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00289.2019.—This study aimed to assess the efficacy of acute subanesthetic dosages of xenon inhalation to cause erythropoiesis and
determine the effect of chronic xenon dosing on hematological parameters and athletic performance. To assess the acute effects, seven
subjects breathed three subanesthetic concentrations of xenon: 30%
fraction of inspired xenon (FIXe) for 20 min, 50% FIXe for 5 min, and
70% FIXe for 2 min. Erythropoietin (EPO) was measured at baseline,
during, and after xenon inhalation. To determine the chronic effects,
eight subjects breathed 70% FIXe for 2 min on 7 consecutive days, and
EPO, total blood, and plasma volume were measured. Phase II
involved assessment of 12 subjects for EPO, total blood volume,
maximal oxygen uptake, and 3-km time before and after random
assignment to 4 wk of xenon or sham gas inhalation. FIXe 50% and
70% stimulated an increase in EPO at 6 h [⫹2.3 mIU/mL; 95%
confidence interval (CI) 0.1– 4.5; P ⫽ 0.038] and at 192 h postinhalation (⫹2.9 mIU/mL; 95% CI 0.6 –5.1; P ⫽ 0.017), respectively.
Seven consecutive days of dosing significantly elevated plasma volume (⫹491 mL; 95% CI 194 –789; P ⫽ 0.002). Phase II showed no
significant effect on EPO, hemoglobin mass, plasma volume, maximal
oxygen uptake, or 3-km time. Acute exposure to subanesthetic doses
of xenon caused a consistent increase in EPO, and 7 consecutive days
of xenon inhalation significantly expanded plasma volume. However,
this physiological response appeared to be transient, and 4 wk of
xenon inhalation did not stimulate increases in plasma volume or
erythropoiesis, leaving cardiorespiratory fitness and athletic performance unchanged.
NEW & NOTEWORTHY This is the first study to examine each
element of the cascade by which xenon inhalation is purported to take
effect, starting with measurement of the hypoxia-inducible factor
effector, erythropoietin, to hemoglobin mass and blood volume and
athletic performance. We found that acute exposure to xenon increased serum erythropoietin concentration, although major markers
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of erythropoiesis remained unchanged. While daily dosing significantly expanded plasma volume, no physiological or performance
benefits were apparent following 4 wk of dosing.
athletic performance; cardiorespiratory fitness; erythropoiesis; hemoglobin mass; xenon

INTRODUCTION

Xenon is an inhalational anesthetic with the potential to
stimulate erythropoiesis, increase hemoglobin and red blood
cell mass, and thereby enhance athletic performance. The
Economist (4a) speculated that endurance athletes inhaled
xenon before and during the Sochi Winter Olympics in 2014 as
a doping strategy to theoretically increase erythropoietin (EPO)
concentration, hemoglobin mass, and athletic performance.
Therefore, as of 2014, the World Anti-Doping Agency (WADA)
included xenon in the prohibited substance list as an hypoxiainducible factor (HIF) activating agent (21) with the ability to
affect EPO.
Despite being placed on the prohibited substance list, quantitative evidence that xenon inhalation can cause a sustained
increase in EPO and hemoglobin mass and tangibly improve
athletic performance in humans is limited at best. In vitro and
ex vivo animal models have consistently demonstrated that
xenon preconditioning stabilizes HIFs, HIF-1␣ and HIF-2␣ (7,
11, 13, 18, 22), via modulation of the mammalian target of
rapamycin pathway, leading to elevated HIF-1␣ and EPO RNA
expression for 24 h following acute administration of 70%
fraction of inspired xenon (FIXe) in mice (13). This sustained
elevation in HIF-1␣ expression directly contrasts the rapid
return to baseline that is observed just 2 h after acute exposure
to hypoxia [8% fraction of inspired O2 (FIO2)] (13). A recent
study in humans found that inhalation of 30% FIXe for 45 min
resulted in a peak increase of 45% in plasma EPO 24 h after
exposure, which was maintained for 4 days thereafter (20). The
investigators measured hemoglobin concentration in a subset
of subjects (n ⫽ 6) and found no measurable difference 4 days
post-xenon inhalation, but a small increase after 5 days (P ⫽
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0.085). This may have been due to the timing of measurements,
as it has been previously shown that significant increases in
hemoglobin of ~6% are only seen 2 wk after administration of
recombinant EPO (4) or altitude training (5).
Previous experiments exposed healthy humans to low concentrations of xenon (30%) (20). Yet, as with exercise training
(14), it is possible that a dose-response relationship exists
between the inhaled xenon concentration and the magnitude of
erythropoiesis. Direct communication with Russian trainers
involved in delivering xenon to Russian athletes elucidated that
the concentration of xenon administered ranged widely from
30 to 70% FIXe, with variable inhalation times reported (personal communication). While recombinant human EPO use is
a banned practice due to increases in hemoglobin mass, allowing superior oxygen delivery to active muscle beds and theoretically benefiting performance, it is currently unclear whether
chronic xenon inhalation in humans stimulates such a cascade
of performance-enhancing events.
Therefore, the purpose of this investigation was threefold.
We aimed to 1) compare the acute effect of a single, subanesthetic dose of 30% FIXe for 20 min [~0.4 minimum alveolar
concentration (MAC)], 50% FIXe for 5 min (~0.7 MAC), and
70% FIXe for 2 min (~1 MAC) on serum EPO concentration
(phase Ia); and 2) examine the efficacy of 7 days (phase Ib) and
3) 4 wk (phase II) of chronic, subanesthetic 70% FIXe inhalation on serum EPO and markers of erythropoiesis (phase Ib and
II), hematological parameters (phase Ib and II), and athletic
performance (phase II only). Dose-duration intervals were
carefully chosen to assess the effect of increasing concentrations of xenon without reaching full anesthesia. It was hypothesized that acute (single-dose) and chronic (7 days and 4 wk)
xenon inhalation would increase EPO concentration to a similar extent as that observed in animal experiments (13). Furthermore, we hypothesized that 4 wk of xenon dosing would
lead to an increase in cardiorespiratory fitness [maximal oxygen uptake (V̇O2max)] and athletic performance (3-km time
trial) in comparison to sham gas dosing.
METHODS

