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ARTICLE INFO ABSTRACT
Keywords: Background and objective: Atrial fibrillation (AF) is the most common cardiac arrhythmia, inducing accelerated
Computational fluid dynamics and irregular beating. Beside well-known disabling symptoms - such as palpitations, reduced exercise tolerance,

Atrial fibrillation
Magnetic resonance imaging
Lenticulostriate arteries

and chest discomfort - there is growing evidence that an alteration of deep cerebral hemodynamics due to AF
increases the risk of vascular dementia and cognitive impairment, even in the absence of clinical strokes. The
Cerebral circulation alteration of deep cerebral circulation in AF represents one of the least investigated among the possible mech-
Cognitive decline anisms. Lenticulostriate arteries (LSAs) are small perforating arteries mainly departing from the middle cerebral
Multivariate regression analysis artery (MCA) and susceptible to small vessel disease, which is one of the mechanisms of subcortical vascular
dementia development. The purpose of this study is to investigate the impact of different LSAs morphologies on
the cerebral hemodynamics during AF.

Methods: By combining a computational fluid dynamics (CFD) analysis of LSAs with 7T high-resolution magnetic
resonance imaging (MRI), we performed different CFD-based multivariate regression analyses to detect which
geometrical and morphological vessel features mostly affect AF hemodynamics in terms of wall shear stress. We
exploited 17 cerebral 7T-MRI derived LSA vascular geometries extracted from 10 subjects and internal carotid
artery data from validated OD cardiovascular-cerebral modeling as inflow conditions.

Results: Our results revealed that few geometrical variables - namely the size of the MCA and the bifurcation
angles between MCA and LSA - are able to satisfactorily predict the AF impact. In particular, the present study
indicates that LSA morphologies exhibiting markedly obtuse LSA-MCA inlet angles and small MCA size down-
stream of the LSA-MCA bifurcation may be more prone to vascular damage induced by AF.

Conclusions: The present MRI-based computational study has been able for the first time to: (i) investigate the net
impact of LSAs vascular morphologies on cerebral hemodynamics during AF events; (ii) detect which combi-
nation of morphological features worsens the hemodynamic response in the presence of AF. Awaiting necessary
clinical confirmation, our analysis suggests that the local hemodynamics of LSAs is affected by their geometrical
features and some LSA morphologies undergo greater hemodynamic alterations in the presence of AF.

1. Introduction currently affecting up to 60 million cases worldwide [1]. Due to the
progressive rise in life expectancy, and considering that AF typically
Atrial fibrillation (AF) is the most common clinical tachyarrhythmia, affects older individuals, this number is definitely expected to grow in
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the next decades [2]. In recent years, it has been clearly demonstrated
that AF is associated to cognitive decline/dementia [3], even in absence
of clinical cerebrovascular events such as stroke or transient ischemic
attacks [4-6]. This association might be promoted by different mecha-
nisms [7-11]: in particular, silent cerebral infarctions, cerebral micro-
bleeds and AF-induced alterations of cerebral blood flow are generally
regarded as potentially relevant contributors [12].

Although a partially neglected topic in the past, the study of cerebral
hemodynamics during AF has now come into the limelight. Gardars-
dottir et al. clearly demonstrated that ongoing AF reduces mean cerebral
blood flow compared to sinus rhythm [13]. In addition, the same
research group showed that restoring sinus rhythm by elective electrical
cardioversion led, in those maintaining sinus rhythm in the following
weeks, to a significant improvement in brain perfusion and cerebral
blood flow, evaluated by both arterial spin labelling and phase contrast
cerebral magnetic resonance imaging (MRI) [14]. Previous research
from our group demonstrated that AF not only exerts its hemodynamic
effects by lowering mean cerebral perfusion, but also on a beat-to-beat
basis. By computational modelling we postulated the occurrence of
extreme transient cerebral hemodynamic events (hypoperfusion and
hypertensive events) in the deep cerebral circle [15-17] and we subse-
quently validated these results in vivo using near-infrared spectroscopy
(NIRS) [18,19]. Consistently with [14], sinus rhythm restoration by
electrical cardioversion eliminated the beat-to-beat hemodynamic effect
of AF on the cerebral circle.

Altogether, these recent hemodynamic insights suggest that the si-
lent cerebral lesions unanimously detected in AF patients [8] have, at
least partly, a hemodynamic rather than a cardioembolic genesis, as also
suggested by their anatomical location (often subcortical) presenting
more as the cerebral small vessel disease (SVD) spectrum (lacunar in-
farctions, white matter lesions and microbleeds) than with typical car-
dioembolic features [20]. Considering that one of the main vascular
supplies to subcortical and white matter areas are the lenticulostriate
arteries (LSAs) - small arteries orthogonally departing from anterior
(ACA) and middle (MCA) cerebral arteries - we hereby focus on the local
cerebral hemodynamics at LSA during AF and normal sinus rhythm (SR).

