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INTRODUCTION
Argon is a noble gas with anti-ischemic and anti-inflammatory 
properties in several experimental conditions.1-4 For example, 
Silachev et al.5 Showed that inhalation of argon-oxygen 
mixture decreased the volume of brain damage by 2 times 
and reduced the severity of neurological deficit in a rat model 
of stroke.

Pharmacokinetics (PK), the disposition of the drug molecule 
in the body through time, is a scientific discipline that is a 
core discipline within drug discovery, development and even 
post-marketing.6 The fundamental measurement to perform in 
pharmacokinetic studies is blood concentration of the molecule 
(and its metabolites) of interest. While a physiologically 
based model of argon PK has appeared in the literature,7 no 
experimental data has been presented. Thus, this is particularly 
important for the validation of a theoretical mathematical 
model of physiologically based PK (PBPK).

The primary goal of this study was to investigate the PK of 
inhaled argon in anesthetized juvenile pigs using mechanical 
ventilation. In another paper, we have reported on the 
development of a technique for measuring argon solubility in 
blood, using quadrupole mass spectrometry that was employed 

in this study.8 Herein, we also extend the validation of the 
PBPK model that has previously appeared7 based on human 
data for xenon from the literature9 and the new data for pigs. 
The inherent difficulty in performing PK studies of argon 
makes the use of the PBPK model especially relevant. The 
model is used to investigate argon PK for human applications.

MATERIALS AND METHODS
Measurements in pigs
The protocol was approved by the French National Ethical Com-
mittee (ComEth n°016, project #17800-2020012017214953) 
on August 10, 2020. Juvenile pigs, 6–8 weeks old (Elevage 
Lebeau, Gambais, France) (two females and two males (n = 4)), 
weighing 12–15 kg (13.65 ± 1.65 kg), were anesthetized using 
a mixture of zolazepam/tiletamine at 10 mg/kg intramuscular 
(Zoletil, Virbac AH, Inc., Carros, France) and propofol at 10 
mg/kg/h intravenous (Propovet, Richmond Vet Pharma, Bue-
nos Aires, Argentina). They were submitted to endotracheal 
intubation using a dedicated tube (Rüshelit®) and to mechanical 
ventilation using a conventional ventilator (T-BIRD®, Soma 
Technology, Bloomfield, CT, USA). An intravenous adminis-
tration of methadone (0.3 mg/kg) was delivered for analgesia. 
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The mechanical ventilation parameters were initially set as 
follows: respiratory rate 20 per minute, tidal volume (TV) 
9–10 mL/kg, inspiratory/expiratory time ratio = 1/2, positive 
end-expiratory pressure = 5 cmH2O (1 cmH2O = 98.0665 Pa), 
inspired fraction of oxygen = 30%. Tidal volume was adjusted 
between 9 and 10 mL/kg in order to obtain normal expired 
CO2 levels. Two catheters were inserted into the femoral and 
carotid arteries, respectively, for blood pressure evaluation 
and blood sampling. 

Argon inhalation was achieved by switching the animal 
from the first mechanical ventilator (with air/oxygen) to a 
second one (AGV02430, VIASYS Respiratory Care, Con-
shohocken, PA, USA) that was supplied with 75% argon and 
25% oxygen from premixed gas cylinders (Air Liquide Santé 
International, Les loges-en-Josas, France). At the end of the 
expected duration of exposure to argon, animals were switched 
back to air/oxygen ventilation using the initial ventilator.

It is important to note that the VIASYS ventilator was not 
calibrated for argon mixtures. The argon premix was supplied 
through the oxygen input connection on the ventilator, so to 
administer 75% argon the ventilator control was set at 100% 
oxygen. Since the density of the argon mixture differs from 
that of air/oxygen the flow measurement, and therefore, the 
volume measurement of the argon was inaccurate. To alleviate 
this problem, we used pressure-controlled ventilation mode 
when shifting to the argon exposure. The target inspiratory 
pressure was set as the peak pressure measured at baseline with 
air/oxygen using a tidal volume of 9–10 mL/kg. We note that 
in a numerical analysis of argon mixtures and air in human 
newborns, the property value differences caused relatively 
minor differences in ventilation parameters during pressure 
controlled ventilation.10

