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Abstract To cope with the increas-
ing amount of CT data, there is
growing interest in direct volume-
rendering techniques (VRT) as a di-
agnostic tool. The aim of this phan-
tom study was to analyze the low-
contrast detectability (LCD) of VRT
compared with multi-planar refor-
mations (MPR). Soft tissue lesions
were simulated by spheres of differ-
ent diameters (3–8 mm). The aver-
age lesion density was 15 HU com-
pared with a background density of
35 HU. Two different CT protocols
with 40 and 150 mAs were per-
formed on a multi-detector row CT.
The scanning parameters were as
following: 140 kV; 2¥0.5-mm slice
collimation; pitch 2 (table move-
ment per rotation/single slice colli-
mation), and reconstruction with
0.5-mm slice thickness at 0.5-mm
interval. A B30 kernel was used for
reconstruction. The VRT was per-
formed by mapping Hounsfield 
values to gray levels equal to a CT
window (center: 60 HU; window:
370 HU ). A linear ramp was ap-
plied for the opacity transfer func-
tion varying the maximum opacity
between 0.1 and 1.0. A statistical

method based on the Rose model
was used to calculate the detection
threshold depending on lesion size
and image noise. Additionally, clin-
ical data of 2 patients with three 
liver lesions of different sizes and
density were evaluated. In VRT,
LCD was most dependent on object
size. Regarding lesions larger than
5 mm, VRT is significantly superior
to MPR (p<0.05) for all opacity 
settings. In lesions sized 3–5 mm 
a maximum opacity level approxi-
mately 40–50% showed a near
equivalent detectability in VRT and
MPR. For higher opacity levels
VRT was superior to MPR. Only for
3-mm lesions MPR performed
slightly better in low-contrast de-
tectability (p<0.05). Compared 
with MPR, VRT shows similar per-
formance in LCD. Due to noise 
suppression effects, it is suited for
visualization of data with high noise
content.
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Introduction

Continuous development in CT technology leads to an
increased quantity and quality of image data. With the
present multidetector row scanners nearly isotropic data
sets can be generated in daily work and with the advent
of 16 channel multidetector row scanners isotropic scans
can be performed routinely allowing high quality three-
dimensional visualization.

A film-based reading cannot cope with this large
amount of data [1, 2]. The present standard for soft copy
reading is multi-planar reformation (MPR) in addition to
cine viewing.

Three-dimensional techniques, such as surface-shaded
display (SSD) and maximum intensity projections
(MIP), are widespread tools for 3D presentation of high
contrast applications such as bone examinations or CT
angiography; however, they are not generally used for
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primary diagnosis as three-dimensional visualization of
these examinations demands a time-consuming manual
or semi-automatic segmentation.

During the past years volume rendering (VRT) has
become another useful method for 3D visualization and
presentation. Due to the increasing computer power and
the development of dedicated acceleration hardware it
can now be realized as a real-time system with standard
personal computers at reasonable costs [3, 4, 5, 6, 7].

Volume-rendering techniques may offer 3D informa-
tion on anatomic structures without preprocessing CT
data; thus, increasing the interest on this technique as a
diagnostic tool. Several attempts have already been made
to use VRT as a means of diagnosis in which VRT
proved helpful in finding an accurate diagnosis in a num-
ber of questions. [8, 9, 10, 11, 12].

In many CT examinations, such as abdominal imag-
ing (e.g., detection of focal liver lesions), a good perfor-
mance in low contrast discrimination is essential.

The aim of this phantom study was to analyze the
low-contrast detectability of VRT compared with multi-
planar reformation (MPR). The results of the phantom
study were compared with clinical examples of low-con-
trast lesions of the liver.

