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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

Comparison of the two imaging systems used for data acquisition

Conventional
System

High-Speed
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.
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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 3 13 3 13 cm3. 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 XRIIs 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 XRII. 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.
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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 (260% by the NASCET index).








