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Background: The carotid blood flow following carotid endarterectomy (CEA) is not fully understood. 
Computational fluid dynamics (CFD) is a promising method to study blood flow. This study is to investigate 
local hemodynamic characteristics after CEA via the use of unenhanced magnetic resonance angiography 
(MRA) and CFD.
Methods: Eight carotid arteries with atherosclerosis and sixteen normal carotid arteries were included in 
this study. Time-of-flight (TOF) and phase contrast (PC) MRA were applied for the measurement of three-
dimensional artery geometries and velocity profile under CFD simulation. The hemodynamic parameters 
of the proximal internal carotid artery (ICA) including velocity, ICA/common carotid artery (CCA) velocity 
ratio, mean, maximum, minimum and gradient of wall shear stress (WSSmean, WSSmax, WSSmin and WSSG) 
were calculated before and after CEA. Morphologic characteristics of the carotid including bifurcation angle, 
tortuosity and planarity were also analyzed. 
Results: Compared with pre-CEA, there was a significant reduction in post-CEA velocity, WSSmax, 
WSSmean, and WSSG, by 87.24%±13.38%, 86.86%±14.97%, 57.32%±56.71% and 69.74%±37.03% 
respectively, whereas WSSmin was almost unchanged. ICA/ CCA velocity ratios increased significantly 
after CEA. We also found that the post-CEA flow conditions were positively remodelled to approximate 
the conditions in normal arteries. The correlation between PC-MRA and CFD was excellent for the 
measurement of maximum velocity at the external carotid artery (r=0.846).
Conclusions: Our preliminary results indicated that major flow dynamics were restored shortly following 
CEA, and CFD based on MRA measurements could be useful for quantitative evaluation of hemodynamic 
outcomes after CEA. 
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Introduction

Carotid atherosclerosis is a major cause of stroke and transient 
ischemic attack. For patients with carotid atherosclerosis, 
carotid endarterectomy (CEA) or the surgical removal of 
the plaque is recommended as an effective method to reduce 
the risk of stroke (1), with the morphological correction 
of carotid stenosis. The effectiveness of CEA is largely 
evaluated via the measurement of luminal changes on 
imaging examinations or by reductions in cerebrovascular 
events during follow-up assessments. However, until now 
there have been only a limited number of studies focused on 
the evaluation of hemodynamic recovery following CEA.

Wall shear stress (WSS), a force of blood flow against 
the vessel wall, plays a critical role in the development of 
atherosclerotic plaque. Low and oscillator WSS are both 
linked with the initiation and progress of the atherosclerosis 
plaque (2), while high WSS may be associated with plaque 
vulnerability (3). Schirmer et al. showed that WSS began 
to approach normal levels following carotid stenting (4). 
Uemiya et al. reported that local hemodynamics altered 
after endarterectomy and stenting (5). Whether or not 
hemodynamics can be restored after CEA remains poorly 
understood (6). Furthermore, in order to better understand 
the mechanisms of restenosis after revascularization, it is 
also critical to study and monitor the local hemodynamic 
alterations after intervention.

Computational fluids dynamics (CFD) is an accepted 
method for in vivo hemodynamic analysis and has been 
extensively used in cardiovascular studies. CFD techniques 
can be utilized to simulate blood flows based on patient 
specific three-dimensional (3D) geometry derived from 
medical imaging. A number of studies have proved that 
the CFD method is a powerful and reliable tool for the 
hemodynamic analysis of carotid stenosis (7,8). Recently, 
Guerciotti et al. used CFD to investigate the hemodynamic 
effects of CEA on carotid bifurcation, however, a normal 
control was not available in that study for comparison (9).

Time-of-flight magnetic resonance angiography (TOF-
MRA) is an unenhanced luminal angiography technique 
commonly used for morphological evaluation of carotid 
stenosis in clinical practice, especially in patients who 
have a risk of adverse reactions to contrast media or in 
those with impaired renal function (10). Phase contrast 
magnetic resonance angiography (PC-MRA) is another 
unenhanced MRA modality that provides in vivo blood 
velocity measurements (8). In this study, we employed CFD 
methods based on TOF- and PC-MRA measurements to 
quantitatively analyze carotid flows both before and after 

CEA, with normal carotid arteries as a control group for 
comparison. 

