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Abstract.

OBJECTIVES: To elucidate the role of fluid mechanical factors in the localized genesis and development of atherosclerotic
lesions in man.

METHODS: Flow patterns and preferred sites of atherosclerotic lesions in the human aortic arch were studied in detail using
isolated transparent aortic trees prepared from humans postmortem and by means of flow visualization of tracer polystyrene
microspheres, using cinemicrographic techniques.

RESULTS: Under the condition of steady flow that simulated mid-systole, the flow in the aortic arch consisted of three major
components; (i) a straight flow to the brachio-cephalic artery located close to the right dorsal wall of the ascending aorta;
(ii) a quasi-parallel undisturbed flow located close to the common median plane of the aortic arch and its side branches, and
(iii) a clockwise slow, spiral secondary flow located dominantly near the left ventral wall of the aortic arch. Thus, looking down
the aorta from its origin, the flow in the aortic arch appeared as a single helical flow revolving in a clockwise direction.
CONCLUSIONS: Atherosclerotic lesions were found mainly in regions of low wall shear stress such as the proximal lip of
the orifice of each side branch where a slow recirculation flow formed, and the left ventral wall of the aortic arch where a slow
spiral secondary flow formed.

Keywords: Flow visualization, helical flow, recirculation flow, secondary flow, velocity distribution, wall shear stress

1. Introduction

Atherosclerosis is a degenerative disease that occurs in relatively large arteries by progressive thicken-
ing of the intima of the vessel wall, and its eventual hardening. Accumulation of low-density lipoproteins
(LDL, a main carrier of cholesterol in flowing blood) within the intima, and migration of macrophages
into subendothelial spaces are regarded as the two important steps that lead to the initiation of atheroscle-
rosis [1-5]. It has been shown that atherosclerotic changes of an arterial wall in humans occur not ran-
domly, and not everywhere in the arterial tree, but preferentially at certain sites such as the inner wall
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of curved segments and outer walls of bifurcations of relatively large arteries. At such sites, due to sud-
den changes in direction of the flow and/or vessel diameter, blood flow is likely to be disturbed by the
formation of secondary and recirculation flows, and endothelial cells are exposed to relatively low shear
stresses [6—11]. One of the representative sites is the region of the aortic arch and the abdominal aorta
that contains an acute bend and large diameter side branches. Therefore, extensive studies have been
carried out in the past years on both the preferred sites of atherosclerotic lesions and the blood flow in
this region. Localization of atherosclerotic lesions was studied by observing and analyzing the spatial
distribution of fatty streaks and complicated lesions formed on the intimal surfaces of the aortas obtained
from humans postmortem [6—11]. Blood flow was studied using various glass or plastic models, a cast of
the human aorta [12-20], and natural vessels in living humans [21-29]. Measurements of fluid velocity
were carried out mainly using ultrasound Doppler velocimeters [18,19,22]. Flow patterns were observed
by injecting dyes [15,30], or tracking the particles added to the fluid as a tracer [6,14]. Furthermore,
by the development of sophisticated diagnostic techniques such as echocardiography and magnetic res-
onance imaging (MRI), it has become possible to assess non-invasively the hemodynamics in various
models of the human aorta as well as in real vessels in living humans, and display flow patterns, velocity
profiles, and isovelocity contours [16,17,21,23,29,31]. It has also become possible to simulate the blood
flow in the aortic tree by means of Computational Fluid Dynamics [12,31-38]. However, although there
have been many studies on flow in the aortic arch, most of them were confined to the structure of the
flow within the arch. No information has been provided on detailed flow patterns in the junction region
of the three branches that we considered important in studying the relationship between blood flow and
preferred sites of atherosclerotic lesions. One of the reasons for that appears to be due to the difficulty
in making realistic models. Especially in the case of the aortic arch, it is not just a plane and curved
vessel but a twisted and tapered bend with several major side branches coming off the outer wall in
a region of high curvature. Another reason is that the flow visualization techniques mentioned above
provided only fragmental information on the flow such as velocity profiles at certain cross-sections and
dye streaks on only certain streamlines. To better understand the relationship between the blood flow
and the sites of atherosclerotic lesions in the human aortic arch and the abdominal aorta, it was deemed
necessary to study detailed 3-dimensional flow patterns and precise sites of atherosclerotic lesions in
real vessels. Hence we have prepared isolated transparent aortic trees from humans postmortem by a
method developed in our laboratory, and studied the relationship between the detailed flow patterns and
the preferred sites of atherosclerotic lesions obtained with them. In this paper, the results obtained on
the human aortic arch are described in detail. The results on the abdominal aorta will be presented in the
succeeding paper.

2. Materials and methods
2.1. Materials

Thirty-eight human aortas were obtained at autopsy in the Department of Pathology, Montreal General
Hospital, from 25 males and 13 females their ages ranging from 21 to 86 years (mean: 63 years old) fully
one day after the death of the subject.

