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Abstract. This paper introduces an approach that combines molecular
communication (MC) concepts with waveform modulation techniques to
regulate drug concentrations at targeted lesion sites, aiming to enhance
therapeutic outcomes and minimize side effects. We focus on keeping
drug levels within the therapeutic window by grounding our method
in MC theory. Our study is primarily the analytical process of select-
ing the most effective pathways in vascular networks, considering factors
such as blood vessel characteristics and the frequency of their branching.
This investigation is critical for a deeper understanding of the complex-
ities of the dynamic nature of pathway selection in vascular networks
and for seeking to refine drug administration based on these insights.
Our research pinpoints the optimal timing for drug administration using
continuous-release formulations, ensuring consistent locoregional drug
concentrations. The simulations validate our approach, indicating its
potential to maintain stable drug levels, thereby underscoring the impor-
tance of adapting to variations in the intravascular delivery pathway.
Our method, which merges MC principles with waveform modulation,
contributes a nuanced perspective on enhancing the precision of drug
delivery, supporting the development of an effective and personalized
treatment strategy.
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1 Introduction

A novel drug delivery approach aims to transport medications specifically to tar-
geted areas of injury or disease, administering them at carefully regulated doses
and rates, all while mitigating any negative impacts on surrounding healthy
tissues. [1] A key hurdle is poor efficacy, with only 0.7% of the administered
dose effectively reaching the targeted diseased tissues, primarily due to depen-
dence on systemic blood circulation [2]. MC is an emerging paradigm inspired by
biological systems in nature, facilitating the exchange of information molecules
among biological nanomachines in a fluid environment [3], [6,7], [13]. The par-
allels between drug delivery and the propagation of information molecules allow
for the modeling of the drug delivery process within the frameworks of pharma-
cokinetics and fluid dynamics, effectively mapping it onto an MC model [1,4,5].
A drug delivery system inspired by MC illustrates the movement of drug par-
ticles within vessels and the progression of their distribution over time, which
is crucial for regulating the local concentration of the drug. [9,13]. Hence, drug
delivery mediated through blood, based on molecular MC principles, emerges as
a novel and evolving domain to enhance therapeutic and diagnostic outcomes
for tumors in specific regions.

Identifying precise drug delivery methods to target disease sites is a critical
focus in targeted drug delivery, crucial for drug efficacy and minimizing side
effects. Despite advances in delivery technologies, challenges remain in ensur-
ing accurate delivery and avoiding harm to healthy tissues. Previous work has
not focused on the impact of blood vessel length and the frequency of vessel
branching on drug concentrations at lesion sites [14]. Factors such as blood flow,
vascular structure, and drug properties significantly influence how drugs reach
disease sites [15]. Variations in vascular pathways can alter drug concentrations
at these sites, affecting treatment outcomes and safety. Therefore, exploring and
comparing the effects of different vascular pathways on drug delivery is vital for
enhancing delivery precision and effectiveness.

This study examines the influence of vascular pathways on drug concentra-
tions at lesion sites, focusing on how variations in vessel length and branching
frequency, as well as the strategy of administering the total drug dose in multi-
ple stages, affect the concentration of drugs at target areas. The research seeks
to offer a theoretical basis and practical insights for improving the precision of
drug targeting through detailed analysis of drug concentration differences across
various delivery routes, aiming to minimize unnecessary side effects and enhance
the efficacy of drug delivery strategies. In this context, waveform modulation
emerges as a sophisticated method for fine-tuning drug concentrations at tar-
geted lesion sites [14]. By mimicking the natural communication process between
biological entities, this method leverages the temporal and spatial modulation of
drug release rates to create specific concentration-time profiles—akin to signal
waveforms. This approach aims to optimize the therapeutic window by precisely
controlling the peak and duration of drug presence within the target area, max-
imizing efficacy, and minimizing side effects.
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The rest of the paper is organized as follows: Sect. 2 presents the blood vessel
length and branching patterns model. Section 3 comprises simulation analysis,
and Sect. 4 combines the conclusions derived from the simulation.

