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Purpose: Three- dimensional (3D) quantification of circulation using a Finite 
Elements methodology.
Methods: We validate our 3D method using an in- silico arch model, for differ-
ent mesh resolutions, image resolution and noise levels, and we compared this 
with a currently used 2D method. Finally, we evaluated the application of our 
methodology in 4D Flow MRI data of ascending aorta of six healthy volunteers, 
and six bicuspid aortic valve (BAV) patients, three with right and three with 
left handed flow, at peak systole. The in- vivo data was compared using a Mann- 
Whitney U- test between volunteers and patients (right and left handed flow).
Results: The robustness of our method throughout different image resolutions 
and noise levels showed subestimation of circulation less than 45 cm2/s in com-
parison with the 55cm2/s generated by the current 2D method. The circula-
tion (mean ± SD) of the healthy volunteer group was 13.83 ± 28.78 cm2/s, in 
BAV patients with right- handed flow 724.37 ± 317.53 cm2/s, and BAV patients 
with left- handed flow −480.99 ± 387.29 cm2/s. There were significant differ-
ences between healthy volunteers and BAV patients groups (P- value < .01), and 
also between BAV patients with a right- handed or left- handed helical flow and 
healthy volunteers (P- value < .01).
Conclusion: We propose a novel 3D formulation to estimate the circulation 
in the thoracic aorta, which can be used to assess the differences between nor-
mal and diseased hemodynamic from 4D- Flow MRI data. This method also can 
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1 |  INTRODUCTION

Bicuspid aortic valve (BAV) is the most common congen-
ital heart defect,1 being present in at least 1% of the pop-
ulation, with higher prevalence in white population and 
males (3:1).2,3 Dilatation of the ascending aorta (AAo) de-
velops in approximately 40% of BAV patients.1 It is associ-
ated with an increased risk of aortic dissection, rupture, 
and sudden death.4 However, patients’ risk prediction is 
complex, because it depends on multiple genetic, histolog-
ical, mechanical, and hemodynamics factors.1 Therefore, 
there is a need to better understand the mechanisms influ-
encing the progression of these structural changes, which 
may allow the development of prognostic models for risk 
assessment, the need of surgical correction, and pre-  and 
post- operative monitoring.5,6

Cardiovascular hemodynamic parameters quantified 
from four- dimensional (4D)- flow MRI bring new insights 
into complex flow characteristic in BAV patients.7 Recent 
studies have provided strong evidence that rotational 
blood flow hemodynamics in the AAo of BAV patients is 
associated with histological and proteolytic changes of the 
aortic wall, which may lead to aortic focal flow- induced 
vascular remodeling.8,9 Hemodynamics parameters such 
as eccentricity and wall shear stress (WSS) show the po-
tential to characterize these complex flow pattern.10- 12 
Moreover, the circumferential component of WSS can in-
directly capture the rotational behavior of the blood flow 
characteristics in these patients, showing great advan-
tages over 2D methods.13 The circulation is a metric used 
in fluid dynamics to quantify the rotational components 
of flow and is usually analyzed in 2D cross- sections using 
Stoke’s Theorem.14 This parameter has only been used on 
2D reformatted 4D flow MRI data.15- 18 In a recent work 
proposed by Hattori et al,18 they showed the relevance of 
analyzing the circulation to characterize the morphology 
of patients with BAV, using 4D flow obtained in controlled 
experiments from in- vitro data. However, it is well known 
that the generation of this cross- section is highly operator 
dependent, that can induce overlap of planes (particularly 
in curved or intrincated geometries) and can assess only 
to local information.13 We hypothesize that the 3D circula-
tion of the flow can provide valuable information to better 
understand the hemodynamics alteration in BAV patients.

The purpose of this work is the development and vali-
dation of a methodology based on finite elements (FE) to 
calculate the circulation in a 3D domain, giving informa-
tion of both the rotation and the helical behavior of the 
blood flow in the ascending aorta of BAV patients. We use 
an in- silico arch model under different resolutions and 
noise levels to validate our method. Moreover, to show the 
clinical application of this metric, we calculated this pa-
rameter in the AAo of six healthy volunteers and six BAV 
patients, three with right-  and three with left- handed flow 
rotation.

