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Abstract
Mechanistic modeling of drug behavior and response is
essential for rational drug development and personalized
therapy, yet constructing, maintaining, reusing and cus-
tomizing complex pharmacokinetic–pharmacodynamic
and physiologically based pharmacokinetic models can
be error-prone when implemented solely via equations
or code. We introduce Pharmacolibrary, a free Mod-
elica library offering standardized acausal components
for pharmacokinetics, pharmacodynamics, toxicokinetic-
s/toxicodynamics and pharmacogenomics from compart-
mental and physiologically based templates to effect mod-
els and genotype–phenotype records—to simplify model
reuse, customization, and interoperability. Its utility is
showcased with gentamicin, midazolam, and fentanyl
case studies, including pharmacogenomics-driven clear-
ance adjustments and pharmacodynamics simulations.
Keywords: Modelica, Pharmacology, Pharmacokinetics,
Pharmacodynamics, Pharmacogenomics, Modeling

1 Introduction
Pharmacology investigates how drugs modulate biologi-
cal functions—spanning their origin, mechanisms of ac-
tion, therapeutic benefits, and adverse effects—while tox-
icology focuses on chemical-induced harm. Core sub-
fields include pharmacokinetics (PK; absorption, distri-
bution, metabolism and elimination processes of a drug
in organism) and pharmacodynamics (PD; effect, concen-
tration–response relationships), with analogous toxicoki-
netics/toxicodynamics (TK/TD) in the toxicity domain.
Pharmacogenomics (PGx) quantifies how genetic varia-
tion shapes PK and PD. Physiologically based pharma-
cokinetics (PBPK) augments classical PK with anatom-
ical and physiological detail to predict drug distribu-
tion(Rosenbaum 2016). Quantitative systems pharmacol-
ogy (QSP) further integrates PK/PD with systems-biology
to capture drug interactions within complex molecular net-
works(Azer et al. 2021).

A variety of commercial and academic tools support
these methods: Certara’s SimCyp(Jamei et al. 2009) and
Bayer’s PK-Sim/MoBi for PBPK and Open-system phar-
macology community(Lippert et al. 2019); MediWare’s
MWPharm++ for pharmacogenetically informed thera-

peutic drug monitoring(Schön et al. 2022); MATLAB
SimBiology® and its gPKPDSim extension for PK/PD
workflows(Hosseini et al. 2018); and Modelica-based li-
braries (Biochem, Physiolibrary, Chemical) for pathway,
physiological, and physicochemical modeling. However,
these platforms either specialize in a single aspect or blend
modeling with simulation in proprietary environments.

Some of the existing Modelica libraries can be cur-
rently used to mimic e.g pharmacokinetics like the
Biochem library for biochemical pathways(Nilsson and
Fritzson 2005), Physiolibrary for human physiology mod-
els(Mateják et al. 2014) or Chemical for using electro-
chemical potential and physical chemistry principles to
model chemical reaction and behavior of various sub-
stances(Matejak et al. 2015). However, these libraries fo-
cus on different aspects of biology, physiology and physi-
cal chemistry.

Here, we introduce Pharmacolibrary, a reusable Mod-
elica library unifying PK, PD, PBPK, TK/TD, and PGx
constructs with standardized pharmacological terminol-
ogy, units, and acausal connectors. By decoupling model
definition from simulation, our library leverages Model-
ica’s auto-generation of correct equations from diagrams,
supports FMU export for integration into Python/Julia/-
MATLAB/WebApp workflows, and interoperates with ex-
isting Modelica libraries to enable advanced QSP applica-
tions. In the following sections, we describe the library’s
components and demonstrate exemplar models that repro-
duce experimentally observed drug behaviors.

2 Pharmacolibrary
As a foundational concept for pharmacology modeling,
we first define the following connectors, which hold and
exchange drug mass and concentration via various types
between components.

The ConcentrationPort connector (table 1) contains
MassFlowRate as a flow variable and MassConcentration
as a non-flow variable that is usually used to model chem-
ical domain. The ConcentrationPort is intended to be used
in compartment based pharmacokinetics model where the
volumetric flow is not taken into account or is neglected
and ideal mixing can be assumed among connected com-
ponents.

