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Abstract—The network of novel nano-material based nanode- causes renarrowing of the arteries. It is reported [7], [8]
vices, known as nanoscale communication networks or nanote that multiple revascularizations require even after sixthe
works, has ushered a new communication paradigm in the of primary PCI, to break the plagues inside the coronary

Terahertz Band (0.1-10 THz), promising revolutionization of . L
ubiquitous healthcare, e.g., monitoring of chronic cardivascu- arteries. If restenosis is not properly detected and ctedec

lar diseases unobtrusively. However, the limited commun@- it may trigger to the death of a patient [9], [10]. In addition
tion range up to few centimeter of such nanodevice poses ahighly sophisticated procedures involving the insertibD&S
serious problem on the mechanism of data delivery from the inside the occluded region of the arteries — which ultimatel
underlying nanoscale communication networks to macro-wdd suppress local cell proliferation by releasing drug locall

networks characterized by radio propagation. In this work, first has b h W 1d i d Its than the i "
we envisage a novel architecture forCoronary Heart Disease as Deel SN0 yield Improved resufts than the inserton

(CHD) monitoring system consisting of nanodevice-embedded Of Bare Metal Stent (BMS), a metal tube-like structure which
Drug Eluting Stents (DESs), which are termed as nanoDESs. is usually inserted into the the site of blockage to widen the
Next, we study the problem of asymmetric data delivery in sue  Jumen of arteries [11]. However, advanced DESs are alsm ofte
nanonetwork-based systems and propose a simple distancer@e  jnefficacious to prevent latéhrombosisbecause of irregular,

power allocation algorithm, catch-the-pendulum, which optimizes . . . .
the energy consumption of nanoDESSs. The algorithm exploitthe disproportionate drug disposal by drug-eluting stentsr Fo

periodic change in mean distance between a nanoDES, insedte €xample, Venkatraman et al. [12] reported that slow-releas
inside affected coronary artery, and the nano-macro interace sirolimus DESs provided more effective than fast-release

which is fitted in the intercostal space of the rib cage of a paént ~ DESs. However, neither of these prevent late restenotic cel
suffering from a CHD disease. Extensive simulations confirm growth effectively. To summarize, studies reported in {12]

superior performance of the proposed algorithm with respetto .
energy consumption, packet delivery, and shutdown phase. [14] suggest that drugs should be administered contrgllabl

Index Terms—Nanoscale communication networks, multi-scale @nd adaptively — i.e., the specific amount of dose will be
communication, asymmetric data delivery, coronary heart ds- administered based on the temporal and spatial change of

ease, ubiquitous healthcare. unintended cell growth inside the artery. Therefore, optim
release profile of drugs, by taking into all the above-meargiab
|. INTRODUCTION factors, is a crucial challenge to medical practitioners.

One of the challenging problems in today’s global health- Growing progress of nanotechnology-based nanomaterial
care is combating against high mortality rate due to CHD [1lhas provided us fabrication tools to build nano-scale d=vic
[2]. The disease develops because of the narrowing of the inequipped with processing and communication circuits, tvhic
cavity of a coronary artery, essentially hindering the nalrmcan sense and transmit cellular and molecular level pass)et
blood supply to heart muscle and ultimately leading to th&uch as glucose and cholesterol [15]. On the other hand,
cause ofmyocardial infarction[2]. The process of constric- nanoparticle-based drug and gene-eluting stents for ctingba
tion involves gradual deposition of fatty materials indhgl CHD are in the research pipeline [16]. Meanwhile, inforroati
bad cholesterol on the inner walls of coronary arteries. Thend communication technology (ICT) is increasingly moving
diagnosis and treatment of CHD disease involves adminigward providing innovative solution in diverse fields suah
tering medications, and complex medical surgical proceslutubiquitous healthcare service provisioning, includinagios-
including Percutaneous Transluminal Coronary Angioplastyics and holistic well-being monitoring, with affordableiqe.
(PTCA andstenting Coronary Artery Bypass GraftsCABQ In this paper, we envisage a novel architecture of CHD mon-
are also performed during critical stages of the diseaseitering system consisting of network of nanodevice-emlaedd
stable/advanced CHD [3], [4]. DESs (nanoDESSs), which is surgically deployed inside lesio

