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Flow stagnation and residence time (RT) are important features of diseased arterial flows that influence
biochemical transport processes and thrombosis. RT calculation methods are classified into Eulerian and
Lagrangian approaches where several measures have been proposed to quantify RT. Each of these meth-
ods has a different definition of RT, and it is not clear how they are related. In this study, image-based
computational models of blood flow in an abdominal aortic aneurysm and a cerebral aneurysm were con-
sidered and RT was calculated using different methods. In the Lagrangian methods, discrete particle
tracking of massless tracers was used to calculate particle residence time and mean exposure time. In
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Transport tual ink approaches. Point-wise RT and Eulerian indicator RT were also computed based on measures

derived from velocity. A comparison of these methods is presented and the implications of each method
are discussed. Our results highlight that most RT methods have a conceptually distinct definition of RT

and therefore should be utilized depending on the specific application of interest.
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1. Introduction

Aneurysms are abnormal vessel enlargements with high mor-
bidity and mortality rates in the aging population. Abdominal aor-
tic aneurysm (AAA) and cerebral aneurysm (CA) are the two most
common and fatal kind of aneurysms (Humphrey and Taylor,
2008). Rupture of AAA records an overall mortality rate of 90%
(Assar and Zarins, 2009) and rupture of CA carries about 45% mor-
tality rate (Brisman et al., 2006). Blood flow and hemodynamics are
believed to influence the pathogenesis and pathophysiology of
aneurysms. One pathway connected with blood flow is transport
of biochemicals and cells in blood. Particularly, flow stagnation
and high residence time (RT) of specific biochemicals play a crucial
role in known complications associated with aneurysms such as
thrombosis and vessel wall inflammation. Flow stagnation is part
of Virchow’s triad for thrombus formation (Lowe, 2003; Dickson,
2004), and near-wall stagnation and build-up of inflammatory cells
such as monocytes contribute to vessel wall inflammation (Raffort
et al., 2017).

Image-based computational fluid dynamics (CFD) modeling has
become a popular method to obtain blood flow data and subse-
quently quantify various hemodynamic measures. Such methods
have been used to spot connections between hemodynamics and
aneurysm growth and rupture (Boussel et al., 2008; Meng et al.,
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2013; Martufi and Gasser, 2013). Previous studies have underlined
that regions of high flow recirculation and stagnation may allow
building a higher concentration of platelets and platelet-derived
factors (Suh et al., 2011b; Kunov et al., 1996; Perktold, 1987). These
changes may prompt thrombosis initiation on the aneurysm wall,
which may increase the risk of aneurysm expansion and rupture
(Satta et al., 1996; Wolf et al., 1994). Rayz et al. (2010) have found
a correlation between regions where thrombus deposition occur
in vivo and where CFD predicted elevated RT and low wall shear
stress (WSS). It has been shown that stagnation is required for
effective atherogenic processes (Chiu et al., 2003). It is hypothe-
sized that low WSS and high RT act as hemodynamic risk factors
for vascular disease (Ku et al., 1985; Nerem, 1992).

