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Introduction

Traditional studies focusing on pharmacokinetics in plasma necessitate multiple blood 
samples and therefore may become too invasive for a pediatric population. However, the 
determination of pharmacokinetic-pharmacodynamic (pkpd) relationships between 
a drug and an endpoint is an important method for evaluation of drug effects and dose 
optimization. A possible solution is to determine drug concentrations in sampling matri-
ces that can be collected in a non-invasive manner, such as saliva. Salivary kinetics have 
been determined in a wide range of compounds, and applications in the field of therapeutic 
drug monitoring (tdm) have been explored.1-3 However, analyses have been mainly per-
formed by calculating the plasma concentrations based on a constant ratio over time with 
the saliva concentrations. Nonlinear mixed effects models have potential advantages, such 
as accounting for a changing ratio over time and different sources of variability, in the eval-
uation of the population kinetics in plasma and saliva, and this approach could potentially 
also be used to improve the prediction of plasma concentrations when only saliva concen-
trations are available. 

Clonazepam is a gaba-A positive allosteric modulator used to treat a range of clini-
cal conditions, such as epilepsy, panic disorder, depression, and bipolar disease.4,5 Although 
clonazepam has been prescribed less often in recent years6, the drug is a candidate for 
rediscovery in other conditions. For example, pre-clinical evidence shows possible efficacy 
of clonazepam in arid1B-related intellectual disability (id).7 Conducting clinical trials in a 
(pediatric) intellectually disabled population is challenging, as trial designs must be unob-
trusive to motivate as many patients as possible for participation.8,9 Inclusion of non-inva-
sive pharmacokinetic assessments may help in this respect. 

The aims of this study were to study the population kinetics of clonazepam, to deter-
mine the relationship between salivary- and plasma clonazepam concentrations and 
to investigate the performance of a population pk model describing this relationship to 
determine trough plasma concentrations based on saliva samples in patients treated with 
clonazepam. 

Abstract

Introduction Traditional studies focusing on the relationship between pharmacoki-
netics (pk) and pharmacodynamics necessitate multiple blood draws which are too inva-
sive for children or other vulnerable populations. A solution is to use non-invasive sam-
pling matrices, such as saliva. The aim of this study was to develop a population pk model 
describing the relationship between plasma- and saliva clonazepam kinetics and assess 
whether the model can be used to determine trough plasma concentrations based on 
saliva samples. 

Methods Twenty healthy subjects, aged 18-30, were recruited and were administered 
0.5mg or 1mg of clonazepam solution. Paired plasma- and saliva samples were obtained 
until 48h post-dose. A population pharmacokinetic model was developed describing the 
pk of clonazepam in plasma and the relationship between plasma and saliva concentra-
tions. Bayesian maximum a posteriori (map) optimization was applied to estimate the 
predictive accuracy of the model. 

Results A two-compartment distribution model best characterized clonaze-
pam plasma kinetics with a mixture component on the absorption rate constants. Oral 
administration of the clonazepam solution caused contamination of the saliva compart-
ment during the first 4 hours post-dose, after which the concentrations were driven by 
the plasma concentrations. Simulations demonstrated that the lower and upper limits 
of agreements between true and predicted plasma concentrations were -28-36% with 1 
saliva sample. Increasing the number of saliva samples improved these limits to -18-17%.

Conclusion The developed model describes the salivary- and plasma kinetics of clon-
azepam and can predict steady-state trough plasma concentrations based on saliva con-
centrations through Bayesian map optimization with acceptable accuracy. 
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with methanol to a final concentration of 30 µg/L. The lower limit of quantification (loq), 
low, medium, and high reference samples were prepared in saliva with a concentration of 
resp. 0.1, 1, 5 and 15 µg/L. For the measurement of the plasma samples Recipe ClinChek 
calibrators were used and controls with a linear range of 2 - 72.3 µg/L and the llq, low, 
med and high with a concentration of resp. 2, 5.25, 14.8 and 48.1 µg/L. 

Sample preparation of saliva samples was performed by diluting each aliquot of 20 µL 
saliva with 20 µL internal standard solution in eppendorf cups, which were vortexed for 
1 min and centrifuged at 13000 rpm for 5 min. The extract was transferred in vials with 
insert. For plasma samples, each aliquot of 50 µL plasma was diluted with 50 µL internal 
standard solution and 150 µl acetonitril in eppendorf cups. The eppendorf cups were vor-
texed for 1 min and centrifuged at 13000 rpm for 5 min. The extract was transferred in a 
vial with 150 µl water.

