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Determination of atherosclerotic plaque temperature in large arteries
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Abstract

Atherosclerotic plaques with high probability of rupture can be characterized by the presence of a hot spot in the arterial wall, which forms
due to accumulation of inflammatory cells in the plaque. This paper presents calculations of the arterial wall temperature distribution of arteries
affected by plaque. This analysis characterizes the factors affecting plaque temperature, such as vessel geometry, plaque size, inflammatory cell
density and distribution, and blood flow pattern. Three vessel types which present high occurrence of plaque are studied: a stenotic straight
artery, an arterial bend and an arterial bifurcation corresponding to a human aorta, a coronary artery and a carotid bifurcation, respectively. The
atherosclerotic plaque is located in the sites of low shear stress, and a local heat generation is introduced to account for the presence of inflamed
plaque.

It is shown that the plaque temperature correlates positively to inflammatory cell density and layer thickness, whereas the plaque temperature
varies inversely with the depth of the inflammatory cell layer or fibrous cap. From the calculations, it is observed that the best spot to measure
plaque temperature is between the middle and the far edge of the plaque where maximum temperature is located. The results contribute to
understanding the physical characteristics of the plaque structure and its relationships to plaque temperature, and also suggest a tool to understand
the arterial wall temperature measurements obtained with novel catheters.
© 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Atherosclerosis is characterized by the accumulation of fatty
deposits (lipid) and connective tissue on the arterial wall [1].
These deposits, known as plaque, can eventually obstruct blood
flow, predispose the vessel to thrombosis and impair the elastic
response of the vessel to hydrodynamic stress [2]. According
to recent studies, vulnerable plaque, or plaque with high likeli-
hood of rupture, are linked with the appearance of hot spots on
the arterial wall [3], such temperature increments are caused by
the presence of macrophages or inflammatory cells embedded
in the plaque [4].
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Based on the temperature heterogeneity produced by plaque
inflammation, and the fact that plaque composition rather than
degree of stenosis determines the likelihood of rupture [5–7],
there is a marked interest in monitoring and understanding arte-
rial wall temperature and the physical and physiological factors
that affect the temperature. Several techniques to measure arte-
rial wall temperature have been recently developed for clinical
practice with the objective of detecting vulnerable atheroscle-
rotic plaques that might lead to cardiovascular complications
followed by plaque rupture [8]. Thermal analysis and monitor-
ing of atherosclerotic plaques can help on early detection and
follow up in specific patient population. The current technique
involves the use of novel basket catheters containing an array
of temperature sensors, which are used to measure the temper-
ature around the interior circumference of the artery at a given
location [9].
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Nomenclature

Cp Specific heat . . . . . . . . . . . . . . . . . . . . . . J kg−1 ◦C−1

dmp Macrophage layer thickness . . . . . . . . . . . . . . . . . µm
dp Plaque thickness (dp = αdw), where

α = 1,2,3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . µm
dw Arterial wall thickness . . . . . . . . . . . . . . . . . . . . . . µm
k Thermal conductivity . . . . . . . . . . . . . . W m−1 ◦C−1

L Arterial length along the vessel axis . . . . . . . . . mm
lf Fibrous cap thickness . . . . . . . . . . . . . . . . . . . . . . µm
lmp Macrophage layer length (lmp = βlp), where

β = 0.5,0.25 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . µm
lp Plaque length . . . . . . . . . . . . . . . . . . . . . . . . . . . . . mm
� Position along the vessel axis
P Pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . N m−2

qcell Heat produced by a single cell . . . . . . . . . . . . . . . W
q̇m Tissue metabolic heat . . . . . . . . . . . . . . . . . W mm−3

R Vessel radius . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . mm
Ro Vessel radius at the inlet � = 0 . . . . . . . . . . . . . . mm
Re Reynolds number
Remax Maximum Reynolds number
Remean Mean-reference Reynolds number
T Temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ◦C
Ta Arterial temperature . . . . . . . . . . . . . . . . . . . . . . . . ◦C
Tmax Maximum temperature . . . . . . . . . . . . . . . . . . . . . . ◦C

uo Blood velocity at the inlet (� = 0) . . . . . . . . . m s−1

Vcell Volume of a single cell . . . . . . . . . . . . . . . . . . . . mm3

v Blood velocity vector and components
(u, v,w) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m s−1

