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ABSTRACT ARTICLE HISTORY
Transdermal fentanyl patches are an effective alternative to the sustained release of oral morphine for Received 6 January 2022
chronic pain management. Due to the narrow therapeutic range of fentanyl, the concentration of fen- Revised 22 February 2022

tanyl in the blood needs to be carefully monitored. Only then can effective pain relief be achieved ~ Accepted 2 March 2022
while avoiding adverse effects such as respiratory depression. This study developed a physics-based
digital twin of a patient by implementing drug uptake, pharmacokinetics, and pharmacodynamics Tailored theraoy:
models. The twin was employed to predict the in-silico effect of conventional fentanyl transdermal in pila(:r:facologym/{;)—silico
a 20-80-year-old virtual patient. The results show that, with increasing age, the maximum transdermal modeling; pai,']
fentanyl flux and maximum concentration of fentanyl in the blood decreased by 11.4% and 7.0%, management; mechanis-
respectively. However, the results also show that as the patient's age increases, the pain relief tic modeling
increases by 45.2%. Furthermore, the digital twin was used to propose a tailored therapy based on

the patient’s age. This predesigned therapy customized the duration of applying the commercialized

fentanyl patches. According to this therapy, a 20-year-old patient needs to change the patch 2.1 times

more frequently than conventional therapy, which leads to 30% more pain relief and 315% more time

without pain. In addition, the digital twin was updated by the patient’s pain intensity feedback. Such

therapy increased the patient’s breathing rate while providing effective pain relief, so a safer treat-

ment. We quantified the added value of a patient’s physics-based digital twin and sketched the future

roadmap for implementing such twin-assisted treatment into the clinics.
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in the rapid equilibrated compartment [ng ml~—']; ¢;: The concentration of fentanyl in the slow equili-
brated compartment [ng ml~'; ¢g: The concentration of fentanyl in the gastromtestlnal compartment
[ng ml~"]; ¢;: The concentration of fentanyl in the hepatlc compartment [ng ml~']; c.: The concentra-
tion of fentanyl in the effect compartment [ng ml~']; D;: Diffusion coefficient of fentanyl in layer i (in
the mechanistic model) [m? s']; Do: Base diffusion coefficient of fentanyl [m? s~']; Dr: Diffusion coeffi-
cient of fentanyl at temperature T [m? s~ ']; Dsge: Diffusion coefficient of fentanyl at 306[K] [m? s '];
dpt: The thickness of the transdermal patch [um]; ds.: The thickness of the stratum corneum [pm]; dyep:
The thickness of the viable epidermis [um]; degm: The thickness of the equivalent dermis [um]; E;: The
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partmental first-order equilibrium rate constant (central to rapid equilibrated) [min”]; keg: Inter-
compartmental first-order equilibrium rate constant (central to gastrointestinal) [min~']; ke: Inter-com-
partmental first-order equilibrium rate constant (central to hepatic) [min~']; ks: Inter-compartmental
first-order equilibrium rate constant (slow equilibrated to central) [min”]; kic: Inter-compartmental
first-order equilibrium rate constant (rapid equilibrated to central) [min~']; kpe: Inter-compartmental
first-order equilibrium rate constant (hepatic to central) [mln_ I; kgn: Inter-compartmental first-order
equilibrium rate constant (gastrointestinal to hepatic) [min~']; kmer: Metabolization rate constant
[min~"]; ke: Renal clearance rate constant [min~']; k.: Inter-compartmental first-order equilibrium rate
constant (for effect compartment) [min~']; Si: Sensitivity index; t: Time [h]; tp: Time lag [h]; U:
Dependent variable related to x; for sensitivity analysis; V.: The apparent volume of the central com-
partment [L]; Vi: The apparent volume of the slow equilibrated compartment [L]; V;,: The apparent vol-
ume of the rapid equilibrated compartment [L]; V,: The apparent volume of the gastrointestinal
compartment [L]; Vj: The apparent volume of the hepatic compartment [L]; x;: The independent vari-
able wh1ich sensitivity analysis is done based on it; y: Hill coefficient; \s;: Drug potential in domain i
[ng ml™"]
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1. Introduction

Severe chronic pain is a frequent symptom in cancer
patients, and about 70-80% of the patients in advanced can-
cer stages deal with such pain (Caraceni et al, 2012).
However, proper pain treatment is challenging, considering
the complex nature of pain and differentiated actions of
opioids (Andresen et al, 2011). Untreated or poorly-treated
pain could be overwhelming for the patients and reduce
their quality of life (Serlin et al., 1995). Fentanyl is clinically
used to treat moderate-to-severe cancer pain. Fentanyl is a
synthetic opioid that is used in cases where non-steroidal
anti-inflammatory drugs (NSAIDs) are insufficient (Orsini
et al.,, 2006). As an alternative to oral and parenteral delivery,
transdermal fentanyl delivery (TDD) is a clinically-approved
therapy, which is successful due to its low molecular weight,
high potency, and lipid solubility of fentanyl. The key advan-
tage of transdermal fentanyl delivery, besides simplicity and
noninvasive delivery, is that it offers a controlled delivery of
fentanyl and avoids the first-pass metabolism (Muijsers and
Wagstaff, 2001; Marier et al., 2006).

Transdermal fentanyl therapy shows high inter-individual
and intra-individual variability (Lennernas et al., 2005; Kuip
et al., 2017; Geist et al., 2019). Several factors can cause these
variabilities (Kuip et al., 2017), including a different clearance
rate (Grond et al., 2000), amongst others. Additionally, fen-
tanyl has a narrow therapeutic range. Alongside the anal-
gesic effect, fentanyl affects the ventilation rate in patients
and could cause respiratory depression, which, in severe
cases, could lead to patient death (Yassen et al., 2008). By
considering these side effects, it is important to keep the
fentanyl concentration in the blood at such a level that suffi-
cient analgesia is reached while avoiding adverse effects
such as respiratory depression for each patient. The conven-
tional therapy for using the transdermal fentanyl patch,
which is being used in clinics, is applying a transdermal
patch for 72hours on the skin (US Food and Drug
Administration, “Duragesic Label”, 2005; Kuip et al., 2018).
Applying a similar therapy for all the patients, ignoring the
physiological states and differences in the therapeutic range
for each patient, often fails to treat the pain effectively
(Breitbart et al., 2000). In order to determine the suitable fen-
tanyl patch, prior to applying the patch, the patient will
receive oral morphine. This practice involves a trial-and-error
approach where the oral dose of morphine is gradually
increased while carefully monitoring the patient’s response
until an individualized dosage and therapy are reached. With
the advent of physics-based simulations of drug delivery
processes, truly individualized therapies can be achieved
(Corral-Acero et al., 2020).

Mechanistic, first-principles-based modeling and simula-
tion of transdermal drug delivery systems (TDDs) are usually
done using two approaches. The first approach is the simula-
tion of the drug’s penetration process through the skin
layers, especially the stratum corneum at different scales. In
this approach, at the nano-scale, the penetration of drugs in
lipid bilayers of the stratum corneum (SC) is modeled by
using molecular dynamics simulation (Gupta and Rai, 2018;
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Lundborg et al.,, 2018; Van der Paal et al, 2019). One of the
results of this set of simulations is the diffusion coefficient
for transient diffusion of the drug in the modeled layer
(Yang et al, 2018; Ruan et al, 2019). At the meso- and
micro-scale, brick-and-mortar and cellular models of the SC
are employed to model the drug transport (Naegel et al.,
2013; Chen et al., 2016; Walicka and Iwanowska-Chomiak,
2018). Fickian diffusion-based models are typically used at
the macro-scale to obtain drug penetration through the skin
into the blood circulation system (Manitz et al, 1998;
Anissimov et al, 2013; Weiser and Saltzman, 2014). Such
models can accurately capture the time-lag caused by the
skin between the drug release and the drug uptake.
Pharmacokinetic (PK) and pharmacodynamic (PD) modeling
and simulation are performed in the second approach. In
this approach, the skin is modeled as a depot to obtain the
incoming flux of drugs to the blood circulation system
(Nelson and Schwaner, 2009; Heikkinen et al., 2015). The PK
model calculates the concentration of drug in the plasma,
and the PD model provides the drug effect(s) related to the
plasma concentration of the drug (Bjorkman, 2003; Obara
and Egan, 2013; Li et al, 2017; Madden et al,, 2019; Pan and
Duffull, 2019). To propose a successful transdermal therapy
in-silico, however, both the delayed drug uptake kinetics
through the skin and the fate of the drug in the human
body must be predicted in-silico. To our best knowledge,
such a complete mechanistic model that follows the drug
from the transdermal patch until the organ where it evokes
pain relief has not been set up. In addition, by connecting
the model to the real-world patient via patient physiology
and pain feedback, a so-called digital twin of the patient for
fentanyl delivery can be created to personalize therapy. Such
a connection can be established by tailoring the digital twin
to a certain patient or a certain class of patients (e.g. age
group). More advanced digital twins are created by establish-
ing real-time feedback of the patient to the twin, for
example, the experienced pain scale or sensed biomarkers.
Implementing digital twins in healthcare enables in silico tri-
als on a population of virtual patients (Defraeye et al., 2020a;
Sinisi et al.,, 2020), and there were studies on the deployment
of digital twins for training surgeons through interactive vir-
tual simulations (Dequidt et al., 2013) or digital twins for
aerosol pulmonary drug therapy (Feng et al., 2018; 2018).
However, the digital twin concept is still novel, and its full
potential has not been exploited so far, including for trans-
dermal drug delivery.

