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ABSTRACT  
Blood flow in a typical human aorta is 

considered by numerical simulations. Thrombi 
fragments (emboli) may reach the arteries leading 
blood to the brain. The flow in the aorta depends on 
the geometrical details and the temporal flow rate 
due to the cardiac output and the outflow from the 
branching arteries. Aortic flow is unsteady, swirling 
and may have a retrograde component during parts 
of the cardiac cycle. Retrograde flow may transport 
emboli into the branching arteries leading to the 
brain. Such a situation may occur also for particles, 
released late in diastole even when released in the 
descending aorta. The risk of stroke due to retrograde 
transport has also been observed clinically. Here, we 
simulate numerically the risk for emboli as a function 
of different heartbeat types. Particles with different 
properties were inserted, at different locations and at 
different time instants during the cardiac cycle. The 
motion of the particles and the forces acting on them 
may be used to assess risk for cerebral stroke. The 
temporal characteristic of the cardiac flow is an 
important stroke risk factor. It is shown that some 
clinical reports may underestimate the risk of stroke 
in thoracic aorta with small plaques (< 4 mm). 

Keywords: Cerebral embolus. CFD, LPT, 
Thoracic aorta, retrograde particle transport.  

NOMENCLATURE 
inlet  [-] The inlet plane 
FD,FL  [N] Forces acting on a particle 
FSaffman [N] Saffman lift force 
Fmass  [N] Added mass force 
CD  [-] Drag coefficient 
BC  [-] Brachiocephalic artery 
LC   [-] Left Carotid artery 
LS  [-] Left Subclavian artery 
Exit  [-] Portion of particles leaving  
Remain  [-] Portion of particle within the aorta 
IP1-IP4  [-] Injection Points (Figure 3). 
Rep  [-] Particle Reynolds number 

1. INTRODUCTION 
Stroke due to embolism may occur when a blood 

clot reaches a major artery supplying blood to the 
brain. The aortic arch has three major branches: the 
Brachiocephalic (BC) left Carotid (LC) and left 
subclavian (LS) arteries. All three arteries are major 
blood suppliers to the brain. Thus, blood clots from 
the heart, the ascending aorta, the aortic arch, or the 
proximal part of the descending aorta are all potential 
sources for ischemic stroke. Yet, it is not obvious 
whether a blood clot may enter BC, LC and LS at all. 
Atheroma in the proximal parts of the thoracic aorta, 
and in the aortic arch has often been observed in 
ischemic stroke patients when the atheroma diameter 
is larger than 4 mm [1].  

Further evidence for the relation between aortic 
atheroma and the risk for ischemic stroke has been 
accumulated over the past decades [3-10]. The 
observations presented in these references suggested 
that retrograde diastolic blood flow in the proximal 
descending aorta having larger plaques (> 4 mm) 
could be associated with brain embolism due to 
retrograde aortic flow. Such retrograde flows in the 
aortic arch and proximal descending aorta were 
observed and characterized several decades ago 
using ultrasound technique [10-11]. 

Geometrical details of the aortic arch branching 
play an important role in ischemic stroke. In general, 
it has been observed that the percentage of left-sided 
infarcts are more common. Elsaid et al [12] classified 
the branches of the aortic arch into three types. The 
main finding was that cardio emboli caused by atrial 
fibrillation tends to have left anterior cerebrovascular 
predilection. Similarly, Xu et al [13] studied the 
relationship between the different aortic arch types 
(i.e., geometrical shapes) and the location of large 
vessel occlusion (LVO) in cardioembolic stroke. It 
was found that the anatomical shape by itself is 
inadequate to determine the risk for ischemic stroke. 
In addition to the shape of the aorta, its mechanical 
properties (i.e. aortic wall stiffness) and the temporal 
behavior of the cardiac output affect the extent of 
flow reversal [14]. 
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The clots found in arteries vary considerably in 
shape and composition depending on the formation 
and degradation process that takes place naturally. 
In-vitro measurements of clots by Nahirnyak et al 
[15] reported the averaged clot density to be 1.08 103 
kg/m3 with an overall uncertainty in the density 
measurements of about 2%. Thrombi containing 
large volumes of fibrin have higher density, up to 
1300 kg/m3. The computation study by Choi et al 
[16], using the data of Nahirnyak et al [15] assumed 
thrombus size and density of 2-6 mm and 1080 
kg/m3, respectively. Pennati et al [17] and Neidlin et 
al [18] investigated numerically thrombectomy and 
endovascular mechanical recanalization, using 
thrombus density of 1300 kg/m3.  