Three independent experimental protocols were completed to
achieve the individual aims of this study. Together, 22 healthy
individuals participated in the study and are described within each
study phase. All study protocols were approved by the U.S. Food and
Drug Administration (FDA IND 125194) and ethics committees at the
University of Texas Southwestern Medical Center, and all procedures
complied with the Declaration of Helsinki. All subjects provided
written, informed consent. To ensure subject safety, a data safety and
monitoring board comprised of experienced anesthesiologists with
direct knowledge of xenon as an anesthetic, implemented a sequential
procedure for monitoring each dose of xenon during phase Ia of the
protocol, studying four subjects before moving on to the next dose. In
all phases, xenon was administered through an open-circuit breathing
system; a 250-liter Douglas bag filled with the appropriate xenon dose
was attached to a two-way Hans-Rudolph valve and leak-free facemask via a 1-m length of Falconia tubing. Subjects were in a
semi-recumbent position under direct supervision of a board-certified
anesthesiologist who monitored vital signs (heart rate, beat-by-beat
blood pressure, oxygen saturation) and depth of sedation (Continuum
of Depth of Sedation, Richmond Agitation and Sedation Scale).
Although the xenon doses administered were subanesthetic (ⱕ1
MAC), subjects were required to withhold oral intake of food for 8 h
before their dosing time, during which time they were permitted to
ingest clear liquids only. For the 2 h preceding their dosing time, they