WSS Wall shear stress . . . . . . . . . . . . . . . . . . . . . . . . N m−2

�A Each element area . . . . . . . . . . . . . . . . . . . . . . . . . . m2

Atot Total wetted area . . . . . . . . . . . . . . . . . . . . . . . . . . . m2

Greek symbols

αw Womersley number
γ Thermal diffusivity . . . . . . . . . . . . . . . . . . . . . m2 s−1

ρ Density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg m−3

μ Viscosity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pa s
ξ Vorticity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s−1

ΓABS Modified or absolute circulation. . . . . . . . . . m2 s−1

Subscripts

ABS Absolute value
f Fibrous cap
m Metabolic activation
mp Macrophage layer
p Plaque
tot Total value
w Arterial wall
In vivo arterial wall temperature measurement has limita-
tions caused by cooling effect of blood flow, improper con-
tact between arterial wall and temperature sensor, possibility
of plaque disruption while measuring the sensitive plaque sur-
face with the novel catheters, and occlusion of blood flow in
vessel, which introduce the need to create mathematical mod-
els to investigate the relations among plaque temperature, blood
flow, plaque geometry and composition. Recently, a numeri-
cal study of temperature distribution in the coronary artery was
presented with a simplified model [10]. However, anatomically
correct plaques were not considered to observe the combined
effect of the convective cooling associated to the blood flow
and the metabolic production in the macrophage layer.

According to clinical and postmortem anatomical studies,
atherosclerotic lesions in humans develop preferentially at the
inner walls of curved segments in relatively large arteries but
the outer walls in case of bifurcations [4,11] regardless of diet
and ethnicity [4]. The vulnerable sites are correlated to loca-
tions where the fluid shear stress on the vessel wall is signifi-
cantly lower in magnitude than the normal physiological value
[12–14]. The blood flow in such sites is disturbed by the oc-
currence of flow separation and the formation of complex sec-
ondary and circulation flows [15,16].

In this paper, the plaque is located in the region of min-
imal shear stress identified after solving the Navier–Stokes
equations in the arteries selected. The arterial wall temperature
distribution is calculated solving the energy equation which in-
corporates the heat generation produced by the macrophage
cells in the plaque. For the calculations, three different types
of arteries are considered, which are known to commonly de-
velop atherosclerotic plaques. Detailed plaque structure based
on anatomical descriptions of atherosclerotic deposits is con-
sidered to describe the plaque containing the macrophage
cells [17].

This model is used to determine the plaque temperature
distribution and the effect of vessel geometry, blood flow, in-
flammatory cell density, and plaque size and composition. The
calculations presented aim to better understand the temperature
profiles measured with novel catheters and reveal information
about the temperature maps of atherosclerotic plaques during
inflammatory process.

2. Mathematical model

2.1. System description

The blood vessel shapes considered are: a stenotic straight
artery, a bending artery and an arterial bifurcation correspond-
ing to the geometry and dimensions of a human aorta, a coro-
nary artery and a carotid bifurcation, respectively, illustrated
in Fig. 1 and Table 1. The geometry of the straight artery is
obtained from a medium-sized human artery of Stangeby and
Ethier’s study [18]. The shape of the bending artery is modified
from an anatomical realistic arterial model of Wada and Kari-
no’s study [16] based on a photograph of the human coronary
artery used in the flow study of Asakura and Karino [19]. The
geometry of arterial bifurcation is taken from the studies of a
human carotid artery by Perktold et al. [20] and Filipovic and
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Fig. 1. Vessel types considered in this paper and the corresponding geometrical
parameters used to describe the vessels. The dimension presented are shown in
millimeters.

Table 1
Geometric parameters of the different vessel types used in this study

Vessel
type

Radius
R (mm)

Length
L (mm)

Thickness
dw (mm)

Type 1 3.10 304.4 0.25
Type 2 1.765 17.2 0.27
Type 3
Segment A 3.25 13.83 0.49
Segment B 2.175 23.86 0.33
Segment C 1.5 19.95 0.23

L is the distance along the axis of the vessel which is always perpendicular to
the radius.

