Use of a C-Arm System to Generate True Three-dimensional

Computed Rotational Angiograms: Preliminary In Vitro and In Vivo

Results
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PURPOSE: To evaluate the potential use of a C-arm mounted X-ray image intensifier (XRII) system
to generate three-dimensional computed rotational angiograms during interventional neuroradio-
logic procedures. METHODS: A clinical angiographic system was modified to allow collection of
sufficient views during selective intraarterial contrast injections for CT reconstruction of a 15 X
15 X 15-cm? volume. Image intensifier distortion and C-arm instabilities were corrected by using
image-based techniques. The impact of the pulsatile nature of the vessels during image data
acquisition and of the presence of bone on the 3-D reconstructions was investigated by generating
3-D reconstructions of an anesthetized 20-kg pig and of a human skull phantom. RESULTS: A
sequence of images sufficient for 3-D reconstruction was acquired in less than 5 seconds. Image
intensifier distortion and C-arm instabilities were corrected to subpixel accuracy (0.035 mm and
0.07 mm, respectively). Both the intracranial vessels of the pig and the small, high-contrast structures
in the skull were reconstructed with negligible artifacts. CONCLUSIONS: Using a C-arm mounted
XRII system, computed rotational angiography can provide true 3-D images of diagnostic quality.
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An imaging system with three-dimensional
capabilities suitable for use during interven-
tional procedures must exhibit the following
characteristics: it must have near-real-time flu-
oroscopic capabilities and roadmapping; it
must provide accurate, quantitative 3-D ana-
tomic information about the vessel lumen and
the location of the embolization material; and it
must allow unobstructed access to the patient
during the intervention.

Several recent studies have shown the effec-
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tiveness of spiral computed tomographic (CT)
angiography in the diagnosis of aneurysms and
in the planning of treatment (1, 2). However,
this technique has no capability for fluoroscopic
imaging. Magnetic resonance angiography has
also been used to evaluate intracranial aneu-
rysms (3); however, signal loss due to slow flow
and disturbed flow is well documented (4), and
real-time imaging capabilities are still in the
developmental stage (5). An additional tech-
nique that provides limited 3-D information
about the cerebral vessels is rotational angiog-
raphy (6). Digital images are acquired as a C-
arm rotates through 30° to 180° during a selec-
tive arterial contrast injection. While the
additional information is not quantitative, when
the images are viewed in a cine loop the kine-
matic 3-D effect may resolve ambiguities about
vessel configurations. We have developed and
tested the necessary modifications to a clinical
C-arm mounted X-ray image intensifier system
that allow the generation of 3-D images during
the endovascular procedure. We call this imag-
ing technique computed rotational angiogra-
phy. Although the raw projection data are sim-
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Comparison of the two imaging systems used for data acquisition

Conventional High-Speed
System System

XRII maximum nominal

diameter, cm 27 40
Maximum possible

rotation, degrees 270 305
Speed of rotation, degrees

per second 15 45
Rate of image acquisition,

frames per second 7.5 30
Total time for image

acquisition, s 13.3 4.4
Focal spot-to-detector

distance, cm 87 120
Geometric magnification

at the isocenter 1.2 1.5
No. of images acquired

per 3-D reconstruction 100 130

Note.—XRII indicates X-ray image intensifier.

ilar to the images produced by rotational
angiography, reconstruction of these projection
data with CT results in a 3-D image with isotro-
pic resolution. The computed volume image
provides quantitative measurements with
higher spatial resolution than does helical CT
angiography. We describe the steps taken to
implement the modifications and illustrate the
quality of images that we achieved.

Materials and Methods
Image Acquisition

Image data were acquired using a conventional clinical
biplane angiographic system (only one plane used during
image acquisition) and a modified high-speed single-
plane system. The characteristics of both systems are
summarized in the Table.

Images were acquired while the C-arm rotated around
the object of interest, resulting in approximately 130 im-
ages over the 200° required for the volume reconstruction.
Exposure time was usually less than 20 milliseconds per
frame. The tube voltage ranged from 73 to 110 kVp, and
the tube current ranged from 100 to 500 mA.

During the rotation of the C-arm, a selective injection of
contrast agent was administered through a catheter. We
have not yet optimized the injection protocol for this im-
aging technique, although a previous in vivo study showed
that an injection rate of 4 mL/s, with a 1-second delay
before imaging, achieved satisfactory vascular detail with
minimal postprocessing (6).