In this study, we developed a physics-based digital twin
for a virtual patient that takes into account the drug diffu-
sion from the transdermal patch through the skin layers to
reach the blood circulation. The twin further includes PK and
PD models in order to monitor the fate of fentanyl and its
impact on pain sensation, and it is linked to virtual patient
feedback. This digital twin is tailored based on the virtual
patient’s age and proposes a modified therapy for the virtual
patient based on the calculated pain relief, age, and patient
feedback. This paper quantifies the added value of such
physics-based digital twins for effective pain management
for patients. This is a step toward tailored fentanyl
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transdermal therapy based on the patient’s physiological fea-
tures. In the developed digital twin, the PK model was vali-
dated, the PD model was calibrated based on the literature,
and the uptake model was validated in our previous study
(Defraeye et al., 2020b). By using these digital twins, in a first
step, we studied the effect of age on the outcome of the
same fentanyl transdermal therapy. In the second step, we
controlled the incoming flux of drugs to the body for the vir-
tual patient at different ages in a way to have sufficient pain
relief while avoiding hypoventilation. Finally, real-time feed-
back connected the digital twin to the virtual patient to
modify the predesigned therapy based on the virtual
patient’s need.

2. Materials and methods

2.1. Mechanistic multiphysics model for transdermal
drug delivery

The developed physics-based digital twin in this study con-
sisted of 3 model blocks to simulate transdermal drug
uptake, PK, and PD models. In the transdermal drug uptake
model, the flux of fentanyl from the patch through the skin
into the blood circulation system was calculated. The PK
model calculated fentanyl distribution through the body,
metabolization in the liver, and elimination by the kidneys.
The result of the PK model is the plasma fentanyl concentra-
tion versus time. In the PD model, the fentanyl concentration
in the effect compartment was calculated. Based on this con-
centration, pain relief and ventilation rate as the effects of
fentanyl were obtained. The overall structure of this physics-
based digital twin is shown in Figure 1.

2.1.1. Transdermal drug uptake in skin

2.1.1.1. Computational system configuration. A mechanis-
tic continuum model was built in order to simulate fentanyl
release from a transdermal patch, diffusion through the skin,
and uptake by blood circulation. Based on fentanyl proper-
ties, such as high lipophilicity and low molecular weight, fen-
tanyl is suitable to be used via the first generation of
transdermal patches. In a way, the penetration of fentanyl
through the skin barrier is diffusion-driven (Marier et al.,
2006), and there is no need for penetration enhancers. The
model and simulation were built and executed according to
best practice guidelines (or clinical practice guidelines) in
modeling for medical device design (Casey and Wintergerste,
2000; FDA, 2016).

The geometry of the drug uptake model and boundary
conditions are shown in Figure 2. The system configuration
consists of four blocks with a square surface area represent-
ing fentanyl patch, stratum corneum, viable epidermis, and a
part of the dermis. Transdermal patches are designed to
deliver the drug at an approximately constant rate (Chien
and Lin, 2007). Therefore, the fentanyl patches are commer-
cially labeled with a targeted drug release rate of 12-100 ug
h™', which is the average rate over 72h (Muijsers and
Wagstaff, 2001).

We chose the patch’s size based on a Duragesic® fentanyl
patch with a nominal flux of 75ug h™', which contains
12.6mg of fentanyl (US Food and Drug Administration,
“Duragesic Label”, 2005). The patch’s surface area is 30 cm?,
and the thickness of the patch was considered 50.8 um.
Here, we used the diffusion parameters for the transdermal
patch and epidermis layer (stratum corneum and viable epi-
dermis) from our previous study (Defraeye et al., 2020b,
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Figure 1. The overall structure of an implemented digital twin for transdermal fentanyl therapy (Created with BioRender.com).



2021). In that study, the model parameters’ values
were optimized to reach the best match with experimental
data, where the epidermis was considered a single layer. The
value of these parameters is mentioned in section Material
properties and transport characteristics of skin and patch,
Table 1.

Due to the presence of capillary vessels in the dermis, the
drug would be uptaken by the vessels after the penetration
of the drug from the epidermis. These vessels are in different
depths in the dermis, and the drug uptake happens in vari-
ous lengths of the dermis. In this study, we assumed that
the drug was transferred through the dermis only by the dif-
fusion process, which is a simplified assumption. If we con-
sider the whole length of the dermis by only applying the
diffusion process, the time lag increases up to 11h (refer to
Equation 5, section Governing equations), which is consider-
ably different from reported values (1-2 h time-lag (Jeal and
Benfield, 1997)). In the real situation, due to plasma flow into
and out of the vessels, there is an advection mechanism as
well. As a result, the drug penetration mechanism in the der-
mis is a combination of diffusion and advection. However, to
modify this assumption, instead of modeling the dermis’s
whole thickness, we considered an equivalent diffusive
length of the dermis. The dermis’s equivalent length
was obtained based on the reported experimental data of
time-lag for detecting fentanyl in the plasma (Jeal and
Benfield, 1997) and the diffusion coefficient of fentanyl in
the dermis.

Zero flux boundary condition

s |@
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2 |3
S [@
- 1. Transdermal patch, d; = 50.8 um
2 2. Stratum corneum, d, = 14.3 um
2 3. Viable epidermis, d3 = 36.5 um
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E A Plasma concentration boundary
3z . condition

—

Figure 2. Geometrical model of the transdermal patch and skin layers.
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2.1.1.2. Governing equations. The transport of fentanyl in
the patch and skin was modeled by one-dimensional transi-
ent diffusion. The fentanyl concentration in the patch and
skin layers is denoted by c;(z t) [kg m~>]. This diffusion pro-
cess is described by Fick’s second law, which is mentioned in
Equation 1 (Manitz et al., 1998).

% S *V(J,) = V(D, VC,’) (1)
where J; and D; are the flux [kg m™2 s~'] and diffusion coef-
ficient [m? s™'] of fentanyl in domain J, respectively. At the
interface of two layers (patch and skin layers), due to the dif-
ferent solubility of drugs in different layers, partitioning
should be considered. The partition coefficient at the inter-
face is defined in Equation 2 (Manitz et al., 1998).

Gz t) =Ky gz t) ()

-2

Here, K;/; is the partition coefficient of fentanyl from domain
i to domain j. As a result of partitioning, a discontinuity will
occur at the interface, which is inconvenient to solve computa-
tionally. To avoid this problem, another variable was defined,
which is continuous throughout the whole domain. The relation
of this new variable \; and ¢; is mentioned in Equation 3.

ci(z,t) = Ki Wi(z 1) (3)

In this equation, K; and \; are drug capacity and drug
potential in domain i. As mentioned before, we assumed
that {; is continuous; therefore, at the interface, the drug
potential in domain j and j are equal. By applying this condi-
tion in Equations 2 and 3, we arrive at Equation 4.

Ky = % 4)

The equivalent length of the dermis was considered
based on the time lag of detection of fentanyl after applying
the patch on the skin. Between the application of the first
fentanyl patch (100 or 75ug h™") and detection of fentanyl
in blood circulation (> 0.1ng ml™"), there is a 1-2h time-lag
(Jeal and Benfield, 1997). Based on the reported range, we
considered the time-lag as 1.5 [h]. Both epidermis and der-
mis play a role in this delay. We calculated the time lag
caused by the epidermis by using the mechanistic model.
After subsiding the delay caused by the epidermis, the der-
mis was responsible for the remaining part. By using
Equation 5, the equivalent diffusive length of the dermis was
obtained.

Table 1. Parameters involved in the mechanistic model for 20 years old virtual patient.