were required to withhold oral intake of all liquids. The MAC of an
inhaled anesthetic is the end-expiratory concentration at which 50% of
subjects would not respond to surgical incision. For xenon specifically, the 1 MAC is 63–71%; however, the depth of anesthesia is
dependent on time, allowing concentrations of xenon that are ⬍1
MAC (for example, 30% xenon ⬇ 0.4 MAC), to be administrated for
longer inhalation times, with subanesthetic effects. Other factors that
can affect MAC are age, hypo/hyperthermia, circadian rhythm, and
use of other stimulants/depressants.
Experimental Design
Phase Ia. On three occasions separated by a washout period of at
least 2 wk, five men (30 ⫾ 3 yr, 180 ⫾ 5 cm, 84.8 ⫾ 12.7 kg) and two
women (33 ⫾ 1 yr, 176 ⫾ 2 cm, 68.0 ⫾ 0.0 kg) breathed three different concentrations of xenon in a nonblinded design. Medical grade
xenon [30% FIXe for 20 min (~0.4 MAC); 50% FIXe for 5 min (~0.7
MAC); 70% FIXe for 2 min (~1 MAC)], and oxygen (21% FIO2) with
balance nitrogen was used for all breathing procedures. Inspired
oxygen concentration was maintained at 21% to ensure normoxic
oxygen saturation. For dosing, a nonporous Douglas bag was connected directly to and filled from the appropriate gas cylinder containing the correct concentration of xenon and oxygen. Blood samples
were taken in duplicate at baseline, during xenon inhalation, and at 1,
3, 6, 24, 72, and 192 h after the dosing session for the measurement
of downstream effectors of HIF-1␣: EPO and vascular endothelial
growth factor (VEGF). Although 50% and 70% FIXe were equally as
effective in increasing EPO, the prolonged inhalation time at 50%
FIXe caused more symptoms of sedation (9a), and as athletes would
likely prefer the more time-efficient and practical approach, the 2-min
70% FIXe dosing protocol was implemented in phase Ib and phase II
of the study.
Phase Ib. In phase Ib of the study, six men (2 xenon naive,
28.6 ⫾ 3.0 yr, 179 ⫾ 5 cm, 85.1 ⫾ 11.8 kg) and two women (1 xenon
naive, 30.7 ⫾ 5.1 yr, 170 ⫾ 7 cm, 70.9 ⫾ 3.1 kg) entered a single-arm
protocol. There was a 2-wk washout period between phase Ia and
phase Ib of the study to avoid crossover effects. Subjects inhaled 70%
FIXe for 2 min on 7 consecutive days, and blood samples were taken
at baseline, following the 7-day dosing protocol (day 8), and at 1 wk
follow-up (day 15) for analysis of EPO, VEGF, and markers of
accelerated erythropoiesis. Total blood and plasma volume were
measured using the modified carbon monoxide (CO) rebreathing
method, which is detailed below.
Phase II. Fourteen recreationally trained runners (10 men: 33 ⫾ 14
yr, 178.7 ⫾ 9.7 cm, 77.5 ⫾ 13.3 kg; 4 women: 30 ⫾ 8 yr, 166.7 ⫾ 5.6
cm, 59.9 ⫾ 8.4 kg) were enrolled into the single-blinded, randomized,
controlled trial, which compared the efficacy of 4 wk of xenon
inhalation to sham gas inhalation. For inclusion, men and women
were required to have a ⬍22-min and ⬍25-min 5-km time, respectively. The study qualification 5-km time was in the top fifth percentile
of male finishers, and top second percentile of female finishers in one
of the largest 5-km races in the U.S. in 2017 (5,480 male finishers,
7,104 female finishers). Subjects were assessed for hematological
parameters, total blood and plasma volume, V̇O2max, and athletic
performance (3-km time) at baseline. Following baseline assessments,
subjects were matched for sex, age, and V̇O2max and were randomized
to 12 sessions of xenon [n ⫽ 7; 2 min of 70% FIXe, 21% FIo2,9%
fraction of inspired N2 (FIN2)] or sham gas [n ⫽ 7; 2 min of 7%
fraction of inspired CO2 (FICO2), 21% FIO2, 62% FIN2] inhalation on 3
days each week for 4 wk. Subjects were blinded to group allocation.
The sham gas mixture was chosen to mimic xenon inhalation as 7%
FICO2 increased the rate and depth of breathing and, therefore, aided
with the blinding process. Blinding efficacy was assessed through a
short survey that asked: 1) “Which gas did you receive during your
dosing sessions?” and 2) “How certain are you about this?” Subjects
were instructed to maintain their current exercise routine for the
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duration of the intervention. Outcomes were reassessed following the
4-wk dosing period.
Measurements
Blood analyses. Venous blood was drawn with the subject in the
semirecumbent (phase Ia) or supine (phase Ib and phase II) position.
Whole blood was analyzed for hemoglobin concentration, hematocrit,
reticulocyte count, reticulocyte hemoglobin, mean corpuscular volume, and red blood cell count (Texas Health Dallas Laboratory,
Dallas, TX), and serum was analyzed for ferritin and soluble transferrin receptor (sTFr, ARUP Laboratories, Salt Lake City, UT) on
fresh blood samples. Serum was stored at ⫺80°C until assayed
in-house for EPO and VEGF using enzyme-linked immunosorbent
assay (ELISA) kits (EPO Human ELISA Kit, Abcam, Cambridge,
MA; Quantikine ELISA Human VEGF Immunoassay, Minneapolis,
MN). Coefficients of variation for ELISA analyses were ⱕ15%.
Blood volume. Total blood volume was measured using the modified CO rebreathing method, adapted from that described by Burge
and Skinner (1) and has been detailed previously (19). In brief, this
technique involved a baseline blood draw for analysis of hemoglobin
and hematocrit, administration of an individualized dose of CO (0.8
mL/kg for women and 1.0 mL/kg for men) via specialized apparatus,
followed by 2 min of 100% FIO2 rebreathing. Subsequent blood
samples were taken 4 and 6 min after the rebreathing procedure was
completed. Each blood sample was stored on ice until assayed for
percent carboxyhemoglobin and hemoglobin concentration using a
diode-array spectrophotometer (OSM3 hemoximeter, Radiometer
Medical, Copenhagen, Denmark). Samples were analyzed repeatedly
until five percent carboxyhemoglobin values obtained were within
0.1% of each other. The coefficient of variation for repeated measures
in our laboratory is ~3%. Specialized software (blood volume measurement: SpiCO; Blood tec, Bayreuth, Germany) was used to calculate total hemoglobin mass, total blood volume, and plasma volume.
Red cell volume was calculated as blood volume minus plasma
volume.
Cardiorespiratory fitness. Subjects exercised to volitional exhaustion on a modified Astrand-Saltin protocol using a constant velocity
and 2% gradient increment every 2 min. Expired gas was collected
using the Douglas bag technique. Gas fractions were analyzed by
mass spectrometry (MGA-1100, Marquette Gas Analysis, St. Louis,
MO), and ventilatory volumes were analyzed using a 120-liter Tissot
spirometer (W. E. Collins P-1700; Braintree, MA). V̇O2max was
defined as the highest oxygen uptake measured from at least a 30-s
Douglas bag. Heart rate was monitored continuously by telemetry
using a heart rate monitor (Polar, Kempele, Finland).
Athletic performance (3-km time trial). Athletic performance was
assessed by a 3-km time trial race on a 400-m track (Jesuit College
Preparatory School of Dallas, Dallas, TX) between 8:30 and 9:00 AM.
Athletes were instructed to achieve the best possible time on each time
trial. Ambient temperature was 22°C at both trials, while relative
humidity ranged between 43 and 49%, and wind speed ranged
between 16 and 21 km/h. Time taken to complete 3 km was recorded
to the nearest 0.01 s using a semiautomated electronic timing system.
Statistical Analyses
For calculation of sample size, the expected treatment effect was
set as 160% increase in EPO (6, 13), 7% increase in hemoglobin mass,
and 3–5% improvement in time trial performance (3, 10), requiring
approximately seven subjects per group (treatment and sham control)
to detect changes.
To test the time course of three different FIXe concentrations on
HIF-1␣ downstream effectors, EPO and VEGF, a single-factor oneway ANOVA was conducted with planned post hoc Dunnett tests to
compare each time point to baseline. To assess the effect of 7 days of
xenon inhalation on hematological parameters, total blood and plasma
volume, compared with baseline and 1-wk follow-up (phase Ib), a
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single-factor one-way ANOVA was conducted with post hoc Dunnett
tests. For phase II of the study, unpaired t tests were used to compare
continuous baseline characteristics between groups, whereas chisquared tests were used to compare categorical variables. Differences
between xenon and sham gas groups over time were tested using
two-way repeated-measures ANOVA with post hoc Sidak tests. Statistical analyses were conducted using Prism software (version 7.0;
GraphPad, La Jolla, CA) and SPSS Statistics (version 20; IBM,
Armonk, NY). P values ⬍ 0.05 were considered statistically significant.
RESULTS

