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ABSTRACT

Recent advances in nanotechnology show possible applications
of nano-devices within the human body. For example, technical
solutions are under development to make use of nanobots to carry
and release drugs via the circulatory system. In this scenario, it
is important to study the location and the location distribution of
nanobots in the human circulatory system (HCS). However, due
to bifurcations and the variety of structures in the human vessels,
this problem is rather challenging. In this paper, we address a new
methodology based on a Markov chain model to study the distri-
bution of nanobots in the HCS. The transition probabilities are
assessed through analogies of their representation with an electric
circuit representation of the HCS. Additionally, we conducted sim-
ulations in the simulation framework BloodVoyagerS to compare
results with the provided Markov model. Our evaluation shows that
the new model accounts well for the location of the nano-devices
as well as their trajectories.
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1 INTRODUCTION

The development of new mechanisms for targeted drug delivery is
a focus of attention in medicine and pharmaceutics with ground-
breaking designs. Considering the poor pharmacokinetic properties
of most therapeutic drugs (about 95 %) [2], more efficient solutions
are strongly needed. Through nano-devices traveling in the blood
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Figure 1: Methodology to derive the Markov model of the
human circulatory system.

vessels, the release of drugs is targeted to specific regions without
affecting healthy tissues around [12] - this becomes particularly
interesting when interconnecting these nanobots [1, 5]. Such nano-
devices carry drugs of a size larger than the pores in the capillaries
(2-4nm) but less than the vascular ones concerning the solid tu-
mors (380—-780 nm), which make them ideal candidates to reach
specific tumors avoiding healthy tissues.

To reach a given target through the human circulatory system
(HCS), nano-devices are guided by passive means driven by the
direction of the blood flow, and by active means driven by external
sources to the human body. For instance, polyethylene glycol (PEG)-
grafted liposome nanocarriers are used for passive drug delivery
to allow their circulation for a longer period of time, such as 45 h,
increasing their chance of reaching the target [12]. More complex
technologies are also conceived to interchange communications of
nanobots with external devices to the human body through their
active guiding process to the target [4, 15].

In this paper, we elaborate on a methodology to derive the lo-
cation of nanobots through their passive displacement through
the HCS. Guided by the blood flow, their location in the human
body is random due to the bifurcations in the vessels and variable
pressure and flow on each vessel segment. Instead of characterizing
the flow of nanobots between release and target locations only [3],
we analyze the flow of nanobots around the complete body when
traveling through its closed loops.
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To address such a problem, we rely on the Markov chain model
as a theoretical framework to study the evolution of the nanobots’
position inside the human body. As depicted in Fig. 1, we elaborate
on the analogies between the circuit representation of Markov
chains and the electric-circuit models of the HCS to derive the
corresponding transition probabilities of nano-devices in three main
steps.

This methodology represents a simple and approximate method
to overcome the difficulties in the measurement of the transition
probabilities when modeling the HCS. By this procedure, the tran-
sition probabilities are derived relying on the well-established
schemes regarding the electric-circuit representation [18] instead
of more difficult approaches such as autopsy data sets [16].

Furthermore, we also provide results in the framework simulator
BloodVoyagerS to account for the real-time modeling of the flowing
nanobots [7, 13]. Considering the different vessel segments and their
connections modeled by the Markov chain, we implement the same
structure in BloodVoyagerS to obtain the distribution of nanobots
per vessel segment. The derived results match pretty well with the
obtained distribution through the Markov chain model.

Our main contributions can be summarized as follows:

e We developed a Markov chain-based methodology to de-
rive probabilistic location information of nanobots in the
circulatory system (Section 2);

e we also implemented the model in the BloodVoyagerS simu-
lator to validate our analytical results (Section 2.4); and

e we present results regarding the transition probabilities, the
dynamic of inserted nanobots in the blood flow, and their
average location in the human body (Section 3).