The FlowPort connector (table 2) contains Volume-

 

DOI Proceedings of the 16th International Modelica&FMI Conference 61 
10.3384/ecp21861 September 8-10, 2025, Lucerne, Switzerland    

 

 

 

 

 

 

 

 

 

 

RRR  



ConcentrationPort is acausal connector that contains
mass flow rate quantity qm and concentration c defined
as follows:

flow MassFlowRate qm;
MassConcentration c;

When a component is connected using such a connec-
tor, standard Modelica tool will ensure that flow vari-
able qm is not accumulated in connected connectors by
ensuring that ∑

n
i=0 qmi = 0 and also that all non-flow

variables - in this case concentration c are equilibrated
i.e. c1 = c2 = ...= cn (n is number of connected com-
ponents via a connector).

Table 1. Graphical connectors for drug-mass and concentration
exchange.

FlowRate as a flow variable and MassConcentration as a
stream variable and Pressure as a non-flow variable. The
combination of VolumeFlowRate and Pressure is usually
used to model pressure-volume hydraulic domain, we ad-
ditionally add a concentration. The FlowPort is intended
to be used in physiology based pharmacokinetics model
(PBPK) where the substance (e.g., drug) transport is re-
solved through branching and merging conduits, automati-
cally enforcing mass-balanced mixing at junctions accord-
ing to the instantaneous flow rates.

FlowPort is acausal connector that contains flow quan-
tity qv, stream quantity c and non-flow quantity p de-
fined as follows:

flow VolumeFlowRate qv;
stream MassConcentration c;
Pressure p;

Using such definition, when a component is connected
using a connector, standard Modelica tool will ensure
that flow variable qv is not accumulated in connected
connectors by ensuring that ∑

n
i=0 qvi = 0 and addition-

ally all variables in stream connector (in this case con-
centration c) are ensured to be correctly and physically
consistently mixed based on the flow quantity. All non-
flow (potential) quantities (in this case pressure p) are
equalized among connected components.

Table 2. Graphical connectors for drug-mass and concentration
exchange in case of volumetric flow and mixing is taken into
account.

By employing these two connector types, we can dis-
tinguish between pure compartment based models (where
active flow and compartmental distribution can be simpli-
fied to diffusion kinetic) and PBPK models (where drug
particles are exchanged via active distribution, i.e. volume
flow rate and compartment are matched with anatomical
and/or physiological tissues or systems).

2.1 Pharmacokinetics - compartment models
Pharmacokinetics studies how drug is absorbed, dis-
tributed, metabolized, and excreted (the “ADME” pro-
cesses). The compartmental pharmacokinetic (PK) model
abstracts the organism as one, two, or several intercon-

nected compartments through which the drug distributes,
with exchange between compartments generally described
by first-order kinetics.(Fleishaker and Smith 1987) A
compartment need not map to a specific anatomical tissue
or organ; its defining parameter—the apparent volume of
distribution Vd—is usually obtained by numerically fitting
the time-course of blood-concentration data after drug ad-
ministration.

By measuring drug concentrations in blood, tissues, or
other biological fluids, pharmacokinetics compartmental
analysis seeks to characterize the parameters of the com-
ponents involved in ADME processes. For absorption the
known parameters are dose mass, dose duration, admin-
istration route and unknown is bioavailability F . For dis-
tribution the volume distribution Vd of compartments. For
Metabolism and Excretion the kinetic rates and clearance
rates.

For modeling mainly the ’Distribution’ part of ADME
processes in pharmacokinetics, we define the reusable
compartment components as in table 3. For modeling the
rest of the ADME processes, we define additional compo-
nents as in table 4.

NoPerfusedTissueCompartment expresses basic the-
oretical volumetric distribution of a drug in a hypothet-
ical compartment, that does not necessarily be equiva-
lent to an anatomical tissue or organ. With the follow-
ing equations:

dM
dt

= qm

C =
M
Vd

Where derivation of M is mass flow rate qm and con-
centration C is mass of drug in compartment M divided
by compartment’s volume of distribution Vd .
SystemicTissueCompartment express volumetric
distribution of a drug via arterial or venous blood-
stream through 2 flowports and 1 concentration port
using these main equations:

dM
dt

= ∑qvxi × actualStream(cxi)+qm

ca = cb =
M
Vd

where M is drug total mass in compartment, parameter
Vd is volume of distribution, qva and qvb are distribu-
tion of volume flow rates in ports a and b and qm is
mass flow rate that may happen directly in the blood
tissue. ca and cb are actual concentrations on con-
nected ports a and b respectively.
TissueCompartment expresses not only distribution
of a drug through bloodstream, but additional a simple
constant tissue-blood concentration ratio kT B as

c =
ct

kT B

Table 3. Compartment components.
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TransferFirstOrderNonSym express basic first order
non-symetric transfer between compartments defined
by intercompartmental clearance parameters Cla and
Clb.
SingleDose expresses a source that contributes to con-
centration change by administering a certain amount of
drug during administering duration into the 1 concen-
tration port.

