayed for EPO. 

Two weeks before, and one week after the intervention, venous blood was assayed for ferritin 

concentration. During this interval, all subjects received oral liquid iron supplementation (Feo-

Sol, 9mg elemental iron⋅ml-1) with the dose (ranging from 5-15 ml, 1-3 times/day) adjusted based 

on their pre-intervention plasma ferritin concentration.

Hypobaric hypoxia or placebo

A hypobaric chamber (Perry Baromedical, West Palm Beach, FL, USA), located at the Institute 

for Exercise and Environmental Medicine, Dallas, was utilized for the experiment and its air 

refresh rate was calculated to keep the inspired CO2 fraction < 0.2%. This chamber has three 

separate locks that can be operated independently and controlled for simulated altitude and rate of 

ascent/descent. Four chamber runs per day were scheduled to accommodate the living and 

training schedules of all subjects, divided into two treatment and placebo interventions each day 

in separate locks. Each chamber exposure, regardless of altitude, included a 10 min ascent and 10 

min descent within the 3 hours period. For the NORM group, the first 10 min of exposure 

involved multiple pressure changes as follows: min 1.5 – 1,800m; min 2.5 – 900m; min 5 –
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3,700m; min 6 – 2,500m; min 7 – 3,000m; min 10 – 500m where it remained for the duration of 

the exposure. United States Air Force standard atmospheric tables were used to derive the 

barometric pressure for each altitude (59).

Hemoglobin mass

Hbmass was estimated using a modified version of a CO-rebreathing technique (10) with a total re-

breathing volume of 3.1 L. Following an initial priming dose of 99.9% CO (15 ml for women and 

20 ml for men) re-breathed for 10 min, blood was sampled from an antecubital vein via a cannula 

(20-G, Medex Inc, Carlsbad, CA) into a capped 5 ml glass syringe pre-rinsed with liquid heparin 

(1000 IU/ml). A second dose (1.25 ml/kg for women and 1.5 ml/kg for men) of 99.9% CO was 

then re-breathed for 10 min after which a second blood sample was obtained whilst the athlete 

remained on the re-breathing circuit. When a subject was connected to the re-breathing system, 

medical-grade O2 was bled in continuously at a rate equivalent to its consumption; approximately 

200-350 ml/min.

Each blood sample was stored on ice until assayed for percent carboxy-hemoglobin (%HbCO) 

and hemoglobin concentration [Hb] using a diode-array spectrophotometer (OSM3 hemoximeter, 

Radiometer Medical, Copenhagen). Samples were analysed repeatedly until 5 values for %COHb 

were obtained within 0.1% of each other, which was usually achieved within 6 replicates. The 

OSM3 hemoximeter was calibrated according to manufacturer’s specifications for Hb 

concentration (using S2190 Calibrating Solution, Radiometer, Copenhagen) immediately before 

the PRE and POST data collection periods. 
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The change in %HbCO (∆%HbCO = difference between first and second measures) was used to 

calculate the Hbmass through which the CO had distributed using the method of Burge and Skinner

(10); that is, Hbmass (g) = (Volume COadded STPD / 1.34 ml CO per g Hb) / ∆%HbCO, and where the 

Volume of COadded is multiplied by 0.978 to correct for the amount of CO remaining in the re-

breathing circuit after 10 min (10). The same mercury barometer (Princo, Southampton, PA) and 

mercury in glass thermometer (Baxter Scientific, Deerfield, IL) was used for all tests to 

determine the ambient conditions to enable the transformation of the CO gas volume to standard 

temperature and pressure. The %typical error (TE – see Statistics subsection) based on the first 

two trials for n = 27 was 2.0% (95% CL = 1.6 – 2.7%) for a group mean of 823 g or absolute TE 

of 17g. When Hbmass was measured over a longer period of time (i.e., from PRE1 to POST1, 

similar to the time period of measurement for EB derived volumes), the TE was increased to 

~3.8% (95% CL 3.0 – 5.5%).  

Hbmass calculated as described above is not volumetric and therefore does not depend upon 

determination of [Hb] or Hct (20). However, to allow direct comparison to Evans Blue derived 

red cell volume (RCV), Hbmass was divided by [Hb] to allow estimation of blood volume via CO 

(BVCO). The [Hb] was the mean of the six values determined on the OSM3 hemoximeter for the 

last blood sample; that is, after 30 min of semi-recumbent rest.

Plasma volume, blood volume and red cell volume

The plasma volume (PV) of the fasted subjects was determined using the Evans blue dye 

technique (39). PV was measured subsequent to CO-rebreathing since Evans blue dye interferes 

with the spectrophometric measurement of %HbCO (40). 
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Even though subjects were semi-recumbent throughout the 30 min required to measure Hbmass, a 

further 20 min of fully supine rest preceded the PV procedure. An initial blood sample was then 

taken to provide a plasma blank and for determination of Hct and other haematological indices. 