The mechanism of clot transport depends both 
on the geometrical details of the thoracis aorta and 
the associated blood flow in it. The spatial and 
temporal details of the flow reveal the extent and 
variations of blood flow reversal. Fuchs et al [19-20] 
studied the volumetric extent of retrograde flow in 
the thoracic aorta for different cardiac flow rate 
profiles, concluding that details of the temporal 
behavior of cardiac flow profile impact on retrograde 
flow volume more than heart rate (HR) and cardiac 
output (CO). It was found that ratio of retrograde 
flow volume relative to the aortic volume depends on 
time and the character of the temporal variations in 
the cardiac cycle. Peak retrograde volume was 
reached at the local minimum of the volumetric flow. 
Peaks of wall shear-stress were observed at time 
instances when the time-derivative of the retrograde 
volume had (instantaneously) large temporal 
derivative. Rapid deceleration and elevated HR/CO 
were found to promote retrograde flow when 
expressed in terms of backflow volume relative to 
the total aortic volume. Although this measure may 
not directly reflect the potential of upstream 
thrombus transport, it raises the question of, and 
motivates investigating, the influence of retrograde 
flow dynamics on thrombus transport. The purpose 
of the current study was to assess the risks for 
ischemic embolus due to CO-pathology conditions, 
clot size and density, clot detachment location and 
instant during the cardiac cycle. The study is based 
on numerical flow simulations along with 
corresponding study of particle transport, depending 
on particle size, density, motion unsteadiness and 
local shear of the fluid.   

The main purpose of this paper was to expose the 
basic fluid mechanical driving mechanism 
responsible for transport processes in the thoracic 
aorta and that may lead to cerebral stroke. These 
aspects were assessed by tracking solid spherical 
particles released at some specific locations and at 
certain times of the cardiac cycles. The cardiac flow 
rate was kept constant (1 Hz), but the temporal flow-
rate distribution was changed such that the effects of 
deceleration and flow recovery on particle transport 

could be assessed. The modified cardiac output 
profiles are used to emulate heart arrhythmia. 

2. Methods 
The numerical simulations were carried out 

using a typical geometry of a generic human thoracic 
aorta (Swedish ethical approval Dnr 2017/258-31). 
The aortic walls were assumed to be rigid. The 
thoracic aorta has three major arteries, branching 
from the aortic arch (Figs 2-3.). These arteries lead 
blood to the upper parts of the body and to the brain. 
The flow distribution among the different branches 
may vary, depending on individual and 
instantaneous conditions. In the following 
simulations, the blood flow rate over the cardiac 
cycle was kept to 5 l/min. The temporal distribution 
into the inlet corresponded to the flow rate suggested 
by Benim et al [21]. The flow distribution among the 
four outlets was set to 15%, 7.5%, 7.5% and 70%, for 
BC, LC, LS and the exit from the proximal, thoracic 
part into its abdominal part of the aorta, respectively.   

The blood was assumed to be an incompressible, 
homogenous non-Newtonian liquid with constant 
density (1102 kg/m3). The non-Newtonian effect was 
accounted for through the Quemada model [22], 
which is based on the local red blood cell 
concentration and the shear-rate. In the following 
computations, only the strength of local shear-rate 
affects the local blood viscosity.  

The computational geometry was discretized on 
a sequence of grids. After evaluation of the accuracy 
on different grids (Fuchs et al [19-20]), a grid with 
about 6 million computation cells was used. Given 
the assumptions made on the blood and the 
geometrical set-up, the incompressible Navier-
Stokes equations were discretized on the final mesh. 
The equations were integrated in time over several 
cardiac cycles to eliminate initial condition effects.  

The computed results were used to assess 
particle transport from different locations and 
different particle properties. Particle transport was 
simulated in post-processing mode, repeating the 
final cardiac cycle several times (between 5 to 50 
cardiac cycles), depending on the injection mode and 
location. Commonly, one assumes that the main 
force acting on particles is the drag force. However, 
after estimating the effects of flow unsteadiness and 
the shear-rates found in the simulated cases, we used 
the contribution of different forces, when accounting 
for the motion of particles in the aorta. The particle 
equations are given in the section below. 