Two females and two males (n = 4) were submitted to two 
different exposures of argon separated by a washout of at least 
60 minutes (Figure 1). The first exposure lasted 3 minutes 
for a unique blood sample for argon concentration evaluation 
after 2 minutes of inhalation. The second exposure lasted 30 
minutes for argon concentration evaluation after 29 minutes 
of inhalation, as well as 2 minutes after resumption to air/
oxygen ventilation. One-milliliter samples were drawn into 
gas tight syringes (Valco Instruments Co., Houston, TX, USA) 
that were put on ice and transported about 1 hour for analysis. 
Considering the time required for transportation and analysis 
of samples was 2 hours, and that no long term storage method 
was suitable to fully avoid argon leakage, this protocol was 
designed to minimize and standardize the time between the 
blood sampling and analysis. Those conditions are optimal to 
limit and minimize the impact of argon leakage. 

Analytical method
The full analytical method suitable for argon PK determina-
tion has been described previously.8 Briefly, it is based on a 
prototype quadrupole mass spectrometer gas analyzer (Stan-
ford Research Systems, Sunnyvale, CA, USA) in which the 
sample injection has been modified to allow headspace gas 
analysis from a screwed gas tight syringe containing liquid. 
As explained in the method validation paper, the output of 
the quadrupole mass spectrometer is sensitive to argon, but 
the exact correlation with the amount (moles) of argon is not 
stable. The integral over time (in units of torr-s) of this value 
after the blood sample is injected into the system is, therefore, 
related to the total amount of argon in the 1 mL blood sample. 

PBPK model
The description of the model begins with a background dis-
cussion of gas PK.

Gas PK
PK is the branch of pharmacology concerned with the move-
ment of drugs within the body. The key phases of drug passage 
through the body are absorption, distribution, metabolism and 
elimination. 

Drug absorption is generally defined as the rate and extent 
to which the drug moves from its site of administration to its 
intended target (site) of action and is a source of variability 
in drug response. Passage of drug through membranes divid-
ing the absorption site from the blood is a necessary step in 
absorption. 

Administration of a medicinal gas is, with rare exceptions, 
through the pulmonary route. What should also be considered 
is the passage of the gas from the source (e.g., a pressurized 
gas cylinder), through the controlling device and tubing to 
a patient interface. The controlling device can be simply a 
pressure regulator and flow valve up to a highly sophisticated 
mechanical ventilator. The patient interface can be closed to 
the ambient using an intubation tube or open through a mask 
or nasal cannula. It is important to recognize that if the inter-
face is open and the gas flow rate is less than the inhalation 
flow rate of the patient, ambient air will be drawn into the gas 
stream diluting the dose concentration of the medicinal gas.11

Within the respiratory tract the medicinal gas is diluted by 
the gas present in the lung. Under normal conditions, we con-
tinuously breathe 78% nitrogen (N2) such that the body tissues 
and fluids are saturated with dissolved N2. Furthermore, the 
residual volume of the lung contains a large fraction of N2. For 
normobaric medicinal gas administration at high concentra-
tions, the N2 concentration must be less than in the ambient 

Figure 1:  Protocol for gas administration and blood sampling for PK measurements in pigs.
Note: PK: Pharmacokinetics.
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atmosphere; therefore, N2 will 1) washout of the lung and 2) 
begin to be released by the body tissues. Processes 1) and 2) 
occur over two distinct time periods. Nitrogen washout from 
the lung is well understood because it has been measured as 
a diagnostic lung test.12 Typically, after 10 breaths (about 1 
minute) virtually all of the N2 has left the lung. Because of 
the low solubility of nitrogen in blood the washout out from 
body tissues is relatively slow, the time for 50% reduction 
(T1/2) being several hours.13

