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Abstract

Salbutamol was included in the prohibited list of the World Anti-Doping Agency
(WADA)in 2004. Although systemic intake is banned, inhalation for asthma is per-
mitted but with dosage restrictions. The WADA established a urinary concentra-
tion threshold to distinguish accordingly prohibited systemic self-administration
from therapeutic prescription by inhalation. This study aimed at evaluating the
ability of the WADA threshold to differentiate salbutamol therapeutic use from
violation of antidoping rules. Concentration-time profile of salbutamol in plasma
and its excretion in urine was characterized through a model-based meta-analysis
of individual and aggregate data collected after administration of a large range
of doses following different modes of administration and under a variety of con-
ditions. The developed model adequately fitted salbutamol plasma and urine
concentration-time profiles of the 13 selected studies. Model-based simulations
confirmed that a wide range of salbutamol urine concentrations might be meas-
ured after drug intake. Although violation of the WADA Code can be strongly
suspected in individuals showing very high salbutamol urine concentrations, un-
certainty remains for values close to the WADA threshold as they can be com-
patible with both permitted therapeutic use and violation. Although not entirely
discriminant, the current WADA rule is globally supported by our appraisal. It
could be further improved by a slight and reasonable adjustment of inhaled daily
dosages allowed for therapeutic use. Our model might help antidoping experts in
the evaluation of suspected doping cases through confronting the athlete's urine
measurements with their allegations about salbutamol treatment.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Salbutamol is included in the list of prohibited substances and methods of the
World Anti-Doping Agency (WADA) banning systemic intake and permitting in-
halation but with dosage restrictions. WADA also established a urinary concen-
tration threshold to distinguish therapeutic from prohibited use.
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WHAT QUESTION DID THIS STUDY ADDRESS?

Is the WADA threshold adequate to distinguish therapeutic use from violation of
antidoping rules?

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

Although violation of the antidoping rules can be strongly suspected in individu-
als showing very high salbutamol urine concentrations, uncertainty remains
for values close to the WADA threshold as they can be compatible with both
permitted therapeutic use and violation. These results support the decrease in
maximum daily dose per administration established in the WADA 2022 rules.
Complete discrimination between allowed and prohibited administration would
require reducing further the maximum permitted daily dose.

HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT,
AND/OR THERAPEUTICS?

This model will help antidoping experts in the evaluation of suspected doping
cases through confronting the athlete's urine measurements with their allega-

INTRODUCTION

Salbutamol is a fast- and short-acting f2-adrenergic recep-
tor agonist prescribed for the treatment of asthma attacks
and the prevention of exercise-induced bronchospasm. It
is one of the medications most frequently used by athletes,
generally for its bronchodilating effect, but it can also be
abused for its ergogenic properties. Some evidence indi-
cates a positive effect of systemic salbutamol on physical
performance, whereas no significant effect is demon-
strated for salbutamol inhaled at therapeutic doses proba-
bly due to the insufficient systemic exposure.'™ After oral
administration, salbutamol undergoes an important first-
pass metabolism. It is predominantly metabolized into an
inactive sulfoconjugated metabolite.* After oral intake,
roughly one third of the dose is excreted in the urine un-
changed (free) and one half as sulfoconjugate.* Another
small fraction (<3%) is found as a glucuroconjugated me-
tabolite.” Conversely, salbutamol is not extensively metab-
olized in the lungs,6 and after inhalation, the fraction of
the dose actually absorbed in the circulation through this
route is mainly eliminated in the urine as the free form.’
However, an important fraction of the dose administered
by inhalation settles along the oral cavity and the throat or
is carried back from the tracheobronchial tree by mucocil-
iary clearance (CL), thus resulting into ingestion, gastro-
intestinal absorption, liver first pass, and transformation
into metabolites.