2.1 Particle tracking and forces 

Newton’s second law expresses the balance of 
forces acting on a solid spherical particle and its 
acceleration:  

𝐹௣  =  𝑚௣
ௗ௨೛

ௗ௧
=  𝐹஽  +  𝐹௣௥௘௦௦  +  𝐹௠௔௦௦ + FL (1) 

where Fp, is the force acting on the particle mp, 
and up are the mass and velocity of the particle; FD, 
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Fpress, Fmass and FL are the considered forces acting 
on the particle due to drag, pressure gradient, added 
(virtual) mass and lift, respectively. For a wide range 
of Reynolds numbers, the drag force, FD, can be 
expressed as: 

𝐹஽ =
1

2
𝐶஽

𝜋𝐷௣
ଶ

4
(𝑢௣ − 𝑢)ห𝑢௣ − 𝑢ห (2) 

 
where u and up are the local fluid and particle 

velocities, respectively. The drag is related to the 
relative velocity of the particle (u-up). The particle 
Reynolds number, Rep, is defined as Re=Dp |u-up|/, 
with  =m/f being the kinematic viscosity, p and f 
are the density of the particle and the carrier fluid, 
respectively. As the particle Reynolds number, Rep, 
is within the intermediate range (up to the order of 
50-100) for the cases considered here, the drag 
coefficient, CD was given by: 

𝐶஽ =   

ଶସ

ோ௘
  (𝑆𝑡𝑜𝑘𝑒𝑠 𝑓𝑙𝑜𝑤: 𝑅𝑒௣ < 1) 

ଶସ

ோ௘
(1 + 0.15𝑅𝑒଴.଺଼଻) 1 ≤ 𝑅𝑒௣ ≤ 10ଷ

      

    (3) 

The Fpress term is related to the pressure gradient 
in the fluid phase and the volume of the (spherical) 
particle. 

𝐹௣௥௘௦௦ =
1

6
𝜋𝐷௣

ଷ 𝛻𝑃 (4) 

The added mass force is due to the acceleration 
of the fluid, and for Stokes flow it equals to half of 
the particle mass times its acceleration: 

𝐹௠௔௦௦ =
1

12
𝜋𝐷௣

ଷ 𝜌௙  
𝑑𝑢௣

𝑑𝑡
 (5) 

The lift force is based on Saffman’s expression 
and hence it is denoted in the following by Fsaffman  (cf 
[23]). 

𝐹௦௔௙௙௠௔௡ = 𝐾𝜌௙𝐷௣
ଶ

−√𝜈

ඥ|𝛻 × 𝑢|
((𝛻 × 𝑢) × (−𝑢௣))    (6) 

This form of the lift force is valid for small 
particle Reynolds numbers (Rep) based on the local 
shear. 

When hitting the aortic wall the particles were 
assumed to be reflected without losses. 

3. COMPUTED CASES 
In the following we consider the effects of the 

dynamics of blood flow in a model of human thoracic 
aorta, and its effect on the transport of spherical 
particles. All cases are for a cardiac output of 5 l/min 
at a rate of 60 beat per minute (1 Hz). The aortic 
shape was fixed for the computed cases.  The 
following four different cases considered herein, 
differing from each other in terms of the temporal 
flow rate over the cardiac cycle: Case A stands for a 
common, periodic cardiac cycle. Case B is like case 
A, but with an abrupt termination of the late part of 
the systole, corresponding to a stop in blood pumping 
in the late part of systole. Case C is similar also to 

Case A bout with a 20% shorter diastole whereas 
Case D has a 20% longer diastole. Case B implies a 
fast deceleration of the flow, leading to strong 
adverse pressure in the aorta. The latter two cases are 
common to patients with cardiac arrythmia and may 
occur randomly or (less common) periodically. The 
four temporal volume flow rate vs time are depicted 
in Fig 1.  The blood pumped into the thoracic aorta 
leaves the vessel through four exits, as described 
above. 

