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Abstract

Background: The thin-walled regions (TIWR) of intracranial aneurysms has a high risk of
rupture during surgical manipulation, which have been reported to be predicted by Wall Shear
Stress (WSS) and Pressure (PS) based on Computational Fluid Dynamics (CFD) analysis remain
controversial. In this study, we investigated whether the oscillatory shear index (OSI) can predict
TIWRs.

Methods: Twenty-five unruptured aneurysms were retrospectively analyzed; the position and
orientation of the CFD color maps were adjusted to match the intraoperative micrographs. The
red area on the aneurysm wall was defined as TIWR, and if most of the regions on the color map
corresponding to TIWR were OSI low (lower quartile range), Time-averaged WSS (TAWSS)
high, or PS high (upper quartile range), each region was defined as a matched region, and
divided by the total number of TIWRs to calculate the match rate. In addition, the mean values of
OSI, TAWSS, and PS corresponding to TIWRs were quantitatively compared with those in
adjacent thick-walled regions.

Results: Among 27 TIWRs of 25 aneurysms, 23, 10, 14 regions had low OSI, high TAWSS, and
high PS regions (match rate: 85.2%, 37.0%, and 51.9%), respectively. Receiver operating
characteristic curve analysis demonstrated that OSI was the most effective hemodynamic
parameter (area under the curve, 0.881), followed by TAWSS (0.798). Multivariate analysis
showed that OSI was a significant independent predictor of TIWRs (odds ratio, 18.30 [95% CI,
3.2800-102.00], P < 0.001).

Conclusions: OSI may be a unique predictor for TIWRs. Low OSI strongly corresponds with
TIWRSs of 1As.
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Introduction

Intracranial aneurysms (IAs) occur in about 2-7% of general population.'> Most IAs are
asymptomatic, but once they rupture, subarachnoid hemorrhage (SAH) occurs, with high
mortality and morbidity rates.>* However, the preventative treatment of IAs, including
endovascular surgery or microsurgery, carries a non-negligible risk of morbidity.>® Therefore, it
is essential to identify [As prone to rupture and to evaluate the balance between the risk and
benefit of treatment.>’#

The most used determinants for rupture risk are size, location, and growth of the aneurysm.
46 Nevertheless, as many SAHs admitted to the hospital arise from small aneurysms, >° more
reliable characteristics are needed to improve rupture risk assessment.'°

Aneurysm rupture is thought to originate in thin-walled regions (TTWRs).!! Therefore,
predicting TIWR may lead to estimation of rupture susceptibility, which may allow for the
selection of aneurysms for which surgery is indicated. Furthermore, manipulation of thin-walled
regions with surgical instruments may cause intraoperative rupture;'? this is particularly
important in endovascular neurosurgery, in which the aneurysm is not directly visualized.'®
Therefore, accurate preoperative detection of TIWRs will assist operators in planning their
surgical strategy while paying attention to TIWRs to avoid intraoperative rupture.'>!*13

With recent advancements in computational fluid dynamics (CFD) analysis of IAs, two
common parameters, namely, wall shear stress (WSS) and pressure (PS), have been reported by
several authors as possible parameters for predicting TIWRs.!%!121416 However, conflicting or
inconsistent findings have been noted by different studies, and a consensus has not yet been
reached.

We previously reported that the wall shear stress vector cycle variation (WSSVV), which
is one of the hemodynamic parameters computed by the commercially available software
Hemoscope Ver. 1.5 (EBM Corp., Tokyo, Japan), would be a highly reliable parameter for the
detection of TIWRs in IAs.!” Low WSSVYV corresponds to TIWRs. However, WSSVV is a
specific parameter to Hemoscope and has not been distributed sufficiently even among CFD
researchers. A more familiar CFD parameter in place of WSSVYV is necessary.

WSSVV is a parameter that reflects the directional changes in the WSS vector during one

cardiac cycle. A high value of WSSVV means large oscillation of the WSS vector on the arterial
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wall. Another parameter, oscillatory shear index (OSI), is a common parameter unlike WSSVV
and 1s known to reflect fluctuation of the WSS vector along the arterial wall during one cardiac
cycle.'® 1 In short, both parameters should be consistent in that they reflect WSS vector changes
during one cardiac cycle. Hence, we hypothesized that OSI could be a possible parameter to
predict TIWRs as well as WSSVV. The low OSI regions were hypothesized to correspond with
TIWRs.

