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Zusammenfassung

v

Ziel: Die quantitative Charakterisierung der
Wandbewegung zerebraler Aneurysmen ist von
groBem Interesse, um ein besseres Verstindnis
der Ruptierung zu entwickeln, um genauere Com-
putersimulationen durchfithren zu kénnen und
um theoretische Modelle dieser vaskuldren Er-
krankungen zu validieren.

Material und Methoden: Mittels Phasen-Kont-
rast-Magnetresonanztomografie (2D pcMRI) und
quantitativer Magnetresonanztomografie (QMRA)
wurde die lokale Wandbewegung in sieben zereb-
ralen Aneurysmen in 2 (in einem Falle 3) Quer-
schnittschichten, welche senkrecht zueinander
orientiert wurden, gemessen.

Ergebnisse: Werte fiir die maximale Wanddeh-
nung reichten von 0,16-1,6mm (Mittelwert
0,67 mm) und Werte fiir die maximale Wandkont-
raktion von -1,91 bis -0,34mm (Mittelwert -
0,94 mm). Im Durchschnitt betrug die Wandaus-
lenkung 0,04-0,31mm (Mittelwert 0,15 mm).
Statistisch signifikante Korrelationen zwischen
den Bluteinflusskurven und der Wandauslenkung
wurde in 7 der 15 Querschnittsschichten gefunden
und in 6 der 15 Querschnittsschichten bestand
eine statistisch signifikante Korrelation zwischen
der Bewegung des Massenzentrums der Wand
und der Einflusskurven (p-value <0,05).
Schlussfolgerung: Mittels Phasen-Kontrast-Mag-
netresonanztomografie (2D pcMRI) und quantita-
tiver Magnetresonanztomografie (QMRA) kann
die Wandbewegung zerebraler Aneurysmen
quantifiziert werden; jedoch ist die Anwendung
dieser Methode begrenzt durch ihre limitierte
rdumliche Auflésung.
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Abstract

v

Purpose: The quantification of wall motion in
cerebral aneurysms is of interest for the assess-
ment of aneurysmal rupture risk, for providing
boundary conditions for computational simula-
tions and as a validation tool for theoretical mod-
els.

Materials and Methods: 2D cine phase contrast
magnetic resonance imaging (2D pcMRI) in com-
bination with quantitative magnetic resonance
angiography (QMRA) was evaluated for measur-
ing wall motion in 7 intracranial aneurysms. In
each aneurysm, 2 (in one case 3) cross sections,
oriented approximately perpendicular to each
other, were measured.

Results: The maximum aneurysmal wall disten-
tion ranged from 0.16mm to 1.6mm (mean
0.67 mm), the maximum aneurysmal wall con-
traction was -1.91mm to -0.34mm (mean
0.94 mm), and the average wall displacement ran-
ged from 0.04 mm to 0.31 mm (mean 0.15 mm).
Statistically significant correlations between aver-
age wall displacement and the shape of inflow
curves (p-value <0.05) were found in 7 of 15 cross
sections; statistically significant correlations
between the displacement of the luminal bound-
ary center point and the shape of inflow curves
(p-value <0.05) were found in 6 of 15 cross sec-
tions.

Conclusion: 2D pcMRI in combination with
QMRA is capable of visualizing and quantifying
wall motion in cerebral aneurysms. However, ap-
plication of this technique is currently restricted
by its limited spatial resolution.



Introduction

v

The majority of the morphological risk factors for aneurysmal
growth and rupture, which have been discussed in the litera-
ture (such as aneurysm size, aspect ratio, the ratio of aneur-
ysm ostium area to aneurysm volume [1-4] or aneurysm
neck angle [5]), do no take into account temporal changes
that occur during the cardiac cycle as these factors are either
derived from time-averaged image data (such as 3D digital
subtraction angiography [DSA] or 3D time-of-flight [TOF] mag-
netic resonance imaging [MRI]) or from 2D projection DSA
images acquired in a short time period relative to the duration
of the cardiac cycle.

Currently, mostly static 3D image data, in particular 3D DSA
images, are used to simulate the hemodynamics in cerebral
aneurysms for exploring the potential of hemodynamic para-
meters such as wall shear stresses (WSS) and dynamic pres-
sures as possible predictors for aneurysm growth or rupture
[6-16].

At the same time, the pulsatility of cerebral aneurysms of a re-
latively large amplitude has been reported [17, 18]. Experi-
mental testing has revealed localized variations of stiffness in
the aneurysmal wall [19, 20] due to the varying amount of
smooth muscle and extra cellular matrix components, primary
collagen fibers [21]. A theoretical investigation has recently
linked local variations in wall thickness and material stiffness
to local stress concentrations and changes in aneurysmal
shape [22]. The inhomogeneous distribution of the material
properties in the aneurysmal wall may translate into spatially
inhomogeneous aneurysmal wall motion when exposed to the
varying dynamic pressures occurring during the cardiac cycle.
Theoretical models for aneurysmal wall motion for a better
understanding of aneurysm rupture have been proposed:
While first models consisted of linear and non-linear versions
of Laplace’s law [23], more recent approaches employ sophis-
ticated models [24-31].

