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Rupture-Associated Changes of Cerebral Aneurysm Geometry:
High-Resolution 3D Imaging before and after Rupture
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ABSTRACT

BACKGROUND AND PURPOSE: Comparisons of geometric data of ruptured and unruptured aneurysms may yield risk factors for rupture. Data
on changes of geometric measures associated with rupture are, however, sparse, because patients with ruptured aneurysms rarely have under-
gone previous imaging of the intracranial vasculature. We had the opportunity to assess 3D geometric differences of aneurysms before and after
rupture. The purpose of this study was to evaluate possible differences between prerupture and postrupture imaging of a ruptured intracranial
aneurysm.

MATERIALS AND METHODS: Using high-quality 3D image data, we generated 3D geometric models before and after rupture and
compared these for changes in aneurysm volume and displacement. A neuroradiologist qualitatively assessed aneurysm shape change, the
presence of perianeurysmal hematoma, and subsequent mass effect exerted on aneurysm and parent vessels.

RESULTS: Aneurysm volume was larger in the postrupture imaging in 7 of 9 aneurysms, with a median increase of 38% and an average
increase of 137%. Three aneurysms had new lobulations on postrupture imaging; 2 other aneurysms were displaced up to 5 mm and had
changed in geometry due to perianeurysmal hematoma.

CONCLUSIONS: Geometric comparisons of aneurysms before and after rupture show a large volume increase, origination of lobulations,
and displacement due to perianeurysmal hematoma. Geometric and hemodynamic comparison of series of unruptured and ruptured

aneurysms in the search for rupture-risk-related factors should be interpreted with caution.

U nruptured intracranial aneurysms are found in approximately
3% of the population.' Once they are detected, the decision for
preventive treatment has to be weighed against the risk of rupture,
with inherent high case fatality and morbidity.> Prediction of rupture
of intracranial aneurysms remains poor, with size as the most impor-
tant risk factor. However, not all large aneurysms would rupture if
left untreated; whereas small aneurysms, which are often left un-
treated, do sometimes rupture during follow-up. Better predictors
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are, therefore, needed. Intra-aneurysmal hemodynamic characteris-
tics may have predictive value.*

Computational fluid dynamics have been applied to simulate he-
modynamic flow patterns in the aneurysm and surrounding vessels
to relate hemodynamic characteristics with aneurysmal rupture
risk.*® Several studies indeed found differences in flow patterns be-
tween ruptured and unruptured aneurysms.>*® However, if one
compares ruptured with unruptured aneurysms, the potential
changes of the aneurysm geometry before, during, or after rupture
itself are neglected.

The rupture of the aneurysm may result in shape changes of the
aneurysm due to changes in the aneurysmal sac. These changes po-
tentially alter the aneurysmal or perianeurysmal geometry and its
related hemodynamic patterns. It is, therefore, pivotal to know
whether changes before, during, or shortly after rupture of aneu-
rysms in themselves affect aneurysm geometry and aneurysm hemo-
dynamics; and if so, what these changes are. Such data are difficult to
collect because high-quality images of intracranial aneurysms before
and after rupture are rare. We had the opportunity to assess changes
inaneurysm geometry associated with rupture in a series of 9 patients
by using advanced image registration of high-quality 3D imaging
data performed before and after rupture.



Table 1: Imaging modalities used before and after rupture

tation and manual delineation (ITK-
SNAP 2.2.0, http://www.itksnap.org),”
until the neuroradiologist decided the
Subse-
quently, the aneurysm sac was separated

segmentation was accurate.
from the arterial tree by using ITK-
SNAP. These aneurysm sac models were
used to calculate the volume of the aneu-