These studies have supported the importance of flow stagnation
and RT in cardiovascular disease. Numerous definitions of RT have
been proposed and utilized in various studies. Lagrangian and
Eulerian approaches are two classes of methods to evaluate RT.
Lagrangian methods are based on tracking particles (typically
massless tracers) advected by the flow and calculating a measure
representing RT, while Eulerian methods define RT by either solv-
ing a partial differential equation or proposing a measure based on
velocity vectors. The most common Lagrangian approach is particle
residence time (PRT), in which particles are released in the flow
and their spatial positions are traced over time to identify the time
each particle resides in the domain (Suh et al., 2011b,a; Butty et al.,
2002; Duvernois et al., 2013; Arzani et al,, 2014a). The second
Lagrangian approach for measuring RT is mean exposure time
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(MET) or sometimes called volumetric residence time where parti-
cles are released in the domain and the normalized cumulative
time of all the particles staying inside a subdomain is measured
(Lonyai et al., 2010; Sengupta et al., 2012; Duvernois et al., 2013;
Arzani et al., 2014b; Kunov et al., 1996; Tambasco and Steinman,
2002). In the Eulerian approach, a continuum advection-diffusion
equation with a constant source term is solved to track the accu-
mulation of time at each location (Esmaily-Moghadam et al.,
2013). This method has been used to model thrombus formation
in a stenosis (Narracott et al., 2005) as well as flow stagnation in
pulsatile ventricular assist devices (Long et al., 2014) and the left
ventricle (Rossini et al., 2016). Another technique was developed
to measure RT in an Eulerian framework where virtual-ink is
infused and the time it takes to leave the region of interest is mea-
sured (Rayz et al., 2010; Epshtein and Korin, 2018). Finally, simple
measures based on the velocity vector field have been proposed to
estimate RT in a simple manner (Mcllhany and Wiggins, 2012;
Esmaily-Moghadam et al., 2013).

Each of the aforementioned definitions of RT has been used in dif-
ferent cardiovascular flow applications. However, we do not yet
understand how these methods are related and there is a need to
establish a clear consensus of these techniques. In this study, the
aforementioned RT methods are implemented and compared in
image-based aneurysms where flow stagnation is of clinical interest.

2. Methods

Fig. 1 shows the full AAA and CA computational models, and the
highlighted region shows the region of interest where the different
RT measures explained bellow are quantified and analyzed.

2.1. Computational fluid dynamics (CFD)

The CA simulation was done using the finite-element CFD sol-
ver, Oasis (Mortensen and Valen-Sendstad, 2015). An internal car-
otid artery aneurysm model was selected from the Aneurisk online
database (Aneurisk ID: C0042). The model was meshed with
SimVascular (Updegrove et al., 2017). The mesh had 6.24 M linear
tetrahedral elements. A population-averaged pulsatile flow wave-
form (Hoi et al.,, 2010) was scaled to the inlet of the model
(Valen-Sendstad et al., 2015). Zero traction boundary condition
was prescribed at the outlets. The simulation time step divided
the cardiac cycle into 10,000 time steps. Rigid wall and Newtonian
blood rheology assumptions were made.

1 mm

Abdominal aortic aneurysm (AAA) Cerebral aneurysm (CA)

Fig. 1. The full computational models of abdominal aortic aneurysm (AAA) and
cerebral aneurysm (CA) where image-based CFD was performed. The highlighted
region shows the region of interest where post-processing and RT calculation was
performed.

Velocity data for the AAA model were obtained from patient-
specific CFD simulations performed in prior studies (Les et al.,
2010; Arzani and Shadden, 2012) using SimVascular (Updegrove
et al., 2017). The computational mesh had 8.53 M linear tetrahe-
dral elements and the time step divided the cardiac cycle into
1000 time steps. Details about the CFD simulation are provided
in (Les et al., 2010; Arzani and Shadden, 2012).

2.2. Lagrangian methods

2.2.1. Particle residence time (PRT)

PRT is a discrete approach of computing RT inside a flow
domain from particle trajectory data. In this approach, a number
of tracers (massless particles) are seeded inside the region of inter-
est and allowed to move along with the flow. The minimum time a
particle takes to leave the predefined region of interest is traced
back to the initial position of the released particle, which can vary
with time. This defines the PRT field, which varies in space and
time (Shadden and Arzani, 2015)

PRT(Xo, to; I') = min(t) € (0,00) s.t. X(Xo,to + t) ¢ T, (1)

where X, is the initial position of a particle, I" is the region of inter-
est, and x(t) = X(to) + ffn u(x(s),s)ds governs the tracer position. In
this approach, a total of 7.55 M and 9.34 M particles were released
inside the region of interest (aneurysmal region) of the AAA and CA
models, respectively. The particles were released during ten equally
spaced intracardiac time points. All particles were integrated until
they left the region of interest. Subsequently, the spatiotemporal
distribution of PRT was calculated, which was temporally averaged
to obtain a single spatial distribution. The temporal averaging was
done to enable comparison with the other methods.