Originally, IAs have been reported to have a very low OSI uniformly throughout the
aneurysm wall.!®2%! The default color bar range of the OSI color map represents values between
zero and 0.5, as calculated by the equation. Leemans et al reported that the mean value of OSI in
stable and growing aneurysms is 0.01 for both;?° Suzuki et al reported that OSI values are almost
zero in the entire domain of the cerebral aneurysms. 2! Hence, we hypothesized that the color bar
range of OSI would to be adjusted toward a lower range to distinguish subtle intra-aneurysmal
hemodynamic changes.

In this study, we attempted to adjust the color bar range of the color map of OSI to a
smaller range than the default values and investigated whether a low OSI correlates with the

TIWRs of UlAs.

Methods
Patient selection

This is a retrospective study. Among 124 consecutive patients underwent aneurysmal
neck clipping between April 2013 and August 2019, twenty-five aneurysms in 24 patients met
the following inclusion criteria: 1) saccular aneurysm treated by direct surgery, 2) patient age
between 20 and 90 years, 3) maximum aneurysm size less than 10 mm, 4) clearly visible
aneurysm surface on microscopic observation, and 5) available preoperative high resolution (g
1.5-tesla) time-of-flight magnetic resonance angiography (TOF-MRA) data. There were 7 men
and 17 women (mean age, 61.9 £ 9.79 years; mean aneurysmal neck diameter, 3.2 +£ 1.2 mm;
mean aneurysmal length, 5.6 + 1.7 mm; mean aneurysmal width 4.8 = 2.1 mm) with a total of 18
aneurysms in the middle cerebral artery, 8 in the internal carotid artery and one in the anterior
communicating artery (Table 1). Aneurysms that were dissecting, fusiform, or clipped after coil
embolization were excluded. Ruptured aneurysms were also excluded because of the poor

visibility of the aneurysm wall. In relatively large aneurysms, the dome is generally attached to a
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branched artery, which hinders the accurate geometrical reconstruction of the aneurysm shape
and the arterial branches in the analysis process. Hence, aneurysms whose longest dimension
was € 10 mm were also excluded. Furthermore, aneurysms with branches from the dome were
excluded because this unusual geometrical condition might skew the results. The aneurysm sizes
were measured by two independent engineers.

Herein, we report our work according to the “Strengthening the Reporting of

Observational Studies in Epidemiology” statement.??

The study was conducted in accordance
with the guidelines and under the approval of the local ethics committee of our institution

(#180322), and written informed consent was obtained from all patients.

Intraoperative video

Intraoperative video recording was performed in all cases by using a Leica M530 OH6
surgical microscope (Leica Microsystems, Wetzler, Germany) or the Carl Zeiss OPMI
PENTERO 900 surgical microscope (Zeiss, Oberkochen, Germany) with a 3-chip CCD (charge-
coupled device) color digital video camera at 1920 x 1080 resolution during aneurysm clipping
procedures. Representative intraoperative photographs of the aneurysm dome were extracted
from the video data. Special care was taken to evaluate multiple projections of each aneurysm to
avoid mischaracterization due to the focal microscope light reflection artifact off of the dome.
Regions of the dome were categorized into five grades according to the previous reports that red-
walled regions have TIWRs and white- to yellow-walled regions have thick-walled regions
(TKWRs): Grade I; red, translucent region with extreme thinning; Grade II, light red, region
partially containing whitish coloration; Grade III, whitish pink region, similar to a normal vessel;
Grade IV, dark white region; Grade V; yellowish white or yellow arteriosclerotic region. (Figure
1) 3. In this study, Grade I and II regions were classified as TIWRs, and Grade IV and V
regions were classified as TKWRs. The findings were assessed by 3 independent neurosurgeons

(M.T, Y.F., T.S.).

TOF-MRA condition

Three-dimensional TOF-MRA images were acquired using 1.5 Tesla (T) or 3.0T MRI
scanners (Achieva 1.5T Nova Dual, Philips; Achieva 3.0T TX Quasar Dual, Philips; Ingenia
3.0T R5.1.7, Philips; Taitan 3T, Toshiba Medical Systems). The imaging parameters for three-



117  dimensional TOF-MRA with these four scanners were as follows: field of view, 207 mmx230
118 mm, 184 mmx230 mm, 184 mmx230 mm and 200 mmx192 mm; matrix, 140x400, 243x608,
119  243x608 and 208%272; and repetition time/echo time, 25 ms/6.91 ms, 25 ms/3.45 ms, 25

120 ms/3.45 ms and 21 ms/3.4 ms. The slice thickness was 1.1 mm for the first three scanners and
121 1.0 mm for the Taitan 3T. The parameters for each scanner were manufacturer-installed settings

122  and not customized ones.