Immediately thereafter, ~2.5 ml of Evans blue was injected intravenously and blood re-sampled 

~10, 20 and 30 min later. The exact dye volume was determined as initial minus final syringe 

mass determined on a 0.1 mg resolution balance (Mettler-Toledo GmbH AE100, Columbus, OH). 

After centrifugation, PV was calculated from time zero extrapolation of the regression derived 

from the 3 post-injection absorbances at 620 and 740 nm (Hewlett Packard model 8452A diode 

array spectrophotometer). Hct was measured in duplicate with a microcapillary centrifuge and 

blood volume via Evans blue (BVEB) was calculated as PV/(1-Hct), using a 0.96 correction for 

plasma trapping associated with a spun Hct and 0.92 for peripheral sampling. RCV was then 

calculated as BV – PV. Optical density (OD) of the batch of Evans blue dye used in this 

experiment was measured directly at 620 nm from diluted (1,000 times) Evans blue dye obtained 

from two different ampoules as the average of 3 repetitions from each sample. The mean OD 

(0.39625) x the dilution ratio was then multiplied by the specific extinction of Evans Blue dye to 

determine the actual initial dye concentration. The %TE using the PRE vs POST data for PV, 

RCV and BVEB were 7.2 (95% CL = 5.8 - 10.8%), 6.7 (95% CL = 5.3 - 10.0%) and 6.0% (95% 

CL = 4.7 - 8.8%), respectively.

Hematological indices

Erythrocyte and reticulocyte parameters were analysed using an ADVIA 120 Hematology 

Analyzer (Bayer Diagnostics, Tarrytown NY) which performs flow cytometric measurements (8). 
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All analyses were completed within 8 h of collection. The ADVIA was calibrated against 

appropriate reference materials, and controlled daily using Bayer ADVIA TESTpoint 

Haematology Low, Normal and High controls and Bayer ADVIA TESTpoint Reticulocyte Low 

and High controls. The %TE (and 95% CLs) from the two PRE measures for the parameters 

reported in our results were as follows: Hct 4.0% (3.2-5.9%), [Hb] 3.7% (2.9-5.3%), %Retic 

19.5% (16.3-31.8%), MCV 0.5% (0.4-0.7%); MCVr 1.2% (0.9-1.7%); and RetHb 21.6% (19.0-

33.4%).

All serums were separated and aliquoted into cryotubes, stored at –20°C or –80°C, packed on 

dry-ice, and then shipped to Australia for analysis. The EPO and sTfr concentrations were 

determined using an automated solid-phase chemiluminescent immunoassay (Diagnostic 

Products Corporation, Los Angeles, CA, USA) and an automated immunonephelometric assay 

(Dade Behring, Germany), respectively. The automated immunoassays for EPO and sTfr were 

controlled using three and two levels of controls, respectively. We have previously reported on 

the calibration procedures as well as the within- and between-assay coefficients of variation (CV) 

in our hands (56). Ferritin concentration was measured using a Hitachi 911 Biochemistry 

Analyzer (Roche Diagnostics, Rotkreuz, Switzerland) and we have previously attained a mean 

CV during a 6 month study of 5.5% over the range of 15-500 ng.ml-1 (56).

Statistics

All data are expressed as mean ± SD, with most analyses completed using Statistica (version 6.0, 

Tulsa, Oklahoma). For blood volumes and Hbmass, repeated measures ANOVA was used to 

compare Groups (HYPO vs NORM) by Time (duplicate or single measures PRE and POST). 
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Repeated measures ANOVA for Group by Time was also used for the blood and serum 

parameters that were measured on eight or ten occasions. After significant main effects or 

interactions, Tukey post-hoc tests were used to identify difference between cell means. Linear 

regression was used to examine relationships between variables, and typical error (TE = SD of 

difference scores / √2) was used to quantify reliability expressed in both absolute units or as a 

percentage of the mean. Slopes and intercepts were compared with the line of identity using 

GraphPad Prism version 4.00 for Windows (GraphPad Software, San Diego California).

Two of the 23 subjects (both from the NORM group) were unable to complete the POST2 

measure of Hbmass. In order to avoid casewise deletion in the associated ANOVAs, substitution of 

the mean of their other three values was used for their fourth value. Mean substitution was not 

used for TE calculations.
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Results

Hbmass

Hbmass did not increase significantly in response to hypoxia or placebo, Figure 2. When the data 

of the duplicate PRE and POST trials were averaged, the means (±SD) for the HYPO group were 

789 (±188) and 794 (±181) g before and after hypoxia, respectively. The corresponding values 

for the NORM group were 818 (±188) and 819 (±181) g. The overall mean change in Hbmass for 

the HYPO group was 1.0% (95% CL = -1.3 to 3.3%) and for the NORM group was –0.3% (95% 

CL = -2.6 to 3.1%) when calculated from the individual percent changes from PRE to POST.

