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ORIGINAL RESEARCH
INTERVENTIONAL

Low Wall Shear Stress Is Associated with Local Aneurysm Wall
Enhancement on High-Resolution MR Vessel Wall Imaging

X W. Xiao, X T. Qi, X S. He, X Z. Li, X S. Ou, X G. Zhang, X X. Liu, X Z. Huang, and X F. Liang

ABSTRACT

BACKGROUND AND PURPOSE: Some retrospective studies have found that the aneurysm wall enhancement on high-resolution MR
vessel wall postgadolinium T1WI has the potential to distinguish unstable aneurysms. This study aimed to identify hemodynamic charac-
teristics that differ between the enhanced and nonenhanced areas of the aneurysm wall on high-resolution MR vessel wall postgadolinium
T1WI.

MATERIALS AND METHODS: TOF-MRA and high-resolution MR vessel wall T1WI of 25 patients were fused to localize the enhanced area
of the aneurysm wall. Using computational fluid dynamics, we studied the aneurysm models. Mean static pressure, mean wall shear stress,
and oscillatory shear index were compared between the enhanced and nonenhanced areas.

RESULTS: The aneurysmal enhanced area had lower wall shear stress (P � .05) and a lower oscillatory shear index (P � .021) than the
nonenhanced area. In addition, the whole aneurysm had lower wall shear stress (P � .05) and a higher oscillatory shear index (P � .007) than
the parent artery.

CONCLUSIONS: This study suggests that there are hemodynamic differences between the enhanced and nonenhanced areas of the
aneurysm wall on high-resolution MR vessel wall postgadolinium T1WI.

ABBREVIATIONS: HR-VWI � high-resolution MR vessel wall imaging; OSI � oscillatory shear index; P � mean static pressure; WSS � wall shear stress

An intracranial aneurysm is regarded as the most common

culprit for nontraumatic subarachnoid hemorrhage, a dev-

astating clinical situation that is usually followed by the risks of

aneurysm rebleeding, cerebral vascular spasm, and hydrocepha-

lus. Imaging examinations, one of which is high-resolution MRI,

have been used to discover, diagnose, estimate, and evaluate an-

eurysms. For instance, as a noninvasive examination, high-reso-

lution MRI can be used as a screening method and a tool for

follow-up visits, and it can help visualize dissecting aneurysms.1

Moreover, it can be used to evaluate the depth of aneurysm loca-

tion before open surgery such as the clipping of middle cerebral

bifurcation aneurysms. In patients with subarachnoid hemor-

rhage and multiple aneurysms, MR imaging can help discriminate

the responsible aneurysm. Fu et al2 proposed that circumferential

aneurysmal wall enhancement on high-resolution MR vessel wall

imaging (HR-VWI) is correlated with headaches and third nerve

palsy caused by unruptured aneurysms. Two previous studies indi-

cated that as an indicator of inflammation, the aneurysm wall en-

hancement on HR-VWI postgadolinium T1WI has the potential for

discriminating unstable aneurysms from stable ones.3,4 Wang et al5

found that all partial wall enhancement of 16 aneurysms was in the

irregularly shaped portions or daughter sacs in their study.

Computational fluid dynamics has been used to investigate

hemodynamic parameters that are linked with cerebral aneurysm

formation, progression, and rupture, one of which is wall shear

stress (WSS), the most highlighted but controversial parame-

ter.6-8 However, to our knowledge, no published investigations

have revealed the association between hemodynamic characteris-

tics and aneurysm wall enhancement on HR-VWI postgado-

linium T1WI.