2.2. Preparation of transparent aortic trees

Out of the 38 aortas, 12 aortas including the heart and nine major branches were pressure-fixed and
rendered transparent by modification of the method described by Karino and Motomiya [39].
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After rinsing the vessel with isotonic saline and clearing surrounding tissues, a small opening was
made to the left ventricle at its apex and a polyethylene tube having 9.8 mm i.d. and 12.3 mm o.d.
was inserted into the bottom portion of the left ventricle aligning its axis as close as possible to that
of the ascending aorta. The tube was firmly fixed to the heart by ligating the surrounding heart mus-
cles onto it, and this provided an inlet for a fluid from a head tank to the aortic tree via the left ven-
tricle. The pulmonary artery and veins were ligated, and then the nine major branches of the aortic
tree (brachio-cephalic artery, left common carotid artery, left subclavian artery, celiac artery, superior
mesenteric artery, left and right renal arteries, left and right common iliac arteries) were cannulated
with thin-walled stainless-steel pipes or polyethylene tubes. All other branches that included the inter-
costal arteries, inferior mesenteric artery and lumbar arteries were occluded at their branching points by
ligating with 6-0 Prolene suturing thread and coagulating them with a fulgurator.

The aortic tree was pressurized to the physiologic mean arterial blood pressure of 100 mmHg by
perfusing and immersing it in isotonic saline to stretch and set the vessel as close as possible to its natural
state in vivo and then mounted on a three-dimensional stainless steel supporting frame by ligating the
inflow tube and the cannula of each branch onto the arms of the supporting frame. The aortic tree with
the heart was then histologically fixed for a few days by perfusing with and immersing it in a mixture of
2% glutaraldehyde and 4% formaldehyde in isotonic saline at a perfusion pressure of 100 mmHg.

The aortic tree was dehydrated for about one week by perfusing with, and immersing it in ethanol-
saline mixtures of progressively increasing ethanol concentration under the same perfusion pressure, and
finally suspended in pure ethanol. Here, the aortic valve was fixed at its fully opened position by placing
a balloon catheter during the fixation and dehydration periods to simulate the condition in mid-systole.
Finally, the aortic tree was filled with and immersed in oil of wintergreen (methyl salicylate) containing
ethanol at 5% by volume under a perfusion pressure of 100 mmHg to render the aortic tree transparent.
Figure 1 shows the photographs of one of the aortic trees taken before (panel (a)) and after (panel (b)) it
was rendered transparent.

The vessel prepared by this method lost the elasticity of the natural living arteries during the process
of fixing, dehydrating, and rendering them transparent. However, the method did ensure the preservation
of the complex three-dimensional configuration of the natural aortic tree that we considered the most
important factor for studying the flow patterns.

Out of the 12 aortic trees pressure-fixed and rendered transparent, only 4 were actually used for flow
studies. The other eight were not usable for flow studies due to severe atherosclerotic lesions since the
thickened vessel wall and the calcified complicated lesions, that appeared as dark and black spots (cf.
Fig. 2), prevented light transmission and made it difficult to trace the movements of tracer particles.
They were used to collect information on spatial distributions of atherosclerotic lesions developed in
these vessels. Twenty-six aortas that were not pressure-fixed were detached from the heart, cut and
opened at the posterior wall and used to macroscopically locate the preferred sites of atherosclerotic
lesions.

2.3. Experimental procedures and analysis

The transparent aortic tree was placed horizontally in a large glass chamber (70 cm x 20 cm X 25 cm)
filled with the same liquid as that used to render the vessel transparent and trans-illuminated with a
tungsten-filament lamp. The aortic tree was observed from various angles by changing its orientation
relative to the direction of the light beams and photographed together with a ruler on 35 mm color or
black and white films with a Nikon FE 35 mm camera.
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Fig. 1. (a) Photographs (left anterior oblique view) of a human aortic tree with the heart taken just after it was pressure-fixed and
(b) after it was rendered transparent by perfusing with and immersing it in methyl salicylate containing 5% ethanol, showing
the geometric structure of the human aorta. A polyethylene tube inserted into the apex of the heart provides an inlet for fluid
from head tank to aortic tree via the left ventricle.

The aortic tree in the glass chamber was then placed on a vertically movable horizontal stage located
in front of the vertically mounted stage of an illumination system. The inlet tube inserted into the bottom
portion of the left ventricle was connected to a 4 liter-capacity head tank via a 6.4 mm i.d. polyethylene
tube. The outlet from each major branch was connected at its cannula to a collecting reservoir via a
flexible polyethylene tube whose inner diameter was about the same as that of the cannula.

The areas of interest in the aortic tree were trans-illuminated with condensed parallel light from a
tungsten filament lamp that was used mainly for observation, or high-intensity light from a 200 W d.c.
mercury arc lamp with a blue filter to eliminate ultraviolet illumination that was used for filming.

