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Abstract
Aneurysm wall permeability has recently emerged as an in vivo marker of aneurysm wall remodeling. We sought to study the 
spatial relationship between hemodynamic forces derived from 4D-flow MRI and aneurysm wall permeability by DCE-MRI 
in a region-based analysis of unruptured saccular intracranial aneurysms (IAs). We performed 4D-flow MRI and DCE-MRI 
on patients with unruptured IAs of ≥ 5 mm to measure hemodynamic parameters, including wall shear stress (WSS), oscil-
latory shear index (OSI), WSS temporal (WSSGt) and spatial (WSSGs) gradient, and aneurysm wall permeability (Ktrans) in 
different sectors of aneurysm wall defined by evenly distributed radial lines emitted from the aneurysm center. The spatial 
association between Ktrans and hemodynamic parameters measured at the sector level was evaluated. Thirty-one patients 
were scanned. Ktrans not only varied between aneurysms but also demonstrated spatial heterogeneity within an aneurysm. 
Among all 159 sectors, higher Ktrans was associated with lower WSS, which was seen in both Spearman’s correlation analysis 
(rho = − 0.18, p = 0.025) and linear regression analysis using generalized estimating equation to account for correlations 
between multiple sectors of the same aneurysm (regression coefficient = − 0.33, p = 0.006). Aneurysm wall permeability by 
DCE-MRI was shown to be spatially heterogenous in unruptured saccular IAs and associated with local WSS by 4D-flow 
MRI.
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Introduction

The pathophysiology of intracranial aneurysm (IA) rupture 
is not fully understood. Hemodynamic forces are thought to 
be implicated in the remodeling of aneurysm wall, which 
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eventually results in rupture and subarachnoid hemorrhage. 
Most previous studies on the role of hemodynamics in IA are 
based on computational fluid dynamics (CFD) simulations 
without patient-specific flow measurements [1–3]. Associa-
tions of hemodynamic factors with pathological evidence 
of aneurysm wall remodeling have been described [1, 2], 
though existing data are limited to small surgical series with 
inherent challenges of radiology-pathology registration [1, 
4]. Recent advances in four-dimensional (4D) flow MRI 
have allowed for comprehensive evaluation of hemodynamic 
parameters of IA [5, 6]. Furthermore, studies using dynamic 
contrast-enhanced (DCE) MRI have observed increased wall 
permeability in IAs at high risk of rupture [7, 8], suggesting 
that aneurysm wall permeability could serve as an in vivo 
marker of aneurysm wall remodeling and weakening.

The purpose of this study was to investigate the spatial 
association between hemodynamic forces derived from 
4D-flow MRI and aneurysm wall permeability measured by 
DCE-MRI in a region-based analysis of unruptured saccular 
IAs.

Methods

This study was approved by the local Institutional Review 
Board, and all participants provided written informed con-
sent. The data from this study are available from the cor-
responding author upon reasonable request.

Participants

Patients with unruptured saccular IA ≥ 5 mm in size, clini-
cally diagnosed by DSA, CTA, or MRA, were referred to 
this IRB-approved study with informed consent. Small aneu-
rysms (< 5 mm) were excluded in view of the limited spatial 
resolution of 4D flow MRI. Exclusion criteria included any 
contraindications to MR imaging or gadolinium contrast.

MRI protocol

Subjects were scanned at 3 T (Achieva TX or Ingenia CX, 
Philips Healthcare) using a 32-channel head coil. The aneu-
rysm was first located by 3D time-of-flight (TOF). For sub-
jects with multiple aneurysms, the largest aneurysm was 
selected as the index aneurysm. Then, 4D flow was acquired 
by a k-space segmented 3D radio-frequency-spoiled gradi-
ent-echo sequence [9] with peripheral pulse-gating and inter-
leaved 3-directional velocity-encoding: TR/TE = 8.1/3.6 ms, 
flip angle = 20°, spatial resolution = 1 × 1 mm2, slice thick-
ness = 1 mm, slice coverage = 28 mm, temporal resolu-
tion = 45.84–75.76 ms, scan duration = 459–846 s, veloc-
ity encoding = 120 cm/s. Finally, DCE-MRI was acquired 
on the index aneurysm as pervious described [8]: TR/

TE = 3.5 – 6.7/1.9 – 3.3 ms, flip angle = 15°, spatial reso-
lution = 0.8 × 0.8  mm2, slice thickness = 1–2 mm, slice 
coverage = 20  mm, temporal resolution = 10  s, scan 
duration = 6 min.

