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The authors compared volume render-
ing with maximum intensity projection
(MIP) and shaded surface display as a
technique for generating three-dimen-
sional (3D) images of the vasculature
from spiral computed tomography (CT)
data sets. In four patients with patho-
logic splanchnic vasculature, the ad-
vantages of volume-rendered dis-
play are illustrated for depiction of 3D
vascular anatomy, vascular and visceral
interrelationships, variant vasculature,
tumor encasement, and hepatic tumor
localization for presurgical planning.
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MANY authors have reported the
clinical utility of computed tomo-
graphic (CT) angiography with maxi-
mum intensity projection (MIP) and
shaded surface display (1-4). Volume
rendering is a third technique for gen-
erating three-dimensional (3D) images
from CT data sets, but traditionally
computer constraints have limited its
use (5). Recent advancements in data
collection, computer processing, and
display technology, however, have
transformed volume rendering into a
practical, versatile, and potentially
more accurate means of creating CT
angiograms (6).
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CT angiography with volume render-
ing has a number of theoretical advan-
tages over MIP and shaded surface dis-
play (7-9). Relative voxel attenuation is
conveyed through a gray scale in the fi-
nal image, which yields images that are
more accurate than those rendered with
shaded surface display. The volume-
rendered images maintain the original
anatomic spatial relationships of the CT
data set and have a 3D appearance, fa-
cilitating interpretation of vascular in-
terrelationships, which is limited with
MIP images. These two qualities of vol-
ume-rendered CT angiography are es-
sential to imaging abdominal vascula-
ture, particularly the splanchnic vessels.
Heath et al elucidate many of the
strengths of volume rendering with CT
arterial portography (7). We performed
this study to evaluate the clinical appli-
cation of volume rendering in abdomi-
nal vascular imaging, with use of spiral
CT data sets.

Materials and Methods

Technique.—All CT scans were ac-
quired with a Somatom Plus or Plus-S
Scanner (Siemens Medical Systems,
Iselin, NJ). One hundred to one hun-
dred twenty milliliters of nonionic con-
trast material (Omnipaque 350; Nycomed,
Princeton, NJ) (350 mg of iodine per
milliliter) was infused intravenously at
a rate of 2-3 mL/sec. With settings of
210 mAs and 120 kVp, spiral CT was
initiated 20-25 seconds after the start of
infusion of contrast material for arterial
examinations and after 60 seconds for
venous examinations; scan duration
ranged from 24 to 32 seconds. Each ex-
amination was performed with table
incrementation and collimation ranging
from 4 to 8 mm and with reconstruction
every 2-4 mm.

Once the CT scan was acquired, it
was transferred to a workstation (Sparc-
20; Sun Microsystems, Mountain View,
Calif), where the images were viewed
as consecutive axial sections and edit-
ing could be performed with IPDoc
software (Advanced Medical Imaging
Lab, Johns Hopkins Hospital, Balti-
more, Md). Editing was directed to ex-
clude bone and was performed manu-
ally on each axial image. After editing,
the CT data set for each case was trans-
ferred to a free-standing workstation
(Crimson with Reality Engine; Silicon
Graphics, Mountain View, Calif). Alter-
natively, real-time editing was possible
at the Reality Engine workstation.
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Figure 1. Window-level transfer function.

The height of the function dictates voxel
opacity or brightness. Window level corre-
sponds to the midpoint of the upslope of the
function and can be moved higher to selec-
tively incorporate high-attenuation voxels
in the data set. Window width correlates
with the length of the horizontal axis over
which the upslope of the transfer function
runs. A larger window width translates to
more slowly rising upslope and increased
image gray scale. By decreasing the window
width, the contrast increases as a result of
the increased rate of upslope.

Computer-processing algorithms.—The
initial step in volume rendering is gen-
eration of a voxel-intensity histogram. A
transfer function, in the form of a “win-
dow-level” function in these cases, maps
each voxel in the histogram for opacity
and color, as shown in Figure 1. Interac-
tive modification of the transfer function
is performed at the workstation and al-
ters the 3D display. The number of
voxels incorporated, voxel opacity and
brightness, and gray scale of the 3D im-
age can be adjusted. The opacity or
brightness of the voxels can be increased
or decreased by regulating the height of
the transfer function, which determines
the relative transparency or brightness,
respectively, of the voxels incorporated
into the image. Practically speaking,
modifying opacity alters visualization of
structures that are positioned posteriorly
to other structures. Increasing the voxel
transparency by decreasing opacity en-
ables the viewer to visualize anatomic
structures through other more anteriorly
positioned structures.

