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Abstract

In modern society, subarachnoid hemorrhage, mostly caused by intracranial aneurysm rupture, is accompanied by
high disability and mortality rate, which has become a major threat to human health. Till now, the etiology of
intracranial aneurysm has not been entirely clarified. In recent years, more and more studies focus on the
relationship between hemodynamics and intracranial aneurysm. Under the physiological condition, the mechanical
force produced by the stable blood flow in the blood vessels keeps balance with the structure of the blood vessels.
When the blood vessels are stimulated by the continuous abnormal blood flow, the functional structure of the
blood vessels changes, which becomes the pathophysiological basis of the inflammation and atherosclerosis of the
blood vessels and further promotes the occurrence and development of the intracranial aneurysm. This review will
focus on the relationship between hemodynamics and intracranial aneurysms, will discuss the mechanism of
occurrence and development of intracranial aneurysms, and will provide a new perspective for the research and
treatment of intracranial aneurysms.
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With the development of modern society, cerebrovascu-
lar disease has gradually become a major threat to hu-
man health, causing serious economic burden to families
and society. Intracranial aneurysm (IA) is one of the
most common cerebrovascular diseases, and one epi-
demic study revealed that the prevalence of IA among
35 to 75 years reached 7.0% (5.5% for men, 8.4% for
women) in China [1]. One IA ruptured, the subarach-
noid hemorrhage (SAH) results in serious accidents, and
less than one third patients will lead to normal life [2].
Currently, the clinical strategies in treating IA are mainly
restricted to surgical clipping and endovascular therapy.
Although huge progress in IA treatment has been made,
the complications and economy burden of both

methods, especially when IA ruptured, cannot be
ignored.
Till now, the etiology of IA remains to be clarified; the

genetic aspect, living habit, environment, and estrogen
hormone are all reported to be closely related to IA de-
velopment [3–5]. Among the potential risk factors of IA,
abnormal hemodynamics is one of the location-specific
dangerous factors, which show high relevance with ves-
sel inflammation and atherosclerotic plaque [6]. At
present, many studies have confirmed that abnormal
hemodynamics, as an initiating factor, is involved in the
occurrence and development of IA [7, 8]. This review
will focus on the pivotal role between hemodynamics
and IA, targeting to provide novel perspective in IA re-
search and clinical treatment.

Overview of hemodynamics in cerebral vessel
In human vascular system, the state of blood flow can be
divided into laminar flow and turbulent flow according
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to its velocity and geometrical parameter. Laminar flow
is mainly distributed in the vertical vessels with large
diameter, while turbulent flow is mainly distributed in
the small and curved vessels [9]. Under the turbulent
state, the blood flow velocity is relatively high and the
geometrical parameter is more complex, which causes
mechanical force to the blood vessel wall. Under the
continuous abnormal blood flow stimulation, the func-
tion of the endothelial cells is disordered and becomes
the initiating factor of IA development [10].
The mechanical force of blood flow on the tube wall

mainly include the stretch of endothelial cells, the im-
pulse force on the tube wall, and the tangential force be-
tween the blood flow and the tube wall. The tangential
force between blood flow and wall follows the Poi-
seuille’s law, which is also called wall shear stress (WSS),
calculated by in Pascal (PA) or Newton/square meter
(N/m2). It reflects the friction between blood laminar
flows with different flow velocities in the blood vessel.
Therefore, WSS can also be regarded as the friction
formed when blood flow contacting with the blood ves-
sel wall. In physiological state, the average value of WSS
is about 15dynes/cm2 in human large blood vessels,
while in fact the value of WSS of different parts of blood
vessels is significantly various because of the complex
distribution of blood vessels in human body. In the com-
mon carotid artery, WSS ranges from 9.5 to 15 dynes/
cm2, while in the femoral artery, WSS ranges from 3.9 to
4.9 dynes/cm2 [11, 12]. In the vessels with large diameter
and regular morphology, WSS keeps in a stable physio-
logical state, while in the vessels with curved or bifur-
cated vessels, the abnormal WSS leads to continuous
stimulation to the vessels, destroying the integrity of the
vascular structure, which triggers the activation of in-
flammatory cells and local inflammatory reaction [13].
Different from other organs, the brain accounts for

20% of circulating blood volume. Meanwhile, the ana-
tomical of cerebral artery is much more complicated, es-
pecially the curves and bifurcations in Willis circle [14].
To better investigate and simulate the hemodynamic
situation in cerebral artery, computational flow dynamics
(CFD) was wildly applied in vessel visualization and
measurement [15]. Other for WSS, CFD can also pro-
vide with oscillating shear index (OSI) which reflect the
vessel wall resilience. Geometric simplification of cere-
bral vessel by CFD makes it possible in assessing the
complex blood dynamics via noninvasive approach, com-
puting the blood quantity and distribution in different
areas [16].

Hemodynamics and intracranial aneurysm
Hypertension, smoking and drinking, environmental fac-
tors, and genetic factors are all reported to be risk fac-
tors of intracranial aneurysm. At present, many studies

evidenced that abnormal hemodynamics is closely re-
lated to the occurrence and development of intracranial
aneurysms [10, 17]. Animal aneurysm models are neces-
sary for clinical device testing and basic researches, and
animal models using hemodynamic induced aneurysm
method are wildly utilized for various purposes. Mori-
moto et al. introduced a mouse aneurysm models by li-
gating bilateral posterior renal arteries and left common
carotid artery [18]. Tutino et al. created basilar terminus
aneurysm in rabbits induced by ligating bilateral com-
mon carotid artery ligation in order to increase artery
blood flow [19]. Other studies also used vessel anasto-
mosis technique to create aneurysm models, which fur-
ther confirmed the close relationship between IA
development and hemodynamics [20, 21] (Fig. 1).
The Willis circle was the most frequent place of IAs

