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Masaoka, MD, PhD, Department of Neurosurgery, Disaster Med-
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The CFD ABO Study

To examine details of the hemodynamics in human cerebral
aneurysms and to clarify hemodynamic risk factors for the devel-
opment, enlargement, and rupture of cerebral aneurysms with
computational fluid dynamics techniques, we initiated the multi-
institutional prospective observational clinical study the Compu-
tational Fluid Dynamics Analysis of Blood Flow in Cerebral An-
eurysms: Prospective Observational Study (the CFD ABO study)
as a National Hospital Organization collaborative clinical study
(UMINO000013584). The study was approved by the Ethics Com-
mittee of the Kyoto Medical Center, Japan. It is being conducted
at 25 institutions (see the Member List at left), and 461 cases were
registered during a 2-year registration period (from April 1, 2014,
to March 31, 2016). The study was in an observation phase until
March 31, 2019. In addition to patient-specific 3D arterial geom-
etry, actual flow velocities were measured using a carotid sonog-
raphy Doppler technique to provide patient-specific physiologic
data. A flow chart of the methods used in this study is shown in
On-line Fig 1.

CFD Modeling. Patient-specific vascular models of the aneu-
rysms and connected vessels were reconstructed from the corre-
sponding 3D CTA images using Mimics and 3-matic (Materialise,
Leuven, Belgium). Computational meshes of tetrahedron ele-
ments with wall boundary—fitted prism elements (5 layers in total)
were generated with a resolution of 0.15—-0.2 mm for each vascu-
lar model using the Mixed-Element Grid Generator in 3D
(MEGG3D)."? The total numbers of mesh elements ranged from
approximately 5 to 10 million, depending on the cases. Pulsatile
blood flow was simulated using a CFD software package, ANSYS
CFX (ANSYS). Individual peak-systolic and end-diastolic veloci-
ties and vessel diameters were measured with the Doppler sonog-
raphy technique on both ICAs of each patient to calculate the
corresponding flow rates. A pulsatile flow rate waveform of the
ICA derived from the literature” was scaled to the calculated peak-
systolic and end-diastolic mean flow rates to impose the CFD inlet
(ICA) boundary conditions. For the outlet boundary conditions,
flow-rate divisions consistent with the Murray principle of mini-
mal work* were prescribed. The wall was assumed to be rigid, and
blood was treated as a Newtonian fluid with a density of 1050
kg/m” and a viscosity of 0.0035 Pa - s, because the elastic material
properties of vessel walls and non-Newtonian viscous nature of
blood are thought to be a second-order effect compared with
geometric differences and choice of inlet boundary conditions.”

Hemodynamic Metrics. In the present study, we calculated the
following 7 hemodynamic metrics with special attention to WSS
magnitude and temporal disturbance: OSI, GON, and NtransWSS.

WSS Magnitude—Based Metrics. The WSS magnitude—based
metrics considered in the present study included TAWSS, NWSS,
TAWSSG, and NWSSG.

TAWSS was calculated by integrating the magnitude of the
WSS, |7, |, at each node over the cardiac cycle T:

1 T
1) TAWSS = - J' |7.|dt.
0

AJNR Am J Neuroradiol @@ @ 2019 www.ajnr.org El



To allow comparison among different patients, we calculated the
NWSS by dividing the nodal TAWSS by the fully developed
TAWSS value at the ICA (TAWSS,,) of the same patient, which
was calculated on the basis of the mean diameter and imposed
cycle-averaged flow rate at the ICA of the same patient and the
assumed viscosity:

TAWSS

2) NWSS = WSSICA.

The TAWSSG was computed by integrating the WSS gradient
(WSSG) magnitude |éw| at each node over the cardiac cycle T:

(7.
3) TAWSSG = - f |G, |dt,
0

where éw is the WSSG vector based on the definition by Lei et al°®
For the same purpose as NWSS, the NWSSG was also computed
by using the nodal TAWSSG, TAWSS, 4, and the mean diameter
at the ICA (D;,) as follows:

TAWSSG

4) NWSSG = TAWSS,c/Dicy’

WSS Disturbance—Based Metrics. The WSS disturbance—based
metrics that we considered in the present study included OSI,”
GON,? and NtransWSS. These metrics were computed to evaluate
the intensity of the temporal disturbance of WSS or WSSG during
the cardiac cycle.