The morbidity of recovering from the disease after undeof coronary arteries. A nanodevice is made of nano-scale
going surgical procedures is ineffective: statistics ralahat processing and communication components, such as nano-
CHD requires frequent hospitalization and incurs high ro&di transistor, nano-battery, and nano-transceiver. The DBESo
costs [5], [6]. Furthermore, the adverse effect of revesiza- controls the release of drugs using interactive commarus fr
tion, or Percutaneous Coronary Intervention (PCI) prooesiu healthcare professionals, via the nano-macro (NM) interfa
include the recurrence of stenosis, known as restenosishwhwhich is inserted inside the intercostal space of the riteaafg
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a CHD patient. Fig 2 illustrates the architecture of such &CHapplications. On the research progress of nanonetworkseba
monitoring system, which we will describe later elabonatelhealthcare technologies, Malak and Akan [17] discussedd rel
The limited resources of a nanodevice — particularly, itsrgp  tionship among various intra-body molecular communicatio
and storage, and distinct properties of the Terahertz bamtgchanisms such as neuro-spike communication for nervous
such as high molecular absorption loss — result in limitexystem, and action-potential-based communication fatiaar
communication range and coverage area. Such constraintsystem. They are also introduced different channel models f
communication range poses significant barrier on deligerimifferent communication mechanisms. Guo et al. [18] preplos
data from the underlying nanonetworks to macro-scale coan in vivo wireless nanosensor network (iIWNSN), which
munication networks, often at least for nanonetworks-thasean be deployed inside human organs to monitor molecular
CHD monitoring system, rendering the problenasfymmetric activities of the organelles in real time. Furthermore, exip
data delivery. The asymmetric data delivery problem mayents were performed to quantize channel properties of the
appear when a nano-transceiver-enabled nanodevice, duddmhertz band inside human tissues. The results indioated
its limited communication range and energy storage, disgenresearch challenges, including the design of novel modulat
significant effort (in the sense that a nanodevice spendsidon schemes [19]. As an example of nanonetworks-based ubiqui-
erable amount of energy, relative to its energy contenty onl tous healthcare monitoring, Misra et al. [20] envisagedesgr
delivering data from the underlying nanoscale commurocati wireless body area nanonetwork having both electromagneti
networks to a device operating in macro-scale communicatiand molecular nanoscale communication modes and hargestin
networks, referring here to the radio communication. On tlemergy from the organ’s mechanical and biochemical energy
contrary, the macro-scale device may not experience susurce. Their proposed game-theoretic solutions optinize
burden in delivering data back to nano-scale communicatienergy consumption by mutually choosing a targeted commu-
domain since the device is technically assumed to possegsation mode. On the other hand, Stankovic [21] envisaged
relatively large amount of energy. that the growing progress on Internet of things (loT) would
To optimize energy consumption in asymmetric data denable pervasive and personalized healthcare throughteemo
livery settings, we propose a simple distance-aware powssnsing and monitoring of human wellness. In this regard,
allocation algorithm, named asatch-the-pendulunfCAP), Internet of Nano Things (IoNT), which augments 10T in the
which exploits the periodic change in mean distance betweeano dimension, has been proposed [22] to access inside
a nanoDES, which is placed inside affected coronary arteggich human organelles which are unreachable by traditional
and the nano-macro (NM) interface, which is placed in theetworks. In summary, these works are in the early stages,
intercostal space of the rib cage of a patient suffering froptimarily focusing on defining a robust architecture of the
a CHD disease. The main contributions of our work are @snonetworks and addressing mechanism of the underling
follows: nanodevices, and proposing protocols for medium access and

« Proposing a novel nanonetworks-based architecture fStém management. However, to the best of our knowledge
CHD monitoring system for ubiquitous healthcare applRUr work is the first to address data delivery issues between
cations nanoscale and macro-scale communication domains in contex

« Studying the problem of asymmetric data delivery if CHD monitoring .
multi-scale communication settings (here, multi-scale Considerable amount of works on data delivery or data

refers communication between nanoscale and macfgrwarding schemes were published concerning wireless net
scale communication paradigm) works, specifically wireless sensor networks [23]. For ex-

« Proposing a novel distance-aware power allocation alg@™Ple, Couto et al. [24] demonstrated the efficacy of the
rithm for improved network performance. proposed metricexpected Transmission Count E) Xvhich

The rest of the paper is organized as follows. Section ZFIected the ‘high throughput paths in forwarding data to

outlines the related works on data delivery and nanonetsvor estination in mult-hop wireless networks with lossy tnk
> ery u et al. [25] proposed a heuristic method to schedule the
based healthcare applications. Section Il elaborates {

motivation and description of asymmetric data delivery iﬂ:éeping patterns of nodes in duty-cycled WSNs to opti-
nanonetworks-baséd CHD system. The system models ize the delivery latency of the nodes. However, considgerin

I' . . . ..
described in Section 1V, while Section V focuses on the maEﬁEZ gSlréelgglea\lf]vgellieess[zhg]ki2)2%22;?;’;?Csli\?ii thwg;i‘i d

design of CAP algorithm. The performance of the algorlth(T—Jorwarding algorithm to optimize the network performance

'Sf F;Lesented n dSecuonD\élé \éVe d('jscé;SDthe fe_?3|_b lity Sutj i terms of expected delivery ratio, communication delay] a
of he proposed nano -base monrtorning Syste ergy consumption. In addition, Zhao et al. [27] addressed

e b M0 S =7Th praem i ferentseings, i ncld mobiesy,
and outline the possible exfension of the W(')I’k Gfoarr_nng .|nS|de the_network to collect data, as well as.mleltlp
: mobile sink nodes in large-scale networks. However, inydela
Il. RELATED WORKS tolerant networks, the performance of data delivery isrofte
Existing works on data delivery in nanonetworks-basesbmpromised with the cost of message overhead often used
CHD monitoring can be categorized into two dimensions: (Tdr predicting the pattern of mobility of nodes [28].
architectural design of nanonetworks-based healthcalécap Our work is distinct from others on several respects:
tions, and (2) communication and networking aspects ofe¢hod) we are the first, to best of our knowledge, to address



the issues of asymmetry in data delivery process emanatimgno-macro interface.
from the communication between nanoscale and macro-scale
communication networks; (2) we exploit the unique periodic 6
mobilities of both the source and sink nodes to design power
saving algorithm; and finally, (3) we envisage the architec-
ture of the CHD monitoring system, which has been moti-
vated by the rapid progress on multiple disciplines inatgdi
nanotechnology-based drug delivery, novel nanomatbdakd
tiny sophisticated devices, and new communication panaslig
such as bio-inspired molecular communication, and nam@sca \
communication networks. v

) 5 10 _ 15
Time

Points at maximum separation
—— Ribcage motion

|—Heart motion

S

~—— Resultant motion

L&

Amplitude
el

<«—Points at minimum separati

[

20 25 30

1. A SYMMETRIC DATA DELIVERY IN NANOSCALE
COMMUNICATION NETOWRKS
A. Communication in Terahertz band
The nanodevices, imprinted into the DESs, communicate

the luminal profile of coronary arteries to healthcare pievi V. PRELIMINARIES AND SYSTEM MODEL
via nano-macro interface in electromagnetic communicatiéd. System architecture
mode. The operating frequency of such nano-scale commuThe network of nanoDESs can provide real-time informa-
nication lies in the Terahertz band [29]. The band exhibition about the profile of restenosis around the stents ardsel
unique properties such asolecular absorption losswhich —anti-restenosis drugs precisely and effectively. Suchaffi on
occurs mainly due to the absorption of wave energy BYHD monitoring is possible because of expert decision, Wwhic
molecules available in the transmission medium, such asrwait derived from combing the nanonetworks-acquired ruleks an
vapor, nitrogen, and oxygen, which cause significant sigr@ntrol fed by healthcare provider through the nano-macro

