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Hemodynamic impact of snoring on carotid artery
after stent implantation: the role of oscillation
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Snoring is common in overweight and elderly patients treated by endovascular stenting. Studies have proved a correlation between
snoring and carotid stenosis, thus, snoring after carotid artery stenting (CAS) might promote or worsen clinical performance. This study
tested this hypothesis by constructing a patient-specific carotid bifurcation model and numerically analyzing hemodynamic changes of
the carotid artery under different snoring conditions. These conditions included small and large amplitude, low and high frequency, and
different age groups. The results found that high amplitude snoring suppressed the disturbed flow at the stented segment while the down-
stream region of ICA became more chaotic, accounting for in-stent intimal restenosis and thrombosis. Furthermore, local blood flow patterns
of elder groups with snoring symptoms were more likely to be changed due to low-speed flow, increasing the possibility of vascular remod-
eling and thrombosis. Besides, increased snoring frequency hardly influenced the local disturbed flow. Therefore, older adults should receive
medical treatment actively after stenting for high-amplitude snoring as soon as possible to avoid potential adverse events.
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1. Introduction

Carotid atherosclerosis is an important risk factor
for ischemic cerebrovascular diseases, seriously threat-
ening the health of middle-aged and elderly adults.
Carotid artery stenting (CAS) is a predominant clini-
cal treatment for this disease. However, in-stent inti-
mal restenosis (ISR) and thrombosis after the interven-
tion are inevitable postoperative problems associated
with adverse events, such as stroke and death [17], [41].
The prevalence of carotid artery restenosis ranges
from 2.7 to 33% [11], [28]. Even though late stent
thrombosis occurs in about 1% of cases, it accounts
for more than 90% of disabilities or fatalities [35].
These outcomes occur due to the discounting of the
effects, eventually causing the failure of CAS.

Physiological and non-physiological activities in
patient’s life might affect postoperative manifestations
after CAS. Patients experience various normal physio-
logical activities such as breathing, swallowing, head
head-turning. A previous study has confirmed that such
activities can contribute to carotid artery deformation
[3], [33]. These deformations induced by physiologi-
cal activities change the biomechanical environment
of the host artery. In addition, abnormal physiological
activities such as snoring have a close relationship with
adverse cardiovascular outcomes, such as stroke, hy-
pertension, and myocardial infarction [9], [24]. Evi-
dences shows that snorers have a high risk of carotid
stenosis than non-snoring [12]. Therefore, abnormal
physiological activities might enhance the risk of ad-
verse events after CAS. Moreover, typical non-physio-
logical activities such as daily exercise may adversely

______________________________

* Corresponding authors: Zhenmin Fan, Ye Xia, School of Mechanical Engineering, Jiangsu University of Technology, Changzhou
Jiangsu, China. Phone: 86-519-86953201, fax: 86-519-86953201, e-mail: fanzhenmin2009@163.com, yx_laser0@163.com

Received: March 1st, 2023
Accepted for publication: May 18th, 2023



X. ZHANG et al.36

affect the outcomes following stenting. Vigorous ex-
ercises increase the risk of stent fracture in the super-
ficial femoral artery [16] and are closely related to late
stent thrombosis [34], [44]. Therefore, physiological
and non-physiological activities might be associated
with adverse events after CAS caused by hemody-
namics changes in the host artery.

Hemodynamics plays a crucial role in the presence
of adverse events after CAS. For one thing, stenting
changes the local hemodynamic environment, directly
influencing endothelial shear stress. It is considered
a principal contributor to restenosis and thrombosis
[5], [13]. Adverse or disturbed local blood flow asso-
ciated with these adverse events is featured by separa-
tion and low oscillatory wall shear stress (WSS) flow
around protruding struts. WSS, relative residence time
(RRT) and oscillating shear stress index (OSI) are the
quantitative evaluation indicators to describe the un-
favorable flow [36], [43]. A low WSS and high RRT
and OSI can lead to disturbed local mechanical condi-
tions contributing to adverse events after stent im-
plantation. Moreover, local disturbed flow caused by
stenting increases the residence time and the deposi-
tion of atherogenic particles and inflammatory cells,
contributing to the adverse event after stenting [6],
[40]. Unsuccessful stent implantation and inappropriate
designs also increase the risk of postoperative compli-
cation. Stent under expansion, stent malapposition,
and thicker and no-streamlined stent designs result in
abnormal shear stress concentration on stent struts edges,
which may increase the risk of adverse events after
the intervention [20], [32].