Image analysis

Figure 1 illustrates the image analysis workflow. DCE-MRI 
data were analyzed using the extended Kety/Tofts model 
[10] to generate Ktrans maps. The slice with the Ktrans hotspot 
(highest value) was chosen to draw two concentric ROIs sur-
rounding the aneurysm: the first one was drawn just outside 
the aneurysm and the second one was drawn by expanding 
the first ROI 3 pixels outward.

In 4D flow analysis, hemodynamic parameters includ-
ing total flow, peak flow, mean velocity, peak velocity, wall 
shear stress (WSS), oscillatory shear index (OSI), WSS tem-
poral gradient (WSSGt), and WSS spatial gradient (WSSGs) 
were derived from the velocity field based on a validated 
quantitative analysis method combining B-spline interpola-
tion and Green’s theorem [11]. 4D flow images are isotropic. 
The slice corresponding to the DCE-MRI slice was gener-
ated, and the same ROI from DCE analysis was mapped 
to 4D flow for region-based measurements of WSS, OSI, 
WSSGt, and WSSGs.

Specifically, the circular ROI of each aneurysm was 
divided into sectors by evenly distributed radial lines emit-
ted from the aneurysm center according to size: aneurysms 
of 5–10 mm were divided into 3 sectors; those of 10–20 mm 
were divided into 6 sectors; those of ≥ 20 mm were divided 
into 12 sectors.

Statistical analysis

Data were presented as count (percentage), mean ± stand-
ard deviation, or median (interquartile range). Spearman’s 
correlation coefficient (rho) was used to evaluate any cor-
relations between Ktrans and hemodynamic parameters at the 
sector level. Associations between Ktrans and hemodynamic 
parameters were evaluated in linear regression analysis using 
generalized estimating equation (GEE) to account for cor-
relations between multiple sectors of the same aneurysm. 
Statistical analyses were performed using SPSS (Version 
23.0. IBM Corp, Armonk, NY). p-values < 0.05 were con-
sidered statistically significant.

Results

Thirty-one patients were scanned. Clinical and imaging 
characteristics are summarized in the Supplemental Table I. 
Of the 31 aneurysms imaged, 20 (64.5%) were in the anterior 
circulation; the median size was 9.1 mm (7.2, 16.1); 2 (6.5%) 
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had blebs. Ktrans not only varied substantially between aneu-
rysms but also demonstrated spatial heterogeneity within an 
aneurysm (maximum Ktrans: 0.0487 min−1 [0.0212, 0.103]; 
minimum Ktrans: 0.0054 min−1 [0.0016, 0.0098]). Maximum 
Ktrans correlated positively with aneurysm size (rho = 0.38, 
p = 0.036) while minimum Ktrans did not (p = 0.30). Spa-
tial heterogeneity within an aneurysm, measured as the 

coefficient of variation between different sectors, had a 
median of 85.9% (59.4, 104.0).

Among all 159 sectors, higher Ktrans was associated with 
lower WSS, which was seen in both Spearman’s correlation 
analysis (rho = − 0.18, p = 0.025) and GEE linear regression 
models (regression coefficient = − 0.33, p = 0.006) (Table 1). 
Although Ktrans also correlated with temporal and spatial 

Fig. 1   Image analysis workflow and results of one aneurysm on the 
right middle cerebral artery. The aneurysm was localized using the 
TOF sequence. Arterial input function (AIF, Cp(t)) and contrast con-
centration in tissue adjacent to the aneurysm (Ct(t)) were derived 
from DCE-MRI images and were fitting to generate Ktrans map. 
Hemodynamic parameters including wall shear stress (WSS) were 

derived from velocity field calculated from 4D-flow MRI data. The 
plane corresponding to the slice with the highest Ktrans was analyzed. 
The circumference of the aneurysm was divided into 3 sectors anti-
clockwise. Sectors with higher Ktrans showed relatively lower WSS 
magnitude
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gradients of WSS in Spearman’s correlation analysis, the 
spatial relationship with WSSGt or WSSGs was not seen 
in GEE linear regression after accounting for correlations 
between multiple sectors of the same aneurysm.