Medicinal gas molecules that reach the alveoli can then dif-
fuse across the membrane to the circulating pulmonary blood 
to complete the absorption of the gas. This process can be af-
fected by 2nd gas effects.14 That is, the differential rate of uptake 
of gas components can alter their concentration in the alveoli, 
in turn affecting the resulting blood concentrations. The equi-
librium concentration dissolved in the blood compared to the 
concentration (C) in the gas phase is determined empirically 
and is known as the blood:gas partition coefficient (PC):

 PCblood:gas=

For argon we assume absorption is greatly simplified. Im-
mediately upon opening the gas source, we assume the argon 
gas concentration of the source is the same as the alveolar 
concentration. Furthermore, the concentration of argon in the 
lung blood in contact with the gas in the alveoli is given by the 
PCblood:gas. There is no effect of the membrane in determining 
the instantaneous transfer kinetics. Thus, the rate of absorp-
tion can be determined by the blood perfusion rate through the 
lung and the PCblood:gas; this type of transfer is called perfusion 
limited. Note, that with these assumptions all of the respiratory 
and lung parameters have negligible influence on the uptake 
kinetics but are necessary to predict exhaled gas concentration.

Drug distribution is the movement of a drug to and from 
the blood circulation and the various tissues of the body (for 
example, fat, muscle, and brain tissue) and the relative propor-
tions of drug in the tissues. Similar to absorption, in principle, 
the rate of transfer depends on the diffusion rate across the 
membrane separating the blood and the tissue and the perfu-
sion rate of blood to the tissue. Finally, the concentration in 
the tissue will depend on its volume.

For argon, the fundamental simplifying assumption of perfu-
sion limited transfer is applied for distribution to all tissues.

Drug metabolism is the metabolic breakdown of drugs by 
living organisms, usually through specialized enzymatic 
systems. From the lung, unlike from the gut, the drug enters 
directly into the arterial blood distribution without a metabolic 
passage through the liver. 

For the inert gas argon, the fundamental assumption of no 
metabolism is applied.

Drug elimination is the removal of drugs from the body. 
They may be eliminated after being chemically altered (me-
tabolized), or they may be  eliminated  intact. Most  drugs, 
particularly water-soluble  drugs  and their metabolites, 
are eliminated by the kidneys in urine.

For argon, the fundamental assumption of elimination is that 
it is only via the pulmonary route, analogous and quantitatively 
at the same rate as absorption.

Because absorption, distribution, and elimination are based 

only on physical (PCs) and physiological (compartment vol-
umes, perfusion rates, etc.), with no complex biochemistry 
associated with metabolism, we conclude from a conceptual 
standpoint, that argon PK are assumed to be very simple and 
can be readily extrapolated between species and compared to 
other inert gases.

Model implementation
The PBPK model used to analyze argon administration has 
previously been used to study the chronic administration of 
gases,7 preclinical experiments in small animals,15 and deni-
trogenation kinetics.13 The PBPK model uses as a basis the 
one Lockwood16 proposed for inhaled anesthesia. The model 
is described by the schematic shown in Figure 2 and the 
data listed in Table 1. Readers should access reference 7 for 
a detailed description of the model and an initial validation.

Figure 2: Schematic of the pharmacokinetic model, compartments and gas 
species flows. 
Note: The model does not consider the lung tissue per se (except as part of the 
richly perfused tissue compartment), but the gas volume within it. Reprinted from 
Katz et al.7

Lockwood models the wash-in of gas into the lung as a fully 
mixed chamber.16 Using the respiratory parameters used in his 
model as a basis this would overestimate wash-in time com-
pared to nitrogen washout experiments. In the current model 
we underestimate wash-in time. This fact must be taken into 
account in interpreting the kinetics results. As a consequence, 
respiratory parameters such as minute ventilation and alveolar 
ventilation are not relevant (and are not included in Table 1) 
unless exhaled concentration needs to be calculated.

The physiological data for humans in Lockwood were ex-
trapolated to pigs based on data from several references.16-19 
The body mass and cardiac output for the pig model reflect 
the juvenile pigs used for the experimental measurements. 

