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BACKGROUND AND PURPOSE: Beam-hardening artifacts in CTA can be greatly reduced by using
metal-free coils for aneurysm embolization. We compared the embolic masses and remnants of
experimental rabbit aneurysms coiled with hydrogel filaments by using DSA, CTA and histology.

MATERIALS AND METHODS: Embolization of 12 rabbit bifurcation aneurysms was performed with
detachable hydrogel filaments. Six aneurysms were embolized as completely as possible, and 6
aneurysms were embolized incompletely to intentionally leave remnants. Three aneurysms in each
group underwent follow-up at 4 and 13 weeks. DSA, MRA, and CTA were performed immediately
before sacrifice. The harvested aneurysms were evaluated histologically. For each imaging technique,
the areas of the embolic mass and remnant were determined by using image analysis. Results were
compared by using paired t tests.

RESULTS: CTAs were suitable for quantification of the embolus and remnant areas because only small
streaking artifacts were evident. The areas of the embolus were larger on CTA compared with DSA and
histologic sections. The areas of the remnant were larger on CTA and MRA compared with DSA and
histologic sections. Like DSA and MRA, CTA was suitable for determining whether aneurysm retreat-
ment was necessary, provided that loops of hydrogel filaments were not present in the parent artery.

CONCLUSIONS: We demonstrated that CTA is a technique with potential for surveillance of aneurysms
treated with hydrogel filaments. Additional work is required to determine the accuracy of the technique
compared with currently accepted imaging modalities of DSA and MRA.

ABBREVIATIONS: CCA � common carotid artery; CTA � CT angiography; DSA � digital subtraction
angiography; HU � Hounsfield unit; MRA � MR angiography

Endovascular embolization of intracranial aneurysms with
platinum coils and platinum-polymer hybrid coils has be-

come an accepted treatment method to prevent hemor-
rhage.1-3 However, drawbacks of the endovascular treatment
method are aneurysm recurrence, coil compaction, and recana-
lization, particularly in large aneurysms or aneurysms with large
necks.4,5 Long-term surveillance is therefore required to deter-
mine if additional treatment of the aneurysm is necessary.

While there is widespread agreement that endovascularly
treated aneurysms require surveillance, several imaging op-
tions are available. DSA is the standard technique used for
imaging coiled aneurysms. However, DSA is an invasive cath-
eter-based procedure, requires time, and has potential com-
plications.6,7 MRA is being increasingly used to conduct fol-
low-up of coiled aneurysms to determine occlusion.8-10 MRA
is noninvasive; however, it is contraindicated for patients with
pacemakers and other biostimulators.

Another potential imaging technique for aneurysm sur-
veillance is CTA. It is an inexpensive noninvasive imaging
technique with widespread availability and short examination
times. While CTA has been increasingly used for the surveil-
lance of clipped aneurysms,11 the beam-hardening artifacts of
platinum coils preclude its use for the surveillance of coiled
aneurysms.12,13 If these artifacts could be reduced or elimi-
nated through modifications of the imaging technique14 or
change of embolization materials, CTA would be a useful tech-
nique for coiled aneurysm surveillance, particularly consider-
ing the increasing use of stents in conjunction with emboliza-
tion coils.

Recently DSA- and CTA-compatible hydrogel filament em-
bolic devices have been reported.15 These hydrogel filaments are
metal-free; thus, the beam-hardening artifacts are greatly re-
duced. The purpose of our study was to demonstrate that CTA
could be used to evaluate aneurysm occlusion in experimental
rabbit bifurcation aneurysms embolized with hydrogel filaments
and to compare the areas of the embolic mass and aneurysm
remnant when the experimental aneurysms were studied with
DSA, CTA, MRA, and histologic sections.

Materials and Methods

Experimental Design
The rabbits were cared for in accordance with Austrian regulations

governing animal experiments, and the experimentation was ap-

proved by the committee for animal experiments from Land Salz-
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burg, Austria. Experimental bifurcation aneurysms were created in 12

New Zealand white rabbits (mixed sex, 2.5–3.5 kg). Three weeks post-

creation, the aneurysms were embolized with detachable hydrogel

filaments. Six aneurysms were embolized as completely as possible.

Six aneurysms were embolized incompletely to ensure blood filling in

the neck. Three aneurysms from each group underwent DSA, CTA,

and MRA follow-up and harvest at 4 and 13 weeks.