A fast, readily available, non-invasive in-vivo measurement
technique that is capable of quantifying local aneurysm wall
motion would be very valuable 1. for providing a means for
identifying a wall region of high mobility, 2. for estimating
the accuracy of CFD simulations performed with static mor-
phological 3D images, 3. for providing more accurate boundary
conditions for CFD simulations other than the now widely
used static or rigid walls and 4. as a means to validate and to
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improve theoretical models that predict aneurysmal wall dis-
placement derived from first principles.

Cine magnetic resonance imaging is routinely used to visualize
cardiovascular motion effects [32]. Wall motion in large vessels
such as the aorta [33-36] and in small vessels such as the cor-
onaries arteries [37] has been quantified with this method.
Motion characteristics of the abdominal aortic aneurysms be-
fore and after repair have been reported based on 2D pcMRI
measurements [38-40].

In this study, we explored the capability of 2D cine phase con-
trast magnetic resonance imaging (2D pcMRI) in combination
with quantitative magnetic resonance angiography (QMRA)
[41] for visualizing and quantifying aneurysmal wall motion
in intracranial aneurysms in-vivo. 2D pcMRI does not require
contrast injection. It utilizes endogenous contrast between
flowing blood and stationary tissue to visualize the aneurys-
mal lumen and does not expose the patient to ionizing radia-
tion.

Methods

\4

Approval of the institutional review board was obtained for
this retrospective study.

Cerebral Aneurysms

Prior to endovascular treatment, 2D pcMRI images were ac-
quired from 7 intracranial aneurysms (in 7 patients). This
group of aneurysms included one aneurysm of the anterior
communicating artery (AcomA, case 1), one basilar tip aneur-
ysm (BA, case 2) and five aneurysms of the internal carotid ar-
tery (ICA, case 3-7) (© Fig.1). Blebs or lobules were observed
in case 1 and cases 5-7. The size of the aneurysm was char-
acterized by the largest aneurysm diameter determined as the
maximum of the aneurysm diameters in all cross sections
(© Table1).

2D pcMRI Image Acquisition

2D pcMRI images were prescribed using the QMRA technique
as implemented by the NOVA system (Vassol Inc.) [41]. This
technique ensures a perpendicular orientation of the 2D
PcMRI scan planes relative to the long axis of the artery and
therefore to the direction of blood flow (© Fig.2a). Depending
on the length of the cardiac cycle, 12-20 pcMRI images per

Table1

Parent artery (LACA: left anterior cerebral artery, RACA: right anterior cerebral artery, BA: basilar artery, LICA: left internal carotid artery, RICA: right

internal carotid artery), volumetric flow rates (presented as minimum value -maximum value [mean]) and average duration of the cardiac cycle for each case.
Largest aneurysm diameter was determined as the maximum diameter of the aneurysm from all cross sections. VENC values are estimated maximum flow velo-

cities.
Tab. 1

Arterie (LACA: left anterior cerebral artery, RACA: right anterior cerebral artery, BA: basilar artery, LICA: left internal carotid artery, RICA: right internal

carotid artery), Einflussrate (dargestellt als Bereich Minimum-Maximum [Mittelwert]) und mittlere Ldnge des Herzzyklus fiir alle Aneurysmen. GroRter Aneurys-
mendurchmesser ist der grote gemessene Wert von allen Querschnittsflichen. VENC Werte sind geschétzte maximale Flussgeschwindigkeiten.

case parent artery volumetric blood flow rate largest aneurysm diameter duration of cardiac cycle VENC
[ml/min] [mm] [ms] [em[s]

1 LACA and 83-189(125) 6.7 868 140 and 140

RACA

2 BA 140 -363 (225) 5.8 700 150

3 RICA 196-415(297) 7.6 621 150

4 LICA 190-372(276) 8.8 800 100

5 LICA 214-371(282) 23.7 805 100

6 LICA 153-424(265) 6.4 908 150

7 RICA 188-467(304) 11.1 690 100

Karmonik C et al. In-Vivo Quantification of... Fortschr Rontgenstr 2010; 182: 140-150
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Fig. 1 Top of panels: 3D DSA image of aneurysms for cases 1 -7 with po-
sitions of intra-aneurysmal cross sections (gray). Bottom of panels: Overlay
of aneurysmal boundaries (as illustrated further in © Fig. 2) onto average
pcMRI image averaged over all time points. Color coding of the boundaries
corresponds to colors in the graph of the volumetric waveform: Accelerat-
ing phase from minimum flow to maximum flow green, decelerating flow
from maximum to minimum red, see © Fig. 3), White arrow marks location
of absolute maximum distention and black arrow location of absolute max-
imum contraction for each cross section.

