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The buildup of plaque in the carotid artery leads to the narrowing of the arterial lumen, known as stenosis.
Arterial stenosis affects the supply of blood to the brain and may result in stroke if the plaque is dislodged. This
study aims to evaluate stenosis influenced hemodynamics of the carotid artery and its effect on the bio-heat
transfer to the external neck skin surface. Systolic and Diastolic carotid artery flow inlet conditions, using a finite
volume numerical scheme, are simulated with the inclusion of varied stenosis degree in the carotid model
(25%-90%). A 3-dimensional (3D) conjugate heat transfer study is performed on an idealized carotid artery

geometry, encapsulated in a tissue model resembling the human neck. With no significant difference in the
average external neck skin temperature, variation in the temperature contours is observed between stenosed and
non-stenosed cases. With the increase in the carotid artery stenosis, a quantitative change, the presence of a
colder region called ‘cold feature’, in external neck skin temperature features is reported. This numerical study
will prove to be a strong basis for future patient-specific evaluations.

1. Introduction

The carotid artery is the primary supplier of oxygenated blood to the
human brain. It originates at the aortic arch and moves upwards on
either side of the neck as common carotid artery (CCA), which bi-
furcates into the internal carotid artery (ICA) and the external carotid
artery (ECA) - supplying blood to the brainstem and the face, respec-
tively. The junction of CCA separation into ICA and ECA is known as the
carotid bifurcation. Given the curved and non-uniform geometry, the
velocity profile in the carotid artery can develop certain sites where
wall shear stress oscillates; this initializes the localization of athero-
sclerotic diseases. As a result, the lumen of the artery narrows down;
causing stenosis. Alerting the defense mechanism of the body, the
platelets at these sites gets activated. This causes thrombosis that leads
to a complete choke in the blood flow [1,2]. The occlusion of the ar-
terial lumen starves the brain of an adequate blood supply leading to an
impairment in the brain function. At times, extended periods of reduced
blood supply cause permanent damage to the vascular tissue present in
the brain. The deposition of stenosis tissue also poses another serious
threat, that of a stroke. When this deposition in the arterial lumen is
suddenly dislodged, it travels along the internal carotid artery into the
brain until it enters a segment of the cerebral vasculature, too narrow
for it to pass through. The stenosis tissue is, therefore, lodged in the
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brain causing a stroke which may lead to death [3,4]. To prevent such a
situation, timely detection of atherosclerosis, by observing the arterial
occlusion, also known as arterial stenosis, is one of the important
milestones in the treatment profile.

Complex hemodynamics, in the presence of stenosis, can be studied
using computational methods, like computational fluid dynamics, to
evaluate the wall shear stress and flow separation zones [5-7]. Nu-
merically investigating the unsteady vortical flow in the flow separation
zone distal to the stenosis, Bluestein et al. [8] presented a detailed
analysis on the vortex shedding in case of 84% area reduction at the
throat of stenosis. Covering a wide range of Reynold (Re) numbers,
from 300 to 1800, the authors found that the periodic shedding started
at Re = 360 and continued thereafter for the complete range of Re
studied. However, assuming a tube with reduction in diameter as a
stenosis model, is a gross simplification of the flow domain that dis-
regards the geometrical complexity of in-vivo stenotic flows. The carotid
artery hemodynamics, in a relatively close to in-vivo geometry model,
was first studied by Bharadvaj et al. [9,10], wherein using patient-
specific angiography data, the authors focused on the reconstruction of
a fictitious arterial bifurcation model and flow visualization within it.
This has been the cornerstone of subsequent numerical studies of car-
otid artery hemodynamics. Following this, Perktold et al. [11] per-
formed a numerical analysis on the effect of bifurcation angle on the
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Nomenclature

A Area of cross-section (m?)

Cpp Specific heat capacity of blood (3600 J/kg K)

Cpn Specific heat capacity of neck tissue (3600 J/kg K)

Cpst Specific heat capacity of stenosis tissue (4080 J/kg K)

D Diameter (m)
Natural convection heat transfer coefficient (10 W/m?K)

kp Thermal conductivity of blood (0.54 W/m K)

ke Thermal conductivity of neck tissue (0.54 W/m K)

kgt Thermal conductivity of stenosis tissue (0.48 W/m K)

Ic Characteristic length (4A/P, m)

N¢ Total number of defined lower temperature nodes on the
external neck skin surface

Nv& Total number of nodes, on the external neck skin surface,

with greater than or equal to the average temperature
difference with respect to 0% stenosis case

NT Total number of nodes on the external neck skin surface
P Perimeter of cross-section (m)

F Gauge pressure (Pa)

q,;; Volumetric heat generation (33 W/m>)

Re Reynolds number ( %}C, non-dimensional)

r radial distance from the center of the vessel (y/x? + y*> m)
t Time (s)

tp Time period of the pulse (s)

T Temperature at any point in the model (K)

Ambient temperature (294 K)

Arterial temperature (310 K)

CCA inlet velocity (m/s)

CCA systolic inlet velocity (m/s)

CCA diastolic inlet velocity (m/s)

Velocity in lateral direction (m/s)

Ugxial Velocity in the axial direction of the flow at any area
section in the carotid artery (m/s)

eSSy

v Velocity in transverse direction (m/s)

w Velocity in streamwise direction (m/s)