Parameter Description Symbol Value References
Thickness Patch (reservoir and membrane) dpt 50.8 pm Rim et al., 2005
Stratum corneum ds, 14.3 um (modified) Boireau-Adamezyk et al., 2014
Viable epidermis dyep 36.5 um Rim et al., 2005
Equivalent dermis dedm 320 pm (modified) Robert and Robert, 2009
Diffusion coefficient Patch Dyt 691 x 107" m? s Defraeye et al., 2021
Epidermis Dep 3.00x 107" m?2 s~ Defraeye et al., 2020c
Dermis Dam 382x 107" m?s7! Karin Homber et al., 2008
Partition coefficient Patch Kot/ep 1/34=0.29 Defraeye et al., 2021
Epidermis Kep/dm 3.4/34=1 Defraeye et al., 2021
Dermis - - -
Drug capacity Patch Kot 1 -
Epidermis Kep 34 Defraeye et al., 2021

Dermis Kim

34 -
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d2
th = Edm 5
D= & Dy (5)
In this equation, tp is the time lag [s] and dgg [M] is the
equivalent length of the dermis (Berner and John, 1994). The
diffusion coefficient of fentanyl in the dermis is shown by
Dgm [m? s~ '], which obtained by Equation 6.

Dem = Do€" + 400(Dr — D3gg) (6)

Which, Dy is the base diffusion coefficient, Dsg¢ is the dif-
fusion coefficient at T = 306 K, and Dr is the diffusion coef-
ficient in operating temperature, which is 310.5K (Karin
Homber et al., 2008).

2.1.1.3. Material properties and transport characteristics
of skin and patch. The drug used in this simulation is fen-
tanyl, with a molecular weight of 336.5g mol~'. The material
properties used in this study are mentioned in Table 1. In
this study, we assumed the fentanyl capacity of the dermis
to be the same as the epidermis. This assumption was made
due to the lack of reported data in this situation.

2.1.1.4. Boundary and initial conditions. In this mechanistic
model, the source of fentanyl is the transdermal patch, which
has an initial concentration of 80kg m >, equivalent to
12.6 mg of fentanyl. This amount of drug is based on the
Duragesic® fentanyl patch with 75ug h™' flux of drug. As
the initial condition, it is assumed that there is no fentanyl in
the skin layers. We assumed that there is no flux in periph-
eral boundaries, and the flux of the drug is vertical from the
patch to the end of the dermis. At the bottom boundary of
the dermis, the concentration is equal to the fentanyl con-
centration in blood circulation, which is zero at the begin-
ning (the concentration of fentanyl in blood circulation is
obtained by the PK model).

2.1.2. Physiologically-based pharmacokinetics modeling
The physiologically-based pharmacokinetics (PBPK) model
was used to calculate the concentration of fentanyl in
plasma by considering drug metabolization, elimination, and
distribution through the body. The PK model was developed
based on the physiology of the patient and the pharmaco-
logical mechanism of fentanyl. In PK modeling, it is common
to lump different organs into a single functioning kinetic
unit, despite the fact that they are anatomically distinct
(Upton et al., 2016). To capture better the complexity of fen-
tanyl transport in the human body and the resulting drug
concentration in the blood plasma, five different kinetic com-
partments were used in the present study:

1. A central compartment, namely the blood circulation
system and lungs (Equation 7).

2. A slowly equilibrating compartment, which includes
muscles, carcass, and fat tissue (Equation 8).

3. A rapidly equilibrating compartment, which includes the
brain, heart, skin, and kidneys (Equation 9)

4. A qgastrointestinal compartment, which includes the
spleen, gut, and pancreas. In this compartment, the

outcoming flow goes to the hepatic compartment
instead of the central compartment (Equation 10).

5. A hepatic compartment, where the CYP metabolism of
fentanyl is occurring. This is the main elimination route
of fentanyl from the human body (Equation 11).

An overview of the PK model is given in Figure 1. To
evaluate the concentration of fentanyl in each compartment,
the law of conservation of mass by considering well-mixed
compartments was applied. By using the first-order kinetic
rate law, the fentanyl concentration at each compartment
based on transferring drug between compartments, metabo-
lization, and elimination was calculated. The ordinary differ-
ential equations related to mass conservation for each
compartment are mentioned below:

ocp

— = Fluxy

ot kes + ke 4 ket + kg - kre) fu Cp+ kic ¢

-
+ kse ¢s + kic ¢

ac

6_tr = kcr Cp — krc Cr (8)
ac
a_ts = kcs Cp — ksc Cs (9)
oc
a—tg =keg ¢ — kg1 €4 (10)
ac
aitl:kcl Cp_klc Cl"'kgl Cg_kmet q (11)

In this set of equations, ¢,, ¢, ¢, ¢4 and ¢ are concen-
tration of fentanyl in central, rapid equilibrated, slow equili-
brated, gastrointestinal and hepatic compartments,
respectively. f, is the unbound fraction of fentanyl in the
central compartment. kj, kmer, and k. are the first-order
equilibrium rate constants for inter-compartmental clearance,
CYP metabolism, and renal clearance, respectively. In fentanyl
therapy, the CYP metabolism is the main elimination way of
fentanyl. Therefore, consuming fentanyl along with the CYP
suppresser medicines such as ritonavir can lead to a high
concentration of fentanyl in the plasma. Consequently, the
use of ritonavir and fentanyl simultaneously needs to be
done cautiously (Olkkola et al., 1999). The parameters used
in these equations are specified in Table 2.

2.1.3. Mechanism-based pharmacodynamics model

In the PD model, the effects of fentanyl - pain relief and
reduction of ventilation rate - were calculated. In fentanyl
pharmacology, the drug effect will lag behind the fentanyl
concentration in the plasma. As fentanyl rapidly binds to p-
receptors in the central nervous system (CNS), the biophase
distribution model can approximate the fentanyl concentra-
tion in the effect compartment based on plasma concentra-
tion (Yassen et al., 2007). The effect compartment is a
theoretical concept that is assumed to have the same distri-
butional properties as the drug’s site of action (Wright et al.,
2011). This effect compartment is used to describe the time
course between plasma drug concentration and the effect
(Algera et al., 2019). The biophase concentration of fentanyl



Table 2. Parameters involved in the pharmacokinetics model.
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Parameter Description Symbol Value References Note
The apparent volume of Central compartment V. 23.8L Bjorkman, 2003 They are calculated
the compartment Slow equilibrated compartment Vs 808 L based on the
(for fentanyl) Rapid equilibrated compartment v, 2451 information in
Gastrointestinal compartment Vy 17.3L the literature.
Hepatic compartment Vi 204L
Inter-compartmental Central to slow equilibrated Kes 15%x10 357" Bjorkman, 2003;
first-order Central to rapid equilibrated Ker 12x10 35! Bjorkman et al., 1998
equilibrium Central to gastrointestinal keg 5x107*s™!
rate constant Central to hepatic ke 12x107%s7!
Slow equilibrated to central ke 5x107°s"!
Rapid equilibrated to central ke 12x10 35!
Hepatic to central Kne 7x107 %!
Gastrointestinal to hepatic kg 5x107°s™"
Elimination of Cyp metabolism Kmet 42x10 357" Encinas et al., 2013
constant rate Renal clearance kre 3x107°s7!
The unbound fraction Central compartment fu 0.22 Miller et al., 1997 -

of fentanyl

was obtained by using a standard effect-compartment equa-
tion (Equation 12).

ace, i
ot

where c,; is the fentanyl concentration in the effect compart-
ment, k.; is the first-order equilibrium rate constant, and i
represents the effect (subscript Visual analog scale (VAS) for
pain relief and subscript rd for reduction in ventilation rate).
The values for parameters of the PD model are brought in
Table 3.

= ke, i (Cp — Ce, i) (12)

2.1.3.1 Drug effect. Fentanyl molecules target opioid recep-
tors, which are mainly located in the brain within specialized
neuroanatomical structures, which control emotion, pain, and
addictive properties. Activation of opioid receptors by fen-
tanyl will produce analgesia (Ramos-Matos and Lopez-Ojeda,
2017). On the other hand, fentanyl activates opioid receptors
on neurons within respiratory networks of the brainstem,
which might lead to opioid-induced respiratory depression
(Algera et al, 2019). However, respiratory depression does
not occur for all patients under fentanyl transdermal therapy.
Here we track the ventilation rate as a factor to evaluate the
risk of respiratory depression. Medicines like naloxone can
reverse the effect of opioids in order to reduce the risk of
respiratory depression. Different studies show that naloxone
is more successful for morphine compared to fentanyl (Hill
et al.,, 2020). However, we still did not consider naloxone in
this study, and we solely monitored the ventilation rate of
the patient. Fentanyl therapy can cause other side effects
such as nausea, vomiting, constipation, dry mouth, sleepi-
ness, confusion, weakness, and sweating. However, most
patients develop a tolerance toward the effects and side
effects of fentanyl (US Food and Drug Administration,
“Duragesic Label”, 2005). Therefore, only respiratory depres-
sion, the life-threatening side effect, was considered in this
study. In this study, the changes in ventilation rate (related
to respiratory depression) and VAS pain score (to measure
pain relief) were considered the main effects of fentanyl on
the patient. A sigmoidal model based on the maximum

effect (Emax) best describes the fentanyl effects related to
pain relief and reduction of ventilation rate. Maximum effect
(Emax) represents the maximum possible deviation from the
baseline effect. The baseline effect is the physiology state
before using the drug, which in this case, the baseline effects
are initial pain intensity and initial ventilation rate. The inten-
sity of pharmacologic effects of fentanyl for pain relief and
ventilation rate based on maximum effect, and Equation 13
calculates fentanyl concentration in effect compartments.

