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Abstract Knowledge of blood flow mechanics is a critical issue (1) for an in
depth understanding of the relationships between hemodynamic factors and arte-
rial homeostasis and (2) for the identification of those flow features that lead to
changes in the function and health of vessels. While from one side there is clear
evidence that regions of disrupted flow are correlated to, e.g., the localization of
atherosclerosis, the development of aneurysms and non-physiological transport of
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species, on the opposite cause-effect links still do not emerge clearly. To allow for
a more effective and valuable understanding of blood flow structures and mech-
anisms in complex four-dimensional cardiovascular flows, in recent years a large
number of hemodynamic parameters have surfaced in the literature, enabling the
understanding of arterial hemodynamics and of the role of streaming blood in the
development of pathological events. In this work, a survey of the currently adopted
methods to characterize blood flow structures in arteries is presented and open
questions (1) on their clinical utility and (2) on the inherent limitations in their in
silico and in vivo application are discussed.

1 Introduction

The study of cardiovascular flows is of great interest because of the role of
hemodynamics in cardiovascular diseases, the single largest cause of death
worldwide and responsible for more than half of mortality in the developed
countries. Several tools were developed for the interpretation and analysis of
arterial hemodynamics. As a first approach, the study of arterial hemodynamics
has relied in the past on simplification of the physics of the problem. For example,
in 1775 Euler developed a series of equations which are nowadays widely adopted
for the study of pressure wave propagation phenomena in the vascular tree (Euler
1775), or Poiseuille’s Law has been used to model and represent blood flow
motion (therefore ignoring pulsatility and simplifying the blood velocity profile
shaped as parabolic). Another contribution was given by Womersley, whose
description of pulsating flows allows to model and represent more complex flow
patterns than the simple parabolic shape (Womersley 1955).

By late 1960s, Caro and others (1969) had shown that the localization of
vascular diseases at arterial branches and bends could be explained by the presence
of complex blood flow patterns at these sites. Subsequent studies have shown that
the local flow behaviour of blood is implicated in the formation of atherosclerotic
plaques and of phenomena such as thrombogenesis, atherogenesis, endothelial
damage, intimal thickening and hyperplasia (Karino and Goldsmith 1985; Ku et al.
1985; Giddens et al. 1993; Moore et al. 1994). The unfavourable hemodynamic
environment is often referred to with the vague expression “disturbed flow”, that
is usually used to imply mechanisms such as (1) the modulation of the friction
forces at the vascular luminal surface (Sun et al. 2007) and the consequent effects
on endothelial functions, and (2) the regulation/alterations in the mass transfer and
in the residence time near the wall of atherogenic particles.

In this context, the importance of the knowledge of accurate local blood flow
factors emerged, clearly requiring for methods with the capability of character-
izing the blood flow dynamics to ease the clinical interpretation of the disturbed
flow. Thus, the research on the role of the hemodynamics in vascular disease could
take advantage of methods of data reduction that allow quantitative assessments
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and comparisons. A variety of hemodynamic descriptors has been proposed over
the years to (1) reduce the inherent complexity of the four-dimensional blood flow
fields, (2) simplify the understanding of the flow dynamics, and (3) quantify
hemodynamic disturbances as potential indicators of vascular wall dysfunction.

In the past, the majority of the studies on this subject focused primarily on wall
shear stress (WSS, i.e., the force per unit area the flowing blood exerts on the
endothelial cells lining the vessel lumen) as quantitative indicator of disturbed
flow (Ku et al. 1985; Giddens et al. 1993). A large variety of parameters based on
WSS has been proposed over the years and employed in a relevant number of
studies. Only recently the interest in the role played by the bulk flow in the
development of the arterial disease has grown. Thus, descriptors with the capa-
bility of quantifying phenomena depending on the complexity of the blood flow in
the bulk are of great interest as they can offer insights, complement, integrate and
extend the information given by the WSS-based descriptors.

Here we present a review of the currently adopted methods to characterize and
classify blood flow structures in arteries. After a brief introduction about the
importance of WSS and its role in vascular wall pathologies, established
descriptors based on WSS, proposed over the years to quantify flow disturbances,
are presented. Then, the role of bulk flow in arterial hemodynamics is discussed
and different descriptors used to characterize bulk flow dynamics are introduced.
Finally, examples of the applications of the reviewed descriptors are reported and
the utility and perspective use of the introduced hemodynamic descriptors in the
clinical practice are discussed.