development owing to its special anatomy structure,
which is reported to be closely related to irregular
hemodynamic stimulation. Signorelli et al. reported that
about 90% of saccular IAs were located in Willis circle,
and other IAs are mostly located in the vessel bifurca-
tions [8]. Willis circle is an important collateral circula-
tion in the brain, which plays a pivotal role in
connecting the blood circulation of both anterior with
posterior hemispheres and the left with right hemi-
spheres. Kapoor et al. suggested that in autopsy examin-
ation, the integrity of Willis can only be seen among
40% of the population, and anatomy variation of Willis
circle exists wildly in more than half of the people,
resulting in the diversity and complexity of local intra-
cranial blood flow [22].
Except for the congenital variation of Willis circle de-

scribed above, many people undertake tissue abnormal-
ity in blood vessel owing to abnormal gene expression.
Among these people, the aneurysms are more prone to
occur under hemodynamic stimulation. Schmid et al. re-
ported that elastin layer of the vascular wall in intracra-
nial aneurysms is often missing, which may be related to
the abnormal gene expression of the structural protein
of the vascular wall in human body [23]. Torres and
Harris found that in patients with polycystic kidney dis-
ease, 2 to 10% of patients suffer from aneurysms, and
these people are unable to encode a certain vascular
structural protein [24]. In patients with Marfan syn-
drome, intracranial aneurysms were developed owing to
lack of gene that can encode collagen [25]. Olubajo et al.
revealed that among people who suffer from Ehlers-
Danlos syndrome, the type III collagen gene mutation
increases the arterial fragility, and IAs were one of the
most clinical manifestations among these patients [26].
To further elucidate the causes of IA location in brain

artery, many researches focused on the correlation be-
tween IA location and WSS level. Meng et al. created
new branch points in the carotid artery in dogs, under
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high WSS and high WSS gradient environment, the ar-
terial wall presented with destructive remodeling around
the irregular flow, resembling the process of IA initiation
[27]. Gao et al. created rabbit aneurysm models by ca-
rotid artery ligation, increasing the regional blood flow.
They evidenced that all rabbits in model group formed
nascent aneurysms under high WSS condition and fur-
ther histology examination evidenced the aneurysms
share similar characteristics with absent internal elastic
lamina and thinned media layer [28].
In the further development of aneurysms, researchers

believe that longitudinal blood flow impinging on the
vessel wall is an important risk factor in aneurysm
growth, and continuous blood flow further destroys the
structure of the vascular wall [29]. However, there are
also studies showing that low WSS stimulation is closely
related to the progression of aneurysm [30]. Another
study conducted by Machi et al. revealed that low WSS
and high OSI promoted IA growth, and in their study,
they clarified that the areas of IA growth showed low
shear conditions with increased oscillations at the site of
growth [31]. The low WSS condition formed by blood
flow is similar to the environment forming atheroscler-
otic plaque, which further explains that atherosclerotic
lesions are often found in the anatomy of IA. At the
same time, low WSS promotes vascular inflammatory re-
sponse and endothelial cell dysfunction and gradually
destroys the entire structure of the vascular wall, which
becomes an important basis for further development of
IA. One meta-research summarized the CFD studies tar-
geting at the relationship between IA and WSS; they re-
ported that high WSS was relevant to IA initiation while
low WSS contributed to IA rupture [32]. Till now, al-
though the consensus was not reached about the exact
relationship of IA growth or rupture with the WSS level,
the joint perspective could be summarized that low WSS

and high WSS jointly exerting effect in the natural his-
tory of IA [33].

Hemodynamic stimulation and vessel
inflammation
Vessel inflammation was the starting event in IA devel-
opment. In normal condition, the cerebral artery con-
sists of 3 layers: the intima layer, the medial layer, and
the adventitia layer. The integrity of vessel structure en-
hances the protective effect against risk factors. The
WSS produced by the stimulation of blood flow is ini-
tially felt by the endothelial cells, and vitro study has re-
vealed the abnormal function of endothelial cells under
irregular WSS [34]. Gene transcription in endothelial
cells under the WSS environment are in a time- and
space-related manner; the same conditions are also ap-
plied in the expression of ion channels on the surface of
the cell membrane and the expression of cytoskeleton
protein. Under physiological conditions, nitric oxide
(NO) was generated mainly by endothelial nitric oxide
synthase (NOS) in endothelial cells and exerts cardio-
protective role by inhibiting platelet aggregation, inhibit-
ing the proliferation of smooth muscle cells which can
relax blood vessels, and inhibiting the expression of in-
flammatory factors [35, 36]. In endothelial cells, NO is
continuously synthesized by endothelial nitric oxide syn-
thetase (eNOS). Paschoal et al. reported the activation of
eNOS in endothelial cells is positively related to the size
of WSS [37]. When the blood flow velocity suddenly in-
creases and the blood flow morphology is unstable, the
increase of WSS is accompanied by the increase of
eNOS activity and NO expression, and this effect is me-
diated by MAPK signal pathway phosphorylation [38].
As mentioned above, the increase of NO secretion in
high WSS environment exerts a protective effect on
blood vessels, which contradicts the theory that high