X Lateral coordinate (m)

y Transverse coordinate (m)

y* Distance between the outer and the dividing wall of the
ICA (non-dimensional)

z Streamwise coordinate (m)

Greek symbols

a Thermal diffusivity of blood (k/0C,, m?/s)

O Density of blood (1060 kg/m®)

0 Density of skin tissue (1000 kg/m?)

Py Density of stenosis tissue (920 kg/mg)

Mp Dynamic or absolute viscosity of blood (0.003675 Pas)

M Kinematic viscosity of blood (u/p,, m?/s)

wp Tissue blood perfusion rate (0.4333 Kg/ms)

flow. The authors found that the axial velocity approximately doubles
as the angle of bifurcation increases from 15° to 50°. The authors uti-
lized Casson's relation to model blood as a non-Newtonian fluid. Given
its validity for flow in larger arteries, subsequent numerical studies in
the field modelled blood as a Newtonian fluid [12,13]. This has further
paved the way for the application of computational methods to study
the patient-specific carotid geometry [14-16].

The occurrence of atherosclerosis is accompanied by an acute in-
flammatory reaction [17,18] that leads to the presence of high tem-
perature spots at the site of the lesion along the carotid artery [19-21].
For the given ambient conditions, it is evident that external neck skin
surface temperature is the result of bio-heat transfer between the blood
flow and the skin tissue [22-26]. Zhu [27] and Dennis et al. [28] nu-
merically studied cooling of the brain, in the event of cerebral ischemia
or hyperthermia, through blood flow in the carotid artery upon appli-
cation of external cooling to the neck skin surface. The authors mod-
elled the carotid artery and jugular vein blood flow as a counter flow

Internal Carotid
Artery (ICA)

External Carotid

Artery (ECA)

Common Carotid
Artery (CCA)

(a)

heat exchanger system and showed that the external cooling can di-
rectly affect the brain cooling. From these studies, it can be posited that
the arterial blood flow is strongly related to the outward heat transfer to
the neck skin surface. Also, it is evident that the presence of the stenosis
leads to a decrease in the blood flow in the carotid artery, and hence, a
lower blood flow to the facial and temporal arteries [29]. Utilizing this,
in the past, carotid artery stenosis has been correlated to facial [30],
ocular [31], and temporal [32] thermal maps, using contact and non-
contact thermographic methods. However, none of these studies in-
vestigated the effect of arterial stenosis on the heat transfer character-
istics of the carotid artery and its surrounding tissue. With the occur-
rence of stenosis in the artery, the pulsatile blood flow leads to the
generation of periodic turbulence and an upsurge in the shear stress at
the neck of the stenosis [33]. It is therefore expected that the presence
of stenosis will bring about changes in the heat transfer to the sur-
rounding tissue that may be captured in the resulting temperature map
over the external neck skin surface, and hence, possibly correlate to the

120~

Fig. 1. Carotid artery geometry (all dimensions are in mm) (a) 3D model (b) 2D schematic (D = 8 mm). All the planes (I00 to 120 at ICA, E1 to E3 at ECA, and C1 to

C2 at CCA) are respectively 5mm away from each other.
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degree of stenosis in the carotid artery.

In the literature, numerical work by Yang and Liu [34] is the only
evidence of the effect of carotid stenosis on neck skin temperature
contours. The authors have shown that increasing the width of the
stenosis (for the same location and thickness of the stenosis tissue),
from 3 mm to 8 mm, decreases the temperature on the skin surface by
0.06%, with an increase in the low-temperature region. However, the
study is limited by the geometry of the carotid artery, wherein only the
CCA section of the carotid artery was modelled that too as a cylinder
tube. In the present study, a full carotid artery bifurcation model

SECTION B-B

(c)
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(including CCA, ICA, and ECA) is used to study the conjugate heat
transfer between the carotid artery flow and the surrounding neck
tissue. Effect of this conjugate heat transfer on the external neck skin
surface temperature, with the occurrence of varying degree of stenosis
in the carotid artery, is presented.
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SECTION F-F

Fig. 2. (a) Schematic of geometrical zones (1-6) in 3-D encapsulated model isometric view: 1-External neck encapsulation tissue surface, 2-lateral internal neck
encapsulation tissue walls, 3-ICA outlet, 4-ICA outlet, 5-CCA inlet, and 6-bottom core tissue wall (b) Front view with CCA inlet (c) Sectional view at section B-B (d)
Side view (e) Section F-F on the front view with CCA inlet in 75% ICA stenosed model (f) Sectional view at section F-F with 75% ICA stenosis (all dimensions are in

mm).
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2. Methodology
2.1. Problem description

The carotid artery bifurcation is composed of three sub-arteries: the
common carotid artery (CCA), the internal carotid artery (ICA), and the
external carotid artery (ECA). Since the dimensions of the carotid artery
are patient specific, for computational purposes, an idealized 3-di-
mensional (3D) geometry model is built. The geometrical parameters
are derived from literature [9], wherein the angiographic data from 22
adults, in the age group of 22-77 years, was used. In the present study,
based on the occluded diameter, the stenosis in the geometries is in-
troduced [13]. A 75% stenosed artery geometry model is shown in
Fig. 2e and f.