Methods

Subjects

Eight patients (7 males, 1 female; age range, 51–75 years; 
mean age ± SD, 65.5±7.8 years) diagnosed with carotid 
atherosclerosis, who underwent CEA were recruited. The 
degree of stenosis within all eight arteries was over 70%, 
with mean stenosis 84.21%±8.87%. Three of the treated 
arteries were right-sided, whilst five were left-sided. The 
stenosis was located at the proximal internal carotid artery 
(ICA) or carotid bulb. All operations were carried out by 
the same vascular surgeon (Xiao Tang). Ten volunteers with 
16 normal carotid arteries (9 males, 1 female; age range, 
41–76 years; mean age ± SD, 48.2±10.9 years) were enrolled 
as a control group in this study. The study was approved of 
by the local institutional ethic board, with informed consent 
obtained from all participants.

MRA protocols and analysis

All patients with carotid atherosclerosis underwent MRA 
twice, one week prior to and 15 days post CEA operation. 
MRA was performed using a 3.0-T magnetic resonance 
imaging scanner (Magnetom Verio; Siemens, Erlangen, 
Germany) with an 8-channel carotid artery coil (Chenguang 
Technology, Shanghai, China).

MRA sequences included 3D TOF-MRA and a two-
dimensional (2D) time-resolved PC-MRA sequence 
triggered by an electrocardiogram gating. The parameters 
for TOF-MRA were: repetition time/echo time (TR/TE) 
26/3.23 ms, flip angle 25°, thickness 2 mm, field-of-view 
(FOV) 160 mm × 160 mm, matrix 256×256, and acquisition 
time 2.33 minutes. The longitudinal coverage of TOF-MRA 
was approximately 7 cm including the distal common carotid 
artery (CCA), carotid bifurcation, the proximal ICA and 
the proximal external carotid artery (ECA). The parameters 
for PC-MRA sequence were as following: TR/TE 13/4 ms,  
slice thickness 1.0 mm, FOV 140 mm × 140 mm, matrix 
256×256. The maximum velocity was targeted in this study, 
thus the encoded velocity was set at a range between 100–
200 cm/s (11,12).

MRA processing

The measurement of PC-MRA was performed independently 
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by two experienced radiologists (Yuanyuan Dai, Peng Lv), 
with the mean values from the two measurements recorded. 

2D PC-MRA was applied to obtain the velocities in the 
vicinity of the carotid bifurcation. Velocity was measured 
at different points at the CCA, ICA and ECA respectively. 
These measurement points were 2 cm proximal to the 
carotid bifurcation at CCA and 2 cm distal to stenosis at 
ICA, or about 3 cm distal to the carotid bifurcation of the 
normal ICA. On ECA, the measurement point was 1–2 cm 
distal to the bifurcation where no major branches arose, 
with measurement planes orthogonal to the long axis of the 
target vessels.

Two sets of cross-sectional images including magnitude 
images and phase images were obtained from PC-MRA. 
Region of interest (ROI) was drawn on the magnitude 
image, with velocity information extracted from the phase 
image corresponding to the ROI on the magnitude image. 
Mean velocity from the cardiac circle was recorded at each 
measurement point.

Computational fluid dynamics (CFD)

The 3D geometry of carotid bifurcation was reconstructed 
based on 3D TOF-MRA data using commercial software 
Mimics 16.0 (Materialise Company, Leuven, Belgium). 
The 3D reconstructed geometry was then imported as a 
stereolithography (STL) file into ICEM 15.0 (ANSYS, 
Lebanon, NH, USA) for CFD mesh generation. A 
boundary layer mesh with a growth factor of 1.2 was used 
to improve the accuracy for the measurement of near-
wall hemodynamic parameters. The total mesh size ranged 
from 1.6 to 3 million hexahedral and prism elements. 
To minimise the effects of boundary conditions on flow 
behaviour, the vessel was extended at the inlet and outlet 
to a length that is 20 times of the vessel diameter. All CFD 
simulations were normally converged and reached the 
criteria of residual target 0.0001.

