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Abstract

We previously demonstrated that Machine learning (ML) algorithms can accurately estimate drug
area under the curve (AUC) of tacrolimus or mycophenolate mofetil (MMF) based on limited
information, as well as or even better than maximum a posteriori Bayesian estimation (MAP-BE).
However, the major limitation in the development of such ML algorithms is the limited availability of
large databases of concentration vs. time profiles for such drugs. The objectives of this study were: (i)
to develop a Xgboost model to estimate tacrolimus inter-dose AUC based on concentration-time
profiles obtained from a literature population pharmacokinetic (POPPK) model using Monte Carlo
simulation; and (ii) to compare its performance with that of MAP-BE in external datasets of rich

concentration-time profiles.

The population parameters of a previously published PK model were used in the mrgsolve R package
to simulate 9000 rich interdose tacrolimus profiles (one concentration simulated every 30 minutes)
at steady-state. Data splitting was performed to obtain a training set (75%) and a test set (25%).
Xgboost algorithms able to estimate tacrolimus AUC based on 2 or 3 concentrations were developed
in the training set and the model with the lowest RMSE in a ten-fold cross-validation experiment was

evaluated in the test set, as well as in 4 independent, rich PK datasets from transplant patients.

ML algorithms based on 2 or 3 concentrations and a few covariates yielded excellent AUC estimation
in the external validation datasets (relative bias <5% and relative RMSE <10%), comparable to those
obtained with MAP-BE.

In conclusion, Xgboost machine learning models trained on concentration-time profiles simulated
using literature POPPK models allow accurate tacrolimus AUC estimation based on sparse
concentration data. This study paves the way to the development of artificial intelligence at the
service of precision therapeutic drug monitoring in different therapeutic areas.

Keywords: machine learning; Monte Carlo simulations; tacrolimus; Xgboost; therapeutic drug
monitoring; population pharmacokinetics
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1. Introduction

We recently developed Xgboost machine learning (ML) models for tacrolimus area-under the curve
(AUC) estimation based on 2 or 3 concentrations and 4 covariates (dose, type of transplantation, age
and time between transplantation and sampling) [1]. These models were developed using a large
database of maximum a posteriori Bayesian estimates (MAP-BE) of tacrolimus interdose AUC in
transplant patients on twice-daily tacrolimus, derived from blood concentrations measured pre-dose
and 1 and 3h post-dose. The performance of our Xgboost models with respect to gold-standard AUCs
obtained with the trapezoidal rule applied to full PK profiles in 4 external datasets from kidney, liver
or heart transplant patients, was excellent and better than that of MAP-BE. This approach looks
promising but requires large datasets to build accurate artificial intelligence (Al) algorithms that can
cope with the complexity of the relationships between features and the output value(s). Actually, the
availability of such large datasets is the major limitation to the dissemination of this approach for

precision therapeutic drug monitoring based on overall drug exposure.

A theoretical solution would be to simulate datasets and develop ML models based on these
simulations, as is sometimes done for population pharmacokinetics models [2]. Indeed, simulations
are largely used in population pharmacokinetics modeling for evaluation or inference, but it must be
interpreted with the clear understanding of the limitations and assumptions inherent to the model

(e.g., extrapolations requiring assumption of linearity) [3].

In a previous study, we compared different machine learning approaches (Multivariate Adaptive
Regression Spline [4] and Extreme Gradient Boosting; Xgboost[5]) to estimate iohexol clearance and
we found that Xgboost based on the iterative construction of regression tree minimizing the residual
errors of the previous regression tree, was associated with the best performances (smallest Mean
Prediction Error and Root mean square error; RMSE) [6]. We further employed Xgboost to estimate
tacrolimus and mycophenolic acid inter-dose AUC using 2 or 3 concentration-time points, with better

efficacy than MAP-BE [1,7].



The objectives of the present study were: (i) to develop a Xgboost algorithm to estimate tacrolimus
inter-dose AUC based on concentration-time profiles obtained using Monte Carlo simulation from a
literature population pharmacokinetic (POPPK) model; and (ii) to compare its performance with that

of MAP-BE in external datasets of rich concentration-time data.