Fig. 1 Two identical location of intracranial aneurysm in the brain. The two identical location of intracranial aneurysm in the brain showing the
relationship between hemodynamic and intracranial aneurysm; the atherosclerotic plaque is usually companied with intracranial aneurysm. A
Intracranial aneurysm located in vessel bifurcation. B Intracranial aneurysm located in vessel sidewall
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WSS stimulates the formation of intracranial aneurysms.
In fact, in the initiation of aneurysm, the blood flow
change is a continuous and slow process rather than a
transient change of blood flow. Under the long-term
mechanical stimulation of blood flow, endothelial cells
change their morphology and function and then grad-
ually lead to apoptosis, and then, the activity and quan-
tity of eNOS in the cells decrease, so as quantity of NO
secretion [39].
In addition to eNOS, there are also inducible nitric

oxide synthases (iNOS) in endothelial cells. Its main
function is to produce iNOS when endothelial cells suf-
fer from injury and excessive inflammation stimulation.
Study suggested that iNOS was not directly related to
the occurrence of IA, but may play an important role in
IA progression and size growth. In iNOS knockout mice,
compared with wild-type mice, the incidence of aneu-
rysms in iNOS knockout mice was not significantly dif-
ferent, but the diameter of aneurysms was significantly
reduced [40].
However, when the endothelial cells are unable to

adapt to the hemodynamic stimulation, the inflamma-
tory molecular expression is repressed. Wang et al.
found that in dogs, high WSS was associated with endo-
thelial degeneration, which further reduce the expression
of inflammatory molecule induced by endothelial cells.
In their study, the interleukin-1beta (IL-1β), matrix
metalloproteinase-2 and matrix metalloproteinase-9
(MMP-2, MMP-9), and nitric oxide synthetase (NOS) in
aneurysm wall were all decreased compared to normal
artery [41].

Except for the hemodynamic induced NO secretion,
other inflammatory molecules are also reported to be as-
sociated with blood flow shear stress. Sumpio et al.
pointed out that mitogen-activated protein kinase
(MAPK)-mediated signaling pathway in endothelial cells
plays an important role in detecting shear stress and
triggering intercellular signals [42]. Eng et al. reported
that the activation of nuclear factor-kappaB (NF-κB) and
platelet-derived growth factor (PDGF) changed accord-
ing to WSS level, and under low level WSS environment,
the expression of NF-κB and PDGF were repressed [43]
(Fig. 2).

Hemodynamics and cerebral atherosclerosis
Atherosclerosis can be seen as the chronic inflammation
of artery owing to lipid dysmetabolism [44]. The lipid
overload, especially low-density lipoprotein and oxidized
low-density lipoprotein, triggers the dysfunction of
endothelial cell. The following activated monocyte and
macrophage further promote the transformation of foam
cells from smooth muscle cells [45]. The pathophysi-
ology of atherosclerosis accounts for the primary eti-
ology of various vascular diseases, such as ischemic
stroke, myocardial infarction, and coronary aneurysm
[46–48]. Many studies revealed the close relationship be-
tween atherosclerosis and IA. Hashimoto et al. reported
that unruptured aneurysm wall enhancement was corre-
sponded atherosclerotic lesions detected by magnetic
resonance angiography [49]. The similar finding was also
evidenced in other studies [50, 51].

Fig. 2 Hemodynamic induced inflammatory process in intracranial aneurysm development. The irregular blood flow triggers the inflammation in
the artery, and the inflammatory cytokines including IL-1β, MMP-2, MMP-9, MAPK, PDGH, NF-κB, and NO collaboratively contribute to the
development of intracranial aneurysm
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In the cerebrovascular system, the bifurcation of com-
mon carotid artery is the most common site of athero-
sclerosis. Near the proximal end of the internal carotid
artery, there is a swollen part of the blood vessel, which
is called the carotid sinus. In the position of carotid
sinus, the cross-sectional area of the blood vessel is
about twice that of the distal internal carotid artery,
which determines the instability of blood flow in the
blood vessel [52]. In physiological state, the blood flow
velocity is the largest in the center vessel while the vel-
ocity close to the wall of the blood vessel is lower, and
the flow velocity is inversely proportional to the diam-
eter of the blood vessel. When the common carotid ar-
tery is divided into internal carotid artery and external
carotid artery, the flow velocity at the bifurcation site is
the largest. Meanwhile, due to the presence of carotid
sinus, the flow velocity of blood flow at the internal wall
and external carotid artery is relatively high, while the
flow velocity of blood flow at the external wall of carotid
sinus is the lowest [53]. What is more, due to the exist-
ence of curved structure of blood flow, the local circula-
tion of blood flow is formed in the carotid sinus. These
factors together determine that atherosclerosis are more
prone to initiate in the lateral wall of the carotid sinus
[54].
From the perspective of hemodynamic, the anatomy

results reveal that atherosclerosis prone to lateral side of
the arterial wall and the bifurcation of the artery was
also related to low level of WSS [53]. Zhang et al. found
that in the process of atherosclerosis development, the
decrease of WSS level was negatively associated with
vessel wall elasticity; thus, the analysis of WSS can re-
flect the atherosclerosis development, which can further
reveal the location of IA initiation [13]. Under the con-
tinuous of irregular WSS stimulation, endothelial cells
change into a circular state to reduce mechanical stimu-
lation. When the stimulation surpasses the protective ef-
fect, the dysfunction of endothelial cells damages the
integrity of vascular endothelial barrier, providing oppor-
tunity for low-density lipoprotein particles entering the
vascular wall, which is also a typical pathological feature
of atherosclerosis [55].
The process of atherosclerosis development is dy-

namic, so as the vascular structure. This change is sim-
ultaneously companied with local hemodynamic
alteration of blood vessels. One of main results of ath-
erosclerotic lesion is vascular stenosis. When the vascu-
lar stenosis reaches a certain degree, the blood flow
velocity increases, so as the regional WSS. High level
WSS not only slows down the pathological process of
atherosclerosis, but also increases the risk of atheroscler-
otic plaque falling off, which has become a major risk
factor for acute ischemic stroke [56]. Wityk et al. re-
ported that the atherosclerosis-induced cardiovascular

diseases are particularly prominent in Asian population,
although there is still lack of exact explanation for this
phenomenon [57]. In addition, artery stenosis caused by
atherosclerosis not only brings high blood flow status in
the stenosis site, but also brings disorder in the down-
stream of the stenosis site. The blood flow of different
flow velocity and direction is mixed together, which fur-
ther promotes the formation of atherosclerotic plaque.
It should be noted that the anatomical variation of ca-