2 |  METHODS

2.1 | Quantification of 3D circulation

The circulation (Γ) was defined as the integral of vorticity 
(�) on a surface S using the Stokes’ theorem,14- 18

where � = ∇ × v is the vorticity vector in each point of 
S, defined as the curl of the velocity vector v. Using a 
tetrahedral FE mesh of a region of interest (Figure 1A), 
the vorticity was obtained in a 3D domain using a com-
putational framework based on a FE analysis described 
previously19 (Figure 1B). Then, to automatically generate a 
set of 2D surface along the entire vessel of interest, we ap-
plied a validated method based on the Laplace algorithm,13 
which gave a set of surfaces, namely S, where the circula-
tion was calculated. Using the solution d obtained by the 
Laplace algorithm, we calculated the axial unit vector a 
(Figure 1C) in each node of the tetrahedral FE mesh using:

where d represented a steady state distribution in the do-
main Ω (vessel of interest) with prescribed values in the inlet 
(d = 0) and outlet (d = 1 of the vessel. Then we calculated 
the projection of the vorticity over a as �a = � ⋅ a . Finally, 
the circulation Γ was calculated as the spatial integral of the 

(1)Γ = ∬S

�dS

(2)a =
∇d

|∇d|
inΩ

correctly differentiate between the visually seen right-  and left- handed helical 
flow, which suggests that this approach may have high clinical sensitivity, but 
requires confirmation in longitudinal studies with a large cohort.
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�a in each level set S generated for each node of the sur-
face mesh using the Laplace solution (see Figure 1C). In this 
manuscript, we defined this parameter as axial circulation 
(Γa), since it does not only provide information about the 
rotation of the fluid locally but also allows us to differenti-
ate the helical behavior flow along the vessel with the three- 
dimensional representation.

2.2 | In- silico analysis

To assess the robustness of our method and its conver-
gence in three dimensions, we performed an in silico ex-
periment using an arch model generated and meshed in 
ANSYS 2021 R1 (ANSYS Inc, Canonsburg, PA) (Figure 
2A). The velocity at radius r and length l (Figure 2B) was 
assigned using a combination of the Poiseuille flow and 
Lamb- Oseen equation19 given by,

where ΔP is the pressure difference assigned as 15[Pa], the 
viscosity � = 0.004 [Pas], L is the total length of the geometry 
� ∗ 0.03 [m], R is the total radius of the vessel 0.01 [m] and 
the constants k = 5e−6 and h = 0.01, a is the axial unit vector 
and c is the circumferential unit vector in each point of the 
geometry. Finally Γ (l) is the analytical circulation along the 
geometry used as reference, see Figure 2C.

We performed two experiments to evaluate the robust-
ness and convergence of our method. The first experiment 
used five different tetrahedral mesh resolutions (Figure 
2D) with characteristic lengths of 1.0, 1.5, 2.0, 2.5, 3.0 mm 
and volumes of 0.12, 0.40, 0.94, 1.84, 3.18 mm3, respec-
tively. In each node of the tetrahedral mesh, we assigned 
the analytical velocity value obtained with Equation (3). 
We added white Gaussian noise to these velocities with 
SDs of 2.5%, 5.0%, 7.5%, and 10% of the analytical peak 
velocity. Then we calculated the Γa with the process de-
scribed in Figure 1B,C. Furthermore, we performed a sec-
ond experiment generating five volumetric images with 
an isotropic voxel resolution of 1.0, 1.5, 2.0, 2.5, 3.0 mm 
and volumes of 1.00, 3.38, 8.00, 15.63, 27.00 mm3, respec-
tively (Figure 2E), in each voxel located inside the geome-
try, we assigned the analytical values of the velocity using 

(3)v (r, l) =

(
ΔP

4�L

(
R2 − r2

))
a +

(
Γ (l)

2�r

(
1 − e

−r2

k

))
c

(4)
Γ (l) = 0.5�hsin

(
3�

L
l
)

