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Abnormal Flow Dynamics Result in Low Wall Shear Stress and  
High Oscillatory Shear Index in Abdominal Aortic Dilatation:  

Initial in vivo Assessment with 4D-flow MRI

Yasuo Takehara1,*, Haruo Isoda2, Mamoru Takahashi3, Naoki Unno4,  
Norihiko Shiiya5, Takasuke Ushio6, Satoshi Goshima6, Shinji Naganawa7,  

Marcus Alley8, Tetsuya Wakayama9, and Atsushi Nozaki9

Purpose: To characterize the non-laminar flow dynamics and resultant decreased wall shear stress (WSS) 
and high oscillatory shear index (OSI) of the infrarenal abdominal aortic dilatation, cardiac phase-resolved 
3D phase-contrast MRI (4D-flow MRI) was performed.
Methods: The prospective single-arm study was approved by the Institutional Review Board and included 18 
subjects (median 67.5 years) with the dilated infrarenal aorta (median diameter 35 mm). 4D-flow MRI was con-
ducted on a 1.5T MRI system. On 3D streamline images, laminar and non-laminar (i.e., vortex or helical) flow 
patterns were visually assessed both for the dilated aorta and for the undilated upstream aorta. Cardiac phase- 
resolved flow velocities, WSS and OSI, were also measured for the dilated aorta and the upstream undilated aorta.
Results: Non-laminar flow represented by vortex or helical flow was more frequent and overt in the dilated 
aorta than in the undilated upstream aorta (P < 0.0156) with a very good interobserver agreement (weighted 
kappa: 0.82–1.0). The WSS was lower, and the OSI was higher on the dilated aortic wall compared with the 
proximal undilated segments. In mid-systole, mean spatially-averaged WSS was 0.20 ± 0.016 Pa for the dilated 
aorta vs. 0.68 ± 0.071 Pa for undilated upstream aorta (P < 0.0001), and OSI on the dilated aortic wall was  
0.093 ± 0.010 vs. 0.041 ± 0.0089 (P = 0.013). The maximum values and the amplitudes of the WSS at the dilated 
aorta were inversely proportional to the ratio of dilated/undilated aortic diameter (r = −0.694, P = 0.0014).
Conclusion: 4D-flow can characterize abnormal non-laminar flow dynamics within the dilated aorta in vivo. 
The wall of the infrarenal aortic dilatation is continuously and increasingly affected by atherogenic stimuli due 
to the flow disturbances represented by vortex or helical flow, which is reflected by lower WSS and higher OSI.
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Introduction
Aortic aneurysms were the primary cause of 9863 deaths in 
20141 and a contributing cause in more than 17,215 deaths in 
the United States in 2009 (https://wonder.cdc.gov/ucd-icd10.
html). Although there are many sorts of abdominal aortic 
aneurysm (AAA) in their etiologies, atherosclerosis is the 
primary pathogenesis creating AAA.2–4

Concerning the risk of rupture of an AAA, aneurysmal 
size is closely linked, i.e., size >5 cm in diameter is around 
20%, >6 cm approximately 40% and >7 cm over 50%.5 
Therefore, surgical repair or endovascular repair (EVAR) is 
recommended for an AAA more than 5 cm in diameter.6

Previous studies have shown that laminar flow with con-
sistent and relatively high velocity is required to maintain the 
integrities of the arterial wall,7–13 where the arterial endothelial 
cells play an essential role as a mechanoreceptors14–21 of flow 
velocity by detecting wall shear stress (WSS).22–26 A certain 
level of WSS is necessary for stimulating atheroprotective 
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pathways by controlling various chemical mediators.14–21,27 A 
high oscillatory shear index (OSI) that reflects fluctuations in 
WSS induces an inflammatory response, including an increase 
in reactive oxygen species.28,29 Atherosclerosis results in vas-
cular diseases, including penetrating atherosclerotic ulcers, 
arteriosclerosis obliterans, or aortic aneurysm.

Abdominal aortic aneurysm is characterized by an abrupt 
dilatation of the flow path of the abdominal aorta, which 
breaks critical Reynolds number and resultant non-laminar 
flow. Previously, WSS and OSI of the AAA had been assessed 
by personalized morphology using magnetic resonance angi-
ography (MRA) and boundary conditions with the use of car-
diac phase-resolved 2D phase-contrast MRI (2D PC cine 
MRI), which were performed exclusively with the aid of 
simulated calculation of computational fluid dynamics 
(CFD).30 The recently innovated cardiac phase-resolved 
three-dimensional (3D) phase-contrast MRI (4D-flow MRI) 
is a 3D phase-contrast imaging that can provide comprehen-
sive 3D velocity information of the blood flow within the 
entire vasculatures throughout the cardiac cycle.31–34 Unlike 
CFD simulation, the 4D-flow MRI allows for direct measure-
ments of the WSS and OSI by transforming actual local 3D 
velocity data measured adjacent to the endothelium.35–37

With an aid of 4D-flow MRI, the purpose of this study 
was to characterize non-laminar flow dynamics represented 
by vortex or helical flow, as well as their derivatives such as 
WSS and OSI in the dilated abdominal aorta as compared 
with the upstream undilated aorta.