Fig. 1. Minimum and maximum separation points

attenuation [30]. Piesiewicz et al. [31] reported thatraitgion

interface. Fig. 2 depicts architecture of the system, wiiah

due to this molecular absorption phenomenon could shoot o major components:

to hundreds of dB per km. Moreovdree space losn this
band is significantly higher, as evident from Friis free spac
transmission formula — which essentially says that the losth

is proportional to the square of link distance and frequency
components of the transmitting signal. With free space path
loss of 102 — —112 dB at 10 m communication range, total
loss (molecular absorption loss plus free space loss) canec
few hundreds of dB. To compensate such large attenuation
factor, high gain directional antenna has been proposeithéor
indoor high speed personalized devices, providing sigritic
performance up to few meters from the transmitter [32].

B. Motivation for asymmetric data delivery

Jornet and Akyldiz [29] and Yang et al. [33] reported that
communication range in the Terahertz band for nanonetworks
shrinks to few centimeters due to its ultra-low power budget
of a nanodevice. Furthermore, the total path loss changes
about tens of dB for the deviation of few mm distance in
a centimeter-communication link [30]. Although the use of
high gain antenna can compensate such high path loss, for
many biomedical applications, enabling such high power an-
tenna violates the biological safety standard specified B8
Standard C95.1-2005 [34]. In addition, as the proposed CHD
monitoring system is to be deployed in and on the human body,
dielectric constantsf various biological tissues such as blood
and muscle having significant amount of conductivity in kEgh
frequency [35] would affect signal strength adversely sinc
signal attenuation has relation with electrical condustiand

o Nanodevice-embedded Drug Eluting StefmanoDES)k

The nanodevices, which are capable of measuring lumen
constriction, communicate such information, and control
the release the drugs suchsmlimus or paclitaxe| are
imprinted onto the stents. The stents are engineered to ac-
commodate nanodevices using NEMS technology. Based
on this technology, the actuation components of nanode-
vices are programmed to open the caps of drug reservoirs
and close them smoothly. It is noted that plurality of
nanodevices per stents might be realizable, depending on
the requirements of applications. The deployment strategy
of nanoDESs follows the same technology as adopted by
bare DESs - i.egathetertechnology.

Nano-macro interfac€NM): It basically acts as a gate-
way between the nano-world (metaphorically, referring
to the network of underlying nanoscale communication
networks) to the macro-world (referring to the Internet).
The interface is inserted in the intercostal space of the
rib cage of a CHD patient. The interface is placed
strategically— either fixed by the proposed networking
algorithm or accorded with a clinically suitable position,
which is based on the condition of patient and the
decision of practitioners. To enable communications in
both the scales (nano-macro and vice versa, and macro),
the NM interface houses transceiver circuitries for either
communication scale technologies — THz and RF (radio
frequency).

dielectric constant [36]. Based on these facts, we summariz The nanoDESs are expected to harvest energy from the
that the communication range reduces and varies subshantigeriodic mechanical movement of heart to replenish its nano
even with small variation of distance in the order of mm. Sudbatteries using the component piezoelectric nanogensrato
reduced communication range adds significant complexity @arich consists of ZnO nanowires and leverage the wires’
data delivering from nanoscale communication networkbkéo tpiezoelectric effect caused by repeated compression amd el



gation. The magnitude of harvested energy depends on the
size of the array of nanowires and the capacity of the nano-
capacitors. Due to the nanoDES’'s small size, the device
assumes limited harvesting capaéityccordingly, the nan-
oDESs follow the energy harvesting mechanism, as described
in [37].
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Fig. 2. Proposed network architecture

B. Position and shape of heart
We observe that the individual distances of nanoDESs,
placed on either single or multiple coronary arteries with i

Long axis of body

Long axisofﬁJ

Angle of Louis ifftercostal space

Fifth intercostal
space

Fig. 3. Anatomical position of heart

pulmonary veins reaches the left ventricle via the left
atrium. This blood circulatory system with Wiggers dia-
gram, a chart representing cardiac activity, is illustlate
in Fig. 8.

Accompanying with every cardiac cycle, the heart muscle

branches and sub-branches, from the nano-macro interfacelergoes contraction and relaxation, alternately — whiich
vary according to their spatial distribution on the heart®edical term, are called as strain or deformation. The left
surface. Eventually, the spatial distribution of the daet®ron ventricle, modeled as a thick-walled cylinder, or in more
the heart dictates the nodes’ spatial distribution. Treeeefthe  realistic form, an ellipsoid, [39] experiences three tympés
study on the model of shape and location of human heart widleformation:Longitudinal Circumferentia] and Transmural

respect to rib cage is inevitable.
Anatomically, the heart is located in the middle of chest or
thoracic cavity (known as middle mediastinum). With respect
to the rib cage, it is in the posterior of the bodystérnumand
is second to the fifth intercostal space [38], as shown inFig.
The heart’s position is slanted in thorax and left of the mid .
line. Furthermore, the heart’s wall is covered with a double
membrane sac, known aBericardium consisting of three
distinct part: (apicardium known as the surface of the heart;
(b) Myocardium the thick cardiac muscles containing blood
vessels, receiving nutrients from the coronary arteriegchvh
spread out the epicardium; and @hdocardiumcovering the
hollow chambers of the heart. The chambers are divided into
four components: (1) left atrium and (2) right atrium, angl (3
left ventricle and (4) right ventricle. the shape of ver&ican
be modeled as ellipsoid, cylindrical or a eggshell [39],][40

or wall thickening

Longitudinal This deformation or shortening is observed
along the long axis of the heart (see Fig 3) and is mainly
due to the displacement of mitral annular plane, called as
Mitral Annular Plane Systolic ExcursioMAPSH.
Circumferential This refers to the shortening of the mid-
wall radius of ventricle. lllustrated in Fig. 7, the radiss i
shown in a cross-section of an ellipsoid representing the
left ventricle.