rotid artery is common in the population; meanwhile,
the anatomical characteristics of cerebral artery are also
affected by age, gender, and other factors. In addition to
the effect of stenosis on hemodynamics, the angle of bi-
furcated vessels is also a pivotal factor affecting
hemodynamics. At the junction of the vertebrobasilar ar-
teries, the two vertebral arteries converge to form the
basilar artery. From the perspective of hemodynamics,
this vascular anatomical feature has many similarities
with the bifurcation of the common carotid artery. It has
been confirmed that WSS is lower at the junction of ver-
tebrobasilar artery and the lateral part of basilar artery,
which are also prone to developing atherosclerosis le-
sions [58].
In the location where internal carotid artery enters the

skull, the siphon segment blood vessels become S-
shaped, which determines the complexity of
hemodynamic characteristics of blood flow [59]. In the
curved vessels, the low WSS is usually located in the
medial wall of the artery, while the high WSS is usually
located in the lateral wall of the artery, while the siphon
segment contains two curved vessels, so it is difficult to
judge the WSS level in this artery. In addition, the Willis
circle varied widely in the population, thus the complex
hemodynamics lying in this area. Under such condition,
CFD is used to simulate the structure of cerebral blood
vessels and the characteristics of blood flow aberrations.
CFD results combined with the anatomy of intracranial
blood vessels provide favorable basis for the prediction
and evaluation of cerebral atherosclerosis [60].

Summary
The structure of cerebrovascular is complex, determin-
ing the variation of blood flow. Under physiological con-
dition, the stable blood flow supplies energy and oxygen
to brain tissue via cerebral vessel. The imbalance of
blood flow and vessel wall results in IA initiation and
even SAH caused by IA rupture. Many efforts have
made to elucidate the IA etiology, and much progress
has been made in clinical treatment. Although many re-
searches have shed light on the strong relationship be-
tween hemodynamics and IA, the exact mechanism
during the IA initiation and progression is still lacking.
In our review, we discuss the correlation between the
two aspects. The continuous irregular blood flow
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stimulation damages the integrity of the vessel wall, trig-
gering the inflammatory progress. The chronic inflam-
mation further provides an ideal environment for the
formation of atherosclerotic plaque. The atherosclerosis
and inflammation jointly promote IA occurrence and
development.
Our review summarizes the previous published re-

searches of hemodynamic role in IA; several limitations
still exist in this review. IA initiation and growth are dy-
namic, and all the studies described focused on one cer-
tain stage of IA, lacking long-term dynamic outcome.
Another limitation is that the blood flow simulated via
CFD is oversimplified to some extent, which is unable to
mimic the complex flow condition perfectly in the brain
artery. At present, the research on hemodynamics and
cerebrovascular diseases is still limited. The technique
progress of CFD and imaging technology will provide a
novel perspective for hemodynamic research on IA,
which brings hope to promote IA clinical treatment.

Abbreviations
IA: Intracranial aneurysm; SAH: Subarachnoid hemorrhage; WSS: Wall shear
stress; CFD: Computational flow dynamic; OSI: Oscillating shear index;
NO: Nitric oxide; NOS: Nitric oxide synthase; eNOS: Endothelial nitric oxide
synthetase; iNOS: Nitric oxide synthases; IL-1β: Interleukin-1beta; MMP-
2: Matrix metalloproteinase-2; MMP-9: Matrix metalloproteinase-9; NF-
κB: Nuclear factor-kappaB; PDGF: Platelet-derived growth factor

Acknowledgements
Not applicable.

Authors’ contributions
HT, QW, and FX collaborated to complete the conception and design of the
review. XZ, ZZ, YY, and ZL completed the draft of the article. GX, YL, and QZ
critically revised the article. JL and QH conceived of the study, participated in
its design, performed the operations, and reviewed submitted version of the
manuscript. All authors read and approved the final manuscript.

Funding
This work was supported by the National Key Research and Development
Program of China (grant No: 2016YFC1300703) and the National Natural
Science Foundation of China (grant No: 81701136, 81771264).

Availability of data and materials
The datasets used and analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable

Consent for publication
Not applicable

Competing interests
The authors declare that they have no competing interests.

Author details
1Department of Neurosurgery, Changhai Hospital, Naval Military Medical
University, 168 Changhai Road, Shanghai 200433, People’s Republic of China.
2Naval Medical Center of PLA, Naval Military Medical University, Shanghai
200050, People’s Republic of China. 3Department of Cardiology, the First
Medical Centre, Chinese PLA General Hospital, Beijing 100853, People’s
Republic of China.

Received: 27 June 2020 Accepted: 17 September 2021

References
1. Li MH, Chen SW, Li YD, Chen YC, Cheng YS, Hu DJ, et al. Prevalence of

unruptured cerebral aneurysms in Chinese adults aged 35 to 75 years: a
cross-sectional study. Ann Intern Med. 2013;159(8):514–21. https://doi.org/1
0.7326/0003-4819-159-8-201310150-00004.

2. Petridis AK, Kamp MA, Cornelius JF, Beez T, Beseoglu K, Turowski B, et al.
Aneurysmal subarachnoid hemorrhage. Dtsch Arztebl Int. 2017;114(13):226–
36. https://doi.org/10.3238/arztebl.2017.0226.

3. Vlak MH, Algra A, Brandenburg R, Rinkel GJ. Prevalence of unruptured
intracranial aneurysms, with emphasis on sex, age, comorbidity, country,
and time period: a systematic review and meta-analysis. Lancet Neurol.
2011;10(7):626–36. https://doi.org/10.1016/S1474-4422(11)70109-0.