Cblood

Cgas
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The resulting parameters are compiled in Table 1. Intersubject 
variability can be assessed by using scaling of compartment 
volumes, and cardiac output and their distributions based on 
size, gender and age. For example, the percentage of fat as a 
function of body mass and sex is on average 18% for men and 
26.5% for women. It was assumed that the relative amounts 
of highly and poorly perfused fat and their perfusion were the 
same as the adult male human model with the residual excess 
assigned to the muscle compartment.16 Adaptations for arte-
rial blood volume20 and cardiac output19,21 were made based 
on correlations found in the literature. The human neonate 
physiological data are based on Haddad et al.22 for compart-
ment volumes and Price et al.23 for perfusion functional data. 

The specific PC for each gas in each compartment for each 
species is perhaps the most important physical parameter. 
These data are difficult to determine, thus requiring extrapo-
lation from correlations from known data for other gases; 
for example, compartment:blood PCs were determined from 
known fat:blood values using the linear correlations for organs 

described by Fiserova-Bergerova and Diaz.24 Argon solubility 
in the form of Ostwald solubility coefficients are available for 
human blood, ranging from 0.03725 to 0.026,26 and for olive oil, 
0.154. Note that in Table 1, we use 0.030 compared to 0.037 
in the previous paper.7 The solubility coefficient is equivalent 
to the PC if one of the compartments is in the gas phase; in our 
model this is the case for the lung compartment. Furthermore, 
due to the scarcity of data, solubility in olive oil is used in 
lieu of fat. The relevant fat:blood PC for argon is found by 
the ratio of (olive oil:gas)/(blood:gas), or 4.162.

RESULTS
The integral outputs from each pig experiment at each time 
point are given in Table 2 and plotted in Figure 3. Also shown 
in Figure 3 are the average values that are provided in Table 
3. PK parameters of interest are the maximum concentration 
(Cmax) and the time to increase or decrease concentration by 
1/2 (T1/2). As discussed in the previous paper,8 a measurement 
of the moles of argon in the sample was not stable enough 
to have a consistent calibration. The calibration of integral 
value to argon moles yields a Cmax measured in the range of 
190–872 µM. The key physics/physiological parameter neces-
sary to quantify argon solubility in blood is the blood:gas PC 
that determines the Cmax. The blood:gas PC for argon in pigs 
is not available in the literature. The range of PC correspond-
ing to the measured Cmax of 190–872 µM is 0.005–0.022. 
Based on the average curve, T1/2 =75 seconds based on linear 
interpolation between the 29 and 32 minute samples.

Table 1: Partition coefficients and physiological 
parameters used for the pig and human PBPK model

Parameter Pig

Human

Male Female Neonate

Body mass (kg) 13.65 70 60 3.3
Cardiac output (L/min) 1.19 6 4.9 0.63
Perfusion per 
compartment (as a 
fraction of cardiac 
output)
Fat (richly perfused) 0.1747 0.04 0.0589 0.05
Fat (poorly perfused) NA 0.01 0.0147 NA
Liver 0.3052 0.26 0.26 0.25
Richly perfused tissue 0.1829 0.3469 0.3469 0.3775
Poorly perfused tissue 0.0553 0.01 0.01 NA
Muscle (+skin) 0.2523 0.24 0.2164 0.0625
Brain 0.0296 0.0931 0.0931 0.26
Volumes (fraction of 
body weight)
Fat (richly perfused) 0.3 0.09 0.1325 0.161
Fat (poorly perfused) NA 0.09 0.1325 NA
Liver 0.0294 0.06 0.06 0.0381
Richly perfused tissue 0.1397 0.0624 0.0624 0.3089
Poorly perfused tissue 0.1269 0.24 0.24 NA
Muscle (+skin) 0.4 0.44 0.355 0.377
Brain 0.004 0.0176 0.0176 0.115
Argon partition 
coefficients
Blood:gas 0.03 0.03 0.03 0.03
Fat:blood 4.162 4.162 4.162 4.162
Liver:blood 0.754 0.754 0.754 0.754
Richly perfused 
tissue:blood

1.028 1.028 1.028 1.028

Poorly perfused 
tissue:blood

0.999 0.999 0.999 0.999

Muscle:blood 0.72 0.72 0.72 0.72
Brain:blood 0.675 0.675 0.675 0.675

Note: NA is not applicable because the compartment is not included in the 
model.