( C | )
ECsh i +ce

In Equation 13, E;, E°, and E™™* are the intensity of the
pharmacologic, baseline, and maximum reachable effect,
respectively. Here, the pharmacologic effect is the intensity
of pain or minute ventilation of the patient. The baseline
effect shows the state of pain or the patient’s minute ventila-
tion before the administration of the drug. EGso ; is the
concentration of drug in plasma which corresponds to half
of the achievable effect of the drug. In this study,
ECso, vas (for pain relief) is the concentration when the pain
intensity reaches half of the initial pain intensity and
ECsq, 14 (for the reduction in ventilation rate) is the concen-
tration when the ventilation rate reaches half of its initial
rate, and vy; is the Hill coefficient (Yassen et al., 2007).

The PD model parameters related to the reduction of ven-
tilation rate were obtained from values reported in the litera-
ture (Yassen et al, 2007). The values used for these
parameters are mentioned in Table 3. The corresponding val-
ues of the PD model for pain relief were obtained by fitting
a sigmoidal model to experimental data from the literature
(Sandler et al.,, 1992), and the calculated values are brought
in Table 2. In modeling the VAS pain score, we assumed that
the initial VAS pain score for all the virtual patients is equal
to 7, which lies in the range of severe pain. Another assump-
tion is that we considered the cause of the pain to be con-
stant throughout the therapy. This assumption implies that if
we remove the patch after the concentration of fentanyl
reaches zero, the VAS pain score will return to its initial level.

Ej=E) — E"™

(13)
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Table 3. Parameters involved in the pharmacodynamics model for 20years old virtual patient.

Effect Parameter Symbol Value References Note
Ventilation rate First-order equilibrium rate constant ke, rd 7x107% 57! Yassen et al., 2007 -
Baseline effect E%, 20L min~" -
Maximum effect ER™x 12 091L min~’ -
Half maximal effective concentration ECso, rd 1.14ng ml™! -
Hill coefficient Yrd 2.68 -
VAS pain score First-order equilibrium rate constant ke vas ** 2x103s7] Encinas et al., 2013 -
Baseline effect E0,s 7 - Assumed
Maximum effect ET 7 -
Half maximal effective concentration ECso, vas 1.35ng ml™! Sandler et al., 1992 Calculated based on
Hill coefficient Yvas 27 fitting of the

information in
the literature.

**This value is for analgesic effect.

2.1.4. Validation and calibration of the models

The validation of the models was done separately for all
models. The skin model’s validation for transdermal drug
uptake is described elsewhere (Defraeye et al., 2020b, 2021).

2.1.4.1 Validation of the PK model. To validate the pharma-
cokinetics model, we used the experimental data of the con-
centration of fentanyl in the plasma over time from Marier
et al. (2006). In this series of experiments, they analyzed 24
men aged 18-45years, with a body mass of at least 60kg
and a body mass index of 18-26 kg/m?, which only 20 out of
24 men completed both periods of the trial. The participants
were medically healthy, with clinically normal electrocardio-
grams (ECGs), and with no history of alcohol and drug abuse.
The analysis was done over 11 days, with three fentanyl com-
mercial patches with the nominal flux of 50 ug h™', each for
72 hours. The PK parameters, which were used in this valid-
ation, are mentioned in Table 2, and the parameters for the
mechanistic model, which indicates the incoming flux of fen-
tanyl, are mentioned in Table 1.

2.1.4.2. Calibration of the PD model for pain relief. To
develop a PD effect model for the VAS pain score, we used
the reported VAS pain scores via the fentanyl plasma con-
centration of Sandler et al. (1992) work. In this study, 29
adult patients, aged between 18 and 80, and with weights
less than 100kg, under-treatment of intravenous fentanyl
with an infusion rate of 1.0pug kg~' h™' were analyzed. The
model for the VAS pain score was assumed sigmoidal, which
is mentioned in Equation 21. The baseline effect (Eq, vas),
maximum effect (Epmqax, vas, Which here it is equal to Eg, yas),
the concentration of the half-maximum effect (ECZ, ), and
Hill coefficient (y) were obtained via fitting the model to
experimental data and the resulting RMSD was 0.471.

2.2. Spatial and temporal discretization

The grid for the finite element method in each layer of the
skin and patch was built based on the grid sensitivity ana-
lysis. In this sensitivity analysis, the spatial discretization error
was considered 0.1% of the outcoming flux from the dermis
layer, based on Richardson extrapolation. Therefore, the
entire system’s grid, including transdermal patch and skin
layers, consisted of 110 quadrilateral finite elements. The

accumulation of grids is higher near the interface area to
increase numerical accuracy. The duration of the simulations
was 9days (216 hours), which represents three periods of
using fentanyl transdermal patch based on accepted therapy
in the clinics. Based on the sensitivity analysis, the maximum
time step should be 6h. However, in this series of simula-
tions, smaller time steps (0.1 h) were chosen to get a higher
temporal resolution of the result.

2.3. Numerical implementation and simulation

COMSOL Multiphysics® software (version 5.5, COMSOL AB,
Stockholm, Sweden), a finite-element-based commercialized
software, was used in this study. The code developers veri-
fied this software. Therefore, the authors did not perform
additional code verification. The mass transfer process of fen-
tanyl through the patch and skin (drug uptake model) was
carried out by the finite element method with a partial dif-
ferential equations interface (coefficient form). Quadratic
Lagrange elements were used with a fully coupled direct
solver, which relied on the Multifrontal Massively Parallel
sparse direct Solver (MUMPS) solver scheme. The drug distri-
bution in the body, metabolism, and elimination (PK model)
was modeled using the ordinary differential equations inter-
face (in boundary domain). To track the changes in the con-
centration of fentanyl in the effect compartment (PD model),
an ordinary differential equations interface was used. For
evaluating the effect of fentanyl, based on the effect com-
partment fentanyl concentration at each time step, the
boundary probe was implemented. The boundary probe was
calculating the effect of the drug at each time step based on
the current concentration of the drug in the effect compart-
ment. The tolerances for solver settings and convergence
were determined by means of sensitivity analysis in such a
way that a further increase in the tolerance did not alter the
resulting solution.

2.4. Computational configurations

2.4.1. Conventional fentanyl transdermal therapy

In clinics, the conventional therapy for fentanyl is to use a
fentanyl patch for 72 hours and replace the patch, and the
new patch needs to be placed on a new location body to
avoid possible skin irritation (US Food and Drug



Administration, “Duragesic Label”, 2005). To consider a
period of therapy that includes the effect of changing
patches in the process, we chose the duration of applying
three patches (9 days). As the elimination path of fentanyl in
the body is via the liver metabolism and renal elimination,
the consumption of fentanyl for patients with severe hepatic
or renal impairment should be monitored with caution.
Additionally, as one of the important side effects of fentanyl
is respiratory depression, patients with severe asthma or
breathing problems should avoid fentanyl (US Food and
Drug Administration, “Duragesic Label”, 2005). In our model,
as mentioned earlier, we changed the new patch’s location;
however, we assumed that the skin properties remain
unchanged for different skin locations.