4. Xu Z, Li H, Song J, Han B, Wang Z, Cao Y, et al. Meta-analysis of microarray-
based expression profiles to identify differentially expressed genes in
intracranial aneurysms. World Neurosurg. 2017;97:661–8.e7.

5. Barrow JW, Turan N, Wangmo P, Roy AK, Pradilla G. The role of
inflammation and potential use of sex steroids in intracranial aneurysms
and subarachnoid hemorrhage. Surg Neurol Int. 2018;9(1):150. https://doi.
org/10.4103/sni.sni_88_18.

6. Tang H, Luo Y, Zuo Q, Wang C, Huang Q, Zhao R, et al. Current
understanding of the molecular mechanism between hemodynamic-
induced intracranial aneurysm and inflammation. Curr Protein Pept Sci.
2019;20(8):789–98. https://doi.org/10.2174/1389203720666190507101506.

7. Lipp SN, Niedert EE, Cebull HL, Diorio TC, Ma JL, Rothenberger SM, et al.
Computational hemodynamic modeling of arterial aneurysms: a mini-
review. Front Physiol. 2020;11:454. https://doi.org/10.3389/fphys.2020.00454.

8. Signorelli F, Sela S, Gesualdo L, Chevrel S, Tollet F, Pailler-Mattei C, et al.
Hemodynamic stress, inflammation, and intracranial aneurysm development
and rupture: a systematic review. World Neurosurg. 2018;115:234–44.
https://doi.org/10.1016/j.wneu.2018.04.143.

9. Wong GK, Poon WS. Current status of computational fluid dynamics for
cerebral aneurysms: the clinician’s perspective. J Clin Neurosci. 2011;18(10):
1285–8. https://doi.org/10.1016/j.jocn.2011.02.014.

10. Diagbouga MR, Morel S, Bijlenga P, Kwak BR. Role of hemodynamics in
initiation/growth of intracranial aneurysms. Eur J Clin Invest. 2018;48(9):
e12992. https://doi.org/10.1111/eci.12992.

11. Longo M, Granata F, Racchiusa S, Mormina E, Giovanni G, Longo GM, et al.
Role of hemodynamics forces in unruptured intracranial aneurysms: An
overview of a complex scenario. World Neurosurg. 2017;105:632–42. https://
doi.org/10.1016/j.wneu.2017.06.035.

12. Oyre S, Ringgaard S, Kozerke S, Paaske WP, Erlandsen M, Boesiger P, et al.
Accurate noninvasive quantitation of blood flow, cross-sectional lumen
vessel area and wall shear stress by three-dimensional paraboloid modeling
of magnetic resonance imaging velocity data. J Am Coll Cardiol. 1998;32(1):
128–34. https://doi.org/10.1016/S0735-1097(98)00207-1.

13. Zhang B, Gu J, Qian M, Niu L, Ghista D. Study of correlation between wall
shear stress and elasticity in atherosclerotic carotid arteries. Biomed Eng
Online. 2018;17(1):5. https://doi.org/10.1186/s12938-017-0431-y.

14. Pereira VM, Brina O, Gonzalez AM, Narata AP, Ouared R, Karl-Olof L. Biology
and hemodynamics of aneurismal vasculopathies. Eur J Radiol. 2013;82(10):
1606–17. https://doi.org/10.1016/j.ejrad.2012.12.012.

15. Acuna A, Berman AG, Damen FW, Meyers BA, Adelsperger AR, Bayer KC,
et al. Computational fluid dynamics of vascular disease in animal models. J
Biomech Eng. 2018;140(8):0808011–08080114. https://doi.org/10.1115/1.403
9678.

16. Cebral JR, Mut F, Weir J, Putman C. Quantitative characterization of the
hemodynamic environment in ruptured and unruptured brain aneurysms.
AJNR Am J Neuroradiol. 2011;32(1):145–51. https://doi.org/10.3174/ajnr.A241
9.

17. Xiang J, Tutino VM, Snyder KV, Meng H. CFD: computational fluid dynamics
or confounding factor dissemination? The role of hemodynamics in
intracranial aneurysm rupture risk assessment. AJNR Am J Neuroradiol. 2014;
35(10):1849–57. https://doi.org/10.3174/ajnr.A3710.

18. Morimoto M, Miyamoto S, Mizoguchi A, Kume N, Kita T, Hashimoto N.
Mouse model of cerebral aneurysm experimental induction by renal
hypertension and local hemodynamic changes. Stroke. 2002;33(7):1911–5.
https://doi.org/10.1161/01.STR.0000021000.19637.3D.

Tang et al. Chinese Neurosurgical Journal            (2021) 7:44 Page 6 of 8

https://doi.org/10.7326/0003-4819-159-8-201310150-00004
https://doi.org/10.7326/0003-4819-159-8-201310150-00004
https://doi.org/10.3238/arztebl.2017.0226
https://doi.org/10.1016/S1474-4422(11)70109-0
https://doi.org/10.4103/sni.sni_88_18
https://doi.org/10.4103/sni.sni_88_18
https://doi.org/10.2174/1389203720666190507101506
https://doi.org/10.3389/fphys.2020.00454
https://doi.org/10.1016/j.wneu.2018.04.143
https://doi.org/10.1016/j.jocn.2011.02.014
https://doi.org/10.1111/eci.12992
https://doi.org/10.1016/j.wneu.2017.06.035
https://doi.org/10.1016/j.wneu.2017.06.035
https://doi.org/10.1016/S0735-1097(98)00207-1
https://doi.org/10.1186/s12938-017-0431-y
https://doi.org/10.1016/j.ejrad.2012.12.012
https://doi.org/10.1115/1.4039678
https://doi.org/10.1115/1.4039678
https://doi.org/10.3174/ajnr.A2419
https://doi.org/10.3174/ajnr.A2419
https://doi.org/10.3174/ajnr.A3710
https://doi.org/10.1161/01.STR.0000021000.19637.3D


19. Tutino VM, Mandelbaum M, Choi H, Pope LC, Siddiqui A, Kolega J, et al.
Aneurysmal remodeling in the circle of Willis after carotid occlusion in an
experimental model. J Cereb Blood Flow Metab. 2014;34(3):415–24. https://
doi.org/10.1038/jcbfm.2013.209.