The diameter of the CCA is 8 mm (D) and its length is 1.75D. The
length of the ICA is 4.4D and that of the ECA is 4.1D (all length mea-
surements have been made from the apex of the bifurcation geometry).
The angle between the CCA and ECA is 28° and that between the CCA
and ICA is 25° [10,12] (Fig. 1b). The carotid artery hemodynamics, at
steady peak Systolic and Diastolic inlet flow conditions, and its related
conjugate heat transfer to the encapsulating neck tissue is studied. An
idealized version of the neck was constructed using the geometrical
data from existing literature [35,36] and adapted into a homogenous
neck tissue encapsulation (Fig. 2a—-d) over the carotid artery. Using
normal carotid artery, with no stenosis (0%), as a reference, models
with 25%, 40%, 75%, and 90% stenosed internal carotid artery (ICA)
are studied and a quantitative comparison is carried out.

2.2. Mathematical formulation

The blood flow, in 3D, is assumed to be incompressible and
Newtonian with constant material (density of 1060 kg/mS) and thermal
properties (specific heat capacity and thermal conductivity of 3600 J/
Kg K and 0.54 W/m K, respectively) [37]. The neck encapsulation tissue
and stenosis tissue are considered as isotropic solids. As reported in the
literature [36], the density, specific heat capacity, and thermal con-
ductivity of the encapsulated neck tissue are assumed to be 1000 kg/
m3, 3600 J/Kg K, and 0.54 W/m K, respectively. Compared to the neck
encapsulation tissue, the stenosis tissue is given a lower density and
thermal conductivity of 920 kg/m?> and 0.48 W/m K, respectively, and a
higher specific heat capacity of 4080J/Kg K [18,38]. The interface
between neck encapsulation tissue and artery was set as a coupled wall
to enable the conjugate heat transfer formulation. In the work of Rap-
pitsch and Perktold [39], it is shown that while the spatial character-
istics remain the same, the contribution of the time-dependent oscilla-
tory nature of the blood flow towards wall flux of albumin, a protein in
blood plasma (strongly related to the wall shear stress), varies up to

i Peak Systolic

12

—
(=

o

Peak Diastolic
flow rate

Flow rate (ml/s)
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only 30% as compared to the steady flow solution. Taking advantage of
such an observation, Ley and Kim [18] applied a steady numerical
scheme solution to study the heat transfer along the stenosis tissue in
the carotid artery. Additionally, Yang and Liu [34] showed the time-
steady temperature distribution on the cervicum (neck) skin surface
that correlates to the presence of stenosis in the carotid artery model.
Such a steady conjugate heat transfer solution, as a preliminary theo-
retical modelling step, is justified against the computational cost.
Therefore, in the present study, to simulate the problem, fluid flow and
heat transfer governing steady Navier—Stokes and energy equations are
solved, respectively, as expressed in the following Cartesian coordinate
system:

ou Jdv ow

Continuity: — + — + — =0
4 ox 9y oz (€]
Momentum in x — direction: ua—u + vﬁ_u + wa—u
X 0x 0x
__lop (S du O
T Na T2 T a2 @
Momentum in'y — direction: ua—v + vﬂ + Wﬁ
dy dy
__lop (O v
Ty a2 dyr  az? 3)
Momentum in z — direction: ud_w + va—W + wa—w
0z oz 0z
_lop (&w  &w  ow
T TN T T @
Ener, 'ua—T+va—T+wa—T—a az—T+62—T+62—T
B v Ty TV TN T3 T2 ©)
— K=k
where, 7 = o 4= oGy
’T 8T T ,
w| ==+ =5 + = | + [(oy¢ T,—T)]+gq, =0
t(axz * 3z2) [Gop Cppwn)*( )1+ g, ©

In the neck encapsulation tissue, to simulate, tissue perfusion is
considered. Tissue perfusion is the passage of blood through the cir-
culatory system or lymphatic system (capillary bed in the tissue) to an
organ or a tissue. Pennes bio-heat equation (Equation (6)), that math-
ematically describes the effects of tissue perfusion (wp) and volumetric
heat generation (q,: ) on the bio-heat transfer, is used [40].

2.3. Boundary conditions

Referring to the geometrical zones (1-6), in Fig. 2a, the following

Fig. 3. Physiological flow-rate curve (¢ = time in s
and = time period of the pulse in s) [11].
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boundary conditions are applied to the 3D neck tissue encapsulated
carotid artery model:

Zone-1 (external neck skin surface):
T, = 294K, hyce = 10 Wm—2K ~(natural convection)[41];

Zone-2 (lateral internal neck tissue walls): Z—: = 0 (adiabatic) [34];

Zone-3 and 4 (ICA and ECA outlet): B, = OPa (Pressure outlet) [42];

r2

(CcA w= U*(l - W)
(fully developed parabolic inlet), u=v =0, T = 310K [18,34];

Zone-6 (bottom core neck tissue wall): T = 310 K (isothermal) [34].