Therefore, we designed a retrospective study into hemody-

namic parameters on aneurysm models with local wall enhance-

ment on HR-VWI postgadolinium T1WI, to provide a new idea

for the future investigation into wall enhancement.
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MATERIALS AND METHODS
Patient Selection
This retrospective study protocol was approved by the ethics com-

mittees of the First Affiliated Hospital, Sun Yat-sen University, and

informed consent was exempted. Patients with aneurysms who un-

derwent an HR-VWI examination before an operation or conserva-

tive treatment from January 2015 to March 2016 were reviewed. The

inclusion criteria were as follows: 1) intracranial aneurysms diag-

nosed by CTA, MRA, or DSA; 2) anterior circulation aneurysms; 3)

HR-VWI postgadolinium T1WI revealing wall enhancement; and 4)

available HR-VWI and DSA 3D rotational angiography data. The

exclusion criteria were the following: 1) fusiform, dissecting aneu-

rysms or pseudoaneurysms; 2) anterior communicating artery aneu-

rysms or posterior circulation artery aneurysms; and 3) HR-VWI

and 3D rotational angiography data unavailable.

Imaging Analysis
Two experienced neurovascular radiologists (with �5 years’ ex-

perience in neurovascular imaging) analyzed pre- and postcon-

trast T1-weighted images, retrospectively and respectively, to de-

termine whether there was local enhancement. They were blinded

to the patients’ clinical data and other sequences except for 3D-

TOF imaging before the analysis. Discordance between 2 readers

was resolved by consensus. One of the readers performed a second

analysis after 3 weeks. By comparing pre- and postcontrast T1WI,

we defined the wall enhancement as circumferential when the

whole aneurysm wall was enhanced after contrast agent infusion;

otherwise, it was defined as partial when only part of the aneurysm

wall was enhanced. Only aneurysms with local enhancement were

enrolled into this study. Protocols of HR-VWI and 3D rotational

angiography are provided in the On-line Appendix.

Location of Aneurysm Wall Enhanced Area
DICOM files of HR-VWI were imported into iPlan cranial 3.0

(BrainLab, Munich, Germany). Then, in the projection of Image

Fusion, the HR-VWI T1WI and TOF-MRA images were chosen

and paired (Fig 1C and Fig 2C). They were then merged using the

function of Auto Fusion. After Auto Fusion, merged images were

checked on the axial view and fine manual fusion was performed

for tiny adjustments, which ensured the precision of Image Fu-

sion. Aneurysm models were reconstructed with TOF-MRA using

Auto Segmentation. Irrelevant arteries were cut off manually,

with aneurysms, parent arteries, and the important branches pre-

served. Aneurysm wall enhanced areas were also reconstructed

using manual segmentation with T1WI (Fig 1D and Fig 2D). The

aneurysm models and aneurysm wall enhanced area were dis-

played simultaneously to locate the enhanced area (Fig 1E, -F and

Fig 2E, -F).

Aneurysm Modeling
The patients’ 3D rotational angiography DICOM files were im-

ported into Mimics 17.0 (Materialise, Leuven, Belgium) for a

rough model reconstruction by threshold segmentation. Then the

unconnected regions were manually removed with the region-

FIG 1. A, MRA shows a posterior communicating artery aneurysm (white arrow). B, Local enhancement on the aneurysmal wall on HR-VWI
postgadolinium T1WI (large white arrow) compared with that of the pituitary infundibulum (small white arrow). C, Auto Fusion of HR-VWI T1WI
(large white arrow) and TOF-MRA (small white arrow) images. D–F, Location of the enhanced area (highlighted in red) on the aneurysm
(displayed in blue). G, Mean static pressure distribution. H, WSS distribution. The enhanced area has lower mean WSS (large black arrow) than
the nonenhanced area (small black arrow). I and J, OSI distribution. The enhanced area has lower OSI (large black arrow) than the nonenhanced
area (small black arrow).
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growing algorithm. Meanwhile, branches extending from the par-

ent artery and the aneurysm were preserved.9 Then, the vascular

models were converted to a stereolithography format and im-

ported into Geomagic Studio 2013 (Geomagic, Research Tri-

angle Park, North Carolina) and SolidWorks 2012 (Dassault

Systemes, Waltham, Massachusetts) successively for smooth-

ing, surface construction, cutting off distal redundant arteries

along with cutting out vascular inlets and outlets, and keeping

the proximal parent artery at least 2 cm long to ensure the

numeric stability.

Computational Fluid Dynamics Analysis
All the aneurysm models were loaded into Fluent Software 17.0

(ANSYS Corporation, Canonsburg, Pennsylvania) for meshing.