qm =
adminMass

duration

FlowGround The component FlowGround express the
ground of concentration within the stream from the
flowport connector. Note, that this component does
not affect the model behavior, as no volume normally
flows in or out, yet is required for mathematical com-
pleteness. An error is raised when any flow leaks or is
added inadvertently.
ClearanceDrivenElimination expresses simplified
elimination that is driven by the clearance parameter
by the following equation:

qm =CL× c

dMexc

dt
= qm

Where Mexc is excreted drug mass, CL is clearance pa-
rameter usually in liters per minute, c is drug concen-
tration and qm is massflowrate of the drug that is elim-
inated.
FixedFlow express enumerated flow that is forced to
be through this component. It can be used e.g. to
mimic cardiac output or partial flow within a specific
organ or tissue. It’s parameter is prescribed flow Q
which is then given to the connected ports a and b as:

qva =−qvb = Q

Table 4. Additional components

2.2 1-compartment models
The single-compartment pharmacokinetic (PK) model is a
theoretical model where whole organism is represented as
a single, well-mixed compartment. In this model, the drug
is absorbed according to its bioavailability, distributed uni-
formly throughout the apparent volume of distribution,
and eliminated at a constant rate. Such a PK model can
be described by the following integral equation of con-
centration c over time t where initial concentration c0 and
clearance rate of elimination Cl:

c = c0 × e−Cl·t (1)

or in derivative form

dc
dt

=−Cl × c (2)

When a mass of a drug is taken into account M, a theo-
retical parameter "volume distribution" Vd is in equation:

c =
M
V d

(3)

So the PK model can be described as

dM
dt

=−Cl × c (4)

In Modelica language, the equations (3) and (4) can
be implemented directly as seen in model implementa-
tion fig.1 (A). However the component NonPerfusedTis-
sueComponent (implementing equation (3)) is connected
with ClearanceDriveElimination which implements and
correctly connect equation (4) so the diagram mode Fig.1
(B) is equivalent to the text mode of implementation.

(A)

(B)

Figure 1. Equivalent representations of the single-compartment
model. (A) Text mode, in which the governing equations (3)
and (4)—are written out explicitly. Text mode is ideal for sim-
ple models or for defining individual components. (B) Diagram
mode, which links predefined component icons into a acausal
component diagram. Diagram mode is preferred when domain-
specific components are already well defined and can be reused
and composed in different settigns. Example parameters of PK
of gentamicin with an initial dose of 400 mg, a clearance of 0.1
L/min, and a volume of distribution of 17.5 L. In text mode,
the parameter values are declared in basic SI units. In diagram
mode, tools such as OpenModelica(Fritzson et al. 2020) allow
user to chose the prefered unit and automatically recalculate and
display all units in SI within the component icons, dialogs and
plots.

This model requires setting the initial drug mass at time
zero. To incorporate single-dose absorption, a SingleDose
component can be connected as shown in the modified di-
agram in Fig 2.

Single-compartment models describe the PK of a drug
whose distribution via the cardiovascular arterial tree sys-
tem can be neglected—typically because they are ab-
sorbed and distributed rapidly and do not significantly
bind to tissues.
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For example, gentamicin is an antibiotic administered
intravenously, usually once daily, to treat serious bacte-
rial infections. Sample parameter values of gentamicine’s
PK model are given in Figure 1 and its caption. A pri-
mary concern in drug administration is efficacy; for gen-
tamicin, the minimum inhibitory concentration (MIC) rep-
resents the lowest concentration that prevents bacterial
growth. Another concern is toxicity: gentamicin can cause
nephrotoxicity (kidney toxicity) and ototoxicity (ear tox-
icity). The toxicity for gentamicine should not reach a
Ctox,peak value for short term toxic effect and minimal con-
centration before second dose should be bellow Ctox,valley
or sometimes dedicated as Ctox,trough. The dosing goal for
clinical pharmacologist can be described as simplified rule
to maintain drug concentrations above the MIC for a suf-
ficient portion of the dosing interval while keeping peak
level and trough level below toxic thresholds. For gen-
tamicin the MIC and toxicity thresholds are in Fig.2(C).