As diagrammed in Figure 1, the trans-
fer function has two other important pa-
rameters, which we arbitrarily label
“window width” and “window level,”
similar to window width and window
level in a conventional CT image. These
parameters modify the display by con-
trolling the number and attenuation of
voxels incorporated, as well as the gray
scale of the 3D image. Window width
controls contrast, and window level dic-
tates the number and attenuation of
voxels integrated into the final image.
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In a 48-year-old woman with hepatoma, (a) volume-rendered image of liver shows low-attenuation lesion along the surface of

the midportion of the right lobe, with peripheral enhancement. (b) The correlative window-level transfer function. (¢) Volume-rendered

image in anterocoronal projection, with clip plane. Low-attenuation tumor is lateral to the middle hepatic vein (arrow). (d) Window-level
transfer function, with brightness and opacity minimally altered from b; application of clip plane enables visualization of the intrahepatic
tumor and middle hepatic vein (Fig 3 continues).

Figure 2. Volume-rendered image of the ab-
domen in the anterosuperior orientation was
obtained with use of clip planes to remove
ribs and bowel. Hepatic artery (straight black
arrow) originates from the aorta, adjacent to
the celiac artery (white arrow). Renal arteries
(curved arrows) are also depicted.

The ramp of the transfer function shown
in Figure 1 dictates the gray scale in the
final image. By increasing the window
width, the slope of the ramp decreases,
which increases the gray scale (for cer-
tain values of window level). Alterna-
tively, by decreasing the window width,
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the upslope of the transfer function in-
creases and image contrast increases,
which enhances visualization of high-at-
tenuation vessels exclusive of surround-
ing soft-tissue structures.

The capacity to display the vascula-
ture with a gray scale, by increasing the
window width, distinguishes volume
rendering from the binary classification
used with threshold selection in a
shaded surface display. Each voxel is
classified according to its constituent
tissue types, and volume-averaged
voxels are accordingly displayed with
a gray scale in the final image. This is
in contradistinction to the thresholding
algorithm used in shaded surface ren-
derings, in which voxels incorporated
into the 3D image are assumed to be
composed of 100% of a tissue type and
shading is computer generated. The
transfer function used in volume ren-
dering classifies all the voxels in the
data set. Those voxels positioned under
the ramp of the function are displayed
with gray scale to reflect volume aver-
aging of different tissue types within
one voxel; the voxels located under the
horizontal portion of the transfer func-

tion are classified as 100% of a tissue
type. Adjustment of window width and
window level is performed interactively
in real time at the workstation to dis-
play vasculature optimally.

Window level dictates the range of
voxel intensities included under the
ramp portion of the transfer function
and incorporated into the 3D image, by
determining the midpoint of the up-
slope of the transfer function. By in-
creasing the window level, the voxels
with lower attenuation are excluded
and only a portion of the data set are
displayed. A higher window level dis-
plays only high-attenuation structures
(contrast material-enhanced vessels and
bone). Conversely, a decrease in the
win- dow level yields an image com-
posed of lower attenuation visceral
structures and higher attenuation vascu-
lature or bone. The final image com-
prises pixels that are each formed by a
weighted summation of the voxels
along a line that runs through the vol-
ume; the location in the 3D volume and
the attenuation of each voxel in the data
set are parameters in the “weighting”
process (9). The pixels in the volume-
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Figure 3 (continued) (e) Anterior volume-rendered image was obtained with parameters adjusted to depict hepatic veins (arrow [on middle
hepatic vein]); the level and window were both decreased. (f) Window-level transfer function reveals decreased window width, which ac-

counts for increased image contrast. (g) Anterior volume-rendered image with clip plane manipulated to depict the hepatic artery (arrow)

coursing alongside the portal vein. Hepatoma is located superior to the portal vein. (h) Window-level transfer function is similar to b.

rendered image, accordingly, convey
3D information inherent to the original
data set. The final 3D image can be ro-
tated and viewed in any orientation.