cardiac cycle were obtained (160mm field-of-view, matrix:
256 [frequency], 192 [phase], 5mm slice thickness, interpolat-
ed in-plane resolution 0.625 mm). The velocity encoding value
(VENC) as the estimated maximum velocity for each measure-
ment was provided by the operator. If the initial VENC value
(150cmy/s) proved insufficient by either resulting in images
with little contrast between stationary tissue and flowing
blood, or if wrap-around (aliasing) flow artifacts were ob-
served, acquisition was repeated with an adjusted VENC value
which was chosen by decreasing the initial VENC value in
steps of 10cm/s. Final VENC values ranged from 100-
150cm/s for the flow measurements in the parent artery
(© Table1) and from 60-130cm/s for the intra-aneurysmal
cross sections (© Table2). Volumetric blood inflow rates into
the aneurysms were calculated from the phase difference ima-
ges of the flow measurements performed at the proximal ar-
terial sections.

Image Post-Processing of Aneurysmal Cross Sections

Images (© Fig.2b) were enlarged by a factor of 4 using linear
interpolation (© Fig.2c) and filtered using a Fourier bandpass
filter (NIH Image], [42]) (© Fig.2d) to eliminate spatial fre-
quencies caused by noise (small variations) and image artifacts
introduced by inhomogeneous coil sensitivity profiles (large
variations). An edge-preserving median filter [43] was then
applied to reduce image grayscale inhomogeneities inside the
lumen (© Fig.2e). The median-filtered images showed a

Abb.1 Oberes Bildpanel: 3D-DSA-Rekonstruktionen der untersuchten An-
eurysmen (1-7) mit der Position der aufgenommenen Querschnitts-
schichten (in grau). Unteres Bildpanel: Uberlagerung der segmentierten
Wandpositionen (wie in © Abb. 2 erldutert) auf 2D-pcMRI-Bilddaten kon-
struiert als Mittelwert aller Bilddaten von einem Herzzyklus. Farbkodierung
der Wandpositionen entspricht demselben Farbschema der Einflusskurve:
Ansteigender Bereich in griin, absteigender Bereich in rot (© Abb. 3). Posi-
tion der maximalen Wandauslenkung ist markiert in weil, Position der
maximalen Wandkontraktion in schwarz.

strong contrast between the aneurysmal lumen and the sur-
rounding stationary tissue and the aneurysmal lumen bound-
aries could therefore be segmented by single value threshold-
ing (© Fig. 2f). The aneurysmal lumen boundary was separated
from the lumen of the parent artery (if present in the image)
by a straight line drawn by the operator. This manually drawn
boundary section was excluded from the following wall mo-
tion analysis.

The luminal wall boundaries were color-coded with the same
color scheme as the inflow waveform (© Fig.2h, i). An overlay
image was created containing all the wall boundaries together
with an average pcMRI image for illustrating temporal aneur-
ysm wall boundary motion (© Fig. 2j).

Aneurysmal Wall Motion Analysis

Aneurysm Center Point Motion

Please also see figure 3 for a graphical visualization of the geo-
metrical parameters defined in the following section.

The motion of the aneurysm as a whole will be most likely in-
fluenced by pulsatile movements of the cerebral vascular tree.
To separate this motion from wall motion components relative
to the center of the aneurysm, the center of the aneurysmal
lumen boundary (ALC) was calculated separately for each
time point in the cardiac cycle where an image was acquired
and a 2D polar coordinate system was defined for each time
point with the ALC as the origin. The pulsatile movement of
the aneurysm as a whole and in relation to the vascular tree

Karmonik C et al. In-Vivo Quantification of... Fortschr Rontgenstr 2010; 182: 140-150
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Fig.2 a Screen capture of a 3D surface reconstruction of cerebral vascu-
lature with prescribed intra-aneurysmal cross section (NOVA, Vassol Inc.)
b-f Image sequence illustrating the pre-processing of the original pcMRI
magnitude images(b). Enlarged images (factor 4, linear interpolation [c]),
FFT-filtered (d), filtered with median filter (e). Median filtered image with
segmented aneurysm boundary (red curved line) and axes of coordinate
system (red straight lines) (f). Aneurysm boundary to the parent artery
was marked by the user (black arrow) and not included in the aneurysm
wall motion analysis. Blue square marks original pixel size of the acquired
pcMRI image data in the enlarged magnitude image. g Schematic of co-
ordinate system defining distance r of aneurysmal boundary points from
origin O (center of the coordinates of all aneurysmal boundary points) and
angle a denoting angular position of each boundary point. h Inflow wave-
form for case 6 color-coded (green: accelerating phase from minimum in-
flow to maximum inflow, red: decelerating phase from maximum inflow
to minimum inflow). i Corresponding thresholded 2D pcMRI magnitude
images to (h) with aneurysm boundary (boundary colors correspond to
colors in [h]). j Overlay of color-coded aneurysmal boundaries onto aver-
age pcMRI image averaged over all time points for visualizing aneurysms
wall boundary motion during the cardiac cycle.

was then decoupled from the relative wall motion measured
relative to the origin of the polar coordinate system. The aver-
age maximum displacement of the ALC was calculated for all
cross sections and for all time points as an approximation of
the global motion of the whole aneurysm. The correlation of
the time-dependent ALC displacement with the inflow wave-
form was calculated using the Pearson correlation coefficient
Trarc (statistical significance was established with p<0.05).