20. Marbacher S, Erhardt S, Schlappi JA, Coluccia D, Remonda L, Fandino J, et al.
Complex bilobular, bisaccular, and broad-neck microsurgical aneurysm
formation in the rabbit bifurcation model for the study of upcoming
endovascular techniques. AJNR Am J Neuroradiol. 2011;32(4):772–7. https://
doi.org/10.3174/ajnr.A2374.

21. Greim-Kuczewski K, Berenstein A, Kis S, Hauser A, Killer-Oberpfalzer M.
Surgical technique for venous patch aneurysms with no neck in a rabbit
model. J Neurointerv Surg. 2018;10(2):118–21. https://doi.org/10.1136/
neurintsurg-2016-012955.

22. Kapoor K, Singh B, Dewan LI. Variations in the configuration of the circle of
Willis. Anatomical Science International. 2008;83(2):96–106. https://doi.org/1
0.1111/j.1447-073X.2007.00216.x.

23. Schmid H, Grytsan A, Poshtan E, Watton PN, Itskov M. Influence of differing
material properties in media and adventitia on arterial adaptation--
application to aneurysm formation and rupture. Comput Methods Biomech
Biomed Engin. 2013;16(1):33–53. https://doi.org/10.1080/10255842.2011.6033
09.

24. Torres VE, Harris PC. Autosomal dominant polycystic kidney disease: the last
3 years. Kidney Int. 2009;76(2):149–68. https://doi.org/10.1038/ki.2009.128.

25. Lindgren AE, Kurtelius A, Mikael VUZF. The genetics of intracranial
aneurysms. Current Genetic Medicine Reports. 2017;5(1):8–14. https://doi.
org/10.1007/s40142-017-0111-z.

26. Olubajo F, Kaliaperumal C, Choudhari KA. Vascular Ehlers-Danlos syndrome:
literature review and surgical management of intracranial vascular
complications. Clin Neurol Neurosurg. 2020;193:105775. https://doi.org/10.1
016/j.clineuro.2020.105775.

27. Meng H, Wang Z, Hoi Y, Gao L, Metaxa E, Swartz DD, et al. Complex
hemodynamics at the apex of an arterial bifurcation induces vascular
remodeling resembling cerebral aneurysm initiation. Stroke; a journal of
cerebral circulation. 2007;38(6):1924–31. https://doi.org/10.1161/STROKEA
HA.106.481234.

28. Gao L, Hoi Y, Swartz DD, Kolega J, Siddiqui A, Meng H. Nascent aneurysm
formation at the basilar terminus induced by hemodynamics. Stroke; a
journal of cerebral circulation. 2008;39(7):2085–90. https://doi.org/10.1161/
STROKEAHA.107.509422.

29. Furukawa K, Ishida F, Tsuji M, Miura Y, Kishimoto T, Shiba M, et al.
Hemodynamic characteristics of hyperplastic remodeling lesions in cerebral
aneurysms. PLoS One. 2018;13(1):e0191287. https://doi.org/10.1371/journal.
pone.0191287.

30. Zhang Y, Jing L, Zhang Y, Liu J, Yang X. Low wall shear stress is associated
with the rupture of intracranial aneurysm with known rupture point: case
report and literature review. BMC Neurol. 2016;16(1):231. https://doi.org/1
0.1186/s12883-016-0759-0.

31. Machi P, Ouared R, Brina O, Bouillot P, Yilmaz H, Vargas MI, et al.
Hemodynamics of focal versus global growth of small cerebral aneurysms.
Clin Neuroradiol. 2019;29(2):285–93. https://doi.org/10.1007/s00062-017-064
0-6.

32. Can A, Du R. Association of hemodynamic factors with intracranial
aneurysm formation and rupture: systematic review and meta-analysis.
Neurosurgery. 2016;78(4):510–20. https://doi.org/10.1227/NEU.
0000000000001083.

33. Zhou G, Zhu Y, Yin Y, Su M, Li M. Association of wall shear stress with
intracranial aneurysm rupture: systematic review and meta-analysis. Sci Rep.
2017;7(1):5331. https://doi.org/10.1038/s41598-017-05886-w.

34. Ballermann BJ, Dardik A, Eng E, Liu A. Shear stress and the endothelium.
Kidney Int Suppl. 1998;54(s67):S100–8. https://doi.org/10.1046/j.1523-1755.1
998.06720.x.

35. Erkens R, Suvorava T, Kramer CM, Diederich LD, Kelm M, Cortese-Krott MM.
Modulation of local and systemic heterocellular communication by
mechanical forces: a role of endothelial nitric oxide synthase. Antioxid
Redox Signal. 2017;26(16):917–35. https://doi.org/10.1089/ars.2016.6904.

36. Tousoulis D, Psaltopoulou T, Androulakis E, Papageorgiou N, Papaioannou S,
Oikonomou E, et al. Oxidative stress and early atherosclerosis: novel
antioxidant treatment. Cardiovasc Drugs Ther. 2015;29(1):75–88. https://doi.
org/10.1007/s10557-014-6562-5.

37. Paschoal EHA, Yamaki VN, Teixeira RKC, Paschoal Junior FM, Jong ALGS,
Teixeira MJ, et al. Relationship between endothelial nitric oxide synthase

(eNOS) and natural history of intracranial aneurysms: meta-analysis.
Neurosurg Rev. 2018;41(1):87–94. https://doi.org/10.1007/s10143-016-0761-4.