F I G U R E  1  Steps of the proposed quantification process. A, The segmentation and boundary condition assignment of the vessel of 
interest. B, FE process used to calculate the vorticity. C, FE process to calculate the Laplace equation and circulation. From the 4D flow 
MRI acquisition, a semiautomatic segmentation of the aorta was generated and transformed into a tetrahedral mesh (only the ascending 
aorta was analyzed). Then, the velocity values were interpolated from the 4D flow data to each node of the mesh, and the vorticity was 
calculated. Using the Laplace solution, we calculated the axial projection of vorticity as the dot product between axial unit vectors and the 
vorticity vectors (1). Finally, the axial circulation (Γa) was calculated as the spatial integral of the axial projection of vorticity in each level set 
generated at each node in the surface of the region of interest (2)
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the Equation (3). We also added white Gaussian noise 
with SDs of 2.5%, 5.0%, 7.5%, and 10% of the peak velocity. 
Then, we interpolated the velocity field from each volu-
metric image, with or without noise, into each tetrahedral 
FE mesh described in Figure 2D. Finally, using these 
meshes, we calculated Γa for each case.

Additionally, to compare our method against the stan-
dard 2D method described by Hess, et al15 Bissel, et al16,17 
and Hattori, et al,18 we reformatted the volumetric im-
ages described in the (Figure 2E) into 2D slices, using as 

reference the coordinates of each point in the surface of 
each tetrahedral mesh (Figure 2D). Using this process, 
we compare the FE method with the standard 2D method 
in the same positions. The normal vector was calculated 
using the centerline, and the analytical velocity was trans-
ferred to the 2D slice using cubic interpolation. For each 
2D slice, we used the same volumetric image resolution. 
Then, the vorticity was calculated using central differ-
ences �d, and the circulation for the standard 2D method 
Γ2D was evaluated using the Equation (1).

F I G U R E  2  A, The arch model used to validate the proposed method. B, the velocity field generated by the Equation (3). C, The 
analytical value of circulation calculated using the Equation (4). In D, five different mesh resolutions and in E, five different image 
resolutions used to evaluate the convergence and robustness of the proposed method



1040 |   SOTELO et al.

2.3 | In vivo MR analysis

To show the clinical applicability of our method, we used 
retrospective 4D flow MRI data from six healthy volun-
teers (five males, mean age 30.5 ± 5 y old) and six BAV 
patients (4 males, mean age 25.5 ± 10 y old), three with 
right-  and three with left- handed flow. The volunteer 
data were acquired in a clinical 3T Philips MR scanner 
(Achieva, Philips Healthcare, Best The Netherlands) and 
the patient data using a clinical 3T Trio SIEMENS MR 
scanner (Healthcare, Erlangen, Germany). The volumetric 
acquisition included the entire thoracic aorta acquired in 
sagittal orientation, without administration of gadolinium 
contrast, performed with retrospective (Philips) / prospec-
tive (SIEMENS) ECG gating and respiratory navigator. 
Imaging parameters for the 4D flow MRI data obtained 
with 3T Philips MR scanner were as follows: voxel size = 
2.2 × 2.2 × 2.5 mm, number of cardiac phases: 25, TE = 2.7 
ms, repetition time = 4.8 ms, flip angle = 5°, VENC = 200 
cm/s. Scan times for 4D flow CMR were typically around 
16 min/scan. For the 4D flow, MRI data obtained with 3T 
Trio SIEMENS scanner were as follows: voxel size = 1.7 × 
2.0 × 2.2 mm, number of cardiac phases: 10 across systole, 
TE = 40 ms, repetition time = 5.1 ms, flip angle = 7°. The 
velocity encoding range was determined using the lowest 
nonaliasing velocity on scout measurements. Scan times 
for 4D flow CMR were typically around 10- 15 min/scan. 
To assess the differences between healthy volunteers and 
BAV patients, we computed the mean value and SD of the 
axial circulation in the ascending aorta. The study was ap-
proved by the local ethics committee, and informed con-
sent was obtained from all participants.