Salbutamol was included in the List of Prohibited
Substances and Methods of the World Anti-Doping
Agency (WADA) in 2004 after a complicated history of
abuse, prohibition, and therapeutic exernption.7 Although
systemic salbutamol is banned, inhaled salbutamol is per-
mitted but with dosage regimen restrictions. According

tions about salbutamol treatment.

to the WADA 2017 rules, the dose should not exceed
“1600 pg over 24 hours in divided doses not to exceed
800 ug over 12 hours starting from any dose.”® This rep-
resents twice the maximum daily dose recommended in
the summary of product characteristics,” which amounts
to 200 pg four times a day (q.i.d.). The revised WADA
2022 rules modified the dosing time intervals without
affecting the maximum authorized daily dose, allowing
a “maximum 1600 pg over 24 hours in divided doses not
to exceed 600 g over 8 hours starting from any dose.”*
The WADA established a urinary concentration thresh-
old (T) of 1000 ng/ml based on the measurement of free
and glucuroconjugated salbutamol to distinguish between
prohibited and therapeutic use. The choice of this T was
based on routine doping control analytical data, excretion
studies, and cases reviewed by the International Olympic
Committee. To ensure harmonization across all accredited
laboratories, the WADA has defined a decision limit (DL)
of 1200 ng/ml, taking into account the measurement un-
certainty.'' Nevertheless, urinary concentrations of some
athletes inhaling salbutamol within the dosages allowed
by the WADA might theoretically exceed the DL, whereas
others taking prohibited systemic salbutamol might ex-
crete salbutamol in urine at concentrations below the
DL because of variable absorption and disposition ki-
netics among individuals. This variability challenges the
discriminative power of urinary salbutamol controls.
Moreover, some uncertainty remains about the optimality
of the cutoff to discriminate prohibited systemic adminis-
tration from acceptable inhalation therapy.

This study thus aimed at characterizing the
concentration-time typical profile and variability of sal-
butamol in plasma and its excretion in urine after ei-
ther oral administration or inhalation under different
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dosages. We developed a model-based meta-analysis
(MBMA) of salbutamol plasma and urine disposition
relying on data already available. The population phar-
macokinetic (PK) model developed by MBMA allowed
evaluating the ability of the WADA T and DL to differ-
entiate salbutamol therapeutic use from potential viola-
tion of antidoping rules.

METHODS
Data

Studies were selected by the WADA based on both a litera-
ture search using PubMed and the projects supported by
the WADA itself.

Quantification methods and results reporting varied
between studies: although some authors quantified only
the free form (unchanged parent compound), others
measured the nonsulfated salbutamol content of urine
samples (including the salbutamol released from the glu-
curoconjugated metabolite).

The systematic correction of salbutamol urine con-
centrations when urine specific gravity (USG) exceeds
1.020 is required by the WADA to determine an adverse
analytical finding (AAF). This allows taking into ac-
count the dehydration status of individuals at the time
of urine sample collection.'’ Either unadjusted or USG-
corrected or both concentrations were reported in the
available studies.

We converted PK profiles of aggregate data (i.e., data
compiling observations from several individuals into sum-
mary statistics) summarized in different formats (i.e., me-
dian or mean) into arithmetic means according to classic
methods."

ASCPT

PK modeling

We conducted a population PK analysis using the non-
linear mixed effect modeling software NONMEM version
7.4.3 assisted by Pirana version 2.9.7 and PsN version 4.9.0.
We used the R software version 3.6.1 (run with Rstudio
version 1.2.1335) for statistical and graphical analyses.

Initially, we developed the model for plasma concen-
trations without distinction between individual- and
study-level values. We subsequently included urine data.
We added statistical considerations for the MBMA once
a satisfactory description of all data was achieved. Usual
model building, selection, and validation strategies were
followed (Supplementary Material S1).

Base structural model

Figure 1 illustrates the structural model retained for the
description of salbutamol PK.

