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Continuous-infusion simulations in PBPK
and QSP models reveal steady-state
properties and rate-limiting steps.
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Intro Continuous-infusion repeated sensitivity analysis for
steady-state analysis and model characterization

From local sensitivity analysis to Continuous-Infusion Repeated Sensitivity Analysis (CIRSA)

Many of the currently available model analysis tools have significant limitations as listed in Table 1.
[1-3]. Here we explore extensions of the local sensitivity analysis to obtain an extensive, intuitive,
and scalable sensitivity analysis for large-scale models.

Organism|Central|Drug Organism|Central|Drug Organism|Peripheral|Drug

Table 1: Overview of available model analysis methods

Mathematical model « Comprehensive  Time + skill intensive
analysis « Explicit * Only for small models
assumptions * Not easy to interpret
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Global sensitivity Comprehensive Only relative parameter contributions
analysis Easy to interpret Sensitive to conditions

. Scenarios kel =0.1 /h, kin=0.1/h = kel="1/h, kin=1/h =0.1/h, kout=0.1/h == kel =1/h, kout=1/h kel = 10 /h, kout =10 /h
® == Neighborhoods|Central_ClearedDrug|Drug|Clearancekel kel=01/h kih=1/h === kel=1/h kin=10/h =0.1/h kout=1/h == kel=1/h kout=10/h
=== Neighborhoods|Central_Peripheral|Drug|Distribution|kin kel = 0.1 /h. kin = 10 /h kel = 10 /h. kin = 0.1 /h =0.1/h, kout = 10 /h kel =10 /h, kout= 0.1 /h

i . i ) Jistributi . B =1/h, kout=0.1/n === kel=10/h, kout=1/h
Neighborhoods|Central_Peripheral| Drug|Distribution|kout kel = 1 /h, kin = 0.1 /h kel = 10 /h, kin = 1 /h

Local sensitivity Easy to interpret Time consuming

anaIYSIS A"OVYS .SpeCIfIC No cc_)r_nbmed par_ai:neter effects Figure 1: Repeating a single sensitivity analysis of a minimal 2-compartment model (left panel) for combinations of other parameters gives a Repeated Sensitivity
predlctlons Sensitive to conditions Analysis (RSA, middle panel). Replacing the bolus dose by a continuous infusion and increasing simulation time to ensure steady-state yields a Continuous-
Infusion Repeated Sensitivity Analysis(CIRSA, right panel). Reference values for kin, kout, and kel are 1/h.

Continuous-infusion analysis of the two-compartment model reveals two steady-states that are both relevant for bolus dose conditions

Continuous infusion peripheral compartment Bolus dose central compartment

Organism|Peripheral|Drug Organism|Peripheral|Drug Organism|Peripheral|Drug

Continuous infusion central compartment

The analysis toolbox presented here utilizes the standard sensitivity analysis spider plots as
present in the esqglabsR package (v5.1.3) and the ospsuite package (v12.0.0) in R (v4.3.1).
Simulation models were created using a whole-body Physiologically-Based Pharmacokinetic model
(PK-Sim® v11.2) and extended in MoBi® (v11.2) to include TMDD or PD models. The created
models were saved as .pkml files and analyzed in R using dedicated R code for the developed
analysis toolbox.
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Results

We developed a “repeated local sensitivity analysis spider plot”, a first extension of a single spider

plot, by repeating the same analysis for various combinations of two other parameters that define Figure  2:  Normalized ~ Continuous-Infusion |
Repeated Sensitivity Analysis of a minimal 2- ' ’ :

relevant scenarios (Figure 1, Figure 4). The next step towards a comprehensive understanding of compartment model. Reference values for kin, kout,
model behavior was the model modification with a continuous infusion to introduce a steady-state ;”dthks' S;enp1r<2raII:O::onrﬁggﬁt“r::g’?nar?ng:/?;:aac}logi
(Figure 1, 3) FinaIIy, the output was normalized for the output of the neighboring compartment to concentrations in the central compartment.

identify the specific sensitivity for a single compartment (Figure 2, 6).
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=== kel=0.1/h kout=1/h == kel=1/h kout=1/h === kel=10/h, kout=1/h
kel=0.1/h, kout=10/h === kel =1 /h, kout=10/h kel = 10 /h, kout = 10 /h