2.4.2. Effect of age on the model parameters

The patient physiology affects drug uptake, distribution,
metabolism, elimination, and its effects. Moreover, the
impact of physiological features is different between differ-
ent patients. Based on the studies, the patient’s gender plays
an important role in the outcome of fentanyl transdermal
therapy. The gender of the patient will affect the stratum
corneum, epidermis, and dermis thickness. Therefore, it
affects the incoming amount of fentanyl to the body. Gender
has an impact on pharmacokinetics model parameters and
additionally on the activity of CYP enzymes. CYP enzymes
are the main enzymes for fentanyl metabolism, which is the
main elimination path for fentanyl. However, we only study
the fentanyl transdermal therapy on one male patient; there-
fore, the gender of the patient is constant in this study.
Based on the previous studies, the thickness of each layer of
the skin changes by increasing age. The effect of age on
each layer is not similar; for instance, as age increases, the
thickness of SC will increase, while the thickness of the der-
mis will decrease (Robert and Robert, 2009; Boireau-
Adamezyk et al.,, 2014). It should be noted that the changes
in the dermis layer based on age were modified in this study
to predict the changes in the equivalent thickness of the der-
mis based on age. Equation 14 (Boireau-Adamezyk et al.,
2014) and 15 ((Modified) Robert and Robert, 2009) show the
age’s effect on each layer’s thickness.

dsc[um] = 0.125 Age -+ 11.800
deam[um] = —2.25 Age + 354.5

(14)
(15)

The PK parameters do not show significant changes based
on age (Scott and Stanski, 1987); therefore, in this study, we
assume the PK parameters are the same for the virtual
patient of different ages. Despite PK parameters, Scott and
Stanski (1987) showed that the required opioid dose for
reducing the intensity of electroencephalography (EEG)
reduces by increasing age. They studied the effect of fen-
tanyl on 20 patients with age between 20 and 88years. They
were all male and without any renal or hepatic disease. They
found a relationship between age and concentration of the
half-maximum effect of fentanyl for the effect of the reduc-
tion of EEG. In this study, we assumed the normalized rate of
changes in ECs, for the reduction of EEG by age is similar to
the reduction of VAS pain score. The derived equation for
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changes in half-maximal effective concentration for VAS pain
score, which is modified from EEG result to be used for VAS
pain intensity, is mentioned in Equation 16.

EC/S [ng mI7'] = —1.148 x 1072 Age +1.96 (16)

By aging the response of a patient to fentanyl transder-
mal therapy based on the effect on ventilation rate might
changes as well. Including this change in the model helps to
better control the therapy; however, due to lack of sufficient
data, we did not consider it.

Individualized
digital twin

In the first step, we did not consider the virtual patient feed-
back in the model, which we refer to this twin as a precali-
brated digital twin. The twin is customized to the patient
class by calibrating it in advance for a certain age class, using
Equations 14-16. By using this precalibrated digital twin, the
VAS pain score of the virtual patient was calculated at each
time. Based on the pain level of the virtual patient, the deci-
sion of keeping the patch on or changing it will be made. In
this process, the type of fentanyl patch has not been
changed, and it has the properties of a Duragesic® fentanyl
patch with a nominal flux of 75ug h™'. The considered crite-
ria for changing the patch are that the VAS pain score is
above 3, while the gradient of pain is positive (pain is
increasing). A VAS pain score at or under 3 means the pain
level is in the mild range; therefore, we considered the VAS
pain score 3 as the target treatment to check for changing
the patch. When the VAS pain score goes under 3, the patch
will remain on the skin until the VAS pain score goes above
3, again. The strategy of changing the patch based on the
pain is represented in a flowchart in Figure 3a.

2.4.3. therapy with a precalibrated

2.4.4. Personalized therapy real-time digital twin

Due to the complex nature of the human body and the
changes that happen to patient response, the calculated VAS
pain score might have a deviation from the real VAS pain
score. To take this effect into account, we mimicked a differ-
ent patient response for 100 patients. With a real-time digital
twin, the patient’s VAS pain score will be taken from the vir-
tual patient at defined time intervals, and the calculation will
be updated with these data. To include the virtual patient’s
real VAS pain score in the model, we assumed that the vir-
tual patient would enter the VAS pain score (integer num-
bers between 0 and 10) every 24hours to the model.
Another assumption for patient feedback was that the max-
imum difference between patient pain intensity and calcu-
lated pain is two VAS units. We produced a set of random
feedback by considering the mentioned assumptions (devi-
ation from calculated pain by PD model) via MATLAB®. The
produces random deviation from calculated pain is shown in
Figure 4. The flowchart of the strategy of updating the
digital twin based on the virtual patient VAS pains score
data is shown in a flowchart in Figure 3b.
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Figure 3. (a) Flowchart of making the decision for changing the patch based on the VAS pain score calculation. (b) Flowchart of making the decision for changing

patch based on VAS pain calculation updated by virtual patient feedback.
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Figure 4. The set of random deviations from the calculated VAS pain score for
100 virtual patients at 8 feedback moments for 9 days.

2.5. Metrics

The process of drug delivery from the patch to the site of
action was analyzed by several metrics. These metrics are the
remaining drug in the patch (mg), total delivered drug to
the skin (my), and amount of drug in the skin (m) as a func-
tion of time. Another important metric in this study is time
without pain, which was considered the time that the VAS

pain score is under 3 during the treatment period. The
remaining drug content (mg(t)) in the patch is being calcu-
lated as a function of time, which is being reduced based on
outgoing flux from the patch. The calculation for my (t) is
brought in Equation 17.

t

Mpi(t) = mp — L drug flux out of patch .dt (17)
where m°pt is the initial amount of drug in the patch. The
total delivered drug (m (t)) to the body can be calculated
based on the patch’s remaining drug. Equation 18 demon-
strates the calculation of the total delivered drug to the
body.

n

mes(6) = D (S, = my, (0) (18)

i=1
where n is the number of patches that are used during a cer-
tain period of therapy. The amount of drugs in the skin is
related to the incoming flux of drugs from the patch and out-
going flux to the blood circulation. This variable can be calcu-
lated based on the concentration of drugs in skin layers which
is calculated by Fick's second law. The calculation of the
amount of drug in the skin (my(t)) is shown in Equation 19.

ms (t) = Jc (t, x).dVs (19)

where V; is the volume of the skin. Regarding the time with-
out pain, as previously mentioned, we sum up the times that
the VAS pain score is under 3.



2.6. Sensitivity analysis of the model parameters

The sensitivity of the total delivered drug from the skin (my),
average fentanyl plasma concentration during 72hours
(Cp,72), and the average VAS pain score to the related param-
eters were studied. These parameters are related to drug
uptake (partition coefficient, diffusion coefficient, layer’s
thickness), PK (compartment’s volume, blood flow between
compartments, clearance coefficient, and the fraction of
unbound drug), and PD (half-maximal effective concentration
and Hill coefficient) model. The sensitivity index in this study
was calculated for each parameter based on Equation 20.

S/ = UXi+1 _er—W i

s (20)

where x; is the model input parameter and U,; is the depend-
ent variable (my, €72, or VAS pain score) corresponded to
x;. Sl is the sensitivity index, which we use to analyze the
sensitivity of U,; to x;. Here, we considered AXX—I as 1%, to
evaluate the sensitivity index based on this 1% deviation
from the chosen value for x;. The result of sensitivity analysis
is shown in supplementary materials.

3. Results and discussion
3.1. Validation of the PK model

To evaluate the validation of results from the pharmacoki-
netic model, we compared our result with Marier et al.
(2006), in which the detail of the experiment is provided in
section Validation of the PK model. The results of the simula-
tion and the average results of the experiments (Marier
et al., 2006) are shown in Figure 5. The root-mean-square
deviation (RMSD) of simulation data and experimental data
was 0.152 [ng ml~']. By analyzing the result from simulation
and the experiment, we find at the beginning there is a time
difference for reaching the maximum concentration for the
first peak; however, this difference is less for the next two
peaks. In the experiment, in the third peak, there is a jump
in the concentration, which the simulation could not predict.
This jump could be due to changes in the situation for
patients or the measuring process of the concentration of
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Figure 5. The concentration of fentanyl in the blood circulation system (c,) as
a function of time from experiment and digital twin over 11 days by applying 3
patches with the nominal flux of 50 ug h™", each for 72 hours following two
days with no patches.
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fentanyl in plasma. However, in general, the agreement of
the model with the experiments is satisfactory. However, in
the following part of this study, the Duragesic fentanyl patch
with a nominal flux of 75 [ug/h] is being used to reach the
pain intensity target.

3.2. Calibrating the PD model for VAS pain score

As mentioned in section 2.1.4.2 , we obtained the value of
constants for sigmoid function related to the relationship
between VAS pain score and fentanyl concentration in the
effect compartment (Equation 22) based on experimental
data. In Figure 6, the average experimental VAS pain score
(Sandler et al., 1992) and simulated PD model data are
shown. The corresponding simulated plasma fentanyl con-
centration is demonstrated in the subplot. Based on the fit-
ted sigmoidal model, as concentration increases, the pain
intensity decreases. For instance, from t=4h to 8h the
patient’s pain intensity has a plateau while the concentration
of fentanyl is increasing in the blood and subsequently in
the central nervous system. This different behavior could be
due to several reasons, such as the time lag between drug
concentration and effect, deviance from measure concentra-
tion, and the overall average concentration of drug in
plasma. However, in general, the agreement of the model
with the experiments is satisfactory, and the percentage error
is within 8.9%.