Snoring might alter the hemodynamic environment
of the host’s carotid artery after the intervention. A 10-
-year study found that habitual snoring is significantly
related to increased risks of ischemic stroke, total car-
diovascular diseases and ischemic heart disease [42].
Researches has proven that snoring is strongly associ-
ated with the intima–media thickness of carotid bifur-
cation [1], [18], [25]. Besides, there might be a close
connection between snoring and high-risk plaque for-
mation [19]. Overweight/obese people and middle-
aged adults with snoring symptoms have a higher
possibility of vascular remodeling than non-snoring [39].
Moreover, several studies have investigated how snoring
influences morphology and biomechanical properties
of the carotid artery. The vibratory energy or acoustic
of snoring induces endothelial damage and endothelial
dysfunction nearby. The surface acoustic wave improves
binding kinetics and enhances low-density lipoprotein
receptor-mediated endocytosis pathways [21]. The con-
tinuous peri-carotid tissue oscillation study displays
an endothelial dysfunction, indicating a plausible di-

rect mechanism linking heavy snoring and atheroscle-
rosis development [7]. Cho et al. [8] found that loud
snores decreased carotid peak systolic blood flow and
wall shear stress. In vitro snoring experiments in rabbits
showed that snoring in the carotid tissues accompa-
nied high-frequency oscillations and flow limitation on
the flow trace [31]. Previous research has built a con-
nection between cardiovascular disease and snoring,
discussing how snoring alters the biomedical envi-
ronment of the host artery. However, there is limited
research on snoring’s influence on the hemodynamic
environment of the stented carotid artery. Based on
the existing research, this study hypothesized that
snoring promotes or worsens the hemodynamics of the
host artery after stenting. Therefore, a carotid bifurca-
tion model was constructed based on patient-specific
carotid images and numerically-analyzed hemodynamic
changes of the stented carotid artery under different
snoring conditions. The effects of different snoring
amplitudes, frequencies, and ages on the local hemo-
dynamic environment were also discussed.

2. Method

2.1. Computational model

Carotid artery

To reconstruct carotid geometry, consecutive ca-
rotid artery sections were taken using an imager
(Siemens Medical Solutions, Forchheim, Germany).
Carotid bifurcation images in this study included three
branches (the external carotid, internal carotid and
common carotid, ECA, ICA and CCA), as illustrated
in Fig. 1a. The lengths of the CCA and ICA were 71
and 68 mm, respectively. Subsequently, Materialise
interactive medical image control system was manu-
ally utilized to segment lumen boundaries to create the
carotid model while simultaneously exacting the ca-
rotid centerline. The original carotid model was proc-
essed by Geomagic Studio (Geomagic, Inc., Morrisville,
the United States) to ensure the smoothness of the
surface. The participant gave written informed con-
sent and approved the study, which was carried out in
compliance with Beijing Friendship Hospital regula-
tions.

Stent

Pro/Engineer (Parametric Technology Corpora-
tion) was applied to construct the model of carotid
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stent, and it was similar to the commercially available
one. Strut had a rectangular cross-section, width of
0.087 mm and thickness of 0.188 mm. Additional
geometrical features of the stent in the present study
has been described in previous work [4]. The stent
was placed along the centerline of the carotid artery at
the area with the largest degree of stenosis. Because
diameters from different carotid arteries varied, the
ratio of stent diameter to artery was 1 : 1 – 1.1 : 1, and
ratio 1.1:1 was assumed in this study.