We used oil of winter green (methyl salicylate) containing 5% ethanol by volume to render the vessel
transparent. Therefore, to keep the arterial tree transparent, we used the same liquid as a substitute for
blood in our flow study. This liquid did not show non-Newtonian behavior like blood. However, in the
present study, the Reynolds numbers for the flow of the liquid in the human aorta were kept within
the range of physiological values of 6,100 (in young volunteers), and 4,200 (in age matched controls)
at peak systole (estimated based on the data of Biirk et al. [21] obtained in 15 subjects). Furthermore,
time-averaged wall shear rates assessed in any segment of the aorta were well over the critical value
of ~100 s~! above which blood behaves as a Newtonian fluid. Therefore, we considered that any non-
Newtonian characteristics of blood would have little effect on blood flow in the human aorta and hence
blood could be substituted by a Newtonian fluid.
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Using the above liquid, a very dilute suspension of a mixture of 50, 80, 115, 230 and 330 um-diameter
polystyrene microspheres (density p; = 1.06 g/lcm?®; Duke Scientific Corp., Palo Alto, CA) in oil of
wintergreen with 5% ethanol (density p = 1.16 g/cm?®, viscosity ;1 = 2.6 mPa s, refractive index
np = 1.53) was prepared and used as a substitute for blood. The reason why we used many different
size particles as a tracer was, that due to the occurrence of radial migration of particles away from the
vessel wall, only a few large size particles were found near the vessel wall and in the recirculation zones.
Therefore, to avoid the defect, we made a suspension of various size particles.

The head tank and the whole aortic tree including the outflow tubes connected to each branch were
filled with the suspension. Then the suspension was subjected to steady flow through the transparent
aorta, and by adjusting the height of the head tank as well as each collecting reservoir, the volume flow
rate ratio Quranch/Qrotal Was established within the physiological range under the resting conditions as
follows: brachio-cephalic artery: 0.14; left common carotid artery: 0.08; left subclavian artery: 0.08;
celiac and superior mesenteric artery: 0.15; right and left renal artery: each 0.12, and right and left
common iliac artery: each 0.08.

The behavior of individual suspended tracer particles flowing through the aortic arch was observed
through a zoom lens system attached to a cine-camera, and photographed on 16 mm cine-films at film
speeds from 500 to 1,000 frames per second. To better understand the three dimensional flow patterns,
the flow was observed and recorded from two different directions, that is, normal and parallel to the
common median plane of the aortic arch and its three side branches by rotating the aortic tree.

The developed 35 mm films were projected with a slide projector onto a glass screen and analyzed to
obtain inner diameters of the vessel. The developed 16 mm cine-films were subsequently projected onto
a drafting table, and the movements of individual tracer particles were analyzed frame by frame with the
aid of a stop-motion 16 mm movie analyzer (Vangurd Instrument Corp., Melville, NY) to obtain detailed
flow patterns and distributions of fluid velocity and wall shear rate (shear stress).

The representative geometric and flow conditions such as the vessel diameter, D,, mean volume flow
rate, (J,, mean fluid velocity, U, and Reynolds number, Re, = Doﬁp /i, were evaluated in the middle
portion of the ascending aorta. Here the cross-sectional shape of the aorta was not circular but elliptical.
Therefore, the diameter of the vessel was calculated assuming the vessel cross-section to be an ellipse,
taking the mean values of the length of the major and the minor axes.

The velocity distribution at various axial locations was obtained by plotting approximately 100 points
of the axial components of particle translational velocities (calculated from tracings of the tracer particle
paths that were in good focus and appeared to be located in or close to the median plane of the vessel
normal to the viewing axis) against the radial distance from the vessel wall. The wall shear stress,
Tw = pGy, was calculated by multiplying the wall shear rate, G, obtained from the slope of the
tangent drawn at the vessel wall on the near-wall velocity distribution by the viscosity of the fluid, 1. We
estimate the near wall spatial resolution of the particle velocity measurements was at most one diameter
of the largest tracer particle that was 330 um.

The wall shear stress obtained above was calculated using only the axial component of velocity. There-
fore, strictly speaking, it is not the true but an apparent wall shear stress. We used it as a first approxi-
mation of the wall shear stress. Details of the procedures used to obtain velocity distributions and wall
shear stresses are given in the Appendix.