 
Figure 1. The volumetric flow rate into the 

aorta. Case A (black marking), “base” case with 
60 beats/min and 5 l/min. The length of systole is 
roughly the same as the length of diastole.  Case B 
(red markings) is like Case A, but with an abrupt 
termination of systole, leading to the formation of 
a sudden pressure increase. Case C (blue 
marking) is the same as Case A but with a 20% 
shorter diastole and Case D (green marking) has 
20% longer diastole time.  

 
The thoracic aorta has a significant curvature in 

the section termed as the aortic “arch” and a further 
weaker tortuosity in direction out of the plane of the 
arch. The curvature of the aorta implies formation of 
secondary flow. Further curvature out of the plane of 
arch leads to the formation of vortices of different 
scales. Time-dependency of the flow adds to the 
geometrical effects in terms of formation of 
additional vorticity.  

 Fig 2. depicts the instantaneous rotation 
(curvature) and angular velocity of particles released 
from a spherical region in the distal part of the aortic 
arch. Note the strong variation of these parameters 
along the particle paths. This observation, along with 
the clinical observation as discussed in the 
introduction, motivated the simulations to assess the 
interactions between the cardiac flow and particles 
with different sizes and densities. 

The particles were released at four locations 
along the aorta (IP1 to IP4), as depicted in Fig 3. 
Particles injected into the aortic inlet were released 
continuously at the inlet plane. The number of 
particles leaving the four outlets increased until an 
asymptotic, final level was reached. These 
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simulations are useful to assess the accumulated 
impact of forces that the fluid exerts on the particles. 
A second mode, in which a given bolus of particles 
was released at certain instant of time within the 
cardiac cycle, was used to assess the risk for 
embolism from releasing particles at the different 
location at given time instance. 

The injected particles were tracked by 
integrating Eqs (1) to (6) in a post-processing mode. 
Particles could leave the computational domain 
through the four exits mentioned above (BC, LCC, 
LSC and Exit). The injected particles were followed 
over five cardiac cycles with integration time-step of 
1% of the cardiac cycle-time. The total integration 
time was long enough not to affect the total number 
of particles existing, the thoracic aorta segment 
under consideration. The accumulated number of 
particles leaving each exit plane relative to the 
number of injected particles was defined as the 
“Escape Rate” (ER). This criterion was used to 
reflect the risk for cerebral embolism.   

 
Figure 2. The instantaneous values of rotation 

and angular velocity on the particle paths. The 
particles were released from the spherical object 
downstream of the bifurcating arteries from the 
aortic arch. 

 

 
Figure 3. Particles were released at the 

marked locations (denoted by IP1 to IP4, 
respectively): The aortic inlet was used to inject 
particles continuously throughout the simulation 
at the inlet plane. The evolution of the number of 
particles leaving each outlet followed in time, over 
ten to fifty cardiac cycles. In all other cases 
particles were injected at the marked location 

only once at a given instant of time in the cardiac 
cycle (after long enough simulations to attain a 
periodic flow field). These particles were followed 
over fine cycles only to assess the portion of 
particle leaving the different arteries branching 
from the aortic arch.  

In the following we consider injection of 
particles particle injection into the aortic inlet (IP1), 
the arch (IP3) and the proximal descending aorta 
(IP4). The injected particles had the diameter of 2mm 
or 5mm and density of 1080 kg/l or 1200 kg/l, 
respectively. In each simulation, initial computation 
was carried out such that the effects of initial 
conditions were eliminated. 

Table 1. shows the number of particles leaving 
the four outlets, relative to the total number of 
injected particles (ER). Inlet injection was 
continuous (i.e. throughout the cardiac cycle), and 
the number of particles was accumulated over time 
until a balance between injection rate and ER is in 
balance. The Escape Rate in the table was computed 
by following particles injected at the entrance to the 
aorta and during 10 cardiac cycles. As noted, the 
particle size is more important than the particle 
density. We also note that the large number of the 
larger (5mm) particles as well as the large portion of 
remaining smaller particle left through the 
Brachiocephalic (BC) artery. 

The impact of the cardiac cycle on particle 
transport depends strongly on particle density and 
size. Irregular cardiac cycles (e.g. Cases C and D) 
lead to stronger transport of the 2mm particles 
through the aorta. The effect was much smaller for 
the 5mm particles. The risk for transport into the 
most distal (the left subclavian, LS) artery is almost 
twice as large for the irregular cardiac cases as 
compared to the periodic (Case A) cardiac rhythm. 