Blood was considered as a non-Newtonian fluid with a 
density of 1,050 kg/m3 and a viscosity of 0.0035 Pa∙s (5). 
CFX 15.0 (ANSYS, Lebanon, NH, USA) was implemented 
for fluid-flow modelling, with the flow assumed to be steady 
and incompressible (13). The vessel walls were assumed to 
be rigid with non-slip boundary conditions. The velocity at 
CCA measured via PC-MRA was averaged over a cardiac 
cycle and used as the inlet boundary condition. As the 
stenotic segment was located at ICA, measured average 
velocity at the ICA was imposed as the outlet boundary 
condition, with a zero pressure condition applied at the 

outlet of the ECA.
Flow velocity ratios of ICA to CCA were calculated and 

compared among pre-, post-CEA and normal carotid arteries. 
The velocity, WSS in mean (WSSmean), maximum (WSSmax), 
minimum (WSSmin), as well as WSS gradient (WSSG) were 
calculated both pre- and post-CEA, and compared to those 
of the control group. Velocity was defined as the maximum 
velocity at the most stenotic area within ICA pre-CEA. At 
post-CEA arteries, the velocity was measured at the same 
locations as pre-CEA, and for health arteries the velocity was 
calculated at ICA about 1 cm distal to the bifurcation. The 
WSSmean, WSSmax, WSSmin and WSSG of ICA were calculated 
at the same locations respectively.

Morphology of bifurcation

Morphologic characteristics were analyzed using Solid 
Edge ST9 (Siemens PLM Software, Plano, Texas, USA). 
Geometric factors including bifurcation angle, tortuosity and 
planarity angle were analyzed in this study. These geometric 
factors were defined using the method described in our 
previous study (5). Tortuosity was defined using a formula 
L/D-1, where L is the length of the center line from CCA 
to ICA end point, and D is the straight line distance between 
these two points. Bifurcation angle was defined as the angles 
between the center lines of ICA and ECA when viewed 
from the front. The planarity angle was defined as the angle 
between ECA and ICA in the lateral view.

Statistical analysis

The demographic data from the patients and healthy 
subjects  were compared by using chi-square test 
(categorized variables) and independent t-test (continuous 
variables). Inter-observer reproducibility with respect to 
the velocity measured by PC-MRA was analyzed using 
interclass correlation coefficient (ICC). The results of 
both hemodynamic and morphological characteristics 
including velocity, velocity ratio of ICA/CCA, WSSmax, 
WSSmean, WSSmin, WSSG, bifurcation angle, tortuosity 
and planarity both before and after CEA were compared 
using the non-parametric paired test. The hemodynamic 
and morphological parameters of pre- and post-CEA 
arteries, as well as of healthy arteries were compared via the 
use of independent t-tests. Pearson correlation was used 
to examine the correlation between PC-MRA and CFD 
simulation in the measurement of velocity at the ECA. 
The coefficient ratio r>0.80 was considered as an excellent 
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correlation (14). The mean value ± standard deviation (SD) 
was computed for all data. Two-sided tests were performed 
and P<0.05 was considered statistically significant. SPSS 
22.0 statistical software (IBM, Chicago, IL, USA) was used 
for statistical analysis.

Results

The demographic data from eight patients with carotid 
atherosclerosis and ten volunteers were listed and compared 

in Table 1. The inter-observer reliability of the velocity 
measurement obtained from PC-MRA was excellent. (Pre-
CEA CCA, ICC =0.970; pre-CEA ICA, ICC =0.859; pre-
CEA ECA, ICC =0.976; post-CEA CCA, ICC =0.988; 
post-CEA ICA, ICC =0.938; post-CEA ECA, ICC =0.944; 
normal CCA, ICC =0.979; normal ICA, ICA =0.946; 
normal ECA, ICC =0.952).

An illustration of 3D TOF-MRA and the velocities 
measured by PC-MRA was shown in Figures 1,2. The 
results of CFD and statistical analysis were shown in 

Table 1 Baseline characteristics of the patients with carotid atherosclerosis and the controls

Variable CEA patients (n=8) Control group (n=10) P value

Age (years) 65.5±7.8 48.2±10.9 0.002

Gender 7 males 9 males 0.867

Smoker (ever) 5 0 0.005

Diabetes 2 0 0.094

Hypertension 6 1 0.003

Systolic blood pressure (mmHg) 156.3±22.0 119.0±8.8 <0.001

Diastolic blood pressure (mmHg) 101.9±13.1 78.6±8.3 <0.001

Hyperlipidemia 1 0 0.25

HDL-cholesterol (mmol/L) 1.06±0.14 1.13±0.27 0.166

Total cholesterol (mmol/L) 3.58±0.89 2.97±0.88 0.487

Statins user 0 0 –

n, indicates the number of subjects. CEA, carotid endarterectomy; HDL, high density lipoprotein.