The locations of the points of flow separation and stagnation (indicated by S and P, respectively, in
Fig. 3) were determined from the movements of the smallest visible tracer microspheres (50 or 80 um-
diameter particles) that flowed very close to the vessel wall. Throughout the whole flow studies and
analyses, special attention was paid to the events occurring near the vessel wall.
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3. Results
3.1. Anatomical structure of the aortic arch

Figure 2 shows the photographs of several aortic arches prepared in the present study. First, it was
found that the aortic arch was not just a curved pipe, but was a tapered vessel with three major side
branches coming off the aorta at the apex of the curvature. Secondly, the diameter of the aorta decreased
stepwise distal to each side branch. This feature was more remarkable in vessels of young subjects that
had fewer and milder atherosclerotic lesions as shown in panel (a). By contrast, in vessels obtained from
aged subjects, the proximal descending aorta was dilated as shown in panel (d). Thirdly, the aortic arch
was not plane but twisted around the branching site of the left subclavian artery towards the dorsal side
of the heart. Thus the descending aorta was located dorsally relative to the ascending aorta. Furthermore,
in vessels obtained from aged subjects that had more severe atherosclerotic lesions, the ascending aorta
was dilated and elongated as shown in panel (d), making itself convex towards the anterior dorsal wall,
as shown in panel (e). By contrast, the proximal descending aorta was convex towards the posterior
ventral wall. As a result, the space between the ascending and descending aortas was wider than that
of the vessels obtained from young subjects (cf. panels (a) and (d)). Finally, the orifice of the brachio-
cephalic artery was located not in the common median plane of the aortic arch and its two side branches,
that is, the left common carotid artery and the left subclavian artery (will be referred to median plane
hereafter) but displaced towards the dorsal side of the heart (cf. panel (c)), even though there was a
marked variation in branching patterns of the aortic arch as shown in panels (a), (b) and (d).

It was also noticed that the flow divider of side branches was sharp, and the vessel wall opposite the
flow divider was gently rounded. In several vessels, there was no interval between the orifices of the side
branches as shown in panel (a). Due to that, the outer wall (the vessel wall located opposite the flow
divider) of the left common carotid artery and left subclavian artery served as a part of the flow divider
of the brachio-cephalic artery and left common carotid artery, respectively.

3.2. Preferred sites of atherosclerotic lesions

Atherosclerotic lesions in the aortic arch were more severe on the ventral wall than on the dorsal wall in
thirty-two cases (85%). As shown in Fig. 2, panels (b), (d) and (e), atherosclerotic plaques were observed
frequently on the inner and/or the ventral walls of the aortic arch corresponding to the branching site of
the left subclavian artery. The proximal lip of the orifice of each branch was a little more affected by
atherosclerosis than the flow divider. However, the aortic wall just distal to the flow divider of the branch
was also affected in several vessels as shown in panel (d).

3.3. Flow patterns in the aortic arch

In the present study, flow experiments were carried out only under steady flow that simulated aortic
flow in mid-systole since the vessel walls of the aortic tree lost their elasticity and became rigid during
the process of fixing and rendering them transparent. As a result, it was found that, although the exact
nature of the flow was different from one vessel to another due to the variations in the curvature of
the arch and branching pattern of the three branches, the general flow patterns, characterized by the
formation of a single right-handed helical flow in the arch and a recirculation zone at the inlet of the
branches, were qualitatively the same. Given that, and the very laborious and painstaking nature of the
work involved in film analysis and preparation of drawings, we analyzed the films that recorded the flow
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Fig. 2. Photographs of a portion of the aortic arch of several post-mortem human aortic trees, rendered transparent, showing
the geometric structure of the aortic arch of a young person in which no atherosclerotic lesions developed in (a) and (c), and of
aged persons in which atherosclerotic lesions and calcified plaques developed in (b), (d) and (e).

(a) The arch and its side branches from a 21-year-old female observed normal to common median plane (left anterior oblique
view) and (c) observed along the common median plane (right anterior oblique view). Note: aortic diameter decreases stepwise
after each branch of the 3 arteries, and orifice and axis of the brachio-cephalic artery (BCA) do not lie in the median plane but
are displaced towards the dorsal side of the heart. (b) Left anterior oblique view of arch from a 67-year-old male showing small
calcified plaques at the inner wall of the distal arch and proximal descending aorta. (d) Arch from a 63-year-old male in a left
anterior oblique view, and (e) frontal view showing severe calcified plaques at (i) the ventral and inner walls of the mid-arch,
(ii) right lateral wall of the orifice of the BCA, (iii) proximal lip of the orifice of the left common carotid artery (LtCCA),
(iv) the outer wall of the aortic arch between the orifices of the BCA and left subclavian artery (LtSCA), and (v) the proximal
lip of the orifice of the LtSCA. Note: in these older men there was no stepwise reduction in aortic diameter and the ascending
aorta was deformed in the shape of a convex bulge towards the right anterior wall. The anterio-posterior distance between the
ascending and descending aorta is wider than that in the aortic arch shown in panel (a).
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in only one vessel. That vessel was the one we considered the best model prepared in the present study
judging from its configuration and the fact that it created minimal flow disturbances at the inlet of the
ascending aorta.