Maximum Distention and Contraction

Each aneurysmal boundary point was characterized by a radial
coordinate (distance r) and an angular coordinate (azimuth an-
gle o) (© Fig.2g) in the 2D polar coordinate system with the
ALC as the previously defined origin (see previous section).
The displacement for each boundary point perpendicular to
the lumen boundary was then calculated as the difference of
r at a certain time point and of rOat the time of minimal in-
flow. The maximum distention (d,.,positive) and maximum

Abb.2 a Dreidimensionale Rekonstruktion der zerebralen Vaskulatur zur
lllustration der Positionen der aufgenommen 2D-pcMRI-Schichten (gelb).
b-f Bilderfolge welche die Schritte der Bildverarbeitung der originalen 2D-
pcMRI-Bilddaten veranschaulicht. b Um Faktor 4 linear interpolierte Bild-
daten, c FFT gefiltert, d nach Anwendung des Median Filters, e gefilterte
Bilddaten tiberlagert mit der Position der segmentierten Wandposition
des Aneurysma, schwarze Markierung zeigt die Abgrenzung der Aneurys-
ma zur Arterie (nicht beriicksichtigt in der Analyse der Wandbewegung).
Blaue Rechtecke veranschaulichen die raumliche Auflésung in den Origi-
nalbilddaten. g Veranschaulichung des gewahlten Koordinatensystems
welches die Distanz r der Wandpunkte von dem Zentrum O zeigt zusam-
men mit dem Polarwinkel a. h Einflusskurve fiir Aneurysma 6 mit Farbko-
dierung (griin: ansteifender Fluss, rot: absteigender Fluss). i Wandpositio-
nen kodiert entsprechend dem Farbschema in h tiberlagert auf 2D-pcMRI-
Bilddaten fiir alle Bilddaten des Herzzyklus. j Wandpositionen kodiert ent-
sprechend dem Farbschema in h tiberlagert auf 2D-pcMRI-Bilddaten ge-
mittelt Gber den gesamten Herzzyklus.

contraction (dy,negative) for all times were determined for
each boundary point as well as the maxima of these parame-
ters for all points (© Fig.3).

Average Wall Displacement

The average displacement (d,.) was defined as the temporal
average over all displacements of all boundary points. The
temporal standard deviation of d,,. (Ad,.) was assumed to be
a measure of the variation for the aneurysmal wall motion oc-
curring during the cardiac cycle.

Localized Wall Motion

Due to local variations in biomechanical parameters of the an-
eurysmal wall, a localized heterogeneous wall motion might
be expected. To provide a measure for this heterogeneity, we
introduced the following two quantities: the ratio of the num-
ber of positive (ry,s) and negative (r,eg) significant correlations
(p-value<0.05) relative to the total number of boundary

Karmonik C et al. In-Vivo Quantification of... Fortschr Rontgenstr 2010; 182: 140-150
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AD(t,) AD(ts) = 0 AD(t,0)
= avg{d,(ty), ..., dn(t))} = avg{d,(tyo), ..., dn(tso)}

WA

Fig.3 Schematic illustration of wall motion analysis: a Volumetric inflow
waveform measured at 12 time points t1-t12. green colors: acceleration
phase from minimum to maximum inflow, red colors: deceleration phase
from maximum inflow to minimum inflow. b Corresponding schematic an-
eurysm boundaries for representative time points color-coded according to
color scheme for the volumetric inflow waveform: Center (green): wall
boundary at minimum inflow (ry), left (dark red): wall boundary at average
inflow superimposed on wall boundary for minimum inflow, right (bright
red): wall boundary at maximum inflow superimposed on wall boundary for
minimum inflow. Origin of wall boundaries is denoted by O, wall distention
and wall contractions di(t) (i: boundary point index, i=1,...,n) are indicated
by filled and dashed lines respectively. Maximum contraction d, is shown
in bright blue (in left image), and maximum distention d,,,,, is shown in pink
(in right image). Angles for maximum distention and maximum contrac
tions, 0.y and oy, respectively, are shown in dark blue. c Illustration of
calculation of the total averaged displacement for one time point AD(t) for
the three time points in b as average value over all di(t), i=1,...,n. Each time
point is marked in bold in the graph for AD(t) in the lower part of the panel.
d Schematic time-averaged wall boundary (gray) superimposed on the wall
boundary for minimum inflow (green), origin is denoted by O. The time
averaged displacement d,,.; for each boundary point i is calculated as the
average over all time points, maximum d,,,x and d;, were found as maxi-

points. They represent the fraction of the aneurysmal lumen
boundary which moves in phase (rp.) and the fraction which
moves out-of-phase (r,) relative to the inflow waveform. If
the wall motion consists of a global distension during maxi-
mum inflow followed by a global contraction during minimum
inflow, ry,s would be expected to be close to unity and ryee

mum and minimum (negative), respectively, of all di(t), i=1,...,n; k=1,
.,12 and d,. was the average of all d,..