PV, RCV and BVEB

PV (Figure 2) as well as RCV and BVEB did not change significantly with hypoxia or placebo 

with the respective latter two Group by Time ANOVA results of F(1,21) = 0.04, p = 0.84; and 

F(1,21) = 0.61, p = 0.44. The individual and mean data for RCV are illustrated in Figure 2. 

Calculated from the individual percent changes the overall mean change in RCV from PRE1 to 

POST1 for the HYPO group was 2.3% (95% CL = -4.8 to 9.5%) and for the NORM group was –

0.2% (95% CL = -5.7 to 5.3%).

The change in RCV was not significantly correlated with the change in Hbmass whether expressed 

in absolute terms (r2 = 0.10, p = 0.14) or as a percent (r2 = 0.08, p = 0.20). The mean change in 

RCV after intermittent hypoxia or placebo for the pooled HYPO and NORM groups was 1.0% 

(95% CL = -3.3 to 6.1%) and that for Hbmass was 0.6% (95% CL = -1.1 to 2.3%).
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Blood volume comparison

For the pooled data of both HYPO and NORM groups before and after intermittent hypoxia or 

placebo the mean BVEB was 5696 ±1043 ml and BVCO was 5738 ±995 ml. The Pearson 

correlation between methods was statistically significant (r2 = 0.85, p < 0.0001; Figure 3). Both 

the slope (p = 0.90) and the intercept (p = 0.96) of this regression were not different from those of 

the line of identity. The TE 95% confidence intervals for blood volume measured using these two 

independent techniques were overlapping: BVCO = 3.1 – 5.8%; BVEB = 4.7 – 8.8%.

Hematological indices

Serum EPO concentration was significantly increased in the HYPO group 3 h following the 

hypoxic exposure at both Wk2 and Wk4 compared with their own PRE1 and PRE2 values but not 

compared with the temporally matched values of the NORM group (Group x Time interaction; 

F(9,162) = 10.3, p < 0.0001), Table 2. The increase in EPO 3 h after hypoxia in the HYPO group at

Wk 4 was not different to that at Wk 2 (p = 0.19). There was a significant decline in sTfr for the 

HYPO group but not the NORM group (F(9, 62) = 2.8, p < 0.01). The sTfr concentrations at Wk3, 

Wk4, Wk4+3h and POST2 were all lower than the PRE1 and PRE2 values for the HYPO group. 

There were no significant changes within or between the HYPO and NORM groups for [Hb], 

Hct, %Ret, RetHb, MCV or MCVr (Table 2), and the p-values for the Group by Time 

interactions were 0.38, 0.85, 0.54, 0.44, 0.80 and 0.31, respectively. Serum ferritin tended to 

increase in the HYPO group and decline in the NORM group from PRE to POST (Table 2), but 

the Group by Time interaction failed to reach conventional significance (F(1,21) = 3.5, p = 0.08).
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Discussion

The major finding of this study is that 4 wk of IHE (simulated altitude of 4000-5500m for 3 h/d, 

5 d/wk) was insufficient to increase RCVor Hbmass. This finding was supported by the absence of 

any evidence of accelerated erythropoiesis from a comprehensive assessment of indirect markers 

such as soluble transferrin receptor or red cell indices derived from flow cytometry. Together, 

these findings suggest that this dose of hypoxia is inadequate to stimulate erythropoiesis, despite 

significant increases (doubling) in serum EPO 3 h after each hypoxic treatment. The second main 

outcome is that there was good agreement between the blood volumes determined with Evans 

blue and CO-rebreathing. This concordance is consistent with reports that CO is minimally off-

loaded during 10 min of rebreathing (7), and provides strong evidence that both techniques are 

appropriate to use for the evaluation of the red cell compartment after exposure to hypobaric 

hypoxia given an expected change greater than the typical error of the technique used.

Lack of increased erythropoiesis

The degree and extent of hypoxia to increase serum EPO is quite well characterized and there is 

no doubt that exposure to just a few hours of adequate hypoxia increases production of EPO 

(1,14,30). For example, eighty-four min at 4000m was sufficient to significantly increase serum 

EPO (14), ninety minutes at 5500m increased serum EPO by 55% (49) and, after 3 h of 

continuous hypoxia, EPO was 120% of the pre-exposure concentration. Likewise 2 h at 5450m 

yielded a 50% increase in serum EPO (30) and, in our HYPO group, there was a doubling of 

serum EPO 3 h after both the fourth and nineteenth exposures at 4500 and 5500m, respectively.

This robust increase in EPO in response to repeated exposure to simulated high altitude (4000-

5500m) for 3 h/d for 4 wk has also been reported when IHE is administered to triathletes (2). For 

chronic exposure to terrestrial altitude, it has been confirmed that an altitude of ~2200m is 
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necessary to reach the steep part of the oxyhemoglobin dissociation curve when arterial oxygen 

tension falls below 65 mm Hg (62). More recent work makes it clear that there is substantial 

between subject variation in the threshold altitude but for most people it appears to be between 

2100 and 2500m (17). With a minimum altitude of 4000m and duration of 3 h in the current study 

of IHE, it is clear that we exceeded the dose of hypoxia required to increase serum EPO. 