Table 2:  Integral data output for the experiments in 4 
pigs

Time (min)  pig n°1  pig n°2 pig n°3 pig n°4

0 1.01E-05 8.22E-06 1.13E-05 8.38E-06
2 2.40E-05 3.89E-05 2.45E-05 3.67E-05
29 2.70E-05 3.41E-05 3.62E-05 5.23E-05
32 1.30E-05 1.03E-05 1.66E-05 1.05E-05

Note: Gas administration began at 0 and ended at 30 minutes. The 0-time point 
basal sample and the 2-minute sample were actually taken 4 and 2 hours, 
respectively before the start of gas administration to reduce the storage time of 
the samples.

Figure 3:  Integral data output for each pig and the average. 
Note: Error bars are the standard deviation. Gas administration began at 0 and 
ended at 30 minutes. The 0-time point basal sample and the 2-minute sample were 
actually taken 4 and 2 hours, respectively before the start of gas administration to 
reduce the storage time of the samples. 
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Model validation with xenon
Validation is an important step in the use of any model. Un-
fortunately, in vivo measurements of noble gas concentration 
are difficult and therefore, quite rare. In a previous paper a 
comparison with Lockwood16 showed xenon uptake in humans 
was equivalent indicating system parameters, equations, and 
solution techniques do not have major errors. A second vali-
dation comparison was made from in vivo measurements of 
xenon concentration in arterial and mixed venous blood using 
gas chromatography-mass spectrometry of the headspace gas 
over samples taken during the wash-in of xenon into eight 
pigs.27 For this comparison, compartment volumes were 
estimated because the weight of each pig was not available. 

More recently, data on the elimination of xenon in humans 
after xenon anesthesia has been published.9 A comparison of 
the PBPK model and these data appear in Figure 4. The only 
physiological variable change from those given in Table 1 for 
the adult male is the average body mass of the subjects (66 
kg). PCs for xenon are given in the previous paper.6 The PBPK 
simulation (Figure 4) is within the variability and uncertainty 
of the experiment. 

a consistent calibration. Thus, to compare the results of the 
PBPK model to the experimental data each data set was 
normalized to the maximum values at 29 minutes. Figure 5 
shows this comparison of the average (n = 4) PK experimental 
curve compared to the PBPK model. The time to increase or 
decrease concentration by 1/2 (T1/2) is the key PK parameter to 
consider. For the experiment T1/2exp = 75 seconds versus T1/2mod 
= 30 seconds for the model. The model estimates a faster time 
because gas washout of the lung is not considered. On the other 
hand, the experimental estimate is slower because a linear 
decrease is assumed based on a 2-point linear approximation 
compared to the theoretical exponential decrease. Thus, we 
can assume that both the experiment and the model agree that 
T1/2 for the pig is about 1 minute.

Figure 4: Log concentration of xenon during elimination estimated from 
Figure 3 in Schaefer et al.9 
Note: The solid line is the PBPK model results with the physiological variables 
adjusted for 66 kg body weight.

Table 3:  Averages of the integral data output for each 
pig experiment

Time (min) Raw data Normalized data

0 9.52E-06±1.29334E-06 2.55E-01±3.46E-02
2 3.10E-05±6.81246E-06 8.29E-01±1.82E-01
29 3.74E-05±9.2593E-06 1.00E+00±2.48E-01
32 1.26E-05±2.52924E-06 3.36E-01±6.76E-02

Note: The data were normalized by the maximum value at 29 minutes. Gas 
administration began at 0 and ended at 30 minutes. The 0-time point basal 
sample and the 2-minute sample were actually taken 4 and 2 hours, respectively 
before the start of gas administration to reduce the storage time of the samples 
(see Figure 1).