Analysis was performed via Liquid chromatography-mass spectrometry (lc-ms). 
Extracts (2 µL) were injected onto a Thermo Scientific Hypersil gold C18 column, with 
methanolic mobile phase gradient elution. Clonazepam was detected with a Thermo Sci-
entific tsq Quantiva triple quadrupole mass spectrometer with positive ionization. Ions 
monitored in the selected reaction monitoring mode were m/z 316-270 for clonazepam 
(at 2.97 min) and m/z 320-274 for clonazepam-d4 (at 2.96 min).

Pharmacokinetic modelling

A population pk analysis was performed with a sequential nonlinear mixed effects model-
ling approach using nonmem® (version 7.3).12 Structural plasma model selection was 
performed by fitting both 1- and 2-compartment models to the plasma concentrations over 
time. An allometric scaling component (normalized around 70kg) was included on clearance 
and inter-compartmental clearance, with an exponent of 0.75, and on all volume of distri-
bution parameters, with an exponent of 1, to account for weight-based influences. As only 
oral data was available, no bioavailability component could be estimated. However, variabil-
ity on the relative bioavailability (Fplasma) could still be explored on this parameter. Inter-
individual variability following a lognormal distribution on population parameters were 
selected by a forward inclusion procedure (p < 0.01) and the residual error structure was 
introduced as proportional and checked for appropriateness with goodness-of-fit figures.

The empirical Bayes estimates of the developed plasma model were used for the devel-
opment of the saliva model. Model structure selection was driven by exploratory figures of 

Materials and Methods

Location and ethics

This study was conducted in preparation of a study researching the therapeutic effects 
of clonazepam on patients with arid1B-related id7,10 at the Centre for Human Drug 
Research in Leiden, the Netherlands from June 2020 until July 2020. Ethical approval 
was obtained from the Beoordeling Ethiek Biomedisch Onderzoek Foundation Review 
Board (Assen, the Netherlands) prior to initiation of the study. The study was conducted in 
compliance with the Dutch Act on Medical Research Involving Human Subjects and Good 
Clinical Practice. Informed consent was obtained prior to study-mandated procedures. 

Study design and sample collection

This was an open-label, single dose study in 20 healthy subjects aged 18-30. Exclusion 
criteria were history of disease- or use of medications that might interfere with saliva 
production, such as opiates and anticholinergics. Subjects were asked to refrain from 
alcohol- and caffeine use for 24 hours prior to drug administration until the end of the 
study, and from any nutrients with cyp-modulating activity for three days prior to drug 
administration. Subjects were administered a single dose of 0.5 mg (n=10), or 1.0 mg 
(n=10) clonazepam solution (Rivotril®) dissolved in lemonade, after which paired 
plasma- and saliva samples were taken at 0.5h, 1h, 2h, 4h, 6h, 8h, 24h and 48h post dose. 
Subjects thoroughly rinsed their mouth with water 10 minutes prior to saliva sampling. 
Saliva samples were obtained using the SalivaBio Infant Swab (Salimetrics, Carlsbad, ca, 
usa) according to the manufacturer’s instructions. 

Bioanalytical assay

Clonazepam (1 mg/mL, provided by Duchefa Farma (Haarlem, The Netherlands)), clonaz-
epam-d4 (0.1 mg/mL, provided by lgc Standards (Luckenwalde, Germany)), methanol 
and acetonitril (both provided by Merck bv (Darmstadt, Germany)) were obtained. Assay 
validation was performed in accordance with European Medicines Agency (ema) guide-
lines.11 From the clonazepam solution, standards were prepared in saliva at the concentra-
tions of 0.1, 0.5, 2.5, 5, 10 and 20 µg/L. The internal standard clonazepam-d4 was diluted 
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for each individual within the constraints provided by the several levels of residual- and 
between-subject variability in the population pk model, based on the information pro-
vided by the saliva samples and covariates.16 From the individual Bayes estimates, the cor-
responding plasma Ctrough after dose 1 (based on samples obtained after dose 1) and at 
steady-state (after 240 hours of twice daily dosing, based on samples obtained after dose 
20) was calculated. As the true simulated Bayes estimates were known for an individual, 
the estimated Ctrough were compared with the true plasma Ctrough to evaluate the predic-
tive performance of this approach. Predictive performance was quantified for each sam-
pling scenario using the root mean squared prediction error (rmspe), which is a predic-
tive error expressed in the original units (ug/L). Additionally, the average bias and limits of 
agreement (loa) of the predictions, expressed as percentage, were calculated according 
to the methods of Bland and Altman.17