Kojic [21]. In each one of these vessels, the blood velocity dis-
tribution is calculated to determine the region prone to develop
atherosclerosis, and the temperature distribution is investigated
in the plaque region for different plaque sizes and various con-
centrations of macrophages or inflammatory cells.

This work studies the effect of plaque structure and com-
position over the location of the hot spots and the maximum
temperature registered for a given inflammatory cell density
Fig. 2. Plaque geometry and dimensions. dw is the arterial wall thickness, dp
is the plaque thickness, dmp is the macrophage rich layer thickness, lf is the
thickness of the fibrous cap. lp and lmp represent the extension or length of the
plaque and the macrophage layer in the longitudinal direction, respectively.

and distribution. In this paper, steady state calculations are per-
formed, such calculations have been justified by the observa-
tions in literature [22,23]; the oscillatory nature of the flow
(Remean = 300, Womersley number αw = 4) does not affect sig-
nificantly the transport and deposit of macromolecules on the
vessel wall compared to steady state calculations of Re = 448.
By convention, Womersley number of the pulsatile flow ranges
from 1 to 10 for medium-sized vessels such as coronary and
carotid arteries [24,25].

2.2. Plaque composition, size and distribution

Hot spots in the atherosclerotic plaque are formed as the
macrophages in the lesions become active, which occurs when
an inflammatory process develops. The macrophages or inflam-
matory cells are embedded in the plaque forming a thin layer
[17]. The lesion starts by adhesion and filtration of monocytes
(Mo) and low density lipoproteins (LDL) over the endothelium.
This process occurs at regions of low shear stress. After fil-
tration, the monocytes are transformed into macrophages (Mc)
and engulf LDL molecules to form foam cells (FC), this process
gradually increases the size of the plaque and makes the plaque
evolve depending on the components that filtrate and deposit.
A detailed description of the evolution, composition and classi-
fication of atherosclerotic plaque can be found in [17,26].

The temperature change in the vulnerable plaque is cor-
related to the macrophage density and distribution, as well
as the depth from the lumen surface at which the layer of
macrophages are located. Vulnerable plaques showing thermal
inhomogeneities of 0.4 to 2.2 ◦C have a thickness of 400 µm
and a macrophage rich layer of between 15 to 40 µm thick [27].
In this study, the plaque size and the macrophage rich layer are
defined by variable parameters as described in Fig. 2, where a
longitudinal section of an atherosclerotic blood vessel contain-
ing a layer of macrophages is shown.

In Fig. 2, the arterial wall thickness (dw) is set to be 5 to 10%
the vessel diameter (do), which has been reported for human ar-
teries in the literature [16,18,28,29]. The plaque is located over
the arterial wall, and its thickness (dp) is chosen to be dp = αdw,
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where α = 1,2; these values of α represent the case of plaques
that produce small occlusions, which are difficult to observe
with MRI or other contrast agent methods [30]. lf is the dis-
tance between the vessel lumen and the macrophage layer, and
physically represents the thickness of the fibrous cap; for the
calculations lf is set to 50 and 100 µm; these values will be
served to analyze the effect on the plaque temperature gradient
when the heat source is at different depths. Finally, lp and lmp

denote the extension of the plaque and macrophage layer in the
longitudinal direction of the vessel, respectively. The plaque is
located in the regions that correspond to the lowest wall shear
stress, and lp is extended to cover these regions in each one
of the vessel types considered. The dimension lmp is given by
lmp = βlp, where β = 0.5 and 0.25; these values of β were
selected from experiments showing high macrophage concen-
tration at the center of the lesion [17].

2.3. Blood flow calculations

In this study, two-dimensional steady-state blood flow is
governed by the continuity equation and Navier–Stokes equa-
tions for a homogeneous and incompressible fluid:

∇ · v = 0 (1)

ρ(v · ∇)v = −∇P + μ∇2v (2)

where v is the velocity vector of the blood, P the blood pres-
sure, ρ the density and μ the viscosity of the blood. Cartesian
coordinate system (r , �) is positioned at the center of the ves-
sel entrance (� = 0 and r = 0). Ro and L are the radius and the
outlet of each vessel, respectively, in Fig. 1.