Computational fluid dynamics (CFD) analyses have recently been
exploited to inquire into AF effects on the aortic region [21,22], the
formation of thrombi in the left atrial appendage [23,24], as well as
stenotic and ischemic stroke conditions on the LSAs [25,26]. By
combining the LSAs hemodynamics in AF, in a previously published CFD
analysis simulating AF and SR on LSA segmentations derived by 7T
high-resolution cerebral magnetic resonance imaging (MRI) [27,28], in
AF LSAs resulted to be exposed to an increased range (compared to SR)
of wall shear stress (WSS), particularly at their origin from the parent
cerebral arteries, and to wider ranges of intraluminal pressure along the
vessels. Based on these data, AF may affect local hemodynamics at the
LSAs level, providing a plausible framework for a direct hemodynamic
contribution of AF - on top of other known risk factors (hypertension,
diabetes mellitus, smoking, hypercholesterolemia) [29] - in the genesis
of non-cardioembolic silent cerebral lesions at the subcortical and white
matter level. In fact, it is known that while normal shear stress oscilla-
tions are generally athero-protective, excessively low values are pro-a-
therogenic [30], and extremely high values may induce plaque erosion
and rupture [31]. The abovementioned hypervariability in shear stress
might therefore imply a higher propensity to activate an atherosclerotic
process at the LSA origin, which might facilitate proximal occlusion of
the vessel in AF patients. In addition, the increased pressure range to
which LSAs are exposed during AF can account for an increased risk of
arteriolosclerosis and lipohyalinosis, ultimately facilitating on one side
(hypertensive peaks) lacunar strokes or blood—brain barrier damage
[29,32] and, on the other side, (hypotensive events) downstream
hypoperfusions [15,19].

In the context of such peculiar vessel anatomy - that is the almost
perpendicular origin of the small LSAs from relatively large-caliber
vessels such as the ACA and MCA - and by recalling that local
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hemodynamics strongly depends on vascular geometry and that the
development of vascular pathologies preferably occurs in regions char-
acterized by a high-complexity geometry, the present study aims at
expanding the previous analyses [27,28] by focusing on the role of
patient-specific LSA geometrical properties. We hereby evaluated
AF-specific local hemodynamic impact on 17 cerebral 7T-MRI derived
LSA vascular geometries extracted from 10 subjects, by keeping into
account the different geometrical features of each specific geometry, in
order to assess which geometrical feature might play a relevant role in
exacerbating, or limiting, the beat-to-beat local hemodynamic influence
exerted by the irregular AF rhythm. The CFD analysis was performed
through Simvascular, an open-source software implementing a finite
element method [33,34], which is widely adopted for computationally
resolving the 3D fluid dynamics governing equations over MRI-based
vascular domains. This approach allowed us to obtain, for each LSA
geometry, important hemodynamic parameters related to the WSS and
flow field in SR and AF conditions.

2. Methods
2.1. MRI data and geometry reconstruction

We exploited cerebral high-resolution 7T MRI data of 10 subjects
aged 19 to 75 years (mean age 45+23 years, 50 % males) previously
recorded [35]. A 3D Tl-weighted magnetization prepared rapid
gradient echo sequence was used for the reconstruction of the vascula-
ture geometry, with an acquired resolution of (0.5 x 0.5 x 0.5 mm?®) and
reconstructed resolution of (0.29x0.29x0.25 mm?>).

Geometry reconstruction was carried out using the SimVascular MRI-
based modeling, as done in [27]. The pipeline includes the identification
of each vessel centerline, the 2D segmentation of each vessel lumen, the
generation of 3D surfaces fitted to groups of 2D segmentations, and the
merging of individual vessels to obtain a full 3D solid model of the
vascular district [33,34]. For segmentation purposes, any visible LSA
departing either from MCA or ACA on both left and right sides was
considered.

Each CFD model was composed of one inlet (MCA or ACA) and two
outlets (LSA and MCA or ACA). Flow extensions - consisting of cylin-
drical segments of the same diameter of the vessel they are applied on -
were added to the inlet and the outlets to minimize boundary condition
effects and to uniform the length of individual LSAs. In so doing, the
distance between the outlet section where pressure condition is set and
the LSA-MCA (or LSA-ACA) bifurcation was comparable between the 17
different cases.

2.2. CFD setting: mesh and boundary conditions

3D CFD simulations were run assuming blood as an incompressible,
homogeneous and Newtonian fluid, with constant density (p = 1060 kg/
m?) and dynamic viscosity (u = 0.004 kg/(m-s)). All vessels were sup-
posed to be rigid and no-slip condition was set. Under these hypotheses,
the blood flow is governed by continuity and Navier-Stokes equations,
which were discretized and numerically solved by exploiting the Sim-
Vascular simulations tool [27].