Aneurysm Creation
Experimental bifurcation aneurysms were created in 12 New Zealand

white rabbits. The microsurgical construction of the carotid bifurca-

tion aneurysms was performed according to previously described

methods.16 Both CCAs were exposed, and a permanent ligature was

placed proximal to the left CCA bifurcation and transected. With

single-knot 10-0 Prolene sutures (Ethicon, Cincinnati, Ohio), an end-

to-side anastomosis of the left-to-right CCA was performed, and the

aneurysm sac was constructed with a venous graft pouch from the left

external jugular vein. For all operative procedures, the animals were

anesthetized by using an intramuscular injection of 20 –30 mg/kg of

ketamine hydrochloride and 0.2 mL of 2% xylazine hydrochloride,

followed by maintenance anesthesia with intravenous injection of a

saline solution of ketamine and xylazine (5:1:5; 0.5–1 mL/h/kg).

Embolic Devices
Detailed descriptions of the preparation, characterization, and phys-

ical evaluation of the hydrogel filaments is given elsewhere.17 Briefly,

the hydrogel filaments comprised 66% barium sulfate, 23% trimethy-

lolpropane ethoxylate triacrylate, 8% tert-butyl acrylate, 2% 2-hy-

droxyethyl methacrylate, and 1% N,N�-methylenebisacrylamide. Fila-

ments of various secondary diameters (2–6 mm and straight) and lengths

(4–20 cm) were used to embolize the aneurysm sac. The hydrogel fila-

ments underwent a 1.4-fold increase in volume on hydration.

Aneurysm Embolization and Follow-Up
With the rabbit under anesthesia and with sterile conditions, the right

femoral artery was surgically exposed and a 5F vascular sheath was

placed. Following intravenous heparin (100 U/kg) administration, a

5F guiding catheter was advanced into the right CCA. The aneurysm

dimensions were measured by using DSA with a radiopaque ball bear-

ing (7.9 mm) as a sizing reference. A microcatheter was advanced into

the aneurysm sac.

Embolization was performed under fluoroscopic guidance. Six

aneurysms were embolized as completely as possible while minimiz-

ing protrusion of embolic devices into the parent artery. The distal

half of the remaining 6 aneurysms was embolized, ensuring blood

filling in the neck of the aneurysm. After performing DSA to docu-

ment contrast filling into the aneurysm sac, we removed all catheters

and the sheath. The proximal aspect of the femoral artery was ligated

with 6-0 silk suture.

At the time of follow-up, the rabbits were anesthetized and a 5F

sheath was placed in the left femoral artery. Follow-up angiography

was performed by using a 5F guiding catheter positioned in the right

CCA. Following DSA, the rabbits were imaged by using CT and MR

imaging. They were sacrificed by a lethal injection of sodium pento-

barbital or an overdose of the anesthetic agents and 2 mL of T61

euthanasia solution.

CTA
CTA was performed by using a 10-multisectional helical CT machine

(Brilliance 10; Philips Healthcare, Best, the Netherlands). With a

power injector, contrast (10 mL, 80% Visipaque 270:20% 0.9% saline;

GE Healthcare, Piscataway, New Jersey) was administered through a

cannula in the ear vein of the rabbit at a rate of 0.5 mL/s. CTA was

performed (0.9 –120 kV, 250 mAs, 10 � 0.8 mm) by using a bolus-

triggered system with 110-HU threshold through a transverse section

at the level of the heart. Postprocessing was performed on a worksta-

tion (Brilliance, Philips Healthcare) for viewing multiplanar refor-

matted images. Using the DSA image as a reference, we prepared 2D

maximum intensity projection views.

MRA
Initial unenhanced MRA was performed by using a 3T scanner (Mag-

netom Trio; Siemens, Erlangen, Germany) with the rabbit placed in-

side a 32-channel head coil (Siemens). The aneurysms were imaged by

using a 3D time-of-flight sequence with a TR of 23 ms, a TE of 4.37

Table 1: Procedural resultsa

Complete
Embolization (n � 6)

Incomplete
Embolization (n � 6)

Dome (mm) 4.2 � 0.8 5.0 � 1.6
Length (mm) 9.0 � 2.1 10.5 � 1.1
Neck (mm) 3.8 � 1.2 4.2 � 1.9
Volume (cm3) 0.13 � 0.06 0.22 � 0.14
Number of devices 4.3 � 2.9 3.7 � 1.6
Device length (cm) 36 � 17 34 � 16
a Statistically significant differences between the groups were not observed.