(A)

(B)

(C)

Figure 2. (A) Single-compartment model with a SingleDose
component, a central compartment, and an elimination compo-
nent. (B) Simulated concentration plotted on a logarithmic scale,
illustrating the model’s constant log-linear decline. (C) Example
simulation configured for gentamicin pharmacokinetics—initial
dose 400 mg, volume of distribution 17.5 L, clearance 0.1
L/min—showing the central compartment concentration (red),
the minimum inhibitory concentration (MIC)(Hodiamont et al.
2022), and observed peak and valley (trough) toxicity levels
(green) and (dotted blue).

2.3 2-compartment models
If the experimental concentration–time curve is biphasic,
a two-compartment model usually fits better: the central
compartment represents blood and well-perfused tissues,
while the peripheral compartment represents tissues that
transiently store the drug. Figure 3(A) shows this arrange-
ment—administration and elimination occur from the cen-
tral compartment, and drug moves between compartments
by first-order transfer.

Midazolam—a fast-acting benzodiazepine used for se-
dation, anxiolysis, and anesthesia induction—exemplifies
a drug whose intravenous pharmacokinetics are well de-
scribed by a two-compartment model. Sample PK param-
eters are in Figure 3 caption. The plasma concentration
required for anesthesia induction must remain above a de-
fined minimal effective threshold Cmin.

(A)

(B)

(C)

Figure 3. (A) Diagram view of a two-compartment pharma-
cokinetic model, showing drug administration and elimination
in the central compartment with bi-directional transfer to the pe-
ripheral compartment. (B) Simulation on a logarithmic scale,
illustrating the non-constant log-linear decline of concentrations
in both compartments. validated against data (blue dots) from
Heizmann et al. (1983)(Heizmann, Eckert, and Ziegler 1983).
(C) Simulation of midazolam concentration in the central (red)
and peripheral (green) compartments, alongside the minimal ef-
fective concentration (blue). A 9.6 mg IV dose is administered;
both compartments have an apparent volume of distribution Vd =
30l, inter-compartmental transfer rate constants k12 = 0.2h−1

and k21 = 0.1h−1 and a systemic clearance Cl = 0.2l.min−1
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2.4 Multicompartmental models

When a drug distributes into multiple tissue types, its post-
administration concentration decline exhibits more com-
plex behavior, making multi-compartment models more
appropriate than single- or two-compartment models.

Fentanyl is a potent synthetic opioid used to manage se-
vere pain and as an anesthetic adjunct during surgery. Af-
ter intravenous administration, it rapidly distributes into
highly perfused organs—such as the brain, heart, lungs,
and kidneys—while also partitioning more slowly into
poorly perfused tissues like fat and muscle. Over time,
both tissue groups release fentanyl back into the plasma.
The pharmacokinetics of fentanyl can be captured by the
three-compartment model shown in Figure 4, in which
the “peripheral” and “peripheral2” compartments repre-
sent highly and poorly perfused tissues, respectively.

(A)

(B)

Figure 4. (A) Three-compartment PK model diagram. (B)
Log-scale simulation of fentanyl plasma concentration 10–60
min after a 0.2 mg bolus. Parameters: Vd=27.9L (central), 64.7L
(peripheral1), 153L (peripheral2); Cl=1.27, 3.13, 2.27L min−1,
respectively(Kaneda and Han 2009). The curve inflects as both
peripheral pools return drug to the central compartment.

2.5 Physiology based pharmacokinetics mod-
els - component models

Compartmental PK models fit empirical compartments
to concentration–time data but lack anatomical meaning.
Physiologically based PK (PBPK) models instead assign
compartments to real organs, enabling organ-level and
inter-individual simulations when parameters are avail-
able.