Materials and Methods
The prospective single-arm study using no surgical or phar-
macological interventions was approved by the Institutional 
Review Board (IRB). The study recruited 23 consecutive 
patients with infrarenal abdominal aortic dilatation diag-
nosed by contrast-enhanced CT performed from July 1, 2008, 
to June 30, 2009. Abdominal aortic dilatation was simply 
defined as the diameter of the aortic portion is larger than that 
of the upstream abdominal aorta. Five patients dropped out 
of the study for the following reasons. Two patients declined 
contrast administration, 1 had a pacemaker placement, one 
had an urgent surgical stent placement before MRI, and there 
was lost flow data storage in one due to the hard disk break 
down of the computer.

Consequently 18 patients remained at the endpoint of the 
study. All the patients provided written informed consent. 
The study population included 16 males and 2 females with 
age ranging from 52 to 85 years (median 67.5 years). There 
were one saccular and 17 fusiform aortic dilatation with 
maximum transverse diameters ranging from 25 to 43 mm 
(median 35 mm) and a maximum length ranging from 41 to 
94 mm (median 67 mm). One patient fell short of the defini-
tion of “aneurysm” proposed by the Society for Vascular Sur-
gery and the North American Chapter, International Society 

for Cardiovascular Surgery for aortic aneurysm and Japanese 
Circulation Society, which is maximum diameter ratio 
between the dilated aorta and the upstream undilated aorta is 
over 1.5.38 Therefore, in this study, we deal with our study 
population as a whole “dilated abdominal aorta” instead of 
“AAA”. For the individual case, the lesion is called AAA if 
the lesion matches the definition stated above. 

All MRIs were conducted on 1.5T MR scanner (Signa 
infinity twin speed with Excite ver. XI; GE Healthcare, 
Waukesha, WI, USA) with an 8-channel body phased-array 
coil (GE Healthcare).

Time-resolved contrast-enhanced 3D MR 
angiography
Prior to 4D-flow MRI, contrast-enhanced 3D magnetic reso-
nance angiography (MRA) was obtained after bolus injection 
of gadolinium chelate (Magnevist; Bayer Yakuhin, Osaka, 
Japan or Omniscan; Daiichi-Sankyo, Tokyo, Japan) with 0.1 
mmol/kg with an injection rate of 2–3 mL/s using an autoin-
jector. The contrast administration was used for segmenting 
accurate arterial wall boundary for post-processing and addi-
tionally to increase the signal-to-noise ratio (SNR) in 4D-flow 
measurement. 3D fast spoiled gradient echo (3D-FSPGR)-
based sequence was used with the following parameters: TR 
(ms)/TE (ms)/FA (°)/number of excitations (NEX) = 
2.6/0.8/15/1, a field of view (FOV) of 48 cm × 33.6 cm, parti-
tion thickness of 2 mm with zero fill interpolation of 2, over-
laps of 2 mm, a matrix of 224 × 224, receiver bandwidth 
(RBW) of 83.3 kHz, array spatial sensitivity encoding tech-
nique reduction factor of 2, 60 partitions × 6, and scan time 
of 35 s. The best arterial phase 3D data set with whole 
abdominal aortic opacification was picked out from the six 
phases and was used for the segmentation and the proper 
morphometry of the aortic wall.

Cardiac phase-resolved 2D phase-contrast MRI
Following contrast-enhanced 3D MRA, an electrocardio-
gram (ECG) gated, respiratory compensated, axial 2D PC 
cine MRI was also performed to validate the velocity data of 
4D-flow MRI and to optimize velocity encoding (VENC) for 
4D-flow. The cross-section was placed in the abdominal 
aorta above the renal artery using the following parameters: 
TR (ms)/TE (ms)/FA (°)/NEX of 29/auto (5)/30/2, RBW of 
32 kHz, FOV (cm) of 16 × 16, a thickness of 4 mm, a matrix 
of 160 × 160, R–R phases of 30, VENC of 150 cm/s encoded 
in all directions.

Since the cardiac phase resolution for the 2D PC cine 
MRI was 30, it was adapted to 12 phases when compared 
with 4D-flow MRI.