The time step size has been set constant equal to 0.05 ms, while the
global maximum edge size (GMES) of the unstructured tetrahedral mesh
was chosen after a sensitivity analysis on one of the 17 models, selected
as representative. Mesh sensitivity analysis was performed considering
both three uniform meshes with no boundary layers (with GMES equal
0.017, 0.0135 and 0.0107 cm) and three uniform meshes with the same
GMES but three boundary layers, where the density of the mesh in
proximity of the vascular wall was increased. The mesh with GMES =
0.017 cm and 3 boundary layers was chosen, being the better compro-
mise between numerical accuracy and affordable computational cost
(more details can be found in [28]).

To define the boundary conditions, the workflow shown in Fig. 1 was
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Fig. 1. Schematic representation of the workflow adopted to define the inflow boundary conditions. (a) RR series and probability density functions in AF and SR. (b)
0D cardiovascular-cerebral model. (¢) Qpca(t) time series in AF and SR conditions, maximum and minimum values detection, probability density functions p(Qmax)
and p(Qmin), and computation of the 5th percentile of p(Quin) and the 95th percentile of p(Qyax), both in AF and SR. d) 3D LSA model forced with 4 different inlet

flow rates.

adopted. The inlet conditions were obtained from the MCA flow rate
time series, Quca(t), resulting from a combined OD cardiovascular-
cerebral model, which was previously calibrated and validated in SR
and AF conditions [15,36].

Through a suitable combination of electrical components, the 0D
model accounts for the arterial and venous circuits of both systemic and
pulmonary circulations, an active representation of the four cardiac
chambers, the cerebral circulation from the large proximal arteries up to
the distal and capillary/venous regions, along with the short-term bar-
oregulation and the cerebral autoregulation.

The 0D cardiovascular-cerebral model simulates the cerebral he-
modynamics in AF and SR conditions at a heart rate of 70 bpm. To focus
on AF impact, we considered each of the 17 models as forced through
RR-intervals artificially built in both SR and AF conditions (Fig. 1a) [28,
36].

RR beats during SR were extracted from a pink-correlated Gaussian
distribution, with mean value y = 0.86 s. Standard deviation, o, was
determined considering that the coefficient of variation, cv, lies in the

interval [0.05, 0.14] for SR conditions. Thus, cv was kept equal to 0.07
and o = 0.06 s [36 and therein references].

The AF beating is fully described by the superposition of two sta-
tistically independent times, RR = ¢ + 5, where ¢ is taken from a
Gaussian distribution and the extraction is based on the correlated pink
noise, while 7 is instead drawn from an exponential distribution (with
rate parameter y) and the beating extraction relies on the uncorrelated
white noise. The resulting AF beatings are represented by an exponen-
tially modified Gaussian distribution with mean value equal to u = 0.86
s, as in SR condition. The standard deviation value, o, is determined
keeping the coefficient of variation, cv, equal to 0.24. The rate param-
eter, y, of the exponential distribution is a linear function of the mean RR
(y = —9.2:RR + 14.6) [36 and therein references, 37].

5000 beats were run through the OD cardiovascular-cerebral model
in SR and AF (Fig. 1b). Then, for each beat both maximum, Qpqy, and
minimum, Qp;,, values were collected over the MCA flow rate time se-
ries. In this way, two statistically significant sets of 5000 maximum and
minimum values (Qmgx and Qu, respectively) were sampled.
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Subsequently, the probability density functions, p(Qmax) and p(Qmin),
were computed. Then, the 5th percentile of p(Qmin) and the 95th
percentile of p(Qmqex) values were extracted and used as forcing inlets in
all vessel models (Fig. 1c). To impose the inlet condition, we computed
the Womersley number Wo = R\/wp/u (w=21/RR, RR=0.8571 s is the
cardiac period corresponding to 70 bpm, p=1060 kg/m?, u= 0.004 kg/
(m-s)) for the MCA vessel, which ranges between 1.62 (with the smallest
radius, R = 1.16 mm) and 2.61 (with the largest radius, R = 1.87 mm).
As for Wo<3 viscous effects dominate and the profile becomes parabolic
as in Poiseuille flow [38], a Poiseuille-like parabolic velocity profile was
applied to the entrance. This workflow was performed both in AF and SR
conditions at the simulated heart rate of 70 bpm. Therefore, four sim-
ulations for each model were simulated: 5th percentile of p(Qmin) and
95th percentile of p(Qmax), for both AF and SR conditions (Fig. 1d).
Simulations lasting 5000 beats allowed us to capture the complex flow
oscillations observed during AF, previously demonstrated to relate to
hypoperfusions events in the distal cerebral circle [15], while with the
5th percentile of p(Qmin) and 95th percentile of p(Qmax) We focus on the
extremely low and high perfusion values, respectively.