123
124 CFD analysis
125 We used our in-house CFD software AN2WER to simulate patient-specific

126  hemodynamics in cerebral arteries, reconstructed from time-of-flight magnetic resonance

127  imaging (TOF-MRA) data using methods we have previously reported.?? In brief, the Reynolds
128  number, Re, and the Womersley number, Wo, were set to typical values for cerebral arteries, i.e.,
129  Re =200 and Wo = 2.5, where Re = pUoD/mp, Wo = pwD?*/4np, Uy is the mean inlet velocity, D
130 is the circle-area-equivalent inlet diameter, p is the density, np is the reference viscosity, and o is
131  the angular frequency of pulsatile blood flow. The unsteady flow rate of blood was given as a
132 simple function of time, which was obtained by simplifying a cardiac beat condition'?, to model
133  the typical pulsatile flow. More details for the inlet condition can be found in our previous

134 report?. The non-Newtonian characteristics of blood were accounted for by means of the Casson
135  model for viscous stress. It should be noted, however, that the Bingham number, Bi, in cerebral
136 arteries is typically small, e.g., 0.1, such that the non-Newtonian effect on blood flow is expected
137  to be small. The Bingham number is defined as Bi = 1oD/npUop, where 1o is the yield stress.

138  The following lattice Boltzmann equation was numerically solved to obtain the velocity and

139  pressure fields, u and P, as follows:

140 filx + c;At, t + At) = f;(x, t) + Q(f)

141  where f; is the discrete velocity distribution function of the ith particle group, x is the Cartesian
142  coordinates, t is the time, At is the time step size, ¢; is the particle velocity of the ith particle

143 group. The collision operator Q(f) was evaluated using the multiple-relaxation time model. The
144 D3Q19 discrete velocity model was utilized for f; and c;. The no-slip boundary condition at the
145  artery wall was expressed by using the interpolated bounce-back scheme. The density, the

146  velocity and the pressure were obtained by
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where c is the lattice speed of sound and @ = 19. The WSS at a point, xy,,, on the artery wall

(uy, = 0) was calculated as WSS = n|u;| /i, where 7 is the non-Newtonian viscosity, u, is the

tangential component of the velocity at the lattice point closest to xy,, i.e. ug = (I —nn) - u, I is

the unit tensor, n is the unit normal to the wall, and 1 is the distance between the lattice point
and xy,. The WSS vector, t,, was therefore given by T, = nu,/y. By averaging t; for the

cardiac cycle of a period T, we obtained TAWSS as
1 T
TAWSS = —f |T:| dt
T J

The OSI was calculated by

T
1 |f0 T, dt|
OSI==11 —
2 fo |Tt|dt

The pressure at the lattice point was used as the pressure, PS, at xy;,. In this study, the viscous
shear stress values in the evaluation of TAWSS and OSI were scaled by pUy*/2, which is the
time-averaged dynamic pressure in a parent artery, to clearly show the magnitude of the shear
stresses in cerebral aneurysms compared with the kinetic energy of the blood flow in parent

arteries.

Postprocessing
We calculated three hemodynamic indices: (a) the OSI, (b) the time-averaged WSS
(TAWSS), and (c) the PS. As described above, to discriminate subtle regional differences more

precisely, we attempted to compare four color maps with ranges of zero to 0.5, zero to 0.1, zero

to 0.01, and zero to 0.001. In this study, we selected the range of zero to 0.01 as the optimal color

bar range to distinguish focal differences on the aneurysm dome (Figure 2).

Match rate of the OSI, WSS, and PS for predicting TIWRs
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CFD 3D color maps were manually adjusted to the maximal accordant position of
surgical orientation in the video as previous researchers have done.>* TIWRs were marked
manually on the intraoperative micrographs and manually transferred to CFD color maps and
compared. In this study, we attempt to ensure that low OSI, high TAWSS, high PS correspond to
TIWRs. Therefore, on the OSI color map, when the marked TIWRs mostly contained blue or
light blue areas indicating the lower quartile range of values across the entire aneurysm surface,
the area was determined to have low OSI and counted as a matched region to TIWR. On the
other hand, on the TAWSS and PS color maps, when the marked TIWRs mostly contained
yellow to red areas, which were equivalent to the upper quartile range of values across the entire
aneurysm surface, the areas were determined to have high TAWSS and PS and counted as a
matched region to TIWRs. The match rate was calculated as the total number of matched regions

to TIWRs divided by the total number of TIWRs marked among all 25 aneurysms.