Cardiac phase-resolved 3D phase-contrast MRI
Following 2D PC cine MRI, ECG gated, respiratory  
compensated cardiac phase-resolved 3D-FSPGR-based 
4D-flow MRI was conducted covering the whole abdominal 
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instantaneous WSS vectors are much fluctuated compared 
with that of the mainstream direction at the calculated point 
during one cardiac cycle.

Measurement of the geometrical features of the 
abdominal aorta
The maximum luminal diameter and the length of the 
dilated aorta were measured on the workstation using mul-
tiplanar reformatted images with the exclusion of the thick-
ness of the mural thrombus. Likewise, the maximum 
luminal diameter of the upstream undilated abdominal aorta 
was also measured, selecting a similar level as 2D PC cine 
was measured. The measurements were performed by 2 
experienced radiologists (Y.T. and M.T.) in consensus on 
the reformatted image using the arterial phase 3D MRA 
data set, and then the values were averaged. Then the diam-
eter ratio (maximum diameter of the dilated aorta)/(max-
imum diameter of the undilated upstream abdominal aorta) 
was calculated. Experienced radiologists (Y.T. and R.H.) 
measured the immediate upper bent angle formed by the 
middle lines of the undilated and the dilated aorta in  
consensus (Fig. 1).

aorta with the following parameters: TR (ms)/TE (ms)/FA (°)/ 
NEX of 4.5–5.0/1.6–2.0/15/1, FOV (cm) of 34–48 × 34–48, 
a matrix of 224–256 × 160–224, partition thickness of  
2 mm, 32–40 partitions, 12 phases, approximate imaging 
time of 10 min with a reduction factor of 2 for an autocali-
brating reconstruction for Cartesian sampling.39 The VENC 
was determined based on the maximum flow velocity value 
measured with 2D PC cine MRI added with +10 cm/s for a  
safety margin.

We used a 4D-flow MRI application developed at  
Stanford University as a research version and was operated 
following the restriction of the Japanese Ministry of Health, 
Labor and Welfare after IRB approval.

Post-processing of 4D-flow MRI data
4D-flow MRI data sets and 3D MRA data set were trans-
ferred to a personal computer (Intel Core i7 CPU,  
3.2 GHz, 12 GB RAM, Microsoft Windows 7) in DICOM 
format, and were post-processed with flow analysis software 
(Flova; R’Tech, Shizuoka, Japan). The application was com-
posed of two processes of segmentation and analysis. 
Velocity data were segmented using the boundary of the 
abdominal aorta depicted on 3D MRA. First, cardiac phase-
resolved images of 3D velocity vector fields were generated 
to overview the blood flow within the abdominal aorta. Then, 
3D streamlines, WSS maps, and OSI map were generated 
using 4D data sets.

Generating 3D streamlines
We chose several cross-sectional planes every 3 cm tra-
versing the abdominal aorta perpendicular to the longitudinal 
axis of the aorta, including the dilated aorta and the upstream 
undilated aorta. We generated 3D streamlines using Runge–
Kutta method.40 3D streamlines are integrated traces along 
the instantaneous velocity vector field, color-coded according 
to the local velocity magnitude.

Calculation of WSS and OSI
Wall shear stress is defined as the product of fluid viscosity 
and shearing velocity of the adjacent vascular wall. Our 
method to calculate the shearing velocity vector is similar 
to those reported by Cheng et al.41 or Masaryk et al.42; how-
ever, our method is not two dimensional but three dimen-
sional. The 3D method to measure WSS has previously 
been reported by Isoda et al.43 Our application is based on 
the same platform as Isoda’s method. The dynamic vis-
cosity of the blood was assumed to be 0.00384 Pa in the 
application.

Oscillatory shear index that reflects instantaneous fluc-
tuation of WSS was calculated by temporal changes of the 
local WSS vector. OSI is defined as (1 − |∫wssidt|/
[∫|wssi|dt])/2, where wssi is instantaneous WSS vectors.44 
OSI ranges from 0 to 1/2, and a large OSI means that 

Fig. 1 The scheme of the measurements of the values reflect-
ing geometrical features of the abdominal aortic aneurysm. The 
example of auxiliary lines delineated on the enhanced 3D MRA 
of a 68-year-old female. The maximum luminal diameter (40 mm) 
and the length of the dilated segment as well as the diameter of 
upstream non-dilated aorta (25 mm) were measured. The imme-
diate upper bent angle created by the middle lines of the dilated 
segment and the undilated segment (93°) was also measured. MRA, 
magnetic resonance angiography.
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Measurements of the flow velocities
The cross-sectional region of interest (ROI) was created in 
the dilated aorta as well as in the upstream undilated portion 
of the aorta, and the cardiac phase-resolved spatially- 
averaged flow velocities perpendicular to the sections were 
measured with 4D-flow MRI. The measurements in the 
upstream undilated aorta were performed at similar cross-
sectional ROIs prescribed for 4D-flow MRI. The mean time-
resolved velocities were also measured with 2D PC cine 
MRI for reference. The ROIs were placed so that the planes 
were perpendicular to the middle lines of each aortic 
segment.