OSI, a metric for characterizing the change in the WSS mag-
nitude and direction, was defined as follows:

T
‘ J' 7, dt
0
. )

1
5) osl=_{1-————
f |?\‘V|dt

0

The GON, a metric to characterize the change in the WSSG mag-
nitude and direction, was defined as follows:

Ta
‘ f G, dt

6) GON=1— :7
f |G.|d
0

In 2013, Peiffer et al” proposed the transverse WSS (transWSS),
which can quantify the multidirectional disturbance of WSS in a

different way from the OSI, by integrating the magnitude of WSS
components acting transverse to the cycle-averaged WSS direc-
tion over the cardiac cycle. In the present study, we defined a new
metric, NtransWSS, by dividing the nodal transWSS by the
TAWSS at the same node, which allows comparison among dif-
ferent patients:
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T
J |}w : ﬁ/lw|dt
0

7) NtransWSS = T
J |7./dt
0

where 171, is the unit vector perpendicular to both the cycle-aver-
aged WSS direction and the normal direction of the wall surface.

OSI, GON, and NtransWSS are all nondimensional metrics,
ranging from 0 to 0.5, from 0 to 1, and from 0 to 1, respectively.
TAWSS, NWSS, TAWSSG, NWSSG, OSI, GON, and NtransWSS
were further averaged over the aneurysm surface to allow aneu-
rysm-specific statistical comparison among the different patients,
where the aneurysm neck was interactively delineated as seen in
Cebral et al'® (On-line Fig 2).

Geometric Parameters. The following 9 geometric parameters of
the aneurysm were calculated to examine the correlation between
the hemodynamic and geometric parameters: size, surface area,
volume, parent artery diameter, size ratio (size divided by parent
artery diameter), area ratio (surface area divided by parent artery
cross-section area), aspect ratio (height divided by neck width),
aspect ratio X size ratio, and AAIL The AAI, a newly proposed
metric to characterize the nonsphericity of aneurysmal shapes,
was defined as:

H &
8) AAT=Aspect RatioX Asphericity = N X 5

where H is height, N is neck width, d is size, and S is surface area.

Risk-Factor Selection for Multivariate Analyses. In the present
study, we selected 6 risk factors for cerebral aneurysm rupture:
size (maximum diameter of the cerebral aneurysm), location, sex,
age (70 years or older), history of hypertension, and smoking.
Greving et al'' analyzed cumulative rupture rates with Kaplan-
Meier curves and assessed predictors with Cox proportional haz-
ard regression analysis using 8382 participants in 6 prospective
cohort studies and proposed the Population, Hypertension, Age,
Size of Aneurysm, Earlier Subarachnoid Hemorrhage from An-
other Aneurysm, and Site of Aneurysm (PHASES) aneurysm risk
score. The PHASES score includes population, history of hyper-
tension, age (70 years or older), size, earlier SAH from another
aneurysm, and location. Among them, we selected hypertension,
age (70 years or older), size, and location. Because the present
clinical study was conducted only in Japan, we did not use “pop-
ulation” as a risk factor. We also did not include “earlier SAH
from another aneurysm” among the risk factors for multivariate
analyses because such patients may have genetic diseases in which
cerebral arteries become vulnerable, leading to different hemody-
namic responses. Smoking and sex (female) are also reported as
independent risk factors for SAH.'>"?
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On-line Table 3: Differences in flow rate in parent vessels and
size between anterior communicating artery (AcomA) and MCA

aneurysms®
Flow Rate in Parent
Vessel (mL/min) Size (mm)
AcomA 90.9 =419 582+ 210
MCA 123.0 £ 50.9 546 = 2.00
P value <.001° 37