Materials and methods

Data acquisition: phantom

For evaluation of low-contrast resolution a 3D phantom (QRM
GmbH, Moehrendorf, Germany) was used. Soft tissue lesions
were simulated by spheres of different diameters ranging from 3 to
8 mm. The spheres were placed along all three directions. The av-
erage lesion density was 15 HU compared with 35 HU at the back-
ground; thus, the resulting contrast between spheres and surround-
ing “solid fluid” medium was -20 HU (Fig. 1). As low-contrast
resolution is significantly influenced by noise, two different CT
protocols with 40 and 150 mAs were performed on a multi-detec-
tor row CT (Siemens VolumeZoom, Forchheim, Germany); thus,
the performance of VRT could be evaluated for different noise

levels. The remaining scan parameters were as follows: 140 kV;
2¥0.5-mm slice collimation; pitch 2 (table movement per rota-
tion/single slice collimation); and reconstruction with 0.5-mm
slice thickness at 0.5-mm interval. A standard kernel for abdomi-
nal imaging (B30) was used for the reconstruction of the axial
source images. Using a field of view of 256-mm isotropic data
sets with voxel lengths of 0.5 mm were realized. Two mAs set-
tings were used to evaluate the performance of VRT for different
noise levels. Following reconstruction, the data sets were trans-
ferred to the VRT workstation using a DICOM network.

Data acquisition: patients

To clinically evaluate the results of the phantom study, three liver
lesions of different sizes and densities were retrospectively chosen
from multidector-row spiral CT scans of 2 patients (Table 1). All
CT scans were performed on a GE Lightspeed QX/i (General
Electric, Milwaukee, Wis.) 4-channel multi-detector row scanner:
140 kV; 240 mAs; slice collimation 4¥2.5 mm; pitch 6 (table
movement per rotation/single-slice collimation), and reconstruc-
tion with 3-mm slice thickness at 2-mm interval. For further pro-
cessing all data sets were transferred to the VRT workstation using
the DICOM protocol.

Volume rendering

Volume visualization was performed on a standard PC (Dual Intel
Pentium III 1 GHz, 2 GB RAM, GeForce 3 64 MB graphics, Win-
dows 2000) which was equipped with a VolumePro1000 PCI
board (TerraRecon, San Mateo, Calif.) for real-time volume 
rendering. Following data conversion, a Tcl/Tk script utilizing 
the image processing library of the Visualization Toolkit 4.0
(http://www.public.kitware.com/VTK/) with integrated functional-
ity for the VolumePro VP 1000, was used to visualize all data sets.
Depending on the density value of each voxel, a certain color and
opacity was assigned for volume rendering. The transfer functions
were defined as follows: the color transfer function was set to a
standard CT abdomen window (center: 60 HU; window: 370 HU).
The opacity transfer functions were defined as linear ramps at the
same interval as the color transfer function. The ramp started at
0% opacity at the lower end while the maximum opacity was var-
ied between 10 and 100% at the upper end of the window. A step
size of 10% was used (Fig. 2). No gradient-transfer function was
applied as it modulates the opacity. The volume was properly ad-
justed to get a standard, axial viewing direction. By cropping the
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Fig. 1 Low-contrast phantom
composed of spheres in differ-
ent sizes (7¥8 mm, 9¥3–6 mm)
and orientation (longitudinal/
transversal). The spheres
(15 HU) are embedded in 
“solid fluid” (35 HU)



data volume applying a moving, orthogonal cutting plane along
the z-axis, different subvolumes were generated for volume ren-
dering. Cropping was performed at regular intervals equal to the
size of the reconstruction interval (0.5 mm). Each of the resulting
images of the volume rendered subvolumes were saved for further
processing in a standard image format (TIFF).

Image analysis

The Hounsfield values of the lesions in the phantom were assessed
by placing large circular regions of interest (ROI) within the cali-

bration cylinder and in the background. The measured object con-
trast was 19.4 HU for the 150 mAs scan and 17.7 HU for the
40 mAs scan. As no Hounsfield values could be derived from vol-
ume-rendered images, grey level differences were calculated to as-
sess the performance of VRT in comparison with MPR. For MPR
measurements, axial images of 0.5 mm thickness were applied.
Prior to measurements of gray levels on MPR images an abdomi-
nal window (center: 60 HU; width: 370 HU) was applied. All
measurements were performed on the same personal computer
used for volume rendering. For calculation of gray-level differ-
ences ImageJ 1.24 (http://www.rsb.info.nih.gov/ij/) was utilized
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Table 1 Evaluated patient data.
HU Hounsfield units, ROI re-
gion of interest, SD standard
deviation