<., vas

— (22)
Ecgo, vas T CZ, VAS

Evas = Eo, vas — Emax, vas X

3.3. Analysis of conventional fentanyl
transdermal therapy

At first, the drug uptake, PK, and PD simulations were per-
formed for conventional transdermal therapy for a virtual
patient at age 20years. In Figure 5, the fentanyl flux released
from the patch and out of the dermis is shown. When a
patch has been placed, there is a peak in the drug flux out
of the patch. The maximal flux out of the patch for the first
patch was 398 ug cm™2 h™", which occurred in one hour of
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Figure 6. Average experimental VAS pain score during fentanyl therapy and fit-
ted data. Subplot: concentration of fentanyl in the blood circulation system, for
infusion rate of 1.0ug kg™' h™".
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applying the patch. After applying the patch, the outgoing
flux of fentanyl from the patch decreases drastically; in a
way, the outgoing flux of fentanyl reaches 6.85ug cm™2 h™"
after 1h and 0.95ug cm™ h™' after 72 h. After releasing the
drug from patch to skin, due to the low diffusion coefficient
and thickness of skin, there is a time lag to reach the max-
imum flux of outgoing drug from the skin. As the drug grad-
ually leaves the dermis, the outgoing drug flux from the skin
does not change drastically, unlike the patch. As shown in
Figure 7, the maximal flux out of the dermis was 2.31ng
cm 2 h™', and it occurred after 19 hours after applying the
patch, and the average flux out of the dermis during
72hours is 1.47pg cm™2 h™'. The delay in drug uptake
between the dermis and patch is clear and spans several
hours. This shows the slow response and thus the need for
proper control of transdermal therapy.

The initial amount of fentanyl in the patch was 12.6
mgmg for the Duragesic® fentanyl patch with a target nom-
inal flux of 75ug h™' (with 30cm™2 surface area). After
applying the patch, the drug diffuses from patch to skin and
is eventually uptaken by the blood circulation system in the
dermis. Figure 6a shows that after 72 hours, the amount of
fentanyl in the patch reduces from 12.6 mg to 8.99 mg, which
means during 72 hours, only 28.6% of the drug in the patch
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Figure 7. Fentanyl flux at skin-patch and dermis-blood circulation interface
during 9 days by applying 3 patches of fentanyl with the nominal flux of 75 ug
h~" each for 72 hours.
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was used. Simultaneously, the amount of fentanyl in the skin
after 15hours increased from 0mg to reach its maximum at
0.843 mg, and then it decreased to 0.528 mg at the end of
72 hours. The difference between the total drug in the skin
and patch together from the patch’s initial drug content is
the amount of drug taken up from the skin by blood circula-
tion. Figure 6b shows that the fentanyl concentration in skin
layers is shown, which shows that the fentanyl is more accu-
mulated in the upper part of the skin close to the patch, as
expected (Figure 8).

From the PK simulation, the concentration of fentanyl in
each compartment for the virtual patient at the age of
20years is shown in Figure 9a. The concentration profile of
fentanyl is based on the parameters mentioned in Table 2.
The maximum plasma concentration for fentanyl after apply-
ing the first patch is 1.86ng ml~', which occurs 22h after
applying the first patch. Based on the literature, for the
Duragesic® fentanyl patch with a surface area of 30 cm? the
nominal flux is 75ug h™" (Nelson and Schwaner, 2009); how-
ever, based on our result, the fentanyl flux from the patch is
highly time-dependent and far from being constant. The
mean Cpa of fentanyl is reported 1.7 (SD = 0.7) ng ml™’
and the average time to reach the maximum concentration
of drug in plasma is 33.5h (SD = 14.5) (Nelson and
Schwaner, 2009). The difference between the obtained
results from our simulation and reported averages is less
than one standard deviation. The maximum fentanyl concen-
tration in slow equilibrated, rapid equilibrated, gastrointes-
tinal, and hepatic compartments is 13.96, 0.27, 0.31, and
0.08ng ml~', respectively. Time for maximum concentration
(tmax) for the slow equilibrated compartment is 31 [h], and
for the other compartments is 23 h. By comparison the con-
centration profile of fentanyl in slow equilibrated and central
compartment, we realize due to the lipophilicity of fentanyl,
most of the drug is accumulated in adipose tissue. In Figure
9b, the plasma fentanyl concentration (fentanyl concentra-
tion in the central compartment) for one transdermal patch
over 216 h is shown. Based on the literature, the minimum
therapeutic level for fentanyl is 0.63ng ml~', while the min-
imum toxic concentration is 2ng ml~' (Jeal and Benfield,
1997, Schulz and Schmoldt, 2003). For our base case, after
7.62h, the fentanyl concentration in the virtual patient
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Figure 8. (a) Amount of fentanyl stored in the patch, skin, and cumulative amount fentanyl in skin and patch in 72 h by applying one patch. (b) The concentration

of fentanyl in skin layers in 72 h for the virtual patient at the age of 20 years.



reached the therapeutic range (0.63-2ng ml™") and
remained in this range for the following 208 hours. It should
be mentioned that the therapeutic range is different for
each person, and the shown therapeutic range is just
an average.

In Figure 10, the fentanyl concentration in plasma is
shown for the effect compartment of ventilation and
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Figure 9. (a) Fentanyl concentration in central, slow equilibrated, fast equili-
brated, gastrointestinal, and hepatic compartment during 9 days by applying 3
patches each for 72 hours. (b) Plasma fentanyl concentration during 9 days for
applying only 1 patch (Duragesic® with the nominal flux of 75 ng h™") for the
virtual patient at the age of 20 years.

DRUG DELIVERY 961

analgesia. The calculation of concentration in effect compart-
ment-based plasma concentration is described in Equation
12 in section Mechanism-based pharmacodynamics model.
The effect compartment only produces a delay between the
concentration of fentanyl in plasma and the effect of the
drug. As the result shows, the concentration profiles are very
close to each other. This is due to the high potency of fen-
tanyl, which facilitates the passage through the blood-brain
barrier (BBB) (Chaves et al., 2017). This minor difference
between these three concentration profiles is due to the dif-
ferent first-order equilibrium rate constant for each effect
compartment.

Pain relief and reduction of ventilation rate for the patient
after applying fentanyl patch are related to the concentration
of fentanyl in the plasma. Based on the conventional therapy
results for the virtual patient at the age of 20years, as the
plasma fentanyl concentration increased, the ventilation rate
and VAS pain score dropped. When the fentanyl concentra-
tion in the plasma reaches its maximum, the rate of change
in the plasma concentration decreases. The reduction in
plasma concentration gradient also changes the gradient in
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Figure 11. Ventilation rate, VAS pain score, and plasma fentanyl concentration
for the base case for 9 days by applying 3 patches each for 72 hours.
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Figure 12. (a) Fentanyl flux out of dermis; (b) Plasma fentanyl concentration.
The dotted line is the concentration threshold in plasma; (c) VAS pain score for
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intensity target.

pain intensity and reduction of ventilation rate. Therefore,
after reaching the c¢nax Of the first patch, the fluctuation in
pain intensity and ventilation rate reduces. It should be
noted that the threshold for fentanyl concentration in
plasma which is shown in Figure 11, is an average number
for the patients. On the other hand, in this study, we only
considered the reduction in minute ventilation as the
adverse effect; however, fentanyl therapy can cause other
adverse effects such as nausea.

3.4. Effect of age on the therapy

The stratum corneum is the main obstacle in the drug pene-
tration path through the skin into the blood circulation

system. As age increases, the thickness of the SC increases,
and the thickness of the dermis decreases. Therefore, the
increase in SC thickness will reduce the amount of fentanyl
delivered to the body and lead to a delay and reduction of
drug uptake. As shown in Figure 12a, the effect of increasing
thickness of the SC on drug flux out of the skin is more than
the effect of decreasing thickness of the dermis. Based on
this result, as age increased, the maximum flux decreased,
and the time to reach this maximum flux increased. From
age 20 to 80years, the maximum flux of drugs into the
blood decreased by 11%, and the time to reach this max-
imum flux increased by 15%. This implies that by applying
the same fentanyl patch for the patient at different ages, the
patient uptakes less amount of fentanyl by aging.
Simultaneously, the time to reach the maximum flux of the
drug increases.

In this study, we assumed that the PK parameters do not
change with age. However, as the age changes, the drug
flux out of the dermis will change. Consequently, the differ-
ent blood drug uptake, which is a result of different drug
flux out of the dermis, changes the concentration of drugs in
PK compartments. Figure 12b shows that the maximum con-
centration of fentanyl from age 20 to 80years decreases by
7%, and the time to reach this maximum increased by 32%.
The reduction of ¢,x and the increase in t.x by increasing
age are also reported in other works such as Thompson
et al. (1998) and Paut et al. (2000). The result implies that
even if the patient at different ages receives the same ther-
apy, by aging, the accessible drug amount for the patient for
pain relief (concentration of drug in plasma) reduces.