Imaging Modality Imaging Modality
No. before Rupture Resolution (mm) after Rupture Resolution (mm)
1 3D TOF MRA 0.49 X 049 X 12 3DRA 0.22 X 0.22 X 0.22
2 3D TOF MRA 0.31X0.31X10 CTA 0.31 X 0.31 X 0.45
3 CTA 033 X033 X10 CTA 0.35X 035X 0.33
4 3D PCMRA 0.78 X 0.78 X 1.0 3DRA 0.25 X 0.25 X 0.25
5 3D TOF MRA 0.45 X 045 X 1.0 3DRA 0.39 X 0.39 X 0.39
6 CTA 043X 043 X 0.9 3DRA 0.22 X 0.22 X 0.22
7 3D TOF MRA 0.20 X 0.20 X 1.0 3DRA 0.17 X 017 X 017
8 3D TOF MRA 0.35X 0.35 X 14 3DRA 017 X 017 X 0.17
9 CTA 033 X033 X13 3DRA 0.09 X 0.09 X 0.09

rysms and aneurysm shape changes.
Surface models were generated from

Note:—PC indicates phase-contrast; RA, rotational angiography.

MATERIALS AND METHODS

We searched the neurovascular data bases for patients presenting
with aneurysmal subarachnoid hemorrhage who underwent 3D
cerebral angiography (3D rotational angiography, MRA, or CTA)
before the aneurysm rupture. We retrieved imaging of 9 patients
from 2 institutions (Academic Medical Center [Amsterdam] and
University Medical Center Utrecht) collected during a 6-year pe-
riod. Approval of the medical ethics committee was given for this
retrospective analysis of anonymized patient data. Informed con-
sent was waived because no diagnostic tests other than routine
clinical imaging were used in this study.

A number of geometric features of the intracranial aneurysms
were quantitatively and qualitatively determined in both pre- and
postrupture imaging. The quantitatively determined features
were aneurysm volume and maximal aneurysm diameter. The
maximal diameter was defined as the maximal distance between 2
locations on the aneurysm surface with their connecting line
completely located in the aneurysm sac. Furthermore, we deter-
mined displacement and shape changes between the 2 image da-
tasets. To better assess shape change, we registered the pre- and
postrupture imaging data so that the aneurysm sac was optimally
matched. To determine the displacement of the aneurysm, we
registered a proximal segment of the parent artery of the pre- and
postrupture imaging data.

Registration

The pre- and postrupture images were registered by a closed-
source in-house developed software system for modality regis-
tration and visualization (WorldMatch).” The registration of the
images was performed twice: First, the images were registered by
using a volume of interest around the aneurysm sac to obtain an
optimal match of the aneurysm itself. Second, the images were
registered to obtain an optimal match of the feeding artery. A
single observer (H.A.M.), who had no clinical information other
than the location of the aneurysm, performed these registrations.
The highest resolution of the 2 image datasets was used for the
spatial grid of the registered images.

Segmentation

The aneurysms and adjacent arteries were segmented by using
level set segmentation (Vascular Modeling ToolKit; http://
www.vmtk.org).® An experienced neuroradiologist (C.B.M.) in-
spected all segmentations for accuracy by using all available image
data. Segmentation inaccuracies were manually corrected by us-
ing ITK-SNAP, a software application for medical image segmen-

the matched segmentations. The regis-
tration was inspected by a second ob-
server (R.v.d.B.) and adjusted if needed
by using a combination of iterative closest point registration and
manual transforms.

Quantitative Measurements

The volume of the aneurysms was defined as the number of seg-
mented aneurysm voxels multiplied by the volume of a single
voxel. Absolute and relative volume changes were determined.
We defined the displacement of the aneurysm sac as the distance
between the center of the pre- and postrupture aneurysm sacs, by
using the images in which the parent arteries were registered. The
center of the aneurysm was mathematically defined as the center
of the mass of the segmented aneurysm volume.

The shape change was quantified by using the point-surface
distances of the surface of the pre- and postrupture aneurysm
segmentations in images in which the aneurysm domes were reg-
istered. A point-surface distance is the minimal distance of a lo-
cation of one aneurysm surface to the surface of the other. The
average and maximum point-surface distances are presented in
the On-line Table. To avoid overestimations due to modality-
driven variations in the definition of the aneurysm neck,'® we
ensured that this maximum distance was remote from the neck.