It has been previously assumed that a sustained increase in serum EPO will lead to an obligatory 

increase in the total RCV and hence Hbmass (15,26). We used two independent methods to 

measure the red blood cell compartment and neither yielded a significant mean change with the 

HYPO group. One possible explanation is that the measurement techniques were too insensitive 

to measure an important change. But the mean changes in the HYPO group were just 2.3% and 

1.0% for RCV and Hbmass, respectively, which corresponds to 46 ml of red blood cells and 8 g of 

Hb relative to the PRE values for that group. The constancy of the red blood cell compartment in 

the face of IHE is supported by the lack of change in [Hb], Hct, %Ret, RetHb and MCVr, and 

was likely not due to inadequate iron (57) since serum ferritin tended to increase, not decrease, in 

the HYPO group and both groups were supplemented with iron throughout the study. Finally, 

sTfr did not increase in the HYPO group and sTfr is considered as a prime and sensitive marker 

of the erythroid mass (25). Therefore evidence from four independent techniques (RCV, Hbmass, 

reticulocyte parameters and sTfr) suggest that IHE did not accelerate erythropoiesis despite the 

transient increases in serum EPO.

An alternate explanation is that despite the doubling of serum EPO, the 21 h spent in normoxia 

each day, as well as the weekend spent in normoxia, were sufficient to counter the transient 
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increases induced by IHE. Serum EPO clearance and total area under the curve warrant 

consideration as possible mechanisms, though counterbalancing pathways for inhibition of the 

hypoxia response pathway also should be considered. Both the rapid destruction of hypoxia-

inducible factor 1alpha HIF-1 α (27) (60) and a marked decrease in red cell survival time (42), 

termed ‘neocytolysis’ (3,43), may compromise the ability of short duration hypoxia to increase 

the red cell mass.

The total “dose” of hypoxia required to increase RCV and Hbmass is uncertain (19,27,33,34). For 

example, it was previously reported that 31 d at 2690m did not increase the Hbmass of a small 

number of cyclists (18), though some of them were ill during the final week of their altitude 

sojourn which may have inhibited their EPO response. In contrast, 4 wk at 20-22 h/d at 2500m 

was sufficient to increase RCV of a large number of runners (32) and a cross sectional study has 

observed a higher Hbmass of cyclists who are life-long residents at 2600m (54). More recently, 

accelerated erythropoiesis has been confirmed in elite athletes at moderate altitudes

(16,23,54,61). Thus despite rare exceptions (18), the accumulated evidence from several research 

groups has confirmed that sufficient durations of moderate altitude exposure for nearly 24 h/d 

increases the red cell mass even in elite athletes. 

But what about more intermittent exposures? It has been shown that 12-16 h/d of normobaric 

hypoxia for 3 (9) or 4 wk (50) closely replicates the results observed in the field studies with an 

increase in both Hbmass and VO2max. In contrast, 8-10 h/d of normobaric hypoxia (2,500-3,000m) 

for 10–21 d did not increase in Hbmass or VO2max (5). We speculate that this “dose” of intermittent 
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moderate hypoxia exposure, in which the duration of time spent in normoxia exceeds that spent 

in hypoxia, may be insufficient to initiate and sustain a robust erythropoietic response (35). 

Comparison with other studies using short duration but severe hypoxic exposure

Our double-blind protocol of 5:5min of hypoxia (10%):normoxia for 70 min 5 times/wk recently 

failed to find any increase in erythropoiesis based on reticulocyte parameters or sTfr (28), which 

may have been due to an inadequate duration of hypoxia (1,14,30). On the other hand, it has been 

reported that 180-300 min/d of IHE (4000-5500m) for 9-17 d was sufficient to increase Hct, [Hb] 

and red blood cell count by ~10% (11) and double the percentage of reticulocytes (47). Similar 

increases were observed after just 90 min or IHE 3 times/wk for 3 wk (49). Plasma volume loss 

could explain most of these observations and additional exercise can stimulate reticulocytes (4).

A recent study by this Spanish research group (2) failed to demonstrate an increase in 

reticulocytes using the identical model of IHE as employed in the present investigation; instead 

of using the imprecise manual method of reticulocyte counting (52,58), for the first time they 

used an automated flow-cytometer analyzer for this measurement. In addition, hypobaric hypoxia 

can stimulate the release of immature red cell forms from the bone marrow thus increasing 

reticulocytes without actually accelerating erythropoiesis (21). Interestingly, the consistent rise in 

EPO in the 4th week compared to the 2nd week of our study is similar to that observed in Chilean 

miners or European sojourners who are exposed to repetitive severe hypobaric hypoxia for many

years (21) but in contrast to the widely reported gradual decrease in EPO during sustained high 

altitude residence (21,32,44). We suggest that finding is one more marker of the failure to 

increase blood oxygen content during chronic intermittent hypobaric hypoxia and argues against 

a vigorous acclimatization response.
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Failure to use a control group exposed to a placebo altitude was a limitation of most (11,47,49), 

but not all (2) the previous IHE studies. The current study circumvented this shortcoming and is 

only the second double-blind investigation to have administered hypoxia to athletes; the first was 

Julian and coworkers (28). The additional benefit of double baseline measures of the 

haematological variables and a control group against which to assess them allows for confidence 

in our results.