To evaluate the main hemodynamic metrics, several regions of in-
terest (ROIs) from the LSA segments were extracted using the Vascular
Modeling Toolkit (VMTK). First, the centerlines of the vascular geometry
were computed, by tracing weighted shortest paths between two
extremal points and bounding them to run on the Voronoi diagram of the
vessel model [34]. Secondly, branch splitting was performed based on
geometric considerations of the surface, which is fundamental to
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estimate consistently different morphologies [35]. Finally, branch sec-
tions located at a fixed number (n) of maximum inscribed spheres from
LSAs origin were computed perpendicularly to the branch centerline.

2.3. Hemodynamic parameter investigated and related statistical analysis

By recalling that all simulations were carried out with constant flow
rate inlet conditions, for the purposes of this study ad hoc parameters
related to WSS were introduced to compare SR and AF, and quantify the
vascular damage induced by AF. AWSS was defined as the difference (in
any wall element of each vessel) between the WSS magnitude obtained
in correspondence of the 95th percentile of p(Qmqy) and that at the 5th
percentile of p(Qmin):

AWSS = ‘Wssm( - ’WSSmm M

where |*| indicates the vector modulus. This metric was computed for
SR and AF conditions, obtaining the AWSSsg and AWSSar maps for each
model. AWSS is a local metric quantifying the excursion that WSS un-
dergoes when the vascular region is stressed by hyper-perfusion (95th
percentile of p(Qmax)) and hypoperfusion (5th percentile of p(Qmin))
conditions. To investigate this metric a ROI with n = 2 (n is the number
of inscribed spheres) was considered, according to the sensitivity anal-
ysis reported in [28].

Statistical analysis involved different multivariate regressions be-
tween different geometric descriptors of vessels (predictor variables)
and the 90th percentile value of the spatial distribution of the wall shear

AWSSgx

[Pa]

[Pa]

Fig. 2. CFD models of a representative LSA (patient V2043) displaying local AWSS values (top panels, AF left and SR right) and WSSd spatial distribution (bottom left
panel). In the right bottom panel black points show where the WSSd is greater than WSSdgy.
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stress difference,

WSSd = AWSSar — AWSSsr, (2)

as response variable. WSSd describes (in any point of the vessel wall) the
WSS jump between maximum and minimum flow rates in AF and SR.
Since in general AWSSar > AWSSsgr, WSSd is a metric assuming positive
values throughout the spatial domain and reveals the different stress
induced by AF with respect to SR. Taking the 90th percentile of WSSd
(WSSdgp) means focusing, for each model, on the vascular regions
mostly impacted by AF (Fig. 2).

A set of vessel-specific geometric features was extracted by exploit-
ing the VMTK software, which allowed a robust geometric character-
ization based on centerlines computation and geometric considerations
[39,40]. This analysis led to a total of 11 geometric variables: four
variables related to bifurcation angles, six variables related to the inlet,
outlet and LSA radii, and one variable related to the LSA tortuosity
(Table 1). More specifically, these variables are (Fig. 3):

inlet-LSA in-plane bifurcation angle: angle between the in-plane
components of the inlet and LSA bifurcation vectors;

outlet-LSA in-plane bifurcation angle: angle between the in-plane
components of the outlet and LSA bifurcation vectors;

inlet-LSA out-of-plane bifurcation angle: angle between the out-of-
plane components of the inlet and LSA bifurcation vectors;
outlet-LSA out-of-plane bifurcation angle: angle between the out-of-
plane components of the outlet and LSA bifurcation vectors;
maximum inscribed sphere radius computed on the origin points A, B
and C of each centerline tract;

mean of the maximum inscribed spheres radii computed, for each
tract, from the centerline origin point (A, B or C) to the centerline
point on the last branch section of interest (ROI 1 for inlet and outlet,
ROI 2 for LSA);

LSA tortuosity computed as:

L
Z-1
D

where L is the length of the centerline from the origin to the point on the
ROI 2 branch section, and D is the Euclidean distance between the same
points.

Both geometric and predictor variables were evaluated at the prox-
imal portion of the LSAs, by defining appropriate ROIs based on the
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vessel size. In particular, branch sections located at a fixed number (1) of
maximum inscribed spheres from LSAs origin were computed perpen-
dicularly to the branch centerline. Here, n = 1 (Inlet and Outlet, ROI 1)
and n = 2 (LSA, ROI 2) maximum inscribed spheres away from the
bifurcation were selected (Fig. 3) [28].