2 On the Importance of Wall Shear Stress (WSS)

The fluid forces acting on the vessels’ walls are thought to be capable of stimu-
lating the endothelium to produce several cellular factors that can inhibit or pro-
mote inflammatory events (Yoshizumi et al. 2003). In vitro and in vivo studies on
endothelial cells have shown contrasting effects between laminar shear flow with a
definite direction (e.g., as seen in the straight part of the arterial tree) and the
“disturbed” shear (e.g., as seen at arterial branch points and curved regions) in
terms of their signal transduction, gene expression, structure, and functions (Chien
2007; Chiu and Chien 2011). Evidence from in vitro and in vivo studies suggests
that both low WSS and highly oscillatory patterns of WSS cause intimal wall
thickening (Caro et al. 1969; Friedman et al. 1981; Ku et al. 1985; Glagov et al.
1988; Moore et al. 1994; Pedersen et al. 1997; Malek et al. 1999), as seen at sites
with such characteristics as curvatures, bifurcations, tortuosity and branching (in
general where flow velocity and shear stress are reduced and flow departs from
unidirectional patterns) (De Bakey et al. 1985). WSS can change the morphology
and orientation of the endothelial cell layer: endothelial cells subjected to a
laminar flow with high levels of WSS tend to elongate and align in the direction of
flow, whereas in areas of low and oscillatory WSS, endothelial cells look more
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polygonal without a clear orientation, with a lack of organization of the
cytoskeleton and intercellular junctional proteins (Galbraith et al. 1998). In
addition, it has been hypothesized that low WSS and the resultant stagnation of
blood permit prolonged contact of the vessel wall with platelets, granulocytes, and
metabolites that influence vascular homeostasis (Glagov et al. 1988; Shaaban and
Duerinckx 2000). An overview of the current knowledge on vascular mechano-
biology from a cellular to a tissue scale is reported by Chiu and Chien (2011).
Indeed, the importance of shear stress oscillation at the wall for the physiology of
the mechanosensitive endothelial cells has been pointed out by several authors,
often providing indices to quantify these occurrences.

2.1 Metrics for Quantitative Hemodynamics: Hemodynamic
Wall Descriptors

Various metrics have been proposed over the years to quantify WSS disturbances
by using metrics originally focused on WSS magnitude. The hemodynamic wall
parameters (HWPs) have then incorporated the information about spatial gradients
of WSS and about the temporal variations of WSS time—varying profiles evalu-
ating their harmonic content (Lee et al. 2009). Among the proposed HWPs, we
report in the followings the most used ones.

1. Time Averaged Wall Shear Stress (TAWSS)
1 T
TAWSS = T/ |WSS| - dt (1)
0

where T is the time interval during which the values of the WSS vector are
measured. Low TAWSS values (lower than 0.4 N/mz) are known to stimulate a
proatherogenic endothelial phenotype and are associated with intima/media
complex thickening, whereas moderate (greater than 1.5 N/m*) TAWSS values
induce quiescence and an atheroprotective gene expression profile (Malek et al.
1999). Higher TAWSS values (greater than 10 = 15 N/m?, relevant from
25 = 45 N/m?) can lead to endothelial trauma and hemolysis (Kessler 2002).

2. Oscillatory Shear Index (OSI)
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OSI is used to identify regions on the vessel wall subjected to highly oscillating
WSS directions during the cardiac cycle. Low OSI values occur at sites where
flow disruption is minimal, whereas high OSI values (with a maximum of 0.5)
highlight sites where the instantaneous WSS deviates from the main flow
direction in a large fraction of the cardiac cycle, inducing perturbed endothelial
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alignment (He and Ku 1996). Although the OSI can identify regions of flow
reversal, it is insensitive to shear magnitude. Sites where the TAWSS is low
may be characterized by significant OSI but not necessarily, indeed low shear
can result from flow expansion, which may follow from pulsatility, without any
local flow reversal. Similarly, strongly oscillatory flows can exhibit the same
OSI as very slow flows with the same waveform. As stated by Himburg et al.
(2004), it seems unlikely that endothelial cells sense OSI per se. Several
investigators, using histological data (Keynton et al. 2001; Goubergrits et al.
2002), demonstrated that only the presence of low and oscillating WSS favours
the atherosclerotic plaque formation, while if TAWSS is next to the
physiological range (1 <+ 2 N/m?), the intimal thickness is normal. These
considerations suggest that OSI might better be employed in combination with
other shear measures, rather than as a stand-alone index.

3. Relative Residence Time (RRT)

1 1
RRT = = 3
(1—-2- OSI) - TAWSS ‘fOTWSS-dt’ G)

RRT is inversely proportional to the magnitude of the time-averaged WSS
vector (i.e., the term in the numerator of the OSI formula). Himburg et al.
(2004) demonstrated that the residence time of particles near the wall is
proportional to a combination of OSI and TAWSS. RRT is simply another type
of time-averaged WSS, but inverted and with a more tangible connection to the
biological mechanisms underlying atherosclerosis (Himburg et al. 2004).
Indeed, Lee and colleagues (Lee et al. 2009) recommended RRT as a robust
single metric of “low and oscillatory” shear.

4. WSS Spatial Gradient (WSSG)

2
WSSG = — / \/ awss av;:sn> - dt (4)

where p and n are the directions respectively parallel and normal to the
direction of the time-averaged WSS vector. Thus, WSSG is calculated starting
from the WSS gradient tensor components. Proposed by De Paola et al. (1992),
the WSSG may be considered a marker of endothelial cell tension. Large
sustained WSS gradients produce endothelium dysfunction due to the aggra-
vating effects of spatially changing hemodynamic forces.

5. WSS Angle Gradient (WSSAG)

WSSAG = ID/TW@ dr (5)
_TT[ 0 "
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where D is the vessel diameter, and @, is the scalar field of WSS angle
deviations:

D, = arccos< WSS, - WSS, )

[WSS;| [WSS;| ©)

where WSS, is the WSS vector at the location of interest and subscript j is an
index for the surrounding stress vectors. Longest and Kleinstreuer (2000)
proposed the WSSAG to highlight regions exposed to large spatial variations in
the mean WSS direction, irrespective of magnitude. Areas with high WSSG are
thought to be related to intimal hyperplasia (Bunchanan and Kleinstreuer
1998): significant and sustained WSSAG values tend to handicap the endo-
thelial cell response initiating the process of atherosclerosis.