Governing equation
Studies have proven that non-Newtonian blood

flow models helps to improve the computational fi-
delity of WSS [26]. Therefore, blood was assumed as
an incompressible non-Newtonian fluid in this study.
The governing equations are the continuity Eq. (2)
and incompressible Navier–Stokes Eq. (1) [29].

0)( =Δ−∇+∇⋅ upuu μρ , (1)

0=⋅∇ u , (2)

where u stands for the fluid velocity vector and ρ
( ρ = 1060 kg/m3) is the constant density of blood
[30], p represents the pressure.

Sτ )(2 γμ &= , (3)

where S and stand γ& , respectively, stand for the rate of
deformation tensor and the shear rate (Eq. (3)). The
blood flow viscosity is described by Carreau model
(Eq. (4)) [38].
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where μ∞ and μ0 represent respectively the viscosity at
infinite shear rate (μ∞ = 0.00345 kg/ms) and at zero
shear rate (μ0 = 0.056 kg/ms), λ stands for the time
constant (λ = 3.31 s) and n stands for the power law
index (n = 0.36) [29].

Flow velocity waveform at inlet of CCA [2] from
different aged groups shown in Fig. 1c was applied at
the CCA of the carotid artery. The outlet of ICA and
ECA were set as no surface traction outflow. In this
simulation, the vessel wall and stent region were con-
sidered as rigid with no-slip boundary condition.

Snoring simulation

Previous research showed that snoring can induce
high frequency oscillations on the blood flow in ca-
rotid tissues [31]. Based on these findings, we simpli-
fied the oscillations of carotid flow as sine waves, and
oscillation frequency was assumed as 2.5 Hz. Ampli-
tude of oscillation velocity was set as 0.04 m/s in ac-
cordance with previous works [3], [31]. Therefore,

snoring oscillation curve of the carotid flow field was
set as:

)7.15sin(4.0 tV ∗∗= , (5)

where V stands for the oscillation velocity of carotid
artery and t represents different moments of the car-
diac cycle. The sinusoidal velocity was applied on the
whole carotid fluid domain to characterize the effect
of snoring oscillation on the carotid flow field, and the
oscillating velocity was along Y-axis in YZ plane as
shown in Fig. 1a.

Fig. 1. (a) computational model of stented carotid bifurcation,
(b) view of carotid cross-section, (c) carotid inlet velocity

waveform of middle-aged and elderly groups

To figure out the effect of oscillation amplitude and
frequency on carotid artery, different computational
models were investigated.

The Normal model (Normal) represents conditions
without snoring. The models with snoring amplitude
of 0.04 m/s and 0.08 m/s were symbolled by SA0.04
and SA0.08 while SA0.04TF represents snoring am-
plitude equal to 0.04 m/s with the double frequency.

Computation procedures

The CFD analysis was performed using commer-
cial software Fluent 18.0 (Ansys, Inc., Canonsburg, the
United States). Hexahedral dominated meshes were
generated by ICEM CFD 18.0 (Ansys, Inc., Canons-
burg, the United States). Stented regions were meshed
with high-quality tetrahedral elements using a maxi-
mum size of 0.05 mm and segments without stent
were meshed with high-quality hexahedral cells. Mesh
density is a factor that can influence the computational
results, so results have undergone mesh-independent
studies with 5 different mesh densities. Changes of he-
modynamic parameters based on WSS (area-averaged
value of TAWSS, OSI, and RRT) was observed by
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increasing number of meshes from 0.5 million to 8 mil-
lion, and number of meshes was doubled each time. As
shown in Fig. 2, it can be found that three interested
paraments become stable after mesh number reached
2 million, and relative difference between two adja-
cent sets of meshes was below 3%. Therefore, to re-
duce calculation cost and ensure calculation accuracy,
mesh number of 2 million was adopted in this study.
To get a convergent solution, velocity-pressure cou-
pling method was used and the coupled second order
upwind method was used for the discretize the mo-
mentum equation. In order to eliminate the influence
of initialization effects on results and ensure the con-
vergence of calculation, the hemodynamic results of
this study are exported from the 3rd cardiac cycle
singly.