After inhalation, the major fraction (80%-90%) of the
inhaled dose is deposited in the oral cavity and throat
and then swallowed and ingested.'® This was taken into
account by defining two separate compartments for the
lungs and the gut after inhalation, thatis, theinhaled and
the swallowed dose compartments shown in Figure 1,
respectively.'"* Because of the paucity of plasma con-
centrations, the fraction of the dose transferred into the
lungs (i.e., F;) was fixed to 20%, assuming the remaining
80% reaches the circulation through the gastrointesti-
nal tract. This allowed the estimation of the absorption
rate constants after inhalation and oral administration
(i.e., k,, and k,,, respectively) and of the bioavailability
after oral administration (i.e., F,; under the assumption
of full absorption of the inhaled fraction of the dose

Inhaled Ky
FixDose #¥  dose \
* ksq
Inhalation Plasma 2
~ ~ 3
$
N Urine production : Micturition
(1-F) xDose ~~ —| Urine volume ——p
e v)
W Swallowed
*|F inhalation: dose*
(1-F,) XF,xDose A
I F,xDose
1
Oral

administration

FIGURE 1 Compartmental model used to describe salbutamol plasma and urine concentration-time profiles. F;, fraction of the dose

directly transferred into the lungs after inhalation; F,, bioavailability after oral administration; k,;, absorption rate constant after inhalation;

k,,, absorption rate constant after oral administration; k,,, urinary excretion rate constant from plasma to urine; ks, elimination rate

constant for free plasma salbutamol; V3, salbutamol central volume of distribution; V,,, urine volume
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F;). The absorption process of the fraction swallowed
after inhalation was characterized by the same oral bio-
availability F,. Because the pulmonary absorption of
salbutamol is considered a fast process,15 a zero-order
absorption process following inhalation was tested. This
absorption model was kept after the inclusion of urine
data by fixing the estimated parameters (i.e., F}, F,, k,;,
and k,,) to allow a precise and plausible estimation of all
the other parameters. One- and two-compartment dis-
position models were compared considering CL and the
central volume of distribution independent of the route
of administration.

First, we modeled nonsulfated urine and free-
salbutamol concentrations in a unique compartment
with the same urinary excretion rate constant from
plasma to urine (k.,; Figure 1). Second, we tested a com-
partment per compound with two distinct excretion
constant rates. Because urine volumes were not avail-
able, we added a separate urine compartment assuming
a constant urine production (UR_PROD). This compart-
ment approximates physiological micturition as it de-
scribes the filling and voiding of the bladder. We fitted
urine concentration data dividing the predicted amount
of salbutamol in the urine compartment by the volume
of urine produced over the corresponding period. The
bladder was assumed to be voided before each salbu-
tamol administration.

We performed multiple tests to evaluate the influ-
ence of the correction for USG on urine concentrations
(Supplementary material S1).

Statistical model

All PK parameters were assumed to be log-normally dis-
tributed except F; and F,. A logit transformation of F, was
implemented to constrain individual estimates to range
between 0 and 1. Interindividual variability (ITV) was
tested sequentially on all parameters. We compared pro-
portional, additive, and combined residual error models.

During the analysis of the combined data set (USG-
corrected data for studies reporting both data and uncor-
rected concentrations when USG-corrected data were not
available; Supplementary Material S1), we investigated
the estimation of two separate IIVs on urine production
for uncorrected (UR_PROD,,;.orrected) @0d USG-corrected
urine concentrations (UR_PROD, . ecreq)- Indeed, USG
correction is expected to decrease the variability in urine
production as it depends less on the individual hydration
status. We also tested distinct residual errors for uncor-
rected and USG-corrected data.

In our data set, correlations exist between observa-
tions within a study because individuals originate from

a common population. According to MBMA, we first
handled these correlations by testing multiple levels of
random effects in the model.'® We investigated sepa-
rate individual- and study-level IIVs and residual errors.
Compared with the approach generally used in traditional
meta-analyses with inverse variance weighting, weight-
ing by sample size is commonly employed in MBMA be-
cause it is more often reported in the original studies.'®"’
Therefore, for aggregate data, we weighted IIVs and resid-
ual effects by the inverse square root of the study sample
size according to the following equation to increase confi-
dence in studies conducted in larger populations:

ETA1

CL =TVCL X e VNobs

with CL being the individual salbutamol clearance, TVCL
the typical CL in the population, ETA1 the ITV on CL, and
Nobs the number of individuals who contributed to aggre-
gate plasma or urine PK profiles.