Linear regression

Traditionally, plasma:saliva relationships are calculated as a constant ratio or linear regres-
sion formula. In order to compare these traditional methods with Bayesian optimization, 
a linear relationship between the two matrices was estimated via a linear mixed model 
based on the plasma- and saliva samples obtained during the study. In the model, saliva 
concentration was considered as fixed effect and subject as random intercept. The derived 
equation was used to predict plasma concentrations in the simulation cohort after dose 1 
based on a single saliva trough samples obtained either at 11.5h post-dose after dose 1, or 
at 11.5h post-dose at steady state. 

Results

Of the 20 subjects included in the study, 9 subjects were male, and the average age was 
22 years. Other baseline characteristics are displayed in Table 1. Of the 160 saliva sam-
ples taken during the study, 154 provided enough volume for analysis. All 160 plasma sam-
ples were collected successfully and none of the post-dose saliva or plasma concentra-
tions were below the loq. The concentration-time profiles of clonazepam in plasma and 
saliva are displayed in Figure 1. Plasma concentrations showed variability in the Cmax and 
tmax, with some subjects immediately reaching the Cmax at the first sample (30 minutes) 
after dosing. Salivary concentrations were high and could not be correlated with plasma 

the data and contained a constant plasma:saliva ratio, a non-linear plasma:saliva ratio, and 
a first-order elimination component to account for the contamination in the saliva com-
partment immediately after dosing. Inter-individual variability following a lognormal dis-
tribution were selected following the same procedure as with the plasma model. Improve-
ments in model fit were judged on a decrease in objective function value (ofv) of 6.64 (p < 
0.01) after inclusion of 1 parameter, numerical stability as judged by the relative standard 
errors (rse) of parameters and shrinkage, and evaluation of goodness-of-fit figures. 

After the saliva model was developed, both models were estimated simultaneously, 
and model predictions were assessed via a prediction-corrected visual predictive check 
(pcvpc) and the individual model fit over time in both matrices.

Simulations

R version 4.0.213 and the mrgsolve package14 were used to simulate the predictive capabil-
ity of saliva concentrations in the context of clinical trials. A simulation cohort (n = 2000) 
with a uniform distribution of age between 6 and 30 and corresponding weights (10th-
90th centile15) was prepared, and twice daily administration of 0.015 mg/kg (max 0.5 mg 
per dose) was simulated for each subject. As inter-individual variability on the relative 
bioavailability (Fplasma) of clonazepam might be lower in the healthy population on which 
the model was built, this parameter was increased to a coefficient of variation of 50% to 
allow for the simulation of a wider range of trough concentrations and therewith pro-
vide a more conservative simulation. Simulated saliva samples were obtained at 5h, 6h, 8h, 
10h and 11.5h post-dose. The accuracy of predicting the trough concentration (Ctrough) in 
plasma after dose 1 (based on samples obtained after dose 1) and at steady state (based on 
samples obtained during steady state) that could be obtained by using 1-5 saliva samples 
was assessed using Bayesian maximum a posteriori (map) optimization and traditional 
linear regression. An additional scenario (0 samples) without saliva sampling was simu-
lated to establish baseline predictive capability of the model based on population parame-
ters and the weight of a subject, but without any tdm sampling information. 