Transmuralor wall thickening It is assumed to occur
due to the property of incompressibility exhibited by
myocardium, the property through which the volume of
the the wall remains constant regardless of contraction
or expansion of the heart. As a result, the wall between
endocardium and epicardium layers widens when the
ventricle contracts.

C. Model of the dynamics of the heart The value of heart wall deformations varies according to the
The periodic motion of heart, known as cardiac cycle, ®easurement methodologies and modes, such as M-mode, B-
divided mainly into two main phases: mode, ultrasound imaging, 2D/3D tissue doppler and speckle
1) Systole (i.e., contraction of ventricles), which refess tracking, and MRI (Magnetic Resonance Imaging) [41]. How-
the time span during which the right and left ventricle§Ver. We consider, without loss of generality and hetereggn

contract and eject blood to pulmonary and aorta arteridd® measurements of those shortening, as given in [39], to
respectively. compute other parameters, such as periodic deformatidhs wi

Diastole (i.e., relaxation of ventricles), which refaes respect to body axes system. We describe such computational

the time span during which de-oxygenated blood froiff€Ps in the Appendix. _ .
superiorandinferior vena cava returns to right ventricle _Accorded with the activity of cardiac cycle, the deformatio

through the right atrium, and oxygenated blood frorff the ventricle is periodic and can be modeled as a sinusoida
' function. The function fits significantly with the real dates

shown in Fig. 5

2)

1For the sake of brevity of the paper, we skip elaborating it.
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D. Model of the movement of thoracic cage
Due to inspiration and expiration, the thoracic cage,

bony enclosure consisting of ribs and costal cartilage$ wi

vertebral column posteriorly and sternum anteriorly, ugdes
periodic movement in three major directions or diamete
(1) Anteroposterior or sagittal — due to the movement of
sternum, the motion resembles the movement opuamp
handle (2) Lateral or Transverse- due to the lateral elevation
of ribs that articulate the sternum anteriorly and vertebr
column posteriorly, the lateral excursion often corregfson
to the movement of aucket handlg and (3) Vertical —
due to the contraction and relaxation of diaphragm musc
the rib cage periodically increases and decreases in akrti
direction [42]. In particular, the thoracic cage moves as
result of synchronized and active participation of the krtge

values varied with plurality of parameters, such as ethpici
and race, demography, and individualistic trait. For tHeesaf
simulation and validation of the proposed system, we camsid
without loss of generality and heterogeneity, the measangsn

as reported in [43]. Meanwhile, the periodic motion of theica
movement can be shown to model as a sinusoidal function, as
is the case with heart's periodic motion, which is illushct

in Section IV-C.

E. Location of coronary artery

To assess the risk of developing atherosclerotic plagues an
corresponding regional myocardial abnormalities, the Ame
ican Heart Association (AHA) categorized coronary vessels
into three major branches: (1) RCA, Right Coronary Artery;
(2) LAD, Left Anterior Descending Coronary Artery; and
(3) LCX, Left Circumflex artery [44]. However, such arterial
distributions can be observed using different imaging g#in
ples and modalities, such as coronary angiography, paositro
a_. . ) .

mission tomography (PET), and cardiomagnetic resonance
?CMR), and different angiographic projections, includiedt
and right anterior oblique views (LAO, RAO) with angula-

'flons. Without loss of generality and heterogeneity, we-con

sider the work of Dodge et al. [45] on the anatomical location
of various important segments of coronary arteries. In Bijg.
ghe segements are shown with respect to three principal body
axes system: (a) Lateral, (b) Vertical, and (c) Antiposterit

this point, we mention that all the measurements, including
ge location of nano-macro interface and distances betaeen
NanoDES and the nano-macro interface are made, based on

%is body axes system.

V. MAIN DESIGN

respiratory muscles, and the diaphragm; the periodic inflowThe nanoDESs of the system, which are deployed on the
and outflow of air into the alveoli in the lungs create gurface of the human heart (inside the coronary arterieishwh

gradient of pressure, and consequently, the change in wlu
of thoracic cavity results in such movement.

extend the surface to heart muscle) are expected to be few
centimeters far away, on an average, from the nano-macro

The magnitude of those thoracic movement was measuiaterface, placed into the intercostal space. Such assompt
with various techniques and apparatuses [42], [43], and tbe the average distance separations is based on the work [46]
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Fig. 7. Some relevant geometric variables of left ventridledeled as a half ellipsoid (a) and coordinate systems wsednipute distance between nanoDES,
inserted inside a coronary artery, and nano-macro interfalaced at the ribcage (b). Cross section of a rib cageldabelith the coordinate axes (c).

oy found to be periodic, as depicted in Fig. 7, for this CHD
(Cranocaudal) monitoring system. We leverage these minimal points in time
domain as the time instants nanoDESs can transmit data. In
later subsection, we describe the theory related to finding
< minimal points.
(Lateral)

A. Computing distance between a nanoDES to the nano-
macro interface
The periodic motion of ribcage can be modeled as a
sinusoidal function, written as follows:

Yr = apsin(2w frt + ¢p) (1)

where f,. is the frequency, measured per second, @nis the
amplitude of the motion of rib cage. The constantis termed

as the initial phase. The variablas the instantaneous position
vector. Similarly, the motion of the heart can be modeled as

Yn = apsin(2m frt + én) 2

where f,. is the frequency of the heart per second andis

the amplitude of the motion of heart measured from the mean

Fig. 6. Major coronary segments and body axes system (adiémin [45]).  position. Similarly, the constang, refers to the initial phase.