For aggregate plasma and urine PK profiles, we also
tested a random effect in the residual error model.'®

Covariate exploration and model

Available covariates were either categorical (i.e., pres-
ence or absence of physical exercise during the PK ses-
sion) or continuous (i.e., age, body weight). We did not
evaluate other relevant covariates such as sex or hydra-
tion status because all studies either were conducted in
males or reported no sex information. Hydration status
was most often missing in the studies. We analyzed the
correlation between post hoc individual estimates of the
PK parameters and individuals’ or studies’ characteris-
tics initially by graphic exploration and eventually by
testing their inclusion into the model. We limited the
evaluation of the influence of continuous covariates on
salbutamol PK to an exploration so as to avoid the risk of
ecological bias."

Parameter estimation and model selection

The model was implemented as a system of ordinary
differential equations (ADVAN 13 subroutine), and sal-
butamol concentrations were fitted using the first-order
conditional method with interaction.

Model evaluation

We computed secondary PK parameters such as time
of maximum concentration (T,,,,) and half-life (¢,,,) to
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assess the plausibility of estimates by comparison with
reference values.

We performed nonparametric bootstrap using 500
replicates of the initial data set.”” We also conducted a
prediction-corrected visual predictive check (pcVPC) on
the final model.**

Model-based simulations

We performed simulations to evaluate the ability of the
current WADA approach to differentiate permitted sal-
butamol use from forbidden abuse at either suprathera-
peutic inhaled doses or administration through the oral
route. We computed simulations accounting for both IIV
in salbutamol PK and residual error.

Additional information concerning the methods used
in this analysis and the simulation scenarios is provided
in Supplementary Material S1.

RESULTS
Literature data

Literature research identified 22 candidate studies to
inclusion in our MBMA.>**™** After screening, 13 full-
text studies met the inclusion criteria>?*-%30-37:3940 5
described in the flow diagram in Figure S2. Table S3 de-
scribes the characteristics of the studies included in the
analysis.

ASCPT

Figure 2 presents salbutamol plasma and urine
concentration-time profiles used for the final model.
Overall, the analysis of the combined data set
(Supplementary Material S1) included 121 concentra-
tions collected in plasma (43 individual data and 78 mean
profile points) and 796 in urine (747 individual data and
49 mean profile points). Median salbutamol doses per ad-
ministration after inhaled and oral administration were
800 ug (from 200 to 1600 pg) and 8000 pg (from 4000
to 12,000 pg), respectively. Daily doses ranged from 200
to 1600 ug (median 1600 ug) for inhalation and from 4000
to 12000 pg (median 8000 ug) for oral administration.

Base structural and statistical models
Plasma concentrations

Salbutamol plasma concentrations were adequately fitted
by a one-compartment model with first-order absorption
following both inhalation and oral administrations. The
addition of ITV on any absorption or disposition parameter
was not supported by the model because of the paucity of
plasma data. Parameter estimates are shown in Table S4.

Urine concentrations

Urine concentrations were first analyzed regardless of the
measured salbutamol fraction in a data set combining un-
corrected and USG-corrected concentrations. In addition,

Plasma

Urine

. o ]
. =" a
s ' .
10 ] . | f "
. . ]
- u
| ™ ™ |
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Time since the last administration (hours)

FIGURE 2 Observed salbutamol concentrations versus time after dose used for the final model. Concentrations of the same individual
(individual data) or of individuals participating in the same study (aggregate data) are joined by lines. Red and blue lines represent urine
concentrations obtained after oral or inhaled administration, respectively. The size of the points indicates the number of individuals who
contributed to pharmacokinetic profiles (smallest symbols, individual data; biggest symbols, aggregate data from 30 individuals). For urine
data, circles represent a measure of nonsulfated salbutamol, whereas triangles show free salbutamol measurements
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ITV common for individual- and study-level data were as-
signed onto CL and UR_PROD. A proportional residual
error model was estimated for plasma data, whereas a
combined error model improved urine data (difference in
objective function value AOFV = —49.1 compared with
the proportional error model; p < 0.05).