Bayesian maximum a posteriori optimization

The simulated saliva concentrations of each simulated individual were used as input for 
the Bayesian map estimation. During this process, the optimal Fplasma was estimated 
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Table 1. Baseline characteristics

Parameter All subjects (n=20)
Age (years) 22.4 (2.8)
Sex (% male) 45%
Ethnicity (% Caucasian) 100%
Weight (kg) 67.8 (8.3)
Height (cm) 175.1 (7.3)
bmi (kg/m2) 22.2 (2.4)

Data is presented as mean (sd), unless otherwise specified

Population Model

Structural plasma model development resulted in a 2-compartment model which fitted 
the data best, with a δofv=-17.34 compared to a 1-compartment model. Inter-individ-
ual variability was identified on, in order of inclusion: absorption rate constant (ka), relative 
bioavailability, and inter-compartmental clearance. However, the ω2 on the ka was high 
with a value of 0.66 and showed a binominal distribution. This was corrected for by inclu-
sion of a mixture component, in which a fast absorption and a slow absorption population 
was identified, in which the fast absorption population had a fixed ka of 100/h. Changing 
this value to 10/h or 250/h did not change the model fit. This stratification resulted in a 
significant improvement in model fit and reduced the ω2 to 0.16, with 75% of subjects in 
the slow absorption group. No covariates for both subgroups were identified. All parame-
ters were estimated with low rse’s and no changes were made to the proportional resid-
ual error structure.

To account for the saliva contamination, a saliva contamination compartment was 
added, in which a fraction of the full dose (Fsaliva) remained in this compartment. The vol-
ume of this compartment was fixed to 1 mL and is represented by the following differen-
tial equation:

Equation 1: dxdt Contamination = -kel * Contamination. 

Data exploration showed a nonlinear relationship between the saliva:plasma ratio over 
the explored concentration range on data > 4 hours post-dose, after which contamina-
tion was no contributing factor anymore, in which a steady state ratio was reached at the 
higher concentrations (Supplementary Figure S1). The estimation of a saturable func-
tion on the saliva:plasma ratio improved the model fit significantly compared to a constant 

concentrations directly post-dose, which indicates that clonazepam contamination was 
present in the saliva. However, the salivary concentration decreased exponentially and 
appeared correlated with plasma concentrations after 4 hours post-dose. 

Figure 1. Individual- and mean (sd) concentration-time profiles of clonazepam in plasma and saliva. 
A: Plasma concentration over time for the 0.5mg dose group (left panel) and 1.0mg dose group (right panel). 
B: Saliva concentration over time for the 0.5mg dose group (left panel) and 1.0mg dose group (right panel). 
Individual concentration-time profiles are displayed as light gray lines. The bold line and dots represent the 
mean (± sd) concentration on each timepoint. Each gray dot represents a single observation. Each grey line 
represents a single subject.
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simulation scenario with 5 saliva samples, rmspe was 2.3 ug/L, with a proportional bias of 
0% and loa of -18% - 17%. For all scenario’s applying Bayesian optimization, the true and 
estimated Ctrough were correlated, with correlation coefficients > 0.93 (p < 0.001, Supple-
mentary Figure S3 and S4). There was an eightfold difference in rmspe between scenar-
io’s estimating the Ctrough after dose 1 compared to scenarios at steady state, which can be 
explained by the increased concentration after multiple dosing. The proportional bias and 
loa’s were comparable for the estimation after dose 1 and at steady state. 

Figure 2. Population prediction (80% prediction interval) in simulation cohort and visualization of 
predictive capability based on 1 saliva sample at steady state. A. Median population prediction (solid 
lines) and 80% prediction interval of the simulation cohort (n = 2000) in plasma (black) and saliva (blue).  
B. Proportional bias in the prediction (dotted line) and proportional limits of agreement (solid lines) of 
predicted Ctrough during steady state after Bayesian optimization based on a single saliva sample 11.5h 
post dose (during steady state). The x-axis displays the mean of the predicted and real Ctrough and the 
y-axis displayed the proportional difference between the predicted and real Ctrough. C: Pearson correlation 
between true and predicted plasma Ctrough of the scenario displayed in panel B. Bold black line represents 
the regression line, thin black line represents the line of unity, and each dot represents a simulated subject. For 
proportional bias plots and linear correlations of all scenarios, please refer to Supplementary Figures S3 and S4.

saliva:plasma ratio (δofv = -16.65). As such, the saliva:plasma ratio and saliva concentra-
tions were represented in the model as follows:

Equation 2: Saliva:plasma ratio = Ratio
max

 * c
plasma

 / (c
plasma

 + Ratio
km

).
Equation 3: c

saliva
 = (Contamination/0.001) + c

plasma
 * saliva:plasma ratio.