2 Drug Delivery System Model Derived from MC

According to the MC framework, the pharmacokinetic model for cylindrical and
degradable sustained-release agents is illustrated as the process of communica-
tion release, Indicated as the input pulse xti(t) for the ith administration [14].

xti(t) = 2πChB[r − B(t − ti)] (1)

here C represents the dosage per unit area, while h and r denote the height and
radius of the cylindrical troche, respectively. B represents the surface degrada-
tion rate of the agent. Qi represents the drug dosage delivered by a sustained-
release tablet, represented as [14]

Qi =
∫ ti+tslot

ti

xti(t) dt (2)

here ti represents the time of the ith administration and tslot refers to the dura-
tion of the drug release.

2.1 Vascular System Model

The channel model aligns with the vascular network under advection, character-
ized described by the advection-diffusion equation [9]:

Fig. 1. The vascular system model grounded in molecular communication
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∂c

∂t
+ ∇ · (vc) = D∇2c (3)

here v represents the velocity vector, D represents the diffusion coefficient.c is
the concentration at a specific location. The vascular network contains multiple
bifurcation points, as illustrated in Fig. 1. As drug particles pass through a node,
they transition into another section of the channel network. Consequently, the
Channel Impulse Response (CIR) of blood vessels at various stages is [9].

hj(t) =
1√

4πDt
e

−(dj−vjt)
2

4Dt j = 1, 2, 3... (4)

here dj is the length and vj is the advection velocity of the jth stage of the blood
vessels.

Based on the evaluation of pharmacokinetic data, a drug’s half-life is a cru-
cial reference for proper drug administration, as it is closely related to liver
and kidney function in the process of drug elimination [10]. Thus, the CIR is
subsequently expressed as

Hj(t) = hj(t)e−kt j = 1, 2, 3... (5)

here k represents the rate of drug elimination. In a particular MC system, the
clearance rate is regarded as constant.

2.2 Model for Drug Particle Reception

The reception model explains the progression of locoregional drug concentration
at the lesion, accounting for both the channel influences and the degradation of
the therapeutic agent. Based on the previously mentioned MC channel model and
the drug release rate xti(t), the drug concentration at the first-order bifurcation
point in the vascular system is expressed as follows [14].

gi(t) = xti(t) ∗ H1(t) i = 1, 2, 3 . . . (6)

In a similar manner,yRi(t) represents the locoregional drug concentration at
the lesion:

yRi(t) =
∫

τ

gi(τ)H2(t − τ) dτ (7)

The total drug concentration over time profile at the lesion,yR(t) is expressed as:

yR(t) =
∑

i

yRi(t) i = 1, 2, 3... (8)
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Table 1. PARAMETERS.

Parameters Symbol Values

Diffusion coefficient D 0.00001m2/s

Length of vessel d 0.1 ∼ 5m

Clearance rate constant k 0.2

Degradation rate constant B 0.05

Dosage per unit area C0 0.39 ∼3.54 g

Height of cylinder h 3mm

Radius of cylinder r 3 ∼ 9mm
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Fig. 2. The concentration of drugs delivered to the lesion site by different routes

3 Results and Analysis of Simulations

This section provides the simulation results of the proposed scheme, utilizing the
parameters listed in Table 1 as the default settings. [14].

In medical treatments, achieving the desired therapeutic effect depends on
keeping the drug concentration at the target site within a specific range, known
as the therapeutic or safety window [11]. Concentrations of the drug exceeding
the Minimum Toxic Concentration (MTC) might lead to adverse side effects. In
contrast, levels below the Minimum Effective Concentration (MEC) are likely
insufficient to yield the desired therapeutic results. Furthermore, inappropriate
levels of drug concentration could heighten the risk of patients acquiring resis-
tance to the medication [12].