2.2. Statistical analysis

Reverse flow volume was applied to calculate flow
volume opposite to the direction of normal blood flow
(along positive Z-axis) at different times, it can be
used to characterize disturbed flow [27]. Large reverse
flow volume indicates that there is more disturbed
flow in local flow field.

TAWSS was calculated by integrating the size of
the WSS of carotid wall during the cardiac cycle, and
low TAWSS values have closely connection with ex-
pression of proatherogenic genes, and it was defined as:

dtts
T

T
⋅= ∫ |),(WSS|1TAWSS

0
, (6)

where T represents overall interval of the cardiac
cycle, s is the position on the arterial wall, t stands
for the time, and WSS is the wall shear stress vector
at t.

OSI is used to identify areas of the blood vessel
wall that are affected by high oscillating WSS values

during the cardiac cycle. High OSI value indicates re-
gions where disturbed flow exists and it is defined as:
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RRT reveals the residence time of the atherogenic
particles at the arterial wall. High RRT values are
considered to increase the risk of in-stent restenosis,
and it is defined as

TAWSS)OSI21(
1RRT
⋅⋅−

= . (8)

Previous research have proven that abnormal he-
modynamic parameters may increase the risk of vas-
cular disease, vessel wall exposed to low TAWSS
(<0.26 Pa), high OSI (>0.31) and high RRT
(>8.95 Pa–1) are particularly prone to lesions [22], [23].
Therefore, these thresholds are used in this study to
quantitatively describe the disturbed flow.

3. Results

3.1. Effect of snoring amplitude

The velocity streamlines during snoring at differ-
ent moments showed that snoring altered the hemody-
namic environment of the carotid bifurcation signifi-
cantly (Fig. 3). Snoring increased the upstream blood
flow located at the inner surface of the wall of ICA
(Fig. 3a). In addition, the flow disturbance at the outer
surface of the wall of the stented segment was slightly
suppressed at 0.4 seconds. However, snoring can in-
duce significant disturbed flow at the downstream

Fig. 2. Mesh independence analysis involving mesh number of 0.5, 1, 2, 4, and 8 million
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regions of ICA. When the snoring amplitude in-
creased to 0.04 m/s, a small amount of disturbed flow
appeared in the downstream area of ICA. In contrast,
when the snoring amplitude increased to 0.08 m/s, the
level of disturbance increased significantly. Neverthe-
less, snoring under different amplitudes did not sig-
nificantly change the hemodynamic environment in
the stented segment at 0.6 seconds (Fig. 3b), but sig-
nificantly changed the streamlines at the downstream
regions of ICA. As the snoring amplitude increased to
0.04 m/s, a small amount of local disturbed flow
downstream of ICA occurred. In contrast, when the
snoring amplitude increased to 0.08 m/s, the level of
disturbance increased significantly, much greater than
the same amplitude at 0.4 seconds. By comparing dif-
ferent moments, it was found that snoring could
slightly disturb the systolic blood flow of the stented
segment. However, the downstream areas of ICA were
disturbed when snoring at different moments, and it
was more serious at high amplitudes of snoring.

This study also calculated the reverse flow of snoring
under different conditions to quantitatively analyze the
changes of flow field in stented segment and down-
stream areas of ICA. As shown in bar graphs of
Figs. 3a, b, reverse volume of stented segment was
much larger than that in downstream regions of ICA
at 0.4 seconds. The increased snoring amplitude slightly
increased the reverse flow volume of stented segment
at 0.4 seconds, and the maximum snoring amplitude
(0.08 m/s) increased the reverse flow volume by about
4% compared to non-snorers. While the reverse flow
volume in downstream areas of ICA was increased
dramatically from 3.44×10–10 m3 to 2.28×10–9 m3,
increasing by 563%. Compared to phenomenon that
stented segment had more reverse flow at 0.4 seconds,
downstream areas of ICA existed more reverse flow
volumes at 0.6 seconds. Reverse volume ratio of down-
stream areas of ICA to stented segment was 5.74 when
snoring amplitude was 0.04 m/s, and this ratio in-