One male subject was removed from phase Ia of the study
due to severe nausea and fatigue, and these data were not
analyzed (n ⫽ 7). One female subject was removed from phase
Ib of the study after completing four sessions (57%) due to
symptoms that resembled sleep paralysis; however, these data
are consistent with other subjects and have been included in the
analysis. Two subjects (1 man, 1 woman) were removed from
phase II of the study: the female volunteer withdrew herself
due to severe nausea after the first xenon dose, and the male
volunteer was withdrawn after 1 wk (3 sessions) of xenon
inhalation due to symptoms that resembled sleep paralysis
during and after dosing, and these data were not analyzed (n ⫽
12). Sleep paralysis signs and symptoms differed slightly
between subjects but overall was described as disorientation
immediately after sleep several hours after the dosing session. Both subjects reported feeling as though they were
inhaling xenon (losing control of movement without losing
consciousness), and being awake but not fully in control of
their senses.
Phase Ia
EPO. FIXe 50% and 70% caused a small but consistent
increase in EPO (Fig. 1). Serum EPO was significantly different from baseline 6 h after the 50% FIXe protocol (⫹2.3
mIU/mL; 95% CI 0.1– 4.5; P ⫽ 0.038) and 192 h (8 days) after
the 70% FIXe protocol (⫹2.9 mIU/mL; 95% CI 0.6 –5.1; P ⫽
0.017).
VEGF. There were no significant changes in serum VEGF
concentrations following acute inhalation of 30%, 50%, or
70% FIXe at any of the measured time points (Fig. 1).
Phase Ib
EPO and biomarkers of erythropoesis. Inhaling 70% FIXe on
7 consecutive days did not change circulating EPO concentration beyond that observed with a single dose. There was a
stepwise increase in EPO concentration from baseline to day 8,
and again to day 15 (Table 1, Fig. 2), with the increase from
baseline to day 15 reaching statistical significance (⫹1.7 mIU/
mL; 95% CI 0.2–3.3 mIU/mL; P ⫽ 0.034). Ferritin concentration, sTFr concentration, reticulocyte percentage, and reticulocyte hemoglobin content remained unchanged from baseline
to day 8 and day 15 (Table 1).
VEGF. There was a significant reduction in VEGF concentration following 7 days of 70% FIXe inhalation (⫺165.9 pg/mL;
95% CI ⫺285.0 to ⫺46.8; P ⫽ 0.012), which remained
significant at 1 wk follow-up (day 15, ⫺183.6 pg/mL; 95% CI
⫺327.5 to ⫺39.8; P ⫽ 0.018).
Hematological parameters. Total blood volume significantly
increased following 7 days of daily 70% FIXe dosing (⫹498
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Fig. 1. Serum erythropoietin (EPO) and vascular endothelial growth factor (VEGF) concentration over 8 days after acute xenon dosing. ⌬, Difference between
averaged baseline value and significant time points for EPO; FIXe, fraction of inspired xenon. *P ⬍ 0.05 vs. baseline.