2 METHODOLOGY

Our methodology consists of three different steps to derive the
transition probabilities of the equivalent Markov chain for the
HCS. It relies on the analogies in representing the HCS by electric
circuits and by weighted circuits of the equivalent Markov chain.
The three steps are as following: (1) Obtaining the electric circuit
representation of the HCS (Section 2.1); (2) obtaining the weighted
circuit regarding the equivalent Markov chain for the HCS, relying
on the reported electric circuit in [17, 19] (Section 2.2); and (3)
derivation of the relations between the transition probabilities in
the Markov Chain and the electric current flows in the electric
circuit representation (Section 2.3). The abbreviations used in the
next sections are summarized as follows:

ADbA abdominal aorta

AsA ascending aorta

AVC abdominal vena cava
CGS centimetre—gram-second system
FA femoral artery

FV femoral vein

HCS human circulatory system
HSV head small veins

JV jugular vein

KIDN kidney

LAR leg arterioles

LCAP leg capillaries

LM lower mesenteric

J. Torres et al.

LOC lower carotid artery
LSA leg small artery
LSV leg small vein

LV left ventricle

LVE leg venules

PEG polyethylene glycol
RA right atrium

SI international system
SVC superior vena cava
ThA thoracic aorta

TVC thoracic vena cava
UM upper mesenteric
UPC upper carotid artery

2.1 Electric Circuit Model

The HCS can be modeled through analog electric circuits to benefit
from a reduced complexity when representing their main loops.
Pressure and flow in the blood are computed through voltage and
currents in the equivalent analog electric circuit representation.
Segments in arteries, capillaries, and veins are represented by the
connection of electric elements like resistors, capacitors, and in-
ductors to account for mechanical parameters such as viscosity,
compliance, and inertia in the human vessels, respectively [18].

To implement the design, we interconnect two reported schemes.
Due to the accuracy in the obtaining of pressure and flow in the
heart, we use a scheme regarding the circulation of the heart and
the lungs [10]. For the systemic circulation, we use the multi-
component design implementation reported in [17, 18].

The scheme in [10] is implemented in Matlab/Simulink through
adders, multipliers, and threshold blocks. The ventricular and atrial
pressures in the right and left portion of the heart are connected to
the lungs and the systemic circulation as mono-component designs.
That is, the systemic circulation is implemented as a block without
considering the different segments in the HCS.

To account for a multi-component design regarding the systemic
circulation, the work in [17, 19] divides the HCS into four major
anatomical divisions to account for the head, thorax, abdomen, and
legs through the circuits’ schemes depicted in Fig. 2. In this design,
arteries, capillaries, and veins are represented by different circuit
models according to the variety of segments.

The arteries are divided in seven segments represented by the
connection of RC circuits in the L-inverted topology. Concerning
the upper body they account for the lower carotid artery (LOC)
through S4 and the upper carotid artery (UPC) through S5 in the as-
cending aorta (AsA), in the thorax the thoracic aorta (ThA) through
S10, in the abdomen the abdominal aorta (AbA) through S11, and
the legs by S12, 513, S14 corresponding to the femoral artery (FA),
leg small artery (LSA), and the leg arterioles (LAR), respectively.

The capillaries are represented through RC circuits connected
with a resistor in series, or through L and T topologies. Their con-
nections account for the head, liver, upper mesenteric (UM), lower
mesenteric (LM), kidney (KIDN) and the leg capillaries (LCAP) cor-
responding to seven regions represented within Sz, Se, S1s, S16, S17,
518’ and 519 blocks.

Finally, the loop to the heart is closed through the veins. In the
upper body they are given by the head small veins (HSV) in Sy,
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Figure 2: Electric-circuit model concerning the systemic cir-
culation.

jugular vein (JV) in Sg, and the superior vena cava (SVC) in So.
In the thorax region the thoracic vena cava (TVC) in Sa4, in the
abdomen the abdominal vena cava (AVC) in S23, and in the legs
the femoral vein (FV), leg small vein (LSV), and leg venules (LVE)
represented by Sz, S21, and Sg2, respectively.

Additionally, in the arteries and veins supplemental voltage
sources are included to account for the pressure produced by grav-
ity. According to [19], the value of the voltage source is given as
P = nGpL sin 6, where n is the total number of g’s of acceleration, G
is the acceleration due to the earth gravity, p is the blood viscosity,
0 is the angle between the vessel segment and a perpendicular to
the ground floor, and L is the segment length.