Quantitative analysis

Not only TIWRs but also TKWRs on each color map were marked and transferred to
CFD color maps. Inside the encircled area of each TIWR and TKWR on the color maps of all 25
aneurysms, ten points were selected manually by the two biomedical engineers who were not
familiar with the intraoperative photos to ensure no bias was present, and the quantitative values
of the three parameters were calculated individually. The mean value of each parameter at the 10

regions was calculated and statistically compared between TIWRs and TKWRs (Figure 3).

Statistical analysis

All continuous quantitative data are shown as the mean = SD, and categorical variables
are shown as percentages.

For univariate analysis, we used Student’s t-test or the Mann-Whitney U test after
evaluating the normality of all CFD parameters (OSI, TAWSS, and PS) using the Shapiro-Wilk
normality test. Post-hoc power analysis was performed to evaluate whether our data had
sufficient verification power; the power criterion for validation was defined as > 0.8. The
receiver operating characteristic curve was used to identify the optimal threshold separating
TIWRs and TKWRs by calculating the area under the receiver operating characteristic curve

(AUC). Spearman’s rank correlation test was performed to examine the potential correlations
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between OSI, WSS and PS. The degree of association was interpreted as follows: strong
(absolute value of correlation coefficient, || = 0.7-1), moderate (|| = 0.5-0.7), or low (|r| = 0.3—
0.5).

For multivariate analysis, logistic regression analysis was performed to clarify
independent hemodynamic factors related to TIWRs after excluding parameters with multiple
collinearity.

All statistical analyses were performed with EZR (Saitama Medical Center, Jichi Medical
University, Saitama, Japan), which is a graphical user interface for R 3.4.3 (R Foundation for
Statistical Computing, Vienna, Austria). A two-sided P < 0.05 was considered statistically

significant.

Results
Match rate of PS, WSS, and OSI for predicting TIWRs (Figure 4)

Out of the 25 aneurysms, seven aneurysms did not have TIWR. Among the remaining 18
aneurysms, 27 regions with Grade I or II regions were marked as TIWRs. Among those 27
regions, 23 had low OSI, 10 had high TAWSS, and 14 had high PS (match rate: 85.2%, 37.0%,
51.9%, respectively).

Quantitative analysis of TIWRs and TKWRs

Out of the 25 aneurysms, four aneurysms did not have TKWR. Among the remaining 21
aneurysms, twenty-two regions with Grade IV or V regions were classified as TKWRs. Hence,
27 TIWRs and 22 TKWRs were investigated. The differences in the OSI and TAWSS values
were statistically significant (P < 0.0001 and P < 0.001, respectively), while not significant for
PS (P =0.433) (Figure 5). According to the power analysis, the OSI and TAWSS analyses had
sufficient power (0.975 and 0.888, respectively); however, those for PS did not have sufficient
power (0.236). There was a moderate correlation between OSI and TAWSS (|| = 0.589, P
=.000021), while no apparent correlation was found between OSI and PS (|| = 0.0892, P = 0.56)
or between TAWSS and PS (Jr| = 0.212, P = 0.163) (Figure 6). Receiver operating characteristic
curve analysis demonstrated that OSI was the most effective hemodynamic parameter for
detecting TIWRs in cerebral aneurysms (AUC, 0.881; 95% confidence interval, 0.768-0.995;
cutoff value, 0.006; sensitivity, 0.870; specificity, 0.864) (Figure 7), followed by TAWSS (AUC,
0.798; 95% confidence interval, 0.670-0.927; cutoff value, 0.032; sensitivity, 0.826; specificity,
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0.882) (Table 2). Multivariate analysis showed that OSI was a significant independent predictor
of TIWRs (odds ratio, 18.300 [95% CI, 3.280-102.000], P < 0.001) (Table 3).

Discussion

To the best of our knowledge, this is the first report which clarified that OSI is a reliable
parameter to predict TIWRs of UIAs. Regions with low OSI on the color map strongly correlated
with TIWRs on the aneurysm dome. High TAWSS tended to correlate to TIWRs, however, high
PS did not correspond to TIWRs in this study.