In addition, the aneurysm wall-enhanced area and the whole an-

eurysm area were calculated, and the enhanced area ratio was

defined as aneurysm wall enhanced area divided by the whole

aneurysm area. The enhanced area, nonenhanced area, parent

artery, inlets, and outlets of the aneurysm models were selected

and defined. Computational fluid dynamics simulations were

performed under the transient status, by setting the solver type as

pressure-based, the velocity formulation as absolute, and the

solver time as transient. The vessel was disposed as a rigid wall

with no-slip boundary conditions, neglecting the gravity effect. A

laminar and incompressible blood flow, with density and viscosity

set as 1060 kg/m3 and 0.004 Pa � s, respectively, was used in the

calculation.10 The pulsatile velocity profile of the ICA, which was

obtained from a middle-aged female patient with carotid duplex

sonography, was imposed at the inlets, with all the vascular outlets

defined as zero pressure boundary conditions. Time-step size was

set at 0.02 seconds; the number of time-steps was set at 40. In

addition, maximum iterations ranged from 40 to 100. Detailed

information about pulsatile ICA velocity can be seen in the On-

line Appendix.

Hemodynamic Analysis
Three hemodynamic parameters, which were time-averaged over

a cardiac cycle of enhanced area, nonenhanced area, the whole

aneurysm, and parent artery, respectively, were calculated,

namely mean static pressure (P), mean wall shear stress, and os-

cillatory shear index (OSI).8 To compare hemodynamic differ-

ences between ruptured and unruptured aneurysms, we calcu-

lated the P and WSS of the enhanced area and the whole aneurysm

normalized by the parent artery P and WSS.

Statistical Analysis
Statistical analysis was performed using SPSS 20.0 (IBM, Armonk,

New York). The agreement between 2 observers for the presence

of local enhancement was evaluated by a � value. Normally dis-

tributed variables were expressed as mean � SD and analyzed

with a paired-samples t test. Non-normally distributed variables

were expressed as the median (interquartile range) and analyzed

using a nonparametric paired Wilcoxon rank sum test. Statistical

significance was indicated at the .05 level.

FIG 2. A, MRA shows a middle cerebral artery bifurcation aneurysm (white arrow). B, Local enhancement on the aneurysmal wall on HR-VWI
postgadolinium T1WI (large white arrow) compared with that of the pituitary infundibulum (small white arrow). C, Auto Fusion of HR-VWI T1WI
(large white arrow) and TOF-MRA (small white arrow) images. D–F, Location of enhanced area (highlighted in red) on the aneurysm (displayed
in blue), G, Mean static pressure distribution. H, WSS distribution. The enhanced area has lower mean WSS (large black arrow) than the
nonenhanced area (small black arrow). I and J, OSI distribution. The enhanced area has lower OSI (large black arrow) than the nonenhanced area
(small black arrow).
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RESULTS
The 2 readers’ diagnoses on local enhancement were well-

matched (� � 0.87). The readers’ first and second diagnoses were

also consistent (� � 0.90). Among 87 patients with 94 aneurysms

reviewed, 34 aneurysms had circumferential wall enhancement,

while 25 exhibited local enhancement (7 men and 18 women; 8

ruptured and 17 unruptured; mean age, 54.7 years; 8 middle ce-

rebral artery bifurcation aneurysms, 14 posterior communicating

artery aneurysms, and 3 ophthalmic artery aneurysms). The an-

eurysm sizes ranged from 3.2 to 12.9 mm, with a mean enhanced

area ratio of 0.37. The number of mean nodes and elements of the

aneurysm models were 666,351 and 3,698,735.

Comparison between Enhanced and Nonenhanced Areas
As is shown in Table 1, the WSS and OSI of the aneurysmal en-

hanced area were both significantly lower than those of the non-

enhanced area (median, 3.7255 vs 7.5342; P �.05; mean, 0.2288 �

0.0918 vs 0.3008 � 0.0890; P � .021, respectively). No difference

was found regarding mean static pressure.