Evaluation of the flow patterns
Two radiologists (Y.T. and M.T.) visually assessed the flow 
patterns seen in the dilated aorta and the upstream undilated 
segment of the abdominal aorta by viewing the streamlines in 

terms of the presence or absence and the degree of non- 
laminar flow specifically concerning vortex and helical flow 
separately at systole and diastole. The assessments were  
performed independently and in a blinded fashion. The degree 
of abnormal flow patterns were rated as follows: (1) none to 
mild; consistent laminar flow or non-laminar flow with max-
imum diameters less than one-third of the aortic diameter 
(Fig. 2a), (2) moderate; one abnormal flow patterns involving 
more than one-third of the aortic lumen (Fig. 2b) and (3) 
severe; more than two non-laminar flow patterns involving 
more than one-third of the aortic lumen (Fig. 2c). The rating 
was performed separately for systole and diastole. The 
abnormal flow patterns could be instantaneous or prolonged 
during the period of observations. 3D streamline images, 
including all cardiac phases were available on the monitor 
display of a workstation enabling the observation of the 
largest diameter of the flow patterns.

Fig. 2 (a)–(c) The examples of the ratings for laminar or non-laminar flow observed on streamline analysis. (a) Streamline analysis for the 
AAA of a 84-year-old male at systole. Laminar flow at the upstream undilated aorta (white arrows) and the tiny vortices (red arrows) with 
diameter less than one-third of the aneurysmal diameter at the shoulder of the AAA are seen. The degree of non-laminar flow were both 
rated as none to mild. (b) Streamline analysis for the AAA of a 68-year-old male at diastole. A large helical flow (white arrows) occupying 
more than one-third of the AAA diameter was rated moderate (Although the helical flow was over one-third of the aneurysm, it was sin-
gle). (c) Streamline analysis for the AAA of a 60-year-old male at diastole. There are more than two large vortices (white arrows and red 
arrows) with size over one-third of the aneurysmal diameter at the proximal portion of the AAA, which were rated as severe non-laminar 
flow. Supplementary movie shows hemodynamics over one cardiac cycle using streamline analysis. AAA, abdominal aortic aneurysm.

a b c
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Measurements of the WSS and the OSI of  
the aortic wall
Wall shear stress and oscillatory shear index were measured 
on the cardiac phase-resolved 3D WSS distribution maps and 
3D OSI distribution map, placing a circumferential area ROI 
covering the whole dilated portions of the abdominal aorta 
and the undilated upstream portions of the abdominal aorta 
separately (Fig. 3). For the ROI of the upstream undilated 
segment, a level was selected, giving the maximum surface 
area avoiding the stump of the aorta, as high up as possible, 
but under the level of the diaphragm. We compared the dif-
ferences in cardiac phase-resolved spatially-averaged WSS 
of each cardiac phase as well as OSI of each dilated aorta and 
their upstream undilated segments.

Statistics
All numerical data were expressed as mean ± standard error 
(SE) when normally distributed or otherwise expressed as 
median ± SE. The mean velocities and the WSS measure-
ments for each cardiac phase were evaluated with a repeated-
measure analysis of variance (ANOVA) followed by the 
Dunnett’s test. Differences in the mean velocities and the 
spatially averaged WSS and OSI of the dilated aorta and  
the undilated upstream aorta were analyzed using a Student’s 
paired t-test, where Bartlett’s test indicated homogeneity of 
variance, or otherwise by non-parametric Wilcoxon test. The 
rated abnormal flow patterns between the dilated aorta and 
the undilated upstream abdominal aorta were assessed with a 
non-parametric Wilcoxon test combining the assessments by 
two observers. The regression analysis for correlation of the 
dilated aortic diameter ratio and mid-systolic WSSs or ampli-
tude of WSSs (i.e., maximal WSS minus minimal WSS) was 
assessed with Spearman’s test. A P-value <0.05 was taken as 
statistically significant. Inter-observer variability was 
assessed with weighted kappa statistics. Kappa values below 
0.2 were interpreted as poor, 0.21–0.40 fair, 0.41–0.60 mod-
erate, 0.61–0.8 good, and 0.81–1.00 were interpreted as very 
good agreement. Statistical analyses were performed with 
the use of StatFlex (Artech, Osaka, Japan) or Medcalc (Med-
calc software, Ostend, Belgium).