2.4 | Segmentation, mesh 
generation, and quantification process

The 4D Flow MRI data sets were processed using an 
in- house MATLAB toolbox (MathWorks, Natick, MA, 
USA),20 whose functionalities allow the segmentation of 
the thoracic aorta generation of a FE mesh. To process 
the 4D Flow MRI data, we created an angiographic image 
(IPC- MRI) using the algorithm proposed by Bock et al.21 
These images were segmented using a semiautomatic pro-
cess based on thresholding, labeling, and manual separa-
tion adjustment (Figure 1A). From the final segmented 
vessel, we generated a tetrahedral mesh using the iso-
2mesh MATLAB toolbox.22 Following, we transferred the 
velocity vector of 4D flow MRI data sets to the nodes of 
the FE mesh. Then, 3D maps of vorticity vector field were 
calculated using the FE algorithm described by Sotelo 
et al19 (Figure 1B). Once the vorticity was obtained, we 
prescribed the boundary conditions on the tetrahedral FE 

mesh to obtain the Laplace solution,13 and the axial cir-
culation was automatically calculated with the procedure 
described in Figure 1C. All results were analyzed and visu-
alized using the scientific visualization software Paraview 
(Kitware Inc., Clifton Park, New York, USA).

2.5 | Statistical analysis

In the in- silico analysis, all results of Γa and Γ2D were 
compared with the analytical values Γ obtained by the 
Equation (4) using the mean absolute error (MAE) as

where N denotes the number of nodes along the vessel wall. 
We also analyze the Pearson correlation, Bland- Altman and 
correlation plots plot using th absolute values of the analyti-
cal circulation |Γ| and the estimated value of circulations ||Γa|| 
and ||Γ2D||. To assess the results from in vivo experiments, we 
computed the mean value and SD of the axial circulation 
at peak systole in the AAo. Additionally, we performed the 
Mann- Whitney test at a 5% significance level to detect statis-
tically significant differences between groups.

3 |  RESULTS

3.1 | In- silico analysis

For experiment 1, in the absence of noise, the Γa com-
puted in 3D converged toward the analytical values as 
the characteristic length of the elements decreases (see 
Figure 3A). The MAE was less than 10 cm2/s subjected 
to different noise levels and mesh resolutions, underes-
timating the axial circulation relative to the analytical 
value. In Figure 3B, we show 3D maps for the tetrahedral 
finite element mesh with a characteristic length of 2.0 mm 
(see Figure 3A, dashed line), and no significant variations 
were observed on the axial circulation maps.

In experiment 2, we showed the results of the simu-
lated volumetric images with different resolutions and in 
the absence of noise and four different noise levels. The 
results of Γa in these geometries are shown in Figure 4A. 
The MAE was less than 45 cm2/s in all cases, providing 
greater precision in high resolution images, compared 
to low resolution images. Similarly to experiment 1, the 
axial- circulation was not significantly affected by noise. 
Interestingly, for image resolutions larger than 2 mm, 
the use of finer meshes slightly increased the error in 
the quantification of Γa. Furthermore, the low resolu-
tion image (isotropic voxel 3 mm) showed an improved 

(5)MAE =

∑N

i=1
��Γ − Γ���
N
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quantification of Γa compared to the higher resolution im-
ages (isotropic voxel 1 mm). Comparing our finite element 
results with the standard 2D method using the centerline 
of the geometry, we observed that the standard 2D method 
is also stable compared with the tested image resolutions 
and noise levels, but the values of the estimated circula-
tion (Γ2D) were underestimated (range ±80 cm2/s) below 
the Γa values obtained with FE (range ±110 cm2/s) when 
compared to the analytical values (range ± 157 cm2/s).

In the Supporting Information Table S1 which is avail-
able online, we include the Pearson correlation compar-
ing the analytical value of circulation Γ with the value 
obtained by our finite element method Γa and the stan-
dard 2D method Γ2D, for different image resolutions, 
mesh sizes and noise levels. For all cases the Pearson 
correlation was greater than 0.95. Moreover, in the 
Supporting Information Figures S1 and S2, we show the 
Bland- Altman plots and correlation plots between the 
analytical value of circulation Γ, and the value obtained 
by our finite element method Γa (for different image res-
olutions and mesh sizes) and the standard 2D method 
Γ2D (for different image resolutions), the noise level was 
grouped, because Figure 4 shows that both method are 
insensitive to noise.