When assessing the risk for embolus transport 
into the arteries branching from the aortic arch, a 
single bolus of particles was injected for each 
particle type at certain instant of time. Table 2 shows 
the portion of particles leaving the aorta accumulated 
over five cardiac cycles. The table corresponds to an 
injection point at the aortic arch (IP3) and at 50% of 
the cardiac cycle (i.e. approximately the end of 
systole, IT=0.5). As noted, and as expected most 
particles leave the aorta in the streamwise direction. 
The risk for stroke is non-negligible for the larger (5 
mm) particles. A premature heartbeat (Case C) leads 
to elevated stroke risk also for the 2 mm particles. 
Particles released at other locations further 
downstream show similar behavior as shown in 
Table 2. Particles released further downstream in the 
ascending part of the aorta do not reach upstream, 
provided that the release instance takes place before 
mid-diastole. Fig. 4 depicts particle locations after 
five cardiac cycles, when the particles are released at 
the most distal location (IP4, shown in Fig. 3). Three 
different particle injection instances are shown: 
Release time at IT=0.25, 0.5 and 0.75 s (equals to 
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percentages of the time in the cardiac cycle). The 
particles are colored by the (Frobenius) norm of the 
stress tensor acting on the particle instantaneously.  

Early injection instants (i.e. during systole) lead 
to the advection of the particles downstream with 
low degree of retrograde flow that is inadequate to 
transport particles in the arteries of the aortic arch. 
Late injection times, such as the one shown in Fig. 4 
with IT= 0.75 s, leads to considerable retrograde 
flow. As the particles are injected during diastole, 
they are sucked upstream directly. During the next 
systolic phase (1< T <1.5 s) the particles are 
transported into all three branching arteries. 
Repeated simulations show that the highest 
probability for embolus is through the left subclavian 
(LS) artery. Indeed, the simulations do confirm 
clinical observation of higher stroke incident rate 
through the LC artery [12]. 

The stress acting on the particles may be large 
initially, depending on the relative velocity between 
the blood flow and the stationary thrombus. This 
stress determines also possible instant of 
fragmentation of the thrombus, and which is affected 
by the mechanical property of the thrombus. The 
norm of the stress acting on the particles increases 
over time and exceeds in all cases 1 N/m2. The 
impact of stress on the particles was not considered 
here and can be seen as be a limiting factor in the 
simulations herein.  

5. DISCUSSION 
The results may be divided primarily into the 

fluid-mechanical aspect and secondly on potential 
clinical impact. The results demonstrate that the 
transport of spherical, rigid particles depends not 
only the commonly assumed drag, but also the rate 
of flow deceleration during the cardiac cycle. The 
deceleration affects enters both into the added mass 
and the Saffman terms (Eqs (5) and (6)). The results 
clearly demonstrate the role of retrograde, near-wall 
flow to transport particles upstream in the thoracic 
aorta. The results also help in explaining the elevated 
embolus risk heart arrythmia with prolonged diastole 
followed by a normal systole. The clinical impact of 
this work implies that the physical properties and the 
embolus (i.e. density and diameter) along with the 
detachment location and instant during the cardiac 
cycle strongly affect the risk for stroke. The multiple 
factors leading to stroke make it practically difficult 
to use patient-specific data to predict the risk for 
stroke. 

The limitations of the study are due to the 
assumption made on the one-way coupling between 
the particles and the fluid. Further assumptions are 
made with respect to particle properties, solid aortic 
walls, particle-wall interaction and the limited 
variations in the imposed boundary conditions.  