Path 1, Path 2, and Path 3 correspond respectively to the top blood vessel,
the bottom blood vessel, and the middle blood vessel in Fig. 1 In this study,
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different vascular pathway models were constructed to simulate the changes in
local drug concentration caused by the difference in the pathway during drug
arrival at the lesion site. We aimed to assess which pathway would maintain
a more stable drug concentration within the drug treatment window between
the MTC and MEC. Stabilizing drug concentration within the ideal treatment
window helps achieve optimal therapeutic effects and reduce adverse patient
reactions.

Fig. 3. the area of the locoregional drug concentration-time curve within the thera-
peutic windows

Paths path1, path2, and path3 represent three situations in which drugs reach
the site of the lesion through different blood vessels. The simulation results are
shown in Fig. 2. The drug concentration in each route increased rapidly and then
decreased gradually during drug delivery. In particular, for path1 and path2, due
to more branches, the time of drug arrival at the lesion site is more dispersed,
resulting in a lower and more gradual peak of drug concentration at the lesion
site. In contrast, the drug concentration of path3 increased the fastest. However,
due to the characteristics of its direct access to the lesion site, the concentration
peak was higher, and the rate of decline was faster in the later period.

In Fig. 3, by comparing the concentration-time curves of the three pathways,
we observed that the length of time maintained within the treatment window
is critical for drug efficacy. Path1 and path2, although the drug concentration
rises more slowly, can remain above the MEC for a more extended period, which
helps to sustain the treatment effect. Path3, on the other hand, may require
more careful adjustment of the delivery interval to avoid the drug’s concentration
falling out of the treatment window too quickly.
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Fig. 4. Drug concentration in the lesion site of multiple drug delivery

The drug is delivered multiple times under different paths, and the drug con-
centration diagram is shown in Fig. 4. The simulation revealed that after each
delivery, the concentration of the drug rose rapidly to its peak and then gradu-
ally declined. Throughout three deliveries, the drug concentration curve showed
a distinct multi-modal property, indicating that the drug was present at the
lesion site for an extended period after each delivery, helping to provide more
sustained efficacy. By carefully regulating the delivery interval, we can optimize
the concentration curve, reduce fluctuations, and stay within the treatment win-
dow.

Paths 1 and 2 reach the lesion site after multiple branches, and the segmen-
tation delivery makes each drug concentration peak more balanced, which helps
to avoid drug concentrations that are too high to exceed MTC and prevents
the concentration from rapidly falling below MEC. This property is essential to
avoid adverse reactions caused by drugs and to maintain a sustained therapeutic
effect. On the contrary, the drug delivery speed of the direct path path3 is fast.
However, it is easy to cause large dose fluctuations, so segmentation delivery
can help smooth these fluctuations and reduce the impact of drug concentration
mutations on the lesion.

In Fig. 5, the area of drug concentration within the efficacy window is shown
by filling shadows. It can be seen that after proper segmentation delivery, the
drug concentration of the three routes has been maintained within the efficacy
window many times, which indicates that segmentation delivery can increase the
duration of the drug in the therapeutic effective range and thus may improve
the therapeutic effect.
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Fig. 5. the area of the locoregional drug concentration-time curve within the thera-
peutic windows

4 Conclusion

This study explored different drug delivery routes inspired by MC to enhance
therapeutic outcomes. Analysis revealed that drug delivery through pathways
one and two, which feature two branches, facilitates the diffusion and absorption
of the drug before reaching the lesion site, leading to a more uniform drug dis-
tribution and a more stable therapeutic effect. Although path three offers rapid
drug delivery, its lack of uniform distribution might compromise efficacy. Addi-
tionally, this research introduces waveform modulation to precisely control drug
concentrations at targeted lesion sites. This strategy optimizes the therapeutic
window by modulating drug release rates temporally and spatially to simulate
specific concentration-time curves. This approach ensures precise control over
drug concentration peaks and durations, maximizing efficacy while minimizing
side effects. Overall, the optimization of paths one and two, combined with wave-
form modulation strategies, offers a new perspective on improving the precision
and safety of drug therapy, paving the way for dynamically tailored treatment
plans based on each patient’s unique conditions.
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