mL; 95% CI 161– 835; P ⫽ 0.005), primarily driven by an
expansion in plasma volume (⫹491 mL; 95% CI 194 –789;
P ⫽ 0.002), with no change observed in red cell volume (⫹6.3
mL; 95% CI ⫺87.7–100.4; P ⫽ 0.980). While hemoglobin
mass remained unchanged (4 g; 95% CI ⫺31–39; P ⫽ 0.936),
the substantial increase in plasma volume resulted in significant reductions in hemoglobin concentration (⫺1.0 g/100 mL;
95% CI ⫺1.6 to ⫺0.4; P ⫽ 0.002), hematocrit (⫺3.1%; 95%
CI ⫺4.9 to ⫺1.3; P ⫽ 0.001), and red blood cell count (⫺0.3
M/L; 95% CI ⫺0.5 to ⫺0.1; P ⫽ 0.002). The increases in
total blood and plasma volume, and concomitant reductions in
hemoglobin, hematocrit, and red blood cell count were still
observed 1 wk after the final xenon dose (Table 1). Furthermore, we observed a 650-g weight gain (95% CI 127–1,427,
P ⫽ 0.070) from baseline to day 15, which is consistent with

the significant increases in total blood volume and plasma
volume that were observed.
Adjustments for the increase in plasma volume. To account
for the significant increase in plasma volume over the 2-wk
period, the absolute quantity of analytes of interest (EPO,
VEGF, ferritin, sTFr) was calculated at each time point as the
product of analyte concentration and absolute plasma volume.
As a result of the increase in plasma volume, the increase in
EPO concentration from baseline appeared dampened. While
EPO concentration (mIU/mL) increased by 6.6% at day 8 and
16.5% at day 15, EPO quantity (mIU), increased by 23.8% at
day 8 and 31.7% at day 15. Conversely, the increase in plasma
volume exaggerated the decreases observed in VEGF and
ferritin at day 8 (VEGF concentration ⫺39.3% versus absolute
VEGF ⫺32.1%; ferritin concentration ⫺8.6% versus absolute

Table 1. Change in hematological parameters following daily 7-day 70% FIXe inhalation (phase Ib)
EPO concentration, mIU/mL
VEGF concentration, pg/mL
Total blood volume, mL
Plasma volume, mL
Red cell volume, mL
Hemoglobin concentration, g/L
Hemoglobin mass, g
Hematocrit, %
Red blood cell count, M/L
Reticulocytes, %
Reticulocyte hemoglobin content, g/L
Mean corpuscular volume, fL
sTfR, mg/L
Ferritin, ng/mL

Baseline, Mean ⫾ SD

⌬Day 8, Mean Difference (95% CI)

⌬Day 15, Mean Difference (95% CI)

P Value

10.6 ⫾ 1.8
422 ⫾ 286
6,480 ⫾ 1,210
3,896 ⫾ 646
2,585 ⫾ 605
14.3 ⫾ 1.2
853 ⫾ 215
43.5 ⫾ 2.9
5.0 ⫾ 0.4
1.3 ⫾ 0.2
34.9 ⫾ 3.3
87.6 ⫾ 4.5
3.1 ⫾ 1.0
55.1 ⫾ 33.9

0.7 (⫺2.7 to 4.1)
⫺166 (⫺285 to ⫺47)*
498 (161 to 835)*
491 (194 to 789)*
6 (⫺88 to 100)
⫺1.0 (⫺1.6 to 0.4)
4 (⫺31 to 39)
⫺3.1 (⫺4.9 to ⫺1.3)
⫺0.3 (⫺0.5 to ⫺0.1)
⫺0.2 (⫺0.4 to 0.1)
0.0 (⫺0.4 to 0.5)
⫺0.3 (⫺1.1 to 0.5)
⫺0.3 (⫺0.8 to 0.2)
⫺4.7 (⫺16 to 6.6)

1.8 (0.2 to 3.3)*
⫺184 (⫺328 to ⫺40)*
540 (203 to 878)*
546 (249 to 843)†
⫺6 (⫺100 to 89)
⫺1.0 (⫺1.6 to ⫺0.5)
5 (⫺30 to 40)
⫺3.4 (⫺5.8 to ⫺1.1)
⫺0.4 (⫺0.6 to ⫺0.1)
⫺0.2 (⫺0.4 to 0.0)
⫺0.2 (⫺0.9 to 0.5)
⫺0.7 (⫺1.5 to 0.1)
⫺0.3 (⫺0.8 to 0.1)
⫺9.0 (⫺20.3 to 2.2)