Figure 5. Model diagram of three-component PBPK model.
Linked red FlowPorts enforce mass flow rate and resolve
stream variables by flow direction. ConcentrationPorts join
SingleDose→Veins (IV 100 mg in 0.5 h). A dedicated block sets
unidirectional flow at a cardiac output of 5 L min−1 (300 L h−1)

Figure 6. Whole-body PBPK model, utilizing main tissues with
normal blood flow distribution. This is suitable for extension by
a particular drug.
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Figure 7. Excerpt from the flattened model—the text form automatically generated from the PBPK diagram by a standard Modelica
tool. At line 332 the flows from all connected tissues sum to zero, and at line 359 the derivative of venous drug mass equals the
flow-weighted mix of incoming concentrations, as dictated by the stream-connector logic. In a purely equation-based implementa-
tion these relations would have to be coded manually.

The basic three-component PBPK model, which ac-
counts for cardiac output and drug distribution through the
arterial and venous systems to target tissues, is illustrated
in Figure 5.

Complex PBPK model follows cardiovascular distribu-
tion across multiple tissues (Figure 6). Linked red Flow-
Ports connect venous and arterial pools to fourteen or-
gan/tissue compartments, automatically enforcing mass
balance and setting stream variables by flow direction.
A SingleDose block drives gut absorption (oral 100 mg,
F = 0.8), while hepatic and renal clearance components
(Cl=0.17 L min−1 each) handle elimination. A dedicated
component sets cardiac output at 5 L min−1 (300 L h−1).
Figure 8 shows simulated tissue concentrations. An equiv-
alent text model must state every equation and link, as il-
lustrated by the flattened equation-based model generated
by the Modelica tool in Figure 7.

Figure 8. Simulation of the first 10 minutes of a generic drug us-
ing physiology-based pharmacokinetic model from Fig.6. Sim-
ulation reveals that majority of the drug administered orally goes
first through liver and then it is subsequently distributed to other
tissues.
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2.6 Pharmacodynamic models
Pharmacodynamics (PD) is the bridge that converts “how
much drug is present” into “how much effect is produced.”
In its direct or static form, the instantaneous drug con-
centration at the site of action is passed through an alge-
braic dose-response relationship. We present several such
direct-effect components (Table 5): a linear effect compo-
nent for low-dose proportionality, a hyperbolic Emax effect
component for simple saturation, and a sigmoid-Emax ef-
fect component whose Hill exponent tunes the steepness
of the transition. These components assume the effect is
reversible: when the concentration falls, the response fol-
lows it back to baseline with no memory.

LinearEffect depicted as equation

E = E0 +S×C

Where E is effect, E0 is baseline effect without drug in-
fluence, S is slope (effect per concentration), C is drug
concentration.
EmaxEffect Depicted by the equation

E = E0 +
Emax ×C
C50 +C

where E is the final effect, E0 is the baseline effect in
the absence of drug, C is the drug concentration, C50 is
the concentration producing 50% of the maximal effect
Emax, and Emax is the maximal effect.
SigmoidEmaxEffect Depicted by the equation

E = E0 +
Emax ×Ch

C50 +Ch

where E is the final effect, E0 is the baseline effect
in the absence of drug, C is the drug concentration,
C50 is the concentration producing 50% of the maximal
effect Emax, Emax is the maximal effect, and h is the Hill
exponent.

Table 5. Graphical connectors for drug-mass and concentration
exchange.

Some drugs act irreversibly—e.g., covalent enzyme
inhibition, receptor down-regulation, or DNA alkyla-
tion—so their effect depends on cumulative target inac-
tivation rather than current concentration; these indirect,
irreversible mechanisms are not yet covered in the current
library.

Midazolam—whose intravenous disposition is captured
by the two-compartment PK model in Figure 3—rapidly
partitions into the highly perfused central nervous sys-
tem, where it depresses electroencephalographic (EEG)
activity, producing sedation, anxiolysis, and anaesthetic
hypnosis. Cleton et al.(Cleton, Voskuyl, and Danhof
1998) showed that the concentration–effect relationship
for the EEG β -ratio follows a sigmoid Emax curve. In
the library, the midazolam PK–PD model couples the
two-compartment PK model to a sigmoid-Emax PD com-
ponent (Figure 9).

(A)

(B)

Figure 9. (A) PKPD midazolam model extension from Figure
3. (B) Comparison of simulation of the midazolam effect repre-
sented as EEG activity to the data reported in (Cleton, Voskuyl,
and Danhof 1998).