38. Liu WS, Geng HJ, Wang CD, Li AJ, Cao PC, Wang DK, et al. Relationship
between abnormal NOS expression and the pathogenesis of cerebral
aneurysm. Genet Mol Res. 2015;14(2):4276–81. https://doi.org/10.4238/201
5.April.28.9.

39. Yang C, Qi ZY, Shao C, Xing WK, Wang Z. Association between three eNOS
polymorphisms and intracranial aneurysms risk: a meta-analysis. Medicine
(Baltimore). 2015;94(4):e452. https://doi.org/10.1097/MD.0000000000000452.

40. Sadamasa N, Nozaki K, Hashimoto N. Disruption of gene for inducible nitric
oxide synthase reduces progression of cerebral aneurysms. Stroke; a journal
of cerebral circulation. 2003;34(12):2980–4. https://doi.org/10.1161/01.STR.
0000102556.55600.3B.

41. Wang Z, Kolega J, Hoi Y, Gao L, Swartz DD, Levy EI, et al. Molecular
alterations associated with aneurysmal remodeling are localized in the high
hemodynamic stress region of a created carotid bifurcation. Neurosurgery.
2009;65(1):169–78. https://doi.org/10.1227/01.NEU.0000343541.85713.01.

42. Sumpio BE, Yun S, Cordova AC, Haga M, Zhang J, Koh Y, et al. MAPKs (ERK1/
2, p38) and AKT can be phosphorylated by shear stress independently of
platelet endothelial cell adhesion molecule-1 (CD31) in vascular endothelial
cells. J Biol Chem. 2005;280(12):11185–91. https://doi.org/10.1074/jbc.M414
631200.

43. Eng E, Ballermann BJ. Diminished NF-κB activation and PDGF-B expression
in glomerular endothelial cells subjected to chronic shear stress. Microvasc
Res. 2003;65(3):137–44. https://doi.org/10.1016/S0026-2862(03)00004-9.

44. Bekkering S, Quintin J, Joosten LA, van der Meer JW, Netea MG, Riksen NP.
Oxidized low-density lipoprotein induces long-term proinflammatory
cytokine production and foam cell formation via epigenetic reprogramming
of monocytes. Arterioscler Thromb Vasc Biol. 2014;34(8):1731–8. https://doi.
org/10.1161/ATVBAHA.114.303887.

45. Mestas J, Ley K. Monocyte-endothelial cell interactions in the development
of atherosclerosis. Trends Cardiovasc Med. 2008;18(6):228–32. https://doi.
org/10.1016/j.tcm.2008.11.004.

46. Altura BM, Altura BT. Cardiovascular risk factors and magnesium:
relationships to atherosclerosis, ischemic heart disease and hypertension.
Magnes Trace Elem. 1991;10(2-4):182–92.

47. Hou X, Chen H. Proposed antithrombotic strategy for acute ischemic stroke
with large-artery atherosclerosis: focus on patients with high-risk transient
ischemic attack and mild-to-moderate stroke. Ann Transl Med. 2020;8(1):16.
https://doi.org/10.21037/atm.2019.10.111.

48. Fan T, Zhou Z, Fang W, Wang W, Xu L, Huo Y. Morphometric and
hemodynamic parameter dataset for coronary artery aneurysms caused by
atherosclerosis. Data Brief. 2019;25:104293. https://doi.org/10.1016/j.dib.201
9.104293.

49. Hashimoto Y, Matsushige T, Shimonaga K, Hosogai M, Kaneko M, Ono C,
et al. Vessel wall imaging predicts the presence of atherosclerotic lesions in
unruptured intracranial aneurysms. World Neurosurg. 2019;132:e775–e82.
https://doi.org/10.1016/j.wneu.2019.08.019.

50. Ishii D, Matsushige T, Sakamoto S, Shimonaga K, Akiyama Y, Okazaki T, et al.
Decreased antiatherogenic protein levels are associated with aneurysm
structure alterations in MR vessel wall imaging. J Stroke Cerebrovasc Dis.
2019;28(8):2221–7. https://doi.org/10.1016/j.jstrokecerebrovasdis.2019.05.002.

51. Quan K, Song J, Yang Z, Wang D, An Q, Huang L, et al. Validation of wall
enhancement as a new imaging biomarker of unruptured cerebral
aneurysm. Stroke. 2019;50(6):1570–3. https://doi.org/10.1161/STROKEAHA.11
8.024195.

52. Nguyen KT, Clark CD, Chancellor TJ, Papavassiliou DV. Carotid geometry
effects on blood flow and on risk for vascular disease. J Biomech. 2008;41(1):
11–9. https://doi.org/10.1016/j.jbiomech.2007.08.012.

53. Morbiducci U, Kok AM, Kwak BR, Stone PH, Steinman DA, Wentzel JJ.
Atherosclerosis at arterial bifurcations: evidence for the role of
haemodynamics and geometry. Thromb Haemost. 2016;115(3):484–92.
https://doi.org/10.1160/th15-07-0597.

54. Hong B, Wang W, Wang X, Wang J, Ye M. Numerical simulation to get flow
pattern in modified carotid artery bifurcation model using PIV. Life Science
Journal. 2012;9(3):1296–301.

55. Ji JY. Endothelial nuclear lamina in mechanotransduction under shear stress.
Adv Exp Med Biol. 2018;1097:83–104. https://doi.org/10.1007/978-3-319-9644
5-4_5.