Overall, it appears that in order to accelerate erythropoeisis with IHE, not only the level of EPO 

increase induced by the hypoxic exposure has to be considered, but also other factors such as the 

duration of the normoxic conditions after each IHE exposure, the training history of the athletes,

and possibly the extent of training-induced neocytolysis subsequent to an increase in Hbmass

These factors may also play integrated, non-linear roles in the increase of the erythroid mass after 

intermittent hypoxia as suggested elsewhere (46).

Hemoglobin mass and red cell volume – agreement of methods

We attained good agreement between the BV assessed via RCV and that estimated from CO-

rebreathing. One of the prime criticisms of the CO-rebreathing method has been that it over-

estimates the Hbmass because it is distributed beyond the circulation to non-blood iron porphyrin 

molecules such as in muscle and liver (24,41,53). However, CO is produced endogenously (13)

and furthermore in the presence of normal or high inspired O2, as used previously (10,18), 

oxygen binds preferentially to myoglobin even in the presence of CO (12,36,36). There is also 

evidence that CO loaded on to red blood cells via the lungs is not redistributed between 
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erythrocytes during circulation (6). Recently it has been demonstrated that with 14 min of supra-

systolic occlusion at rest the deoxy-myoglobin signal is not attenuated with a pre-load of 20% 

COHb (45). Richardson and colleagues (45) conclude that these data support Burge and 

Skinner’s previous contention (10) that it is not necessary to correct measures of Hbmass for loss 

of CO to myoglobin.

In the current experiment, the two methods agreed closely and Evans blue tended to marginally 

overestimate the BV (by 3%) compared with that estimated from CO-rebreathing. The 3% 

‘difference’ is likely trivial since the slope of the line for the regression between the two methods 

was not different from the line of identity. Overall, the data from the current experiment 

demonstrate that, when carefully performed, both methods are suitable to measure BV and 

associated variables in athletes undergoing hypobaric hypoxia; although averaged across many 

studies Hbmass has better reliability than RCV derived from Evans blue dye (20), and is the 

preferred method when changes are anticipated to be small.

Conclusion

Using a double-blind protocol, four weeks of hypobaric hypoxia equivalent to 4000-5500m 

altitude for 3 h/d, 5 d/wk was insufficient to increase RCV or Hbmass. Evidence from four 

independent techniques (RCV, Hbmass, reticulocyte parameters and sTfr) confirm that IHE did not 

accelerate erythropoiesis despite the transient increase in serum EPO. The dissociation between 

an increase in serum EPO without an increase of red blood cells alludes to the requirement of a 

larger and more sustained, critical dose of EPO to yield a substantial effect on the red cell 

compartment. 

Page 19 of 36



JAP-00342-2006-R2      Page 20

Acknowledgements

We acknowledge the technical support of the following staff at the Institute for Exercise and 

Environmental Medicine: Paul Chase, Dean Palmer, Michael Lisby, Emily Martini, Kimberly 

Williams and Sarah Witkowski. We also thank Sally Wright and Graeme Allbon at the AIS both 

of whom ran the EPO and sTfr assays, and Merill Dane from UT Southwestern Medical Center 

who kindly maintained the OSM3 co-oximeter on our behalf. 

This study was supported by grants from the US Olympic Committee, the Australian Institute of 

Sport, Institut Nacional d’Educació Física de Catalunya - Universitat de Barcelona, DURSI 

(Generalitat de Catalunya), and the American College of Sports Medicine (2003 International 

Scholar and Visiting Scholar awards).

Finally, this study would not have been possible without the excellent co-operation of our 

subjects.

Page 20 of 36



JAP-00342-2006-R2      Page 21

References

1. Abbrecht PH and Littell JK. Plasma erythropoietin in men and mice during 

acclimatization to different altitudes. J Appl Physiol 32: 54-58, 1972.

2. Abellan R, Remacha AF, Ventura R, Sarda MP, Segura J, and Rodriguez FA. 

Hematologic response to four weeks of intermittent hypobaric hypoxia in highly trained 

athletes. Haematologica 90: 126-127, 2005.

3. Alfrey CP, Rice L, Udden MM, and Driscoll TB. Neocytolysis: physiological down-

regulator of red-cell mass. Lancet 349: 1389-1390, 1997.