Based on the result of drug uptake and PK modeling, the
virtual patient at older ages received less amount of drug,
which led to lower fentanyl plasma concentration. As men-
tioned in the material and method section (section Effect of
age on the model parameters), the fentanyl concentration
required to reach the half-maximum effect will be reduced
by aging. The result of PD, shown in Figure 12¢, shows that,
despite receiving less fentanyl, the VAS pain score in older
age was reduced more than in younger age. The reduction
in VAS pain score for the patient at the age of 80years was
55% more than the age of 20years. The reduction of
required opioids for pain relief with increasing age is
reported in other works too (Scott and Stanski, 1987; Rees,
1990; Macintyre and Jarvis, 1996; Woodhouse and Mather,
1997). To summarize the result of this section, if a similar
fentanyl therapy is being applied for the patient, by increas-
ing the age, the patient receives less amount of drug.
However, the patient might still experience more pain relief
as opioid requirements for pain relief decrease by age.

3.5. Individualized therapy with a precalibrated
digital twin

As mentioned in the previous section, virtual patients of dif-
ferent ages received different amounts of the drug and
showed different levels of pain relief. Therefore, it is actually
needed for each virtual patient in a certain age category to
receive a different therapy to reach desirable pain relief.
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Figure 13. (a) VAS pain score versus time for predesigned therapy. The dotted line represents the target pain intensity. The base case is conventional therapy for
20years old virtual patients. (b) Fentanyl plasma concentration versus time for predesigned therapy. The dotted line represents the threshold for fentanyl concen-
tration in plasma. The base case is conventional therapy for 20 years old virtual patients. (c) The ventilation rate versus time for predesigned therapy. The base case
is conventional therapy for 20 years old virtual patients. The dotted line represents the minimum normal ventilation rate. (d) Duration of applying each patch. (e)
The average VAS pain scores both for conventional therapy and for proposed pain control therapy. The dotted line represents the target pain intensity. (f) The time
that patient VAS pain score was under 3, which we assumed as time without pain for virtual patients with 20-80 years old during 9 days both for conventional ther-

apy and proposed pain control therapy.

Using a precalibrated digital twin of the patient in a certain
age category, we composed a more suitable therapy for
each age category. The fentanyl concentration and VAS pain
score for different age categories are shown in Figure 13a,b.
The results in these two graphs show that the precalibrated
therapy by digital-twin successfully kept the pain intensity
below the target by slightly increasing in concentration of
fentanyl in plasma and keeping it in almost constant value.
This increase in concentration was only done by changing
the frequency of replacing the patch. Another criterion in
the proposed therapy by digital twin was avoiding respira-
tory depression, which we monitored by ventilation rate.
Results in Figure 13c show, despite the increase in the

concentration of fentanyl in plasma, the digital-twin sug-
gested therapy tried to keep this increasing at a minimum
level to avoid hypoventilation.

As shown in Figure 13d, virtual patient of different ages
needs a different number of patches in the same time frame,
with different durations of application. In conventional 3-day
therapy for 216hours, only 3 patches will be applied.
However, for achieving a therapy where the pain score shall
be kept under 3 for the age of 20years, almost 7 patches are
needed. Based on these results, by aging, the patient needs
to change the patch less frequently. The result in Figure 13e
shows that by applying the proposed age-dependent ther-
apy, the average pain intensity for the patient at the age of
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ing 9 days for the virtual patient at the age of 20 years.

20years decreased by 30%. Therefore, the change in time of
replacing the patch led to better performance of proposed
therapy by digital twin compared to conventional therapy in
relieving the pain. Note that we could also adjust and
change therapy by using patches with different concentra-
tions as well, but this we did not explore.

As mentioned in previous paragraphs, the aim of the pro-
posed therapy by digital twin was to keep the VAS pain score
under 3 while keeping the plasma concentration at the lowest
possible amount to reach this target. Here we calculated the
duration of which the pain intensity was below 3, which we
call time without pain, as a parameter to evaluate the success
of the treatment. The result in 3/f shows that the digital twin
increased the time without pain considerably. For the virtual
patient at the age of 20years, the time without pain increased
by 314%. As mentioned in section Individualized therapy with
a precalibrated digital twin, decreasing pain intensity to a
much lower value than 3 is not the aim of this study; how-
ever, it is important to keep it under 3 while avoiding
therapy’s adverse effects. By implementing the digital twin,
we were successful in keeping the VAS pain score under 3 for
a longer period of time. Therefore, considering the presented
result in Figure 13, the digital twin successfully decreased the
pain intensity and increased the time without pain.
Meanwhile, the increase in the concentration of drug in
plasma was at a controllable level, in which the virtual patient
did not face hypoventilation in the period of the therapy. The
fluctuations in drug concentration, VAS pain score, and venti-
lation rate were the smallest for young patients as they
needed to replace the patch more frequently.

The predesigned therapy by a precalibrated digital twin
proposed that 3 patches with the nominal flux of 75ug h™'
for 9days are not sufficient in order to reach the favorable
pain relief for the patient at the age of 20years. However, it
would suffice for an 80-year-old patient. This therapy sug-
gested the patch needs to be changed more frequently to
keep the VAS pain score under 3. In the clinics, when the
applied fentanyl patch is not efficient for pain relief, there
are two other options. First, change the patch at each 48h
instead of 72h (US Food and Drug Administration,
“Duragesic Label”, 2005); second, change the patch to a
higher dose. Here we compared the performance of four dif-
ferent therapies for the virtual patient at the age of 20 years:
1. Predesigned therapy by digital twin with fentanyl patch
with the nominal flux of 75ug h™'; 2. Using fentanyl patch
with the nominal flux of 100ug h™' and changing at each
72 h so conventional therapy at a higher dose; 3. Using fen-
tanyl patch with the nominal flux of 75ug h™' and changing
at each 72 h so conventional therapy; 4. Using fentanyl patch
with the nominal flux of 75ug h™' and changing at each
48 h. It should be noted the last three therapies in the list
are conventional therapies that are used in the clinics.

The result of this comparison is shown in Figure 14. The
maximum concentrations of fentanyl in plasma for all these
four approaches are above the 2ng ml™' threshold, but it
was necessary to reach the target pain relief (Figure 14a).
The result shows by digital twin therapy, the VAS pain score
is at the favorable level (under 3) and time without pain has
the highest value compared to the other three approaches
(Figure 14b,c). The second approach (using fentanyl patch
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Figure 15. (a) Distribution of average plasma concentration of fentanyl; (b) Distribution of average VAS pain score; (c) Distribution of time without pain; (d)
Distribution of average ventilation rate for the same population of 100 virtual 20 years old patients for 9 days both for pain control therapy by including feedback
and without including feedback. The results are for the same virtual population with 100 members.

with the nominal flux of 100pg h™' was not successful in
keeping the ventilation rate in the normal range (Figure
14d,e), while the other three approaches managed to do it.
However, it was successful in keeping the VAS pain score
below 3. As in predesigned therapy by digital twin, the
change of the patch (with the nominal flux of 75pug h™")
was more frequently; the fraction of unused drug in the
patch for this approach compared to the other three
approaches is higher by 17.1%, 17%, and 9.3% respectively
(Figure 14f). To summarize this comparison, using the patch
with the nominal flux of 75ug h™' and changing every 72h
(third approach) or using the patch with the nominal flux of
75ug h™' and changing every 48h (fourth approach) is not
very effective in pain relief. Therefore, based on the main cri-
teria for pain management, the best solution can be chosen.
For the aim of keeping the pain under VAS pain score 3, the
first and second approaches can meet the requirements. On
the other hand, the second approach was not able to avoid
hypoventilation. When we want to achieve sufficient pain
relief (VAS < 3) and a sufficiently high ventilation rate, only
predesigned therapy by digital twin meets all the criteria;
however, it should be noted the frequency of changing the
patch affects the cost of the therapy as more patches
are needed.

3.6. Individualized therapy by the real-time digital twin

To evaluate the effect of patient feedback in the digital
twin’s proposed therapy, we assumed 100 virtual patients
with the same physiological state as the 20years virtual

patient. This means all these 100 virtual patients had the
same model input parameters but varied in their feedback
response to the treatment. These virtual patients fed their
VAS pain score into the model based on the procedure men-
tioned in the section Personalized therapy real-time digital
twin. In this approach, sometimes, the patient will thereby
not receive the required amount of fentanyl, and sometimes,
the patient receives an extra amount of drug, which is not
necessary. As a result of including patient feedback, the pat-
tern of replacing the patch was changed in order to meet
the patient’s needs. To compare the performance of this
feedback approach with the one in section Analysis of con-
ventional fentanyl transdermal therapy, we evaluated the
average fentanyl plasma concentration, VAS pain score, time
without pain, and ventilation rate.