Results
The geometrical features of the abdominal aorta were as  
follows: the median length (mm): 64 ± 3.5; maximum diame-
ters of the dilated aorta (mm): 34 ± 1.1; the maximum diameter 
of the upper undilated aorta (mm): 21 ± 0.51; diameter ratio: 
1.7 ± 0.063 and immediate upper bent angle (°): 25 ± 7.1.

The cardiac phase-resolved spatially-averaged flow 
velocities at the levels of the dilated aorta and the upstream 
undilated aorta measured with 4D-flow MRI and cardiac 
phase-resolved 2D PC cine MRI are shown in Fig. 4. The 
agreement of the mean velocities measured with the two 
methods was reasonably good (<8.6% difference) at mid-
systole, and there was almost perfect agreement during dias-
tole. The values (mm/s) within the undilated upstream aorta, 
systolic initial six phases (70 ± 8.5, 105 ± 12, 174 ± 17,  
191 ± 17, 145 ± 14, 81 ± 10) were significantly higher than 
end-diastole (10th phase 43 ± 7.8; P < 0.0001). Similarly, 
within the dilated aorta, the values at systolic five phases were 
significantly higher than that of end-diastole (41 ± 6.6, 62 ± 
7.7, 71 ± 8.3, 55 ± 6.6, 32 ± 5.6; P < 0.0001) (Fig. 4). The 
flow velocities in the dilated aorta were significantly lower 
than upstream undilated abdominal aorta at all cardiac phases.

The flow patterns in the dilated aorta versus in the undi-
lated aorta were distinctly different. Inside the dilated aorta, the 
appearances of non-laminar flow patterns such as vortex (P = 
0.0156) were more prominent during systole, and vortex (P = 
0.0001) and helical flow (P = 0.0074) during diastole (Fig. 5a 
and 5b). Typically, during systole, non-laminar flow dominates 

Fig. 3 A color coded 3D WSS map of a 84-year-old male AAA 
patient shows the range of abdominal aorta imaged on 4D-flow 
MRI. WSS was measured on the 3D map covering circumferen-
tial area of the dilated (surrounded by white line) vs. non-dilated 
upstream aorta (surrounded by yellow line). Note: dilated portion 
(WSS coded blue to green) is considerably lower WSS than the 
non-dilated segment (higher WSS coded red). AAA, abdominal 
aortic aneurysm; WSS, wall shear stress.
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dilated aorta; however, the laminar flow patterns were main-
tained, and none of the vortex or helical flow appeared within 
the upstream undilated portions (Figs. 2, 5a, 5b, 6 and 7). There 
was very good agreement between the two observers con-
cerning the ratings of the laminar or non-laminar flow dynamics 
such as vortex or helical flow during systole and diastole for 
dilated aorta and undilated upstream aorta (weighted kappa 
values ranging from 0.824 to 1) (Fig. 5a and 5b).

Concerning the temporal changes of the mean spatially-
averaged WSS measured in the dilated aorta and the undi-
lated upstream aorta, the values during systolic seven phases 
were significantly higher than that of end-diastole (P < 0.001) 
(Fig. 8).

The spatially-averaged WSS of the dilated aorta was sig-
nificantly lower (P < 0.001) than that of the undilated 
upstream aorta in all cardiac phases. In mid-systole (third 
phase), mean spatially-averaged WSS was 0.20 ± 0.016 Pa 
for the dilated aorta vs. 0.68 ± 0.071 Pa for undilated upstream 
aorta (P < 0.0001), and in the end-diastole (10th phase) it 
was 0.10 ± 0.008 Pa for aneurysm vs. 0.18 ± 0.018 Pa for 
undilated upstream aorta (P = 0.0003) (Fig. 8).

There was a moderately good inverse correlation between 
the dilated aortic diameter ratio and the maximal WSS (mid-
systole) of the dilated aorta [r = −0.542, P = 0.0203, confi-
dence interval (CI): −0.805, −0.010] (Fig. 9a). The amplitude 
of WSS showed even better inverse correlation with the dilated 
aortic diameter ratio of the AAA (r = −0.694, P = 0.0014,  
CI: −0.877, −0.335) (Fig. 9b).

Oscillatory shear index which reflects the fluctuation of 
the WSS during the cardiac cycle was greater in the dilated 
aorta (0.093 ± 0.010, CI: 0.08, 0.11) as opposed to the 
upstream undilated aorta (0.041 ± 0.0089, CI: 0.012, 0.059; 
P = 0.013) (Fig. 10).

The immediate upper bent angle (median 24.5° ± 7.1°) 
did not affect geometrically averaged WSS or OSI of the 
dilated aorta with statistical significance; however, in some 

selected cases, it was considered to have been affecting local 
WSS or OSI (Fig. 6a–6c).