4. Ashenden MJ, Gore CJ, Dobson GP, Boston TT, Parisotto R, Emslie KR, Trout GJ, 

and Hahn AG. Simulated moderate altitude elevates serum erythropoietin but does not 

increase reticulocyte production in well-trained runners. Eur J Appl Physiol 81: 428-435, 

2000.

5. Ashenden MJ, Gore CJ, Dobson GP, and Hahn AG. "Live high, train low" does not 

change the total haemoglobin mass of male endurance athletes sleeping at a simulated 

altitude of 3000 m for 23 nights. Eur J Appl Physiol 80: 479-484, 1999.

6. Blackmore DJ. Distribution of HbCO in human erythrocytes following inhalation of CO. 

Nature 227: 386, 1970.

7. Bruce EN and Bruce MC. A multicompartment model of carboxyhemoglobin and 

carboxymyoglobin responses to inhalation of carbon monoxide. J Appl Physiol 95: 1235-

1247, 2003.

Page 21 of 36



JAP-00342-2006-R2      Page 22

8. Brugnara C, Zelmanovic D, Sorette M, Ballas SK, and Platt O. Reticulocyte 

hemoglobin. An integrated parameter for evaluation of erythropoietic activity. Am J Clin 

Pathol 108: 133-142, 1997.

9. Brugniaux JV, Schmitt L, Robach P, Nicolet G, Fouillot JP, Moutereau S, Lasne F, 

Pialoux V, Saas P, Chorvot MC, Cornolo J, Olsen NV, and Richalet JP. Eighteen 

days of "living high, training low" stimulate erythropoiesis and enhance aerobic 

performance in elite middle-distance runners. J Appl Physiol 100: 203-211, 2006.

10. Burge CM and Skinner SL. Determination of hemoglobin mass and blood volume with 

CO: evaluation and application of a method. J Appl Physiol 79: 623-631, 1995.

11. Casas M, Casas H, Pages T, Rama R, Ricart A, Ventura JL, Ibanez J, Rodriguez 

FA, and Viscor G. Intermittent hypobaric hypoxia induces altitude acclimation and 

improves the lactate threshold. Aviat Space Environ Med 71: 125-130, 2000.

12. Clark BJ and Coburn RF. Mean myoglobin oxygen tension during exercise at maximal 

oxygen uptake. J Appl Physiol 39: 135-144, 1975.

13. Coburn RF, Blackmore WS, and Forster RE. Endogenous carbon monoxide 

production in man. J Clin Invest 42: 1172-1178, 1963.

14. Eckardt KU, Boutellier U, Kurtz A, Schopen M, Koller EA, and Bauer C. Rate of 

erythropoietin formation in humans in response to acute hypobaric hypoxia. J Appl 

Physiol 66: 1785-1788, 1989.

Page 22 of 36



JAP-00342-2006-R2      Page 23

15. Ekblom B and Berglund B. Effect of erythropoietin administration on maximal aerobic 

power. Scand J Med Sci Sports 1: 88-93, 1991.

16. Friedmann B, Frese F, Menold E, Kauper F, Jost J, and Bartsch P. Individual 

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

Sports Med 39: 148-153, 2005.

17. Ge RL, Witkowski S, Zhang Y, Alfrey C, Sivieri M, Karlsen T, Resaland GK, 

Harber M, Stray-Gundersen J, and Levine BD. Determinants of erythropoietin release 

in response to short-term hypobaric hypoxia. J Appl Physiol 92: 2361-2367, 2002.

18. Gore C, Craig N, Hahn A, Rice A, Bourdon P, Lawrence S, Walsh C, Stanef T, 

Barnes P, Parisotto R, Martin D, and Pyne D. Altitude training at 2690m does not 

increase total haemoglobin mass or sea level VO2max in world champion track cyclists. J 

Sci Med Sport 1: 156-170, 1998.

19. Gore CJ and Hopkins WG. Counterpoint: positive effects of intermittent hypoxia (live 

high:train low) on exercise performance are not mediated primarily by augmented red cell 

volume. J Appl Physiol 99: 2055-2057, 2005.

20. Gore CJ, Hopkins WG, and Burge CM. Errors of measurement for blood volume 

parameters: a meta-analysis. J Appl Physiol 99: 1745-1758, 2005.

21. Gunga HC, Rocker L, Behn C, Hildebrandt W, Koralewski E, Rich I, 

Schobersberger W, and Kirsch K. Shift working in the Chilean Andes (> 3,600 m) and 

its influence on erythropoietin and the low-pressure system. J Appl Physiol 81: 846-852, 

1996.

Page 23 of 36



JAP-00342-2006-R2      Page 24

22. Hahn AG and Gore CJ. The effect of altitude on cycling performance: a challenge to 

traditional concepts. Sports Med 31: 533-557, 2001.

23. Heinicke K, Heinicke I, Schmidt W, and Wolfarth B. A three-week traditional altitude 

training increases hemoglobin mass and red cell volume in elite biathlon athletes. Int J 

Sports Med 26: 350-355, 2004.