Figure 3, panels (a) and (b) show flow patterns represented by particle paths in the aortic arch shown
in Fig. 2, panels (a) and (c) that was prepared from a 21-year-old male subject. The former was observed
from the ventral wall to the dorsal wall, that is, normal to the median plane of the aortic arch. The latter
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Fig. 3. (a) Detailed flow patterns obtained in steady flow in the transparent human aortic arch from the 21-year-old female shown
in Fig. 2(a) and (c), observed normal to the common median plane of the arch and its branches (left anterior oblique view), and
(b) along the common median plane (right anterior oblique view). Drawing constructed by tracing paths of tracer microspheres
shows a clockwise rotational flow along the ventral wall of the arch and a small recirculation zone at the proximal lip of the
orifice (opposite the flow divider) of each branch. Solid lines: paths of particles located in or close to the common median
plane; short dashed lines: paths far out of the common median plane; long dashed lines or dash-dotted lines: paths located
between the first two types of paths. Arrows at “S” and “P” indicate the points of flow separation and stagnation, respectively.
Numbers at the outside of the vessel indicate the inner diameter of the vessel. Numbers along the particle paths indicate particle
translational velocities in mm/s at positions shown. Q; (¢ > 1): ratio of flow rate in aorta and in the branches to the inflow rate
(Qo). Parameters assessed at inlet of the aortic segment. Reo: Reynolds number, Dy: vessel diameter, QQo: volume flow rate,
Up: mean fluid velocity.
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was observed from the anterior wall to the posterior wall, that is, along the median plane. In this vessel
as well as in all other 3 vessels studied, the orifices and axes of both the left common carotid artery and
left subclavian artery were located approximately in the median plane of the aortic arch, while those of
the brachio-cephalic artery were located not in the median plane of the aortic arch but displaced towards
the dorsal side of the heart as shown in Fig. 2, panel (c) and Fig. 3, panel (b). Due to that as well as the
fact that the aortic arch was twisted around the branching site of the left subclavian artery towards the
dorsal side of the heart, the flow in the aortic arch was very complex.

The flow in the aortic arch consisted of three major components, namely, a straight flow to the brachio-
cephalic artery located close to the right dorsal wall of the ascending aorta, a quasi-parallel undisturbed
flow located close to the median plane of the aortic arch, and a clockwise rotational flow located domi-
nantly near the left ventral wall of the aortic arch. Thus, looking down the aorta from its origin, the flow
in the aortic arch appeared as a single helical flow revolving in the clockwise direction.

3.4. Detailed structure of the flow in the aortic arch
The flow ejected from the left ventricle was divided into three groups by the flow behavior of tracer

particles.

3.4.1. The particles on streamlines located on the dorsal side of the median plane
Particles flowed along the dorsal wall and entered the brachio-cephalic artery and the descending
aorta, forming the mainstream in that branch and the descending aorta, respectively. However, due to the
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particular arrangement of the brachio-cephalic artery, that is, both the orifice and the axis of the branch
were located not in the median plane but closer to the right dorsal wall of the aortic arch, particles that
entered the brachio-cephalic artery were deflected circumferentially on approaching the flow divider of
the branch. They traveled along the vessel wall of the branch to the dorsal wall wrapping the mainstream
in the branch as shown by the dashed lines, forming a strong single spiral secondary flow. A part of
them changed the direction on approaching the dorsal wall and flowed back towards the point of flow
separation indicated by the letter S. They then changed the direction again and joined the mainstream
in the branch. As a result, a small recirculation zone formed in the region of separated flow as shown
in Fig. 3, panels (a) and (b). Flow separation occurred at the dorsal proximal lip of the orifice of the
brachio-cephalic artery and at the inner (lower) wall of the mid-arch, as indicated by the letter S in
Fig. 3, panels (a) and (b).

3.4.2. The particles on streamlines located close to the median plane

The particles on the anterior part of the streamlines located close to the median plane of the aortic
arch directly entered the left common carotid and left subclavian arteries and formed the mainstream in
these branches as shown by the solid lines in Fig. 3, panel (a). Flow separation occurred at the proximal
lip of the orifice of each branch at the point indicated by the letter S in Fig. 3, panel (a). On entering
these branches, the particles were deflected at the flow divider to both sides of the median plane of the
aortic arch, due to the fact that the center of the orifice of these branches was located in the median plane
of the aortic arch. Then they traveled either along the ventral or dorsal wall wrapping the mainstream
in each branch as shown by the dashed lines. A part of them changed the direction on approaching the
anterior wall and flowed back towards the point of flow separation indicated by the letter S. They then
changed the direction again and joined the mainstream in the branch. As a result, a small recirculation
zone formed as shown in Fig. 3, panels (a) and (b). The others in larger orbits formed paired spiral
secondary flows along the anterior wall of each branch as shown in Fig. 3, panel (a).

The particles on the posterior part of the streamlines located close to the median plane of the aortic
arch passed by the junctions of side branches and traveled almost parallel to the vessel wall and entered
the descending aorta. Flow separation occurred at the inner wall (lower wall) at the point indicated by the
letter S in Fig. 3, panel (a). In fact, flow separation occurred not at a single point but along a curvilinear
line located three-dimensionally along the ventral inner (lower) wall. When they entered the proximal
descending aorta, they were deflected at the ventral posterior wall because the proximal descending aorta
was twisted towards the dorsal wall. They traveled along the ventral wall as shown by the dashed lines
in Fig. 3, panel (a), and were drawn into the region of separated flow formed along the inner wall of the
proximal descending aorta.