Discussion
Although many proven biochemical factors promote 
atherogenesis, hemodynamic stress on the aortic wall has 
also been considered as a key contributor. Generally, both 
atherosclerosis and aneurysm have a preference for devel-
oping in specific locations within the vascular tree, such as 
branch points and areas of curvature where flow distur-
bance occurs.45–47 In such locations, the laminar flow 
becomes non-laminar, where low WSS and high OSI affects 
vascular wall with atherosclerosis.48–50

In humans, atherosclerotic lesions are more prevalent in 
the infrarenal aorta than the suprarenal aorta.45 Approxi-
mately 90% of all AAAs are associated with atherosclerosis, 
and 95% of AAAs develops in the infrarenal aorta. Infrarenal 
AAA comprises more than 80% of all aortic aneurysms.51 
The reasons for these regional preferences in susceptibility 
have been unknown and remain a challenge in research.52,53

Our study verified that the flow patterns in undilated seg-
ments of the abdominal aorta are characterized by fast, con-
sistent laminar flow and its mean WSS of 0.68 Pa during the 
mid-systole (temporal average of 0.44 Pa) is within the range 
of previously reported values (0.34–1.04 Pa) measured in the 
suprarenal aorta.54,55 It is also notable that the laminar flow is 
dominant, and non-laminar flow occurs only during the brief 
period of diastole in the undilated upstream segment. On the 
contrary, the flow patterns in the dilated aorta are character-
ized by non-laminar flow such as vortex or helical even during 
the systole. In the literature, the low WSS and high OSI due to 
the non-laminar flow have been suggested by CFD simula-
tion.56 The stagnant flow within AAA is recently reported by 
Ziegler et al.57 They used 4D-flow to measure the blood flow 
velocity reflected by the time travel distances of the blood 

Fig. 4 Graph shows time-resolved mean velocity values 
perpendicular to the cross sections of the ROI in the aneu-
rysm (closed circle) and upstream undilated aortic segment 
(open square) measured with 4D-flow MRI. The velocity in 
the upstream undilated aorta measured with time-resolved 
2D PC cine MRI dotted line is also shown for reference. The 
agreements of the velocities measured using 4D-flow and 
the 2D PC cine MRI were reasonably good, being identical 
in the diastole and up to 8.6% difference in the mid-systole. 
The values within the undilated upstream aorta, systolic 
six phases (*) were significantly higher compared with 
end-diastole (10th phase). Similarly, the values within the 
aneurysm at the systolic five phases (#) were significantly 
higher than those of end-diastole. The mean velocities in 
the aneurysm are significantly lower than those in the undi-
lated upstream aorta throughout the entire cardiac cycle. 
Bars are shown in SE. The original phase resolution for the 
2D PC cine MRI (30 phases/s) was adapted to 12 phases 
to compare with that of 4D-flow MRI. 2D PC cine MRI,  
2D phase contrast MRI; 4D-flow MRI, 3D phase-contrast 
MRI; ROI, region of interest; SE, standard error.
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Fig. 5 (a) and (b) The appearances and the severity of the abnormal flow patterns observed within the aneurysm and the undilated 
upstream segment of the abdominal aorta. (a) Three grades of non-laminar flow dynamics (none to mild, moderate and severe) were rated 
by observer 1. (b) The same assessments rated by observer 2. *, #, $: significantly higher rates than undilated upstream segments (*: P = 
0.0156 #: P = 0.0001, $: P = 0.0074). The comparisons were made using integrated data of observer 1 and 2. dia, diastole; sys, systole.

a

a b

Fig. 6 (a)–(c) Color-coded 3D reconstruction images at systole of a 60-year-old male with AAA shown as a left anterior oblique projection. 
Flow analysis software was used to produce these 3D interposed images on 3D MRA model. There is a bending (bent angle of 38°) and an 
abrupt diameter increase (diameter ratio 1.7) in the lumen of the abdominal aorta. Note: upper bent angle created non-laminar flow in the 
left half of the aorta and consequent decreased WSS and the increased OSI of the corresponding aortic wall (arrows). (a) The streamline 
image shows fast laminar flow within the undilated upstream segment (arrowheads); however, the velocities decrease once the flow enters 
the aneurysm. The bending and dilatation of the flow area affect the integrity of the flow patterns. The lost momentum of the flow causes 
vortex flow (arrows), where it coincides with low WSS (b). (b) A WSS map shows the aneurysmal wall particularly on the inner curvature of 
the aneurysm, which is coded blue, has a lower WSS (arrows) than the upstream undilated segment, which is coded green (arrowheads). 
(c) An OSI map of the same case shows a high OSI (coded red to green) where vortex flow were observed in the vicinity. Note left half of 
the aneurysm (arrows) shows higher OSI. AAA, abdominal aortic aneurysm; MRA, magnetic resonance angiography; OSI, oscillatory shear 
index; WSS, wall shear stress.