24. Hopper J, Jr., Tabor H, and Winkler AW. Simultaneous measurements of the blood 

volume in man and dog by means of Evans Blue dye, T1824, and by means of carbon 

monoxide. I. normal subjects. J Clin Invest 23: 628-635, 1944.

25. Huebers HA, Beguin Y, Pootrakul P, Einspahr D, and Finch CA. Intact transferrin 

receptors in human plasma and their relation to erythropoiesis. Blood 75: 102-107, 1990.

26. Jelkmann W. Erythropoietin: structure, control of production, and function. Physiol Rev

72: 449-489, 1992.

27. Jelkmann W. Molecular biology of erythropoietin. Intern Med 43: 649-659, 2004.

28. Julian CG, Gore CJ, Wilber RL, Daniels JT, Fredericson M, Stray-Gundersen J, 

Hahn AG, Parisotto R, and Levine BD. Intermittent normobaric hypoxia does not alter 

performance or erythropoietic markers in highly trained distance runners. J Appl Physiol

96: 1800-1807, 2004.

29. Katayama K, Matsuo H, Ishida K, Mori S, and Miyamura M. Intermittent hypoxia 

improves endurance performance and submaximal efficiency. High Alt Med Biol 4: 291-

304, 2003.

Page 24 of 36



JAP-00342-2006-R2      Page 25

30. Knaupp W, Khilnani S, Sherwood J, Scharf S, and Steinberg H. Erythropoietin 

response to acute normobaric hypoxia in humans. J Appl Physiol 73: 837-840, 1992.

31. Krantz SB. Erythropoietin. Blood 77: 419-434, 1991.

32. Levine BD and Stray-Gundersen J. "Living high-training low": effect of moderate-

altitude acclimatization with low altitude training on performance. J Appl Physiol 83: 

102-112, 1997.

33. Levine BD and Stray-Gundersen J. The effects of altitude training are mediated 

primarily by acclimatization, rather than by hypoxic exercise. Adv Exp Med Biol 502: 75-

88, 2001.

34. Levine BD and Stray-Gundersen J. Point: positive effects of intermittent hypoxia (live 

high:train low) on exercise performance are mediated primarily by augmented red cell 

volume. J Appl Physiol 99: 2053-2055, 2005.

35. Levine BD and Stray-Gundersen J. Dose-response of altitude training: how much 

altitude is enough? Adv Exp Med Biol In Press, 2006.

36. Luomanmäki K and Coburn RF. Effects of metabolism and distribution of carbon 

monoxide on blood and body stores. Am J Physiol 217: 354-363, 1969.

37. Merino CF. Studies on blood formation and destruction in the polycythemia of high 

altitude. Blood V: 1-31, 1950.

38. Milledge JS and Cotes PM. Serum erythropoietin in humans at high altitude and its 

relation to plasma renin. J Appl Physiol 59: 360-364, 1985.

Page 25 of 36



JAP-00342-2006-R2      Page 26

39. Nielsen MH and Nielsen NC. Spectrophotometric determination of Evans blue dye in 

plasma with individual correction for blank density by a modified Gaeblers method. 

Scand J Clin Lab Invest 14: 605-617, 1962.

40. Poulsen TD, Klausen T, Richalet J-P, Kanstrup I-L, Fogh-Andersen N, and Olsen 

NV. Plasma volume in acute hypoxia: comparison of a carbon monoxide rebreathing 

method and dye dilution with Evans' blue. Eur J Appl Physiol 77: 457-461, 1998.

41. Remington JW and Baker CH. Evaluation of blood volume measurement techniques. 

Circ Res 9: 60-68, 1961.

42. Reynafarje C, Lozano R, and Valdivieso J. The polycythemia of high altitudes: iron 

metabolism and related aspects. Blood 14: 433-455, 1959.

43. Rice L, Ruiz W, Driscoll T, Whitley CE, Tapia R, Hachey DL, Gonzales GF, and 

Alfrey CP. Neocytolysis on Descent from Altitude: A Newly Recognized Mechanism for 

the Control of Red Cell Mass. Ann Intern Med 134: 652-656, 2001.

44. Richalet JP, Souberbielle JC, Antezana AM, Dechaux M, Le Trong JL, Bienvenu A, 

Daniel F, Blanchot C, and Zittoun J. Control of erythropoiesis in humans during 

prolonged exposure to the altitude of 6,542 m. Am J Physiol 266: R756-R764, 1994.

45. Richardson RS, Noyszewski EA, Saltin B, and Gonzalez-Alonso J. Effect of mild 

carboxy-hemoglobin on exercising skeletal muscle: intravascular and intracellular 

evidence. Am J Physiol Regul Integr Comp Physiol 283: R1131-R1139, 2002.