Application to evaluate a PK-Sim model extension
Conclusion " |

As pointed out by Gabrielsson and Peletier[4], analyzing a system in a continuous infusion
steady-state can provide significant insight into models with multiple nonlinearities, such as TMDD
models. Here we provide such an analysis in a numerical sensitivity analysis framework. This
framework allows the application of numerical steady-state analyses to large-scale PBPK or QSP
models, as illustrated by the whole body PBPK and the PBPK-QSP examples. This analysis can
be further normalized to provide insight into steady-state concentration ratios rather than absolute
concentrations. Intermediary versions in between a single sensitivity analysis and a repeated
normalized steady-state sensitivity analysis can be of additional value, such as the (normalized)
repeated sensitivity analysis.

Extension of the default
FcRn model in PK-Sim

Kass FcRn . . Kass FcRn ‘
Organism|PeripheralVenousBlood|Large Molecule Drug|Plasma (Peripheral Venous Blood) Organism|PeripheralVenousBlood|Large Molecule Drug|Plasma (Peripheral Venous Blood)
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scenario scenario

KDend = 100 nM, KDplfint = 100 nM KDend = 1000 nM, KDpl/int = 100 nM KDend = 10000 nM, KDpl/int = 100 nM KDend = 100 nM, KDpl/int = 100 nM KDend = 1000 nM, KDpl/int = 100 nM KDend = 10000 nM, KDpl/int = 100 nM

KDend = 100 nM, KDplfint = 1000 nM === KDend = 1000 nM, KDpl/int = 1000 nM KDend = 10000 nM, KDpl/int = 1000 nM KDend = 100 nM, KDpl/int =1000 nM === KDend = 1000 nM, KDpl/int = 1000 nM KDend = 10000 nM, KDpl/int = 1000 nM

We would like to express our gratitude to Tatiana Zasedateleva for developing the repeated
sensitivity analysis scripts and providing the results for Figure 5.

=== KDend = 100 nM, KDpl/int = 1e+06 nM === KDend = 1000 nM, KDpl/int = 1e+06 nM === KDend = 10000 nM, KDpl/int = 1e+06 nM === KDend = 100 nM, KDpl/int = 1¢+06 nM === KDend = 1000 nM, KDpl/int = 1¢+06 nM === KDend = 10000 nM, KDpl/int = 1e+06 nM

Figure 3: Repeated sensitivity analysis of the default PK-Sim FcRn model (left) and an extended version (right). The reference value for k. FCRn is 0.87
L/umol/min.

References Application to an integrated MoBi PBPK-TMDD model

Organism Tissue Compartments Sub-Compartments Interstitial concentrations Target occupancy

| Figure  4: Repeated
sensitivity analysis of a
Tissue TMDD model with
a single IV dose of an
IgG. The reference value
for Kd is 1 nM.
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Application to a default PK-Sim small molecule model

Organism|PeripheralVenousBlood|small molecule|Plasma (Peripheral Venous Blood) Organism|Muscle|Intracellularjsmall molecule|Concentration in container
C tEnd

Figure 5: Continuous-Infusion
Repeated Sensitivity Analysis
of a O] model of
ACTH/Corticosterone feedback
for understanding of its steady-
state behaviour. The reference
value for the “Corteffect”
parameter is 1.

Corticosterone and ACTH are in a feedback loop
trough MC2R binding:

dAgtTH = kdegA*(COZZl;‘zse)C orteffect* ACTHbase- kdeg* ACTH

dCort Emax*ROnormY
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Scenarios
ase =001 KdIACTH=1 ~— ACTH Base =01, Kd ACTH =10
ase =001, KdACTH =10 == ACTH Base =1, Kd ACTH = 0.1
ase =0.1, KdACTH = 0.1 ACTH Base =1, KdACTH =1
ase =01, KdACTH=1 = ACTH Base =1, Kd ACTH = 10
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Figure 6: Repeated sensitivity analysis of a small molecule PBPK model with continuous infusion of the drug in the plasma compartment, for various
parameter value combinations. The reference value for lipophilicity is 1. For normalization, the Muscle intracellular concentrations were divided by the

plasma concentration. Presented at OSPCC 2025, Paris, France www.ESQlabs.com
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