From the Bland- Altman we overserved a subestima-
tion of circulation values for Γa and Γ2D in comparison 
with the analytical values Γ, with less variability in Γa. The 
bias ranged between 44.00 cm2/s to 18.53 cm2/s, for Γa 
and between 55.42 cm2/s to 53.91 cm2/s, for Γ2D. For larger 
mesh sizes combined with lower image resolution we 
observed more variability in the results.

From the correlation plots, a greater loss of slope in 
the standard 2D method Γ2D than in our finite element 
method Γa was observed. In our method, the slope ranged 
between 0.57 to 0.82, and the R2 between 0.94 to 0.99, for 
the case of the standard 2D method the slope ranged be-
tween 0.46 to 0.48, and the R2 between 0.95 to 0.98. Both 
methods showed high precision but our method showed 
greater accuracy.

3.2 | In vivo MR analysis

The axial circulation (mean ± SD) of the healthy vol-
unteer group was 13.83 ± 28.78 cm2/s, in BAV patients 
with right- handed flow 724.37 ± 317.53 cm2/s, and BAV 
patients with left- handed flow −480.99 ± 387.29 cm2/s 
(Figure 5). There were significant differences between 
healthy volunteers and BAV patients groups (P- value of 
.000022), and also between BAV patients with a right- 
handed helical flow and healthy volunteers (p- value of 
0). The same p- value was obtained between the groups of 
BAV patients with left- handed helical flow and healthy 
volunteers. The group of BAV patients showed a consid-
erable range of axial circulation [cm2/s] data, interquar-
tile range [Q1 | Q3] of axial circulation for the group of 
healthy volunteers were [−4.0 | 37.1] cm2/s, and BAV 
patients with s right- handed flow [363.4 | 960.6] cm2/s 
and BAV patients with left- handed flow [−891.4 | 121.9] 
cm2/s. From a qualitative point of view, in Figure 5 we ob-
serve that the magnitude of axial circulation for the group 
of BAV patients with right- handed flow, is over 50 times 

F I G U R E  3  Results from experiment 1. A, MAE for different mesh resolutions and noise levels. In B, we show the result of the velocity 
vector field and axial- circulation for a characteristic length of the element of 2 mm, and different noise levels (dashed line in A)
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greater than the magnitude of axial circulation in healthy 
volunteers. Also, in the group of BAV patients with left- 
handed flow, the magnitude of axial circulation is over 
34 times greater than the magnitude of axial circulation 
in healthy volunteers. On the group of BAV patients, two 
of them showed the bigger values of axial circulation for 
right-  and left- handed flow directions, the right-  handed 
flow direction patient shown a mean value of 960 cm2/s 
and the left-  handed flow direction patient shown a mean 
value of −891 cm2/s.

4 |  DISCUSSION

We proposed a method to calculate the circulation on a 
3D domain that we called axial- circulation. This method 
allowed us to evaluate local rotations and helical behavior 
of the blood flow in the ascending aorta of BAV patients 
using the 3D maps obtained from 4D flow MRI data using 
a finite element approach.

Our method has distinctive advantages over current 
2D formulations. It includes the automatic generation of 
3D maps without generating overlapping planes13 as it 
does not rely on precise centerline calculation for plane 

detection, making it helpful to work with complex geom-
etries. The first in silico experiments using the Equations 
(3) and (4) showed that our 3D formulation produces pre-
cise and accurate approximations for the axial circulation. 
In the absence of noise, they converge to the analytical 
values as the characteristic length of the elements be-
comes small. Also, the method showed robustness to noise 
in in- silico experiments.