Abb.3 Schematik, welche die Berechnung der Wandbewegung illustriert:
a Einflusskurve gemessen an 12 Zeitpunkten t; - t;, In griin: ansteigender
Blutfluss, in rot: abfallender Blutfluss. b Idealisierte Wandposition der An-
eurysmawand in den Querschnittsschichten fiir drei representative Zeit-
punkte (Farbgebung korrspondiert mit Farbschema der Einflusskurve).
Mitte (griin): Wandposition (rp) fiir minimalen Einfluss, links (braun):
Wandposition zu einem Zeitpunkt mittleren Einflusses, rechts (rot): Wand-
position zu dem Zeitpunkt maximalen Einflusses. Das Massenzentrum der
Wandpunkte ist mit O markiert, Wandausdehnung (- - -) and Wandkont-
raktion (—) fur individuelle Punke sind di(t) (i: Indizes der Wandpunkte i,
i=1,...,n). Maximale Wanddehnung d,,,, fiir alle Wandpunkte ist veran-
schaulicht in hellrot, maximale Wandkontraktion d,, fiir alle Wandpunkte
in hellblau. Korrespondierende Winkelpositionen o, und oy, sind in dun-
kelblau eingezeichnet. ¢ Veranschaulichung der Berechnung von AD(t) als
Mittelwert aller Wandbewegungen d;(t) und markiert in der unteren grafi-
schen Darstellung von AD(t) als grReres Symbol. d Positionen der mittlere
Wanddehnung (grau) d,.; wurden bestimmt als zeitlicher Mittelwert und
die mittlere Wandbewegung ist der Mittelwert aller dj(ty).

would be close to zero (no wall fraction moves out-of-phase).
The difference angle of the angles of maximum distention
(0pax) and maximum contraction (O(pi,) A0=0pax = Cmin Was
determined to characterize the locations of the maximal dis-
tention and maximal contraction relative to each other.

Karmonik C et al. In-Vivo Quantification of... Fortschr Rontgenstr 2010; 182: 140-150
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Fig.4 Inflow volumetric waveform (inflow), maximum distention (d.y),
maximum contraction (d,;,), average displacement (d,.), temporal average
displacement (AD(t)) and displacement of the center of the aneurysm lumen
boundary (ALC) for the cross sections (1 or 2) of case 1-4. Red and white
symbols denote locations of local maxima and local minima of d,., respec
tively. Color coding in the plots of d,,, and d;, corresponds to the color
coding in the plot of the volumetric inflow waveform (inflow) and allows so to
identify the time of maximum distention and maximum contraction for sec
tion of the aneurysmal wall.

Total Average Displacement

The total average displacement for all boundary points AD(t)
was calculated as an average over all displacements of all
boundary points for time t. This parameter was introduced to
quantify the relative wall motion averaged over all boundary
points during the cardiac cycle. If the wall motion is homoge-
neous and driven by blood inflow, maximum distension for all
boundary points should be observed close to the time of max-
imum inflow and consequently maximum contraction during
the time of minimum inflow. In this case, the shape of AD(t)
should closely follow the shape of the inflow waveform. To
quantify the similarity in the shape of both curves, the corre-
lation coefficient ryp) of AD(t) with the inflow waveform was
determined with the Pearson correlation coefficient (statistical
significance with a p-value <0.05).

0:
.05

01

300 w00 || ° 200 400 600 800
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Abb.4 Einflusskurven (inflow), maximale Wanddehnung (d,,,), maximale
Wandkontraktion (d ), mittlere Wandbewegung (d,..), zeitgemittelte mit-
tlere Wandbewegung (AD(t)) und Bewegung des Massenzentrums der
Wandpunkte (ALC) fiir die Querschnittsflachen (1 oder 2) der Aneurysmen
1-4. Rote und weilRe Symbole bezeichnen lokale Maxima und Minima der
mittleren Wandbewegung. Farbgebung fiir d,,, und d.,;, korrespondiert mit
dem Farbschema der Einflusskurven.

Results

v

Volumetric Inflow Rates

The average flow rates for case 1 (125 ml/min; combined in-
flow from both anterior cerebral arteries (AcomA)) and case 2
(225 ml/min; BA) were each lower than the average flow rates
in each of the remaining cases (the mean flow rate for cases
3-7 was 285116 ml/min; ICA) (© Table1).