0.333
0.008
0.002
0.001
0.953
0.001
0.931
0.001
0.001
0.070
0.592
0.116
0.099
0.186

⌬, Difference from baseline; CI, confidence interval; EPO, erythropoietin; sTfR, soluble transferrin receptor; VEGF, vascular endothelial growth factor. *Post
hoc P value ⬍ 0.05 compared with baseline. †Post hoc P value ⬍ 0.001 compared with baseline.
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Fig. 2. Serum erythropoietin (EPO) concentration, serum vascular endothelial growth
factor (VEGF) concentration, and blood and
plasma volume at baseline, at day 8 [following daily 70% fraction of inspired xenon
(FIXe) inhalation for 7 days], and at day 15 (1
wk follow-up). ⌬, Difference from baseline.
*P ⱕ 0.05 and †P ⬍ 0.001 vs. baseline.

ferritin ⫺0.1%) and day 15 (VEGF concentration ⫺43.5%
versus absolute VEGF ⫺35.6%; ferritin concentration ⫺16.4%
versus absolute ferritin ⫺4.5%).
Phase II
There were no differences in demographic, anthropometric,
cardiovascular, or performance outcomes between groups (Table 2). Blinding was equally effective between groups; subjects
in the xenon group were 65% certain of group allocation,
whereas subjects in the sham group were 63% certain of group
allocation. One subject was not blinded to group allocation and
did not participate in the 3-km time trial, as this outcome
measure is prone to bias. All subjects in the xenon group were
xenon naive, whereas two subjects in the sham group had
participated in phase I of the study and were exposed to xenon
inhalation more than 6 mo prior. Comparison of training data
collected before study initiation and training logs during the
4-wk study show that 6 out of 12 subjects (4 subjects in the
xenon group and 2 subjects in the sham group) maintained their
training regimen. Five subjects in the sham group had a
decrease in training dose, whereas one subject in the xenon
group increased his/her training dose. There were no significant differences in hematological parameters, cardiorespiratory
fitness, or athletic performance following a 4-wk xenon dosing
protocol when compared with the sham gas group (Table 3,
Fig. 3).
DISCUSSION

To our knowledge, this study encompasses the most comprehensive investigation of xenon as an inhalational doping
strategy to date. We have demonstrated that, although acute
and short-term daily subanesthetic xenon exposure increases
concentration of EPO, the 4-wk chronic dosing strategy implemented herein did not result in significant elevations in EPO,
hemoglobin mass, cardiorespiratory fitness, or athletic perfor-

mance assessed in a 3-km time trial. Interestingly, 7 consecutive days of xenon inhalation significantly increased plasma
volume, which may theoretically enhance performance. However, this finding was not observed once dosing was given less
regularly (3 days/wk) and extended to a 4-wk period, suggesting that physiological changes in response to xenon exposure
require daily dosing, are transient or counterbalanced over
time, and may be difficult to maintain for performance enhancement purposes.
A Single Exposure to Xenon Acutely Increases Circulating
EPO Levels
Our finding that acute xenon inhalation results in an increase
in serum EPO concentration is consistent with previous findings in animals (13) and humans (20). In addition, we have
shown that elevated EPO levels above baseline occur, regardless of the xenon concentration administered. In fact, only a
2-min exposure to 70% FIXe led to significant and sustained
increases in EPO up to 8 days postinhalation. A single previous
randomized controlled trial investigating the effect of subanesTable 2. Baseline characteristics for xenon and sham gas
groups (phase II)
n
Age, yr
Sex, male, %
Weight, kg
BMI, kg/m2
Resting HR, beats/min
Resting MAP, mmHg
V̇O2max, mL·kg⫺1·min⫺1
3-km Time, s

Xenon

Sham

P Value

5
38.4 ⫾ 13.9
4 (80)
77.2 ⫾ 18.5
24.8 ⫾ 2.8
51 ⫾ 11
87 ⫾ 10
48.2 ⫾ 7.3
769 ⫾ 106

7
29.7 ⫾ 10.6
5 (71)
72.4 ⫾ 11.5
22.7 ⫾ 1.9
64 ⫾ 10
84 ⫾ 9
48.5 ⫾ 2.7
792 ⫾ 34

0.244
0.735
0.588
0.145
0.051
0.883
0.935
0.626

Values are means ⫾ SD; n, no. of subjects. BMI, body mass index; HR,
heart rate; MAP, mean arterial pressure; V̇O2max, maximal oxygen uptake.
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Table 3. Baseline values and changes in hematological parameters, V̇O2max, and 3-km time trial performance in the xenon
and sham group (phase II)
Xenon (n ⫽ 5)

EPO concentration, mIU/mL
VEGF concentration, pg/mL
Total blood volume, mL
Plasma volume, mL
Hemoglobin mass, g
Hematocrit, %
V̇O2max, L/min
V̇O2max, mL·kg⫺1·min⫺1
3-km Time, s