For boundary conditions, no-slip conditions are imposed on
the velocities at the arterial walls, u = 0 and v = 0 at r = Ro. At
the outlet of the artery � = L, the gauge pressure is set to zero
for a fully developed flow, P = 0. Especially, axi-symmetric
condition is used at the centerline of straight artery, ∂u

∂r
= 0 at

� = L. At the inlet (� = 0), a fully developed velocity profile is
assumed as

u = 2uo

(
1 −

(
r

Ro

)2)
, v = 0 at � = 0 (3)

where u and v represent the longitudinal and radial velocity at
the inlet. uo is the mean velocity at the inlet. Reynolds numbers
of 300 and 500 are applied to represent the mean-reference and
maximum velocities, respectively, during a cardiac cycle based
on the following literature:

(1) for calculations of straight artery, pulsatile functions with
Remean = 200 and 300 were used for mean velocities in [24,
31].

(2) A transient simulation in human coronary arteries is per-
formed under physiological function with Remean = 200
and Remax = 410 [32].

(3) In experimental study of carotid bifurcation, Reynolds
numbers of peak flow velocities were Re = 160 and 560
[33].
2.4. Temperature prediction at the arterial wall

Given the fact that plaque vulnerability is related to temper-
ature inhomogeneities within the arterial wall of an atheroscle-
rotic artery, the temperature field in a blood vessel is calculated
by solving the energy equation. The arteries are modeled as
a vessel which contains a region capable of producing heat
(macrophage layer). Heat convection due to blood flow in the
arterial lumen and heat conduction through the vessel walls are
considered. The steady state energy equation takes the form

ρiCpi (v · ∇)Ti − ∇ · (ki∇Ti) = q̇mi (4)

where i refers to the different regions present in the system,
that correspond to blood, arterial wall, plaque and macrophage
layer. Ti represents the temperature, v is the velocity of blood
in the lumen region, ki the thermal conductivity, ρi the den-
sity, and Cpi the specific heat. q̇mi represents the metabolic heat
produced by the inflamed plaque. It is assumed that the heat
generation in the arterial wall is negligible, and the only region
with considerable heat generation is the macrophage layer. The
values of the thermal parameters for the blood, arterial wall and
plaque can be found in the literature [34–36] and are shown in
Table 2.

The metabolic heat released by the inflamed plaque is a di-
rect function of the plaque composition and the developmental
stage of the lesion. Macrophages are involved in all evolution-
ary stages of the lesion, but their activation and subsequent
metabolic heat production varies in each stage. Virmani et al.
reported that the atherosclerosis before plaque rupture experi-
ences three stages [17]. To account for the heat produced by
macrophages at the different activation stages, three different
values for the heat generation of the macrophage layer cor-
responding to q̇m = 0.05,0.1 and 0.2 W mm−3 are used. The
values of q̇m for the macrophage layer are approximated from
the following expression

q̇m

[
W

mm3

]
= qcell

Vcell
(5)

where qcell is the heat produced by a single cell and Vcell is
the volume of a single cell. It is reported that the metabolic
heat of qcell is dependent on the kind and concentration of
macrophage cells; in the case of rabbit, alveolar macrophage
produces around 20 pW per cell and other cells with high
metabolic activity, such as hepatocytes, produce 300 pW per
cell [37]. In this study, qcell is assigned to produce a maximum
temperature change comparable with the reported measurement
[3,38].