2.2.2. Mean exposure time (MET)

In this approach, particles are densely seeded inside the region
of interest and released during ten equally spaced intracardiac
time points. After ten cardiac cycles of integration, the accumu-
lated average time that all of the particles spend inside each com-
putational element e is measured and normalized by element
volume to obtain MET for each element (Lonyai et al., 2010;
Shadden and Arzani, 2015)

Nt 0
MET(e) = o= [ Hep. de @)
e ep -

H. - 1 ifx,(t)ee
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where N, is the number of times a particle passes through element
e,V, is the volume of the element, x,(t) is the position of the tracer,
H, is the indicator function of the element e, and N; is the total
number of particles released. It should be pointed out that prior
studies calculated MET by continuously releasing particles at the
inlet (Lonyai et al., 2010; Arzani et al., 2014b). In the present study,
particles were released uniformly in the region of interest to
provide a reasonable correspondence with the Eulerian RT method.
In both Lagrangian methods, an inward normal velocity of
0.005 cm/s was set at the no-slip wall to avoid particles sticking
to the wall.

2.3. Eulerian methods

2.3.1. Eulerian RT (ERT)

ERT is computed by solving an advection-diffusion-reaction
equation where the reaction term represents time, which is
being integrated in an Eulerian framework. The equation is writ-
ten as
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where c represents Eulerian RT (ERT), H is the source term, which is
equal to 1 inside the region of interest and 0 outside this region, and
D represents mass diffusivity set to 10~* cm?/s. The precise choice
of D (as long as advection dominates) does not affect the results
notably since the ERT solution does not involve near-wall boundary
layers (Hansen et al., 2019). Zero Dirichlet boundary condition is
imposed at the inlet and outlets. Zero flux boundary condition is
applied at the wall. A higher value of D (0.05 cm?/s) is applied near
the outlet boundaries (outside the region of interest) to improve
numerical convergence. The above equation was solved via the
finite element method solver FEniCS (Logg et al., 2012) using linear
tetrahedral elements. The equation was integrated for ten cardiac
cycles until the solution reached steady state with intra-cardiac
fluctuations. The final cardiac cycle was temporally averaged to
define ERT.

2.3.2. Virtual-ink RT (RTy;)

In this method, RT is measured by virtually injecting a passive
scalar at the inlet and monitoring the transport of the scalar
throughout the flow domain by solving an advection-diffusion
equation. The injected scalar represents a virtual ink. In the original
approach (Rayz et al., 2010), virtual-ink RT was calculated by first
establishing a fully ink-loaded model (by injecting ink at the inlet)
and eventually injecting ink-free blood at the inlet and measuring
the time that it takes for the inks to be washed away from the
region of interest. Herein, an alternative approach is used. The ini-
tial condition (co) was set to 1 inside the region of interest (repre-
senting a uniform concentration of ink), zero concentration was
prescribed at the inlet (representing ink-free blood), and zero flux
boundary condition was applied at the wall. Subsequently, the
advection-diffusion equation was solved.

% u.Ve— V- (DVe) (4)

ot
RTy; = min(t) € (0, 00) s.t. ¢ = 0.02c¢y,

where D is selected same as above. It can take several cardiac cycles
to achieve a complete flushing of the virtual inks. As a result, we ran
the simulation for 15 cardiac cycles for AAA model and 4 cardiac
cycles for CA model. After the aneurysms were completely flushed
with ink-free blood, the RT was obtained through a post processing
step where the time required for ink concentration to drop below a
certain threshold (herein, 0.02) at a given point was measured.