Table 2: Quantification results

Rabbit Group

Embolic Mass Area (mm2) Remnant Area (mm2)

DSA CTA Histology DSA CTA MRA Histology
Incomplete embolization

1 14.1 41.1 18.5 25.9 0.0 25.1 21.0
2 23.7 52.9 23.5 16.5 6.1 25.5 13.5
3 42.0 66.7 21.0 33.5 20.3 43.5 19.5
4 33.1 81.2 33.7 33.1 6.1 48.2 8.3
5 24.1 33.5 23.0 10.4 10.5 13.6 6.5
6 14.7 42.1 18.1 16.2 6.4 17.5 7.7

Complete embolization
7 27.0 48.7 25.4 1.1 0.0 2.5 0.1
8 11.1 32.2 12.9 1.4 0.0 3.9 0.9
9 36.7 60.5 23.6 9.3 0.0 11.8 8.0
10 23.1 27.6 18.2 3.1 0.0 5.8 6.6
11 41.3 88.2 37.9 5.0 0.0 7.8 6.4
12 51.9 58.4 29.6 0.0 0.0 6.3 0.4
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ms, a flip angle of 18°, a matrix of 304 � 384, an FOV of 150 � 150

mm, and a voxel size of 0.4 � 0.4 � 0.6 mm. MRAs were prepared on

a workstation (syngo MR B15, Siemens) by using the DSA image as a

reference.

Histologic Processing
The aneurysm�parent artery complex was first rinsed in situ with

saline solution and then perfusion-fixed with 10% neutral buffered

formalin. After surgical excision, the specimen was placed in fresh

fixative. To preserve the hydrogel filament�tissue interface, we em-

bedded 6 of the aneurysms in methyl methacrylate. The aneurysms

were sawed longitudinally through the neck and 6-�m sections were

prepared by using a rotary microtome. To permit immunohisto-

chemical analyses, the remaining 6 aneurysms were embedded in par-

affin and then bisected longitudinally through the neck of the aneu-

rysm. Five-micrometer sections were prepared by using a rotary

microtome. The methacrylate and paraffin sections were stained with

hematoxylin and eosin and Movat pentachrome stains.

Evaluation Criteria
Procedural. Using the pre-embolization angiogram with the ex-

ternal sizing device, the aneurysm dome, length, and neck were re-

corded. The volume of the aneurysm was calculated from the dome

and length assuming cylindrical geometry. Additionally, the number

of devices and the total device length were recorded.

Quantification. Follow-up angiograms underwent occlusion

quantification.18 The embolus and remnant areas were determined by

using image-analysis software (AxioVision 4.6; Carl Zeiss Microim-

aging, Thornwood, New York). Any contrast filling (DSA/CTA) or

blood flow (MRA) inside the aneurysm sac was presumed to be an

aneurysm remnant. Embolic devices located outside the aneurysm sac

(ie, in the parent artery) were ignored. The area of the embolic mass

on MRA was not quantified because it was not visible.

For each aneurysm, the histologic section best illustrating the neck

underwent computerized morphometry quantification.18 The sec-

tions were photographed by using an AxioCam MRc5 digital camera

mounted on an Axio Imager A1 microscope with a 1.25X objective

and were analyzed by using AxioVision software (Carl Zeiss Micro-

imaging, Germany). The embolus and remnant areas were quantified.

The remnant was defined as all open spaces contiguous with the par-

ent artery.

Statistical Analysis
Statistical analyses were performed by using JMP 7.0 (SAS Institute,

Cary, North Carolina). For the procedural data, differences in con-

tinuous and discrete data were assessed by using analysis of variance

and �2 tests, respectively. The embolic mass and remnant areas were

compared by using paired t tests. Statistical significance was accepted

at P � .05.

Results

Procedural
All 12 aneurysms were successfully embolized. All rabbits were
in good health without any observable neurologic deficit dur-
ing the course of the experiment. The procedural results are

Fig 1. Example of image quantification. DSA (A), histologic (B), CTA (C), and MRA (D) imaging of an experimental aneurysm with incomplete occlusion showing the embolus (red outline)
and neck remnant (blue outline).
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Fig 2. DSA (A), histologic (B), CTA (C), and MRA (D) imaging of an experimental aneurysm with incomplete occlusion.