The origin is chosen at the ostium of left coronary artery alsd served same T he i di b DES

for computing distance between a nanoDES to the nano-mateddce 0 measure the ms_tantaneous_ Istance between a nano
and the nano-macro interface, first we choose the body axes
system as a three-dimensional coordinate system, witlinorig
at the position of the ostium of the left ventricle. Since

which shows that the anatomical separation between the apeximating the distance of nano-macro interface from the

of heart to nearest intercostal muscle is few centimetes®-H perspective of a nanoDES is of primary concern, we calculate

ever, the periodic inflation and contraction of heart muscie the distance as follows:

to its systolicand diastolic pressure, and that of the rib cage

due to the breathing process, inhalation and exhalatiarsesa "="Yr = Yn
this separation to prolong and shorten over time. Should the =Yr —Yn
data delivery from the nanonetworks to nano-macro interfac = a, sin(2n fot + ¢,) — ap sin(27 fut + op) (3)

be allowed randomly in time, it might so happen that the

signal does not reach the nano-macro interface with désirapheorem 1. The minimal distance between rib cage and heart

strength due tol the longest distance to cover, which OCCYS,chieved at time — 2 % (907 — m;m . where

when both the rib cage and heart reach their extreme opposite Wrtwn . .
. o . w, andwy, are angular frequencies corresponding to periodic

positions because of their different speeds (or frequehat motions of rib cage and heart. respectively. and 7+

motions. This phenomenon is illustrated in Fig. 8. We exploi 9 » €SP Y.

such periodic change in distance to desigdistance-aware Proof. We observed that the maximum or minimum distance

power allocation algorithmThe basic idea of this algorithmis achieved when both the pendulums’s instantaneous positi

is to send data when the distance between a nanoDES anel in opposite directions and extreme positions. The pendu

the nano-macro interface is minimal. Such minimal poiné alums represent the periodic motion of the heart and rib cage,




point of minimal distance separations, which are givenelo

Heart Rib-cage 2 ¢r + (bh
t=—"—(2n7r - 9
\ o () o
d mad

Heart
Pleura
6 ‘/ Rib-cage
_— O

Algorithm 1 “Catch-the-pendulum:” Distance-aware power
allocation
Inputs: Distance (d), Minimum Signal-to-Noise-Ratio

Fig. 8. Modeling the periodic motions of rib cage and hearttiomo as

pendulums
(SN Rin) to decode a packet
Output: Transmission powerHr)
as illustrated in Fig 8. Using the relationl > sinf < 1, we 1 Find Ly and L, > Ly: free propagation loss
infer > L,: absorption loss
200f Ly x La < % then > PMin: receiver power
Tmaz = d + a, +ap and ! at SNR,in
Tmin = d — (ar + ap) (4) > Pf: current transmission power
whered is the distance between a nanoDES and the nan()?’-: jo ;Tﬁl X LA
macro interface when they are the equilibrium positionsg: else T
(equilibrium, in the context of the motion of pendulums, " pmin Ps
representing the resting position). It is noted that thetheall €T 5T T IxTa

cannot touch the ribcage, which, mathematically, is stiated 7* L7 < PrdexLyxLa

the following condition: 8  Pr < pPp™
9: end if

d > a, + ap, (5)

To compute the time instants for the extreme values, dhe Algorithm 2 Naive approach

quantityy, —y is maximized. Meanwhile, from Equations (1) — g — nal - .
and (2), the normalized instantaneous distances of the tfiputs: Distance (d), ~Minimum  Signal-to-Noise-Ratio
(SN R,,:») to decode a packet

pendulums is written as follows: o
Output: Transmission powerHr)

Ir sin(2w ft 4+ ¢,) = sin(w,t + ¢, )and 1: Find Ly and L, > Ly: free propagation loss
Z}: > L,: absorption loss
== sin(27 frt + ép) = sin(wpt + ¢n) (6) 2 Calculate current transmission powef.

4 o 3 P& P™Min 5 Ly x Ly > P™in: receiver power
Eventually, the problem of maximizing, — y; reduces to at SN R,in
]tchﬁ pr_oblem of rr!ax!mlzng—: — 2%. Hence, we obtain the ,. jf Ps < Prfn.in then
ollowing expression: 5 ¢ < Pmin _ pe

LA /- sin(w,t + ¢r) — sin(wnt + ¢n) ° PrPp+exLyxla
ar  ap 7: else

= sin(w,t + ¢, ) + sin(m + wpt + dp) 8: Pr + P§

. —w, — &, 9: end if
:2Sin(wr+wht+ﬂ-+¢7+¢h)cos(wh w7t+ ¢h ¢7+7T)
2 2 2 2
= 2cos(wh;wrt+ ¢h_§"+w) sin(wr—i_wht + 7T+¢"+¢h) B. Power allocation algorithm

Despite the capability of energy harvesting, the nanoDES
(7)  requires the optimization of energy consumption, prinyaril

where the underbrace quantity denotes the varying amph';tuéor delivering |ts.data. Once its energy content decreases
of the periodic motion, which is the combination of periodi®€low the predefined threshold, the time to refill the battery
motions of both the heart and the rib cage. In order fjgnificantly increases. For example, the energy hargstin
maximize 2= — £ the following condition must be satisfied:components, which harvest energy from the heart's normal
oo periodic motion, takes about half an hour to replenish the

Wy + W T+ ¢r + én nano-battery. Therefore, it is required to set the transios

sin t+ =1 . .
( 2 2 ) power level of a nanoDES optimally, since the power level
) P ¢r+ 0 _ onm+ = wheren € z+  Mainly determines the energy consumption for transmitting
2 2 2 data to cover a certain distance. For nanonetworks, as de-
wy + wht — o 4 T T+ ¢r +én  scribed in Section IlI-A, the variation in distance as small
2 2 2 as few millimeters has significant impact on SNR. We exploit

8) the periodic alteration in distance between a nanoDES and th
From Equation (8), we obtain the required time instants at tlhano-macro interface and propose a distance-aware &lggrit



named as “Catch-the-pendulum” (CAP), which is given in TABLE Il

Algorithm 1. The basic idea of the “Catch-the-pendulum” SIMULATION PARAMETERS
algorithm is to transmit data when the _separate(_j distgnce Parameter Value
between a nanoDES and the nano-macro interface is minimal. Energy per pulse 1 femtoJoule
The phrase “Catch-the-pendulum” signifies the situatioenvh EaCkft St'ze 220 B