creased to 452 when snoring amplitude increased to
0.08 m/s. Besides, reverse flow volume of down-
stream regions of ICA was almost 0 m3 when snoring
amplitude was below 0.08 m/s at 0.6 seconds. As
snoring amplitude increased, maximum snoring am-
plitude (0.08 m/s) caused reverse flow volume to be
3157 times larger than normal condition in down-
stream regions of ICA.

The TAWSS, OSI, and RRT distributions under
snoring (Fig. 4) showed that low TAWSS regions
were mainly distributed in the stented segment and the
end bifurcation of CCA. In contrast, high levels of
OSI and RRT regions were distributed in the outer
surface wall of the stented segment and the distal ICA.
Snoring resulted in a slight decrease in low TAWSS
in the downstream regions of the stented segment. The
stented segment was over the entire low TAWSS re-
gion at no or low snoring. When the snoring ampli-
tude increased to 0.08 m/s, the low TAWSS region in
the downstream regions of the stented segment was
significantly reduced. This study quantitatively ana-
lyzed the changes in the regions with low TAWSS
(TAWSS < 0.26 Pa). It was found that the area of low
TAWSS in the stented segment decreased by about 22%
when the snoring amplitude increased to 0.08 m/s. In
addition, snoring increased the OSI in the stented seg-
ment slightly, but caused significantly high OSI distri-
bution in the downstream areas of ICA. The high OSI
region was hardly observed in the downstream region
of ICA, with no snoring. However, as the snoring
amplitude increased to 0.04 m/s, the high OSI region
in the downstream region of ICA increased signifi-
cantly. When the snoring amplitude was 0.08 m/s, the
high OSI region in the downstream regions of ICA
further increased and expanded towards the stented
segment. This study quantitatively analyzed changes
in high OSI regions (OSI > 0.31). The results showed
that with the increase of snoring amplitude, the
stented segments and downstream regions of the ICA

Fig. 3. (a) velocity streamlines in the stented carotid bifurcation under snoring at 0.4 s, (b) velocity streamlines in the stented carotid bifurcation
under snoring at 0.6 s. Bar charts are the volumes of reverse flow in stented segment and downstream regions of ICA at 0.4 s and 0.6 s
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high OSI area significantly increased. The high OSI
area in the stented segment increased by about 12%
from no snoring state to maximum snoring amplitude
(0.08 m/s), and OSI at the downstream regions of ICA
increased by about 175%.

The stented segment distribution of RRT (Fig. 4)
at different states showed little difference. However,
degrees of snoring caused differences in downstream
regions of ICA. In the absence of snoring, almost no
high RRT area was observed downstream of ICA, but
when the snoring amplitude increased to 0.04 m/s,
a small amount of high RRT areas appeared in the
downstream regions of ICA. When the snoring am-
plitude increased to 0.08 m/s, the high RRT area
slightly increased downstream of the ICA. This re-
search quantitatively analyzed the changes in regions
with high RRT (RRT > 8.95 Pa–1). The results showed
that heavy snoring slightly inhibited the high RRT area
in the stented segment, but it caused the higher RRT
areas at downstream regions of ICA. The high RRT
area downstream of ICA with high amplitude snoring
was thrice that of the control group. In addition, the

RRT area of stented segment height was much greater
than that of ICA in each group of models.

3.2. Effect of inlet velocity

The velocity streamline of different groups under
the snoring amplitude of 0.04 m/s (Fig. 5) showed
that the disturbed flow in the elderly group was
more significant than that in the middle-aged group.
The area of disturbed flow with low velocity ap-
peared at the outer wall of the carotid stent segment
in both groups at 0.4 seconds (Fig. 5a, b), and the
lower flow velocity was observed in the elderly
group. Besides, normal streamline in ICA still con-
centrated closely to the inner wall in both two mod-
els at 0.6 seconds, but the disturbed flow close to
outer wall in the elderly group was more significant
than that in the middle-aged group (Fig. 5a, b).
Moreover, the elderly people displayed significant
disturbance characteristics in downstream regions
of ICA at this time.