Page 26 of 36



JAP-00342-2006-R2      Page 27

46. Rodríguez FA. Comments on Point:Counterpoint "Positive effects of intermittent 

hypoxia (live high:train low) on exercise performance are/are not mediated primarily by 

augmented red cell volume". J Appl Physiol 100: 364-365, 2005.

47. Rodríguez FA, Casas H, Casas M, Pagés T, Rama R, Ricart A, Ventura JL, Ibáñez 

J, and Viscor G. Intermittent hypobaric hypoxia stimulates erythropoiesis and improves 

aerobic capacity. Med Sci Sports Exerc 31: 264-268, 1999.

48. Rodríguez FA, Murio J, and Ventura JL. Effects of intermittent hypobaric hypoxia and 

altitude training on physiological and performance parameters in swimmers (Abstract). 

Med Sci Sports Exerc 35: S115, 2003.

49. Rodríguez FA, Ventura JL, Casas M, Casas H, Pagés T, Rama R, Ricart A, Palacios 

L, and Viscor G. Erythropoietin acute reaction and haematological adaptations to short, 

intermittent hypobaric hypoxia. Eur J Appl Physiol 82: 170-177, 2000.

50. Rusko HK, Tikkanen HO, and Peltonen JE. Altitude and endurance training. J Sports 

Sci 22: 928-944, 2004.

51. Sasaki R, Masuda S, and Nagao M. Erythropoietin: multiple physiological functions 

and regulation of biosynthesis. Biosci Biotechnol Biochem 64: 1775-1793, 2000.

52. Savage RA, Skoog DP, and Rabinovitch A. Analytic inaccuracy and imprecision in 

reticulocyte counting: a preliminary report from the College of American Pathologists 

Reticulocyte Project. Blood Cells 11: 97-112, 1985.

Page 27 of 36



JAP-00342-2006-R2      Page 28

53. Sawka MN, Young AJ, Pandolf KB, Dennis RC, and Valeri CR. Erythrocyte, plasma, 

and blood volume of healthy young men. Med Sci Sports Exerc 24: 447-453, 1992.

54. Schmidt W, Heinicke K, Rojas J, Manuel GJ, Serrato M, Mora M, Wolfarth B, 

Schmid A, and Keul J. Blood volume and hemoglobin mass in endurance athletes from 

moderate altitude. Med Sci Sports Exerc 34: 1934-1940, 2002.

55. Semenza GL. O2-regulated gene expression: transcriptional control of cardiorespiratory 

physiology by HIF-1. J Appl Physiol 96: 1173-1177, 2004.

56. Sharpe K, Hopkins W, Emslie KR, Howe C, Trout GJ, Kazlauskas R, Ashenden MJ, 

Gore CJ, Parisotto R, and Hahn AG. Development of reference ranges in elite athletes 

for markers of altered erythropoiesis. Haematologica 87: 1248-1257, 2002.

57. Stray-Gundersen J, Alexander C, Hochstein A, deLemos D, and Levine BD. Failure 

of red cell volume to increase to altitude exposure in iron deficient runners (Abstract). 

Med Sci Sports Exerc 24: S90, 1992.

58. Tarallo P, Humbert JC, Mahassen P, Fournier B, and Henny J. Reticulocytes: 

biological variations and reference limits. Eur J Haematol 53: 11-15, 1994.

59. US Air Force. US Standard Atmospheric Tables. Washington, DC, US Government 

Printing Office, 1976.

60. Wang GL and Semenza GL. Molecular basis of hypoxia-induced erythropoietin 

expression. Curr Opin Hematol 3: 156-162, 1996.

Page 28 of 36



JAP-00342-2006-R2      Page 29

61. Wehrlin JP, Zuest P, Hallen J, and Marti B. Live high - train low for 24 days increases 

hemoglobin mass and red cell volume in elite endurance athletes. J Appl Physiol 100: 

1938-1945, 2006.

62. Weil JV, Jamieson G, Brown DW, Grover RF, Balchum OJ, and Murray JF. The red 

cell mass-arterial oxygen relationship in normal man: application to patients with chronic 

obstructive airways disease. J Clin Invest 47: 1627-1639, 1968.

Page 29 of 36



JAP-00342-2006-R2      Page 30

Figure Legends

Figure 1: Testing schedule and simulated altitude exposure of the hypobaric hypoxia (HYPO, n 

= 12) and normoxic (NORM, n = 11) groups with treatment administered in a double-blind 

placebo fashion. The HYPO group were exposed to 4000-5500m 3h/d for 5 d/wk whereas the 

NORM group were exposed to 0-500m of simulated altitude.

Figure 2: Individual and mean hemoglobin mass (Hbmass; top panels) and red cell volume (RCV; 

bottom panels) before and after 4wk of intermittent hypoxia or placebo (3 h/d, 5 d/wk).

Figure 3: The correlation between blood volume measured via Evans blue dye and CO-

rebreathing. Pooled data from 23 subjects before (PRE) and after (POST) 4 wk of intermittent 

hypoxia or placebo.
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