. . . . . . eart rate per min
a p_end_ulum R (assuming the rib cage V\_nth its motion) is Rib-cage raie T8 per min
oscillating and another pendulum H (assuming the hearttand i Energy of nano-battery 800 picoJoule
motion) want to catch the pendulum R to deliver its message, Minimum detectable strength | 10 DB
Therefore, pendulum H requires less effort (here effortmsea Pulse width 100 femtosecond

energy) to catch pendulum R, when it is of nearest distance.
The situation is illustrated in Fig. 8. On the other hand, the

naive approach for power allocation, as given in Algorithm Zelivery ratio close td00% for both the approaches. Code ID
ignores this periodic distance change. refers to a nanoDES of a certain topology deployed overgarti

ular coronary segments—the mapping between a nodelD and
. ) VI. PERFORMANCE EVALUATION corresponding deployed segments is given in Table V-B. This

A. Simulation setup , _characteristic attributes to the fact that significantbslenergy

We evaluated the performance of the CAP algorithm using consumed due to the short distance and the small variation
Matlab-based simulation. However, all the data used in thehe change of distance, as compared with the magnitude of
simulation are experimental, which were collected fromeke o harvested energy. On the other hand, differences inepack
isting literature. However, such data were manipulate®@tC e jivery ratio between CAP and the counterpart decrease whe
ing to the requirements of the algorithm and simulation SC@je hymber of nanoDES and/or data rates increases, as eviden
narios. The major steps of the simulgtion are as foIIowstFirerm the Topology 2. Interestingly, the nanoDES placeddesi
nanoDESs are assumed to be distributed randomly at cerigjg |eft circumflex coronary has less packet delivery rai,
number of clinically relevant coronary segméntavolving  compared to those placed inside other coronary arteriasserh

LAD, RCA and LCX. The models of periodic stretching and,5n6pESs are positioned at relatively long distances fioen t
shortening of the heart muscles are added to each nanoD

since the coronary artery is attached with the heart muscle. -
Next, the nano-macro interface is considered to be insérted C. Shutdown phase
a certain intercostal spete-the position is varied according to ~ After the evaluation of packet delivery ratio, we observed
the following rules: (1) majority nearest distance, andfi@d that for certain nanoDESs, the amount of energy consumption
location. We applied periodic motion of the thoracic cagdor transmissions are higher than the amount of harvested
to NM in order to compute the periodic change in distancenergy, causing the nanoDESs to be inactive for certaiogeri
Meanwhile, we consider two data transmission models: (@ftime, which is termed as shutdown phase. Fig. 10 depiets th
constant bit rate (CBR) with varying degree, and (2) Poissshutdown phases of certain nanoDESs, which vary as much
data traffic, although we present results for the latteralijin  as 90%. Such high extent of shutdown indicates substantial
distance between a nanoDES and the nano-macro interfeoergy consumption by the nanoDESs for transmitting data
is computed, and accordingly, the CAP algorithm is invoketh a relatively long distant NM. Meanwhile, by adopting the
We executed each simulation for twenty-four hours equivaleCAP algorithm, some nanoDESs have no shutdown phases
simulation time. when compared with naive algorithm. However, higher data
In the simulations, the nanoDESs are considered to hates preclude such non-appearances of shutdown phases, as
initial energy content of 800 pJ. They harvest energy froen tigvident from Fig. 10(c).
perlo.dlc motion of the heart, Fa_ken as 68 beat per minute. We Delay analysis
consider the power of transmitting pulse to beuWv [29], and . .
. i . . We evaluate the performance of the CAP algorithm in
minimum detectable signal as 10 DB. The size of packets.is ST )
] : —terms of delay, which is measured as the total time spent
chosen as 250 bytes. All the simulation parameters aredlls%e e .
. ' . . .~ Dy transmitting 100 packets. The cap algorithm takes less
in the Table VI-A. The topology considered in the simulation . ; i
; ) ) time than that of its counterpart and in some cases, it takes
was generated randomly and it comprises of varying numbeir . A
of nanoDESs. as shown in Table V-B amost_59% less time, as shown in Fig. 11. However, _aftgr
' ' transmitting few hundred packets, both the algorithms kaxhi
B. Packet delivery ratio identical and small amount of delay. Afterwards, CAP spends
First, we evaluate the performance of the CAP algorithm histinct and relatively less time with certain variationhem
terms of packet delivery ratio, by varying the topology. IAR;  compared with the distance-unaware approach, as evident in
the ratio was higher when compared with the naive approa¢tig 11. Such sudden jump on delay and then converging it
as shown in Fig. 9. Note that some code IDs have packeta certain value refer to the events — depletion of energy of
the battery, and comparable amount of harvested energy and

2'\8"31?: COV?Zf?fydsefgme”FS can be fougd in [4:]- o) energy consumption for communication, respectively. ltyma

uch periodic deformations, reported w.r.t heart axesesy , are H

computed w.rt. the patients body axes system, given inehpix. be noted that_ delays_of some _nanoDESs of t_he topologl_es were
4Intercostal spaces are computed based on the work [46]. suppressed in the figures, since such devices have identical

5Values of such movement can be found in [43]. delay due to the absence of a shutdown point.