Firstly, the linear correlation coefficient r; between each pair of
columns in Table 1 was computed, resulting in a correlation matrix R;
reported in Table 2. Secondly, to determine which geometric variables
were most relevant, the following workflow was used: initially, the re-
gressions between a single predictor variable and the response variable
were computed, and, among all the predictors, the one that allowed to
obtain the regression with the highest R? coefficient was selected. Sub-
sequently, the regressions were implemented using two predictor vari-
ables, where the first one corresponds to the variable chosen in the
previous step.

The variables that allowed to obtain the highest R? were selected.
This workflow was followed in order to perform all possible multivariate
regressions, and, for each step, the best variables combination was
chosen.

Two different models were used to compute regressions. The first one
is linear:

Y= a+ax;+..+apx, 3

where y and x; are the response and predictor variables, respectively.
The second one is a non-linear model according to the following
expression:

Y= Boxd g )

In this latter case, by performing a logarithmic transformation, the
problem returns linear.

3. Results

Fig. 4 shows the highest R? values as function of the predictor vari-
able that at each step was added to those of the previous step, with three
different multivariate regression models: linear regression (panel (a)),
non-linear regression considering logarithmic-transformed variables
(panel (b)), and non-linear regression in the space of the original (non-
transformed) variables (panel (c)). With all the models, the coefficient
R? increases (in one case non-monotonically) with the number of pre-
dictors used for the regression.

The multivariate linear regression in Fig. 4a shows that the first four
predictors - i.e., r outlet mean, in plane angle LSA-inlet, in plane angle

Table 1

Geometric (first 11 columns) and response (last column) variables evaluated for the 17 LSAs models analyzed (rows).
In Plane Out Plane In Plane Out Plane Radius Mean Radius Mean Tortuosity Radius Mean WSSdgg
Angle LSA- Angle LSA- Angle LSA- Angle LSA- inlet ROI1 radius inlet  outlet radius LSA ROI2 LSA radius LSA (Pa)
Inlet (°) Inlet (°) Outlet (°) Outlet (°) (mm) ROI1 (mm) ROI1 (mm)  outlet ROI1 (mm) ROI2 (mm)

(mm)

80.73 6.18 108.50 1.29 1.35 1.33 1.36 1.36 0.060 0.50 0.48 1.84
88.48 36.68 108.36 39.29 1.44 1.45 1.39 1.38 0.111 0.61 0.54 3.16
102.15 12.30 103.40 4.94 1.37 1.37 1.33 1.32 0.012 0.44 0.53 6.55
114.62 10.35 71.82 7.16 1.31 1.32 1.35 1.35 0.014 0.44 0.38 2.85
82.76 10.42 109.86 13.49 1.50 1.49 1.52 1.52 0.010 0.39 0.37 1.62
76.97 3.13 116.78 2.30 1.51 1.51 1.52 1.52 0.029 0.42 0.40 1.64
69.16 16.45 109.67 13.30 1.52 1.52 1.47 1.44 0.070 0.43 0.42 2.80
65.84 6.33 124.17 7.11 1.44 1.41 1.47 1.46 0.067 0.44 0.45 0.83
131.95 4.32 69.53 12.94 1.49 1.49 1.47 1.43 0.017 0.48 0.42 3.81
98.31 6.78 103.52 6.74 1.46 1.46 1.48 1.48 0.009 0.53 0.48 2.95
70.64 9.51 125.26 1.65 1.37 1.35 1.44 1.46 0.116 0.47 0.45 291
124.28 2.85 77.19 10.00 1.16 1.15 1.19 1.17 0.010 0.45 0.40 11.03
108.10 20.08 83.75 26.11 1.50 1.49 1.51 1.52 0.065 0.62 0.54 1.83
73.98 3.85 112.01 2.74 1.50 1.47 1.47 1.48 0.132 0.36 0.38 1.53
108.32 10.41 93.10 7.57 1.87 1.86 1.86 1.83 0.018 0.47 0.44 1.41
84.34 11.61 101.26 16.92 1.72 1.72 1.68 1.66 0.010 0.51 0.45 1.55
93.00 0.57 103.00 5.64 1.54 1.59 1.58 1.57 0.084 0.37 0.43 1.74
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Fig. 3. Vessel-specific geometric features. Top left panel: branch sections located at one (Inlet and Outlet) and two (LSA) maximum inscribed spheres away from the
bifurcation. A, B and C are the closest points to the bifurcation region which belong to the centerline tracts (Inlet, Outlet, LSA) obtained after branch decomposition.
Top right panel: bifurcation vectors (black), bifurcation plane (green) and bifurcation angles. Bottom panels: out-of-plane components of the outlet and inlet (left),
and LSA (right) bifurcation vectors. The out-of-plane bifurcation angles shown in Table 1 can be obtained by computing the difference between these components.