3.4.3. The particles on streamlines located on the ventral side of the median plane

In general, the particles travelled more slowly than those located on the dorsal side. Especially those
particles located along the outer and ventral walls of the proximal portion of the aortic arch traveled
very slowly along the left ventral wall encircling the mainstream as shown by the dashed lines in Fig. 3,
panels (a) and (b) and entered the region of separated flow situated along the inner (lower) wall of the
aortic arch distal to the point of flow separation indicated by the letter S in Fig. 3, panel (a). As a result,
a single helical flow (spiral secondary flow) revolving in the clockwise direction formed in the aortic
arch as shown in Fig. 3, panels (a) and (b).
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3.5. Distributions of fluid velocity and wall shear stress

Figure 4, panels (a) and (b) show distributions of fluid axial velocity and wall shear stress (to be
referred to velocity distributions hereafter) in the median plane and the diametrical plane normal to the
median plane of the aortic arch, respectively, corresponding to the flow shown in Fig. 3. As evident
from these figures, the velocity distribution at the proximal aortic arch was blunted and skewed towards
the dorsal wall due to the fact that the brachio-cephalic artery (the first and the largest branch) was
located on the dorsal side of the median plane of the aortic arch. Throughout the whole aortic arch, it
remained almost flat and did not skew towards the outer wall of the arch. The velocity distribution in
the branches was skewed towards the posterior (inner) wall as shown in Fig. 4, panel (a). Further more,
in the brachio-cephalic artery, it was skewed towards the ventral (left lateral) wall as shown in Fig. 4,
panel (b).

The distribution of wall shear stress showed that the ventral wall of the mid-arch, the dorsal-proximal
lip of the orifice of the brachio-cephalic artery, and the proximal lip of the orifice of other two branches
were exposed to low wall shear stress. Furthermore, although we could not obtain the wall shear stress
due to lack of sufficient number of tracer particles in some regions, judging from the velocity of tracer
particles shown along the particle paths, the lowest (or very low) wall shear stress was located in the
region of the recirculation flow that formed at the proximal lip of the orifice (opposite the flow divider)
of each branch. The locations of atherosclerotic lesions formed at the proximal lip of the orifice of three
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Fig. 4. Distributions of axial fluid velocity and wall shear stress obtained for the flow shown in Fig. 3, illustrating that velocity
profiles are almost flat throughout the entire ascending aorta, but skewed towards the dorsal wall in the arch and towards the
posterior (inner) wall in the branches. Wall shear stress was low at the ventral wall of the mid-arch and outer wall of each
branch. Numbers along velocity profiles give the maximum velocity at the cross-section shown. Numbers at the outside and
inside of the vessel show the respective inner diameter of the vessel and wall shear stress measured at each location.
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branches of the aortic arch shown in Fig. 2, panel (d) appear to correspond to these regions of very low
wall shear stress.

4. Discussion

To carry out the present study, we originally planned to investigate both flow patterns and preferred
sites of atherosclerotic lesions using the same vessel. However, it was not possible to do so due to the
severity of lesions in most of the vessels prepared from aged subjects. In such a vessel, it was likely that
flow patterns were modified by the presence of raised lesions. Therefore, we decided to divide the aortas
obtained at autopsy into two groups, namely, one with few lesions for the study of flow patterns and the
other with severe lesions for the study of preferred sites of atherosclerotic lesions. By doing so, we could
obtain initial flow patterns in the aortic arch before the development of atherosclerotic lesions and study
the relationship between the detailed flow patterns obtained and the preferred sites of atherosclerotic
lesions observed in vessels with severe lesions. We could also compare the flow patterns obtained with
the human aortic arches with those previously obtained with the dog aortic arches [40].

The present study was carried out in relation to the localization of atherosclerotic lesions. Therefore,
we focused our study to find out if there were any unusual features in flow patterns directly related to
the specific sites of atherosclerotic lesions observed in the aortas obtained at autopsy and used for flow
studies. To do so, based on the fact that atherosclerotic lesions develop in relatively large arteries where
flow is fast and over a long time, we considered that in the development of atherosclerotic lesions, the
average aortic flow rate during systole plays a more important role than the instantaneous rate at peak
systole. Therefore, we chose the flow rate characteristic of mid-systole as representative of the aortic
flow related to the localization of atherosclerotic lesions.

The flow in the human aortic arch obtained under the steady flow condition was essentially the same
as that we observed previously in the dog aortic arch although the number of side branches was different
[40]. It was characterized by the formation of a slow single clockwise rotational flow along the ventral
wall of the aortic arch and a recirculation flow at the proximal lip of the orifice (opposite the flow
divider) of the side branches. It appeared to be determined by three factors, that is, the velocity profile of
the outflow from the left ventricle, twisting of the arch, and the arrangement of the three side branches
of the aortic arch.