Where 0.001 is the volume of the saliva compartment in liters. Equation 3 therefore 
accounts for the level of contamination in the initial phase after dosing and for the non-
linear saliva:plasma ratio observed in the data.

Inter-individual variability was only identified on the contamination part of the model 
(Fsaliva, kel-saliva) and not on the saliva:plasma ratio. The saliva model gave accurate indi-
vidual and population model fits over time. The final parameter estimates are displayed in 
Table 2 and goodness of fit plots are displayed in Supplementary Figure S2. Parameters 
were estimated with sufficient parameter precision and moderate inter-individual vari-
ability and residual error. The plasma residual error was lower than saliva concentrations, 
indicating that a higher degree of unexplained variability was present in the saliva concen-
trations over time. The pcvpc show that the model was able to capture the median trend 
of the data and the level of variability in both matrices correctly.

Simulations

The concentration-time profiles of the simulation cohort are displayed in Figure 2A. 
On average, subjects achieved a median Ctrough of 2.1 ug/L after dose 1 and 13.7 ug/L at 
steady state. First, the estimated Ctrough after dose 1 and at steady state was estimated 
based on the population pk model parameters and weight of the subject only, which 
results in a single prediction for each weight, without taking into account any inter-indi-
vidual variability (equivalent to using ‘0 samples’ for the estimation). This scenario leads 
to a rmspe of 1.39 ug/L after dose 1 and 8.8 ug/L at steady state, and an average pro-
portional bias of -3% and -2% (95% loa -92% - 87%), respectively (Table 3), meaning 
that there was a high level of uncertainty in the predicted individual plasma concentra-
tion. In the case of 1 saliva sample, the rmspe was 3.56 ug/L at steady state, the propor-
tional bias was 4% and the limits of agreement were reduced to -27% - 36% (Figure 2B). 
There was a correlation between true and predicted Ctrough in this scenario (R 0.93, p < 
0.001). Increasing the number of saliva samples improved the accuracy of the prediction, 
as can be seen by the reduction in the rmspe and narrowing of the loa’s (Table 3). For the 
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Linear regression

The predictive performance of traditional (mixed effects) linear regression was assessed 
to determine the added value of Bayesian optimization methods. Because of the evi-
dent contamination in saliva during the first 4 hours after dosing, the correlation between 
saliva- and plasma concentrations was not calculated during this time window. The esti-
mated linear regression equation from a linear mixed effects model predicting plasma 
concentrations from salivary concentrations during this time window was: cplasma =  
csaliva * 5.4172 + 1.1994 (marginal R2 0.68). Predicted plasma concentration with the linear 
regression formula based on the 11.5h post-dose trough sample at steady-state was cor-
related with the true plasma concentration (R = 0.91, p < 0.001), but led to a larger rmspe 
(4.36 ug/L) compared to Bayesian map, with a proportional bias of 4.3% (loa -41% - 50%, 
Supplementary Figure S3-4E). 

Discussion

During this study, the pharmacokinetics of saliva- and plasma concentrations of clonazepam 
was characterized by a nonlinear mixed effects model. Furthermore, the potential use of 
salivary concentrations for prediction on plasma pharmacokinetics was studied. The devel-
oped model was able to predict trough concentrations at steady state with a rmspe as low 
as 2.3 ug/L, with an 95% limit of agreement of -18 - 17%. The model will be used in a future 
non-invasive study investigating the effects of clonazepam on children with arid1B-
related id and can be employed in the case of salivary tdm of clonazepam. Additionally, the 
methodology described in this study can be used to develop and evaluate similar models 
incorporating both saliva and plasma concentrations to allow for non-invasive pharmacoki-
netic sampling in future clinical trials in pediatric or other vulnerable populations. 