In the diagnosis of carotid stenosis, hemodynamics at the peak
systolic and diastolic velocities are of great interest to clinicians and
researchers [42,43]. Therefore, in the present study, peak Systolic and
Diastolic flow rates (Fig. 3) were extracted from the physiological flow-
rate curve utilized by Perktold et al. [11] and applied to the Systolic
(Us = 0.5332 m/s) and Diastolic (Up = 0.1908 m/s) velocity inlet flow
condition simulations, respectively.

Zone-5 velocity inlet):

2.4. Numerical procedure

The finite volume method has been employed to obtain the nu-
merical solution of the governing equations. This has been implemented
through the commercially available computational fluid dynamics
software FLUENT (version 19.1) by ANSYS Inc. Pressure-velocity cou-
pling is achieved through the Semi Implicit Pressure Linked Equations
(SIMPLE) algorithm [44] and a second-order upwind scheme has been
utilized for the spatial discretization of momentum and energy trans-
port equations. Green-Gauss Cell based gradient reconstruction scheme
has been used with weighted residuals convergence criteria of 10~ '° for
each of the continuity, velocity components in x, y and z direction, and
energy equations. A laminar viscous model is employed with energy
and momentum relaxation factors set to 0.7 and 0.5, respectively. All
the simulations are found to be converged within the set maximum
number of iterations (100,000). On 12-compute threads of an Intel(R)
Xenon(R) CPU E5-1650 v4 3.60 GH computer, an average wall-clock
time per iteration is found to be 1.567 s for a typical mesh size of
5 x 10° number of cells.

2.5. Mesh-independent study and validation of results

To determine the accuracy of the created idealized carotid artery
bifurcation geometry (0% stenosis), steady-state simulations are per-
formed under the same steady conditions as used by Gijsen et al. [12] at
Re =270, u =29 x 1073 Pa. 5, and p = 1410 Kg/m>. To determine the
ideal mesh density for the described simulations in Section 2.1, using
the same heat transfer boundary conditions as described in Section 2.3,
flow and heat transfer simulations are carried out on nine different
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meshes, with cell number in the range of 0.15 x 10° to 12.34 x 10°.
For meshing, tetrahedral and prismatic type of cell elements are used.
In the carotid artery wall section, an inflation layer of 1 mm is given,
which is mainly comprised of prismatic elements. Similarly, at the ex-
ternal neck skin surface and bottom body core wall, an inflation layer of
2 mm is used. The rest of the model volume is dominated by tetrahedral
type of elements. The area average temperature on the external neck
skin surface and average velocity at plane 100 (Fig. 1b) are plotted
against the number of cells (Fig. 4).

For velocity calculation, the percentage error between mesh 6 and
7, 7 and 8, and 8 and 9, is found to be 0.77%, 0.72%, and 0.04%,
respectively, while for temperature, the error is found to be less than
0.0003% for any two-consecutive meshes, from mesh 6 to 8. Given the
error percentage is less than 1% for mesh 6 and 7, a mesh size of
5 x 10° (mesh 6) is finally used for reporting the resultant outcome of
the simulations performed. For mesh 6, an average mesh skewness,
aspect ratio, and orthogonality are found to be 0.20 + 0.11,
1.97 = 0.78, and 0.80 * 0.11, respectively. For the model with the
introduction of varied stenosis degree, in the range of 25%-90%, a si-
milar mesh density is used. Furthermore, at 5 different planes in ICA,
viz. 100, 105, I10, I15, and 120 (Fig. 1b), axial velocity profiles are
compared with the previously reported numerical and experimental
studies in the literature. The distance between successive planes is D/2.
The axial velocity, at these planes, is normalized with the inlet CCA
velocity (ugiq/U) and plotted against the non-dimensional distance
(y*) between the outer and the dividing wall of the ICA as shown in
Fig. 5. A strong agreement between the compared velocity profiles can
be observed, along with a marginal variation at planes 100 and I20,
which can be attributed to the slight variations in the geometric para-
meters, viz. curved plane smoothing, fillet radius at the bifurcation
junction, etc., used for the 3D reconstruction, among the studies used
for the comparison.

3. Results and discussion

In this section, results pertaining to the change in carotid artery
hemodynamics and heat transfer (at Systolic and Diastolic inlet velocity
flow conditions), in the presence of varied stenosis degree (from 25% to
90%) in the ICA, are presented. First, the flow streamlines, velocity
profiles, pressure drop, and flow division in the ICA are used to un-
derstand the carotid artery hemodynamics, then, its effect on the re-
sultant thermal features, at the external neck skin surface, are quali-
tatively and quantitatively studied.
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Fig. 4. Grid independency plot for average temperature on the external neck skin surface and average velocity at plane 100.
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Fig. 5. Validation of results (axial velocity profile in ICA) with previous experimental and numerical work on 0% stenosis blood flow in carotid bifurcation geometric

model (uqiq/U displaced by a factor of 2 for representation purpose).