Figure 1 3D TOF-MRA images generated from pre-CEA (A), post-CEA (B) and normal carotids (C). Pre- and post-CEA carotids are from 
a 59-year-old male with severe stenosis at the proximal internal carotid artery 3 days before and 5 days after CEA. The normal carotid is 
from a 48-year-old healthy male. TOF-MRA, time-of-flight magnetic resonance angiography; CEA, carotid endarterectomy.

A B C
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Figure 3 and summarized in Table 2. The results showed 
significant differences before and after CEA in the velocity, 
ICA/CCA velocity ratio, WSSmax, and WSSG. However, 
no significant difference was found in WSSmin. When 
comparing hemodynamic results between pre-CEA and 
normal arteries, the flow parameters within pre-CEA 
were noticeably higher than those within normal arteries 

including the velocity, WSSmax, WSSmean and WSSG. The 
ICA/CCA velocity ratios before CEA were lower than those 
after CEA. However, there was no significant difference 
in WSSmin. The result indicated that WSSmin may not be 
a sensitive parameter to observe changes within the ICA 
artery. Furthermore, we found that flow characteristics have 
been positively recovered after CEA surgery, and that there 

Figure 2 Velocities measured by PC-MRA. (A,B,C) Show velocities from CCA (A), ICA (B) and ECA (C) of a pre-CEA carotid (the same 
artery as Figure 1A). The velocities of the post-CEA carotid (the same artery as Figure 1B) in CCA (D), ICA (E) and ECA (F) are shown. 
The velocities of a normal carotid (the same artery as Figure 1C) measured in CCA (G), ICA (H) and ECA (I) are demonstrated. PC-MRA, 
phase contrast magnetic resonance angiography; CCA, common carotid artery; ICA, internal carotid artery; ECA, external carotid artery; 
CEA, carotid endarterectomy.
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was no significant flow difference between post-CEA and 
normal carotids in velocity and ICA/CCA velocity ratio, 
WSSmax, WSSmean, WSSmin, and WSSG. WSS distributions 
after surgery were recovered to be close to those of the 
normal carotids, whilst a large difference was found in WSS 
distributions between pre-CEA carotids and those control 
ones (Figure 4).

The bifurcation angle, tortuosity and planarity in pre-
CEA, post-CEA and normal arteries were analyzed and 
compared (Table 3). No significant difference was found in 
bifurcation angle, tortuosity and planarity between pre-CEA 
and post-CEA arteries. However, the bifurcation angles 
of pre-CEA carotids were smaller than those of normal 

carotids. In addition, we found that all cases had an increased 
bifurcation angle after surgery with the exception of one 
case. Compared with pre-CEA results, four post-CEA cases 
showed increased bifurcation tortuosity, while the other 
four decreased tortuosity. Four cases had larger planarity 
whilst the other cases had smaller one. We also observed an 
interesting phenomenon that post-surgery arteries which 
had relatively smaller tortuosities created relatively higher 
WSS values at carotid bifurcation (Figure 5).

Pearson correlation coefficient showed excellent 
agreement (r=0.846, P<0.001) between the results of CFD 
and PC-MRA in the measurement of velocity at the ECA 
(Figure 6).

Figure 3 Scatter plots show the hemodynamic parameters of velocity (A), ICA/CCA velocity ratio (B), WSSmax (C), WSSG (D), WSSmean (E) 
and WSSmin (F) from eight stenotic carotids before and after CEA and sixteen normal carotids (control). ICA, internal carotid artery; CCA, 
common carotid artery; CEA, carotid endarterectomy; WSS, wall shear stress.
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Table 2 Flow comparison between pre-, post-CEA and normal carotids

Flow parameters Pre-CEA (n=8) Post-CEA (n=8)
Normal carotids 

(n=16)

P value

Pre- vs. post-CEA
Pre-CEA vs. 

normal carotids
Post-CEA vs. 