These two designs are connected in Simulink as illustrated in
Fig. 3. The design in [10], for the heart-lungs circulation, is imple-
mented in the blocks S_1 to S_3, including their connection to the
systemic circulatory system block. The design in [17, 19], to ac-
count for the systemic circulation only, is implemented through the
blocks S_4 to S_24 with the electric components specified in Fig. 2.
Both designs are connected by pressure signals regarding the left
ventricle (LV) and the right atrium (RA) compartments in the heart.
The pressure’s signals P_LV and P_RA - equivalently referred to
as voltage — are connected to electric source voltages blocks rep-
resented by the V_RA and V_LV blocks, which in turn allows the
isolation of the two designs regarding their respective electric loads.
In addition, sensors for voltages (blocks with prefix P_) and cur-
rents (blocks with prefix F_) are connected to measure the pressure
and flow on each segment, respectively. Finally, in the design an
additional voltage source connected to the legs (denoted by Py, in
Fig. 3) is also represented. This accounts for additional pressure
from the leg muscles when standing up or during walking [19].
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Figure 3: Block scheme in Matlab/Simulink.

The design of the system in Fig. 3 is implemented with the cir-
cuit elements specified in [19] after their conversion of centime-
tre-gram-second system (CGS) to international system (SI) units,
as given in Table 1. In this implementation, we assume that the
human body is in horizontal position, where the impact of gravity
and leg muscle contractions produced by walking or activities like
standing up is avoided. Through these values, the blood pressure
graph derived in Fig. 4 is obtained, which accounts for standard
metrics in the HCS [8].

2.2 Markov model of the HCS

Considering the flow of nanobots in the HCS, they present dif-
ferent trajectories as they complete a loop. For instance, a given
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Body Circuit Elements
State
Region Ri[Q] R2[Q] Rs[Q] CI[uF] LI[H]
LCA S 20 - - 167 -
UPC  Ss 30 - - 167 -
¢ ThA Sy 15 - - 208 -
g ADbA S11 15 - - 83.4 -
< Sz 25 - - 834 -
LSA Sz 40 - - 834 -
LAR Sy 60 - - 250 -
HEAD S¢ 6400 - - - -
5 UM Sis 5100 300 - 8000 -
§ LV S 700 - - 5100 -
E REN  S;7 7000 500 - 2100 -
“ 1M Sis 46000 400 - 130 -
LCAP  S;9 8000 - - - -
HSV  S; 500 - - 450 -
v Ss 88 573 - 378 0.789
sve S 5% 1011 - 62.3  0.032
2 LVE Sy 600 3000 - - -
2V s;m 600 9000 - - -
FEV Sy 40 9000 28 835  2.82
AVC  Sp3 40 0.83 - 170 0.164
TVC  Sp 76 0.63 - 1000 0.089

Table 1: Values of the circuit elements in SI units [19].
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Figure 4: Blood pressure in the different portions of the cir-
culatory system when a person is lying in the horizontal po-
sition.

nanobot situated in the left heart randomly jumps to the carotid
(upper body) or the thoracic aorta according to the bifurcation in
this region (Fig. 1). This random location of the nanobot, driven
by the blood flow, may be modeled as a discrete stochastic pro-
cess to account for their positions in the HCS. Furthermore, we
assume the Markov property concerning independent transitions
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Markov Chain

Human Circulatory System

Figure 5: Markov model and its equivalent circuits’ represen-
tation.

produced in the bifurcations regarding the previous locations of
the nanobot. That is, the transitions are only dependent on the flow
properties locally to the bifurcation. In this respect, the location of
the nanobots may be modeled through a Markov chain where each
state corresponds to their position in the HCS [6].

Considering the different segments represented through Sy to Sp4,
regarding the electric model in the HCS represented in Fig. 2, a
Markov model is similarly conceived with equivalent stages as
shown in Fig. 5. In the Markov model, the stages represent the
location of a given nanobot traveling through the blood in the HCS.
By this model, a nanobot that is located on the right heart next
jumps to the lungs, then to the left heart, to the arteries, to the
capillaries, and finally to the veins, following the blood flows as a
closed circuit in the HCS.

2.3 Deriving the transition probabilities of the
Markov chain

Considering the diagram for the Markov model in Fig. 5, a variety of
transition probabilities are already given due to the direct connec-
tions between stages. For instance, it is certain that a nanobot jumps
from the head (S¢) to the head small vein segment (S7), resulting to
a transition probability of one. Excluding these direct connections,
the probabilities to determine in this diagram corresponds to the
following transitions: S3 — S4, S3 — S10, S10 — S11, S10 — Si5,
S10 — S17, S11 — S12, and S11 — Sis.