Graphical explorations of urine data did not indi-
cate different concentrations for non-sulfated compared
to free salbutamol (Figure 2). The differentiation of the
two entities in the model did not improve the fit (differ-
ence in Akaike’s criteria AAIC = +15). The proportion-
ality factor between the excretion rates k5 and ks, when
differentiating free and nonsulfated urinary salbutamol
(Supplementary Material S1) was estimated at 0.001 with
bad precision (relative standard error = 34495%), empha-
sizing the inability of the model to discriminate between
both fractions. This result confirms the findings of pre-
vious studies about negligible urinary concentrations of
salbutamol glucuronide both after inhalation and oral
administrations.” Model development was thus pursued
without distinguishing urinary fractions.

Visual inspection of the data did not indicate any
systematic difference between uncorrected and USG-
corrected salbutamol concentrations (Supplementary
Material S5). Parameter estimates were similar, although
the variability on UR_PROD_,ccieq Was lower compared
with that on UR_PROD,,,.orrected (SUpplementary Material
S5). Model development was pursued with the combined
data set. Parameter estimates of the final base model are
described in Supplementary Material S5.

Statistical model

The final base model was further refined by considering
the correlation within studies. All of the random effects
were weighted by ﬁ Residual errors were estimated
separately for individual and aggregate data. The estima-
tion of IIV on the residual error for plasma and urine ag-
gregate data did not improve the fit (AOFV = +4.2 and
+13.0 for plasma and urine, respectively; p > 0.05).

Unique ITVswere estimated for CL, UR_PROD,,correcteds
and UR_PROD_..icqa Decause the estimation of separate
individual- and study-level ITVs did not improve the fit
(AOFV > —2.4; p > 0.05; Table S6).

Covariate analysis

Physical exercise showed a significant impact on salbuta-
mol PK profile, with urine production decreasing by 15%
compared with individuals at rest or with missing data
(AOFV = —8.8; p < 0.05). The inclusion of this covariate

explained 17% of the ITV on UR_PROD ;,¢orrecteq a0d 7% of
the IIV on UR_PROD_,,ected-

The graphical exploration of the influence of body
weight on CL revealed a positive trend; however, this is
not included in the model for the reasons mentioned in
the Covariate Exploration and Model section.

Model evaluation

Table 1 shows the final PK parameter estimates with boot-
strap results. Residual errors for aggregate plasma concen-
trations ranged between 46% and 40% when Nobs = 8 or
13, respectively. For aggregate urine data, residual error
varied between 78% and 56% when Nobs = 8 or n = 30,
respectively. Figure S7 presents goodness-of-fit plots.

Parameter estimates obtained with the final MBMA
translated into T,,,, values of 0.17 h following inhalation
(without considering the ingested fraction) and 1.8 h fol-
lowing oral administration (Supplementary Material S1).
These results are in fair accordance with reported values
of about 0.20 and 1.8 h after inhalation with mouth rins-
ing and oral administration, respectively.**** An inter-
mediate T,,,, of 1.45 h was calculated when taking into
account both inhaled and ingested fractions after inha-
lation (Supplementary Material S1). In addition, a t;,, of
5 h was calculated, comparable with values reported by
the manufacturer. Average hourly urine production was
estimated at 0.0467 L h™" and 0.0396 L h™" in individuals
at rest and during physical exercise, respectively, in fair
accordance with the typical daily urine volume of 1-2 L
produced at rest and with the decrease in urine output
during exercise.

The pcVPC revealed an adequate agreement between
observed and simulated plasma and urine concentrations
(Figure 3). Differences between bootstrap median values
and population estimates did not exceed 11% for all the
parameters but UR_PROD ;,.orrected fOr Which it was 25%.

Model-based simulations

An example of a simulated salbutamol plasma PK profile
is presented in Figure S8 part 1, with the associated urine
concentrations. The results outlined next focus on urine
concentrations.