Qualitative Assessments

The neuroradiologist (C.B.M.) evaluated all the available pre- and
postrupture imaging for the presence of intra-aneurysmal throm-
bus that could influence angiography-derived segmentations. The
postrupture data were also examined for the presence of a perian-
eurysmal hematoma and new lobulations. In the presence of peri-
aneurysmal hematoma, it was judged whether this mass had in-
duced a displacement or shape change in the aneurysm.

The postrupture DSA examinations were also assessed for the
presence of new lobulations and pseudoaneurysms (a contained
extraluminal rupture within a reorganized clot). Pseudoaneu-
rysms were differentiated from true lobulations by their appear-
ance with delayed and incomplete opacification and delayed
washout."'

RESULTS

3D angiographic imaging, before and after rupture, was available
for 9 patients. The image modalities used and the resolution are
shown in Table 1. The average time between prerupture imaging
and rupture was 1 year 127 days, with an SD of 1 year 199 days.
The On-line Table shows the geometric measures of the aneu-
rysms pre- and postrupture. Seven aneurysms showed an increase
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After rupture

FIG1. Volume rendering of angiographic imaging data before and after rupture for all cases. Cases 1and 2 show the largest absolute increase
in aneurysm volume (+433 and +613 mm?>, respectively); case 5 and 7, the largest relative increase in aneurysm volume (176% and 832%,

respectively).

in volume with a median increase of 38% and an average increase
of 137 = 266%.

Two aneurysms (cases 1 and 2 in Fig 1) showed a large absolute
volume increase of 433 and 613 mm?, respectively, in the postrup-
ture imaging. This increase had occurred in a relatively short time
of 183 and 72 days, respectively. Furthermore, in case 7, a large
relative volume increase of 832% had occurred within a time
frame of no more than 14 days (Fig 2).

Table 2 shows the qualitative observations made by the neurora-
diologist. Three aneurysms had new lobulations on postrupture im-
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aging; no pseudoaneurysms and no intra-aneurysmal thrombus
were found in any aneurysm. A perianeurysmal hematoma was pres-
entin 3 cases, 2 of which exerted mass effect on the aneurysm, thereby
changing the aneurysm geometry (see Fig 3 for an example).

DISCUSSION

On the basis of pre- and postrupture 3D imaging of ruptured
aneurysms, we found significant volume changes, new lobula-
tions, and aneurysm displacement due to hematoma mass effect
after rupture.



Most aneurysms showed an increase in volume in postrupture
imaging. It has been shown that aneurysm growth is associated
with an increased rupture risk.'? Annual growth in untreated unrup-
tured aneurysms is reported to be between 1.5% and 22.7%, corre-
sponding to a diameter growth between 0.12 and 1.3 mm."*"*> In the
current study, the average growth rate was much larger (4.8 mm/
year). Our findings are more in line with another study that included
13 ruptured aneurysms with pre- and postrupture 2D-DSA, which
showed an average increase in maximal diameter of 3.2 mm/year.'® A

FIG2. Case7.Lateral view of 2D DSA (A) and 3DRA (B) before rupture shows a small aneurysm at
the posterior communicating artery. Postrupture 2D DSA (C) and 3DRA (D) show a large increase

of aneurysm volume and a new lobulation at the aneurysm dome.

Table 2: Qualitative assessment of pre- and postrupture imaging

possible explanation of the difference in growth rate compared with
previous imaging follow-up studies of unruptured aneurysms'>"'* is
that the population of Rahman et al'® and our study consisted of
selected ruptured aneurysms, in which the rupture itself may be as-
sociated with larger growth.

We found no apparent examples of aneurysm shrinkage after
rupture.'®'” In 2 instances, we found a small volume decrease of
3% and 4%, but these changes fall within the margin of error of
the volume measurement due to differences in the modalities
used and/or processing methods.

Because of the relatively large time
interval between prerupture and
postrupture imaging, no conclusions on
the causality or the timing of these
changes can be drawn. The observed
changes could have occurred before,
during, or shortly after rupture. Hence,
we can only conclude that they were as-
sociated with rupture. However, in case
of a large hematoma formation, an ob-
vious causal relation exists between rup-
ture and consequent geometry change
because large hematomas can displace
and deform the aneurysm.