Fig. 4. TAWSS, OSI and RRT distributions under different snoring amplitudes.
The bar charts show low TAWSS (<0.26 Pa), high OSI (>0.31) and high RRT (>8.95 Pa–1) area

Fig. 5. (a) and (b) show the velocity streamlines of the middle-aged and the elderly groups.
Bar charts are the volumes of reverse flow in stented segment and downstream regions of ICA of the mid-aged and the elderly
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This research quantitatively analyzed the changes
in the blood flow of the middle-aged and the elderly
under the same snoring condition and the volume of
reverse flow of different groups. Results showed that
reverse flow volume of stented segment at different
times was much larger than that in downstream regions
of ICA in both groups. Moreover, reverse flow volume
of middle-aged people was 1.35 times and 1.27 times
larger than that of elderly groups in stented segments
and downstream areas of ICA. It can be observed that
reverse flow volume of middle-aged people was al-
most 0 m3 in the whole ICA at 0.6 seconds. How-
ever, reverse flow volume of elderly people was up
to 8.49 × 10–8 m3 in stented segment and 6.91 × 10–9 m3

in downstream regions of ICA at 0.6 seconds.
The TAWSS, OSI and RRT distributions of mid-

dle-aged and elderly people under a snoring amplitude
of 0.04 m/s are shown in Fig. 6. Both stented seg-
ments had low TAWSS and high OSI and RRT val-
ues, concentrated at the ends of CCA and ICA. The
elderly had lower TAWSS distribution in ICA bifur-
cation, but the OSI and RRT in the stented segment

were slightly decreased. Moreover, compared with
middle-aged people, elderly people had higher OSI
and RRT distributions in the ICA downstream re-
gions.

This study quantitatively analyzed the influence of
age by studying the low TAWSS, high OSI, and high
RRT areas of different aged groups. The results
showed that low TAWSS area in the stented segment
of the elderly was larger than that of the middle-aged
people, and the value of the low TAWSS area was
about 1.88 times that in the middle-aged people. The
high OSI regions of the stent segment were 0.74 times
less in the elderly than in the middle-aged. However,
the high OSI areas downstream regions of ICA in the
elderly were about 1.34 times that in the middle-aged.
Similarly, the high RRT areas of the stented segment
in the elderly were slightly lower than that in the
middle-aged, about 0.82 times that in the middle-
aged. Nevertheless, the RRT areas downstream of ICA
of elderly people were much higher than that for mid-
dle-aged people, and the high RRT area was about
3.5 times that of middle-aged people.

Fig. 6. TAWSS, OSI and RRT distributions of middle-aged and elderly people.
The bar charts show low TAWSS (<0.26 Pa), high OSI (>0.31) and high RRT (>8.95 Pa–1) area

Fig. 7. (a) and (b) show the velocity streamlines of middle-aged people under different snoring frequencies.
Bar charts are the volumes of reverse flow in stented segment and downstream regions of ICA under different snoring frequencies
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3.3. Effect of snoring frequency

The velocity streamlines of middle-aged people un-
der different snoring frequencies (Fig. 7) showed that
high snoring frequency slightly reduced the disturbed
flow in the outer wall of the ICA stent segment. How-
ever, the streamline close to the vessels’ inner wall
became more obvious. Under high snoring frequency,
there was no significant change in the disturbed flow
between the stented segments and downstream regions
of ICA at 0.4 seconds. However, the disturbed flow
became more chaotic on these areas at 0.6 seconds.