Figure 4 compares simulated steady-state urinary PK
profiles as a function of the tested dosage regimens. None
of the concentrations measured under the maximum
recommended dosage for therapeutic use of 200 pg q.i.d.
would exceed the T and the DL. Conversely, 2.4% (T) and
1.2% (DL) of the concentrations measured under a dosage
of 800 ug b.i.d. (twice daily; WADA 2017 rules) would be
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TABLE 1 Population parameter )
estimates of salbutamol plasma and urine Final MBMA Bootstrap
concentrations obtained with the MBMA Estimate RSE* (%) Median 95% CI
including covariates F, 0.2 FIX
logitF, —0.328 FIX
ky (h™h 31.6 FIX
ko, (h7h 1.47 FIX
V5 (L) 205 2 203 188-230
kg (W71 0.0468 14 0.0432 0.0295-0.0601
CL(Lh™) 28 8 28 25-32
wer, (CVR)P 39 12 37 27-47
UR_PROD (Lh™) 0.0467 48x107°  0.0426 0.0290-0.0562
Ophysical UR_PROD —0.153 43 —0.153 —0.254 to —0.020
@yR_proDuncorrected (CV%)” 74 49 89 47-141
®UR_PRODeorrected (CV%)° 38 16 37 27-49
Proportional error plasma, 40 7 40 34-47
individual (CV%)
Proportional error plasma, 77 12 76 53-101
aggregate (CV%)
Proportional error urine, 46 2 46 41-51
individual (CV%)
Additive error urine, 18 29 18 11-24
individual (ng/ml)
Proportional error urine, 131 12 128 57-154
aggregate (CV%)

Abbreviations: CL, salbutamol clearance; CV%, coefficient of variation expressed as percentage; F;,
fraction of the dose directly transferred into the lungs after inhalation; F,, bioavailability after oral
logif
administration computed as %; k,,, absorption rate constant after inhalation; k,, urinary excretion
1 + elogitFz

rate constant; k,,, absorption rate constant after oral administration; MBMA, model-based meta-analysis;

RSE, relative standard error; UR_PROD, urine production per hour; 0,psica,ur_pron, influence of physical
exercise on UR_PROD expressed as (1 + physical X 0,p,yca U o

distribution, w inter-individual variability expressed as CV%.
All random effects for aggregate data are weighted by v/Nobs: w?® =

); V3, salbutamol central volume of

2
: o .
Y and 6 = —=— where @’ is

1/ Nobs 1/ Nobs

the unit-level random variance for each parameter, o is the residual error (CV%), @? __ is the unweighted

raw

unit-level variance for each parameter, o, is the unweighted residual error, and Nobs is the number of
individuals who contributed to aggregate plasma or urine pharmacokinetic profiles.

*RSE of the estimate defined as SE g;mat/€Stimate, expressed as percentage, with SE g;mae the standard
error directly retrieved from the NONMEM output file.

®Interindividual variability, expressed as CV%.

above these limits during the entire dosing interval. After
the inhalation of a dose of 400 pg at time 0, followed by
600 ug at times 8 and 16 h (WADA rules 2022), 1.9% of the
overall concentrations would exceed the T and 0.9% the DL.
Finally, when salbutamol is administered orally at the dose
of 8 mg once daily (qd), 66% and 58% of measured concen-
trations would overcome the T and the DL, respectively.
In the worst-case scenario (i.e., detection of urine concen-
trations at T,,,), the average simulated maximal concen-
tration (C,,,,) obtained under a 200 pg q.i.d. regimen by
inhalation would be 174 ng/ml, still well below the WADA

limits. Following inhalation of 800 ug b.i.d., 4.9% (T) and
2.4% (DL) of C ., values would be above the WADA limits.
These proportions increase up to 83% and 76% after oral ad-
ministration of 8 mg q.d. (Figure S8, part 2).

Figure 4 shows that essentially none of the concentra-
tions measured after inhalation of 400 ug b.i.d. of salbu-
tamol would be above 1000 or 1200 ng/ml. The number
of measured concentrations above the DL reaches 0.2%
and 0.6% after three (i.e., 400 pg t.i.d.) or four (i.e., 400
ug q.i.d.) administrations per day, respectively. When
inhaling 600 pg b.i.d., 0.7% and 0.3% of the measured
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Salbutamol plasma concentrations (ng/mL)

Salbutamol urine concentrations (ng/mL)