TABLE |
NANODES’S CODEIDS AND THEIR MAPPING TO ANATOMICAL SEGMENTSX OF CORONARY ARTERIES

Code ID | LAD1 LAD2 LAD3 LAD4 LAD5 LAD6 LAD7 LAD8 LAD9 LAD10 LAD11
Segments| LM mid L1 proximal L1 mid L2 mid L3 mid L4 proximal L4 mid D1 orip D1 mid D2 origin D2 mid
Code ID | LAD12 LAD13 LAD14 LAD15 LAD16 LAD17 LAD18 LAD19 LCX1 LCX2 LCX3
Segments| D2 mid D3 mid S1 origin S1 mid S2 origin~ S2 mid S3 origin S3 mid @bximal C1 mid C2 mid
Code ID | LCX4 LCX5 LCX6 LCX7 LCX8 LCX9 LCX10 LCX11 LCX12 LCX13 LCX14
Segments| C3 mid C4 mid MR origin - MR mid OM origin  OM bifurcat OM ant mid OMos mid M1 origin M1 mid M2 origin
Code ID | LCX15 LCX16 LCX17 RCA1 RCA2 RCA3 RCA4 RCA5 RCAB RCA7 RCA8
Segments| M2 mid M3 origin M3 mid R1 proximal R1 mid R2 mid R3 mid R4 mid RDian RI mid RP mid

LAD, LCX, RCA: left, left circumflex, and right coronary arg respectively* segmental code is adopted from [45]

TABLE Il
TOPOLOGY DESCRIPTION
Topology] Num. of Location of nanoDES
nanoDES
1 2 3 4 5 6 7 8 9 10 11 12

1 7 D1 MID L1 proximal LM mid MR mid RI mid L4 MID OM origin

2 12 OM pos mid D1 origin RD mid C1 proximal R2 mid M1 mid D2 mid S3 gin L4 proximal MR origin OM birfurcat D1 mid

3 12 L1 mid L1 proximal RI mid S2 mid M3 origin OM ant mid R3 mid R1 pimal Om pos mid D3 mid C4 mid M1 mi
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Fig. 9. Packet delivery ratio in different topology with rtiple data rates.
E. Energy Utilization where Packet"" is the total number of packets that reach the

NM during the period the nanoDES generat@scket'*t®,
As we observed in Section VI-B and VI-D prolongation 01and transmits these assuming it to have enough energy. Fig. 1

shutdown phase has adverse affects on packet delivery S9g"'s the energy utlization of fémanoDESs of the topology,

delay, the utilization of energy between successive shutdo™ ich is used earligr for evaluating the other _m_etrics. lyma
points provides insightful information regarding optired be noted that the higher the value of the coefficient, theebett

energy consumption by an efficient candidate solution. Fer N‘el energy consumption - |.fe., more p_ac_kets reach NM due
defined the energy utilization coefficient (EUC) as follows: [©© €SS energy consumption for transmission. However, some

Packethit 8Due to space constraint, we refrain showing it for all nan8BEeven

EUC = W (10) though those using CAP have better energy utilization.
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Fig. 11. Delay for transmitting 100 packets taken as singié u

nanoDES employing CAP was shown with zero EUC; thignplantable micro-chip-embedded stents has been proposed
behavior indicates absence of any shutdown point. Besidedyich have the capability of releasing therapeutic, diatjicp
we observed that as data rate increases, CAP still outpesforand anti-restenosis agents from the integrated drug reisgrv
the counterpart, however with less difference. by either passive or active mechanism [53], [54]. Moreover,
VII. DISCUSSIONS ANDOPEN CHALLENGES Assel et al. [55] deS|gned sophisticated stents equpd_ui wi
A Feasibility studv of DES-based CHD itori pressure sensors, which can read out the blood flow inside the
_Feasibility study O_ _n_ano -base moni orln_g vessel apart from monitoring the episodes of restenosiga-Ho
To assess the feasibility of our proposed system, we first lig e - continuous chronic disease monitoring with capgbili
to highlight recent advances in smart pervasive heath mogqejivering regular and multiple drugs often requiresgeig
tor|r_19 systemin vivo, particularly using |mplantable Medical space for the drug reservoir, and thereby precludes micip-c
devices (IMDs). Sheppard et al. [47] described the methbds,§ e embedded into the DESs [56]. In contrast, unprecedente
various issues — such as the placement of implantable devicgy, ancement on Nano-Electro-Mechanical Systems (NEMS)
sensing biological information, actuating certain fuootl technology has provided us tools for fabricating and paekag

components, and transmitting data — for a general MEMgy, 4\ el hanomaterial-based nano-scale devices, whieh ar

based IMD. Similarly, Herman and omtov [48] and Kieval [49},, hacteq to fit well into the DESs and ultimately, inside the
depicted drug MEMS-based cardiac monitoring systems g, a1 arteries [16]. Since NEMS-based devices are rela-
drug delivery in in-built or programmable faSh"?“- I:urmert_ively small, the nanoDESs are expected to incorporate more
more, r_esearch endez?\vor h_as also been _put in_developfigetional and communication elements, which would lead
miniaturized therapeutic devices for other vital humanaorg cpyp monitoring system to be more precise and effective, and
monitoring and/or controlled drug delivery therein, su® &y,re convenient to end users. This improved benefit will be

programmable drug administering to eye [50], stimulating.pieeq by enabling interactive feedback and control eetw
spinal cord with feedback [51], and monitoring glucose leve oo\ orid and macro-world communication paradigm.
in the blood [52].

Specifically, for combating against restenosis aroundsten
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Fig. 13. Packet delivery ratio regarding two spatial digttion of nano-macro interface
B. Placement of nano-macro interface cation outweigh the strategy usimgajority nearest distance