 

6. CONCLUSIONS 
Detached thrombus fragments from the heart or 

the thoracis aorta was observed clinically as a 
potential risk for ischemic stroke (embolus). The 
simulations herein focus on the impact of particle 
size and diameter, release location and release instant 
of time in the cardiac cycle and not least irregularities 
in the cardiac cycle itself. The results indicate that 
the risk för stroke depends on all these parameters. 
Classification of stroke risk only by the aortic 
geometry as attempted clinically is inadequate, as the 
risk depends strongly also on the flow dynamics.  
The risk for stroke is very low for embolus released 
during systole and early diastole. Release in diastole 
implies risk for stroke with all four particle types. 
The results show that also smaller particles may lead 
to elevated stroke risk. This is in contrasts with 
clinical finings that the risk for stroke applies only 
for larger aortic atheroma with diameters larger than 
4 mm.  
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Table 1: Continuous injection of particles at the aorta inlet (IP1), after 10 cardiac cycles. The relative escape 
rate (ER) from the outlet planes of the thoracis aorta, expressed in percents. The 2 mm and 5 mm particles 
are shown in the upper and lower tables, respectively. The portion of injected particles that are found in the 
thoracic aorta after 10 cardiac cycle is denoted as “Remain”.  

 Case A Case B Case  C Case D 

 1080 1200 1080 1200 1080 1200 1080 1200 

Exit 37.4 36.6 37.0 36.3 44.1 43.3 43.3 42.6 

BC 9.5 10.2 9.7 10.4 8.9 9.7 10.3 11.2 

LC 6.3 6.7 5.7 6.4 5.0 5.4 5.8 6.0 

LS 5.1 5.9 6.8 7.2 4.8 5.4 6.7 7.4 

Remain 41.7 40.7 40.9 39.7 37.1 36.3 33.9 32.7 
 

 Case A Case B Case C Case D 

 1080 1200 1080 1200 1080 1200 1080 1200 

Exit 25.9 24.4 23.9 22.8 44.1 26.1 31.7 28.7 

BC 46.8 48.1 43.5 45.1 8.9 45.6 49.6 50.6 

LC 6.5 7.1 4.4 4.7 5.0 8.0 7.3 8.4 

LS 4.1 4.0 3.9 4.2 4.8 5.4 6.7 7.5 

Remain 16.8 16.4 24.2 23.3 37.1 15.0 4.7 4.7 
 

 
Table 2: Continuous injection of particles at the aortic arch (IP3), after five cardiac cycles. The relative 
escape rate (ER) from the outlet planes of the thoracis aorta, expressed in percents. The 2 mm and 5 mm 
particles are shown in the upper and lower tables, respectively. The portion of injected particles that are 
found in the thoracic aorta after 5 cardiac cycle is denoted as “Remain”.  

 Case A Case  B Case C Case D 

 1080 1200 1080 1200 1080 1200 1080 1200 

Exit 99.1 98.9 99.5 99.4 94.2 94.7 99.8 99.9 

BC 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

LC 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

LS 0.3 0.6 0.5 0.5 1.2 1.2 0.0 0.0 

Remain 0.5 0.6 0.1 0.1 4.6 4.1 0.1 0.1 
 

 Case A Case  B Case C Case D 

 1080 1200 1080 1200 1080 1200 1080 1200 

Exit 92.0 91.7 95.3 95.0 93.8 93.7 95.0 93.8 

BC 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

LC 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

LS 8.0 8.3 4.7 5.0 6.2 6.3 5.0 6.2 

Remain 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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IT=0.25 

 
 T=0.50    T=0.75    T=1.00   T=1.50 
 
 
IT=0.50 

 

  T=0.50    T=0.75    T=1.00   T=1.50 

 

IT=0.75 

 
  T=0.50    T=0.75    T=1.00   T=1.50 
 

Figure 4. Injection of a single bolus of particles (Case A) at IP4, marked in left frame in the lowest row. 
There injection instants in the cardiac cycles are considered in the frames above: IT=0.25, 0.5 and 0.75 of 
the cardiac cycle, depicted in the three rows, respectively.  The instantaneous particle positions, at different 
cardiac times are shown for each of the cardiac cycle instances is in the horizontal frames. T=0.75, 1, 1.25 
and 1.5 stand for cardiac instant corresponding to about mid-diastole, end-diastole, peak- and end systole, 
respectively. Time T> 1, corresponds to the 2nd cardiac cycle. The injected particles were of density of 1080 
kg/l and diameter of 5 mm. The norm of stress acting on the particles is used to color the particles (the 
colormap is shown in the low-left frame).  Note (low-right frame) that particles that are injected in diastole 
are transported upstream into all three arteries that branch out from the aortic arch. Particles injected 
during systole do not end-up in the branching arteries. 