This research quantitatively investigated the influ-
ence of snoring frequency on the carotid flow field by
analyzing the volume of reverse flow in the host ar-
tery under different frequencies. It was found that the
volume of reverse flow at stent segments was similar at
0.4 seconds, while higher frequency caused reverse flow
volume increase to 1.34 times than normal frequency in
downstream regions of ICA. Furthermore, reverse flow
volume was almost 0 m3 in downstream regions of
ICA under normal snoring frequency at 0.6 seconds,
while increasing of frequency led to 8.46 × 10–9 m3

reverse flow volume in downstream regions of ICA.
However, opposite phenomenon can be observed in
stented segment that normal snoring frequency caused
more reverse flow while almost no reverse flow was
generated under higher frequency.

The TAWSS, OSI and RRT distributions in ves-
sels under different snoring frequencies are shown in
Fig. 8. The increase in snoring frequency slightly in-
creased the values of low TAWSS, high OSI, and high
RRT areas in the stented segments but decreased the
values of high OSI and RRT areas downstream of ICA.
Quantitative analysis of the stent segment showed that
the low TAWSS area of the stent segment was almost

unchanged. The increase in frequency resulted in a 3%
increase in the high OSI area in the stent segments but
led to a 32% decrease in the high OSI area down-
stream of ICA. The effect of snoring on RRT was
smaller. High frequency increased the area of high RRT
by about 0.4% and decreased it by about 2.8% down-
stream of ICA.

4. Discussion

As a treatment for carotid stenosis, the reliability
of CAS in postponing problems such as in-stent reste-
nosis and thrombosis has been widely studied [17],
[41]. Since clinic reports have proven the relationship
between snoring and cardiovascular diseases [9], [42],
snoring might increase the possibility of carotid steno-
sis [12], [24]. Moreover, studies have established that
snoring might be associated with intima-media thick-
ness and high-risk plaque [19], [25]. Much work has
investigated whether snoring could be an induced factor
of cardiovascular. However, limited research focused on
stented carotid artery’s hemodynamic changes during
snoring. A carotid model based on patient images was
constructed to assess the changes in the hemodynamic
environment after stent implantation during snoring.
In addition, numerical simulations were run to inves-
tigate how different snoring characteristics influence
the local flow field of the host artery. The effects of
different snoring amplitudes, snoring frequencies, and
inlet velocity on the local hemodynamic environment
were discussed.

This study revealed that snoring influenced the he-
modynamic environment of the host carotid artery,
especially in the case of high snoring amplitude. Snor-

Fig. 8. TAWSS, OSI and RRT distributions of middle-aged people under different snoring frequencies.
The bar chart shows low TAWSS (<0.26 Pa) high OSI (>0.31) and high RRT (>8.95 Pa–1) area
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ing offset the blood flow significantly at the proximal
end of ICA to the inner wall of ICA, suppressing flow
disturbance at the outer wall of the stented segment.
Moreover, snoring suppressed the stented segment’s
low TAWSS and high RRT areas slightly, decreasing
the possibility of proatherogenic endothelial phenotype
and thrombosis [20]. In contrast, the high OSI area of
the stented segment increased with increased amplitude
snoring. These regions of high OSI (OSI > 0.1) demon-
strated a significant relationship with the risk of neo-
intimal hyperplasia in the stented artery [14]. How-
ever, snoring induced significantly disturbed flow
downstream of ICA, and the area and degree of dis-
turbed flow were increased acutely with the snoring
amplitude. Furthermore, areas of high OSI and RRT
increased dramatically with the increasing snoring
amplitude in that region, indicating that thrombosis
was more likely to form at the downstream regions of
ICA. The disturbance of stented segments and down-
stream regions of ICA might be due to inertial force
direction of blood flow being perpendicular to the
direction of snoring oscillation. It synthesized a new
velocity, deviating the blood flow and exacerbating
the disturbance phenomenon. The results showed that
snoring could relieve high RRT and low TAWSS
distributions. However, this study could not prove that
snoring induced positive effects in contrast to the ad-
verse effects of increasing flow disturbance of stented
segments and downstream regions of ICA on the local
hemodynamic environment. Oscillating shear stress
was associated with arterial wall remodeling, affecting
smooth muscle cell intimal hyperplasia and in-stent
restenosis [10]. Besides, increasing high OSI and high
RRT contributed to adverse effects on downstream
regions of ICA, increasing the risk of intima hyperpla-
sia and thrombosis formation [14]. Therefore, patients
with heavy snoring amplitude should not ignore their
snoring, and patients who underwent snoring after CAS
should receive a relevant diagnosis as soon as possible.