LSA-outlet, r outlet 1 - are sufficient to reach a value of R? above 0.75.
Fig. 4b displays the highest R? coefficients computed in the logarithms
space of the starting variables obtained at each step from the multi-
variate non-linear regressions. Contrary to the previous case, where an
asymptotic value of 0.8 was reached with the first four predictors, R?
continues to increase plateauing to a value of approximately 0.9 after
the first nine predictors. In the end, Fig. 4c shows the highest R? co-
efficients computed in the origin space of the starting variables obtained
at each step from the multivariate non-linear regressions.

Compared to the previous results, R? assumes higher values and,
with the first four predictors - r outlet mean, in plane angle LSA-inlet, in
plane angle LSA-outlet, r inlet mean - values around 0.9 are reached. In
all the three cases analyzed the first three predictors, providing a R2
value of at least 0.75 which satisfactorily describes the response variable
(WSSdgy), are identical and in the same order of statistical relevance: the
MCA (or ACA) outlet mean radius within ROI 1 (r outlet mean), the in-
plane bifurcation angle between the LSA and the MCA (or ACA) inlet (in
plane angle LSA-inlet), and the in-plane bifurcation angle between the
LSA and the MCA (or ACA) outlet (in plane angle LSA-outlet). This result
confirms the high level of hemodynamic information that these 3 geo-
metric parameters, uncorrelated one from each other (see Table 2) and
independently of the chosen regression model, are able to yield.

To further investigate the role of the three most informative vari-
ables, Fig. 5 displays the scatter plots between the actual response var-
iable (x-axis) versus the predicted (y-axis) values estimated by a
multivariate linear (panel a) and non-linear (panel b) regression model
using the first 3 predictors. In fact, after conducting the multivariate
regressions and estimating the a and p coefficients, relative to Egs. (3)
and (4), respectively, it is possible to determine the WSSdgg predicted
values. For both linear and non-linear regression models, the predictors
X1, X2, and x3 are the variables r outlet mean, in plane angle LSA-inlet,
and in plane angle LSA-outlet, respectively.

Both models provide good prediction of WSSdgg, however the linear
model yields an R? of 0.72, while a non-linear model yields an R? of 0.89.
As a result, the scatter plot markers displayed in Fig. 5b are closer to the
red bisector line, which represents the ideal prediction (R? = 1).

Fig. 6 shows two representative cases where the WSSd maps reach
the highest (top panel) and lowest (bottom panel) values (WSSd maps of
the other 15 models not shown here are reported in the Supplementary
Material, see Fig. S1). In both cases, the highest values within the LSA
ROI 2 are reached at the junction between the LSA wall and the upper
wall of the MCA outlet: the 90th percentile is 11.03 Pa for the top panel,
while 0.83 Pa for the bottom panel. The two displayed configurations
with the most extreme WSSd values allow us to inquire into the role of
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Correlation matrix R;;. Linear correlation coefficient values computed between each pair of columns in Table 1: red: |r;|<0.25; orange: 0.25 <|r;|<0.5; yellow: 0.5 <|

r;j| <0.75; green: 0.75<|ry|<1.
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the three most important morpho-geometric predictors in determining
the WSSd magnitude. In fact, the model with the highest WSSd value
(top panel) shows a morphological configuration with the lowest r outlet
mean value (1.17 mm), one of the highest in plane LSA-inlet angles
(124.28°, well above 90°), and one of the lowest in plane LSA-outlet
angles (77.19°, lower than 90°). On the contrary, the model with the
lowest WSSd value (bottom panel) exhibits an intermediate r outlet

mean value (1.46 mm) with respect to the other models, the lowest in
plane LSA-inlet angle (65.84°, much lower than 90°), and one of the
highest in plane LSA-outlet angles (124.17°, much higher than 90°).
Note that the two configurations display in plane LSA-inlet and LSA-
outlet angles which are inverted with respect to each other: the high-
est WSSd occurs with an obtuse (acute) in plane LSA-inlet angle (in plane
LSA-outlet angle), while the lowest WSSd emerges with an acute
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Fig. 4. (a) R? coefficient values in relation to the number of predictors used for linear regression. (b) R? coefficient values in relation to the number of predictors used
for non-linear regression with logarithmic-transformed variables. (c) R? coefficient values in relation to the number of predictors used for non-linear regression with

original (non-transformed) variables.
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Fig. 5. (a) Scatter plot of Actual vs. Predicted values of the WSSdg, difference obtained from the linear regression computed using the three most informative
regressors. (b) Scatter plot of Actual vs. Predicted WSSdg, obtained from the non-linear regression computed using the three most informative regressors.