6. Dominant Harmonic (DH)

2
DH = max (FWSS <}’l ;)) ,n € N+ (7)

where Flwsg is the Fourier-transform of the time-varying waveform of the
WSS magnitude and 7 is a positive integer. The DH is thus obtained through the
Fourier decomposition of the WSS magnitude profiles along the cardiac cycle
and it is defined as the harmonic with the highest amplitude. Himburg and
Friedman (2006), proposing this descriptor, suggested that the frequency
spectrum of WSS time-varying profiles could play a role in the atherosclerotic
lesion development.

7. Harmonic Index (HI)

HI

Y Fwss (%)
T

== ,neNTt 8
>nzo Fiwss) (n3F) ®

[

The descriptor HI, whose value ranges from zero to one, was proposed by
Gelfand et al. (2006) as a measure of the relative contribution to the harmonic
amplitude spectrum of non-stationary intensity to the overall signal intensity. In
this way, it is possible to evaluate the relative contribution of the pulsatile
component of the WSS magnitude.
For practical purposes, many of the proposed HWPs provide essentially the same
information and therefore can be considered redundant. Lee et al. (2009), adopting
a computational dataset made of 50 carotid bifurcation models, tested for
correlations among a large variety of HWPs. Their comprehensive evaluation
demonstrated that RRT can be used as single marker of low and oscillatory shear,
and issues are questioned about the harmonic-based HWPs, related to their
definition in the presence of strongly non-axial flows (Lee et al. 2009). Thus, we
here iterate their recommendation to adopt RRT to localize areas of disturbed
shear on the vessel wall.
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3 On the Importance of Bulk Flow

Most mechanisms promoting degenerative phenomena and pathologies affecting
vascular districts deal with three- and four-dimensional phenomena. In addition,
the bulk flow plays a key role in determining WSS patterns. Notwithstanding, the
focus of the most part of the studies in the literature is almost exclusively on WSS-
based metrics as quantitative indicators of disturbed flow. In the past, the potential
role of bulk flow in the development of arterial disease was scarcely investigated.
This is partially due to the scarcity of robust quantitative descriptors of bulk flow
with the ability of operating a reduction of the inherent complexity associated to
four-dimensional flow fields in realistic geometries.

Recently, several studies both in silico and in vitro (Stonebridge et al. 1996;
Grigioni et al. 2005; Morbiducci et al. 2007a, b; Fan et al. 2008; Chen et al. 2009;
Liu et al. 2009; Zheng et al. 2009; Zhan et al. 2010) have renewed with quanti-
tative results the presumption that arterial bulk flow could elicit the fluid-wall
interaction processes leading to the onset of vessel wall pathologies (Ku and
Giddens 1983; Caro et al. 1996; Stonebridge et al. 1996; Malek et al. 1999;
Grigioni et al. 2005; Augst et al. 2007; Morbiducci et al. 2007a, b; Caro et al.
2009). These studies, in light of the observation that unfavourable effects like
alterations in mass transfer and particle residence times are strictly related to bulk
flow effects, especially when blood flow is complex, suggest that WSS-based
analysis should be complemented by a quantitative description of the bulk flow
and that such a description represents a potential source of information.

In order to investigate the relationships between particular blood flow patterns
and physiopathological events, helicity has recently gained recognition as able to
describe the arrangement of blood streams in complex patterns (Morbiducci et al.
2007b). The use of helicity to analyse bulk flow features has been applied by
several groups to different cardiovascular districts (see for example Morbiducci
et al. 2007b; Fan et al. 2008; Chen et al. 2009; Liu et al. 2009; Morbiducci et al.
2009a, 2010, 2011; Liu et al. 2010, 2011; Zhan et al. 2010; Lorenz et al. 2012).
Helicity is a measure of the alignment of the velocity and the vorticity vectors
(Moffatt 1969) and it represents the potential for helical flow, i.e., flow with a
corkscrew-like pattern, to evolve. Helical flow is the product of the composition of
translational and rotational motion and its role in vascular hemodynamics has long
been debated.

In the past, it was postulated that helical flow has a relevant importance in the
physiology of the vessel, preventing stagnation zones and flow separation at the
arterial walls. In the 1990s, researchers put forward hypotheses on the theoretical
advantages derived from helical blood flow (Stonebridge et al. 1996). Frazin et al.
(1990) put forward the idea of a relationship between the shear forces caused by
rotational flow and both the deposition of atherosclerotic plaque and the direction
and extent of aortic dissection. In the aortic arch, Kilner et al. (1993) suggested
that the stability induced by helical flow in the upper aortic arch spares this region
from the tendency for plaques to form, whereas more unstable flow patterns
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predispose to atherosclerosis; Bogren and Buonocore (1999) observed the presence
of helical flow regardless the age of the volunteers. Houston and colleagues
(Houston et al. 2003) found that carotid atheromatous disease is associated with a
reduction in the prevalence of a systolic helical flow pattern in the aortic arch.
Helical flow may also account for a significant amount of normal organ perfusion
(Frazin et al. 1996) from branch vessels due to the centripetal spin (i.e., imparted
tangential velocities) induced in blood. Moreover, an absence of aortic helical flow
might be a predictor of renal impairment deterioration in patients with renal artery
stenosis (Houston et al. 2004). In 2007, Morbiducci and colleagues (Morbiducci
et al. 2007b), investigating the existence of a relationship between helical flow
structures and vascular wall indexes of atherogenesis in aortocoronary bypass
models, found that an arrangement of the flow field in helical patterns may elicit a
damping in shear stress effects on the vessel wall. Chen and colleagues (Chen et al.
2009) found that intentional induction of helical flow in an endovascular stent
reduced the size of the disturbed flow zones, enhanced the average wall shear
stress, and lowered wall shear stress oscillations, which are adverse factors
involved in the development of arterial restenosis after stent deployment; the same
group (Liu et al. 2010) observed that the helical flow in the aorta may have great
influence on the distribution of the luminal surface concentration of low density
lipoproteins and, as a consequence, on the spatial distribution of atheromatous
plaques. Very recently, Gallo and colleagues demonstrated that a high amount of
helical flow suppresses the disturbed shear at the normal carotid bifurcation, but
this beneficial effect is moderated when one direction of rotation is predominant in
the flow field (Gallo et al. 2012a).