a b c
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Fig. 8 The time (cardiac phase) course changes 
of spatially-averaged WSS through a cardiac 
cycle measured in the aneurysm and the undilated 
upstream aorta. The mean spatially-averaged 
WSSs of the undilated upstream aorta were sig-
nificantly higher during systolic seven phases (*) 
than the end-diastole (10th phase). The spatially- 
averaged WSSs of the aneurysm during systolic 
seven phases (#) were significantly higher than 
end-diastole. The spatially-averaged WSSs in the 
aneurysms were significantly lower (P < 0.001) 
than those of the undilated aortic segments of  
the proximal aorta in all cardiac phases (not 
marked on the graph). WSS, wall shear stress.

Fig. 7 (a)–(c) Anterior projection of the color coded 3D image of a 68-year-old male with AAA at mid-systole. There is a subtle bending 
and abrupt diameter increase in the lumen of the abdominal aorta. In this particular case, there is a large helical flow flowing across the 
entire aortic width; therefore resulted in relatively homogenous reduction of the WSS and increased OSI. (a) The streamline image shows 
laminar flow within the undilated upstream segment (arrowheads); however, large helicities (arrows) dominates the entire aneurysmal 
cavity and partially of its neck (small arrow). Again, the bent and the dilatation of the flow area seem to be affecting the integrity of the 
flow pattern. (b) A WSS map shows diffuse low WSS of the aneurysmal wall (arrows) and a part of its neck (small arrow) which are coded 
blue as compared with the upstream undilated segment coded green (arrowheads). (c) An OSI map shows a high OSI (arrows; coded red 
to green) in the aneurysm and a part of its neck (small arrow) corresponding to the low WSS patterns and abnormal flow patterns. AAA, 
abdominal aortic aneurysm; OSI, oscillatory shear index; WSS, wall shear stress.

a b c

flow in vivo. We also found that non-laminar flow is domi-
nant, and WSS of this portion is lower and OSI higher than 
those of the upstream undilated segments. The flow dynamics 

in the AAA can be well explained by a typical fluid dynamics 
theory with the model of “a pipe of sudden enlargement”.58,59 
In fluid mechanics theory, flow separation will decrease the 
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momentum of the flow in the abruptly enlarged space. The 
stagnant fluid mass that lost momentum in the dilated pipe is 
pushed back by the backflow of the stream from the down-
stream fluid mass, which creates turbulent eddies at the 
shoulder and the marginal portions of the lumen adjacent to 
the wall of the dilated pipe.60–62 The loss of momentum is pro-
portional to the increase in the cross-sectional area of the pipe, 
which is known as Borda–Carnot theory.61 This phenomenon 
was well documented also in this in vivo study (Figs. 6a–6c, 
7a–7c, 9a and 9b). While the blood is flowing within the undi-
lated aorta, in mid-systole, the blood flow can maintain con-
sistent laminar flow; however, once the flow enters into a 
larger flow path of the aneurysm, the non-laminar flow repre-
sented by vortex or helical flow occurs. In our study, WSS is 
inversely proportional to the diameter ratio (Fig. 9a and 9b), 

which was well explained by the fluid dynamics theory stated 
above. The tortuosity or bent of the aorta is another challenge 
to the integrity of the blood flow. At the edge of the separated 
boundary layer, where the velocities change direction, a line 
of vortices occurs, which is known as a vortex sheet. This 
boundary layer flow separation and increase in the stagnant 
flow due to the vortices results in substantial energy losses in 
the flow. These separating divergent flows are inherently 
unstable, and far more energy is lost than in parallel or con-
vergent flow.59 As AAA grows, the junction of the dilated and 
undilated segment is elevated or shifted right or left, which 
creates the bent of the flow area even more.

The results of the current study suggest that a dilated 
infrarenal aorta hinders the maintenance of laminar flow, and 
is responsible for non-laminar flow such as vortex or helical, 
which results in lower WSS and higher OSI. If the hemody-
namic abnormality leads to the propagation of atherogenic 
processes in the aorta that weaken the dilated aortic wall, it 
may result in progressive dilatation of the aneurysm, and this 
may again accelerate the non-laminar flow. This interaction 
causes a vicious cycle that can consequently cause aneu-
rysmal growth and eventual rupture.