A form of real-time editing can be
performed at the workstation that obvi-
ates more time-consuming manual edit-
ing. User-prescribed clip planes excise
slabs of data from the data set with use
of a plane that can be positioned in any
orientation or depth. This enables visu-
alization of anatomy in the center of the
volume that would otherwise be ob-
scured by peripheral structures. Spe-
cifically, vasculature can be visualized
by interactively editing bone. With the
clip planes, a diagnostically useful 3D
image of the vasculature can be ren-
dered literally minutes after the scan
has been acquired. Figure 2 illustrates
how an unedited CT data set can be
rendered with clip planes to display
the vasculature, despite the administra-
tion of oral contrast material.

Results

Versatility of real-time rendering.—Be-
cause the algorithm incorporates the
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entire data set into the rendering, the fi-
nal 3D volume-rendered image can be
modified at the workstation to selec-
tively visualize vessels, organs, or both
and to increase conspicuity of tumor.
Furthermore, the respective vascular
and visceral 3D relationships are main-
tained. The MIP algorithm produces
images deficient in data beyond the
vasculature and most enhancing vis-
cera. A MIP image depicts intraparen-
chymal vessels, but it fails to properly
convey the relationships of extraparen-
chymal vasculature to viscera in an ac-
curate 3D representation, as shown in
Figure 4b. One clinical application of
this advantage of volume rendering is
determination of the relationship of he-
patic tumors to liver vasculature for
presurgical planning, as shown by
Woodhouse et al (14) and Heath et al
(7). Figure 3 illustrates how manipula-
tion of contrast and opacity in the vol-
ume rendering improve visualization
of tumor or intrahepatic vasculature, as
well as the potential to depict the extra-
hepatic vasculature, which is important
in determining variant anatomy preop-
eratively.

Vascular interrelationships.—Essential
to proper evaluation of vasculature is
determination of vascular interrelation-
ships. Volume rendering properly con-
veys vessel depth and enhances inter-
pretation of vascular relationships,
which is important in diagnostic imag-
ing and presurgical planning. Further-
more, the final image is an accurate de-
piction of anatomic spatial relation-
ships and can be rotated in any orien-
tation at the workstation, unlike a MIP
image. Figure 4 illustrates how the vol-
ume rendering of the celiac artery and
superior mesenteric artery accurately
conveys vascular interrelationships. Be-
cause the MIP algorithm selects only
the highest intensity voxel, the final im-
age fails to depict overlapping vessels.

Accuracy.—No valid claims to accu-
racy can be made for volume rendering
without a statistical comparison of vol-
ume rendering to conventional angiog-
raphy. It can be asserted and illus-
trated, however, that the capacity to
properly convey vascular and visceral
spatial interrelationships and to depict
vessels with depth results in 3D images
that are anatomically more accurate
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Figure 4.

b.

Images were obtained in a 39-year-old woman with chronic pancreatitis and pancreatic pseudocyst depicted at spiral CT (not

shown). (a) Anterior volume-rendered image shows leftward displacement of the superior mesenteric artery and vein (short white arrow),
owing to pseudocyst; window-level transfer function was adjusted to selectively depict enhancing vessels. Hepatic artery (black arrow) and
gastroduodenal artery (long white arrow) are also depicted. The multiple, round hyperattenuating structures near the gastroduodenal ar-
tery are calcifications around the pseudocyst. Increasing the gray scale of the display (not shown) helped distinguish vascular enhancement
from calcification. (b) Image in the same orientation as a was rendered with MIP algorithm. The 3D structural relationships of vessels and
viscera are not maintained; the kidneys appear anterior to the liver and aorta. The origins of the hepatic artery and the gastroduodenal ar-

tery are no longer depicted.

than MIP images, as demonstrated in
Figure 4.