OSI and WSS

The OSI has been reported to be a possible marker for atherosclerosis.'*?°2® Regions
with high OSI values in the aorta and carotid bifurcation have atherosclerosis.'***2’ Furukawa et
al reported that high OSI might be the most valuable hemodynamic parameter to detect TK WRs
of cerebral aneurysms.?® Given these results that high OSI correlates with wall thickness and
atherosclerosis, it can be postulated that conversely, low OSI correlates with wall thinning.
However, no author has successfully demonstrated such a finding.

As previously reported, the default color map of OSI itself tends to demonstrate few
regional differences and homogenously very low values over the UIAs.?%?! Only after we had
appropriately adjusted the color bar range of the OSI color map, set from zero to 0.01 in this
study, we successfully distinguished between TIWRs and TKWRs on the color map. This is the
reason why researchers have not detected the variation.'* Furukawa et al showed unintentionally
in their paper that TIWRs of UIAs had low OSI values and relatively high WSS values, which
appeared to be statistically significant; however, this pattern was not discussed because the
authors focused on the TKWRs of the UIAs rather than the TIWRs.?®

The OSI is a parameter reflecting WSS vector changes during one cardiac cycle. A low
OSI indicates regions where the WSS vector hardly changes, pointing only unidirectionally,
which causes a high WSS.2® On the other hand, a high OSI indicates regions where the WSS
vector changes multidirectionally on the arterial walls during one cardiac cycle, indicating the
occurrence of blood stagnation and low WSS.?°-** As we successfully demonstrated in this study,
WSS and OSI values tended to correlate inversely for the abovementioned reason. Low OSI

possibly correlates with High WSS.
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WSS acts as a force tangential to the local vessel walls. High WSS can activate mural
cells and act as a dysplastic force against the vessel walls, which is a reported mechanism for the
creation of TIWRs.?! Other authors reported that focally high WSS is associated with endothelial
cell depletion and might cause aneurysm wall thinning, possibly leading to aneurysm rupture.>!"
3233 These reports support our finding that low OSI and high TAWSS correlate with TIWRs.

However, there have been several conflicting reports regarding WSS. Some authors
demonstrated that low WSS correlates with TIWRs of cerebral aneurysms.!%!% 34 The precise
reasons for the conflicting results remain unresolved. There may be not only methodological
differences but also complex interactions among aneurysm geometry, hemodynamics and wall
remodeling.'* Since we failed to show a statistically significant difference in our multivariate

analysis, WSS would likely not provide definitive findings in predicting TIWRs.

Pressure

Recently, pressure has been reported to be a reliable parameter for detection of
TIWRs.!21%33 Jiang et al speculated that this mechanism is the direct stress of hemodynamic
pressure.'* In this study, PS did not have sufficient power (power = 0.236), possibly due to the
small numbers for PS, which may be the reason that our study failed to show a significant
difference. However, quantitative values of TIWRs and TKWRs mostly overlapped in our study
(Figure 6). Based on CFD analysis, Kulcsar et al reported that the pressure of the color map is
relatively uniform, similar to our results.>® As another report does not demonstrate significant

difference of pressure in predicting TIWRs, utilizing PS may cause errors in predicting TIWRs.?’

Other parameters

We previously reported that WSSVV is able to predict the aneurysm wall condition. Low
WSSVV strongly corresponds to TIWRs.!” WSSVV represents the degree of oscillation on the
WSS vector in one cardiac cycle and may be a similar parameter to OSI.!” By using another
parameter, WSS divergence (WSSD), Kim et al demonstrated that high WSSD corresponded to
the TIWRs of UIAs.>* WSSD is a hemodynamic parameter that accounts for the net flux of the
WSS vector. High WSSD means a net WSS flux diverging away from a point on the wall,
whereas low WSSD shows the opposite phenomenon that net WSS flux converges, which can

represent flow separation and stagnation, respectively.?* In this regard, WSSD may belong to the
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same family as OSI among several CFD parameters, as both reflect WSS vector change and
blood stagnation.* These findings support our results that the regions with unidirectional, not

stagnated, blood flow display low OSI on the color map and may cause TIWRs.