From a phenomenological viewpoint, an arrangement of the bulk flow in
complex helical patterns might play a significant role in the tuning of the cells
mechano-transduction pathways. It is likely that for highly helical flows, the
conservation laws within the Navier—Stokes equation inhibit the transfer of helicity
down the length scales, and thus the process through which energy is transferred
(Ditlevsen and Giuliani 2000). As a result of this inhibition, helical energy may
affect the focal contact between endothelial cell and the monocyte within the flow,
i.e., helical structures could elicit the convective dispersion of monocytes within
the vessel at all scales, due to the complex three-dimensional flow pattern. Fur-
thermore, the stability induced by helical flow and the decrease in laterally
directed forces may reduce turbulence in the tapering branching arterial tree and at
stenoses (Caro et al. 2002). Several authors emphasize the existence of a rela-
tionship between helical flow patterns and transport phenomena affecting blood—
vessel wall interaction (Pritchard et al. 1995); Hsiai et al. 2003; Morbiducci et al.
2007b; Zhan et al. 2010). These processes are fundamental to the initiation of
inflammatory responses, due to alterations in the residence time of atherogenic
particles (Caro et al. 1971; Friedman et al. 1987). Moreover, bulk flow structures
are primarily responsible for mass transfer (Caro et al. 1969; Ma et al. 1997), in
particular for those species within blood that take advantage of mixing induced by
convection. For example, several studies identify the oxygen flux to the arterial
wall to be another factor involved in the localization of atherogenesis (Santilli
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et al. 1995; Sluimer et al. 2008), while recent studies has provided evidence for the
existence of a relationship between shear-induced activation of platelets (Kroll
et al. 1996) and metrics that give measures for the alignment of the local velocity
and vorticity vectors (Morbiducci et al. 2009b; Massai et al. 2012).

According to these observations, it is clear that helical flow represents a natural
feature of arterial hemodynamics and that a thorough understanding of the gen-
eration and disappearance of helical structures in the streaming blood is of great
interest. In particular, helical flow could be used as a fluid dynamic signature for
the identification of sites prone to fibrointimal thickening and atherosclerotic
plaque formation (Gallo et al. 2012a).

3.1 Metrics for Quantitative Hemodynamics: Hemodynamic
Bulk Flow Descriptors

Helicity can provide a better understanding of the role of pitches and torsions in
the development of complex flow fields, describing and revealing the global
organization of the flow.

By definition, the helicity H(t) of a fluid flow confined to a domain D of three-
dimensional Euclidean space R® is the integrated internal product of the local
velocity vector and the local vorticity vector, and, being related to the magnitude
of the nonlinear term in the Navier—Stokes equation (and geometrically charac-
terizing the knottedness of vortex lines), it has a great influence on the evolution
and stability of both turbulent and laminar flows (Moffatt and Tsinober 1992).

H(x,1) = / V(% 1) - o(x, )V = / Hi(x, )V )
D

D

where v(x,f) and w(x,7) are the velocity and the vorticity vector, respectively, and
their internal product H; is the helicity density.

A useful indicator of how velocity field is oriented with respect to the vorticity
field is given by the local value of the cosine of the angle between the velocity and
vorticity vectors, obtained through the normalization of the helicity density Hy. In
the past, the quantity Localized Normalized Helicity (LNH) has been proposed
(Shtilman et al. 1985), defined as:

v(x;1) - o(x;7)  cos )
V(e n] P (10)
— 1< LNH<1

LNH(x; 1) =

where v is the velocity vector, o the vorticity vector, x is the position and ¢ the
time instant. The non-dimensional quantity LNH is the local value of the cosine of
the angle ¢(x; 1), between the velocity and vorticity vectors: the absolute value of
LNH can range between one, when the flow is purely helical, and zero, in general,
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in presence of reflectional symmetry in the flow. Moreover, the sign of LNH is a
useful indicator of the direction of rotation. Hence, LNH is a useful descriptor of
changes in the direction of the rotation of flow into vessels during the cardiac
cycle, because a local right/left-handed rotation can be identified by a change in
sign of the local value of LNH.

The definition of the bulk flow quantities introduced in this section can be
considered both as Eulerian or Lagrangian specifications of flow. In fact, a picture
of the spatial distribution of them is known at each instant of time (i.e., they are
function of position and time). On the other hand, they can be used to describe the
dynamical path history of a fluid element, identified by its position at some initial
time.

3.1.1 Eulerian Approach

Current in vivo (e.g., phase-contrast magnetic resonance imaging, PC MRI),
in vitro (e.g., particle image velocimetry), and computational methods used for
quantifying blood flow produce as output Eulerian velocity data, typically. The
velocity field itself has limited clinical relevance, typically the interest relies in the
transport of the fluid or in the forces produced by the fluid motion. The quantities
defined in Eqs. 9 and 10 can be calculated in an Eulerian field, starting from the
velocity field.