3.1. Carotid artery flow

For the normal case (0% stenosis), of the total flow in the CCA, the
division of flow is found to be 35:65 and 36:64 between ECA and ICA,
for Diastolic and Systolic inlet flow conditions, respectively (Table 1).
The streamlines in both Systolic and Diastolic phase (Fig. 6) show a
minute stagnation in the flow near the non-dividing wall of the ICA
lumen, while the flow is undisturbed in other parts of the artery. This
stagnation of flow is mainly because of the sudden enlargement in the
geometry (lumen bulb) for the given flow conditions. Given the inlet
velocity condition in Systolic flow is higher than Diastolic flow (2.8
times), the flow stagnation is expected to be higher in case of Diastolic
flow (Fig. 6). This is evident from the fact that even with a higher
pressure drop in the ICA region (from I00 to I120) of Systolic flow (45 Pa
as compared to 9Pa in Table 1), the actual pressure value at 120 is
found to be almost four times higher than Diastolic flow (53 Pa versus
13.50 Pa). In Fig. 7a and b, it can be observed that from upstream to
midstream planes (I00 to I10), the flow remains stagnant (Uyq1/ Us = 0)
for 30%-50% of the distance (y*) from non-dividing to dividing ICA
wall. As the flow reaches the downstream planes (I15 and 120), the
lumen diameter gradually decreases and hence, the flow stagnation
disappears. Interestingly, for both Systolic and Diastolic flow cases, from
upstream to downstream planes, the point of maximum axial velocity
(in the range of 1.5-2 times of U;) gradually shifts towards the dividing
wall of ICA.

As the stenosis appears in the ICA lumen bulb, the flow and heat
transfer are similar to the case of flow past an obstruction (bluff body)
[45-47]. It can be observed in Fig. 6, for stenosis up to 40%, the
streamlines show the formation of recirculation zone before the ste-
nosis, while above 40% (Fig. 6), the downstream flow becomes highly
chaotic with the formation of recirculation zones on the either sides of
the stenosis. Moreover, from Fig. 7a and b, the flow velocity

Table 1
Pressure drop and flow division summary for different stenosis cases studied.

disturbances are found to be more pronounced in Systolic flow case
(25%-90% stenosis), along with backflow velocity profile in the
downstream (I15 and 120) for stenosis over 40% in both Systolic and
Diastolic flow cases. This can be further corroborated from the fact that
as the stenosis goes above 40%, pressure drop in the ICA (across the
stenosis, P120-Prgo) is found to have increased up to 10 times. This is
mainly because of the huge obstruction in the flow that changes the
flow division between ICA and ECA.

For both Systolic and Diastolic inlet flow conditions, as the stenosis
increases to 75%, the flow in ICA changes from around 64% of the inlet
flow condition to around 50%, which has further decreased to around
20% as the stenosis increases to 90% (Table 1). For stenosis up to 40%,
the maximum velocity around the neck of the stenosis (I10), in case of
Systolic and Diastolic flows, is found to be around 0.5 and 2.7 times of
the inlet velocity (U;), respectively. As the stenosis goes above 40%, this
maximum velocity, for Systolic and Diastolic flow cases, goes up to 1.33
and 3.33 times of U, respectively. This will bring distinction in the heat
transfer characteristics, which is discussed in the next section.

3.2. Heat transfer analysis

In this study, the thermal interaction between three domains: blood,
skin tissue, and the external ambient environment, has been in-
vestigated using conjugate heat transfer formulation. It is evident that
the convective heat transfer due to blood flow in the carotid artery will
lead to the development of a temperature profile at the carotid artery
wall and the neck tissue interface. Following this, along with the blood
perfusion and volumetric heat generation, thermal diffusion will take
place in the neck tissue encapsulation. This diffused heat will finally
interact with the external neck skin surface. Given that the external
neck skin surface is applied with ambient natural convective boundary
condition (Section 2.3), a resultant temperature profile at the external

% Stenosis Pressure Drop (Pa)

% Flow Division

Systolic flow

Diastolic flow

Systolic flow Diastolic flow

CCA (Pc2-Pci) ECA (Pg3-Pg1) ICA (Pr20-P100) CCA (Pc2-Pc1) ECA (Pg3-Pg1) ICA (P120-P1o0) ECA ICA ECA ICA
0 0.19 13.90 45.66 0.40 3.47 9.00 36.45 63.55 34.78 65.22
25 0.19 14.18 45.39 0.41 3.51 9.07 36.44 63.56 34.84 65.16
40 0.20 14.23 46.31 0.40 3.55 9.57 36.54 63.46 35.10 64.90
75 0.16 27.23 210.66 0.40 5.93 35.85 49.14 50.86 47.81 52.19
90 0.25 69.22 497.59 0.40 13.73 92.10 81.31 18.69 80.55 19.45
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Fig. 6. Velocity streamlines for different stenosis at Systolic and Diastolic inlet
flow conditions.

neck skin surface will occur.