Table 2
Thermophysical parameters of blood, arterial wall, plaque tissue and
macrophage layer

Blood Arterial
wall

Plaque Macrophage
layer

ki (W m−1◦C−1) 0.549 0.476 0.484 0.484
ρi (kg m−3) 1050 1075 920 920
Cpi (J kg−1 ◦C−1) 4390 3490 4080 4080
μi (Pa s) 0.0033

These parameters where taken from [35].
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The following boundary conditions are considered for the
energy equation (4), which correspond to: constant temperature
at the external vessel wall justified by the fact that vessel wall
is well perfused by the vasa vasorum

T = Ta at r = R (6)

constant blood and tissue temperature at the entrance of the ves-
sel

T = Ta at � = 0 (7)

and no temperature gradient at the vessel outlet

∂T

∂n
= 0 at � = L (8)

where Ta is a constant that represents the arterial or core tem-
perature and was assigned a value of 37.5 ◦C. Eq. (8) represents
how blood flow removes heat from the vessel wall by con-
vection. Finally, continuity of heat flux and temperature at the
lumen–plaque interface, the plaque–vessel wall interface and
the plaque–macrophage layer interface are assumed.

2.5. Solution procedure

Unstructured mesh consisting of triangular elements is gen-
erated for the geometry. The mesh distribution was refined
around the plaque and macrophage layer regions because large
temperature and velocity gradients were expected in the region
surrounding the plaque and heat source. The average numbers
of triangular elements used in the calculation are 34 000 for
straight artery, 28 000 for bending artery, and 25 000 for bifur-
cation artery, depending on the artery geometry and the struc-
ture of plaque and macrophage layer.

In this study, commercially available multi-physics software
package COMSOL Multiphysics in version 3.2 (COMSOL,
Inc.) for the finite element method is used for modelling and
solving coupled physics problems of the blood flow and the
heat transfer fields with heat generation in a two-dimensional
steady-state problem. Convergence was obtained when the rel-
ative tolerances to control the error in each integration step was
less than 1 × 10−6 for the temperature and the velocity solu-
tions, which the number of iteration was 25 for all the arterial
cases. Grid independence was verified by varying the mesh den-
sity under each arterial model at Re = 300. The finer meshes
were performed, which had 70 000, 50 000 and 50 000 elements
for straight artery, bending artery and arterial bifurcation, re-
spectively.

3. Results

In this study, the temperature inhomogeneity is characterized
with the following parameters:

(1) the arterial geometry and plaque location (Fig. 1),
(2) the heat generation produced by the macrophage layer

(q̇m),
(3) the thickness and length of the macrophage layer (dmp and

lmp),
(4) the depth at which the macrophage layer is encountered (lf),
and

(5) the thickness of the atherosclerotic plaque (dp = αdw).

For the calculations, the parameters shown in Table 2 are
used; to check the sensibility of unknown parameters, such as
the plaque thermal conductivity, the value of k for the plaque
and macrophage layer was varied ±20%. Variations of the max-
imum temperature registered in the plaque lumen interface was
of 0.01 ◦C. The plots presented herein indicate the temperature
change �T = (T −Ta) along the plaque surface for each one of
the arterial geometries considered. A coordinate system is de-
fined such that the horizontal axis coincides with the base of the
plaque. In order to compare with the different arteries studied,
the horizontal position is divided by the plaque length (lp).

3.1. Variation of qm

Figs. 3, 4 and 5 indicate how the temperature at the
plaque/lumen interface changes when the metabolic heat in
the macrophage layer takes the values of q̇m = 0.05, 0.1 and
0.2 W mm−3. The temperature distribution in the three vessels
presents a maximum, which value is proportional to q̇m, and
its magnitude varies with the arterial geometry. The largest in-
crease of temperature change �T is observed 0.03 < �T < 1.6
at the arterial bifurcation, and the smallest increase occurs
0 < �T < 0.8 at the bending artery. It is observed that the
arterial geometry affects the temperature distribution, as well
as the location of the maximum temperature change �Tmax =
(Tmax − Ta) over the plaque/lumen interface. In the bending
artery, �Tmax occurs closer to the center of the macrophage
layer; where as, in the straight artery and arterial bifurcation,

Fig. 3. Temperature change at the plaque/lumen interface produced by varia-
tions in the local heat generation in the plaque q̇m for a straight artery with
stenosis. In this figure, the macrophage layer dimensions are lmp = 3.335 µm
(lmp = lp/2) and dmp = 25 µm, dp = 250 µm, and lf = 50 µm. The black lines
correspond to Re = 300 and the gray lines represent Re = 500.
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Fig. 4. Temperature change at the plaque/lumen interface produced by varia-
tions in the local heat generation in the plaque q̇m for an arterial bend. In this
figure, the macrophage layer dimensions are lmp = 1.500 µm (lmp = lp/2) and
dmp = 25 µm, dp = 540 µm, and lf = 50 µm. The black lines correspond to
Re = 300 and the gray lines represent Re = 500.