2.7 Pharmacogenomic models

Pharmacogenomic (PGx) modeling seeks to quantify
how inherited genetic variation modulates both drug
pharmacokinetics and pharmacodynamics. We pro-
pose the following components to integrate geno-
type–phenotype–specific parameters—such as transporter
activity, metabolic capacity, and receptor sensitiv-
ity—directly into established PK/PD frameworks. We
define six commonly used metabolizer status classes:

Next, we define two generic record types Genotype
and Phenotype to encapsulate an individual’s genotype
(allelic composition), corresponding phenotype, and
simplified functional modifications of PK/PD effects:
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Additional helper functions are defined as follows:

phStatus(ph, allele1, allele2) Maps a
pair of star-alleles (allele1, allele2) and
a PhenotypeTemplate instance (ph) to a
MetabolizerStatus, using the allele lists
specified in ph.

phScaleCL(ph, allele1, allele2) Returns
the clearance-scaling factor corresponding to the
combined genotype (allele1/allele2) and
phenotype instance ph.

Based on these record templates, a modeler can de-
fine sample genotypes and phenotypes that may affect,
for example, the renal clearance of a drug. For instance,
the SLC22A2 gene encodes organic cation transporter 2
(OCT2), a key renal transporter responsible for the uptake
and clearance of many endogenous substances and drugs
from the blood into renal tubular cells, thereby influencing
their urinary excretion (Koepsell 2013).

Sample implementation of SLC22A2 genotype holds
default normal alleles denoted as ∗1 ∗ 1 which can be
changed later in runtime as a common parameter in a
model:

Phenotype OCT2 defines an intermediate metabolizer
with at least one allele denoted as 808T and according al-
tered clearance by factor 0.85:

In order to integrate genotype–phenotype influences
into the gentamicin PK model, we must adjust the clear-
ance parameter—either by directly invoking the func-
tion phScaleCL() or by delegating the adjustment to a
specialized ClearanceModifier model. An example of
the gentamicin PK model, implemented in equations and
augmented with PGx influence via ClearanceModifier, is
shown in the following listing:

PGx simulation of such PK model with normal allele
and with variant 808T with altered clearance is seen in the
following Figure 10:

Figure 10. comparison of PGx simulation of PK model of
gentamicine with normal SLC22A2 alleles compared to allele
’808T’ with altered clearance.

To support PGx modeling using diagram view, we de-
fine the components in Table 6.

With these components, we can extend PK models with
additional PGx influence by applying clearance modifica-
tions appropriately and cascading the influence of multi-
ple genes—e.g., CYP2C19 and SLC22A2—as illustrated
in the model diagram in Figure 11.

ClearanceModifier qvin is baseline volume flowrate
value, u is modification factor from an outside compo-
nent, e.g. from genotype-phenotype component, qvout
is modified output volume flowrate value by equation:

qvout = u×qvin

PhenotypeGenotype component joins genotype with
it’s phenotype and outputs the scale factor that can be
used to modify other quantities

scale = phScaleCL(ph,a1,a2)

Where ph is phenotype, a1 is first allele and a2 second
allele.

Table 6. Components for diagram view to support pharmacoge-
nomic modeling.
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(A)

(B)

Figure 11. PKPGx model icon (A) and diagram (B) of 1-
compartment PK of gentamicine where elimination clearance
rate is influenced by PGx of CYP2C19 genotype and SLC22A2
genotype.

Theoretical influence of all combination of the variants
of gene mutation of SLC22A2 and CYP2C19 on periodi-
cal administration of gentamicine is visible in model and
simulation of 4 variants in Figure 12.

(A)

(B)

Figure 12. PGx of 4 variants of patients with various gene mu-
tation of SLC22A2 and CYP2C19. Model diagram (A) showing
the instance of PKPGx model with specific SLC22A2 alleles
and CYP2C19 alleles (patient1 has normal alleles, patient2 with
mutation 808T, patient3 with mutation *2 and patient4 with both
mutations 8080T and *2). Simulation (B) of PK of gentamicine
on all these patients during 3 days, gentamicin is administered
every day. Toxicity peak and trough (valey) levels are shown
too.