2. Material and methods

2.1.Simulation process
The population parameters of a previously published pharmacokinetics model of tacrolimus in adult
kidney transplant recipients [8] were used in the mrgsolve R package[9] to simulate 1000 rich
tacrolimus PK profiles (one sample every 30 minutes) at steady-state over a 12h interval, for each of
9 drug doses (0.5, 1, 1.5, 2, 3, 3.5, 4, 6.5, 8 mg), representing a total of 9000 PK profiles. The mrgsolve
model used (presented in the ESM1) consisted in a 2-compartment structural model with linear
elimination from the central compartment and delayed absorption described by an erlang model
with 3-transit compartments. The parameters of the final model reported in the original publication
[8] were used with a few modifications: inter-occasion variability was not implemented and the
combined residual error was drastically diminished (additive error = 0.1 pg/L and proportional error =
0.01%) in order to obtain noisier, more realistic simulated PK profiles. For the same reason, filters
were applied to remove profiles characterized by CO and/or C12 higher than 20 pg/L and/or by an
AUCq.15n <40 or > 350 pg*h/L so as to obtain a range of values compatible with observed data.

Another filter was applied to remove profiles characterized by CO > C0.5h and CO > C1h.

The interindividual variability in profiles was increased by simulating covariates: hematocrit values
were simulated using a truncated random uniform distribution with mean + SD [min-max]= 32 + 7
[21;46] % (in accordance to the original article) and cytochrome P450 3A5*1/*3 status using a
binomial distribution with 90% of expressers for dose>6mg bid and 10% of expressers otherwise.
Additionally, a random noise of 1% was independently added on simulated blood sampling times
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using the sdcMicro R package in order to introduce uncertainty on this parameter [10]. Finally, the
‘true’ AUC was calculated for each simulated profile using the trapezoidal rule in the PKNCA R

package[11].

2.2.Preparation of the data and feature engineering
Concentrations at approximative times 0, 1 and 3h were extracted from the simulated concentration
vs. time profiles, together with the exact time of sampling (artificially noised as stated before), the
simulated dosing information, CYP status, and hematocrit. Tacrolimus concentrations were binned
into 3 theoretical time classes (concentrations at trough (CO sampled at t=0min), at 1h (C1 sampled
between 0.85 and 1.15h) and at 3h (C3 sampled between 2.8 and 3.2h), leading to 3 columns per
patient. Features engineering (corresponding to the creation of artificial predictors to add
information for the algorithm) was applied as previously described [1], leading to the generation of
additional predictors: the relative deviation with respect to the theoretical time at t1h and t3h and
the differences between concentrations (C3-C1, C3-CO and C1 — C0). AUC prediction was finally
performed using the tacrolimus morning dose, tacrolimus concentrations at approximative times 0,
1h and 3h, relative deviations from the theoretical times, differences between concentrations,
hematocrit and CYP status. For the models based on 2 concentrations only (CO and C3), the relative

time difference for time = 1h and concentration differences including C1 were removed.

2.3.Machine learning analysis
A classical approach was used that includes splitting of the simulation dataset into a training (75%)
and a test (25%) subsets. Ten-fold cross-validation was applied to the training set to tune the
hyperparameters and evaluate the model performance by cross-validation, in order to prevent
overfitting. Finally, the models with the best performance in terms of root mean square error (RMSE,
expressed in pg*h/L) and r? with respect to the ‘true’ AUC in the training subset were evaluated on
the test subset by calculating the relative mean prediction error (MPE), relative RMSE and number of

profiles out of the £20% MPE interval between the estimated and ‘true’ AUCs.



2.4. External validation

The two final ML models (based on 2 and 3 concentrations, respectively) were externally validated on
actual full-PK profiles measured in transplant patients, the AUC of which was estimated using the
trapezoidal rule (PKNCA R package). The PCCP study [12] included 137 PK profiles of 11 samples for
TAC BID (0, 0.33, 0.66, 1, 1.5, 2, 3, 4, 6, 8, 12h post dosing) collected at 7 and 14 days, 1, 3 and 6
months after kidney transplantation. The AADAPT study [13] included 34 PK profiles of 10 samples
for TAC BID (0, 0.33, 0.66, 1, 2, 3, 4, 6, 8, 12h post dosing) collected at 7 days and 3 months post
kidney transplantation. For liver transplantation [14] our database included 68 PK profiles of 9
samples for TAC BID (0, 0.5, 1, 2, 3, 4, 6, 8, 12h post dosing) collected at 7 days and 3 months post-
transplantation. The PIGREC study [15,16] included 47 PK profiles of 11 samples for TAC BID (0, 0.33,
0.66, 1, 1.5, 2, 3, 4, 6, 8, 12h post dosing), collected at 7 days, 1, 3 and 12 months after heart
transplantation. The performance of the Xgboost models in these independent validation datasets
was compared to that of MAP-BE based on the 3-point limited sampling strategies available on our
online expert system ISBA (https://abis.chu-limoges.fr/login) by calculating the relative MPE and
relative RMSE, and the proportion of relative differences out of the 10 or the +20% intervals.
Additionally, scatter plots of predicted vs. reference AUCs and residuals vs. reference AUCs for the

different approaches were presented on the same graph for visual comparison.

