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Xenon elimination kinetics following
brief exposure
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Xenon is a modern inhalative anaesthetic with a very low solubility in tissues providing rapid elimination and weaning from an-
aesthesia. Besides its anaesthetic properties, Xenon promotes the endogenous erythropoietin biosynthesis and thus has been
enlisted as prohibited substance by the World Anti-Doping Agency (WADA). For effective doping controls, knowledge about
the elimination kinetics of Xenon and the duration of traceability are of particular importance. Seventy-seven full blood samples
were obtained from 7 normal weight patients undergoing routine Xenon-based general anaesthesia with a targeted inspiratory
concentration of 60% Xenon in oxygen. Samples were taken before and during Xenon inhalation as well as one, two, 4, 8, 16, 24,
32, 40, and 48h after exposure. Xenon concentrations were assessed in full blood by gas chromatography and triple quadrupole
tandemmass spectrometry with a detection limit of 0.25μmol/L. The elimination of Xenon was characterized by linear regression
of log-transformed Xenon blood concentrations, as well as non-linear regression. Xenon exposure yielded maximum concentra-
tions in arterial blood of 1.3 [1.1; 1.6] mmol/L. Xenon was traceable for 24 to 48h. The elimination profile was characterized by a
biphasic pattern with a rapid alpha phase, followed by a slower beta phase showing a first order kinetics (c[Xe]=69.1e-0.26x,
R2=0.83, t1/2 =2.7h). Time in hours after exposure could be estimated by 50*ln(1.39/c[Xe]0.077). Xenon’s elimination kinetics is
biphasic with a delayed beta phase following a first order kinetics. Xenon can reliably be detected for at least 24h after brief
exposure. Copyright © 2016 John Wiley & Sons, Ltd.
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Introduction

Xenon was approved as a general anaesthetic in Europe more than
10years ago. Its very low solubility in tissues and blood is considered
to be a major advantage in clinical anaesthesia.[1] Accordingly, when
Xenon administration is discontinued in patients under Xenon-based
anaesthesia, it is rapidly eliminated via the lungs and associated with
almost immediate awakening.[2,3] Besides its anaesthetic properties,
Xenon inhibits the metabolism of the sympathetic vasoconstrictor
norepinephrine.[4] As a consequence, arterial hypotension is rarely
observed during Xenon-based anaesthesia. Xenon was further de-
scribed to stimulate the release of endogenous erythropoietin,5-7

which has potentially been recognized by some athletes who were
reported to have inhaled Xenon to gain performance advantages.[8]

In turn, the World Anti-Doping Agency (WADA) added Xenon to the
list of prohibited substances in sports in September 2014.[9] Doping
controls are facilitated when the precise elimination characteristics
of the substance are available. Accordingly, the time line of Xenon
exposure prior to competition can be estimated. Finally, duration
of traceability from blood has only been investigated in a single
individual.[10] Since ethical concernswere anticipatedwhen planning
on exposing athletes to Xenon, Xenon elimination kinetics were
determined from patients scheduled for surgery under routine
Xenon-based general anaesthesia.
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Materials and methods

After IRB approval (Ethikkommission der medizinischen Fakultät
der Heinrich-Heine-Universität Düsseldorf, Germany, study number
Drug Test. Analysis (2016)
4635), registration at ClinicalTrials.gov (NCT02105077) and written
informed consent, patients scheduled for routine Xenon-based
general anaesthesia were included into this prospective observa-
tional study. Anaesthesia was induced and maintained at the dis-
cretion of the attending anaesthesiologist: Inhaled Xenon (Xenon
pro Anaesthesia, Air Liquide Deutschland GmbH, Düsseldorf, Ger-
many) was combined with the opioid analgesic remifentanil (0.1-
0.5μg kg-1 min-1). Xenon anaesthesia was administered with a
closed-circuit anaesthesia machine (Felix Dual, Air Liquide interna-
tional, Paris, France) at an initial targeted inspiratory concentration
of 60%, allowing continuous recording of inspiratory Xenon con-
centrations. From these data, the total dose of Xenon as inspiratory
fraction (in %), multiplied by the duration of Xenon exposure in
hours (Fi% h), as well as the median inspiratory concentration was
calculated for each patient.
Study subjects

To increase comparability to athletes, we limited our collective to
patients with a normal body mass index (20–25) since Xenon elim-
inationmay be influenced by body fat content due to a high affinity
Copyright © 2016 John Wiley & Sons, Ltd.