In the 3D geometry model, from the sectional view B-B (Fig. 2c), the
ICA, with a larger diameter as compared to the ECA, has a higher
surface area to exchange heat with the surrounding neck tissue; this in
return leads to a higher heat transfer on the left side as compared to the
right. This is corroborated by the temperature contours at the xz-mid-
plane (Fig. 8). Furthermore, the occurrence of flow stagnation (re-
circulation zones in Fig. 6), in the lumen area, results in lower
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temperature regions within the ICA, which increases with the increase
in the degree of stenosis (Fig. 8). As shown in Fig. 9, the temperature
contours on the left side of the external skin surface show a higher
temperature which directly correlates to the higher heat transfer in the
region. For 0% stenosis case, with a 2.8 times higher flow rate as
compared to the Diastolic inlet flow condition, the temperature contours
under the Systolic inlet flow condition differs qualitatively: more elon-
gated for Diastolic case. Though the average surface temperature is
same in both the cases (Table 2), lower temperature contour, in the
center region, is found to be wider. Moreover, the occurrence of a thin
and elongated (in z-direction) jet like cold region at the bottom (re-
ferred as ‘cold feature’ from here onwards) is also observed. This cold
feature is not observed in the 0% Systolic case (Fig. 9). With the change
in flow rate between the Systolic and Diastolic flow cases, this local
change in the temperature contour is believed to be the basis for esti-
mation of health vitals like pulse rate from the neck region temperature
measurement [48,49]. The transient change in flow rate during the
diastolic phase, in the pulsatile cardiac blood flow cycle (Fig. 3), results
in local low temperature regions in the carotid artery flow (Fig. 8),
which leads to a lower convective temperature profile on the carotid
artery wall. Locally, this affects the conduction and perfusion terms in
Equation (6) that alters the heat diffusion in the neck encapsulation
tissue, resulting in the occurrence of a cold feature at the external neck
skin surface. In the present study, given the Systolic and Diastolic flow
conditions are simulated separately using a steady numerical scheme,
the occurrence of the cold feature is prominently visible. In an in-vivo
transient temperature monitoring study, this change in the local region
temperature is expected to be quite small and full of noise. Hence,
application of signal processing techniques, like multiresolution signal
extraction method, to recover the original pulse information tempera-
ture signal [50]. Given the signal extraction is difficult from the deeply
located arteries, a more superficial artery location is the best fit for such
measurements [51]. In a transient numerical model with full pulsatile
cardiac blood flow cycle, unlike the use of a constant perfusion value
(wp = 04333 Kg/ms) in the present study, a temperature dependent
perfusion model may further result in an appropriate thermal pertur-
bation at the external neck skin surface [52].

As discussed in Section 3.1, with the introduction of stenosis in the
ICA, the flow streamlines, flow division, and other flow parameters are
found to be affected, along with the formation of recirculation zones on
either side of the stenosis. With these changes in the flow, the con-
vective heat transfer from the carotid artery blood flow to the sur-
rounding neck tissue will also change (Fig. 8), hence, the same will be
reflected in the temperature at the external neck skin surface. Ad-
ditionally, in the presence of the stenosis tissue, the temperature dif-
ference between the internal wall of the stenosis tissue (in contact with
blood flow) and the outer wall (in contact with the encapsulation
tissue) will be higher than any other region on the artery wall with no
stenosis tissue. This will further contribute to the local lower tem-
perature region on the external neck skin surface.

Interestingly, the average external neck skin surface temperature
(Table 2) is found to be same for all the cases studied. Moreover, using a
significance level of 0.05 for statistical student t-test, the difference in
temperature values, over the external neck skin surface, between the
stenosis cases (25%-90%) the 0% stenosis case, for both Systolic and
Diastolic flow cases, is not found to be significant in most of the cases
(Table 2). Hence, average temperature is not a good criterion to per-
form a comparative analysis. However, the distribution of the tem-
perature values on the external neck surface could bring a contrast
among the cases studied.

As observed in Fig. 9, the cold feature becomes more pronounced
between Systolic and Diastolic flow cases, with a distinction in shape and
size, as the stenosis increases. With the increase in stenosis, elongation
in the size of the cold feature can be seen, which is more prominent in
Diastolic cases. Using the length of this feature (in z-direction), a
quantitative comparison can be done (Table 2). For Systolic flow case,
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Fig. 7. a: Velocity profile at various sections along the ICA in Systolic flow case (Uqia/ Us is displaced by a factor of 3 for representation purpose) for various stenosis
degree. b: Velocity profile at various sections along the ICA in Diastolic flow case (uqxiai/ Us is displaced by a factor of 3 for representation purpose) for various stenosis

degree.

with an increment of 15% from 25% to 40% stenosis, the increment in
the length of the cold feature is also around 15%, while for Diastolic case,
this increment is found to be as much as 84%. On the other extreme, as
the stenosis reaches 90% with an increment of 15% from 75%, the cold
feature length increases by 43% and 2%, for Systolic and Diastolic flow
cases, respectively. In the latter case, the increase in the width of the
cold feature is accompanied by only a minute increment in its length
(Fig. 9). Also, it should be noted that the cold feature length in the 75%
and 90% stenosis Diastolic cases is almost same as the length of the
geometry in z-direction, which is distinct from all other cases studied.
The increase in length of the cold feature with the increase in stenosis
implies the decrease in heat transfer from the stenosed ICA to the
surrounding tissue. This leads to the cooling of the external neck skin
surface. As this effect is further enhanced with a decrease in blood flow
velocity (i.e. decrease in forced convection heat transfer coefficient), as
in the case of Diastolic flow, a comparatively higher cooling or cold
feature length is observed.