To determine these probabilities, we rely on the equivalent rep-
resentation of the Markov model through its closed-circuit repre-
sentation [11]. In this equivalent representation, the connection
between stages in the Markov chain may be represented by oriented
closed circuits of weights w;, as depicted in Fig. 5 through w; to ws.
This equivalent circuit representation models a particle traveling
through a given circuit that randomly changes the circuit at the
interceptions [14].
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For a valid representation, each stage in the Markov chain must
be connected with at least one circuit of strictly positive weight
wj, where the equivalence of both representations is given by the
relation between the transition probabilities and the coefficients w;.
A given transition probability regarding S; — S; is the ratio of the
sum of coefficients of circuits connecting the stages S; to Sj, to the
sum of all the coefficients regarding the circuits that pass through
Si. To illustrate, the transition probability regarding S3 — Sy is
given by

Z?:l Wi

Alternatively, considering the electric-circuit representation of
the HCS in Fig. 3, it can be also represented by their electric-current
flows (current mesh) [9] through the loops determined by the
wij-circuits in Fig. 5. That is, the circuit in Fig. 3 can be solved
by meshing the currents in loops equivalent to those defined by
the wj-circuits in Fig. 5. The corresponding current’s mesh pro-
vides a metric for the electric-circuit loop as the coefficient w; is
the metric that characterizes the circuit loop in the Markov chain.
Furthermore, similar to the assumption regarding the circuit repre-
sentation of the Markov chain, where a traveling particle randomly
changes its circuit path, in the electric circuit a similar case happens
in the interceptions for equivalent particles driven by the current
flow.

In this respect, the representation of the w;-circuits in Fig. 5
plays the same role as the representation of the electric-current
flows in Fig. 3. Using this analogy, the numerator in Eq. (1), given
by w1, represents the current flow in the loop passing through
the blocks S 4—S 5—S 6—S 7—S 8—S 9—S 1 —S 2—S 3in
Fig. 3, while the denominator is the current through the branch
with the block F_LV, which in turn accounts for all electric current
flows in the circuit. Similarly, the numerator and denominator in
Eq. (1) is directly given by the current sensor blocks F_AsA and
F_LV in Fig. 3, respectively, as

D34 (1)

@

where the time-dependent representation has been omitted for
brevity, and Ir asa and Ir 1y are the corresponding current flows
assumed to be strictly positive (due to the connection of diodes in
this interception and the strictly positive voltage in P_LV). Sim-
ilarly, the remaining transition probabilities can be determined
considering their corresponding currents yielding

_ Irma _ Iraba _ Irum
P310 = Ty P10 = T P05 S R
®3)
_ Irxion _ Irm _ Irra
P1017 = Ty P1L12 = Lo P1L18 S

These relations provide the equivalent representation of the HCS
through the Markov model in Fig. 5 and their electric-circuit in Fig. 3.
Given the transition probabilities in (2) and (3), and considering
that those direct connections have a transition probability equal
to one, and the non-connected nodes have a transition probability
equal to zero, then the transition matrix of their corresponding
Markov chain can be directly derived as IT = {p; j}.

Based on the transition matrix II, a variety of metrics can be
computed to study the location and the dynamics of nanobots when
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traveling through the HCS. The location of a given nanobot can be
determined (in a probabilistic sense) through the stationary proba-
bility vector v after solving the linear equation v = vII. According
to v, the probability that a nanobot is located on a given stage S;
is directly given by the corresponding vector-element v;. Further-
more, considering a total of N nanobots, on average the total of
nanobots on a given state S; can be also computed as v;N.

The trajectory of a given nanobot can be assessed by computing
the probability to travel through the different circuits represented in
Fig. 5. For instance, the probability to travel through the weighted
circuit w1 is given by the product regarding all the concerned tran-
sition probabilities as P1,3-P2,3 P34 P45 P56 P67 P7.8° P89 P91
and similarly for the other loops.

2.4 The BloodVoyagerS Simulation Framework

The BloodVoyagerS simulator framework [7] derives the location
per nanobot in the HCS according to the achievable speed per
vessel segment. The most recent solution accounts for the main
regions connected through the vessels as depicted in Fig. 6. Loops
are realised through the two arms and legs separately, along with
the main tissues in the head, the thorax, and the lower body region.