Sham (n ⫽ 7)

Baseline, Mean ⫾ SD

Change, Mean Difference (95% CI)

Baseline, Mean ⫾ SD

Change, Mean Difference (95% CI)

P Value

11.4 ⫾ 1.4
158.4 ⫾ 69.6
7,259 ⫾ 2,113
4,631 ⫾ 1,405
887 ⫾ 259
39.8 ⫾ 3.0
3.7 ⫾ 0.8
48.2 ⫾ 7.3
764.4 ⫾ 108.4

⫺1.2 (⫺5.4 to 2.9)
24.5 (⫺35.8 to 84.9)
⫺483 (⫺1,834 to 868)
⫺372 (⫺1,294 to 551)
⫺24 (⫺187 to 130)
0.8 (⫺1.7 to 3.3)
0.1 (⫺0.1 to 0.3)
1.0 (⫺1.4 to 3.4)
⫺4.5 (⫺36.9 to 27.9)

9.6 ⫾ 2.6
168.3 ⫾ 48.7
6,829 ⫾ 2,509
4,217 ⫾ 1,525
861 ⫾ 325
42.0 ⫾ 1.5
3.5 ⫾ 0.7
48.5 ⫾ 2.7
783.3 ⫾ 50.9

⫺1.7 (⫺5.3 to 1.8)
22.7 (28.3 to 73.7)
⫺46 (⫺1,187 to 1,096)
⫺4 (⫺784 to 776)
⫺9 (⫺139 to 121)
⫺0.7 (⫺2.8 to 1.4)
0.1 (⫺0.1 to 0.2)
1.1 (⫺0.9 to 3.1)
⫺8.8 (⫺38.4 to 20.7)

0.813
0.952
0.531
0.442
0.845
0.245
0.888
0.926
0.797

n, No. of subjects. CI, confidence interval; EPO, erythropoietin; VEGF, vascular endothelial growth factor; V̇O2max, maximal oxygen uptake.

thetic xenon inhalation on serum EPO found a significant
increase in EPO concentration 8 h after exposure to 30% FIXe
for 45 min in healthy subjects, which peaked at 24 h compared
with baseline values (20). No changes in EPO concentration
were seen in the group breathing a control gas (40% FIN2, 60%
FIO2). The increase in serum EPO concentration following
xenon inhalation of various concentrations suggests that, despite the absence of hypoxia, xenon appears to partially stabilize HIFs (7, 9, 13). Ma et al. (13) directly illustrated that xenon
preconditioning induces expression of HIF-1␣ and its downstream effectors, EPO and VEGF, via the mammalian target of
rapamycin pathway in the kidneys of adult mice. While animal
models of xenon preconditioning have also demonstrated consistent and significant increases in VEGF following exposure
(9, 13), our findings suggest a more variable and transient
response in humans, which may be dependent on the acute
dosing protocol and xenon concentration administered.
Short-Term Xenon Dosing Increases Plasma Volume
Our study is the first to show that daily 70% FIXe dosing
significantly increased blood volume by 8%, which was primarily driven by a 13% increase in plasma volume. In fact, the
increase in plasma volume seen in response to 7 consecutive
days of xenon dosing may be equivalent or superior to exercise
heat acclimation with heat-induced plasma volume expansion,

typically ranging from 3 to 27% (17). The mechanisms for the
xenon-induced plasma volume expansion are currently unknown, but one can speculate that inhalation of an anesthetic
agent may impact blood volume-regulating hormones. For
example, neonatal rats had a 30-fold increase in serum concentrations of aldosterone after exposure to sevoflurane (2),
and similar findings have been reported in humans undergoing
general anesthesia (16). Moreover, the aldosterone antagonist
spironolactone can abolish the early plasma volume expansion
following endurance training (12). Nonetheless, until measured, the exact mechanism(s) involved in increasing plasma
volume following daily xenon inhalation remains speculative
(15). In our study, the significant increase in plasma volume
was maintained at 7 days following conclusion of the dosing
protocol (day 15) and presents a potential mechanism by which
xenon doping may improve athletic performance. It is well
established that plasma volume expansion results in favorable
exercise cardiovascular parameters, with the ability to improve
performance, particularly in challenging thermoregulatory conditions (17).
While on first glance it appears that daily xenon inhalation
had only a very minor effect on serum EPO, it is possible that
the substantial plasma volume expansion led to a dilution effect
on all hematological variables. Indeed, after adjusting for
plasma volume expansion, the absolute quantity of EPO was