2.3.3. Eulerian indicator RT (EIRT)

Recently, the concept of Eulerian indicators has been proposed
to study transport and mixing using simple Eulerian measures
(Mcllhany and Wiggins, 2012). In this approach, the time required
to travel a unit length from any given point in the direction of flow
is measured with the consideration of mobility, which estimates
net effective transport (Mcllhany and Wiggins, 2012)

T
Vpast (X) :% /0 v(x, t)dt‘ (5)
Vsiow(®) = 1 [ |0(x, t)|dt
Vsum(X) = (1 =€) vt (%) + (€77 Ugtom (X),

where vp () is the magnitude of the time-average velocity vector,
Vsow(X) is the time-average of the velocity vector magnitude, Vg, (X)
represents mobility, and @ (x) is the relative rate of change of the
velocity vector integrated in time:

7 / dw(x (6)

[v(x,t + AL) — v(x, )|
[o(x.t + AD)| + (|, )]

dw(x,t) =
The inverse of mobility represents an estimate of flow stagna-

tion, herein denoted as Eulerian Indicator RT (EIRT):
1

sum

EIRT =

(7)

The integration time (T) in the above equations was set to the cor-
responding cardiac cycle duration.

2.3.4. Point-wise RT (RTpw )
Point-wise RT is defined as the inverse of time-average velocity
at each point (Esmaily—l\/loghadam et al,, 2013):

RTPW7< / lu(x

RTpy and EIRT measures are not defined on the vessel wall as
the velocity is zero due to no-slip condition.

|dt> . (8)

3. Results

Figs. 2 and 3 show the surface RT patterns of AAA and CA mod-
els, respectively. RTpy and EIRT are not defined on the wall and
therefore not shown. Lagrangian coherent structures (LCS) in the
WSS vector field (WSS LCS) (Arzani et al., 2016, 2017) are com-
puted from stable and unstable manifolds of time-average WSS
vector field (explained in (Arzani et al., 2017)) and shown on the
left panel for comparison. RT results obtained from the two Eule-
rian methods (ERT and RTy;) show somewhat similar near-wall
patterns. A similar observation is made for the Lagrangian PRT
and MET methods, yet their distinctions are more pronounced.
The Eulerian and Lagrangian class of methods demonstrate mostly
different near-wall RT patterns. In the Eulerian methods, elevated
near-wall RT occurs in the proximity of the attracting WSS LCS.
On the other hand, elevated Lagrangian RT values are close to the
repelling WSS LCS.

RT patterns inside AAA and CA models can be visualized from
Figs. 4-7. Two different cross-sections are shown in these figures.
EIRT and Point-wise RT results are identical. The PRT field demon-
strates patterns mostly different than other approaches. An overall
similar qualitative pattern with some distinctive features can be
seen for the other methods.

Quantitatively, all of the techniques manifest different maxi-
mum RT values. The maximum values of RT and 99 percentile of
maximum RT values obtained using different approaches are tabu-
lated in Table 1. As expected, different values are obtained from
each method. Spearman’s rank correlation coefficients between
all methods are shown for the AAA and CA models in Tables 2
and 3, respectively. The correlation coefficients show that ERT
has a high correlation with RTy,. MET has a high correlation with
EIRT and RTpy. The correlations of PRT with all of the other
approaches are lower. EIRT and RTpy are highly correlated.

4. Discussion

This study explored different RT definitions utilized for measur-
ing flow stagnation in cardiovascular flows. The RT measures are
classified into Lagrangian and Eulerian methods. The Lagrangian
methods calculate flow stagnation via discrete particle tracking,
whereas the Eulerian methods measure flow stagnation based on
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WSS LCS

ERT

Fig. 2. Front and back view of different surface residence time (RT) measures are shown in the AAA model. WSS LCS (attracting-blue, repelling-red) are shown on the left
panel. Eulerian RT (ERT), virtual-ink RT (RTy;), particle residence time (PRT), and mean exposure time (MET) approaches are shown. The unit of ERT, RTy;, and PRT is seconds

whereas the unit of MET is s/cm.