It is difficult to specify what the initiating stimulus for 
aortic dilatation is. However, from the hemodynamic point of 
view, it could be tortuosity of the aorta, or inherent differ-
ences of flow patterns between the supra- and infra-renal 
aorta.10 Indeed, we have observed retrograde flow from the 
iliac arteries in late systole. We presume this retrograde flow 
from the iliac arteries more evidently occurs in arterioscle-
rotic individuals due to the decreased arterial compliance of 
the lower limb. The antegrade aortic flow and retrograde iliac 
flow collide above the bifurcation of the aorta, and creates 
chaotic non-laminar flow dynamics above the bifurcation of 
the aorta.63

Fig. 10 OSI which reflects the fluctuation of the WSS during the 
cardiac cycle was higher in the dilated aorta (0.093 ± 0.010, CI: 
0.080, 0.11) compared with the proximal undilated portion (0.041 
± 0.0089, CI: 0.012, 0.059; P = 0.013). OSI, oscillatory shear 
index; WSS, wall shear stress.

Fig. 9 (a) and (b) The relationship between dilated/undilated aorta diameter ratio vs. WSS. (a) The maximum WSS (at mid-systole) 
showed moderately good correlation to the diameter ratio [r = −0.542, P = 0.0203, confidence interval (CI): −0.805, −0.010). (b) The  
amplitude of WSS, i.e., minimum WSS subtracted from maximum WSS showed a better inverse correlation to the diameter ratio  
(r = −0.694, P = 0.0014, CI: −0.877, −0.335). WSS, wall shear stress.

a b
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Concerning the other geometrical factors, i.e., the imme-
diate upper bent angle did not affect WSS or OSI so much as 
aortic caliber did. It may be because our populations con-
sisted of a relatively smaller upper bent angle with a median 
value of 25°. However, its local effects do exist in some indi-
vidual cases (Fig. 6a–6c). The effect of upper bent angle on 
the WSS or OSI should be disclosed, assessing a larger 
sample size shortly.

There is an intriguing report that suggests the possibility 
of decreasing the risk of rupture of AAA through physical 
exercise.30 Exercise has been reported to improve the integ-
rity of the WSS in the AAA through increased flow in the 
lower limbs as well as higher flow velocities in the aorta.64 
The report may reflect the potential use of WSS and OSI as 
parameters to monitor and prevent atherosclerosis.

One of the limitations of our study is the small sample 
size. In the design, we adopted contrast enhancement for 
better boundary definitions with 3D MRA for morphometry 
as well as for increasing SNR for 4D-flow MRI; however, 
two patients declined the administration of the contrast 
media for fear of adverse reactions. A second potential lim-
itation is a limited cardiac phase resolution. Twelve phases/
cardiac cycle or around 83 ms/phase was the limitation of 
4D-flow MRI in 2008. However, so far as we have dealt 
with the blood flow velocities in the abdominal aorta (such 
as 15 mm/phase for undilated aorta or 5.9 mm/phase for 
dilated aorta), its streamline delineations are quite similar 
to the results of CFD simulations using very high spatial 
and temporal resolutions. The third limitation is the limited 
spatial resolution. Even if we had used 3D Fourier trans-
form reconstruction algorithm, the partition thickness that 
reflected the spatial resolution in the Z-axis was limited to 
2 mm, which was to cover the entire abdominal aorta within 
a reasonable scan time. WSS may be underestimated due to 
the limited spatial resolution. The last potential limitation 
is that the boundary of the aortic wall was determined by 
contrast-enhanced MRA, which reflects the averaged signal 
throughout the cardiac cycle may not be able to reflect 
compliant aortic wall perfectly. However, the median age 
of our patient population was around 70 years, and they 
were all affected by pre-existing arteriosclerosis. There-
fore, in all cases, the compliance of the aortic wall was sig-
nificantly limited compared with non-atherosclerotic 
younger subjects who are free of vascular disease. 
According to Astrand et al.,65 assessment of the healthy 
non-smoker subjects age over 67 revealed the mean differ-
ence of aortic diameter between diastole and systole is  
0.67 mm in healthy men and 0.65 mm in healthy women. 
Similarly, concerning the patients with AAA, the average 
distensability is 0.9–1.7 mm for the aneurysm.66–68 We also 
assessed the movement of the aortic wall by magnitude 
images for cardiac phases, which were 2.9% of the diam-
eter was within the limit of our spatial resolution (2 mm) 
for 4D-flow MRI. We, therefore, assume the error due to 

the pulsatile movements in this study is not critical, but 
within the acceptable range.

Conclusion
There are non-laminar flow (i.e., vortex or helical flow) and 
resultant lower WSS and higher OSI in the dilated aorta com-
pared with the undilated upstream abdominal aorta. In this 
respect, the wall of the dilated aorta is considered to be at 
further risk of atherogenic drives, and thereby, under the con-
tinuous threat of aneurysmal growth. The delineation of dis-
turbed flow patterns and low WSS and high OSI measured 
more accurately than before by in vivo 4D-flow MRI post-
processed with flow analysis software may provide a clue to 
better understanding of the preference of AAA development 
in the infrarenal abdominal aorta.
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