Given the ideal nature of the geometric model used in the present
numerical study, it should be noted that the presence of a cold feature in
exact shape and size may not likely be observed in the real-time in-vivo
neck skin temperature map. With an inconsistent shape, size, orienta-
tion, flow condition, depth, surrounding vasculature, etc., the actual
carotid artery and neck geometry is highly complex, non-planar, and
patient-specific in nature [35]. With the occurrence of stenosis in-vivo,

however, a cold feature is expected to occur. As an evidence, in the past,
a cholesterol ester coated flexible plate was used by Hofferberth et al.
[32] to measure the forehead temperature in 300 patients and a change
in the color of the plate was correlated to the presence of stenosis.
Given the carotid artery is responsible for supplying blood to the tem-
poral region of the face, the occurrence of stenosis in the carotid artery
leads to a lower temperature on the same side of the temporal region.
To quantify such a cold feature observation, a ratio of the number of
comparatively lower temperature nodes (N°) with respect to the total
number of nodes (NT), on the external neck skin surface, can be defined.

In the present study, using the maximum value of the minimum
temperature occurring in all the cases as a threshold temperature
(T® = 306.08 K), the number of nodes with temperature less than or
equal to T€ are used for the calculation of ratio N°/N”. Fig. 10 shows
that the value of N°/N” increases with the increase in the stenosis in the
ICA. For a specific degree of stenosis (including 0% stenosis), the value
of N¢/NT is always higher for the Diastolic flow case, which signifies the
occurrence of colder regions as compared to the Systolic flow case. For
both Systolic and Diastolic flow cases, although the distinction between
any two consecutive stenosis cases is quite small (minimum of 4% in
Diastolic flow case), the distinction between 0% stenosis and any ste-
nosis is minimum of 43% (Diastolic flow case) and a maximum of 417%
(Systolic flow case).

Thus far, it is established that the external neck skin surface
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Fig. 8. Temperature contours on the xz-midplane (sectional view B-B) for
different stenosis at Systolic and Diastolic flow conditions.

temperature contour with 0% stenosis can be easily distinguished from
the stenosis case, under both Systolic and Diastolic inlet flow conditions.
Using it as the reference, a subtraction-based contour enhancement can
be performed for the respective 25%-90% stenosis surface temperature
contours. The resultant maximum and average temperature difference
values are summarized in Table 3 and the contours in Fig. 11. It is
evident that a higher degree of stenosis results in a larger temperature
difference. For the same stenosis, Systolic and Diastolic flow cases have a
similar maximum temperature difference, however, the value increases
with the increase in the stenosis in both the cases. On the other hand,
except between the 25% and 90% stenosis cases, the average tem-
perature difference shows an overlap in the standard deviation values
among the cases studied (Table 3). However, the resultant contours in
Fig. 11 (distribution of the nodal values) show a clear distinction among
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Fig. 9. Temperature contours on the external neck skin surface for different
stenosis at Systolic and Diastolic flow conditions (all dimensions are in mm).

the cases studied.

It should be noted that the higher temperature difference contours
are mostly occurring on the left side of the external neck skin surface,
which is explained earlier; as result of location of ICA, with stenosis, on
the left side, leading to the occurrence of lower temperature regions in
the blood flow and the artery wall (Fig. 8). Qualitatively, the intensity
and area covered by the high temperature difference contours are ob-
served to be increasing with the increase in the stenosis degree from
25% to 90%. Moreover, given the reduced flow rate (2.8 times lower),
this increase is greater in the case of Diastolic flow as compared to
Systolic flow. Quantitatively, a ratio of number of nodes, on the external
neck skin surface, with temperature difference value greater than or
equal to the average of all the cases (N*'8) with respect to the total
number of nodes (N7) is defined. The value of N3'8 is found to be 0.006.
Using this value, the ratio (N®8/NT) is calculated and summarized in
Table 3, which defines a parameter to distinguish different degrees of
stenosis (25%-90%) from 0% stenosis. As was observed qualitatively in
Fig. 11, it is evident from the value of N®'8/NT (Table 3) that the area
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Table 2
External neck skin temperature contour characteristics.

International Journal of Thermal Sciences 145 (2019) 106010

% Stenosis Average temperature = SD (K)

p-value with respect to 0% stenosis case (t-test)

Center cold feature length in z-direction (mm)

Systolic flow Diastolic flow Systolic flow

Diastolic flow Systolic flow Diastolic flow

0 306.22 = 0.14 306.21 *+ 0.14 -

25 306.22 = 0.15 306.21 £ 0.15 0.01
40 306.22 *+ 0.15 306.21 £ 0.15 0.02
75 306.21 + 0.15 306.21 + 0.15 0.01
90 306.21 *+ 0.15 306.20 * 0.15 0.32

- 0 10
0.02 6.5 19
0.03 7.5 35
0.21 10.5 54
0.50 15 55

covered by high-temperature difference contours is higher in case of
Diastolic flow, for a specific stenosis degree. Also, with the increase in
stenosis, this ratio also increases, and the increase is higher in case of
Diastolic flow.