After correcting the projection images as described be-
low, the volume images were reconstructed by using a
standard fan-beam algorithm (convolution back-projec-
tion [7]) currently used in CT scanners, or by using a
Feldkamp cone-beam reconstruction method (8). The
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convolution back-projection method is sufficient for recon-
struction of a limited region close to the central section of
the volume, and may lead to faster reconstruction times if
implemented with dedicated hardware. However, for larger
volumes, the Feldkamp method produces improved re-
sults in sections far away from the central one, and is
therefore preferred when reconstruction time is not a con-
straint. Our reconstruction protocol did not implement the
fan-beam technique with dedicated hardware, and our
code was not optimized for speed of reconstruction; how-
ever, volumes could be obtained within approximately 1
hour. We estimate that the same volumes could now be
generated in under 10 minutes by using a single desk-top
workstation with a hardware accelerator.

The 3-D reconstructions had isotropic pixels, approxi-
mately 0.5 mm on a side, and covered a volume of ap-
proximately 13 X 13 X 13 cm>. The volume images were
viewed using several display modes, including maximum
intensity projection (MIP), multiplanar reformatting for
viewing sections through the volumes at arbitrary angles,
surface or volume rendering of the vessels, and radio-
graphic reprojection. Display threshold (window and level)
could be selected interactively (after reconstruction) to
provide optimum visibility of vascular detail.

Total Image Acquisition Time

This issue was addressed by suitably modifying the
drive motor on the C-arm of the prototype high-speed
digital angiographic unit. The speed of rotation was in-
creased to 45° per second, a threefold increase over the
conventional system. The total acquisition time was 4.4
seconds during a rotation through 200°. The configuration
of the digital imaging system allowed acquisition of im-
ages at up to 30 frames per second, ensuring that at least
130 images were acquired per rotation.

X-Ray Image Intensifier (XRII) Distortion Correction

Distortion in XRlls can be separated into two categories:
that caused by mapping of a flat image onto a curved input
phosphor (pincushion distortion), and that caused by the
deflection of electrons in the earth’s magnetic field. The
first effect is independent of the orientation of the XRII;
however, the second effect depends on the path of the
electrons through the earth’s magnetic field and is there-
fore dependent on orientation. We characterized and cor-
rected for both effects by fixing a rectilinear grid of small
steel beads (1.66 mm in diameter, with a center-to-center
spacing of 1 cm) to the front of the XRIl. Correction was
achieved by ensuring that the beads maintained their exact
spacing and absolute location in every image. A different,
angle-dependent correction must be applied to each image.
This technique has been described in detail elsewhere (9).

C-Arm Stability

Several effects cause the motion of the C-arm to deviate
from a perfect circular path during image acquisition. Sag
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Fig 1. A, Photograph of the lucite model of the ca-
rotid bifurcation with a 30% stenosis (according to the
NASCET index).

B, MIP image through a 3-D CT reconstruction of one
half of the model of the carotid bifurcation. The 2-D
projection data were not corrected for XRII distortion
and gantry instability before reconstruction. Note signif-
icant blurring at the bifurcation and halo artifacts at the
periphery of the vessels.

C, MIP image through a 3-D reconstruction of the
same data after corrections were made for XRII distor-
tion and gantry instabilities.

D, Double oblique MIP image through the full 3-D
data set of the bilateral neck phantom shows normal
(left) and 30% stenosed (right) vessels.

V'L

occurs as a result of the weight of the material suspended
at the two ends of the C-arm, transient vibration occurs
during the acceleration of the C-arm, and a spiraling mo-
tion may result from the gears that drive the rotation of the
C-arm. All three effects must be corrected for before an
accurate reconstruction can be achieved.

We characterized these motions by tracing the center of
a high-contrast object (a large steel ball, 16.2 mm in
diameter, which was fixed to the angiographic patient ta-
ble) from frame to frame as the C-arm rotated. The cor-
rection approach we used was based on two assumptions:
first, that the motion of the C-arm/imaging chain is repro-
ducible during rotation and, second, that the deviations
from a perfect circle are small. Under these conditions,
motion of the C-arm may be corrected by applying sub-
pixel shifts to the images as a function of angle of acqui-

sition. The details of the correction have been described
previously (9).