It is possible to define helicity bulk flow descriptors according to a Eulerian
approach. Basic characteristics of helical structures, like their intensity, the bal-
ance between counter-rotating structures, and their size can be evaluated by using
the following descriptors:

1
]’l] :ﬁ//Hk dvdt (lla)
T V

1
h =— Hy| dvd 11b
2=y | [ 1l ava (11b)
T V

h
hy = — 11
3 s (1lc)
h
o= ] = 11 (11d)
2
~ max(V,,V_) _Va (11e)

T min(V,V_)  V,
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he = (11f)

where V is the volume of fluid, V, (V_) is the total volume of the helical structures
rotating in the direction identified by the positive (negative) sign. The volumes V.
and V_ identify the volume occupied by the dominant direction of rotation V4 and
the volume occupied by the minor direction of rotation V,,,. The descriptor A, is the
time-averaged value of the helicity, normalized with respect to the volume of
integration. By definition, /; equals O in the presence of reflectional symmetry in
the fluid domain, for instance if the flow arrangement in the domain consists in
symmetric counter-rotating helical structures, while when it has signed values, its
sign indicates the predominant direction of rotation. The helicity intensity, given
by the integration of the absolute value of H;, defines descriptor &, and it is an
indicator of the total amount of helical flow in the fluid domain, irrespective of
direction. Descriptor 43 is a non-dimensional quantity ranging between —1 and 1:
its value equals —1 when only left-handed helical structures are present in the
domain, it equals +1 when only right-handed structures are present and it equals 0
in case of reflectional symmetry. The focus on the balance between counter-
rotating structures, neglecting what is the major direction of rotation, is given by
descriptor hy, defined as the absolute value of 43 and thus ranging between 0 and
+1. The descriptor &5 is the ratio between the volumes of the helical structures in
the dominant direction of rotation V4 and the minor direction of rotation V,,,. The
ratio of the helicity intensities in volumes V4 and V,, is given by descriptor #g.

This approach has been adopted in a very recent study (Gallo et al. 2012a, b).
Adopting a computational dataset composed of 50 normal carotid bifurcations,
they calculated the six descriptors /; and explored the relationship between the
helicity-based Eulerian descriptors and the overall burden of abnormal WSS. The
regression analysis underlined the importance of two descriptors (h, and hy)
quantifying the total helicity intensity in the domain and the ratio between the
helicity intensity of the counter-rotating helical structures. Thus, a high amount of
helicity in the carotid bifurcation flow field is instrumental in suppressing flow
disturbances. However this protective effect can be moderated when one direction
of rotation is dominant in the flow field. Hence, the onset of helical flow into the
carotid bifurcation could avoid atheroprone hemodynamics, contributing to limit
flow separation leading to low and oscillatory shear (Gallo et al. 2012a).

The advantages of a Eulerian specifications of those bulk flow quantities reside
mainly in the attractiveness of this approach for clinicians, due to its immedi-
ateness. Eulerian quantities in fact have a simpler definition, allows real-time
analysis and can give a picture of the entire flow field. Although is often rea-
sonable to infer the bulk fluid motion from inspection of the velocity data, a
quantification of the flow structures in unsteady flows (i.e., when the time history
of the velocity field has to be taken into account also) could be difficult and could
result in misinterpretations.
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3.1.2 Lagrangian Approach

Hemodynamic quantities such as residence times of individual fluid particles,
particle deposition, and particle shear exposure can be evaluated according to
Lagrangian specifications because they rely on knowledge of the dynamical path
history of a fluid element, and the Lagrangian characterization identifies the
element by its position at some initial time. They hence differ from other hemo-
dynamic quantities such as WSS, which can be addressed using Eulerian speci-
fications because a picture of the spatial distribution of these quantities is known at
each instant of time (i.e., they are functions of position and time).

Since the very first eminent studies, in order to extract Lagrangian hemody-
namic information, a one-way coupled Eulerian/Lagrangian method was proposed,
in which the effect of a particle’s motion on the surrounding flow field is neglected
(Ehrlich and Friedman 1977; Perktold and Resch 1990): in this way the
Lagrangian approach simply reduced to computing the particle trajectories from
the pre-computed Eulerian flow field.

In principle, to model blood flow in large arteries, particle-seeding scheme
reflecting the physiological distribution of blood corpuscles should be used.
However, the concentration of particles required to model the physiological sit-
uation would present extreme computational demands: the concentrations make
the computational cost of the particle motion modelling unfeasible (Tambasco and
Steinman 2001, 2002). Hence, these limitations force to employ alternative
approaches for the computation of meaningful path-dependent hemodynamic
quantities for arterial models of blood flow. Among them, the most cost-effective
seems to be the statistical approach, consisting of extracting the relevant quantities
from ensemble averages over a sufficient set of particles.

In general, Lagrangian derived parameters can be used in the study in a wide
range of arterial models of quantities of interest such as particle deposition, par-
ticle stress history (e.g., to investigate blood trauma) and, very recently, the level
of pitch and torsion in the flow development, obtained through helicity (Hyun et al.
2000, 2001; Kleinstreuer et al. 2001, Tambasco and Steinman 2001, 2002; Hyun
et al. 2004; Grigioni et al. 2005; Morbiducci et al. 2007a, b).