From a practical application point of view, a non-contact mea-
surement (using an IR thermal camera) of such a small temperature
resolution (in the third decimal place) is highly unlikely. For instance,
the most thermally sensitive commercially available IR thermal camera,
FLIR T1020 by FLIR Systems, Inc., provides a thermal resolution of
<0.02°C [53], hence, any temperature value in three decimal places
can't be resolved. However, resolved up to two decimal places, appli-
cation of such a contour subtraction-based method is still expected to
provide a quantitative difference in the area covered by the region of
high temperature difference. For instance, in the work of Morgan et al.
[31], thermography-measured average ocular temperature difference
(between left and right ocular surfaces) was correlated (correlation
coefficient, r = —0.67) to the difference in the degree of stenosis in the
two carotid arteries (left and right) of the same patient. For a patient
with 20% and 90% stenosis on the left and right carotid artery, re-
spectively, the difference in average ocular temperature was found to
be 0.74 °C. It is expected that in an in-vivo thermography measurement,
the use of the proposed N*'8/N” ratio, evaluated from the thermal
image subtraction of the left and right ocular surface, could further
strengthen the correlation coefficient.

4. Limitations

The present computational study is performed on a fictitious idea-
lized carotid geometry. This limits its applicability to a real-time pa-
tients-specific analysis, wherein the shape, size, orientation, flow con-
dition, and depth of artery are inconsistent [54]. However, as a
preliminary study, the presented results play an important role in
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performing a patient-specific study in future. Given the inclusion of
conjugate heat transfer, the present study is limited to only peak Systolic
and Diastolic inlet flow conditions, under a steady state analysis as
motivated from the past work in the field [18,55,56]. Another limita-
tion of the present study is the rheological assumption of Newtonian
blood flow. In the work of Bit and Chattopadhyay [57] (Re = 690) and
Razavi et al. [58] (Re = 278), it was observed that compared to the
non-Newtonian models, the use of a Newtonian model, in an approxi-
mately 60% stenosed artery geometry, overestimates the flow re-
circulation length across the stenosis. In an individual stenosed carotid
artery geometry (25%-90% stenosis), this error in the flow recircula-
tion length estimation will result in an error in convective heat transfer
to the carotid artery wall, however, the relative change among the
models (with respect to 0% stenosis case) will remain the same. Using
an appropriate non-Newtonian model, the error in heat transfer esti-
mation could be evaluated in the future study. It is evident that per-
forming a transient conjugate heat transfer study, on a 3D numerical
model with 5 x 10° number of cells while applying a pulsatile phy-
siological inlet flow condition [59], is both computationally expensive
and time intensive. Moreover, following the robust mesh independent
study, the applied steady-state numerical model, in the present study,
shows a good agreement with the benchmark experimental and nu-
merical work on the modelled carotid artery geometry flow [12,13].
Therefore, for the presented results, such a trade-off offsets the limita-
tions of the study.

5. Conclusions

In the present study, a finite-volume based computational method is
used to analyze the conjugate heat transfer associated with blood flow
in the carotid artery encapsulated by neck tissue. Using the geometric
parameters from existing literature, an idealized 3D carotid artery
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Fig. 10. External neck skin cold region nodes (N©) with respect to total number of nodes (ND.
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Table 3
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Characteristics of external neck temperature contours on subtraction with 0% stenosis case.

% Stenosis Maximum temperature difference (K)

Average temperature difference + SD (K)

e

Systolic flow Diastolic flow

Systolic flow

Diastolic flow Systolic flow Diastolic flow

25 0.013 0.013 0.004 + 0.001 0.004 + 0.001 0.01 0.02
40 0.014 0.015 0.004 + 0.001 0.005 + 0.001 0.08 0.14
75 0.017 0.019 0.006 + 0.002 0.007 £ 0.002 0.46 0.66
90 0.020 0.021 0.008 + 0.003 0.009 + 0.003 0.76 0.85
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Fig. 11. Temperature difference contours on the external neck skin surface with
respect to 0% stenosis case at Systolic and Diastolic flow conditions.

geometry is reconstructed and the blood flow with heat transfer is
studied at two different inlet flow velocity conditions, viz. peak Systolic
and Diastolic flow. For both the inlet flow conditions, carotid artery
geometrical changes in terms of inclusion of varied degree of stenosis
(25%-90%) in ICA are introduced. With the inclusion of stenosis, the
changes in hemodynamics, viz. velocity profiles, pressure drop, flow
division, and streamlines, and associated heat transfer to the external
neck surface, viz. temperature contours are reported. With no distinc-
tion in the average temperature on the external neck skin surface, the
introduction of stenosis shows the occurrence of a cold feature in the

11

temperature contour, of which the length increases with an increase in
stenosis degree. Owing to the lower velocity and hence a lower con-
vective heat transfer, this cold feature is found to be more prominent in
case of Diastolic flow. Furthermore, using a threshold lower temperature
(T), a ratio (N®/NT) is defined, which signifies the extent of cooling on
the external neck skin surface. With the increase in stenosis, this ratio is
found to have increased, along with a minimum difference of 40%
between 0% and any degree of stenosis. Lastly, taking the external neck
skin surface temperature contour for 0% stenosis as a reference, a
subtraction-based manipulation is performed for the varied stenosis
cases. A ratio (N*'8/N™), which shows that the area just over the ICA
location has the maximum effect due to stenosis, is calculated. This area
of influence increases with the increase in stenosis and found to be up to
85% affected in case of 90% stenosis under Diastolic flow. The results
presented, in this preliminary study, will prove to be a benchmark for
future patient-specific studies in evaluating a skin temperature map-
based carotid artery stenosis detection tool.
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