Regarding the velocity profile of the outflow from the left ventricle, Nayler et al. [29] obtained coronal
slices of the human heart and the aorta by using a cine-magnetic resonance and showed that the outflow
from the left ventricle was skewed towards the dorsal wall of the ascending aorta. Klipstein et al. [25]
studied blood flow patterns in ten healthy human aortas by magnetic resonance. They showed that the
velocity profile in the ascending aorta during systole was skewed towards the right posterior wall of the
vessel. In a similar study carried out using trans-esophageal cardioscopy, Frazin et al. [22] showed the
presence of a clockwise rotational flow (helical flow) in the aortic arch and proximal descending aorta in
healthy humans. More recently, much clear pictures of the helical flow were presented. Kilner et al. [24]
applied time resolved phase contrast magnetic resonance imaging (PC-MRI) to ten healthy volunteers,
and investigated the distribution of secondary flows in the aortic arch. They found that right-handed he-
lical flows predominated in the upper aortic arch in late systole in 9 of 10 subjects, although the patterns
in the upper descending aorta varied between subjects depending on arch curvature. They concluded that
helical and retrograde streams are consistent features of intra-aortic flow in healthy subjects that results,
at least in part, from the curvature of the arch and pulsatility of the flow in it. Morbiducci et al. [27,28]
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carried out similar studies by means of 4D PC-MRI. They obtained very clear pictures of right-handed
helical blood flow and confirmed that it is an emerging behavior that is common to normal individuals.
Biirk et al. [21] and Frydrychowicz et al. [23] studied interdependencies of aortic arch secondary flow
patterns, geometry, and age using 4D PC-MRI. They obtained a clear picture of helical flow in systole
and concluded that this was a typical pattern in standard crook-shaped aortic arch. However, they ob-
served substantially different flow patterns in the normal thoracic aorta depending on age and diameter
of the ascending aorta of the subject.

The results obtained by the use of various diagnostic equipments described above agree well with our
findings that the velocity profile at the inlet of the ascending aorta was skewed towards the dorsal wall
and a slow single clockwise rotational flow formed along the ventral wall of the aortic arch. However,
there is a certain difference between the flow patterns they obtained by the use of 3D and 4D MRI and
those we obtained by tracing particle paths. They showed the flow patterns at various times during one
cardiac cycle but only superficial pictures of helical and vortex flows that formed within the aortic arch,
while we provided detailed information on the structure of the complex flow not only in the aortic arch
but also in its side branches. We consider that the results of our present study, showing a right-handed
helical flow obtained under steady flow simulating mid-systole, are representative of one systolic seg-
ment of the blood flow patterns obtained by Kilner et al. [24], Frydrychowicz et al. [23] and Morbiducci
et al. [28,35] using 3D and 4D MRI.

Regarding the topographic distribution of atherosclerotic lesions in the human aortic arch, detailed
data are scarce, and the only article we came across is by Yamanaka et al. [20]. Presumably, this is
due to the fact that the atherosclerotic lesion that occurs in this region is not so serious compared to that
occurs in the abdominal aorta. Yamanaka et al. [20] investigated the prevalence of atherosclerotic lesions
in the region of the aortic arch on fifty autopsy specimens by dividing the aortic arch and the adjacent
aorta into 9 segments. Their results showed that the degree of atherosclerosis was significantly higher in
the arch than the ascending aorta, and it was predominant at the anterior wall of the distal aortic arch,
especially the aorta distal to the left subclavian artery, and around the orifice of the brachio-cephalic
artery. In our present work, we have studied both the preferred sites of atherosclerotic lesions and the
flow in the human aortic arch, and made it clear that atherosclerotic lesions were localized in regions
where wall shear stress was very low as previously reported for other parts of human cardiovascular
system [6,10]. Precise sites of atherosclerotic lesions we observed were the ventral wall of the aortic
arch close to the branching site of the left subclavian artery where a slow single clockwise rotational
flow formed and the proximal lip of the orifice of each side branch where a recirculation flow formed.
It has been shown that dissecting thoracic aneurysm frequently originates around the orifice of the left
subclavian artery [41,42]. It is very likely that the dissection starts right from the site of atherosclerotic
lesions.