56. Liu X, Zhang H, Ren L, Xiong H, Gao Z, Xu P, et al. Functional assessment of
the stenotic carotid artery by CFD-based pressure gradient evaluation. Am J

Tang et al. Chinese Neurosurgical Journal            (2021) 7:44 Page 7 of 8

https://doi.org/10.1038/jcbfm.2013.209
https://doi.org/10.1038/jcbfm.2013.209
https://doi.org/10.3174/ajnr.A2374
https://doi.org/10.3174/ajnr.A2374
https://doi.org/10.1136/neurintsurg-2016-012955
https://doi.org/10.1136/neurintsurg-2016-012955
https://doi.org/10.1111/j.1447-073X.2007.00216.x
https://doi.org/10.1111/j.1447-073X.2007.00216.x
https://doi.org/10.1080/10255842.2011.603309
https://doi.org/10.1080/10255842.2011.603309
https://doi.org/10.1038/ki.2009.128
https://doi.org/10.1007/s40142-017-0111-z
https://doi.org/10.1007/s40142-017-0111-z
https://doi.org/10.1016/j.clineuro.2020.105775
https://doi.org/10.1016/j.clineuro.2020.105775
https://doi.org/10.1161/STROKEAHA.106.481234
https://doi.org/10.1161/STROKEAHA.106.481234
https://doi.org/10.1161/STROKEAHA.107.509422
https://doi.org/10.1161/STROKEAHA.107.509422
https://doi.org/10.1371/journal.pone.0191287
https://doi.org/10.1371/journal.pone.0191287
https://doi.org/10.1186/s12883-016-0759-0
https://doi.org/10.1186/s12883-016-0759-0
https://doi.org/10.1007/s00062-017-0640-6
https://doi.org/10.1007/s00062-017-0640-6
https://doi.org/10.1227/NEU.0000000000001083
https://doi.org/10.1227/NEU.0000000000001083
https://doi.org/10.1038/s41598-017-05886-w
https://doi.org/10.1046/j.1523-1755.1998.06720.x
https://doi.org/10.1046/j.1523-1755.1998.06720.x
https://doi.org/10.1089/ars.2016.6904
https://doi.org/10.1007/s10557-014-6562-5
https://doi.org/10.1007/s10557-014-6562-5
https://doi.org/10.1007/s10143-016-0761-4
https://doi.org/10.4238/2015.April.28.9
https://doi.org/10.4238/2015.April.28.9
https://doi.org/10.1097/MD.0000000000000452
https://doi.org/10.1161/01.STR.0000102556.55600.3B
https://doi.org/10.1161/01.STR.0000102556.55600.3B
https://doi.org/10.1227/01.NEU.0000343541.85713.01
https://doi.org/10.1074/jbc.M414631200
https://doi.org/10.1074/jbc.M414631200
https://doi.org/10.1016/S0026-2862(03)00004-9
https://doi.org/10.1161/ATVBAHA.114.303887
https://doi.org/10.1161/ATVBAHA.114.303887
https://doi.org/10.1016/j.tcm.2008.11.004
https://doi.org/10.1016/j.tcm.2008.11.004
https://doi.org/10.21037/atm.2019.10.111
https://doi.org/10.1016/j.dib.2019.104293
https://doi.org/10.1016/j.dib.2019.104293
https://doi.org/10.1016/j.wneu.2019.08.019
https://doi.org/10.1016/j.jstrokecerebrovasdis.2019.05.002
https://doi.org/10.1161/STROKEAHA.118.024195
https://doi.org/10.1161/STROKEAHA.118.024195
https://doi.org/10.1016/j.jbiomech.2007.08.012
https://doi.org/10.1160/th15-07-0597
https://doi.org/10.1007/978-3-319-96445-4_5
https://doi.org/10.1007/978-3-319-96445-4_5


Physiol Heart Circ Physiol. 2016;311(3):H645–53. https://doi.org/10.1152/a
jpheart.00888.2015.

57. Wityk RJ, Lehman D, Klag M, Coresh J, Ahn H, Litt B. Race and sex
differences in the distribution of cerebral atherosclerosis. Stroke. 1996;27(11):
1974–80. https://doi.org/10.1161/01.STR.27.11.1974.

58. Ravensbergen J, Ravensbergen JW, Krijger JKB, Hillen B, Hoogstraten HW.
Localizing role of hemodynamics in atherosclerosis in several human
vertebrobasilar junction geometries. Arterioscler Thrombo Vasc Biol. 1998;
18(5):708–16. https://doi.org/10.1161/01.ATV.18.5.708.

59. Szajer J, Ho-Shon K. A comparison of 4D flow MRI-derived wall shear stress
with computational fluid dynamics methods for intracranial aneurysms and
carotid bifurcations - a review. Magn Reson Imaging. 2018;48:62–9. https://
doi.org/10.1016/j.mri.2017.12.005.

60. Liu H, Lan L, Leng X, Ip HL, Leung TWH, Wang D, et al. Impact of side
branches on the computation of fractional flow in intracranial arterial
stenosis using the computational fluid dynamics method. J Stroke
Cerebrovasc Dis. 2018;27(1):44–52. https://doi.org/10.1016/j.jstrokecerebrova
sdis.2017.02.032.

Tang et al. Chinese Neurosurgical Journal            (2021) 7:44 Page 8 of 8

https://doi.org/10.1152/ajpheart.00888.2015
https://doi.org/10.1152/ajpheart.00888.2015
https://doi.org/10.1161/01.STR.27.11.1974
https://doi.org/10.1161/01.ATV.18.5.708
https://doi.org/10.1016/j.mri.2017.12.005
https://doi.org/10.1016/j.mri.2017.12.005
https://doi.org/10.1016/j.jstrokecerebrovasdis.2017.02.032
https://doi.org/10.1016/j.jstrokecerebrovasdis.2017.02.032

	Abstract
	Overview of hemodynamics in cerebral vessel
	Hemodynamics and intracranial aneurysm
	Hemodynamic stimulation and vessel inflammation
	Hemodynamics and cerebral atherosclerosis
	Summary
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References