To enable comparative results regarding the Markov chain model,
we implement in the BloodVoyagerS simulator framework a similar
HCS structure by identifying the components in common. The
originally 94 vessels and structures of BloodVoyagerS are merged
to account for the similar regions in the Markov chain model. Fig. 6
illustrates how the 94 vessels are mapped to the 24 stages in Fig. 2.
For instance, the thoracic vena cava and the arteries in the arms
are fused in the BloodVoyagerS framework to account for Sjg in
Fig. 2. Arteries are also merged in both legs to account for Sy to
S22, and a similar procedure is applied with the veins and capillaries
as represented in Fig. 6.

3 RESULTS AND DISCUSSION

Nanobots travel through the several loops in the HCS following the
blood flow and randomly jump to different segments in the bifur-
cations. To characterize their movement we conducted Matlab®!-
based simulations in Simulink according to the electric-circuit in
Figures 2 and 3. Based on this scheme, we obtained the electric
currents to determine the transition probabilities in Equations (2)
and (3).

Fig. 7 illustrates the derived transition probabilities after time-
averaging the relations in Equations (2) and (3). Major differences
in the transition probabilities are obtained in the case of S3 and S11.
According to the transitions in Ss3, it is more likely to travel to the
thoracic and lower body than to the upper body, as expected con-
sidering the total of regions in the lower body. The same happens
at the bifurcation at S11, it is more probable to travel to the legs (in
the direction of S12) than to the lower mesenteric bed (S13).

For the five loops illustrated in Fig. 5, the resulting passage proba-
bilities are represented in Fig. 8. As expected, the most vital circuits
(w1, w2, w3, ws) are similarly probable to be passed through, except
for loop w4 concerning the lower mesenteric bed as a direct con-
sequence of the high impedance represented in the analog circuit
(given by the resistor value R; in Sig Table 1).

!MATLAB is a registered trademark of The MathWorks, Inc.
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Figure 6: HCS as represented in the BloodVoyagerS simu-
lation framework with mapping to the Markov model seg-
ments indicated in green.

Finally, Fig. 9 illustrates the location probabilities of nanobots
per body region modeled by the Markov chain and the BloodVoy-
agerS simulator when analyzing the flow of 1000 nanobots. Some
regions exhibit a high correspondence regarding the location of
nanobots, some others exhibit a different distribution. Differences
are mainly produced due to the different topologies and the result-
ing parameters, represented by the Markov model in Fig. 5 and the
BloodVoyagerS in Fig. 6.

However, considering both results, most frequently visited re-
gions are in agreement with the superposition of the different closed
loops in the HCS. Provided that the heart and lungs are linked to
all loops, they are visited more by the nanobots. The next most
frequented segments are the Thoracic Aorta and Vena Cava. These
vessel segments are also linked to all loops except for w;. The
remaining regions are equally frequented (except for the lower
mesenteric) with a probability of about 30 percent of the most
frequented regions.

4 CONCLUSION

The presented analysis provides an overview of the possibilities to
implement a passive drug delivery system in the HCS by means
of injected nanobots. Considering the derived results, nanobots
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Figure 7: Graph with transition probabilities represented in
the width of edges.
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Figure 8: Graph with loops probabilities represented in the
width of the loops.

injected in the HCS are equally distributed in the most vital cir-
cuits around the body. The most frequented regions are the heart,
lungs, as well as the thoracic aorta, and the vena cava, which is in
correspondence with the regions that comprise the largest blood
flow. Remaining regions are similarly frequented (except for the
lower mesenteric) with a probability of about 30 percent of the
main regions. This balance on the presence of nanobots in the HCS
provides the basis to analyze the status update to account for their
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Figure 9: Distribution of nanobots in the circulatory system.

monitoring as a future research. The results presented were derived
through the analogies between the circuit representation of the
Markov chain and the electric circuit representation, both for the
HCS. A more detailed description can be provided by increasing the
total number of segments in the region of interest without a prohib-
itive complexity due to the reduced representation of the electric
models. Although the transition probabilities here illustrated are
derived from average flows in the HCS, the analysis can be extended
to consider the time-dependent variability of the blood flow. Finally,
to account for the traveling time between segments (concerning
delay) the different stages of the Markov chain mostly represent
the same delay path. The delay paths should be in correspondence
with the blood speed on each segment, and those segments with
the larger speed will account for a lower number of Markov stages.
This derivation will be also part of a future study.
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