Table 1. Patient characteristics and anaesthesia details. Values are me-
dian [interquartile range] or absolute numbers (%)

Age (years) 74 [66;77]

Female 3 (43)

Weight (kg) 66 [65;77]

Height (cm) 173 [172; 181]

Body mass index 24 [21;24]

Preoperative haematocrit (%) 41 [39; 43]

Duration of anaesthesia (min) 185 [160; 225]

Duration of Xenon inhalation (min) 146 [121;187]

Xenon consumption (L) 22.9 [21; 23]

Type of surgery

Endovascular aortic repair 6 (86)

Carotid endarterectomy 1 (14)

Estimated blood loss (mL) 80 [50;100]

Figure 1. Time course of inspiratory Xenon concentrations (FiXe) for all 7
patients.
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to fatty tissue.[11] Also, patients with impaired kidney function
(creatinine< 1.2mg/dL, urea< 56mg/dL) and abnormal
haematocrit values (outside the normal range of 37–45% in female
and 42–50% in male patients) were excluded. Further, to reduce
influence of significant blood loss during surgery, only patients
undergoing minimally invasive vascular surgery were included.

Blood samples

To depict Xenon’s elimination kinetics, blood samples were drawn
from routinely placed central venous catheters[12] before exposure
and at 1, 2, 4, 8, 16, 24, 32, 40, and 48h after discontinuation of Xe-
non application. Additionally, to assess maximum blood concentra-
tions, a blood sample was obtained from additional routinely
placed arterial catheters shortly before discontinuation of Xenon.
Values from this measurement were compared to expected con-
centrations, as calculated from the respective inhalative Xenon con-
centration with a blood-gas distribution coefficient of 0.115[1] and
the assumption of ideal gas properties at 37 °C[13] with an alveolar
pH2O of 6.3 kPa. Samples were drawn in 3mL EDTA tubes
(Vacutainer®, BD, Heidelberg, Germany), which were immediately
sealed airtight (BlendermTM, 3M Deutschland GmbH, Neuss,
Germany). To allow conditions comparable to routine doping test-
ing, samples were stored at +4 °C and amaximum30h time to anal-
ysis was allowed.

Quantification of xenon concentrations by gas
chromatography-mass spectrometry

Xenon concentrations in full blood were analysed using gas
chromatography-triple quadrupole tandem mass spectrometry
(GC-MS/MS). Sample preparation and the GC-MS/MS protocol were
adapted from two earlier studies.[10,14] In brief, 1mL of each sample
was placed in an autosampler vial (Macherey-Nagel, Düren,
Germany), fortified with 1.8μmol of internal standard (d6-cyclohex-
anone) and heated at 70 °C for 20min. Subsequently, 10μL of the
headspace was injected into the GC-MS/MS system with a HP-Ultra
1 column (Agilent, Waldbronn, Germany) in split mode (1:5) with
helium used as carrier gas at 1.10bar. In contrast to the published
methodology, the volume injected from the headspace was in-
creased to 10μL, facilitating a decrease of the detection limit from
0.5 to 0.25μmol/L. Nitrogen was used as collision gas (collision en-
ergy 5 eV). For quantification, blank EDTA blood samples fortified
with different Xenon concentrations (0.5, 5, 50, and 500μmol/L)
were prepared by serial dilution, analysed and compared to patient
samples to estimate concentrations, providing an accurate mea-
surement of Xenon with a coefficient of variation below 20%.

Sample size estimation and statistical analysis

Xenon concentrations in pig blood during exposure of 67% Xenon
have been reported to be 70±9μl/mL,[12] which corresponds to 63
±8.1μL/mL at 60% inspiratory Xenon concentrations, or 2.4
± 0.3mmol/:L at 37 °C.[13] We estimated the characteristic of Xenon
elimination to be best described by an exponential decay function.
Also, we knew from previous findings that Xenon was traceable for
at least 24 h.[10] With these assumptions, we created a model data
set by means of a hypothesized decay function, which was de-
scribed by c[Xe] = 2.4 e-0.38 h, where c[Xe] is the Xenon concentra-
tion and h the time in hours after discontinuation of inhalation.
We found that at least 5 observations per time point were needed
to detect a significant decrease of xenon concentrations at a 0.05
wileyonlinelibrary.com/journal/dta Copyright © 20
alpha level. To compensate for possible loss due to transport, stor-
ing or processing of the blood samples, we increased our sample
size to a total of 7 patients.