Fig. 5. Temperature change at the plaque/lumen interface produced by varia-
tions in the local heat generation in the plaque q̇m for an arterial bifurcation. In
this figure, the macrophage layer dimensions are lmp = 1.500 µm (lmp = lp/2)
and dmp = 25 µm, dp = 670 µm, and lf = 50 µm. The black lines correspond to
Re = 300 and the gray lines represent Re = 500.

the maximum temperature is registered at the downstream edge
of the plaque. This difference is resulted from the presence of
flow separation at the bending artery and the flow circulation
observed at the arterial bifurcation, respectively. These flow in-
stabilities depend on the arterial geometry, plaque size, and the
magnitude of the blood velocity registered during the cardiac
(a)

(b)

Fig. 6. Flow circulation observed around an inflamed plaque located in an arte-
rial bifurcation. Results shown correspond to two different Reynolds numbers
(Re = 300 and Re = 500) and q̇m = 0.1 W mm−3, dp = 670 µm, dmp = 25 µm,
lf = 100 µm and lmp = 1500 µm.

cycle. Figs. 6(a) and (b) show the flow circulation observed in
an arterial bifurcation.

The blood flow in straight artery has no flow instabilities
for the entire region of plaque, which forces �Tmax to occur
downstream near the end on the plaque. For the bending artery,
the boundary layer is thinner at the upstream edge and encoun-
ters a separation point near the apex of the plaque. The thinner
boundary layer contributes to the transport of thermal energy
from the plaque surface to the blood flow, which explains the
slow increase of �T observed at the upstream edge of the
plaque (Fig. 4). In the bifurcation case of Fig. 5, blood flow
of higher Reynolds number produces higher temperature distri-
bution, which is contrary to the observations in the bending and
straight arteries (Figs. 3 and 4). It is explained by the presence
of circulation occurred in the regions surrounding the plaque as
indicated in Figs. 6(a) and (b).

3.2. Quantification of flow circulation

To quantify the effect of flow circulation on the tempera-
ture in the plaque/lumen interface and the blood surrounding the
plaque, the absolute circulation is calculated in the anterior and
posterior regions of the plaque as indicated in Figs. 6(a) and (b).



O. Ley, T. Kim / International Journal of Thermal Sciences 47 (2008) 147–156 153
Table 3
Average absolute circulation modified or absolute circulation (ΓABS/Atot) in
the anterior (RA) and posterior (RP) regions of an atherosclerotic plaque lo-
cated in an arterial bifurcation

Re no. RA RP

300 87.1 101.5
400 105.2 120.2
500 122.9 139.5
600 140.0 159.2

The relationship for ΓABS/Atot measured in s−1, is obtained from [39], where
ΓABS is the modified or absolute circulation parameter, and Atot is the total
wetted area over which ΓABS is calculated. The velocity profile is calculated
considering the geometry indicated in Fig. 1 and following parameters: q̇m =
0.1 W mm−3, dp = 670 µm, dmp = 25 µm, lf = 100 µm and lmp = 1500 µm.

These figures show the stream lines associated to the blood
flow in the arterial lumen. The absolute circulation is calculated
based on [39], using the equation ΓABS/Atot = (Σ |ξ |�A)/Atot,
where Atot is the total wetted area of the region of interest, ξ

is the vorticity calculated by the curl of the velocity field, and
�A represents the area of each mesh element inside the inter-
est region. The values of the absolute or modified circulation
(ΓABS/Atot) are calculated for the different Reynolds numbers
considered, and are given in Table 3. These calculations are
presented to quantify the flow structure near the plaque and re-
late such property to the temperature variation observed in the
blood near the inflamed plaque. Figs. 7(a) and (b) show a series
of temperature contours surrounding the plaque in an arterial
bifurcation. As blood flow increases, heat transport is reduced
due to flow circulation, which decreases cooling effect of blood
flow.