While evaluating the performance of the CAP algorithm, welowever, a random topology of two nanoDESs perform better,
observed that the position of the nano-macro interfacelénsifollowing the strategy majority nearest distance, as shown
the muscles of the ribcage plays important role, since tiég. 13(c).
longer is the distance between NM and a nanoDES, the higher VIIl. CONCLUSIONS ANDFUTURE WORK

degradation _o_f network performance. Intuitively, we expec _In this paper, we envisaged nanonetworks-based CHD mon-
that the position of the NM should be as nearest as p055|h[g.ing system and study the problem of asysmetric data-deli
to all nanoDESs, provided insertion of the interface at tI’@ry, which appears when transmitting data from the undeglyi
particular intercostal space of the ribcage is clinicalighle. anoscale communication networks to macro-scale communi-
Therefore, we consider the position of a NM based on tWtion networks. Then, we showed that due to the channel
strategies: (1) majority nearest distance and (2) fixedtiooa properties of Terahertz band and limited amount of hardeste
The majority nearest distance based placement works agrergy and energy content of the nanoDESs, the reduced
cording the principle ofmajority rule—more than half of communication range up to few centimeters triggered this
the nanoDESs of a particular topology have NM at theisymmetry. To circumvent such asymmetry on data delivery
nearest distances. In such a strategy, all major inteficosigechanism, we proposed a distance-aware power allocation
spaces starting from second to seventh are considered in dhforithm, which exploits periodic decreases in the averag
simulation. On the other hand, fixed location, in this workjistances between a nanoDES and the nano-macro interface,
refers to thebare area of pericardium-the area encircled which are placed inside a coronary artery and intercostal
by left portion of sternocostal projection of the pericamdi space, repectively. Simulation results established roless
which is not covered byarietal pleuraor lungs, is used as and efficiency of the distance-aware CAP algorithm in terms
convenient site for surgical incision. of packet delivery, energy consumption, and delay. In agroth
As depicted in Fig. 13, the results shows that the packetperiment, we substantiated the location of NM at bare area
delivery ratio of the CAP algorithm using NM dixed lo- of pericardium produced better performance as compardd wit



the location of NM at majority nearest distance. By enabling3]
such mechanisms, this CHD monitoring system is expected
to boast future healthcare questing towards more preeajptiv
preventive, and personalized healthcare.

In future, to model the deformation of heart wall more relil*4]
ably, we will exhort in the model other heart wall deforming
factors, such as segmental and area strain, translatiowial a
tethering, and specific deformations due to diseases imgud
dilated cardiomyopathy, hypertropy, and hypertension ek w
Similarly, to model the movement of thoracic cage, we will
also include other deformations incurred by specific disgas(1¢l
such as idiopathic scoliosis, and kyphoscoliosis. We alan p
to validate our results with variedly demographic and ethnj17]
datasets.
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APPENDIXA
DERIVATION OF AMPLITUDES FOR THREE DIRECTIONAL

SHORTENING WR.T. PATIENT COORDINATE SYSTEM

A. Longitudinal Shortening
Longitudinal shortening is due to the periodic deformation

of longitudinal fibre muscles along the long axis of heart
(as shown in Fig. 3). Since the magnitudes of such defor-
mations are typically reported with respect to the hearsaxe
system (which is considered as local coordinate system in
this paper), the required transformations with respecthto t
patient’s body coordinates system are computed as follows.
The first transformation breaks the longitudinal deforonati
along axis of the heart into two orthogonal dimensiabsg: =
L cos o, andL,y = L sin o, whereL ando refer to magnitudes
of longitudinal shortening and angle between the long axes o
body and heart, respectively. Note that magnitude of théeang
varies depending on anatomical orientation of an individua
cardiac axis, and in most cases it lies arousd, which is
considered in this paper for simulation. Further, the sdcon
transformation, applied on the two orthogonal components,
produces vectors regarding patient’s body axes systenthwhi
are given as follows:

L,=L_cosB = Lcosacosf in AP direction, and
Ly, = L_sinf = Lcosasin @ in vertical direction (11)
and
L, = Ly,cosf = Lsinacosf in lateral direction, and
Ly, = Lyysin§ = Lsinasin 5 in vertical direction (12)

where 3 is the angle between transverse plane, containing
AP and lateral axes, and the direction of long axis of heart.
After combining (11) and (12), finally the three componerits o
the longitudinal shortening, with respect to body axesesyst

— i.e., lateral, vertical, and AP directions, repectivelyis-
computed as follows:

L, = Lsinacos f3;
L, = Ly, + Ly, = Lsin B(cos o + sina);

L, = Lcosacosf.

(13)

B. Circumferential shortening

This type of shortening refers to shortening of the defined
circumference, and as circumference measured in terms of
diameter, the change of the diameter reflects measurement of
shortening of the designated circumference. For this work,
radius of the circumference is chosen as the mid-wall (the
wall consisting of endocardium and pericardium as opposite
boundaries, as shown in Fig. 7) radiusRlis the magnitude of
the circumferential shortening of the midwall with respext
the local heart axes system, the components along the alertic
direction, and its normal plane corresponding to patidmgy
axes system can be written as follows:

R, = Rcos 3 and
R., = Rsinf3

(14)



Further,R. . is divided in two orthogonal components, which
are given below:

R, = R.,sinsin+~ in lateral direction and (15)
R, = R, sin B cos~y in AP direction (16)

where ~ is the angle between the plane containing AP and
vertical axes, and the plane containing the the ve&tor.

C. Wall thickening

Let T" be the value of the wall thickness at the peak of
systolic event and measured with respect to heart axessyste
In patient body axes system, the value of thickness can be
written as:

T, = T cos 8 in vertical direction and an
T..,=Tsinp
Similarly, T, can be represented in two orthogonal compo-
nents, which are given as follows:
T, =T.,sin Ssin~ in lateral direction and  (18)
T, =T.,sinScos~ in AP direction (29)
The aggregation of all three shortening results in the left
ventricle to contract radially and longitudinally. Comisig
Equations (11), (12), (13), (14), (15), (17), (18), and (19)
such radial and longitudinal shortening regarding heaesax
system can be expressed in the required three dimensional
patient body axes system, which are given below:
t=—Ly,— R, +T;
= (T — R)sin fsiny — Lsinacos 8 in lateral direction
(20)
r=—L,—R,+T,
= (T — R) cos B — Lsin 5(sina + cos «) in vertical direction
(21)
l=—-L,—R,+T.
= (T — R)sinScosy — Lcosacos 5 in AP direction
(22)
Note that the negative sign indicates the actual shortening

whereas positive sign refers to the wall thickening during
systolic event.
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