The impact of the corrections for XRII distortion and for
C-arm stability was demonstrated by imaging a model of
the carotid bifurcations of the neck. The model (Fig 1)
consisted of a 16-cm-diameter cylinder filled with water,
into which were placed two anthropomorphic phantoms of
the carotid bifurcation (10, 11). The bifurcations were
filled with 150 mg/mL iodinated contrast agent, and im-
ages were acquired using the conventional angiographic
unit. It is important to test the correction processes in a
model for which the geometry of the vessels is known
exactly—one of the bifurcations represented a 30% steno-
sis (according to the North American Symptomatic Ca-
rotid Endarterectomy Trial [NASCET] index [12]) and the
other was normal (—60% by the NASCET index).
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Impact of In Vivo Motions on Reconstructions

We expected that the pulsatile nature of blood flow, the
change in diameter of the blood vessels during the cardiac
cycle, and motion caused by the respiratory cycle would
have a significant effect on our ability to reconstruct 3-D
volume data sets. To test this hypothesis, we obtained in
vivo images of the intracranial vessels of a 20-kg anesthe-
tized pig. These were preliminary images, obtained during
a 4.4-second imaging sequence of the high-speed angio-
graphic unit. Contrast agent (300 mg/mL) was injected
into the left carotid artery at 3 mL/s over 6 seconds (total
contrast of 18 mL). The 3-D volume was reconstructed
using the Feldkamp technique after applying the above
corrections for XRII distortion and C-arm instability.

Reconstruction in the Presence of Dense Material Such as
Bone

The reconstruction technique we used is the standard
algorithm used in CT scanners today. We therefore ex-
pected the presence of artifacts at the boundaries between
materials of different densities to be significant. In addition,
we thought our ability to detect small objects might be
limited by the relatively small number of two-dimensional
projections used to reconstruct the volumes. To test this
hypothesis, we reconstructed an ex vivo human skull (The
Phantom Laboratory, Salem, NY). The skull was placed in
air, and 100 projection images were acquired using the
conventional system. The 3-D volume was reconstructed
using the stacked-fan beam convolution back-projection
technique after applying the above corrections for XRII
distortion and C-arm instability.

Results
Total Image Acquisition Time

To acquire a data set sufficient for recon-
struction, we required the C-arm to rotate
through 200° with a constant velocity. Measure-
ment of the time course of the modified C-arm
after the initiation of rotation indicated that ac-
celeration to 45° per second occurs in under 0.5
seconds. The C-arm then rotates smoothly at
45° per second, with a standard deviation of
approximately 1.5% in velocity (maximum de-
viation from the average of 7%) through the
required 200°. Modifications to the system al-
lowed rotation through 200° within 4.4 seconds.

XRII Distortion Correction

A previous investigation (9) has shown that it
is possible to correct for image distortion such
that the mean residual error is only 0.07 pixels.
This represents a mean displacement, after cor-
rection, of only 0.04 mm. The maximum dis-
placement, after correction, was found to be
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0.26 pixels, or only 0.13 mm. The spatial dis-
tribution of the small amount of distortion that
remains after correction does not demonstrate
any particular pattern, which indicates that all
regions of the XRIl have been properly corrected
for distortion and can be used to calculate 3-D
volume reconstructions.

C-Arm Stability

Our technique for characterizing nonstandard
motions of the C-arm indicates that, although
some motions of the C-arm are significant, the
C-arm motion is reproducible to within =0.13
pixels, or 0.07 mm (9). We can therefore cor-
rect for all categories of nonstandard motions of
the C-arm by applying a predetermined shift to
each projection image before calculating the
3-D volume reconstructions.

The results of the reconstruction of the con-
trast-filled vessel phantom (Fig 1) illustrate our
ability to correct for both XRII distortion and
nonstandard motions of the C-arm. The zone of
blurring in 3-D reconstructions using uncor-
rected data (Fig 1B) can be as large as 1 cm in
extent in the axial direction owing to the spiral-
ing motion of the C-arm as it rotates. In the
lateral direction, image blur in the uncorrected
data is caused mainly by the angle-dependent
distortion in the XRIl. To verify the geometric
fidelity of the images generated from corrected
data, we measured the percentage of stenosis
on the MIP image and found it to be 33% (by
diameter), which compares well with the true
value of 30%. Filling with 50% contrast agent
produced a signal of approximately 8800
Hounsfield units (HU) on a background noise of
approximately 160 HU in the reconstruction.