We found high concentrations of clonazepam in saliva samples taken during the first 
four hours after administration of the oral solution. This indicates significant contamina-
tion in the initial saliva samples by clonazepam residue, a finding that has been reported in 
the past.18 This precluded the use of rate constants in which there was a slow increase in 
salivary concentrations driven by plasma pharmacokinetics, because the timepoints ear-
lier than 4h post-dose did not contain any information about the transfer rate from the 
plasma compartment to the saliva compartment. However, the inclusion of an exponen-
tial elimination of the contaminated saliva in combination with a saliva:plasma ratio in the 

Table 2. Parameter estimates of population pharmacokinetic plasma and saliva model

Parameter Estimate 
[shrinkage %]

se rse (%)

Plasma kinetics θ k
a

 - slow group (h-1) 1.106 0.14 12.8
θ Prob. slow group 0.75 0.10 13.0
θ vd central (L) 109.5 11.5 10.4
θ Clearance (L h-1) 2.98 0.16 5.5
θ vd peripheral (L) 130.6 12.9 9.9
θ Q (L h-1) 61.37 11.2 18.3

Saliva
kinetics

θ F
saliva

 (% 1000-1) 0.033 0.005 14.5
θ K

el
 saliva (h-1) 1.95 0.12 6.0

θ Ratio
max

0.195 0.031 16.0
θ Ratio

km
 (ug/L) 2.581 0.74 28.5

iiv ω2 k
a

 - slow group 0.16 [2.24%] 0.065 40.8
ω2 Q 0.25 [0.33%] 0.12 45.7
ω2 F

plasma
0.026 [3.98%] 0.008 28.9

ω2 F
saliva

0.28 [5.30%] 0.12 42.7
ω2 K

el
 saliva 0.056 [17.2%] 0.025 44.2

Residual error σ2 proportional plasma 0.0058 [15.9%] 0.0009 14.9
σ2 proportional saliva 0.057 [16.5%] 0.009 15.4

rse: Relative standard error. iiv: interindividual variability. se: standard error./ ω2 and σ2 are the variances of interindividual 
variability and residual variability, respectively. / tvcl = θ Clearance * (wgt/70)0.75; tvvc = θ vd central * (wgt/70)1; 
tvvp = θvd peripheral * (wgt/70)1; tvq = θ Q * (wgt/70)0.75; tvratio = Ratiomax * cplasma / (cplasma + Ratiokm)

Table 3. Simulation of predictive capability of using a saliva sample to determine the plasma trough 
concentration while varying the number of saliva samples used for the analysis.

Ctrough after 1st dose Ctrough steady state
Scenario rmspe

(ug/L)
Bias
(%)

lloa
(%)

uloa
(%)

rmspe
(ug/L)

Bias
(%)

lloa
(%)

uloa
(%)

Population model 1.39 -2.7 -93 87 8.8 -2.4 -92 87
1 sample, Linear regression1 0.57 -9.5 -54 35 4.4 5.2 -40 51
1 sample, Bayesian1 0.57 3.7 -28 36 3.6 4.0 -28 36
2 samples, Bayesian2 0.44 -0.2 -25 25 2.8 0.1 -25 25
3 samples, Bayesian3 0.40 -0.4 -21 21 2.5 -0.2 -21 21
4 samples, Bayesian4 0.39 -0.7 -20 19 2.5 -0.4 -20 19
5 samples, Bayesian5 0.37 -0.6 -18 17 2.3 -0.3 -18 17

Abbreviations: rmspe: root mean squared prediction error, lloa: lower limit of agreement (-2sd), uloa: upper limit of 
agreement (+2sd). 1 Sample at 11.5h post-dose. 2 Samples at 5h and 11.5h post-dose. 3 Samples at 5h, 8h, and 11.5h post-
dose. 4 Samples at 5h, 6h, 8h, and 10h post-dose. 5 Samples at 5h, 6h, 8h, 10h, and 11.5h post-dose. 
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In this study, a saliva:plasma ratio was described which was not constant over time, even 
after accounting for the initial levels of contamination. The apparent decrease in the ratio 
driven by decreasing plasma concentrations is a phenomenon that has been reported 
before20-22, but the underlying mechanism causing this relationship is unclear. Transport 
into saliva is partly driven by the free fraction of a drug, but the observed relationship can-
not be explained by saturable protein binding. We hypothesize that the observed relation-
ship may be caused by competitive protein binding of clonazepam metabolites, a mecha-
nism previously observed for prednisone23. Nevertheless, it remains an important finding 
in the context of tdm, as this invalidates the use of ‘traditional’ linear regression equations 
that do not take this variable saliva:plasma ratio into account. This may be one of the rea-
sons that Bayesian optimization outperformed linear regression, even in the scenario with 
a single saliva sample. 