A. Saglietto et al.

77.19°

Mean radius outlet

1.17 mm

65.84°

Computer Methods and Programs in Biomedicine 254 (2024) 108303

15
12
9

6

WSSd [Pa]

/Imm Lo

-

o
o

4

— | ——
o o o o
[+ S (=)}
WSSd [Pa]

flmm

Mean radius outlet

1.46 mm

Fig. 6. WSSd maps for the models reaching the highest (top panel) and the lowest (bottom panel) WSSd values (length scale reported is 0.1 cm for both panels).

(obtuse) in plane LSA-inlet angle (in plane LSA-outlet angle).

Fig. 7 depicts, for the same cases of Fig. 6 (top panels model yielding
to the highest WSSd, bottom panels model with the lowest WSSd),
zoomed flow field streamlines obtained considering a flow rate equal to
the 95th percentile of p(Qmqx) (left panels) and to the 5th percentile of p
(Qmin) (right panels). These two flow rates are representative of flow
fields exhibiting the highest and the lowest velocity magnitudes
considered in the present study. We only consider the AF case (SR not
shown here), as the AF rhythm gives rise to the highest values of the 95th
percentile of p(Qmax) and the lowest values of the 5th percentile of p
(Qmin) (that is, 95th percentile of p(Qmax,ar)> 95th percentile of p(Qmax,
sr) and 5th percentile of p(Qminar) < 5th percentile of p(Qmin,sr))-

Considering that the two flow rate values (7.44 ml/s and 1.19 ml/s)
are the same for both cases, the resulting differences in terms of velocity
field are only due to the different geometrical and morphological fea-
tures. Top panels of Fig. 7 show higher velocity values than the corre-
sponding bottom panels due to the fact that the model with the highest
WSSd value (top panels) has the lowest r outlet mean value. Since WSS
and velocity field are correlated, in the top panels configuration both the
velocity magnitude and WSS are higher in AF than SR for the Qpq case,
while both lower in AF than SR for Q. Instead, bottom panels are
related to the lowest WSSd reached, thus the velocity field and WSS are
quite similar (either for p(Qmax) or p(Qmin)) in AF and SR.

Recirculating and flow separation regions are present close to the
LSA inlet. In the top panels, these regions are visible for both Qnq, and
Qmin- In the Qpax case (top left), due to the higher velocity, this region is
partially advected downstream along the MCA, giving rise to disturbed,
separated, and not parallel streamlines (these aspects are further
amplified by the slight MCA curvature nearby the LSA inlet). In the Quin
case (top right), the recirculating region is smaller in size and basically

attached to the LSA inlet. Here, the flow slows down (slower in AF than
in SR), enhancing blood stagnation. In the bottom panels, recirculation
is present only for Quq, (bottom left), while is absent for Qp;, (bottom
right). Apart from the LSA region, these Qpuq, and Qm;n configurations
both induce parallel and poorly disturbed streamlines without flow
separation, and similar velocity magnitudes in SR and AF.

4. Discussion

The results presented show that few morpho-geometric predictor
variables - namely the MCA outlet mean radius within ROI 1, the in-
plane bifurcation angle between the LSA and the MCA inlet, and the
in-plane bifurcation angle between the LSA and the MCA outlet - are able
to accurately describe (R%>0.75 and R*>0.85 according to the linear
and nonlinear regression, respectively) the AF impact in terms of WSS,
through the WSSd metric as response variable. The predictor variables
detection and order of appearance is quite robust, as it is the same for the
three models tested (linear regression, non-linear regression with loga-
rithmic variables, non-linear regression with origin variables). By
analyzing the sign of coefficients of first three regressors, for all the
models tested it emerged that an increase of the MCA outlet mean radius
within ROI 1 reduces the WSSd metric, while augmenting in-plane inlet
and outlet bifurcation LSA-MCA angles leads to an increase of the WSSd
metric.

The analysis of cases yielding the highest and the lowest WSSd values
evidences which vascular morphology is more and less prone to the AF
impact, respectively. The lowest WSSd case is caused by an intermediate
r outlet mean value, an acute in plane LSA-inlet angle, and an obtuse in
plane LSA-outlet angle. This is the configuration where velocity field and
WSS distributions are comparable in AF and SR, thus preferable as the
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Fig. 7. Streamlines of the models exhibiting the highest (top panels) and the lowest (bottom panels) WSSd in AF. The resulting flow field is obtained for a flow rate
equal to the 95th percentile of p(Qma) (left panels) and to the 5th percentile of p(Qmn) (right panels).

AF impact is minimized.