Limitations

There are several limitations to our current study. First, this is a retrospective study and
the number of cases is relatively small. Second, the identification of TIWRS in intraoperative
images is subjective and significantly dependent on the visual judgment of the clinicians. Third,
we used TOF-MRA images for the CFD analysis to calculate OSI using our original software.??
We notice that TOF-MRA has lower resolution than the images from computed tomography
angiography and rotational angiography. Currently, patients who undergo aneurysm clipping do
not receive routine rotational angiography. The computed tomography angiography sometimes
depicted the venous system on the same image, which hinders the geometrical reconstruction of
the cerebral arteries and causes failure of the CFD analysis. TOF-MRA is a less invasive method
to depict the cerebral arteries and usually does not include the venous system on the image. Our
original software was designed to solve TOF-MRA and had already been validated.?? Hence, we
used TOF-MRA to accomplish the current study. The effects of the low quality of images on the
results will be discussed in our future work. Fourth, the OSI color map shows that not only
TIWRs but also the parent arteries tend to have homogeneously blue areas. This means that the
blood flow in the parent artery is generally unidirectional. Actually, the healthy parent arteries do
not suffer from TIWRs because of the possible reason that the parent arteries have normal vessel
wall structure. In order to cause thinning of the vessel wall, not only low OSI but also
abnormalities in the specific wall structure of the aneurysm wall will be essential. This should be
certified by the future histopathological study integrated with the CFD analysis. Sixth, the
boundary conditions for the artery wall and the pulsatile inflow in CFD analysis were not
patient-specific. The application of patient-specific boundary conditions for CFD analysis would
be more desirable. Blood vessels were assumed to be rigid, nonslip walls for simplicity. The
elasticity of blood vessel walls should be included in the analysis to clarify the actual
pathophysiological phenomenon, which can be implemented by the fluid-structure interaction

technique. Introduction of fluid-structure interaction simulation is awaited in future work.
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Conclusion

We demonstrated that OSI could predict the TIWRs of UIAs with high accuracy once its
color bar range was appropriately adjusted to range from zero to 0.01. Although the optimal
color bar range remains uncertain, clinicians could potentially predict the TIWRSs of the IAs
preoperatively with the familiar CFD parameter OSI. This finding will be beneficial for surgeons
in reducing the risk of intraoperative aneurysm rupture not only during open microsurgery but
also during endovascular treatment. The latter treatment in particular does not provide direct
visualization of the dome intraoperatively. Hence, the current results are expected to be more
useful for indicating to endovascular surgeons when they must take caution with certain regions.
In deploying the coils around the TIWRs inside the aneurysms, special attention must be devoted
to avoiding penetration of the aneurysm wall by the coils. Furthermore, this finding hopefully
provides predictive data for future rupture risk and aid in clinical decision making with regard to

selecting aneurysms which should be treated after further analysis accumulated.
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469  Figure legends

470  Figure 1. Categorization of the aneurysm dome into five grades according to the extent of the
471  wall thinning: Grade I; red, translucent region with extreme thinning; Grade II, light red, region
472  partially containing whitish coloration; Grade III, whitish pink region, similar to a normal vessel;
473  Grade IV, dark white region; Grade V; yellowish white or yellow arteriosclerotic region. The
474  regions with Grade I or II lesions were classified as TIWRs, and the regions with Grade IV and
475 'V lesions were classified as TKWRs.

476  (TIWR, thin-walled region; TKWR, thick-walled region)

477

478  Figure 2. OSI color map with four different color bar ranges. From left to right, the color bar
479  range has been adjusted to range from 0 to 0.5 (default OSI color map), 0 to 0.1, 0 to 0.01, or 0 to
480  0.001 in order.

481 (OS], oscillatory shear index)

482

483  Figure 3. Representative case showing the method of quantitative evaluation for the regions
484  corresponding to the TIWRs and the TKWRs on each color map. A, TIWRs and TKWRs in the
485  intraoperative photographs of the aneurysm dome are encircled by yellow and black circles,
486  respectively; B, 3D-reconstructed models from time-of-flight magnetic resonance angiography
487  showing 10 manually selected points inside each circle, from which the values were calculated.
488  C-E, right upper columns showing each value of the selected 10 points of the TIWRs and right
489  lower columns showing those of the TKWRs in the color maps of OSI (C), TAWSS (D), PS (E),
490  respectively.