In Figure 15a, the result shows that in most cases, the
average fentanyl concentration was lower compared to the
therapy proposed by the precalibrated digital twin. If we
apply a t-test on the result of these two therapies, the
obtained p-value is 1.8 x 1078, which implies the difference
in the plasma concentration for both approaches is signifi-
cant. The blue boxplot at each graph represents the differ-
ence between the corresponding values between two
approaches for every single patient. In Figure 15b, the aver-
age VAS pain score via the two approaches is shown. Based
on the result, the median of average VAS pain score is higher
for the therapy with the feedback. However, the p-value for
pain intensity between these two approaches is 0.32, which
implies there is no significant difference in the average VAS
pain score via these two approaches. Therefore, we can
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conclude including patient feedback does not have a signifi-
cant effect on the pain relief performance of the digital twin.

In Figure 15¢, the time without pain for each case via two
approaches is shown. The results show that the median time
without pain is higher by 3 hours for the digital twin with
patient feedback. Additionally, the standard deviation for the
digital twin with the patient feedback approach is lower
than without the patient feedback approach by 10%.
However, the p-value of the difference between times with-
out pain via these two approaches is 0.25, which implies no
significant difference between them. In the digital twin with
patient feedback approach, when the patch is changed is
based on the updated VAS pain score, the fentanyl plasma
concentration varies individually. Therefore, the ventilation
rate will be different for all these 100 cases. In the digital
twin without patient feedback approach, as the patches will
change at the same time for all these 100 cases, the plasma
fentanyl concentration will be the same for all of them;
therefore, the average ventilation rate was 3.9L min~" for all
the cases. The result in Figure 15d demonstrates that by con-
sidering feedback, more than 50% of the patients have a
higher ventilation rate than the approach that we did not
consider the patient’'s feedback. This is the result of not
delivering an extra amount of drug to the patient. For the
patients with a lower ventilation rate, the patient needed
more amount of fentanyl to reduce the pain level. Therefore,
the ventilation rate was lowered. The decision-making criteria
to change the patch in this study were done only based on
the VAS pain score, not a combination of VAS pain score and
ventilation rate. The result of the t-test for ventilation rate
via these two approaches is 5.9 x 1 0 ~8, which refers to a
significant difference between these two approaches. We can
conclude that the reduction in plasma concentration and an
increase in ventilation rate make the real-time digital twin
therapy safer for the patient. While including patient feed-
back in the developed digital twin did not significantly
change the digital twin’s performance in pain relief.

4. Outlook

In this study, several model simplifications were considered
for drug uptake, pharmacokinetics, and pharmacodynamics
modeling. Not all processes that happen in the human body
are exactly captured as in reality. Nevertheless, the models
were validated and showed a good agreement with experi-
mental data. Besides these assumptions, it is important to
develop the digital twin based on real humans and connect
the digital twin to the real patient by real-time sensor data
or patient feedback. In order to obtain a more accurate
digital twin to assist in the treatment, we should consider
other factors. Here are some of the important model
improvements that should be applied:

e In this study, the skin’s geometry was a simple layered
structure with no heterogeneity, and perfect contact
between the patch and the surface of the skin was
assumed. Developing a real structure of the skin by con-
sidering its geometry and different diffusion paths and

skin components will lead to a more accurate drug flux
from the skin. However, it should be considered that the
skin structure is very complex and differs depending on
its location and the individual. If the modeling goes to a
high level of individualization, every person and location
must be measured, as literature data will be invalid. This
may create new problems with the relevance and reliabil-
ity of the measurement method. Therefore, a balance has
to be found between the individualization/realism of the
model and its practicability in order not to create new
model artifacts that are greater than for a simplified
model due to unreliable measurements of individual
skin parameters.

Advection - which is an important mechanism in drug
penetration - could be included by considering the
dermis’ capillary vessels. In this study, the capillary net-
work was not considered explicitly but accounted for in
the model through an equivalent diffusion length of
the dermis.

As mentioned in the sensitivity analysis section
(Supplementary material), the fraction of unbound drug
has an important role in the plasma’s calculated fentanyl
concentration. In our model, a constant value was consid-
ered based on the literature. Considering its reaction’s
kinetics would lead to different values as a function of
time and concentration for each patient, which will
increase the accuracy of the digital twin.

An important issue in opioid therapy is the changing opi-
oid tolerance of the patient through the use of opioids
over time. Increasing this tolerance will increase the
required drug for pain relief; therefore, it could be consid-
ered in the model.

Here we only controlled therapy, so the changing of the
patches, based on the pain level of the patient. Reducing
the adverse effects is crucial to reach an effective and
safe treatment; it is important to control therapy based
on therapeutic effects and adverse effects.

Besides the impact of age between different patients,
also other factors need to be considered. Physiological
features of the patients, such as gender, weight, or back-
ground disease, can play an important role in the out-
come of fentanyl therapy.

To analyze the digital twin's performance in providing
efficient and safe treatment, it is important to develop a
digital twin based on the real patient. In this case, the
twin can be updated with patient feedback over time.
The result of the digital twin precalibrated therapy can
then be compared with the real result to validate each
individual patient’s digital twin's performance. It should
be noted that the assessment of the parameters of the
real patient may introduce new errors due to the accur-
acy and reliability of the used sensors.

In this study, the fentanyl patch was modeled based on a
Duragesic® fentanyl transdermal system. In the future,
considering more varied patch types will broaden the
possibilities to tailor therapy for the patient. For some
patches, this includes taking into account a more detailed
model of the patch, with different layers and their
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properties, plus the adherence of the patch to the skin. In
future simulations, the impact of external factors such as
ambient temperature on drug diffusion can also be
accounted for. In the model, this would imply changing
the diffusion coefficient of fentanyl.

e During the fentanyl transdermal therapy, the patient
might take other pain medicines that can affect the fen-
tanyl therapy. These medicines should also be added to
the PK and PD models.

e Patients undergoing fentanyl transdermal therapy may
have other diseases or organ impairments. These condi-
tions may affect the drug uptake, drug distribution,
metabolism, elimination, or drug effects. In a future step,
it is essential to consider these conditions to reach a tail-
ored treatment for the patients.

e Each individual patient is different from one another due
to the lifestyle, genetic variation, and surrounding envir-
onment. These differences will lead to the variation in
their response to fentanyl transdermal therapy. In order
to reach a tailored therapy that is compatible with the
patient, these factors must be included in the future. In
this study, as we studied one individual patient, we
assumed the only changing factor for the patient is age.

5. Conclusions

In this study, we developed a physics-based digital twin for
fentanyl transdermal therapy. With this twin, we first antici-
pated the outcome of conventional transdermal therapy on
a patient of different ages. In addition, based on the age of
the patient and the corresponding response of the patient
to treatment, the digital twin was used to propose a prede-
fined alternative transdermal therapy for the patient at each
age, namely by changing the patches at a different time
interval. Finally, the proposed therapy by digital twin was
updated by virtual patient feedback to have a more accurate
and safer therapy.

Based on the result of the simulation by aging, the
patient will receive a lower amount of drug as a result of the
increase in the thickness of the stratum corneum for conven-
tional therapy that is now used in the clinics. However, as
the required amount of drug for pain relief decreases by
age, older patients still experience more pain relief, despite a
lower blood concentration. By applying conventional ther-
apy, younger patients had a maximum fentanyl flux out of
the dermis that was 11% higher, the maximum concentration
of fentanyl that was 7% higher, and pain relief that was 55%
lower than older patients. When the digital twin proposed a
different therapy for each age category, younger patients
needed to apply patches more frequently compared to the
older patient to reach the target pain relief. This twin-
assisted therapy reduced the VAS pain score by 30% and the
time without pain increased by 314% for a patient at the
age of 20years, compared to conventional therapy. In the
next step, the digital twin included patient feedback on their
pain intensity at certain times. With such feedback, the ther-
apy was better tailored to real-time patients’ needs and
avoided delivering insufficient or extra fentanyl. By including
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the patient’s feedback in the digital twin, we successfully
were able to avoid hypoventilation, which means the therapy
was safer for the patient.

The proposed physics-based digital twin was built up
based on the real patient’s physiological features. The digital
twin was able to monitor the concentration of fentanyl in
every organ throughout the therapy in parallel to the pain
intensity of the patient and the breathing rate. Throughout
the therapy, the digital twin updated itself via patient feed-
back. By considering the intensive monitoring of twins on
the patient and therapy, the twin was able to propose a
therapy based on the patient’s needs. The proposed thera-
pies by a digital twin for the patient can increase the con-
centration of the drug at a level to reach the required pain
relief while avoiding its adverse effects. We quantified the
added value of a patient’s physics-based digital twins and
sketched the future roadmap for implementing such twin-
assisted treatment into the clinics.
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