Fig 3. DSA (A), histologic (B), CTA (C), and MRA (D) imaging of an experimental aneurysm with near-complete occlusion.
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summarized in Table 1. Statistically significant differences in
the procedural results between the 2 groups were not
observed.

Quantification
The quantification results of the DSA, CTA, MRA, and histo-
logic sections are presented in Table 2. In the matched-pair
analysis of the embolic mass area, the CTA areas were signifi-
cantly higher than the DSA (P � .0028 and P � .02) and
histologic section (P � .004 and P � .005) areas for both the
incomplete and complete embolization groups.

In the matched-pair analysis of the incomplete emboliza-
tion group, the remnant area of the MRA was significantly
higher than that of the CTA (P � .02) and histologic sections
(P � .03). Additionally, the remnant area of the DSA was
significantly higher than that of the CTA (P � .02) and histo-
logic sections (P � .03). In the complete embolization group,
the remnant area of the MRA was significantly higher than
that of the DSA (P � .007), CTA (P � .005), and histologic
section (P � .04) areas.

Discussion
In this study, we demonstrated that experimental aneurysms
embolized with hydrogel filaments had only minimal beam-
hardening artifacts when imaged with CTA, without manipu-
lation of the acquisition or reconstruction parameters. We
then evaluated the accuracy of CTA in comparison with DSA,
MRA, and histology by determining the areas of embolus and
remnant. The beam-hardening artifacts of the hydrogel fila-

ments were greatly reduced compared with platinum coils,
though some artifacts remained. While vascular pulsation ex-
aggerates the beam-hardening artifacts, we believe that the
bulk of the residual artifacts was from the barium sulfate in the
hydrogel filaments.

The area quantifications of the embolus by using CTA of
both the incomplete and complete embolization groups were
generally larger than those on DSA and histologic sections.
These results are consistent with those of previous reports
comparing volume measurements by using DSA and CTA of
silicone aneurysm models.19,20 These in vitro experiments
demonstrated that CTA overestimated the volume of the
aneurysms.

The area quantifications of the remnant on MRA of both
the incomplete and complete embolization groups were gen-
erally larger than those on DSA and histologic sections. These
results are inconsistent with those of a previous report com-
paring volume measurements by using DSA and MRA of sili-
cone aneurysm models,19 in which MRA measurements re-
sulted in smaller volumes relative to DSA. The reasons for this
difference are unknown but may be related to the complexities
imparted by the use of animal models and embolized
aneurysms.

The area quantifications of the remnant on histologic sec-
tions of both the incomplete and complete embolization
groups were generally equivalent to those on DSA. Because we
attempted to prepare the section through the neck of the an-
eurysm without regard for the CTA, DSA, or MRA imaging
plane, the largest cross-section of the aneurysm was evaluated.

Fig 4. DSA (A), histologic (B), CTA (C), and MRA (D) imaging of an experimental aneurysm with complete occlusion.
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Because adjacent planes shaded the plane of interest on DSA,
essentially the largest cross-section of the aneurysm was dis-
played when it was imaged with DSA.

This study, although demonstrating the potential applica-
tion of CTA in aneurysm surveillance, had limitations. First,
because this study was a comparison of quantified areas of
DSA, CTA, MRA, and histologic sections, it was dependent on
obtaining images from approximately the same plane for ac-
curate analyses. As Figs 1– 4 show, we were reasonably success-
ful at matching the plane for the DSA, CTA, and MRA analy-
ses. Due to the nature of the histologic processing, we could
not match the plane of analysis and were limited to the section
produced. Second, the number of aneurysms in each group
was small. Six experimental aneurysms were incompletely em-
bolized, and 6 aneurysms were completely embolized. The ac-
curacy of the use of CTA in aneurysm follow-up has not yet
been established. Additional larger studies are required to de-
termine its accuracy.

Conclusions
We demonstrated that CTA could be used to evaluate occlu-
sion of aneurysms embolized with hydrogel filaments. CTA
overestimated the size of the embolus and remnant compared
with DSA, MRA, and histologic sections. CTA provided imag-
ing suitable for determining whether retreatment was neces-
sary, except in the cases in which hydrogel filaments protruded
into the parent artery. With improvement in the design of the
hydrogel filaments, the advantages of aneurysm surveillance
with CTA could be realized.
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