From the in silico analysis, the axial circulation pre-
dicted by our FE formulation induces less error than that 
obtained from the standard 2D formulation. The MAE
obtained by both methods showed negligible variation 
for different noise levels. However, the difference of cir-
culation obtained by our 3D formulation was below 45 
cm2/s, with the higher level of noise. On the other hand, 
the error incurred by the 2D method was around 55 cm2/s 
for different noise levels. Our method showed a good pre-
cision in estimating the circulation, in images with higher 
spatial resolution, similarly to the 2D method (Figure 4). 
However, in the case of lower resolution images, the pre-
cision was affected by the characteristic length of the tet-
rahedral element used, mainly due to a larger number of 
mesh nodes inside of a single voxel, affecting the quanti-
zation of the spatial derivatives of velocity, which directly 

F I G U R E  4  Results from experiment 2. A, MAE for different mesh resolutions and noise levels of the velocity field interpolated from 
the volumetric images, with different spatial resolution, we also show the 3D maps of Γa for five different meshes and 10% of noise level, 
obtained from the image with a spatial resolution of 2.5 mm. In B, we show the MAE for the volumetric images showed in Figure 2E with 
five different noise levels; we also show the 3D maps of Γ2D for the image with a spatial resolution of 2.5 mm and 10% of noise level (The 
three- dimensional maps of Γ2D was created using a 2D slice for each node of the surface mesh). In C, we show the analytical solution of 
circulation using Equation (4)
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affects the quantization of the circulation. Nevertheless, 
all the results obtained by our method showed less error 
than the standard 2D method (see Supporting Information 
Figures S1 and S2).

The in vivo results showed that axial- circulation is 
an interesting parameter for evaluating rotational and 
helical flow in complex geometries. There were notice-
able differences between the axial circulation of BAV 

patients, and healthy volunteers explained primarily by 
the flow pattern in the ascending aorta of BAV patients, 
as there was a helical flow that rises until the aortic arch 
(Figure 5). These atypical flow patterns may alter the bio-
mechanics of the vessel, potentially causing remodeling 
of the vessel in the region exposed to this helical flow. 
This is also supported by the work developed by Bissel, 
et al16 and Hattori, et al.18

F I G U R E  5  A, Axial circulation maps and velocity vector field in the AAo for each healthy volunteer (we also show the max, mean, 
and min values of axial circulation). B, Axial circulation maps and velocity vector field in the AAo for each BAV patient (we also show the 
max, mean, and min values of axial circulation). Additionally, with yellow arrows, we show the direction of the velocity vectors in healthy 
volunteer and BAV patients
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For healthy volunteers and BAV patients, we found a 
statistically significant (P- value of 0.000022) difference 
in the axial- circulation in the ascending aorta, consistent 
with the difference of eccentricity and circumferential 
wall shear stress reported by other authors.10- 13 The main 
advantage of the proposed FE method is the analysis of 
axial- circulation on the entire vessel surface. The clinical 
implications of more accurate and precise predictions of 
the axial- circulation may play an essential role in disease 
genesis and progression. In the study of Bissel, et al,16 the 
authors demonstrate that the left- handed flow pattern 
show more severe abnormalities than right- handed, which 
may require ascending aortic replacement at a younger 
age. Our method could facilitate risk stratification in BAV 
aortopathy, predicting these flow abnormalities at an early 
stage.

One limitation of the proposed methodology is that our 
methodology can evaluate only one vessel of interest with-
out any branches. We also found this limitation when we 
used the centerline method to generate 2D slices. Using 
any of both methods, each branch in the vessel would need 
to be analyzed independently. If branching vessels are re-
quired in the data analysis, we could perform a semiauto-
matic process to select the inlet and outlet nodes for each 
branch vessel. We will include the supra- aortic vessels in 
our model in future research, modifying our Laplacian 
approach. Additionally, larger number of participants and 
longitudinal follow- up data are needed to correlate axial- 
circulation with clinical outcomes.

In conclusion, we propose a novel 3D formulation and 
a computational method to estimate the axial- circulation 
in a vessel, which can be used to assess the differences be-
tween normal and diseased hemodynamic from 4D- Flow 
MRI data. This method also correctly differentiated be-
tween the visually seen right-  and left- handed helical flow, 
which shows the clinical feasibility of the presented meth-
odology. However, longitudinal studies in a large cohort of 
patients may provide more clinical insight about the use 
of this parameter.
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