Flow direction

0 0.5 0
- -

0.004

WSS LCS , —
PRT MET

Fig. 3. Front and back view of different surface residence time (RT) measures are shown in the CA model. WSS LCS (attracting-blue, repelling-red) are shown on the left panel.
Eulerian RT (ERT), virtual-ink RT (RTy;), particle residence time (PRT), and mean exposure time (MET) approaches are shown. The unit of ERT, RTy;, and PRT is seconds whereas
the unit of MET is s/cm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

continuum partial differential equations or simple measures based Our results emphasize the distinction between the above meth-
on velocity. Herein, all of these methods were qualitatively and ods. Generally, each method not only calculates flow stagnation in
quantitatively compared in a patient-specific AAA and a CA model. a different fashion but also conceptually has a different definition
Different flow solvers, boundary conditions, and spatiotemporal of RT and flow stagnation. This results in pronounced distinctions
resolutions were used for each aneurysm, however, for each model, between some of the methods. In particular, PRT shows the least

the same velocity field was used for all RT calculations. correlation with all of the other methods. PRT depends upon the
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Fig. 4. Cross section of residence time (RT) in the AAA model. Eulerian RT (ERT), virtual-ink RT (RTy), particle residence time (PRT), mean exposure time (MET), Eulerian
indicator RT (EIRT), and point-wise RT (RTpy ) approaches are shown. The unit of ERT, RTy;, and PRT is seconds whereas the unit of MET, EIRT, and RTpw is s/cm.
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Fig. 5. Cross section of residence time (RT) in the CA model. Eulerian RT (ERT), virtual-ink RT (RTy;), particle residence time (PRT), mean exposure time (MET), Eulerian
indicator RT (EIRT), and point-wise RT (RTpy ) approaches are shown. The unit of ERT, RTy;, and PRT is seconds whereas the unit of MET, EIRT, and RTpy is s/cm.

characteristic length of the region of interest, which makes it dis-
tinct from the other definitions of RT. Additionally, PRT is defined
based on individual particle behavior and does not represent flow
stagnation locally. That is, a particle released at a certain location
may spend a long time inside the aneurysm, however, not neces-
sarily at the same location where it was released. Since PRT maps
back the RT value to the initial location of particle release, it cannot
describe the actual location that the particle resides. MET has been
proposed to mitigate the shortcomings of PRT. MET maintains a
stronger correlation with the Eulerian approaches and is moder-
ately correlated to PRT. However, MET requires a high resolution
of Lagrangian tracers to be seeded and released in order to sample
all of the computational elements adequately. Therefore, it is
advisable to use an auxiliary mesh with elements larger than the
flow solver elements in MET calculation. It is noteworthy that
quantitative MET values are by definition sensitive to element size.
However, we confirmed that making the MET mesh edge size 40%
larger minimally affects the qualitative results and correlation
coefficients. Accurate 3D particle tracking near the vessel wall is
another complication of Lagrangian methods (Arzani et al., 2016).
Another difficulty associated with Lagrangian methods is handling

diffusion. While random walk models can be implemented to
model diffusion (Ghosh et al., 1998), these methods typically
require a large number of releases for statistical sampling. The
Eulerian continuum methods handle diffusion inherently via the
diffusion term.

The Lagrangian methods offer some advantages. First, these
methods are calculated from post-processing discrete tracers.
Therefore, a clear correspondence with transport is made where
transport of individual tracers can be visualized and their effect
on RT studied. This leads to a nice correspondence with flow topol-
ogy where a close connection between PRT, LCS, and finite-time
Lyapunov exponents can be established (Shadden and Taylor,
2008). Additionally, PRT computation is very efficient as tracers
are independent of each other. If one is only interested in a small
subset of the domain then a few tracers can be released at that
location to calculate PRT locally. Finally, inertial particles can easily
be modeled using discrete particle tracking (Shadden and Arzani,
2015) and PRT/MET measures can be readily adapted for them.