Fig. 3. Serum erythropoietin concentration (EPO), hemoglobin mass, maximal oxygen uptake (V̇O2max), and
3-km time at baseline and following 4 wk of xenon
(blue) or sham gas (orange) dosing.
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substantially elevated on days 8 and 15, indicating that the
production of EPO was elevated to maintain normal or slightly
elevated values in a larger blood volume. Furthermore, the
reduction in VEGF at each time point was accentuated by the
dilution effect of increased plasma volume yet remained reduced even after correction for plasma volume. One possible
explanation for this observation is that small increases in
oxygen-carrying capacity via accelerated erythropoiesis may
have resulted in downregulation of angiogenesis through an
alternate mechanism. Subjects maintained exercise levels
throughout the study, and, without a physiological requirement
for increased oxygen delivery, the angiogenesis pathway may
have been inhibited, supported by the observed reduction in
VEGF.
Overall, the change in EPO concentration from baseline to
after 7-day dosing, and at 7-day follow-up (day 15) appeared to
be variable between individuals and was not accompanied by
changes in four independent markers of erythropoiesis: red cell
volume, hemoglobin mass, reticulocyte parameters, and sTFr.
These hematological findings are expected, given the short
measurement follow-up (1 wk), and were similar to our observations following 4 wk of intermittent hypobaric hypoxia,
where 3 h/day, 5 days/wk at 4,000 –5,500 m did not accelerate
erythropoiesis, despite the twofold increase in serum EPO 3 h
after each hypoxic treatment (8). However, the purported
performance benefits of daily xenon inhalation may be independent of erythropoiesis and instead reliant on substantial
plasma volume expansion, with significant and consistent increases seen in all study subjects.

and requires direct supervision from a trained anesthesiologist,
even if administered to a subanesthetic level. Subjects reported
prolonged drowsiness following xenon inhalation, and this
symptomology, together with the requirement to withhold from
food and drink for up to 8 h before exposure, will likely burden
the elite athlete and could even result in performance decrements. Lastly, given that extensive equipment is required for
the open-circuit breathing system administration of xenon, and
the high financial cost of xenon (~USD $30,000 for 5,000 liters
of medical grade xenon), this doping strategy is not only
ineffective and unsafe but also likely impractical.

Chronic Xenon Inhalation as a Doping Strategy

In conclusion, while acute xenon inhalation of various concentrations caused small but prolonged increases in EPO,
short-term daily exposure did not provide superior benefits
beyond an acute dose. Although there was no indication of
accelerated erythropoiesis in response to xenon exposure, a
short-term daily dosing protocol induced significant increases
in plasma volume. However, this physiological adaptation was
transient and was not observed after chronic (4-wk) exposure
to xenon. Xenon inhalation did not increase fitness or improve
athletic performance, and, given the adverse symptomology
associated with dosing, our findings do not support the use of
xenon as an erythropoiesis-modulating agent in sports.

Phase II, the randomized, controlled phase of this study, was
the first to investigate the efficacy of chronic xenon inhalation
as a doping strategy to improve fitness and athletic performance in recreationally trained athletes. We show that 1 mo of
xenon “doping” had no effect on cardiorespiratory fitness
assessed via V̇O2max or athletic performance assessed via a
3-km time trial. Although acute and short-term xenon dosing
increased EPO and plasma volume, a 4-wk chronic dosing
protocol did not elicit similar physiological changes, and,
therefore, the lack of effect on performance outcomes is
unsurprising. Five subjects in the sham group decreased their
training dose, while only one subject in the xenon group
increased their training dose during the 4-wk xenon inhalation
period. The decrease in training dose in 70% of sham group
subjects may have biased results toward finding a betweengroup difference, since the xenon group mostly maintained
their training stimulus while the sham group decreased their
training stimulus. It is also important to note that, theoretically,
a substantial increase in individual training dose concomitant
with chronic xenon inhalation may have been required to
observe a significant between-group difference in cardiorespiratory fitness and athletic performance. However, the relatively
high incidence of adverse events in phase II (15%) and the
overall study (18%), including the presence of symptoms
resembling sleep paralysis and severe nausea, deems the use of
xenon as a doping strategy as “an actual or potential health risk
to the athlete,” thereby meeting a WADA criterion for prohibiting a substance. It is crucial that athletes, coaches, and
support staff are fully aware that xenon is an anesthetic agent

Limitations
Limitations of this study include restricting the subject
sample, particularly for phase II, to recreationally trained
individuals rather than elite athletes. Although inclusion of
elite athletes would have increased ecological validity and
relevance of study findings, this approach was no longer
feasible following the addition of xenon to WADA’s Prohibited List in 2014. Furthermore, it is unclear whether the
xenon-dosing protocols implemented herein (xenon concentration, inhalation time, fasting protocol, dosing time of day)
accurately represent strategies allegedly used by competitive
Russian athletes. Nevertheless, the overall study protocol,
which tested three different subanesthetic doses of xenon
inhalation to determine efficacy before examining the effect on
hematological parameters, fitness, and athletic performance,
was comprehensive and, therefore, a strength of the study.
Conclusions
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