Recently a four-dimensional descriptor, the Helical Flow Index (HFI), has been
introduced in order to get a “measure” of the helical structure in the blood flow.
Originally developed and applied to computational models (Grigioni et al. 2005,
Morbiducci et al. 2007a, b), and very recently tested in vivo on 4D PC-MRI
measurements in the human aorta (Morbiducci et al. 2009a, 2011), the HFI rep-
resents the content of helical motion by clustering the information according to a
Lagrangian analysis of the flow. Previous studies demonstratedthat HFI is an
effective synthetic flow descriptor of complex, fully four-dimensional flow fields
(Morbiducci et al. 2007a, b, 2011).

Technically, the HFI is defined using the LNH as basic quantity. Considering
the trajectory described by the generic particle kK moving in a vessel, its dynamics
can be characterized by means of the quantity:
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hfix = [LNH(¢)dg (12)

Equation 12 is the integral sum, in time, of the LNH values experienced by the
k-th particle moving during the time interval (" — £/"").

Over the N, (k = 1,..., N,,)) particles moving in the fluid domain, the HFI can be
calculated as:

N,
1 P
HFl =—» #Kfi
Np; i (13)
0<HFI<1

The previous hemodynamic quantities (Egs. 12, 13) are considered Lagrangian
specifications of flow since they depend on knowledge of the dynamical path
history of a piece of fluid element.

The Lagrangian approach, that allows to extract path dependent quantities
tracking the fluid particle, in conjunction with visualization techniques, is par-
ticularly useful for characterizing unsteady flow patterns, and for highlighting
important hemodynamic features. Particle traces offer three-dimensional visuali-
zation of flow patterns which have proven to be useful tools to interrogate complex
flow fields in vessels and in general to reveal global organization of the flow
(Steinman 2000; Morbiducci et al. 2007a, b; 2009a, b), making easier to detect by
visual inspection the relevant flow features and to understand the true fluid motion.
The definition of path dependent quantities allows the investigation of dynamical
path histories and could offer a practical way to divide the particles into groups
regardless of position (e.g., using threshold for visualization). On the other hand,
the main disadvantages of a Lagrangian approach are a high computational cost,
the convectiveness of the particles, resulting in a poor control over the zone of
investigation that is determined by the particle motion and accumulation. Fur-
thermore, the influence of particle distributions and of particle seeding schemes on
quantities of interest is poorly investigated. Finally, adopting a Lagrangian
approach it is difficult to get a complete picture of the flow at specific time instants.

Alternatively to fluid motion tracking by computing particle trajectories
through velocity data integration, it is worth mentioning the recently proposed use
of the finite-time Lyapunov exponent (FTLE) to characterize flow kinematics of
unsteady flows. The FTLE measures the maximum linearized growth rate of the
distance between initially adjacent fluid particles, tracked over a finite time
interval (Haller 2001), and its calculation yields a scalar field derived from fluid
trajectories. Ridges of local maxima in the FTLE fields are able to reveal flow
features, identifying Lagrangian coherent structures (Shadden et al. 2005; Shadden
and Taylor 2008). For example, Shadden and Taylor (2008) and Vetel et al. (2009)
adopted this approach to visualize helical structures, vortex boundaries, flow
recirculation and flow separation regions in the human carotid artery.
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4 Hemodynamic Descriptors: Examples of in silico
and in vivo Applications, Their Significance
and Limitations

Nowadays, the coupling of medical imaging and computational fluid dynamics
(CFD) is used to obtain a realistic detailed description of the local hemodynamics.
This kind of image-based analysis is applied to study vascular districts with
marked predilection to vascular pathologies (Taylor and Steinman 2010), like the
carotid artery and the thoracic aorta. In the followings, we report two example of
image-based in silico and in vivo calculation of the introduced hemodynamic
descriptors.

As a first example, we adopted the anatomically realistic computational model
of a human carotid artery developed by Morbiducci and colleagues (Morbiducci
et al. 2010). Exhaustive details about the geometry reconstruction, the computa-
tional setup and the CFD simulations can be found in (Morbiducci et al. 2010).

In Fig. 1 we show different ways of visualizing the flow patterns within the
vessel. All the panels are representations of the same data, but the information
conveyed is different. From the observation of Fig. 1, it can be noticed that OSI
(panel A), TAWSS (panel B) and RRT (panel C) capture flow disturbances at the
same sites of the bifurcation, highlighting the bifurcation bulb site as the surface
area exposed to a higher risk. Helicity in the bulk flow can be visualized with a
Eulerian static depiction (Fig. 1, panel D) or a Lagrangian dynamic depiction
(Fig. 1, panel E). The Eulerian representation of LNH isosurfaces (Fig. 1, panel D)
is representative of the flow arrangement within the volume of the bifurcation,
going into detail about the formation of helical blood structures: counter-rotating
coherent helical structures arise at the base of the daughter vessels in correspon-
dence of the bulb. The particle traces, coloured by means of instantaneous value of
LNH, highlight the onset of a recirculation region and a flow separation region in
correspondence of the bifurcation bulb, qualitatively in accordance with the
localization given by the HWPs (Fig. 1, panel E).

A second example regards the evaluation of the HWPs in a CFD model of
thoracic aorta. Details are given in Gallo et al. (2012b) and Morbiducci et al.
(2013). TAWSS, OSI, and RRT distributions mainly capture flow disturbances at
the same sites, even though differences are present. In detail, they identify, as
regions of disturbed shear, areas on the curvature of the arch and focal regions in
the distal descending aorta (Fig. 2).