Impact of In Vivo Motions on Reconstructions

The 3-D reconstruction of the intracranial
vessels of an anesthetized pig (Fig 2) illustrates
our ability to reconstruct vessels in the presence
of pulsatile flow, cardiac pulsation, and respira-
tory motion. The measured signal in the left
carotid vessel lumen was approximately 11 000
HU on a background noise of about 160 HU in
the reconstruction. Of particular interest in this
3-D volume image is the clear reconstruction of
the vessels intracranially on the right. In this
case, the right common carotid artery and jug-
ular vein were occluded, and delayed filling of
the right side of the brain therefore occurred
through the rete (Fig 2E). Filling was, however,
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Fig 2. Comparison of a single 3-D volume reconstruction of an anesthetized pig with the original 2-D radiographic projections.

A and C, Lateral and anteroposterior views in MIP through the 3-D volume.

Band D, 2-D lateral and AP projection images, matched to A and C. Note the faithful reconstruction of small vessels in the MIP images
as compared with the vessels that are visible in the 2-D projection images.

E, Craniocaudal MIP image through the 3-D volume. This view is not normally available to the interventionalist during patient
treatment. The small, straight object (center bottom) to the right of the carotid indicates the presence of a high-contrast marker within

the endotracheal tube.

delayed by approximately 0.5 seconds relative
to the initiation of injection and image acquisi-
tion. This delay (and the resultant presence of
inconsistencies in the acquired data set) does
not seem to have a detrimental impact on the
quality of the reconstruction as compared with
the original projection images.

Image Reconstruction in the Presence of High-
Density Tissue Such as Bone

A 3-D volume data set of the skull was pro-
duced (Fig 3). Artifacts within the bone were

relatively low, and fine detail was easily visible
in the sections, although some ripple in the sur-
face of the bone was present in the surface-
rendered images. This was probably due to the
relatively low number of views (about 100) that
were used to generate the reconstruction. The
absence of other artifacts may be attributed to
two factors: first, the system has isotropic res-
olution (ie, the same pixel spacing in all three
directions) and, second, the pixels are small.
Both characteristics reduce nonlinear partial
volume effects and therefore lead to fewer arti-
facts.
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Fig 3. A, Anteroposterior view of the
reconstructed 3-D volume of the human
skull, shown in surface rendering. Some
ripple on the surface is noted, which is due
to the low number of projections used in
the reconstruction.

B, A multiplanar reformatted section
through the 3-D volume shown in texture
map. Note the faithful reconstruction of
fine bony detail.

Discussion

One of the main concerns when this system
was originally under design was the total time
required for injection of contrast material. Al-
though a long injection time would necessitate a
substantial volume of contrast agent, the total
amount could be reduced by using contrast di-
luted to 50% or 25% of the original concentra-
tion (typically, 300 mg/mL of iodine). Even for
a 6-second injection of full-strength contrast
agent, the 18 mL required for a single 3-D re-
construction represents less than 20% of the
average required for a standard angiographic
(ie, noninterventional) procedure (13). Nonin-
terventional procedures sometimes require as
much as 200 mL of contrast material, and in-
terventional procedures would generally be at
the high end of the standard range. Of more
concern was the replacement of blood by the
contrast agent, with a potential for injury to the
brain from oxygen debt accompanying a very
long injection time. The modifications made
to our high-speed unit reduced the total time
required for data acquisition, thus shortening
the required injection time to less than 5
seconds.

A second concern was the additional radia-
tion dose to the patient that would be required
for a single 3-D reconstruction of the intracra-
nial vessels. From measurements made on an
anthropomorphic phantom, we estimated that a
tube current of 500 mA and an exposure time of
15 milliseconds per frame (100 frames total)
would be required to produce adequate signal-
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to-noise ratio in a 3-D volume of human cere-
bral vessels. For our system, this corresponds
to an entrance exposure of approximately 30
mQy, which is well below the limit for determin-
istic effects, such as temporary epilation (3 Gy)
and erythema (6 Gy) (14-16). In addition, since
the images are acquired during tube rotation,
the entrance exposure is distributed over a large
skin area, further reducing the deterministic ef-
fects of the imaging protocol (17).