Aneurysm Wall Motion

Aneurysm Center Point Motion

The average maximum ALC displacement was lowest for case
2 (0.14mm) and highest for case 3 (0.81 mm) (© Table2). In
general, the ALC followed the shape of the inflow waveform
(exception: cross sections 2 for case 2 and case 4 and cross
sections 1 for case 1 and case 5, figures 4 and 5). A statistical-
ly significant positive correlation between both curves was
found for 6 cross sections (© Table 2).
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Maximum Distention and Maximum Contraction

Maximum d,,,, ranged from 0.09mm (case 2) to 1.60 mm
(case 5) and also varied largely within the cross sections from
the same aneurysm, with the largest variation being 1.03 mm
for case 5. Similar behavior for the maximum of d;, was ob-
served, with a largest (negative) value of -1.70mm (case 5)
and a smallest (negative) value of -0.18 mm (case 2). Case 5
showed the largest variation within the cross sections
(1.14mm). For all cross sections, a moderate trend of a linear
correlation between the maximum values of d., and d;, was
found (R?>=0.55, © Fig.6) (© Table 3).

Average Wall Displacement
d,. ranged from 0.3 mm (case 3, cross section 2) to 0.04 mm
(case 4, cross section 1). The relatively large standard deviation

Table2 Average maximum ALC displacement and correlation coefficient of
the temporal variation of ALC with the inflow waveform. Statistical significant
correlation is marked in bold. VENC values are estimated flow velocities.
Tab.2 Mittelwert der maximalen ALC und Korrelationskoeffizient der zeitli-
chen Variation von ALC mit der Einflusskurve. Statistische Signifikanz ist in
Fettdruck. VENGWerte sind geschdtzte Flussgeschwindigkeiten.

case average maximum ALC correlation VENC
displacement [mm] coefficient ryc [em]s]
1 0.31 1:-0.3 80
2:0.8 80
2 0.14 1:-0.7 60
2:-0.3 60
3 0.81 1:0.7 100
2:0.7 100
4 0.31 1:0.6 80
2:0.1 80
5 0.44 1:0 150
2:0.5 80
6 0.75 1:0.5 130
2:0 130
7 0.61 1:0.5 60
2:0.4 60
3:0.6 100

d,. for the average displacement d,,. indicates a heteroge-
neous wall motion with high amplitudes.

Localized Wall Motion

The ratios rp,s and Iy varied for different aneurysms and also
within the cross sections for the same aneurysm. The largest
portion of the aneurysmal wall moving in phase with the in-
flow waveform was 52% (cross section 1 of case 1) and the lar-
gest portion of the aneurysmal wall moving out-of-phase was
79% (cross section 1 of case 4). The local heterogeneity of the
wall motion can be appreciated particularly in cross section 3
for case 7 in © Fig. 1. The distal wall of both lobes moves out-
of-phase with respect to each other as visualized by the alter-
nating red and green wall boundaries. These results indicate
that a more heterogeneous localized wall motion might domi-
nate instead of a global wall motion only, demonstrating a
more elastic behavior in terms of wall biomechanics in all
cases modulating the global aneurysmal bulk motion.

The values for o, and o, were similar in three cross sections
(Aa=5° in cross section 2 for case 5, Aa=4° cross section 2 for
case 6 and Aa=28° cross section 1 for case 7), thus identifying a
portion of the aneurysmal wall with high local pulsatility of op-
posing large amplitudes. In all three cases, the so identified wall
section coincided with the location of a lobule or bleb (© Fig.1).
The values for oy, and o, were different for the remaining
cases (in particular Aa=174° in cross section 2 of case 4), thus
indicating a more global pulsation involving the entire aneurysm.

Total Average Displacement

The shape of the AD(t) curves (© Fig.4 and 5) resembled the
shape of the inflow waveform with varying degrees (exception:
cross section 2 for case 2 and cross section 1 for case 5). Signifi-
cant correlations between the two curves were found at least for
one cross section for each of the aneurysms of the ICA (with cor-
relation coefficients ranging from 0.52, case 4 to 0.68, case 3)
(© Table 4).

Table4 Maximum d,,,,, maximum d,;, and average displacement (d,,. * standard deviation d,,.), fraction of aneurysmal boundary moving in (r,,) and opposite
(rneg) phase relative to the volumetric inflow waveform and difference angle of o, and ., (Aat).
Tab.4 Maximale dy,,,, maximale dn,, und d,.. * d,.., Fraktionen der Aneurysmenwand mit positiver (r,,) oder negativer (r,.q) Phase relativ zu der Einflusskurve

und Differenz von o., und Oy (Act).