3.3. Variation of dmp

As another important factor affecting the temperature dis-
tribution, macrophage layer thickness dmp is varied. It is ob-
served that as the macrophage layer thickness dmp increases,
the maximum temperature �Tmax increases proportionally in
all the arterial cases studied. Figs. 8 and 9 show the cases of
straight artery and arterial bifurcation. Particularly, the increase
of dmp of 100% produce an average �Tmax increase of 92, 90
and 94% for the straight, bending and bifurcation cases, respec-
tively. The linear relationship between the macrophage layer
thickness dmp and the maximum temperature change �Tmax are
shown in Fig. 10, which is also observed in experimental stud-
ies [3,38]. The slopes of the linear functions are presented in
Table 4, depending on the arterial geometry as well as other
plaque parameters.

3.4. Variation of lf

The distance between the macrophage layer and the plaque/
lumen interface is referred as fibrous cap thickness lf. While
the variation of �T by means of fibrous cap thickness (lf) is
relatively smaller than other factors as shown in Fig. 11, it is
also an important parameter affecting the thermal stability of
the atherosclerotic plaque. Fig. 12 shows how �Tmax is reduced
as the magnitude of lf is increased in all the vessels studied. The
(a)

(b)

Fig. 7. Temperature contours around an inflamed plaque located in an arte-
rial bifurcation. Results shown correspond to two different Reynolds numbers
(Re = 300 and Re = 500) and q̇m = 0.1 W mm−3, dp = 670 µm, dmp = 25 µm,
lf = 100 µm and lmp = 1500 µm.

Table 4
Values of slope (m) and intercept (b) for Fig. 10 where the lines �Tmax =
b + mdmp are shown.

Vessel type m b r

Straight 0.0193 0.0819 0.9992
Bending 0.0148 0.0476 0.9999
Bifurcation 0.0278 0.0641 0.9999

These calculations correspond to the following parameters: q̇m =
0.1 W mm−3, lf = 50 µm, Re = 300, and dp = 500 (straight), 540 (bend-
ing), 670 (bifurcation) µm.

inverse relationship between the maximum temperature and the
fibrous cap thickness are presented in Table 5, and also ob-
served in experimental study [3].

3.5. Variation of dp

The effect of the plaque size is considered by varying the
parameter dp, that is, plaque thickness. The calculations per-
formed for dp = 250, 500 and 750 µm, indicate that the varia-
tions in the plaque size does not affect the temperature on the
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Fig. 8. Temperature change at the plaque/lumen interface produced by varia-
tions in the macrophage thickness dmp. This results correspond to the straight

artery with q̇m = 0.1 W mm−3, lmp = 3335 µm, dp = 500 µm, and lf = 50 µm.
The black lines correspond to Re = 300 and the gray lines represent Re = 500.

Fig. 9. Temperature change at the plaque/lumen interface produced by varia-
tions in the macrophage thickness dmp. This results correspond to the arter-

ial bifurcation with q̇m = 0.1 W mm−3, lmp = 1.500 µm, dp = 670 µm, and
lf = 50 µm. The black lines correspond to Re = 300 and the blue lines repre-
sent Re = 500. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

plaque/lumen interface considerably for all the different arterial
cases. With respect to variation of dp, �Tmax varied between 6
and 10%. However, large increase of dp implies that the vessel
can be considerably occluded, which affects the characteristics
of heat transfer as well as the blood flow at the region surround-
ing a plaque.
Fig. 10. Maximum temperature change �Tmax at the plaque/lumen interface
produced by variations in the macrophage layer thickness dmp. These results
correspond to the three arterial geometries considered, and the calculations fit
in the line �Tmax = b + mdmp, where values for the constants b and m are
given in Table 4 for each vessel geometry. These calculations correspond to
q̇m = 0.1 W mm−3, lf = 50 µm, Re = 300, and dp = 500 (straight), 540 (bend-
ing), 670 (bifurcation) µm.

Fig. 11. Temperature change at the plaque/lumen interface produced by vari-
ations in the fibrous cap thickness lf for an arterial bifurcation. Results
shown correspond to q̇m = 0.1 W mm−3, lmp = 1.500 µm, dp = 670 µm,
dmp = 25 µm and Re = 300.