3. Results

3.1.Simulation and data
The simulated profiles are presented in the ESM 2. After applying the filters described above, 4392
simulated profiles were exploitable (19 profiles were filtered out because they had a CO higher than
C0.5 or C1, 4192 profiles had both CO and C12>20 pg/L, 23 had either CO or C12>20 pg/L and 351
profiles had AUC out of the 40-350 pg*h/L interval) . Histograms of the corresponding simulated
concentrations and AUCs are presented in Figure 1. The correlation plots between AUCs and features

is presented in the ESM 3. The correlation coefficients between AUC and CO, C1 or C3 were 0.97, 0.87



and 0.94, respectively. Typical values of the simulated concentrations, covariates and AUCs, as split

into the training and test subsets, are presented in Table 1.

3.2.Xgboost model
The best-tuned parameter values of each model are presented in ESM4. Ten-fold cross-validation in
the training subset and external validation in the test subset (Table 2) showed very accurate AUC
estimation, with no difference in accuracy and precision between the two validation steps (no
overfitting): the relative MPE was close to 0% as the relative RMSE lower than 5% in both. The scatter
plots and residual plots obtained in the test subset are presented in Figure 2. The variable-
importance plot of each model is presented in ESM5 and shows that concentrations at time 3 and 0

are the most important for AUC estimation.

3.3.External evaluation vs. the trapezoidal AUC and comparison with MAP-BE
The results of external evaluations (Table 3) show that the Xgboost model with 2 concentrations led
to almost as accurate and precise results as the 3-point Xgboost model, and better than the 3-point
MAP-BE in all patient datasets except in liver and heart transplant recipients for whom a larger
imprecision ~12% was observed (Figure 3). The AUCs estimated using ML with 2 or 3 samples, MAP-
BE with 3 samples and the reference AUC, for each of the 286 individuals enrolled in these
independent studies used for external validation are compared in Figure 4 and show overall

comparable performances.

4. Discussion

In this work, we used a previously published POPPK model of tacrolimus administered twice daily to
kidney transplant patients to simulate rich concentration vs. time profiles and we developed an
Xgboost algorithm to estimate tacrolimus AUCg.,, using a limited number of “features”, be it
tacrolimus whole blood concentrations, sampling times, patient CYP3A5*1/*3 genotype or

hematocrit. The ML algorithms developed based on 2 and 3 samples compared favorably with



previous MAP-BE models for AUC estimation in external datasets of actual and rich concentration —
time profiles, including from liver or heart transplant recipients and exhibited similar performances in
comparison to those recently developed from actual patient data[1]. The present proof-of-concept
study is the first to demonstrate that pharmacokinetic modelling and machine learning can be
combined to derive accurate estimators of drug exposure, through simulation of rich concentration
vs. time profiles. This innovative approach represents a breakthrough with respect to the previous
situation where large databases had to be available to train a ML algorithm, with hardly any

independent datasets left to validate it.

The present ML algorithm exhibits slightly lower performances in liver or heart than in kidney
transplant recipients. This is not totally unexpected, as simulations of PK profiles were performed
using a POPK model developed in renal transplant patients. It probably points to a limitation of the
proposed strategy, i.e. that extrapolation to patient groups not covered by the initial model may

result in higher imprecision.

Since modeling is always simplifying, simulations based on models lead to a loss of information in
comparison to real data (especially the relationships with covariates). Additionally, the correlation
between CO and AUCg.,, (r=0.94, corresponding to a r?= 0.88) was clearly overestimated as
compared with classically reported r? values of 0.60 to 0.80 [17]. Moreover, the median simulated CO
was slightly higher than the average values observed in routine practice (~10 vs ca. 7 pg/L,
respectively [1]). The simulated CO in the original publication [8] were also visually (VPC plot) largely
higher than those classically observed in transplant patients. Simulation generally leads to a larger
range of values than those observed in real-life, but the application of drastic filters allowed us to
limit the simulated profiles (after exclusion of ~50% of them) to a realistic range and to obtain CO and
AUC distributions closer to those observed in routine practice. All these elements could have led to a
biased model but the use of a boosting approach very different from the nonlinear mixed effect

model use to generate the data prevented us from this bias.
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Concerning the choice of filtering C0.5 or C1 higher than CO, we acknowledge that in some case, such
a scenario can be observed, but this is not so frequent and in such cases, there is doubt about the
correct timing of drug intake (large decreases are generally the consequence of an accident such as
for example drug intake before the theoretical time). With such filtering, we wanted to get rid of

really unrealistic PK profiles and only 0.2% of them were excluded with this filter.