Discussion

The aneurysm wall is under constant influence from complex 
flow patterns, which is thought to be a major factor in driv-
ing pathological remodeling of aneurysm wall. However, 
specific hemodynamic conditions associated with aneu-
rysm wall remodeling and rupture remain under debate. 
Because of the low incident of aneurysm rupture, most 
studies chose to cross-sectionally compare hemodynamic 
conditions between ruptured and unruptured aneurysms and 
yielded mixed results [12–15]. Biases cannot be excluded as 
the shape and hemodynamics of ruptured aneurysms may 
change after aneurysm rupture. Furthermore, the lack of 
patient-specific flow measurements and the assumptions of 
blood viscosity, vascular characteristics and boundary con-
ditions in CFD modeling may affect comparisons between 
different patients though some studies sought to normalize 
hemodynamic parameters of aneurysm by those of the par-
ent artery to alleviate this concern [12, 14]. This study used 
a surrogate marker of aneurysm wall degeneration, namely 
aneurysm wall permeability (Ktrans), which can be meas-
ured locally in unruptured IAs, to evaluate potential impact 
of hemodynamic forces on aneurysm wall properties. Our 
region-based analysis revealed high spatial heterogeneity of 
aneurysm wall and that increased wall permeability colocal-
ized with low WSS, which provided novel evidence that low 
WSS may induce aneurysm wall degeneration.

Due to technical constraints, only a few studies have 
examined the spatial heterogeneity of aneurysm wall and 
its relationship with hemodynamic conditions. The visual 
appearance of aneurysm wall under intraoperative micros-
copy has been used to identify atherosclerotic and super-thin 

regions though the classification scheme has not been his-
tologically validated [1, 4]. Precise registration between 
in vivo imaging and intraoperative appearance is needed, 
representing a major challenge with this approach. Aneu-
rysm wall enhancement (AWE) by vessel wall imaging pre-
sents a convenient marker for understanding the impact of 
hemodynamic forces on aneurysm wall. AWE regions have 
been associated with low WSS [16, 17]. However, a 7 T 
study recently showed that the association between WSS and 
AWE may depend on the location [18]. Both AWE by ves-
sel wall imaging and aneurysm wall permeability by DCE-
MRI remain to be histologically validated to understand the 
nature of these imaging markers. Particularly, AWE regions 
may encompass different histological characteristics (e.g., 
inflammation, atherosclerosis, thrombosis).

Despite the use of novel techniques in this study, a few 
limitations should be emphasized. With a growing footprint 
in neurovascular applications, 4D flow has been recently 
used to characterize flow patterns and hemodynamic forces 
in IA [6]. However, the limited spatial resolution of 4D flow 
restricts its application to relatively large IAs. We included 
only IAs of ≥ 5 mm (most would be at high risk) as the objec-
tive was not to test new markers for clinical decision-making 
but to understand pathophysiological relationships between 
focal hemodynamic forces and aneurysm wall remodeling. 
The results of this study should not be directly applied to 
small IAs (< 5 mm). The relationship between hemodynamic 
forces and wall permeability in small aneurysms still needs 
to be explored. The main limitation of the DCE-MRI pro-
tocol used in this study is that the acquired images are not 
isotropic. Subsequently, image analysis was limited to the 
acquired slices, which may not capture the wall region with 
the highest permeability. DCE-MRI protocols with isotropic 
resolution would be more ideal for IA characterization and 
should be a focus for future technical development.

Conclusion

In a region-based analysis of unruptured saccular intracra-
nial aneurysms, aneurysm wall permeability by DCE-MRI 
was shown to be spatially heterogenous and associated with 
local WSS by 4D-flow MRI. By leveraging novel imaging 
techniques, our findings provide novel evidence that low 
WSS may induce aneurysm wall degeneration.
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*Right-skewed data were transformed to ranks before entering model

Hemodynamic parameters Spearman’s cor-
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GEE linear regres-
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Rho p value Coefficient p value

WSS magnitude (N/m2) − 0.18 0.025 − 0.33 0.006
OSI (%) − 0.09 0.24 0.22 0.15
WSSGt (N/m2/s) − 0.21 0.008 − 0.02 0.95
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