Raw data are expressed as median [interquartile range]. Also, Xe-
non concentrations were log-transformed and, after visual inspec-
tion, linear regression analyses on log-transformed values were
performed. Since log transformation of 0 is impossible, values be-
low the limit of detection were set to 0.01μmol/L. When visual in-
spection indicated an exponential decay of xenon concentrations,
non-linear regression analysis with multiple curve fits was applied
to raw values in order to maximize goodness-of-fit, as quantified
by the R2 value. Initially, a single exponential, two-factor function
was calculated. Subsequently, multiple-factor and double-
exponential functions were calculated and R2 values were com-
pared. Calculations were made with SigmaPlot 13.0 (Systat Soft-
ware, Inc., San José, CA, USA) and SPSS 22 (IBM, Armonk, NY, USA).
Results

Seventy-seven full blood samples were obtained and analyzed
from seven consecutive patients who underwent Xenon-based an-
aesthesia. Table 1 depicts patient characteristics as well as anaes-
thesia and surgery details.

Management of anaesthesia

Duration and concentration of Xenon exposure for all individual pa-
tients are expressed in Figure 1. The total dose of Xenon was 137
16 John Wiley & Sons, Ltd. Drug Test. Analysis (2016)
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[110; 154] Fi% h with a median Xenon concentration of 54 [54;54] Fi
%. At the end of anaesthesia, when arterial samples were obtained,
the inspiratory Xenon concentrations were 52 [51; 54] Fi%. To facil-
itate surgical tolerance, 0.41 [0.40;0.45] μg kg-1 min-1 intravenous
remifentanil was administered additionally.
Figure 3. Log-transformation of Xenon concentrations with linear
regression analysis showing a biphasic elimination pattern. Mathematical
Xenon concentrations and duration of traceability

Xenon concentrations in full blood were below the detection limit
in all samples before exposure. During exposure, the expected
calculated concentration was 2062 [2023; 2122] μmol/L. The
measured arterial Xenon blood concentration during inhalation in
blood was lower, reaching 1341 [1069;1630] μmol/L. Subsequently,
Xenon concentrations in central venous blood dropped to 54 [49;
64] μmol/L within the first hour after discontinuation (Figure 2).
Xenon was traceable for 48 h in one, 40 h in two, 32 h in two, and
24h in another two patients.
functions for regression lines are indicated next to the respective line with
corresponding R2 values.
Elimination profile

Log-transformation of concentrations showed a biphasic pattern
with a rapid decrease of concentrations within the first hour (-1.34
log(c[Xe]) per hour, R2 0.97) and a subsequent slower decrease
(-0.07 log(c[Xe])per hour, R2 0.77, Figure 3). The second elimination
phase fitted a single exponential, two-factor function (c[Xe]= 69.1e-
0.26h, R2 = 0.83). Applying double-exponential and multiple factor
functions did not increase goodness-of-fit (R2 =0.83 for each subse-
quent curve). The curve revealed a concentration-dependent elim-
ination of first order kinetics (Figure 4). Time in hours after Xenon
inhalation could be estimated as 50*ln(1.39*c[Xe]-0.077) with a
Xenon half-life in the second elimination phase of 2.67h.
Figure 4. Non-linear regression of the second (beta-) elimination phase
showing a first order kinetics. Black: regression line; Blue: 95% confidence
interval.
Discussion

The Xenon elimination kinetics presented a rapid initial alpha
phase, followed by a much slower beta-elimination that was
characterized by a first order kinetics and a Xenon half-life of
2.7h. Despite its very low solubility in tissues, Xenon exposure
was reliably detected for at least 24h in each patient.
Figure 2. Intra- and postoperative Xenon blood concentrations in all 7
patients.

Drug Test. Analysis (2016) Copyright © 2016 John Wiley
Xenon concentrations and duration of traceability

Our results confirm previously reported data from a single patient,
where Xenon could be traced in blood 24h after exposure.[10] Also,
Xenon is consistently detectable in urine from patients at least 24 h
after anaesthesia, and is even traceable for more than 40h after
exposure in 40% of patients.[14] In this context, our data confirm
the reliable traceability in human blood 24h after Xenon inhalation
and, taken together with previously published data, suggest equal
success rates from blood and urine samples. However, testing for
Xenon more than one day after exposure will return negative
results in many subjects.

During inhalation, measured arterial Xenon concentrations of
1.3mmol/L differed from calculated expected concentrations of
2.0mmol/L. This difference can be explained since we allowed a
sample storage time for up to 30h before analysis to facilitate con-
ditions comparable to those observed for detection of doping in
athletes. In a previous study, storage times of 20–30h decreased
signal intensity of Xenon isotope 129 by about 35%.[10] With this
& Sons, Ltd. wileyonlinelibrary.com/journal/dta
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assumption, actual arterial concentrations during inhalation can be
corrected to 1.3mmol/L x (1-0.35)-1 = 2.0mmol/L, and are therefore
equal to expected values. For these reasons, storage time before
analysis should be reduced whenever possible. Also, superfluous
open-close-cycles of doping control sample containers intended
for Xenon analyses should be avoided.[10]