normal carotids

Velocity (m/s) 3.07±1.53 0.28±0.13 0.22±0.09 0.012 <0.001 0.176

ICA/CC velocity ratio 0.48±0.21 0.68±0.21 0.76±0.14 0.025 0.001 0.283

WSSmax (Pa) 116.33±97.67 9.99±11.35 13.67±9.47 0.012 <0.001 0.409

WSSmean (Pa) 5.44±3.88 1.76±1.69 1.71±0.98 0.017 <0.001 0.144

WSSG (Pa/s) 3,199.33±3,405.31 443.79±511.41 331.78±239.83 0.012 0.002 0.393

WSSmin (Pa) 0.02±0.02 0.2±0.2 0.08±0.08 0.575 0.050 0.897

n, indicates the number of subjects. CEA, carotid endarterectomy; ICA, internal carotid artery; CCA, common carotid artery.

Figure 4 Wall shear stress map showed that the distribution of wall shear stress was demonstrated on a pre-CEA (A), post-CEA (B) and 
normal carotid (C). Wall shear stress increases significantly at stenotic area of pre-CEA carotid. In contrast, the wall shear stress profile after 
CEA from the same patient is similar to that of a normal carotid. CEA, carotid endarterectomy.

Pre-CEA carotid Post-CEA carotid Normal carotid

A B C

Discussion

This preliminary study showed that velocity, ICA/CCA 
velocity ratio, WSSmax, WSSmean and WSSG significantly 
altered after CEA. With normal arteries as a control group, 
these main hemodynamic parameters of post-CEA arteries 
were recovered to those normal levels. In addition, we 
found that bifurcation angle alternations before and after 
CEA had connections with hemodynamic changes. Based 
on our results, we can draw a conclusion that the application 
of unenhanced MRA combined with CFD could provide 
comprehensive understanding for both flow dynamic and 
morphological alterations after CEA. The combination of 
unenhanced MRA and CFD method may greatly facilitate 

the blood flow follow-up studies after surgery, as it is non-
invasive and safe.

Four-dimensional (4D) flow MRI is able to measure 
both velocity and WSS at the carotid bifurcation (8,15). 
Harloff et al. (6) compared flow parameters before and 
after CEA via the use of 4D flow MRI and found that 
regional WSS decreased after CEA surgery. An earlier 
study explored similar techniques and showed that the 
distribution of WSS within stenotic arteries differed 
greatly from normal arteries, and that the flow distribution 
in post-operative arteries returned to values that closely 
resembled pre-operative conditions (16). Compared with 
CFD, limitations in 4D flow MRI such as lower spatial and 
temporal resolution, and relatively poorer delineations in 
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Table 3 Comparisons of morphologic characteristics between pre-, post-CEA and normal carotids

Morphologic parameters Pre-CEA (n=8) Post-CEA (n=8)
Normal carotids 

(n=16)

P value

Pre- vs. post-
CEA

Pre-CEA vs. 
normal carotids

Post-CEA vs. 
normal carotids

Bifurcation angle (degree) 40.49±7.76 45.39±10.34 53.73±13.17 0.161 0.016 0.133

Tortuosity 0.08±0.06 0.06±0.04 0.06±0.03 0.573 0.594 0.655

Planarity (degree) 8.76±8.02 4.56±5.35 6.53±6.35 0.484 0.588 0.459

n, indicates the number of subjects. CEA, carotid endarterectomy.

Figure 5 Wall shear stress map demonstrated that (A) the carotid with large tortuosity showed relatively low wall shear stress at bifurcation 
area (circle), while the carotid with small tortuosity showed relatively high wall shear stress at bifurcation (B).

Large tortuosity Small tortuosity

A B

Figure 6 There is an excellent agreement between CFD and PC-
MRA in measurement of the velocity at external carotid artery. 
CFD, computational fluid dynamics; PC-MRA, phase contrast 
magnetic resonance angiography.
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vessel surfaces may hamper the computation of absolute 
hemodynamic values (13,17). Furthermore, 4D flow MRI 
measurements require relatively long acquisition times 
depending on the patient’s heart rate (13,17) whilst special 
software that are not yet widely available, may limit its 
clinical application (18).