Model validation with argon in pigs
We have presented PK data with the administration of 75% 
argon to juvenile pigs. The results in Figure 3 are in the form 
of the integral output of the prototype quadrupole-based 
technique.8 As discussed there, a direct measurement of the 
moles of argon in the sample was not stable enough to have 

Figure 5: Comparison of experimental integral output and the PBPK model 
results of concentration each normalized to the maximum values at 29 
minutes.

PBPK analysis in humans
The PBPK model for inert gas administration is here used to 
analyze the administration of 60% argon during 60 minutes to 
an adult male (70 kg). Time of administration of 30 and 120 
minutes was also simulated. Intersubject variation was investi-
gated by adjusting the male model by ±20 kg of body mass, and 
a female model that redistributed body mass (60 kg) from mus-
cle to fat (men = 18.0%, women = 26.5% with proportional car-
diac output) and reduced total cardiac output (men = 6.0 L/min,  
women = 4.9 L/min). The effects due to comorbidities on ar-
gon PK are most likely those related to impaired respiration. 
Specific embodiments of comorbidity effects are pulmonary 
shunt fraction, ventilation/perfusion mismatch, and pulmonary 
fibrosis. To illustrate the effect of respiratory impairment the 
PBPK model was used to simulate the adult male with a 50% 
pulmonary shunt. An obese case was modeled by increasing 
the total fat fraction to 50% (equally distributed between rich 
and poor perfused) and reducing the total fat blood flow by 
28% for the 90 kg male with all the other PBPK parameters 
remaining identical.28 Finally, the same 60 minute administra-
tion was applied to the neonate model.

The results of the simulations are provided in the form of 
arterial blood argon concentration curves shown in Figure 6. 
PK parameters of Cmax and T1/2 are essentially identical for 
the healthy cases of males (including the obese case) and the 
female. T1/2 is slightly longer for neonates (about 36 seconds 
vs. 10 seconds). The area under the curve (AUC) is directly 
proportional to the time of administration.
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DISCUSSION
Measurements in pigs
Argon administration in mechanically ventilated juvenile 
pigs has yielded blood samples that were analyzed using a 
quadrupole based technique to determine argon concentration.8 

Solubility of argon in blood as indicated in the blood:gas PC 
were estimated to be in the range 0.005–0.022 for young pigs. 
In comparison, Ostwald solubility coefficients, equivalent to 
the blood:gas PC, are available for human blood ranging from 
0.03725 to 0.026.27 For other mammals, Langø et al. lists solu-
bility coefficients for rabbits and dogs as 0.0305 and 0.0257, 
respectively.29 Thus, the solubility coefficient determined in 
pigs appears to be low. One factor that probably contributed 
to this underestimate is leakage of argon from the syringes 
while waiting for analysis. Indeed, the difficulty in performing 
in vivo experiments with argon administration, sampling, and 
measurement cannot be over emphasized.8

In terms of kinetics, consider the parameter T1/2. The “on-
off” nature of argon kinetics is evident with T1/2 = 75 seconds. 
A linear decrease in concentration is assumed between time 
points 29 and 32 minutes; however, the behavior is expected 
to be exponential.7 Thus, the T1/2 estimate is probably high 
(i.e., in reality the kinetics are faster).

The expected ratio of Cmax to Cbasal is 75/0.93 = 80, based 
on 75% argon administration and 0.93% ambient argon. It 
is noted above that the Cmax measurement is probably low 
due to leakage of argon from the sample before analysis. The 
measurement of basal values is problematic because of pol-
lution from the ambient argon to the sample in transport or 
during the quadrupole analysis. The concentration of argon 
in ambient air is about 33 times greater than expected in the 
basal blood sample (based on PC = 0.030). Furthermore, if 
there were residual argon in the quadrupole system it would 
increase the basal measurement.

The key limitation in this study is the lack of commercial 
equipment dedicated to argon medicinal use. The measure of 
Cmax, and therefore PC, is compromised by the instability of 
argon sensitivity of the prototype quadrupole based technique. 
Furthermore, the limited number of time points due to the 
duration of each analysis makes the measurement of T1/2 an 
overestimate. A ventilator designed and calibrated for argon 
administration does not exist. As such, the ability to perform 
any argon PK experiments is extremely difficult. Thus, in spite 

of these important limitations and their impact on limiting the 
accuracy and extent of the overall study, we believe this first 
attempt at argon PK is of fundamental interest to all potential 
developers of the medicinal uses of argon.