2 Continuous data are presented as mean % SD.
bp < .05, Wilcoxon rank sum test.

On-line Table 4: Differences in flow rate in parent vessels and On-line Table 6: Flow rate and TAWSS on the ICA in MCA
size between larger and smaller size groups® aneurysm cases®
Flow Rate in ICA Flow Rate
Aneurysm Size Parent Vessel (mL/min) Size (mm) Aneurysm Size (mL/min) TAWSS on ICA (Pa)
<7 mm 112.8 = 50.8 4.58 £ 171 <5mm 487 £15.9 0.698 £ 0.274
=7 mm 92.2 =419 8.28 =116 =5mm 64.1* 231 0.957 = 0.357
P value 16 <.001° P value .03° .03°
2 Continuous data are presented as mean = SD. 2 Continuous data are presented as mean =+ SD.
bp < .05, Wilcoxon rank sum test. P < .05, Wilcoxon rank sum test.

On-line Table 5: Differences in hemodynamic metrics between 2 different size groups with a threshold of 5 or 7 mm?®

Threshold TAWSS NWSS TAWSSG NWSSG osl GON NtransWSS
Size (5 mm)
B -127 —2.37 -1.89 -7.97 0.00367 0.0207 0.0176
95% Cl —274-0.69 —366t0 —1.08 —317to —0.61 —1.87to —4.06 0.00046-0.00688 0.0096-0.0319 0.0047—0.0304
P value o <.001° .004° <.001° .02° <.001° .007°
Size (7 mm)
B -1.20 —148 -170 —520 0.00648 0.0260 0.0274
95% Cl —233t0 —0.08 —295t0—0.02 —310to—031 —9.68to—073 0.00323-0.00973 0.0143-0.0376  0.0144-0.0404
P value 03° .04° o1° 02° <.001° <.001° <.001°

@ Multivariate regression analysis after adjustment for age (70 years or older), sex, hypertension, smoking history, location (AcomA and MCA aneurysms), and size (5 or 7 mm).
b
P < .05.
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ON-LINE FIG 1. The flow chart of the methods used in this study.
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ON-LINE FIG 2. Hemodynamic metric reduction to compare aneu-
rysm-specific values among the patients. A, The aneurysm neck was
interactively delineated as seen in Cebral et al'® to extract the aneu-
rysm surface from the connected vessels. B and C, Examples of the
extracted distributions of the hemodynamic metrics. Each metric was
averaged over the aneurysm surface, and the values were then used

for the statistical comparisons among the patients.
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TAWSS NWSS

95% Cl 95% ClI
B upper lower p value [ upper lower P values
size —— -0.561 -1.064 -0.058 0.02* size —— -0.867 -1.510 -0.224 0.008*
Acom —— -1.82 -2.84 -0.80 <.001* Acom —— -2.45 -3.75 115 <.001*
age 2 70 years — -0.074 -1.117 0.970 0.88 age 2 70 years +—&—— 1.25 -0.08 2.59 0.06
female — -0.207 -1.403 0.990 0.73 female ——1— -0.766 -2.294 0.762 0.32
hypertension —&——1— -0.761 -0.399 1.920 0.19 hypertension ——1— -0.874 -2.355 0.607 0.24
smoking —_— -0.365 -1.599 0.869 0.88 smoking — -0.414 -1.991 1.162 0.60
-3 2 -1 0 1 2 4 3 2 4 0 1 2 3
R (regression coefficient) B (regression coefficient )
WSSG NWSSG
95% Cl 95% Cl
B upper lower P values [ upper lower P values
size —— -0.868 -1.486 -0.249  0.006* size —— 322 -516 -1.28  0.001*
Acom ————i -2.05 -3.31 -0.80 0.001* Acom —_— -6.91 -10.84 -2.98 <.001*
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ON-LINE FIG 3. Forest plots showing the association of known rupture risk factors with hemodynamic metrics as assessed by multivariate
regression analysis after adjustment for age (70 years or older), sex, hypertension, smoking history, location (AcomA and MCA aneurysms), and
size. The asterisk indicates P < .05.
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ON-LINE FIG 4. Comparisons of hemodynamic metrics and streamlines between a representative small aneurysm (A and C) and a large
aneurysm (B and D). PS indicates peak systole.
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ON-LINE FIG 5. Comparisons of hemodynamic metrics between a
representative anterior communicating artery aneurysm (A) and an
MCA aneurysm (B).
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