Comparison between the Whole Aneurysm and Parent
Artery
There were lower WSS (mean, 6.8341 � 3.7246 vs 9.0612 � 3.3256;

P � .05) and higher OSI (mean, 0.3402 � 0.0629 vs 0.2859 � 0.0560,

P � .007) on the whole aneurysm wall than on the parent artery

(Table 2). No difference was found regarding mean static pressure.

Comparison between the Ruptured and Unruptured
Aneurysms
There were no statistically significant hemodynamic differences

between the ruptured and unruptured aneurysms, either at the

enhanced region or on the whole aneurysm (On-line Table).

DISCUSSION
To our knowledge, our study is the first to reveal the association

between hemodynamic characteristics and aneurysm wall en-

hancement on HR-VWI postgadolinium T1WI.

High-resolution MRI has been used for intracranial aneurysm

evaluation and assessment in the past few years.2,4,11 Several stud-

ies have reported the predicting role of high-resolution MRI in

distinguishing unstable intracranial aneurysms.2,4,12 As previ-

ously reported,13 the aneurysm wall

enhancement on HR-VWI postgado-

linium T1WI could serve as an indepen-

dent risk factor for the prediction of an-

eurysm rupture. On the other hand,

hemodynamic forces are believed to act

as a prominent factor in aneurysm initi-

ation, progression, and rupture but are

poorly understood.7 Specifically, WSS,

one of the most frequently explored but

still controversial and puzzling hemody-

namic parameters, either high or low,

has been shown to be correlated with an-

eurysm progression and rupture.7,14,15

However, the hemodynamic character-

istics correlated with the enhanced area

of the aneurysm wall on HR-VWI post-

gadolinium T1WI have still not been investigated. Therefore, in

this study, computational fluid dynamics was performed on an-

eurysm models generated from 25 patients with local aneurysm

enhancement on HR-VWI postgadolinium T1WI, for hemody-

namic simulation and parameter calculation.

In our study, the WSS and OSI of the aneurysmal enhanced

area were both significantly lower than those of the nonenhanced

area (Fig 1H–J and Fig 2H–J). In addition, higher WSS was found

in the parent artery in contrast to the whole aneurysm sac due

to arterial curvature and tortuosity.15 The abrupt geometric

change caused aneurysm blood turbulence, thus resulting in

higher aneurysmal OSI. There were no statistically significant

hemodynamic differences between the ruptured and unrup-

tured aneurysms, either at the enhanced region or in the whole

aneurysm.

Because WSS is the tangential force exerted by the horizontally

moving fluid on the surface7 and OSI denotes WSS fluctuation

magnitude and the tangential force oscillation in a cardiac cycle,8

low WSS with low OSI may reflect a concentrated blood inflow jet

at the enhanced area. We assume that a regional concentrated

inflow jet is likely to damage the endothelial cell layer and lead to

inflammation, thus changing the aneurysm geometry and pro-

moting its tendency to grow or rupture. In fact, local enhance-

ment of 17 aneurysms in our study was present in the irregularly

shaped portions or in daughter sacs, both of which are normally

regarded as risk factors for aneurysm rupture. The endothelial

damage could possibly cause contrast agent adhesion or uptake or

leakage.

Exposure to low WSS has been demonstrated to promote vas-

cular permeability in some studies.16-18 Conklin et al16 performed

porcine experiments and proposed that low WSS could decrease

occludin expression and thus increase vascular permeability.

Himburg et al18 also discovered that being exposed to high

WSS, the endothelial permeability to albumin decreased in

porcine models. Thus, intra-aneurysmal sites being exposed to

low WSS are likely to exhibit elevated permeability to contrast

agent, which is presented as local enhancement on HR-VWI

postgadolinium T1WI. More advanced studies are needed to

confirm this hypothesis.