FIGURE 3 Prediction-corrected

o

visual predictive check of the final model-

o 4000 o based meta-analysis with covariates.
5 Open circles represent salbutamol
20 plasma concentrations (left) and urine
3000{ © concentrations (right). The continuous
line represents the median observed
concentration, and the dashed lines
2000 represent the observed 2.5% and 97.5%
10 percentiles. Shaded areas represent the
model-based 95% confidence interval
1000 for the median and 2.5% and 97.5%
percentiles
0 0
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FIGURE 4 Comparison of simulated steady-state salbutamol urine concentrations under several dosage regimens. Bladder is voided
before last administration. Urine concentrations represent urine specific gravity—-corrected values. Concentrations are simulated in
individuals at rest. Continuous black lines represent the smoothed population median prediction based on 10,000 simulated individuals.
Shaded areas represent the smoothed prediction intervals. The dashed red and orange lines represent the WADA salbutamol threshold
(1000 ng/ml) and decision limit (1200 ng/ml), respectively. b.i.d., twice daily; PI, prediction interval; q.d., once daily; q.i.d., 4 times a day;

WADA, World Anti-Doping Agency

concentrations exceed the WADA T and DL, respectively.
These results suggest that reducing the permitted dose to
medically more appropriate dosages would allow better
differentiating therapeutic use from violation based on the
current WADA cutoffs.

The large overlap between urine PK profiles of 400 ug
g..d., 800 pg b.i.d., or 2 mg q.d. (Figure 4) demonstrates the
difficulty to differentiate between urine concentrations re-
sulting from therapeutic use or violation of the antidoping
rules. Salbutamol urine concentrations above 2000 ng/ml
are mostly reached with oral doses of at least 4 mg q.d.

The discrimination between therapeutic use and vi-
olation is further complicated by the variations of urine
concentrations between different conditions, as exem-
plified in Figure 5. Unique administration of the same
dose, micturition, and doubled urine production decrease

salbutamol urine concentrations, whereas physical exer-
cise has the opposite effect. As expected, the absence of
correction by USG markedly increases predicted IIV.
Finally, Figure 6 shows that following an arbitrary
dosage regimen respecting the WADA 2017 recommenda-
tions (Supplementary Material S1), 5.2% and 2.5% of the
measured urine concentrations would be above 1000 and
1200 ng/ml 2 h after drug administration, respectively.
These results support the decrease in maximum daily dose
per administration established in the WADA 2022 rules.

DISCUSSION

A one-compartment model adequately fitted the salbuta-
mol plasma concentration-time profile. The fact that all
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FIGURE 5 Simulated salbutamol urine concentrations after inhalation of a 800 ug b.i.d. regimen, under different conditions.
Continuous black lines represent the smoothed population median predictions based on 10,000 simulated individuals. Shaded areas
represent the smoothed prediction intervals. The dashed red and orange lines represent the World Anti-Doping Agency salbutamol
threshold (1000 ng/ml) and decision limit (1200 ng/ml), respectively. PI, prediction interval; USG, urine specific gravity

plasma samples were drawn <6 h after the last admin-
istration prevented the characterization of a peripheral
compartment.'**> This is probably of limited relevance
considering that athletes take salbutamol shortly before a
physical effort, which usually lasts less than 6 h, prior to
the doping control collection. The parameters estimated
in this study were close to overall reported values.*** The
estimation of separate IIV for USG-corrected and uncor-
rected concentrations definitely improved the fit, indicat-
ing that USG correction increases the informativeness
of urinary concentrations. Part of the 1TV was explained

by integrating physical exercise as a binary covariate on
the rate of urine production. However, the intensity of
physical exercise, which might better correlate with urine
production, was not specified in the model. Other factors
such as individual demographic characteristics, genetic
polymorphism,*® drug interactions,?” or inhalation tech-
nique may also contribute to the high variability of salbu-
tamol disposition.