In patients, conversion of the estimated en-
trance exposure to effective dose yielded a
value of 0.1 mSv. This value corresponds to
only 6% of the average total effective dose re-
ported for patients undergoing treatment of an
aneurysm with Guglielmi detachable coils (18).
In fact, use of this computed rotational angio-
graphic image technique may lead to an overall
reduction in dose for the procedure, since the
ability to visualize the 3-D volume from arbi-
trary angles (thereby obtaining an unobstructed
view of the aneurysm’s mouth) may reduce the
number of digital subtraction angiographic
(DSA) acquisitions required.

Several groups have combined the real-time
imaging capabilities of XRII-based fluoroscopy
with the advantages of 3-D CT by mounting an
XRIl on a CT gantry (19-21). This configuration
avoids the problems of C-arm instabilities that
we have addressed; however, the range of view
angles available during fluoroscopy is limited by
the CT gantry. In addition, this new equipment
would be prohibitively expensive, because of
the specialized gantry, and would not serve as
an adequate replacement for conventional CT
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in other, nonangiographic applications, owing
to reduced precision (ie, increased noise re-
duces the ability to differentiate between differ-
ent soft tissues).

An alternative method for producing 3-D re-
constructions using a C-arm mounted XRII sim-
ilar to ours has been proposed by other investi-
gators (A. Sen, H. Hsiung, B. A. Schueler, M. S.
Patel, R. E. Latchaw, X. Hu, “Three-dimensional
Reconstruction of Vasculature with Limited An-
giographic Projections” (abstract), Radiology
1995;197[P]:328). Their technique is based on
the use of an algebraic algorithm to reconstruct
the vasculature from a limited number of DSA
projections. As with all DSA techniques, a dou-
bling of the total time for image acquisition oc-
curs, because two images at each angle are
required, one for the mask and one during in-
jection of contrast material. Since reconstruc-
tion is being performed from a limited number
of views, the total radiation dose is not doubled
as compared with our approach. Limited-view
reconstruction algorithms perform best with
subtracted projection views, making this ap-
proach very sensitive to image alignment errors
and to patient motion between mask and con-
trast images. Reconstruction from subtracted
images does have the advantage of removing
the bone structures before reconstruction, cir-
cumventing the need for postreconstruction
segmentation of the images; however, given the
high contrast of the vessels in the 3-D images
produced by using selective arterial injection,
segmentation of bone without affecting the vas-
culature is relatively easy. Even in helical CT
images, in which the injection is intravenous
and vascular contrast is lower, removal of the
bone has been done successfully (22). In addi-
tion, selective arterial injection generates a vas-
cular signal well above the signal from the sur-
rounding bone (on the order of 8000 HU in
vessels compared with 2200 HU in bone), mak-
ing our technique ideal for MIP rendering.

Comparison with conventional CT examina-
tions indicates that our new imaging technique
has several advantages. The most important is
the ability to produce the 3-D images during the
interventional procedure. A second is the pos-
sibility of acquiring all data necessary for recon-
struction during a single breath-hold, which re-
duces the possibility of motion artifacts. In
addition, since the contrast injection is selec-
tive, less contrast agent is required and the ves-
sel contrast is increased. Because projection
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data are acquired using a 2-D detector, a vol-
ume covering more of the intracranial vascula-
ture can be reconstructed from a single set of
projection images, with an isotropic voxel size
over the entire volume of interest, which is
smaller than that attainable with any other cur-
rently available 3-D imaging technique. Al-
though the pixel size is larger than that achieved
with DSA, we consider the provision of 3-D
images an augmentation to rather than a re-
placement for current 2-D imaging techniques.
Additionally, for these preliminary investiga-
tions, we used the coarsest digitization mode of
the XRIL. In the future, we plan to generate re-
constructions with pixels of approximately
0.25-mm isotropic cubes by using the high-
resolution digitization mode. Finally, the modi-
fications required to increase the velocity of ro-
tation of the high-speed angiographic unit do
not restrict the normal operation of the C-arm,
thus preserving the usual choice of viewing an-
gles during DSA cine imaging and real-time
fluoroscopy.

In conclusion, we have developed true 3-D
computed rotational angiography using an XRII
system. The acquisition and reconstruction of
data for this technique are feasible during neu-
roendovascular therapeutic procedures. Com-
puted rotational angiography has the potential
to enhance the understanding of geometric 3-D
relationships between aneurysmal mouths and
adjacent branches.
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