491 (3D, 3-dimensional; OSI, oscillatory shear index; PS, pressure; TAWSS, time-averaged wall
492  shear stress; TIWR, thin-walled region; TKWR, thick-walled region)

493

494  Figure 4.

495  Intraoperative photographs and each CFD color map of all eighteen aneurysms that had TIWRs
496  in order. In the leftmost column, intraoperative photographs are shown. 26 TIWRs are outlined
497  with yellow circles. The next second column presents 3D-reconstructed models from time-of-
498  flight magnetic resonance angiography. The adjacent third, fourth and rightmost columns

499  provide color maps of OSI, TAWSS, and PS, respectively, with the corresponding areas to the
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TIWRs encircled by yellow as well. Red asterisks indicate regions with correspondence to
TIWRs, where the marked regions had low OSI, high TAWSS, or high PS (23, 10, 14 regions,
respectively).

(3D, 3-dimensional; CFD, computational fluid dynamics; OSI, oscillatory shear index; PS,
pressure; TAWSS, time-averaged wall shear stress; TIWR, thin-walled region)

Figure 5.

Quantitative evaluation between TIWRs and TKWRs in OSI (A), TAWSS (B), PS (C).

Among 27 TIWRs and 22 TKWRs, the mean values of the selected TIWR vs. TKWR areas on
the OSI, TAWSS, and PS color maps were 0.003 &+ 0.006 vs. 0.034 £ 0.032, 0.081 £ 0.068 vs.
0.029 £ 0.019, and 1685.5 = 13.8 vs. 1694.3 & 31.6, respectively (mean + SD). The differences in
the OSI and TAWSS values were statistically significant (P < 0.0001and P <0.001,
respectively), while it was not significant in PS (P = 0.433).

(*: significance at P < 0.001, **: significance at P < 0.0001, n.s: not significant after Mann-
Whitney U test)

(OSI, oscillatory shear index; PS, pressure; TAWSS, time-averaged wall shear stress; TIWR,

thin-walled region)

Figure 6.

Scatter plot showing Spearman's rank correlation between OSI and TAWSS (left), OSI and PS
(middle), and TAWSS and PS (right). A significant (two-tailed) Spearman negative correlation
was demonstrated between OSI and TAWSS (moderate; r = 0.589, P < 0.0001). There was no
apparent correlation between OSI and PS or TAWSS and PS (r = 0.0892 and 0.212, respectively;
P =0.56 and 0.163; respectively).

(OSI, oscillatory shear index; PS, pressure; TAWSS, time-averaged wall shear stress)

Figure 7. Receiver operating characteristic curve for OSI (AUC, 0.881; 95% confidence
interval, 0.768—0.995; cutoff value, 0.006; sensitivity, 0.870; specificity, 0.864)

(AUC: area under the curve; OSI: oscillatory shear index)
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Tablel

Baseline characteristics of the patients and aneurysms

Characteristic No. of cases (%)
Mean patient age (yrs)* 64+ 12
Sex

male 7(29.2)
female 17 (70.8)
Right/left

right 17 (68)
left 8(32)
Aneurysm location

MCA 18 (64)
ICA 8(32)
ACoA 1(4)
Past history

Hypertension 10(40)
Dyslipidemia 8(32)
Current smoking 7 (28)
Diabetes mellitus 4 (16)
Per-oral antiplatelet 2(8)
Chronic renal failure 2(8)
Morphological data

Mean neck diameter (mm)* 32+£1.2
Mean length (mm)* 5.6£1.7
Mean width (mm)* 48+2.1

*Value is presented as the mean + standard deviation

(ACoA: anterior communicating artery; ICA: internal carotid artery, MCA: middle cerebral

artery)



Table 2

ROC curve analysis for oscillatory shear index, time-averaged wall shear stress and pressure

Parameter AUC 95% CI Sensitivity Specificity Cut-off Value
OSI 0.875 0.758 - 0.993 0.864 0.87 0.006
TAWSS 0.802 0.675-0.93 0.696 0.818 0.045

PS 0.577 0.406 - 0.748 0.318 0.87 1700.915

(AUC: area under the curve; CI, confidence interval; OSI: oscillatory shear index; PS: pressure;
ROC: Receiver operating characteristic; TAWSS: time-averaged wall shear stress)



Table 3

Multivariate logistic regression analysis of independent parameters associated with thin-walled regions of the
aneurysm dome.

Parameter Odds ratio Lower 95%CI Upper 95%CI P value
OSI 18.30 3.28 102.00 <0.001*
TAWSS 0.280 0.0488 1.61 0.154

* Statistically significant

(CI, confidence interval; OSI, oscillatory shear index; TAWSS, time-averaged wall shear stress)
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