Regarding Eulerian methods, ERT demonstrates RT patterns
similar to RTy, and a relatively high correlation exists between
these methods. Both methods are based on continuum transport
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Fig. 6. Cross section of residence time (RT) in the AAA model. Eulerian RT (ERT), virtual-ink RT (RTy), particle residence time (PRT), mean exposure time (MET), Eulerian
indicator RT (EIRT), and point-wise RT (RTpy ) approaches are shown. The unit of ERT, RTy;, and PRT is seconds whereas the unit of MET, EIRT, and RTpy is s/cm.
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Fig. 7. Cross section of residence time (RT) in the CA model. Eulerian RT (ERT), virtual-

ink RT (RTy), particle residence time (PRT), mean exposure time (MET), Eulerian

indicator RT (EIRT), and point-wise RT (RTpy ) approaches are shown. The unit of ERT, RTy;, and PRT is seconds whereas the unit of MET, EIRT, and RTpy is s/cm.

Table 1
Maximum RT values obtained from six different approaches.
Approach Maximum RT (AAA) Maximum RT (CA) 99 percentile RT (AAA) 99 percentile RT (CA)
ERT(s) 7.88 0.655 4.63 0.34
RTyi(s) 13.37 1.05 8.63 0.66
PRT(s) 15.32 6.25 13.07 1.62
MET(s/cm) 0.02 0.13 0.01 0.01
EIRT(s/cm) 16.93 10.60 7.24 0.91
RTpw (s/cm) 13.58 5.56 6.49 0.88

models similar to convective heat transfer, therefore we can make
an analogy of these methodologies with heat transfer problems
where time is replaced with temperature. In the ERT approach,
the region of interest is continuously and uniformly heated and a

cold stream of fluid is allowed to enter into this region through
the inlet. The cold fluid mixes with the hot fluid as the incoming
flow enters the region of interest. After sufficient integration, the
temperature reaches a steady state with intra-cardiac fluctuations.
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Table 2
Spearman’s rank correlation coefficient among the investigated approaches for the
AAA model. All correlation coefficients were statistically significant.

Approach RTy; PRT MET EIRT RTpw

ERT 0.82 0.25 0.48 0.62 0.61

RTy 0.34 0.61 0.74 0.74

PRT 0.68 0.60 0.60

MET 0.87 0.87

EIRT 0.99
Table 3

Spearman’s rank correlation coefficient among the investigated approaches for the CA
model. All correlation coefficients were statistically significant.

Approach RTy PRT MET EIRT RTpy
ERT 0.81 ~0.18 0.23 0.35 0.35
RTy -0.15 0.15 0.25 0.25
PRT 0.44 0.29 0.29
MET 0.93 0.93
EIRT 0.99

The incoming cold fluid leaves its trace as it passes through the
region of interest. This can clearly be seen in Fig. 5 where a low
RT region is created next to the wall (blue region) as the incoming
flow shears the aneurysm wall. In the RTy; approach, initially, the
region of interest is filled with uniformly hot fluid, which is later
allowed to exit the region of interest and also mix with the cold
flow coming from the inlet. Subsequently, the time it takes for each
element to cool down is measured. In the original study, Rayz et al.
(2010) interpreted the hot fluid as virtual ink and the cold fluid as
an ink-free domain. Another useful interpretation of RTy; is corre-
spondence with virtual contrast agents where the transit time of
virtual contrast agents can be studied to guide contrast-enhanced
imaging modalities.