4. Conclusions

A numerical calculation of temperature distribution at
plaque/lumen interface was carried out in three different ar-
terial systems (straight artery, bending artery and arterial bi-
furcation). In these vessels, the plaques of different sizes with
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Fig. 12. Maximum temperature change �Tmax at the plaque/lumen interface
produced by variations in the fibrous cap thickness lf for the three arterial
geometries. The data fits a straight line �Tmax = b + mlf, where the values
for the constants b and m are given in Table 5. Results shown correspond to
q̇m = 0.1 W mm−3, dmp = 50 µm, Re = 300, and dp = 500 (straight), 540
(bending), 670 (bifurcation) µm.

Table 5
Values of slope (m) and intercept (b) for Fig. 12 where the lines �Tmax =
b + mlf are shown

Vessel type m b r

Straight −0.0019 1.1722 0.9999
Bending −0.0008 0.4495 1.0000
Bifurcation −0.0012 0.7521 0.9999

These calculations correspond to the following parameters: q̇m =
0.1 W mm−3, dmp = 50 µm, Re = 300 and dp = 500 (straight), 540 (bending),
670 (bifurcation) µm.

various inflammatory cells content and distributions were con-
sidered. The plaque was located at the region of low wall shear
stress (WSS) as reported in the literature [12,14]. Due to the
presence of the macrophage layer, a hot spot is registered at
the plaque/lumen interface. Given the lack of measurements of
the macrophage heat generation in atherosclerotic plaques, the
magnitude of q̇m was assigned with the values of 0.05, 0.1 and
0.2 W mm−3.

It is shown that �Tmax is in general located behind the
apex of the plaque; the location of �Tmax is governed by ar-
terial geometry, flow instabilities such as flow separation and
flow circulation, and distribution of macrophage layer. The oc-
currences of flow separation and circulation are observed in
bending artery and arterial bifurcation, respectively. In bend-
ing artery, the thinner boundary layer before separation point
enforces the convective cooling effect of blood flow at the up-
stream of the plaque. In arterial bifurcation, as blood velocity
increases, the convective cooling effect is reduced with increas-
ing the size of flow circulation over plaque/lumen surface.

From the parametric studies, metabolic heat generation qm
accounting for macrophage population and macrophage layer
thickness dmp have more influence over the plaque temperature.
Meanwhile, plaque thickness dp insignificantly affects the tem-
perature on plaque/lumen interface. The variation of �T is in
proportion to metabolic heat generation qm, macrophage layer
thickness dmp and plaque thickness dp, whereas varies inversely
with fibrous cap thickness lf.

ten Have et al. have reported that the temperature differ-
ence at the lumen depends on heat source size, source geometry
and heat source production, but no arterial geometry effect was
mentioned for temperature distribution because the geometry
used for a model is only a straight tube of a coronary artery [10].
In our study, however, it is also observed that the effect of arte-
rial geometry is one of the significant factors affecting temper-
ature distribution and maximum temperature location because
different geometries establish the different blood flow profiles
and the occurrence of flow instabilities resulting in the variation
of local heat transfer at the plaque/lumen interface. For exam-
ple, compared the maximum temperature of straight artery case
with other cases, those of the bending artery and the arterial bi-
furcation are approximately 20% lower and 60% higher, which
show the flow instabilities.

Furthermore, arterial wall temperatures are significantly in-
fluenced by the blood flow running through the vessel which is
referred as the cooling effect of blood flow [40]. Currently, the
measurement using a catheter is subjected to large errors due
to the cooling effect of blood flow [41,42]. In the presence of
blood flow, the best spot to measure plaque temperature is be-
tween the middle and the far edge of the plaque where the point
of maximum temperature can be located. It can be also postu-
lated that direct measurements should be taken very close to the
plaque/lumen surface. In our further studies, the transient cases
with different physiological pulsatile flow conditions will be
carried out to calculate the flow and temperature distributions.
The inlet conditions of a waveform function will be modified
for the flow condition such as normal cardiac cycles or occlu-
sion cardiac cycles.
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