Volume-rendered images are less
prone to the inaccuracies inherent in
shaded surface display, because voxels
that represent a volume average of tis-
sue types are displayed with a gray
scale dictated by the upslope of the
transfer function; shaded surface ren-
derings do not convey information re-
garding the relative attenuations of the
voxels in the original data set. Accord-
ingly, shaded surface renderings do not
depict calcification distinct from vascu-
lar enhancement; volume-rendered dis-
plays can be interactively optimized by
adjusting the window width and win-
dow level to make this important dis-
tinction.

Discussion

A number of authors have previously
described how MIP and shaded surface
display images are rendered (1,7,10-
13). Surface rendering necessitates se-
lection of threshold values to include
all high-attenuation structures and to
depict the vasculature. All voxels above
the threshold are assumed to be com-
posed completely (100%) of enhancing
vasculature (or bone), or not at all (0%)
(8). The computer generates a surface
display of the data incorporated. To
create the perception of depth, the com-
puter projects a light source from a spe-
cific orientation and shades the image
accordingly, so the images have a 3D
appearance, which is an advantage
over MIP (10,11). Because only a por-
tion of the data set is incorporated into
the final image (those voxels on the
generated surfaces), the computer pro-
cessing of shaded surface-rendered im-
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ages has traditionally been faster than
volume rendering (8).

To generate images with MIP, the
computer analyzes the CT data set as a
volume, by projecting rays through the
data set. Along each ray, the voxel of
highest intensity, or attenuation, is se-
lected. Again, this selects for enhancing
vasculature if editing has been per-
formed to remove bone. These high-in-
tensity voxels are displayed as a gray
scale, which enables discrimination of
calcium from vascular enhancement
(10,11,13). The images are two dimen-
sional, but a cine loop of multiple MIPs
can be incorporated to facilitate deter-
mination of vascular interrelationships
(1m.

The advantages of volume rendering
stem from the algorithm used to gener-
ate the 3D image and the computer
hardware presently available for pro-
cessing and display. Real-time render-
ing adds a new dimension to CT an-
giography, the capacity to simulta-
neously evaluate vasculature and vis-
cera, as shown in Figure 5, a tremen-
dous asset in splanchnic vascular imag-
ing. Interaction at the workstation
yields the optimal depiction of the area
of interest as subjectively determined
by the viewer. Modification of the pa-
rameters directly changes conspicuity
and resolution by dictating the gray
scale and contrast. Improvements in
computer processing and speed make
this interactive rendering possible. The
algorithm that generated the volume-
rendered image is responsible for this
advantage, as relative voxel attenuation
and 3D relationships inherent in the CT
data set are retained.

The challenge for CT angiography is
to generate accurate depictions of the

vasculature with resolution comparable
to that of conventional angiography. In
medical imaging, accuracy cannot be
compromised for any other advantage.
Regardless of the rendering technique,
the accurate direct depiction of low-
resolution, small peripheral vessels ne-
cessitates proper acquisition of CT data
by means of spiral technique, with thin
collimation, small reconstruction inter-
vals (15), and rapid enhancement after
bolus administration of contrast mate-
rial (12,16).

In the analysis of renal artery steno-
sis with MIP and shaded surface dis-
play of Galanski et al, the axial images
and multiplanar reformatted images
were superior to MIP and shaded sur-
face display images for diagnosis (3).
Several authors have made recommen-
dations to generate the most accurate
shaded surface display images (17), but
it has been shown that the accuracy of
shaded surface renderings depends on
threshold selection and that stenoses
can be overestimated if the threshold is
too high (3). Furthermore, because
shaded surface renderings do not reli-
ably help differentiate calcification
from vascular enhancement, the degree
of stenosis may be underestimated
(3,4). In a study of 31 patients with re-
nal artery stenoses, Rubin et al (4)
found that the accuracy and sensitivity
of shaded surface display were 55%
and 59%, respectively; these values
were lower than those for MIP (80%
and 92%, respectively). Drebin et al (18)
previously demonstrated that volume
rendering was more accurate than
shaded surface display for depicting
surgically created femur fractures (18).

We found that 3D images of the vas-
culature created from CT data sets by
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superior mesenteric artery (arrow).

means of interactive volume rendering
have several advantages over 3D im-
ages created by means of MIP or
shaded surface display. Future studies
are needed to rigorously compare re-
sults with volume rendering, MIP, and
conventional arteriography. =
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