Finally, RTpy and EIRT are simple measures that estimate RT
based on the local velocity field. Therefore, these methods fail to
capture the emergent transport behavior and mixing that depend
on the global flow characteristics. However, these measures had
a reasonable correlation with the other methods, implying that
they may be used as an approximate yet efficient method to esti-
mate flow stagnation. EIRT improves the RTpy definition by consid-
ering both fast and slow changing flows. However, for the models
studied here, both definitions produced qualitatively identical
results. We anticipate the EIRT measure to stand out when signif-
icant temporal oscillation in velocity vector direction exists. It is
noteworthy that RTpy is similar to relative residence time (RRT),
a measure of near-wall stagnation based on WSS, while EIRT is
similar to the oscillatory shear index (Arzani et al., 2017). Note that
RTpyw defines RT based on inverse of time-average velocity magni-
tude as opposed to inverse of magnitude of time-average WSS vec-
tor in RRT.

Our study emphasizes that each approach depicts distinct quan-
titative RT values (Table 1), which was expected given the distinct
definitions of RT in each method (even in the methods with similar
RT units). It should be mentioned that even though MET has units
similar to EIRT and RTpy, its definition is very different. MET mea-
sures accumulated amount of time spent by all particles inside
each element normalized by element length scale, while EIRT
and RTpy measure inverse velocity. Among the other three meth-
ods that measure time, PRT quantifies the highest values. This is
anticipated as discrete Lagrangian methods are influenced by indi-
vidual particle behavior while Eulerian methods quantify a
smoothed continuum behavior (Hansen et al., 2015).

An interesting observation was the close connection between
near-wall RT and WSS LCS. The concept of WSS LCS was recently

proposed to study near-wall transport and biochemical surface
concentration patterns (Arzani et al., 2016, 2017; Farghadan and
Arzani, 2019). Herein, we have shown that these structures also
influence RT patterns close to the wall. Regions of high near-wall
RT in the Eulerian continuum methods (ERT and RTy;) match the
attracting WSS LCS (Figs. 2 and 3). This implies that the Eulerian
continuum methods’ definition of RT is tightly related to concen-
tration. In other words, high stagnation can also imply high con-
centration in the context of mass transport. On the other hand,
EIRT and RTpy provide a pure definition of stagnation. Namely, if
the velocity at a location is predominantly low then high flow stag-
nation exists there. In the context of near-wall transport, a similar
conclusion was previously made for WSS exposure time (WSSET)
and RRT. Namely, WSSET can measure near-wall stagnation and
concentration, whereas RRT only measures near-wall stagnation
(Arzani et al., 2017). These results should not be surprising since
the governing equations in the continuum RT methods can corre-
spond to a mass transport problem (similar to the above heat
transfer analogy). Loosely speaking, this implies that we may think
of RT in these methods as “concentration of time”. Another inter-
esting observation was that regions of high near-wall PRT typically
coincide with the repelling WSS LCS (Figs. 2 and 3). This can be
explained as follows. The near-wall normal velocity in the vicinity
of repelling WSS LCS is towards the wall. Therefore, tracers that are
released next to the repelling WSS LCS travel near the wall for a
long time and are eventually attracted towards an attracting WSS
LCS where they accumulate. Therefore, by definition, these loca-
tions have high PRT values.

An important question remains to be answered: which RT
method should we use? We believe that there is not a single
answer to this question. Most of the methods are conceptually dif-
ferent and should not be considered the same. ERT is suitable if one
is interested in RT in the context of biochemical mass transport and
concentration. RTy; is appropriate if one is interested in the time
that it takes for an initially uniformly distributed concentration
of biochemicals to drop below a certain threshold. PRT is suitable
if one is interested in individual particle behavior and wants to
quantify RT related to the location of release. Regarding MET, it
is suggested that ERT be used instead unless one wants to take
advantage of the flexibilities associated with Lagrangian particle
tracking. Finally, RTpw and EIRT are suitable if one wants to quickly
estimate RT without any transport model.

This work highlights the distinctions in different methods used
in the literature to measure flow stagnation and suggests that the
RT method should be selected based on the method’s conceptual
definition of flow stagnation and the application of interest.
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