case cross section dppax [Mm] dpin [mm]
1 1 0.39 -0.43
2 0.37 -0.37
2 1 0.09 -0.30
2 0.11 --0.18
3 1 0.21 -0.76
2 0.46 -1.38
4 1 0.15 -0.42
2 0.56 -0.43
5 1 0.57 -0.56
2 1.60 -1.70
6 1 0.21 -0.99
2 0.68 -1.12
7 1 0.35 -0.78
2 0.58 -0.64
3 0.85 -1.12

dave [mm] t dave[mm] Tpos Theg A(X[°]
0.12+0.06 0.52 0.23 161
0.07+0.03 0.34 0.29 82
0.05+0.05 0 0.22 124
0.03+0.02 0.55 0.36 164
0.12+0.11 0.06 0.21 53
0.30+0.16 0.07 0.04 87
0.04+0.03 0.03 0.79 84
0.08+0.04 0.25 0.29 174
0.10+0.08 0.23 0.28 163
0.20+0.22 0.17 0.29 5
0.24+0.13 0 0.17 143
0.17+0.09 0.21 0.47 4
0.15+0.08 0.04 0.14 28
0.08+0.06 0.42 0.22 57
0.19+0.11 0.18 0.12 95
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Fig.5 Inflow volumetric waveform (inflow), maximum distention (d ),
maximum contraction (d,,), average displacement (d,,.), temporal aver-
age displacement AD(t) and displacement of the center of the aneurysm
lumen boundary (ALC) for the cross sections (1, 2 or 3)for case 5-7. Red
and white symbols denote locations of local maxima and local minima of
d..e, respectively Color coding in the plots of d,,,,,and d.,;, corresponds to
the color coding in the plot of the volumetric inflow waveform (inflow) and
allows so to identify the time of maximum distention and maximum con-
traction for section of the aneurysmal wall.

Discussion

v

In 7 intracranial aneurysms (one AcomA aneurysm, one basilar
tip aneurysm and 5 aneurysms of the ICA), intra-aneurysmal
cross sections were recorded at different time points in the
cardiac cycle using 2D pcMRI and QMRA.

The technique of 2D pcMRI has recently been shown to be cap-
able of providing flow information in arteries of the cerebral cir-
culation in combination with QMRA with an accuracy of 4.5%
when compared to flow phantom measurements [44]. The volu-
metric inflow rates measured in this study (© Table1, RACA:
54 ml/min, LACA: 93 ml/min, RICA: 301 ml/min (average for cases
3 and 7), LICA: 274 ml/min (average for cases 4 and 6) are in
good agreement with values reported in the literature obtained
from 83 volunteers (LICA=264+52ml/min, RICA 252+52ml/
min, RACA 80+28 and LACA 85+26ml/min) except for BA in
case 2 (225 ml/min, literature value: BA131 40 ml/min) [44].
Cerebral aneurysms have been previously investigated using
magnetic resonance angiography [45, 46] and 2D pcMRL In a

200 400 600 800 200 400 8600 200 400 600 200 400 600
1 0.8
04 0. 0.
0.6} B
0.2 .
0. 0.21 0.4
0.2 0.1 0
200 400 600 800 0 200 400 600 o 200 400 600 200 400 600

Abb.5 Einflusskurven (inflow), maximale Wanddehnung (d,.,), maximale
Wandkontraktion (d.;,), mittlere Wandbewegung (d,,.), zeitgemittelte
mittlere Wandbewegung (AD(t)) und Bewegung des Massenzentrums der
Wandpunkte (ALC) ftir die Querschnittsflachen (1, 2 oder 3) der Aneurys-
men 5 - 7. Rote und weiRe Symbole bezeichnen lokale Maxima und Minima
der mittleren Wandbewegung. Farbgebung fiir d,;,., und d,;, korrespon-
diert mit dem Farbschema der Einflusskurven.

study performed by Zhu et al. of 26 large (15 to 39 mm) cere-
bral aneurysms, pcMRI was found to successfully differentiate
blood flow from static tissue and in combination with con-
trast-enhanced MRI was capable of demonstrating the geome-
try of these aneurysms [47]. Myer at al. conducted an early
study of 15 cerebral aneurysms with pcMRI and detected a
51%+10% increase in volume between systole and diastole in
6 ruptured aneurysms compared with a 17.6%+8.9% increase
in volume in 10 unruptured aneurysms (p<0.005) [17].

Ishida et al. visualized motion of the aneurysmal wall, bleb and
dissecting cavity in movies created from 4D computed tomo-
graphic angiographic acquisitions [18]. Pulsating blebs were de-
tected in nine of 28 investigated saccular aneurysms. In two pa-
tients with subarachnoid hemorrhage, preoprative 4D CT
angiography revealed pulsating blebs that were confirmed as
rupture points during the surgical procedure. While no quantita-
tive analysis of this pulsation was performed, the maximum am-
plitude of the pulsating wall sections can be estimated from the
4D CT movies to be in the order of millimeters. Aneurysms of
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Table4 Correlation coefficient of AD(t) with the waveform of the volumetric
inflow rate. Statistical significant correlation is marked in bold.