External validation in independent clinical datasets demonstrated the validity of our approach and
showed that even if the simulated data were not exactly similar to real data, this did not affect the
estimation performance. Moreover, we found the same variable importance ranking as for the ML
algorithms previously developed based on actual patient data[1]. This is probably due to the principle
of Xgboost that splits continuous variables according to percentile distribution and choose only one
splitting threshold at each node, meaning that it is little influenced by extreme or unrealistic values

contrary to regression methods for example.

Interestingly, we initially simulated concentration-time profiles using the residual error values
observed in the PK study [8] (additive error=0.71 pg/L and proportional error= 11.3%) but that led to
sometimes very unrealistic profiles with very strong gaps between 2 adjacent concentrations in a
simulated profile (e.g. concentrations increasing from 5 to 30 pg/L between samples virtually
collected at 9 and 9.5h post dosing). This is because the residual error is applied independently to all
the simulated concentrations of a profile (and not to the PK parameters), and this led us to fix the
residual error close to 0 and to generate most of the variability between simulated profiles using the
dose and covariate distributions. Of note, the AUC was not normally distributed because the

simulated doses did not follow a normal distribution.

The hyperparameters obtained by tuning in the final 3-sample Xgboost algorithm were identical to
those of our previous algorithm[1], but they were different between the 2-sample algorithms (tree

depth = 1 in the present study while 10 in the previous one. As, only 3 variables were considered
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important for the 2 sample ML algorithm as compared to 7 for the 3-sample algorithm, that

translates into a lower depth of the tree for the former.

Implementation of literature models has largely been used to perform therapeutic drug monitoring
(TDM) based on MAP-BE in different therapeutic areas (for example [18-23]). The models chosen
have to be carefully selected based on convincing data fitting and validation. As mentioned above,
attention has to be paid to patient characteristics in the population where the model was developed
in order to limit extrapolations [3]. Very importantly, the models developed have to be validated in
independent, actual datasets before routine use can be considered. The POPPK model used for
simulations in the present study was characterized by a rather complex structure and a large number
of parameters (n=9), eliciting close fitting of measured concentration-time profiles [3] and accurate
Bayesian estimation of tacrolimus AUC in a validation set obtained by data splitting. It is important to
note that not all published models may be convenient, and that sophisticated models may be better
suited when it comes to simulations, to prevent oversimplification and unrealistic profiles. We
hypothesize that the better the initial PK model, the better the ML algorithm, and we will investigate

what makes a good POPPK model for this purpose in future works.

As mentioned above, the innovative approach tackled here may facilitate the development of ML
algorithms dedicated to precision TDM. Additionally, ML algorithms derived from PK simulations
could be further refined through the addition of actual data. This strategy may be particularly
appropriate to estimate exposure based on limited sampling strategies for drugs for which POPPK
models but no MAP-BE are available [24]. Actually, the PK data usually obtained as part of phase |
and phase Il clinical studies may be sufficient for this. Reciprocally, these models may be useful in the
development of candidate drugs, in addition to POPPK, to help estimate the AUC in case of drug-drug
interactions, or in special populations (children, pregnant women) in whom it is difficult to draw

many blood samples.
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This approach can also be theoretically extended to more complicated PK models, describing for

instance free drug concentrations, or concentrations in tissues, or to PK/PD models.

5. Conclusion

In conclusion, we trained Xgboost machine learning algorithms on concentration-time curves of
tacrolimus simulated using a literature POPPK model developed in kidney transplant recipients and
demonstrated that they yielded very accurate tacrolimus AUC.1,, estimation in independent and rich
PK datasets from patients with a kidney, liver or heart transplant. This study paves the way to the
development of ML algorithms for precision TDM based on exposure estimation in different

therapeutic areas.
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Table 1: Characteristics of the simulated profiles in the training and test subsets

Training subset

Test subset

3294

1098

Trough level (CO) (ng/L); median [range]

9.2[1.1, 20.0]

9.4 1.8, 20.0]

Concentration at 1h; C1 (pg/L); median [range]

15.7 [2.6, 81.2]

15.6 [3.1, 70.7]