This research also indicated that snoring might
cause more serious effects on senior-aged groups. The
disturbed flow in the elderly group was more signifi-
cant than that in the middle-aged group in the stented
segment and downstream regions of ICA. The flow
disturbances that occurred naturally might be an in-
duced factor of neointimal hyperplasia or thrombosis
[6]. The elderly had lower TAWSS distribution in
ICA bifurcation. However, the OSI and RRT in the
stented segment were slightly decreased, indicating
that elder groups had an increased risk of in-stent re-
stenosis [15]. Moreover, compared with middle-aged
people, elderly people had higher OSI and RRT distri-
butions downstream of ICA, increasing the risk of intima

hyperplasia and thrombosis formation [37]. Higher tur-
bulence was observed in elderly groups, possibly be-
cause the component of blood flow velocity along the
Z-axis was perpendicular to velocity of oscillation
along the Y-axis, thus generating a new velocity offset
from the positive Z-axis to the positive Y-axis ac-
cording to parallelogram law, causing the streamline
to be offset. Moreover, due to the elderly’s slower
blood velocity, generating a larger offset velocity was
easier. Therefore, elderly groups should pay more
attention to snoring symptoms and take effective ac-
tion to relieve snoring symptoms.

Numerical results showed that the growth of snoring
frequency hardly influenced the blood flow. High
snoring frequency reduced the disturbed flow easily in
the outer wall of the ICA stent segment, indicating
that higher frequency might not worsen the blood
flow. The increase of snoring frequency slightly in-
creased the areas of low TAWSS, high OSI and high
RRT values in the stented segment but decreased the
areas of high OSI and RRT values downstream of ICA.
Therefore, increasing the snoring frequency might not
cause adverse effects on the endothelial shear stress,
and higher frequencies might not significantly influ-
ence the disturbed flow.

Limitations

There are some limitations in this study. The arterial
wall was assumed as no-slip rigid, neglecting artery
wall and stent movement, therefore, fluid-structure
interaction research will be carried out in the future to
figure out biomechanical changes of host artery under
the influence of oscillation caused by snoring. Besides,
the amplitude–frequency characteristic of carotid artery
oscillation snoring state is difficult to capture and more
complex, so this study simplified the oscillation of
carotid artery during snoring. Moreover, for the geo-
metric characteristics of carotid artery and the direc-
tion of human jumping will affect the local flow field
of carotid artery, further study will be carried out in
future to verify the influence of different oscillation
characteristics on the host blood vessels.

5. Conclusions

The study numerically investigated the relation-
ship between snoring and hemodynamic changes in
the carotid artery after CAS. The results showed that
high-amplitude snoring suppressed the disturbed flow
of the stented segment. In contrast, the downstream
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region of ICA became more chaotic, which might be
connected with adverse events. Moreover, the local
blood flow of elderly people with snoring symptoms
was more likely to be disturbed by the low inlet ve-
locity waveform, increasing the possibility of vascular
remodeling and thrombosis. In addition, increasing of
snoring frequency slightly influenced the local dis-
turbed flow. Consequently, oscillation caused by snor-
ing suppressed the disturbed flow slightly and pro-
moted a hemodynamic environment in the stented
segment, but it contributed to an increased risk of ab-
normal blood flow at downstream regions of ICA.
Therefore, this study cannot comprehensively comment
on snoring affects the carotid artery’s hemodynamic
changes. However, it might be a reliable suggestion
for old people with snoring symptoms to receive
prompt medical treatment.
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