Elimination profile

The observed biphasic elimination profile is typical for substances
that are stored in multiple compartments, such as inhalational
anaesthetics.15-17 Xenon has the lowest blood-gas-partition coeffi-
cient of all anaesthetics,[1] causing rapid elimination from blood
when alveolar concentrations decrease. However, after initial
alpha-elimination via the lungs, residual Xenon in blood results
from its release from deep compartments as indicated by beta-
elimination. In this context, tissue affinity might play a role. Xenon
has a rather high solubility in oil, with an Ostwald’s coefficient of
1.7 to 1.8 at 37 °C,[11] providing affinity to adipose tissue. Also, as
with other lipophilic inhalative anaesthetics such as sevoflurane,
saturation of deep compartments may take several hours.[17] There-
fore, duration of exposure,[18] as well as body fat content may be
determinants of the traceability of Xenon after inhalation. Of note,
binding to blood proteins may also play a role, since Xenon exerts
a high affinity to albumin[19] and is enriched in cellular compart-
ments of the blood.[11]

From our data, the time after single Xenon exposure can be cal-
culated from measured residual concentrations in blood. However,
repetitive exposition might increase residual blood concentrations,
as opposed to single exposure.[20] Consequently, one next step
needs to be the investigation of the influence of repetitive exposi-
tion to Xenon, such as described in Russian athletes over several
years.[8] Although no published data exist on the efficacy of differ-
ent patterns of inhalation, a presentation made available to Russian
athletes and sport officials recommends repetitive Xenon inhala-
tion ‘two to three times over a period of 7 to 10 days’.[8,21] In a re-
cent study, Katz et al. established a computer model for the
elimination of xenon from the human body after repetitive
exposure.[20] Since human data had not been available, the authors
validated their calculation on data derived from porcine xenon
exposure.[12] It is suggested that residual Xenon may be detected
for at least 24 h following a single exposure. Of note, our results
are in line with this theoretical model confirming the assumptions
made in a clinical situation of Xenon administration. Moreover, re-
petitive exposition to Xenon may increase residual xenon
concentrations,[20] allowing its detection for an even longer period
after termination of the last exposure. However, these results after
chronic exposure to xenon in a computermodel need to be verified
prospectively in humans.

Limitations

Due to ethical concerns, we enrolled patients undergoing routine
Xenon-based anaesthesia and did not perform Xenon inhalation
in young athletes. Naturally, this needs to be considered when
transferring our findings to professional sports since patients un-
dergoing vascular surgery differ from athletes in several aspects
that might influence Xenon storage in the body, elimination and
traceability. Assuming that fatty tissue is a major storage compart-
ment of Xenon, duration of traceability in athletes with minimum
body fat content may be reduced. Additionally, haematocrit, age,
fluid status and several other factors may diverge between patients
wileyonlinelibrary.com/journal/dta Copyright © 20
and athletes. However, to increase comparability, we excluded pa-
tients with an abnormal bodymass index (over 25 or under 20). Ad-
ditionally, any possible influence of surgery was kept to a minimum
by restricting to minimally invasive procedures with clinically irrele-
vant blood loss.

Xenon was administered to our patients with inspiratory concen-
trations of 54%, depending on the duration of anaesthesia and ad-
mixture of nitrogen. Since so far, data on Xenon-induced
erythropoietin release are scarce and no dose-response relationship
has been established, Xenon concentrations in our study might not
necessarily equal concentrations used for doping purposes. Ma
et al. administered 70% Xenon in oxygen for 2 h to mice and found
an increase to 160% in erythropoietin concentrations 24 h later.[6] In
patients following cardiac surgery under Xenon-based anaesthesia
(median dose 118 Fi% h), erythropoietin plasma concentrations
were 48% higher in patients with Xenon anaesthesia than in pa-
tients receiving sevoflurane.[7] As a result, and probably based on
additional unpublished data, the aforementioned Russian presenta-
tion recommends inhalation of a 50:50 Xenon:Oxygen mixture for
performance enhancement.[8,21] Therefore, inhaled concentrations
in our study reflect recent practice and recommendations of Xenon
inhalation for doping purposes.

In conclusion, we were able to show that humans can reliably be
tested for Xenon inhalation within 24h after exposure, and occa-
sional positive test results may even be achieved more than 40h af-
ter inhalation. This prolonged traceability is the result of a biphasic
elimination kinetics including delayed beta elimination. Future inves-
tigations should focus on the influence of repetitive administration
of Xenon on its traceability, and need to further differentiate the
influence of body fat content to increase comparability to athletes.
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