There were several different patterns in branching of the three side branches as shown in Fig. 2 and
pointed out in the anatomical studies carried out by Zamir and Sinclair [43]. However, from our own
results obtained with the human and dog aortic arches, it did not seem that the flow in the aortic arch
was directly affected by the branching pattern. In addition to the branching pattern, it was also noted that
the shape of the aortic arch varied very much from one to another. Presumably it was partly due to the
decrease in wall elasticity with aging and development of atherosclerotic lesions. Radiological findings
by Schlatmann and Becker [44] indicated that the ascending aorta protrudes towards the anterior and
dorsal wall, and the aortic diameter of the thoracic aorta markedly increases. We also observed such
phenomena in several vessels prepared from aged subjects (cf. Fig. 2, panels (d) and (e)). It is likely that
these morphological changes in the aortic arch also promote skewing of velocity distributions towards
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the dorsal wall as shown by the study of velocity distributions carried out by Yearwood and Chandran
[45] using a cast of the human aortic arch. Enlargement of aortic diameter will decrease the fluid velocity
hence wall shear stress. This may in turn result in the formation of not only a helical flow but also
intra-aortic vortices as observed by Biirk et al. [21] and Frydrychowicz et al. [23], and accelerate the
development of atherosclerotic lesions.

In some vessels, atherosclerotic lesions were located not only at the proximal lip of the orifice but
also at the flow divider of side branches of the aortic arch. This might be due to the anatomical structure
that no aortic wall lies between the orifices, and that the stagnation points, where the flow impinges on
the flow dividers of the brachio-cephalic and the left common carotid arteries were located close to the
separation point as shown by the letter P in Fig. 3, panel (a). In all the cases, preferred sites for the
development of atherosclerotic lesions corresponded to the regions of low wall shear stress.

In summary, we have studied the flow patterns and preferred sites of atherosclerotic lesions in the
human aortic arch, and found that the flow in the aortic arch consisted of three major components, that
is, a straight flow to the brachio-cephalic artery located close to the right dorsal wall of the ascending
aorta, a quasi-parallel undisturbed flow located close to the median plane of the aortic arch, and a slow
clockwise rotational flow located dominantly near the left ventral wall of the aortic arch. Atherosclerotic
lesions were localized in regions of low wall shear stress such as the proximal lip of the orifice of each
branch where a slow recirculation flow formed, and the left ventral wall of the aortic arch where a slow
spiral secondary flow formed.
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Appendix
A.l. Measurement of the velocity distributions

One put a tracing paper on the drafting table, and traced the contour of the whole aortic arch from one
projected frame of a 16 mm cine-film. Then, one chose the diametrical plane where a velocity distribution
was to be obtained and drew a diametrical line there. The movie was then run for a short time to find a
particle that was in good focus and appeared to be located in or very close to the median plane of the
vessel normal to the viewing axis. The movie was reversed to the point where the particle first appeared,
and then one traced it by marking the particle center frame by frame (the number of frames determined
by its velocity) about the same number on both sides of the diametrical line. A line was then drawn that
covered all the points traced. If the line did not cross the diametrical line at right angle, then a straight
line that passed through the junction of the above two lines and normal to the diametrical line was drawn.
Then the end points of the particle path were projected onto this new line to get an axial component of
the particle path. After that, the particle path was moved forward so that the rear end point came onto the
diametrical line and the projected length of the particle path represented the magnitude of particle axial
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velocity. We followed the same procedure for approximately 100 particles for the large diameter aorta
and a smaller number of particles for the smaller diameter branches, and then chose the line (particle
path) that was the longest in each division marked on the diametrical line. Using the forward end points
of these lines (particle paths) and the two points at the junction of the diametrical line and the inner
wall of the vessel where the velocity was assumed to be zero (no slip condition), we drew a best fit
curve that covered most of the highest velocity points in each division of the diametrical line. The actual
velocity (axial component) of the particle at one point on the diametrical line was obtained by using the
length of the particle path together with the number of frames traced (a constant), film speed, and the
magnification of the vessel on the tracing paper.

A.2. Measurement of the wall shear stress

Using the data on axial velocity obtained above, we plotted the axial velocity against the distance from
the vessel wall on a large graph paper to prepare an enlarged version of near-wall velocity distribution. If
there was a large gap between the velocity points, we traced some more particles near the vessel wall and
added the points to fill the gap. Then using a curved ruler we drew a curved line that fitted most of the
highest velocity points. Finally, as described in Section 2.3 above, the wall shear stress, 7 = uGy, was
calculated by multiplying the wall shear rate, G,, obtained from the slope of the tangent drawn at the
vessel wall on the best-fit curve of the near-wall velocity distribution by the viscosity of the fluid, x. We
estimate the near-wall spatial resolution of the particle velocity measurements was at most one diameter
of the largest particle, that was 330 um.

The wall shear stress obtained above was calculated using only axial component of velocity. Therefore,
strictly speaking, it is not wall shear stress but an apparent shear stress. We used it as a first approximation
of the wall shear stress. The value of the apparent wall shear stress at the outer wall of the arch and the
posterior (inner) wall of the three branches, the ventral (left lateral) wall of the brachio-cephalic artery
where particle paths are parallel to the vessel wall will be very close to real wall shear stress but not so
close at the distal part of the inner wall of the arch and the anterior (outer) wall of the branches where
particle paths are not so parallel to the vessel wall.
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