PBPK analysis
Based on fundamental physics and physiological principles of 
argon gas administration a PBPK model has been developed 
and shown to be in general agreement with data in the literature 
for xenon in humans and to new experimental data for argon in 
juvenile pigs. Inhaled argon administration exhibited an on-off 
nature such that AUC was proportional to administration time. 
Confidence in the PBPK model and the remarkably robust and 
stable on-off nature of argon PK, notwithstanding intersubject 
variability and comorbidity, suggests that inhaled argon could 
readily be applied to any treatment regime.

There are two key outcomes: 1) the fast uptake and washout 
(a square wave pattern) of the arterial blood concentration, 
and 2) the insignificance of intersubject variation to the PK. 
Regarding point 1), the AUC assuming a square wave is only 
0.17% different from the model results for the standard adult 
male case. Furthermore, consistent with this observation, 
AUC is directly proportional to the time of administration. 
Note, as discussed for the pig experiments, the model result 
of about T1/2 = 10 seconds is underestimated because time for 
lung clearance (about 1 minute) is not considered. Cmax is 
largely governed by the blood:gas PC and the concentration of 
argon in the gas administered. It is for this reason that Cmax 
will always be essentially the same for all patients (with small 
differences due to the time for administration and the uptake 
rate due to physiological differences). Because of its high 
perfusion rate, the brain PK is very much the same as arte-
rial blood. It is notable that xenon, another uncharged atom 
larger than argon, readily crosses the blood-brain barrier and 
has rapid onset of effect.30 In a similar manner, for argon the 
PBPK model predicts T1/2 is about 100 seconds for the brain. 
An indication of the robust and stable nature of argon PK is 
that with this massive insult of 50% shunt, the Cmax and AUC 
only moderately decrease by about 5% and 6%, respectively. It 
is true that T1/2 does increase by about 270% but not enough to 
change the qualitative on-off nature of argon PK. In fact, any 
gas exchange impairment that would degrade argon PK would 
have a much more serious and primary effect on oxygen and 
carbon dioxide gas exchange such that argon administration 
would likely be a secondary clinical priority.

The initial argon concentration in all compartments was 
zero for the simulations consistent with the experimental data 
in pigs, and many potential applications where the patient 
is first administered medicinal air and oxygen before argon 
administration begins. If argon administration begins directly 
there would be an insignificant decrease of washin time and 
does not change washout T1/2. However, argon, like xenon, is 
a prohibited substance by the World Anti-Doping Agency.31 
Considering the relatively high ambient concentration of argon 
and the kinetics explained in this paper, anti-doping testing 
for argon is virtually impossible.32

A limitation of this development program is the lack of argon 
PK data, particularly in humans; however, the experimental 
program in pigs provides corroborating data for kinetics (T1/2), 

Figure 6:  Arterial blood concentration for several scenarios of argon 
administration.  
Note: The healthy adult simulations of 60 minutes exposure are virtually 
superimposed on each other.
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but a somewhat different Cmax (79% to 4% underestimate 
compared to the blood:gas PC = 0.03 used in the model). 
Nonetheless, uncertainty in Cmax, does not pose any risk for 
patients, as there is no potential of overdose for normobaric, 
premixed gas cylinders. That is, Cmax can be achieved with a 
dedicated gas administration system. Thus, even if the PBPK 
model has some uncertainty, the overall impact of these un-
certainties on a clinical application will be negligible.

In conclusion, in this paper we have presented for the 
first time in vivo measurement of argon PK in juvenile pigs. 
This data was used to validate a PBPK model that was used 
to analyze argon PK in humans. The key overall finding is 
that the PK will have only insignificant effects on the clini-
cal administration of argon mixture. Therefore, the robust 
and stable PK of inhaled argon is favorable to accurate drug 
administration (if proper control of the inhaled concentration 
is maintained) allowing for the extension to other indications 
and patient groups.
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