CFD has been applied in the hemodynamic assessment 
of blood flow. Accurate CFD simulation depends on 
patient-specific anatomy and flow boundary conditions. In 
real clinical scenarios, however, flow boundary conditions 
are not always available (19). As a result, the boundary 
conditions for CFD simulation were typically assumed 
with statistic or mean values obtained from the literature 
(7,20). This may create inaccuracies on an individual basis, 
especially at areas with complex geometry, which may 
lead to errors in the simulation of outcomes. In this study, 
however, we employed flow results from PC-MRA to assess 
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individual flow boundary conditions. With this patient-
specific measurement, our results and comparison studies 
increase in reliability and clinical relevance.

Using CFD technique, Guerciotti et al. (9) showed 
that both peak velocity and maximum WSS decreased 
significantly after CEA in patients with severe stenosis. 
However, since the study lacked a comparison with normal 
artery hemodynamics, the extent of the hemodynamic 
recovery after CEA could not be reliably appreciated. 
Due to localized dilatation at the carotid bifurcation and 
insufficient understanding of the flow dynamics following 
CEA, the establishment of a normal control is paramount 
for the accurate interpretation of CFD measurements. 
In this study, we found that both the magnitude and 
distribution of WSS at the bifurcation after CEA were 
similar to those of controls. We found that both carotid 
geometry and flow were recovered shortly after CEA, with 
local post-operative dilatation seemingly having little effect 
on the flow.

The recurrence rate of stenosis after CEA was 
approximately 4.1–5.8% (15). Since flow dynamics plays 
a critical role in the development and progression of 
atherosclerosis, its alteration may also lead to restenosis 
after revascularization surgery. CFD would be a valuable 
tool to inspect flow after CEA. However, a longer period of 
observation will be necessary to confirm carotid geometry 
remodelling and flow alternation which may lead to restenosis.

In order to inspect concordance between CFD 
simulations and PC-MRA measurements, we performed a 
correlation study for velocity measurements at the ECA. 
An excellent correlation was shown between PC-MRA 
measurements and CFD simulation. The small differences 
between the two measurements could be attributed to the 
errors from PC-MRA, caused by dephasing effects at the 
stenosis. However, a deviation of less than 10% by PC MRA 
was considered acceptable (8). Additionally, small arteries 
which branched off the ECA were not included in CFD 
modelling, another potential reason to explain the velocity 
differences between the two methods.

From the comparisons of morphologic characteristics, we 
observed the bifurcation angles of pre-surgery arteries were 
smaller than those normal ones. Although no significant 
difference was found in bifurcation angles between pre-CEA 
and post-CEA carotids, in seven arteries they increased after 
CEA. We believe that CEA could increase the bifurcation 
angle in most carotids with stenosis located at proximal ICA 
and carotid bulb. Our study also showed that no significant 

difference between tortuosity and planarity between pre-
CEA and post-CEA arteries. It appeared that surgery 
might have different impacts on tortuosity and planarity 
of different carotids. Further studies with more cases are 
necessary to verify our observations.

Morphologic characteristics are thought to contribute to 
local hemodynamics. In our study, we found that the WSS 
differed between post-CEA cases with different tortuosities. 
In cases featuring small tortuosities, WSS values were 
higher at the bifurcation following surgery. As shown in a 
previous study, restenosis after carotid stenting occurred 
more frequently in arteries with smaller tortuosities (5). 
We speculate that carotids with small tortuosity might have 
a higher risk of restenosis after CEA, although follow-up 
observations are required to support this assumption. We 
suggest that morphological analysis could also provide extra 
information for follow-up assessment of carotid artery after 
surgical intervention.

There were some limitations in this study. The vessel 
wall surface was assumed to be rigid, and CFD simulation 
was performed as a steady flow. Although carotid flow is 
pulsatile, its vessel surface displacement is typically less than 
10% (21). A previous study demonstrated that the rigid wall 
assumption had little effect on WSS calculation when the 
vessel wall displacement was small (22). Another limitation 
was that long-term follow-up was not available and the 
study was limited by a small number of cases. Although 
hemodynamic recovery after CEA was convincingly 
demonstrated through intra-individual and inter-individual 
comparison in this study, a large population of patients and 
a longer time of follow-up would be necessary to further 
observe its consequences.

Conclusions

For carotid arteries with severe stenosis, major flow 
dynamics at bifurcation was found to be restored shortly 
after CEA. CFD simulation based on unenhanced MRAs 
was able to effectively evaluate hemodynamic changes 
both before and after CEA. It is a promising technique 
in the assessment and follow-up of the patient-specific 
effectiveness of revascularization. 
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