Concentration at 3h; C3 (ug/L); median [range]

13.7 [2.9, 43.9]

14.0 [3.5, 42.2]

Deviation from the 1h theoretical time; median

[range]

0.00[-0.13, 0.13]

-0.00[-0.12, 0.12]

Deviation from the 3h theoretical time; median

0.00 [-0.05, 0.04]

-0.00 [-0.03, 0.04]

[range]
Morning dose (mg); median [range] 1.5 [0.5, 8.0] 1.5[0.5, 8.0]
Hematocrit (%); median [range] 32 [21, 46] 32 [21, 46]
CYPA450 3A5 expressors; number (%) 383 (11.6) 139 (12.7)

AUCO0-12h (mg*h/L); median [range]

142 [40, 349]

145 [40, 350]

Concentration difference between C1 and CO

(ng/L); median [range]

5.1[-0.0, 66.1]

5.0[0.0, 58.6]

Concentration difference between C1 and C3

(ng/L); median [range]

1.6 [-20.8, 52.2]

1.5 [-14.6, 45.4]

Concentration difference between C3 and CO

(ng/L); median [range]

3.6[0.1, 29.0]

3.7[0.2,30.5]
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Table 2: Performance of the models in the training and test datasets to estimate tacrolimus

simulated ‘true’ AUCg.15p.

Xgboost model

with 2 samples

Xgboost model

with 3 samples

Training subset

*RMSE + SD (pug*h/L)

7.32+0.147

4.34+0.138

*R% % SD

0.990 £ 0.0004

0.997 £ 0.0002

Relative MPE (%) 0.33 0.15
Relative RMSE (%) 4.66 2.66
RMSE (ug*h/L) 7.53 4.48
R2 0.990 0.997
Relative MPE (%) 0.54 0.13
Test subset
Relative RMSE (%) 4.60 2.61
Number of MPE out of the £20% interval /
1/1098 0/1098

n

*Mean and standard deviation obtained after 10-fold cross-validation.
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Table 3: Comparative performance of ML algorithms trained of simulated data and of MAP-BE to

estimate reference AUCs obtained from actual full PK profiles using the trapezoidal rule.

Relative Relative
Relative Relative errors out of | errors out of
Study Method
MPE (%) RMSE (%) +20% +10%
n (%) n (%)
Xgboost
1.08 8.55 3(2.2) 30(21.9)
Kidney 2 concentrations
transplantation 1 Xgboost
3.28 7.98 1(0.7) 25(18.2)
[12] 3 concentrations
(n=137) MAP-BE
5.1 9.6 6 (4.4) 37 (27.0)
3 concentrations
Xgboost
0.69 9.0 2(5.9) 7 (20.6)
Kidney 2 concentrations
transplantation 2 Xgboost
0.27 8.1 0 (0) 8 (23.5)
[13] 3 concentrations
(n=34) MAP-BE
2.8 9.1 1(2.9) 9 (26.4)
3 concentrations
Xgboost
5.9 12.9 6 (8.8) 23 (33.8)
Liver 2 concentrations
transplantation Xgboost
3.7 8.8 2(2.9) 14 (20.6)
[14] 3 concentrations
(n=68) MAP-BE
-3.4 11.2 6 (8.8) 18 (26.5)
3 concentrations
Xgboost
3.2 11.4 4 (8.5) 13 (27.7)
Heart 2 concentrations
transplantation Xgboost
3.4 9.1 2(4.2) 10(21.3)
[15,16] 3 concentrations
(n=47) MAP-BE
-0.7 9.1 1(2.1) 13 (27.7)

3 concentrations
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Figure legends

Figure 1: Distributions of the simulated tacrolimus concentrations and AUCg.1,,

Figure 2: Scatter plots and residual plots of machine learning predicted vs. reference AUCqy 15, in the

simulated test subset using 2 or 3 tacrolimus blood concentrations.

Figure 3: Scatter plots and residual plots of MAP-BE and machine learning predicted vs reference
AUCg.15h in the external validation set (actual profiles) using 2 or 3 tacrolimus blood concentrations.
(MAP-BE is maximum a posteriori Bayesian estimation based on the 0, 1 and 3h limited sampling

strategy and the parametric POPPK models available in ISBA, https://abis.chu-limoges.fr/login).

Figure 4: Comparison of the different methods of tacrolimus AUCy1,, estimation in the external
validation datasets. (MAP-BE is maximum a posteriori Bayesian estimation based on the 0, 1 and 3h

limited sampling strategy and the parametric POPPK models available in ISBA).
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