This study has several limitations. First, this model in this study was based on observa-
tions after a single administration of clonazepam. Application of the model for the purpose 
of tdm or clinical trials will usually occur when subjects have reached steady state, and 
in that case, it is assumed that the estimates obtained here can be extrapolated to these 
higher concentrations. As this is the first study systematically exploring the relationship 
between saliva- and plasma concentrations of clonazepam, this assumption cannot be 
verified at this time, but can be confirmed in future studies by obtaining paired saliva and 
plasma samples from subjects who have reached steady state. Using this model in a future 
pediatric clinical trial is reliant on several other assumptions as well. First, it is assumed 
that plasma kinetics in children adhere to the allometric scaling employed in this study, 
which is subject to recurrent discussion.24,25 However, several studies indicate that this 
approach is reasonably accurate.26 The second assumption is that the saliva:plasma ratio 
is identical in children compared to the young adults included in this study. Little compar-
ative research has been performed on this subject, but Michael et al. report highly sim-
ilar saliva:plasma ratio’s in children and adults for voriconazole, and a systematic review 
regarding saliva:plasma ratio’s in infants showed comparability for several compounds.3,27 
Although these assumptions may cause additional variability and less precise results in 
pediatric patients, we expect the prediction error remains small enough to adequately 
identify a pkpd relationship based on saliva samples. Furthermore, saliva samples will 
aid in the identification of ultra-fast metabolizers and subjects that do not adhere to the 
treatment regimen. The currently developed model can already be applied in adults, where 
saliva based tdm could be preferable over plasma based tdm. 

model led to a good model fit and adequate predictive performance. A consequence of this 
finding is that saliva samples taken during the first 4 hours do not provide any informa-
tion regarding the plasma concentrations during that time. However, considering the long 
half-life and the fact clonazepam therapy is guided via trough concentrations, this has lit-
tle impact. The estimated model parameters regarding plasma kinetics were comparable 
to the population model developed by dos Santos et al.19 

Predictive performance was assessed through simulation in a fictional cohort aged 
6-30. Simulated salivary samples were obtained that included the residual error com-
ponent of the model, and the most likely relative bioavailability and the corresponding 
Ctrough was estimated via Bayesian map optimization. There are several advantages to 
using Bayesian methodologies for this purpose. First, the prediction error, represented by 
the rmspe was lower compared to the prediction error based on linear modelling. Addi-
tionally, one can use information obtained from multiple samples to estimate the most 
likely Ctrough, reducing the prediction error in the process. We found that, with the current 
model, predictive performance increases by obtaining additional samples up to 5 samples, 
and possibly beyond that with even more saliva samples. However, obtaining more than 5 
samples in future pediatric pk studies would not be in line with the non-invasive approach 
taken here. Third, the method allows for convenience sampling at timepoints that are 
logistically feasible, as long as the chosen timepoints are obtained on timepoints with a 
valid saliva:plasma correlation, after 4 hours post-dose for the current analysis. Fourth, 
the optimization process takes residual variability into account, and the prediction shrinks 
towards the population mean in the case of high residual variability. This prevents that 
outlier saliva observations are extrapolated to extreme estimated plasma concentrations 
on which dose adaptions are made. Finally, estimates cannot be outside the constraints 
provided by the population model, as opposed to linear regression methods that have no 
such limits. The relevance of several of these advantages are confirmed in our simulations 
of the predictive capability of Bayesian map versus linear regression equations. Predic-
tive capability of the linear regression equation was adequate but inferior to Bayesian map 
based on multiple samples. The simulations confirm that saliva sampling is eminently fea-
sible for monitoring of clonazepam trough concentrations in the context of tdm and for 
the estimation of individual pk trajectories in the context of clinical trials. Correlations 
between real and predicted Ctrough were found, although these showed a slight underpre-
diction at higher concentrations, which can be explained by shrinkage to the population 
mean during the Bayesian optimization process. 
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Future studies may determine whether the underlying assumptions in pediatric popu-
lations described above are valid in general and in the case of clonazepam in particular. 
However, if confirmed, we believe this methodology could be widely implemented to aid 
clinical trial conduct in pediatrics and apply precision-dosing in pediatric populations. 

Conclusion

The developed population pharmacokinetic model describes the salivary- and plasma 
kinetics of clonazepam well and simulations show that plasma Ctrough can be predicted 
from saliva concentrations through Bayesian map optimization. 
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