Tab. 4 Korrelationskoeffizient von AD(t) mit der Einflusskurve. Statistische
Signifikanz ist in Fettdruck.

case correlation coefficient rap
1 1:0.04
2:0.48
2 1:-0.04
2:-0.39
3 1:0.66
2:0.68
4 1:0.52
2:0.34
5 1:0.38
2:0.67
6 1:0.53
2:0.21
7 1:0.59
2:0.64
3:0.65

cases 5-7 in our study also exhibited blebs. A large amplitude
for the wall motion (up to 1.7 mm) was found at the location of
these blebs in agreement with the observation of Ishida et al.
Intuitively, the motion of the aneurysmal wall may be expected
to correlate with the dynamic pressure and therefore with the
volumetric inflow waveform. Such a motion would result in glo-
bal distention of the aneurysmal wall for maximum inflow
compared to minimum inflow. While such a trend can be ob-
served in the time dependency of AD(t) for the majority of the
investigated cross sections (exceptions are cross section 2 of
case 2 and cross section 1 of case 4), the more detailed analysis
of the wall motion as given by d,,,, dy, and d,,. reveals com-
plicated heterogeneous local motions of segments of the aneur-
ysmal boundaries in all cross sections (© Fig.4 and 5) in accor-
dance with the reports of a heterogeneous composition of the
aneurysmal wall [19-21] implying a significant degree of me-
chanical anisotropy [48]. The moderate linear correlation found
between maximum contraction and maximum distention may
be indicative of a global material property of the aneurysm
wall modulated by local wall anisotropies (© Fig.6).

The observed wall motion may also be influenced by other fac-
tors than intrinsic properties, most importantly by the struc-
ture of the peri-aneurysmal environment. San Millan Ruiz et
al. have demonstrated that the existence of contact constraints
between intracranial saccular aneurysms and the peri-aneur-
ysmal environment influences the shape and risk of aneurysm
rupture [49].

The amplitude of the motion of the aneurysmal boundary
points relative to each other were found to be relatively large
compared to the aneurysm size (© Table1) and may have a
strong influence on the calculated hemodynamic parameters,
in particular the WSS. Results of CFD simulations, if assuming
rigid walls as the boundary condition, may have to be inter-
preted with caution and the incorporation of fluid structure
interactions might be necessary for modeling aneurysms with
high wall pulsatility.

The limitations of this study are the relatively low spatial reso-
lution of 2D pcMRI compared to aneurysm size. MR scanners
with a higher field strength (3T or higher) and a consequently
higher signal-to-noise ratio (SNR) will enable the use of a

maximum distention d,

e

[mm]

2.00

maximum
contraction |
dmm [mm] -1.00 1

-1.50 |

-2.00 !

Fig.6 Plot of maximum d,, versus maximum d,;, for all cross sections. A
linear relationship as indicated by the straight line (R?=0.55) can be appre-
ciated.

Abb.6 Plot des maximalen d,,, und maximalen d;, fiir alle Querschnitts-
schichten. Ein linearer Zusammenhang ist veranschaulicht durch die ge-
zeigte Gerade (R?=0,55).

higher in-plane resolution and/or a thinner slice thickness for
imaging smaller aneurysms or smaller features of larger an-
eurysms (such as daughter aneurysms and small blebs) or the
effect of particular geometries of the parent artery such as fe-
nestrations [50]. Low blood flow velocities inside the aneu-
rysm combined with an alteration of the intra-aneurysmal
flow pattern during diastole compared to systole could lead
to flow voids in the 2D pcMRI images which could be inter-
preted as changes in aneurysm shape. Results from CFD simu-
lations and measurements of intra-aneurysmal flow patterns,
however, have demonstrated that blood flow patterns inside
the aneurysms remain laminar and do not change significantly
during the cardiac cycle and that the blood velocities scale
with those in the parent artery [16]. Flow voids due to these
effects leading to misinterpretations of the aneurysm wall mo-
tion can therefore be excluded in the 2D pcMRI images.

To achieve higher spatial (and temporal) resolution, either the
acquisition time has to be increased (to compensate for the
lack of signal to noise) or special equipment (surface coils) or
pulse sequences currently not approved for clinical application
may have to be used. For this purpose, a prospective study
should be designed incorporating the use of dedicated re-
search equipment and pulse sequences.

Continued advances of 2D pcMRI imaging especially with 4D
imaging methods are encouraging. First qualitative results of
the visualization of 3D aneurysmal wall motion in cerebral an-
eurysms using 4D pcMRI imaging have been reported in an
animal model [51] and in-vivo [52, 53]. These technical advan-
ces emphasize the growing potential of magnetic resonance
imaging for characterizing aneurysm morphology, motion and
hemodynamics.

Conclusion

v

Aneurysmal wall motion in 2D intra-aneurysmal cross sections
obtained with 2D pcMRI and QMRA were visualized and quanti-
fied. Locally heterogeneous wall motion was observed, and large
amplitudes of displacement at the position of blebs or lobules
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were noted. These results may be of importance for assessing
the risk of aneurysm rupture, for providing more accurate
boundary conditions for CFD simulations and as reference data
for theoretical models describing aneurysmal wall motion.
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