In the same subject, an in vivo evaluation of HFI was performed (Morbiducci
et al. 2009a, 2011). The particle traces in Fig. 3 show that the flow arrangement is
strongly characterized by the onset of coherent helical structures. Two large
counter-rotating helical structures arise in the proximal region of the outer wall
and develop towards the inner wall of the arch (Fig. 3).

This simple example demonstrates that it is possible to quantify arterial bulk
flow features in vivo with techniques that are mature for the application in the
clinical practice. This opens an intriguing scenario. In order to perform large scale
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Fig. 1 Synoptic representation of the presented approaches. Panel a, b and C depict OSI,
TAWSS and RRT distributions, respectively. Colour-code indicates areas exposed to OSI and
RRT values above the 80th, 85th, 90th and 95th percentile values over the bifurcation surface
area (panel a and c), and areas exposed to TAWSS values above the 5th, 10th, 15th and 20th
percentile values (panel b). Panel d shows a Eulerian representation of bulk flow helicity using
LNH iso-surfaces at the beginning of the cardiac cycle. Panel e displays a Lagrangian
representation of helicity: particles injected at the beginning of the systole are tracked during the
entire cardiac cycle. Each particle trace is colour-coded with respect to LNH values
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Fig. 2 Panel a, b and ¢ depict OSI, TAWSS and RRT distributions, respectively. Colour-code
indicates areas exposed to OSI and RRT values above the 80th, 85th, 90th and 95th percentile
values over the bifurcation surface area (panel a and c), and areas exposed to TAWSS values
above the 5th, 10th, 15th and 20th percentile values (panel b)

studies of hemodynamic risk in vessel wall pathologies, the ideal descriptors
should be easily measurable in vivo. The use of routinely-acquired clinical data
from which it is possible to infer the amount of disturbed flow would allow to
investigate the hemodynamic risk of vessel pathologies in large-scale studies and
in the clinical practice. Although great advances have been made in the area of
image-based CFD, such models are still cumbersome, time-consuming to construct
and use, and affected by a certain number of assumptions.

In vivo WSS estimate has been recently proposed, mainly by four-dimensional
phase contrast MRI (4D PC MRI), through which it is possible to directly acquire
3D and three-directional data on blood flow over time. However, several
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Fig. 3 Evolution of particle sets emitted during the flow deceleration phase in the thoracic aorta.
Color-coding of the particle traces was used to display the instantaneous LNH value. The
evolution is pictured at time intervals of 0.152 s

limitations affect the accuracy of the results. Since WSS depends on the spatial
velocity gradient at the vessel wall, it can be calculated from the MRI-measured
velocity fields, but limited spatial and temporal resolution, limited signal-to-noise
ratio, the difficulty of accurately segmenting the moving vessel lumens, partial
volume effects, and numerical derivation of the velocity field are likely to intro-
duce inaccuracies in the estimations of WSS.

To evaluate in vivo WSS, the main image parameters (in-plane pixel size, slice
thickness, number of time frames per cardiac cycle) must be selected according to
conflicting constraints. On one hand, they must be able to capture the flow features
within the vascular site of interest. On the other hand, the technological limitations
of MRI scanners bind the achievable image resolution in clinical practice, where a
trade-off policy is pursued by minimizing the overall costs and scanning time to
ensure the minimal requirements for diagnostic purposes. These clashing con-
straints become critical when the advanced processing of in vivo blood flow
datasets required to evaluate WSS is attempted. In fact, the application of numeric
algorithms including, for example, data interpolation, requires not only low noisy
data, but also spatial and temporal sampling rates sufficient to avoid the intro-
duction of a consistent source of numerical errors. In general, the definition of the
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optimal in vivo data sampling rate is challenging, since it depends on the
complexity of the sampled field and on the ‘regularity’ of the data, which is not
well defined a priori. At the moment, the environments traditionally used for
validating protocols, such as in vitro or theoretical models, do not give definitive
solutions to the problem, due to inherent limitations. In vitro validation is limited
by costs, time consumption, proper experimental setup to be built, intrinsic source
of noise and/or artefacts such as eddy currents, concomitant gradients, displace-
ment, misregistration, partial volume effects, intra-voxel phase dispersion and
aliasing. As for theoretical models, they remain extremely simplistic descriptors of
cardiovascular flows.

Frydrychowicz et al. (2011) in their excellent review underlined that WSS
estimates from 4D PC MRI measurements are restricted by a spatial resolution
between 1.4 and 2.4 mm that produces a WSS underestimation of one order of
magnitude when compared to CFD WSS maps (Frydrychowicz et al. 2011).
Boussel et al. (2009) stated that “Although 4D MRI can provide a rough estimate
of WSS, it is not currently capable of providing accurate absolute measurements”,
and Markl et al. (2010) affirmed that the current spatiotemporal resolution of flow-
sensitive 4D MRI can considerably underestimate the true WSS magnitude, thus
limiting the accuracy of wall parameter calculations.