On the contrary, the highest WSSd is due to a small r outlet mean
value (which implies higher WSS and velocity values, as observed in top
panels of Figs. 6 and 7), an obtuse in plane LSA-inlet angle, and an acute
in plane LSA-outlet angle. By recalling that the WSSd metric is defined
as:

Wssd = (]wssm“

- ‘ WSSmin ar

) — (] -

it can be reformulated as follows:

WSSd = ([WSSpaxnr| — [WSSnacst|) — (|WSSminar| — | WSSmnse)

where we observe that WSSd can be maximize either because WSSnax ar
> WSSmax,sr (for Qmax flow rate) or WSSpin ar < WSSmin,sr (for Qmin flow
rate).

In order to wunderstand the

(|wss,,m | — \wssm?s,z\) and (\wssmm arl— |wssmm,SR|), Fig. 8 re-

ports them for the highest (top panels) and lowest (bottom panels) WSSd
values reached (same cases as displayed in Figs. 6 and 7). With respect to

influence of the two terms

10

the lowest WSSd, for the highest WSSd case the contribute of both terms
(lWSSmax AF| — |WSSmax,5R\) and (|WSSmi,, AF| — |WSS,,,,-,1,5R\) is relevant.

In fact, top panels of Fig. 8 show that the LSA inlet close to the superior
MCA wall experiences, on one hand, very high WSS values in AF (top left
panel, Qmqx flow rate), inducing important mechanical stress at the wall
and, potentially, hypertensive events [41,42]. On the other hand, when
Qumin flow rate is considered (top right panel), the same region (LSA inlet
close to the superior MCA wall) is exposed to very low WSS in AF, thus
the flow slows down and recirculates (as also confirmed by the
streamlines in Fig. 7 top right), increasing the atheroprone risk [43,44].
In the lowest WSSd model (Fig. 8, bottom panels), all the WSS differ-
ences between AF and SR are definitely reduced and thus the risks of
high mechanical stress and atherogenesis minimized.

Finally, it is interesting to note that the models inducing the highest
and the lowest WSSd values do not have in plane LSA-inlet and in plane
LSA-outlet angles close to the orthogonal value, that is, in the range
[70°, 110°]. The LSAs are known to be commonly perpendicular to the
parent MCA/ACA [45], which is also found in our dataset: from Table 1,
12 models (out of 17) have in plane LSA-inlet and in plane LSA-outlet
angles in the range [70°, 110°]. However, deviation from this more
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common morphology is possible and these less frequent geometrical
features concur, together with the size of the originating MCA/ACA
vessel, to exacerbate (obtuse in plane LSA-inlet angle) or damp (acute in
plane LSA-inlet angle) the AF effect. Deviation from the common
morphology can also be due to vascular abnormalities such as stenosis or
aneurysms, which can primarily affect the lumen size, by enlarging
(aneurysms) or reducing (stenosis) it, and to a lesser extent also the
MCA-LSA bifurcation angles. We expect that including these morphol-
ogies would lead to more extreme values of the first significant re-
gressors, that is vessel size and bifurcations angles, thus increasing the
variability of the sample in the regression analysis. In this regard, the
significancy of the first regressors is expected to be strengthened and
maintained in the same order.

We acknowledge that the current study presents some limiting as-
pects, mostly related to computational fluid dynamic analyses carried
out. First, rigid wall assumption was considered, neglecting deformation
and compliant effects of the distal cerebral circulation, although the low
compliance of cerebral vessels and their low pulse pressure should
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attenuate the effects of vessel deformability. Second, in order to force all
the models with the same flow rate, MCA flow rate was assumed as inlet
condition for all the 17 vascular geometries, including the 3 models
departing from ACA. In the end, a database with a greater number of
models could further consolidate the proposed statistical analysis. We
acknowledge that 17 models represent a small sample. However, even
with this small set, we already appreciate a significant variability of the
morphology and the values reached by the response variables as well as
by the most meaningful regressors. Present findings can be generalized
and extended to a broader range of cases. We expect that a higher
number of models can modify the weight of each regressor and thus
improve the robustness of the predictive models proposed. At the same
time, given the high level of information achieved by the first most
significant regressors even with a small sample, we expect the same
predictor variables with the same order of significance to be identified.
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5. Conclusions

In conclusion, the present MRI-based computational study has been
able for the first time to: (i) investigate the net impact of LSAs vascular
morphologies on cerebral hemodynamics during AF events; (ii) detect,
among the analyzed models, which combination of morphological fea-
tures worsens the hemodynamic response in the presence of AF.
Awaiting necessary clinical confirmation and a larger sample of MRI
data, our analysis suggests that the local hemodynamics of LSAs is
affected by their geometrical features and some LSA morphologies un-
dergo greater hemodynamic alterations in the presence of AF. In
particular, LSA morphologies exhibiting markedly obtuse in plane LSA-
MCA inlet angles and small MCA radii downstream of the LSA-MCA
bifurcation may be more prone to vascular damage induced by AF.
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