Several studies also suggested that applying directly to the en-

Table 1: Hemodynamic comparison between enhanced and nonenhanced areasa

Variables Enhanced Area Nonenhanced Area P Valueb

P (Pa) 183.2600 (97.4100–242.9950) 158.8200 (103.5900–220.2000) .115
WSS (Pa) 3.7255 (1.8487–8.3531) 7.5342 (4.6062–11.1105) .000c

OSI 0.2288 � 0.0918 0.3008 � 0.0890 .021c

a Data are expressed as means for normally distributed continuous variables, and as the median for non-normally
distributed variables. Numbers in parentheses are interquartile range.
b A P value � .05 was statistically significant.
c Statistically significant.

Table 2: Hemodynamic comparison between the whole aneurysm and parent arterya

Variables Whole Aneurysm Parent Artery P Valueb

P (Pa) 161.4600 (106.7050–220.5200) 181.3400 (104.2630–268.1350) .313
WSS (Pa) 6.8341 � 3.7246 9.0612 � 3.3256 .000c

OSI 0.3402 � 0.0629 0.2859 � 0.0560 .007c

a Data are expressed as means for normally distributed continuous variables, and as the median for non-normally
distributed variables. Numbers in parentheses are interquartile range.
b A P value � .05 was statistically significant.
c Statistically significant.
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dothelial cells and acting as a mechanobiological trigger, low WSS

may predispose the region to the dysfunction of flow-induced

nitric oxide, upgrade endothelial surface adhesion molecules,

promote the permeability of endothelial cells, and, thus, facilitate

atherosclerotic and inflammatory cell infiltration.10,14,19-21 Edj-

lali et al3 proposed the potential of low WSS in monitoring the

aneurysm wall inflammatory process. Hu et al4 collected a speci-

men of the aneurysm wall from a patient intraoperatively, which

had exhibited local wall enhancement on the high-resolution

MRI, and the following histologic study revealed phagocyte and

lymphocyte invasion. In our study, we found that the whole an-

eurysm wall had lower mean WSS than the parent artery. In ad-

dition, the enhanced area had lower WSS than the nonenhanced

region in the aneurysm as a whole. Low WSS may, therefore,

underlie the aneurysm wall local enhancement on HR-VWI post-

gadolinium T1WI hemodynamically, which is summarized in

On-line Fig 4. Future larger studies and further histologic inves-

tigation are needed to support this hypothesis.

In an unruptured aneurysm study, low WSS was found to

colocalize with thin, easily visualized translucent regions of the

aneurysm sac.22 These regions were thought to be fragile locations

of the aneurysm wall that lead to rupture. In addition, in studies

on ruptured aneurysms, low WSS was associated with the aneu-

rysm rupture point.10,20,22,23 In our study, low WSS was also as-

sociated with a local enhanced area of the aneurysm wall; the

association indicates that the enhanced area may also be the weak

part of aneurysm wall. In addition, there were no statistically sig-

nificant hemodynamic differences between the ruptured and un-

ruptured aneurysms, which indicates that these unruptured an-

eurysms with local wall enhancement may have a potential risk

similar to that of ruptured aneurysms.

Limitations
In our study, all the aneurysm models were analyzed using the

same pulsatile velocity profile of the ICA instead of patient-spe-

cific analysis because carotid duplex sonography is not a clinical

routine examination. However, it may be able to reflect the he-

modynamic differences in various areas of the same model, which

we are trying to find. Moreover, we have normalized the aneurys-

mal values by the parent vessel values to reduce the influence of

inlet boundary conditions when making comparisons between

different aneurysms.

Moreover, the small number of the patients enrolled into this

study may also introduce bias. This may be partly due to the

difficulties and risks for patients with unstable and ruptured

aneurysms undergoing time-consuming MR imaging exami-

nations. The developing technique discussed here will shorten

the examination time and help solve this problem to some

extent.

CONCLUSIONS
The results of this study indicate that hemodynamic differences

exist between the enhanced and nonenhanced areas of the aneu-

rysm wall on HR-VWI postgadolinium T1WI. The mean WSS of

the aneurysm enhanced area is lower than that of the nonen-

hanced area, suggesting that low WSS may be an important he-

modynamic factor that contributes to the aneurysm wall local

enhancement. In addition, the OSI of the aneurysm enhanced

area was lower than that of the nonenhanced area, reflecting a

comparatively concentrated inflow jet.
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