A few aneurysms were displaced due
to hematoma mass effect, thereby
changing the geometric relation with
their supplying artery. The resulting dis-
placement may have an effect on the rel-
ative position of the aneurysm parent
vessel and location of inflow. In our
cases, the displacement changed the an-
gle of the parent vessel with regard to the
aneurysm neck. The parent vessel angle
has been described as a surrogate mea-
sure for the direction of the blood flow
into the aneurysm and was proposed as a
risk factor for aneurysm rupture.'®'?
The supplying artery is also an impor-
tant determinant for intra-aneurysmal
hemodynamics calculated by using
computational fluid dynamics. The

Case Postrupture Imaging?®
1 Large amount of subarachnoid hemorrhage
No hematoma, no mass effect; no intra-aneurysmal thrombus; no lobulations
2 SAH, large perianeurysmal hematoma (28 X 22 X 35 mm) with mass effect on the aneurysm (slightly flattened contour right side);
no intra-aneurysmal thrombus; no lobulations
3 SAH, no hematoma; no intra-aneurysmal thrombus; 1 new lobulation
4 SAH, large perianeurysmal hematoma in Sylvian fissure (46 X 33 X 38 mm) with mass effect, anterior displacement of
vessels and aneurysm; no intra-aneurysmal thrombus; no lobulations
5 Large amount of subarachnoid hemorrhage
Hematoma (10 X 20 X 10 mm), no mass effect on the aneurysm; no intra-aneurysmal thrombus; no lobulations
6 SAH, no hematoma; no intra-aneurysmal thrombus; no lobulation
7 SAH, no hematoma; no intra-aneurysmal thrombus; 1 new lobulation
8 Diffusely spread SAH, no hematoma; no intra-aneurysmal thrombus; the 2 initial lobulations were merged into a single
large lobulation
9 SAH, no hematoma; no intra-aneurysmal thrombus; 1 new lobulation

#None of the prerupture imaging showed an intra-aneurysmal thrombus. Only case 8 showed lobulations on the prerupture imaging (2 lobulations).
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FIG 3. Case 2. A, Axial 3D TOF MRA source image shows an anterior communicating artery
aneurysm (arrow). B, Axial CTA source image after rupture shows an increase of aneurysm volume
and flattening of the right aneurysm border and displacement of the aneurysm to the left side

due to a large perianeurysmal hematoma (curved arrow).

change in geometry of the parent artery and aneurysm sac may
have important implications for measurements of intra-aneurys-
mal hemodynamics by using computational fluid dynamics.
Computational fluid dynamics—based calculations are commonly
used to estimate hemodynamic risk factors, whereas the postrup-
ture geometry is assumed representative of the geometry before
rupture. This assumption may not hold for the change in parent
artery—aneurysm geometry shown here.

Some aneurysms showed a new focal bulging or lobulation that
was not present on prerupture imaging Although lobulations may
have been caused by the rupture itself, the high number of lobula-
tions are in line with previous studies in which the presence of lobu-
lations was associated with an increased rupture risk.">** One may
argue that some of these new lobulations could also be pseudoaneu-
rysms (ie, a contained extraluminal rupture within a reorganized
clot). We think this is unlikely because on postrupture DSA examina-
tions, they did not demonstrate delayed opacification and washout.'!

A limitation of this study is that we compared images and
segmentations originating from different imaging modalities.
Differences in the segmented volumes may be caused by differ-
ences in these modalities. Especially 3D TOF MRA is prone to
introduce angiographic inaccuracies due to signal loss and may
underestimate aneurysm volume. As a result, volume comparison
of prerupture MRA with postrupture 3D rotational angiography
or CTA could incorrectly be interpreted as aneurysm growth. Al-
though this effect could produce incorrect conclusions on aneu-
rysm growth, the increase in size in some cases in this study was
much too large to be explained by this limitation of MRA imaging.

CONCLUSIONS

The geometric changes we found in aneurysms before and after rup-
ture show that direct comparison of these geometric and hemody-
namic features between series of ruptured and unruptured aneurysms
for assessment of risk factors should be considered with caution.
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