Note that while standard dosing in a normal patient
keeps drug concentrations below toxic peak and trough
thresholds, rare variants in the cited genes slow elimina-
tion; in patient3 and patient4 this raises levels above the
toxicity limit, markedly increasing the risk of side effects.

The models in Figures 11 and 12 are illustrative only;
the real impact of pharmacogene mutations on drug phar-
macokinetics and pharmacodynamics is likely more com-
plex and lies beyond the scope of this paper.

2.8 Integration to simulation workflows
Models exported as FMUs can be instantiated and cus-
tomized via runtime parameters without requiring recom-
pilation. The following figure illustrates a demo workflow
that integrates FMU export into a Python environment us-
ing the FMPy library, retrieves experimental data from an
external PK database, overlays the data on the simulation
chart, and supports interactive parameter updates.

Figure 13. 2-compartment PK model of Midazolam exported
to FMU and instantiated in Python using fmpy library. Jupyter
notebook is used to visualize interactively model simulation and
data of specific drug concentration time series retrieved from
PK-DB (Grzegorzewski et al. 2020).

2.9 Integration to other Modelica libraries
Pharmacolibrary can be integrated with other Modelica
libraries. The acausal connectors are unique for Phar-
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Figure 14. Example integration of PKPD model with Physiolibrary 3.0 (Mateják 2023) 1. hemodynamics of cardiocascular system
as published by (Van Meurs 2011), 2. example of 2-compartment PK model of digoxin and PD model of influence of variable
elastance during cardiac cycle as published by (Hornestam et al. 2003). PD effect on elastance/compliance just illustrative.

macolibrary, however causal connectors that holds only
one variable can be directly connected to any appro-
priate component. Following the common convention
in Modelica libraries, connector nominal values use SI
units: compliance is expressed in m3 Pa−1 (converted
from mL mmHg−1), and heart rate in s−1 (Hz) rather than
beats min−1. Digoxin is a drug used to treat e.g. acute
atrial fibrilation as it has combined effect on inotropy
(ventricular elastance) and heart rate. Example of PK PD
integration of digoxin to model of hemodynamics is visi-
ble in Fig.14 with PD effect parameters in basic SI units
and illustrative simulation is at Fig. 15.

3 Discussion
Implementing multicompartmental pharmacokinet-
ic/pharmacodynamic models can be cumbersome and
error-prone when using generic programming language,
or modeling language and methods using equation-based
or block-diagram approaches. While simple one- and
two-compartment models (Fig. 1 A, B) can be imple-
mented either in diagram mode or in equivalent equation
text mode, more complex architectures quickly become
unwieldy in text mode (e.g., Fig. 6, and 7). In contrast,
Modelica tools automatically generate consistent textual
representations from acausal diagram views—translating
connected variables and component definitions into
correct equations. Combination of acausal and stream
connectors (connectors exchanging flow, non-flow and
stream variables) ensure that non-flow (equality) and
flow variables equilibrate appropriately, while stream
connectors enforce mass balance by mixing based on
flow direction. This component-oriented approach
preserves the precision of underlying equations while
retaining an intuitive, schema-like structure plausible for
non-programmers.

Figure 15. Simulation of PK, PD effect on compliance and
heart rate and systolic/diastolic pressure in 5 minutes before,
during and after administration of intravenously applied digoxin.
Digoxin is administered after 60 seconds. Note that while sys-
tolic pressure slightly increases the diastolic pressure slightly de-
creases when the drug is administered.
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Pharmacology modeling must also accommodate ex-
tensive genetic and physiological variability. Embedding
all genotype- and phenotype-specific variants directly in
static diagrams can become impractical as well as to
model PK of all drugs using drug-specific models. To ad-
dress this, our library’s core components are designed for
post-compilation parameterization: users can adjust phar-
macokinetic, pharmacodynamic and genotype-phenotype
influences (e.g., via ClearanceModifier or phScaleCL()) at
runtime without recompiling it.

Pharmacogenomics is rapidly maturing: e.g. the Dutch
Pharmacogenetics Working Group and the Clinical Phar-
macogenetics Implementation Consortium now recom-
mend genotype-based dose adjustments for many drugs.
Embedding these recommendations into physiologically
based models enables truly personalized simulations that
account for both genetic polymorphisms and physiologi-
cal differences. Current Pharmacolibrary allows only ba-
sic components for PGx modeling which may be a founda-
tion for systematic approach in this context interconecting
phenotypes and it’s effect on different tissues during drug
lifecycle in organism.