The main problems arising from WSS in vivo calculations are the followings:

e MR measurements show poor sensitivity to low values of velocities. The
sensitivity is governed by the setting chosen for the velocity encoding level
(VENC). It is usual for the VENC to be set sufficiently high to avoid aliasing in
regions with the highest velocity; but in this way the velocity to noise ratio is
compromised in regions of slow flow, generally located at the boundary of the
lumen. Zhao et al. (2002) showed that MR measurements in a carotid bifurca-
tion phantom produced spurious velocity vectors in the near-wall region. Given
the fact that WSS is a function of near wall velocity gradients, they concluded
that WSS evaluated directly from the MR data might not be reliable at certain
locations. These limitations are only partially overcome by the recent diffusion
of systems with multiple VENCs. Another problem is signal loss due to intra-
voxel dephasing in regions of complex flow (Papathanasopoulou et al. 2003).
Unfortunately, these are precisely the regions of most interest.

e In addition to sources of errors in velocity measurement, the relatively low
spatial and temporal resolution of MRI results in an averaging of the measured
velocities which strongly impacts the calculated values of the velocity gradients.
The effects of spatial averaging resulting from limited spatial resolution are
particularly evident in regions with a broad distribution of velocities within a
single voxel, such as at the edge of vessels. Temporal resolution is also an
important factor. Indeed, current implementations of 4D MRI have relatively
low temporal resolution. Temporal averaging consists in velocity averaging
through time, reducing the ability of MRI to estimate transient events, and in a
substantial smoothing of the shear values particularly when these values are
high, i.e., in regions of rapid spatial change in velocity. To overcome resolution
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limitations, a longer time scan would permit an improvement of the resolution
but it also increases the likelihood of patient motion, which can substantially
degrade the measurements. Imaging at high field strengths would provide
increased signal-to-noise ratio which could be used either to reduce imaging
time by the use of higher acceleration factors, or to improve resolution, although
errors in velocity measurements that result from scanner imperfections at higher
field strengths are not yet well characterized.

e WSS calculation relies on lumen edge definition on the magnitude image of the
PC MRI which is often difficult to delineate. The precise identification of the
blood vessel wall boundary within the image pixel is difficult due to limited
resolution, and because that pixel may be partially covered with moving blood
and partially covered by the stationary vessel wall (Shaaban and Duerinckx
2000). Inadequate spatial resolution leads to partial volume effects at the vessel
walls and a limited number of velocity data points from which to estimate the
wall position. This results in errors in wall position and in local surface orien-
tation, degrading the WSS calculation. This is exacerbated when noise is
included from surrounding structures which is particularly pronounced if that
structure has little or no magnetization (e.g., air). Morbiducci et al. (2012)
observed, using a synthetic PC MRI dataset, that image processing steps
involving spatial and temporal interpolation of local velocity values to recon-
struct the vessel wall could lead to unreliable direct estimation of WSS from PC
MRI in vivo data. Fatemi and Rittgers (1994) compared polynomial curve fitting
from first through eighth order, and found that while lower-order polynomials
fail to capture important velocity profile information, higher-order approxima-
tions result in unpredictable results due to oscillations of the fitting functions.
Moreover, WSS calculation requires a selection of velocity vectors close to the
wall, and it is important to use a reasonable estimate of that distance as it can
affect the results. Results from Long et al. (2004) indicate that shear rate
determined at 250-300 pum from the wall will underestimate WSS by about
10 %.

Hence, direct accurate estimation of WSS from MR measured velocities is not a
viable option for in vivo applications just yet. A number of issues need to be
resolved. Developments in hardware are expected to reduce, though not entirely
eliminate, these effects but WSS in vivo estimation remains a significant technical
challenge.

As described previously, in recent years the computation of bulk flow quantities
has emerged as a possible strategy to describe the temporal and spatial complexity
of arterial blood flow and complement WSS-based atherogenic hemodynamic
classification (Morbiducci et al. 2010). Morbiducci et al. (2012) have demonstrated
using a synthetic PC MRI dataset the reliability of measured bulk flow hemody-
namics at spatial and temporal resolutions that can be adopted in the clinical
practice. They also showed that the higher reliability of bulk flow quantities with
respect to WSS-based descriptors could make the calculation of 4D bulk flow



A Survey of Quantitative Descriptors of Arterial Flows 19

descriptors an outcome which is less sensitive to the image resolution and might be
more suitable for in vivo application (Morbiducci et al. 2012).

Very recently, several authors successfully quantified helicity-derived quanti-
ties in vivo from time resolved phase-contrast measurements. Morbiducci and
colleagues (Morbiducci et al. 2009a, 2011) quantified helical flow in vivo in the
human thoracic aorta according to a Lagrangian approach: particle traces were
calculated from velocity data and characterized calculating the LNH. Harloff et al.
(2009) visualized and quantified helical flow from MRI measurements in carotid
artery, even though helical flow was categorized only based on the direction of
rotation (qualitative analysis). Lorenz et al. (2012) quantified in vivo the temporal
average of the normalized mean helicity on cross-sections in thoracic aorta, by
using helicity density and applying schemes previously tested in silico (Grigioni
et al. 2005).

5 Conclusions and Future Directions

The purpose of this chapter was to give an overview on the existing methods for
quantifying disturbed flow in arterial hemodynamics. Rather than providing a
comprehensive list of all the available approaches, we tried to organize this wide
matter in lights of the recent developments and the perspective use of these
quantities. Our aim was to provide the reader with the means for choosing the best
descriptor for the specific problem at hand. An important issue to be explored in
the future is the incorporation of hemodynamic descriptors (i.e., based on fluid
dynamics information) in appropriate measures of performance for surgical
interventions, device optimization, follow-up studies on subjects undergoing sur-
gical procedures (Marsden et al. 2008).
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