Considering the high IIVs and residual errors,
an isolated determination of salbutamol concentra-
tion in urine sampled at an unknown time after dose
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World Anti-Doping Agency salbutamol
threshold (1000 ng/ml) and decision limit
(1200 ng/ml), respectively

0.0000O

200 400 600 800 1000 1200

Salbutamol urine concentration (ng/mL)

intake is of limited relevance for determining an AAF.
However, even in the worst-case scenario of individu-
als taking 400 pg followed by 600 ug twice (maximum
dosage allowed by the WADA 2022 rules), the false
positive detection rate does not exceed 0.9%, which is
more than acceptable. The highest urine concentrations
are achieved rather specifically with the oral adminis-
tration of high doses of salbutamol. Thus, violation of
the WADA Code can be strongly suspected in individu-
als showing very high salbutamol urine concentrations
(>2000 ng/ml). However, uncertainty remains for urine
concentrations close to 1000 or 1200 ng/ml, which can
be compatible with both permitted administration for
therapeutic use and violation. Improving the discrimi-
nation between allowed and prohibited administrations
would require reducing further the maximum daily dose
of 1600 ug. This would limit the permitted dosage regi-
men to 600 pg b.i.d. or 400 pg b.i.d. or t.i.d., for instance.
Following inhalation of such regimens, salbutamol
urine concentrations are less likely to exceed the WADA
T or DL. In addition, such doses are closer to doses rec-
ommended by the latest medical practice’ compared
with the current maximum permitted dosage regimen.
It has been reported that maximum bronchodilatation
is obtained at a cumulative dose of 110 pg in healthy
individuals.*® Although higher doses can be required in
individuals who are asthmatic, largely supratherapeu-
tic exposure has been shown possibly deleterious and
should not be recommended even in athletes.
Assuming that sufficient information about salbu-
tamol administration (dosage and time schedule) and

1400 1600

frequency of bladder voiding is available, our model
can be exploited to predict the probability of reaching
a urine concentration above the WADA T and DL. Such
an approach based on density probability could help
WADA experts in identifying suspicions of violation or
in exonerating legitimate salbutamol exposures through
the confrontation of an athlete's allegation about drug
intake and his/her urinary findings. However, in the
setting of doping control, the frequent absence of such
essential information largely contributes to the dif-
ficulty of interpreting the result of a doping analysis.
Since 2009, athletes with a salbutamol urine concentra-
tion exceeding 1000 ng/ml can prove that this abnormal
value results from a dosage regimen within the WADA
limits via a controlled excretion study. The results of
such a PK study could be confronted to a priori predic-
tions derived from our model to calculate maximum
likelihood values of the individual's PK parameters
through a Bayesian approach. Moreover, the repetition
of measurements in an athlete under controlled condi-
tions could reduce the prediction uncertainty around
his individual curve, thus contributing to better define
the likelihood of therapeutic use versus risk of abuse of
salbutamol.

Some limitations of our study should be acknowl-
edged. First, the relative paucity of plasma concentra-
tions prevented us to estimate IIV on the absorption
parameters, while several factors such as inhalation
technique or medical conditions are known to influ-
ence salbutamol absorption.*’ Second, the variability
on urinary production rate is probably underestimated
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by the model. A constant urine production is assumed,
whereas a variable production rate would certainly re-
flect more accurately the physiological micturition.
This could be even more variable with dehydration and
subsequent rehydration during prolonged exposure to
hard physical exercise in professional competition. This
limitation could be overcome with the exact measure of
the urine volume for each urine concentration measure-
ment during the study.

Several strengths of this study should be empha-
sized nevertheless. The reliance on modern MBMA ap-
proaches enables the largest possible base of available
evidence to be taken into account to support our answers
to the study questions. The modeling of aggregate data
supplemented with individual data allowed a remark-
ably precise estimation of PK parameters despite the
relative data paucity. The model was developed using
data obtained following administration of a wide range
of doses, with different modes of administration, and
under several conditions, providing confidence in the
estimation of PK parameters. Handling such a diversity
of data types requires a thorough comprehension and an
extensive visual exploration of the data to find the best
manner to combine them in a unique MBMA. The effect
of each data characteristic must be carefully evaluated
on both fixed and random effects to select the most ap-
propriate strategy reflecting the data heterogeneity in a
suitable and relevant way.

In conclusion, although not entirely satisfactory, the
current WADA rules regarding the definition of AAFs
related to salbutamol appear globally supported by our
model. Their application could possibly be improved by a
slight and reasonable modification of inhalation dosages
allowed in therapeutic exemption.
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