Pharmacolibrary contains also basic PK models of all
approved drugs that was generated by a workflow extract-
ing knowledge from the literature—or infers it from struc-
turally similar compounds—using recent advances in AI
and large language models (LLMs). These PK models are
stored in the "Drugs" package and categorized by Anatom-
ical Therapeutic Chemical (ATC) codes1. Each model
contains essential drug information and references generic
one-, two-, or three-compartment PK model with specific
instance parameter. Such generated models needs man-
ual verification and refinement, however, may be useful
as starting point for drug modeling. If a human modeler
later derives additional parameters or adds another route,
that supplementary model is saved alongside the generated
one.

Drug effects often exhibit time lags or hysteresis be-
tween tissue concentrations and observable responses.
Standard Modelica libraries support modeling such delays
(e.g., via transport or delay blocks). Additionally, pharma-
codynamic outcomes can be modulated by the body’s reg-
ulatory feedback. By connecting PKPD models to broader
physiological frameworks (for example, Modelica’s Phys-
iolibrary or Chemicals library), one can simulate home-
ostatic mechanisms and regulatory dynamics alongside
drug action as it is illustrated in one example in Fig.14
and Fig.15.

As models can be exported to FMUs following the FMI
standard and integrated into diverse simulation workflows
(Python, Julia, MATLAB, or bespoke environments) the
interoperability can be made with various other systems
biology libraries, frameworks and workflows. One such
example is illustrated integrating model in Jupyter note-

1https://www.who.int/tools/atc-ddd-toolkit/
atc-classification

book with Python code and data from PK-DB in Fig.13.
Because Pharmacolibrary is still in its infancy, a thor-

ough comparison with commercial or open-source alter-
natives would be premature. Even so, within the broader
Modelica ecosystem, the library already fills a crucial
niche for modeling biological systems with an emphasis
on chemical compounds and drugs.

3.1 Library limitations
To keep models transparent and user-friendly, we adopted
pharmacology-centric units and terminology—such as
volume flow rate (SI base unit m3/s, displayed as l/min)
via FlowPort connectors, even though under variant tem-
peratures or pressures (e.g., during gas exchange or hy-
pothermia) mass flow rate (kg/s) would be more accurate.
A similar point applies to the use of concentration as a
quantity: at membranes, it is actually the chemical po-
tentials—not the concentrations—that equilibrate. How-
ever, modeling this explicitly would introduce unneces-
sary complexity, whereas our goal is to keep the model
intuitive, and user-friendly.

4 Conclusion
In this work, we have introduced Pharmacolibrary, a flex-
ible Modelica-based library for mechanistic pharmacolog-
ical modeling that spans pharmacokinetics, pharmacody-
namics, toxicokinetics/toxicodynamics, physiology based
PK/PD and pharmacogenomics. By providing standard-
ized acausal connectors, reusable compartment and ef-
fect components, and genotype–phenotype records, our
library simplifies model construction, ensures mass and
concentration balance. The models are Exportable as
FMUs in accordance with the FMI standard, Pharmacol-
ibrary models can be embedded into diverse computa-
tional workflows (e.g., Python, Julia, R,...), enabling inter-
active parameterization, data-driven validation, and high-
throughput simulations.

The library is open-source maintained at GITHUB 2

and listed in ZENODO (Kulhánek and Ježek 2025)
Implementations of gentamicin, midazolam, fentanyl,

and digoxin—including genotype/phenotype-adjusted
clearance—demonstrate that Pharmacolibrary can repli-
cate experimental data and underpin personalised dosing.
Moreover, the library contains simplified generated PK
models of all drugs classified by anatomical therapeutical
chemical (ATC) codes. As of 06/2025 there were 5496
unique records at ATC level 5, corresponding to 4363
distinct chemical substances.

By separating model definition from the solver and
building on the Modelica ecosystem (Physiolibrary,
Chemicals, Biochem), it promotes reproducibility, inter-
operability, and extensibility. Ongoing work will add
transporter and enzyme-kinetic blocks, compile and im-
prove a catalogue of simplified drug models, incorporate

2https://github.com/creative-connections/
Pharmacolibrary
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physiological feedback, and validate clinical case studies
to further advance quantitative systems pharmacology.
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