Patient A 64-year-old woman
History Carcinoid tumor of the small intestine with hepatic metastasis
CT Multiple hypo- and hyperdense lesions
Lesion 1 (arterial phase) ROI lesion: 118 HU (SD±10 HU)

ROI parenchyma: 90 HU (SD±11 HU)
ROI diameter: 14 mm

Lesion 2 (arterial phase) ROI lesion: 23 HU (SD±9 HU)
ROI parenchyma: 92 HU (SD±12 HU)
ROI diameter: 4 mm

Patient B 67-year-old man
History Hepatocellular carcinoma, hepatic cirrhosis
CT Cirrhotic liver; hypodense lesion in segment V
Lesion I (portal venous phase) ROI Lesion: 90 HU (SD±28 HU)

ROI parenchyma: 105 HU (SD±27 HU)
ROI diameter: 20 mm

Fig. 2 Parameter settings for volume rendering: an abdominal
window (center: 60 HU; width: 370 HU) was applied for the color
transfer function. A linear ramp with varying maximum opacity
settings was used for the opacity transfer function. There is an ex-
ponential decrease in “penetration length” with increasing maxi-
mum opacity values (upper left image: white: 0.1/0.2, gray: 0.4;

black: 0.6). The lower the maximum opacity, the higher the pene-
tration length (3D appreciation) and noise suppression. On the
other hand, low maximum opacity values result in decrease of
contrast. Note that the superior mesenteric artery (arrows) is only
visible with maximum opacity settings of 0.1 and 0.2. With 0.4
and 0.6 the penetration length is not sufficient for visibility



for both, volume rendered and reformatted images. The ROIs were
placed in all visible lesions and in the background. The size of
ROIs were chosen to nearly completely fill in the lesions. The
smallest ROIs were used for 3-mm lesions (5¥5 pixels). For each
lesion size 4 ROIs were analyzed. The ROI positions and sizes
were fixed for all transfer functions. The mean gray-level value
and the standard deviation (SD) were measured for each ROI in
every volume-rendered image. Contrast was calculated as the dif-
ference in mean brightness between the ROI and the background
in the same image. Signal-to-noise ratio (SNR) was defined as the
ratio of contrast to SD of the background.

Low-contrast detectability

Low-contrast detectability was measured using a statistical, read-
er-independent method. Similar methods have been previously
published [13, 14] and are used by GE Medical Systems to mea-
sure the LCD published in their LightSpeedPlus technical data
sheet.

During the 1940s Rose proposed a formula to calculate a mini-
mum SNR for the detection of small circular objects in the pres-

ence of poisson-distributed image noise [15]; however, due to the
fact that CT noise has a unique characteristic and is not regularly
distributed, the measurement of the pixel noise itself is only of
limited interest in determining the LCD. Instead, the standard de-
viation of the means of several ROIs placed on the image is more
useful to determine the LCD. Basically, the dependencies between
object size and noise characteristics are taken into account by per-
forming noise analysis for different object sizes. Assuming a nor-
mal distribution of the means, a prediction can be made about the
minimum contrast necessary for the detection of an object of the
same size (area) as the ROI (Fig. 3). The measurement can be re-
peated with different ROI sizes in order to obtain a contrast dis-
crimination function (CDF). In this study, we made use of this sta-
tistical method to analyze the influence of VRT on LCD. For VRT,
a transfer function was applied to the data set; thus, noise had to
be analyzed on the basis of gray values instead of Hounsfield
units. Nevertheless, this method is applicable, as it does not re-
quire a regular noise distribution.

In practice, an array of square ROIs was placed on the center
of a uniform part of the phantom, the mean gray values were mea-
sured, and the standard error of the means was calculated (Fig. 4).
This measurement was repeated with ascending ROI sizes from 
12 to 152 pixels for all opacity settings. Beween 100 to 5625 sepa-
rate calculations were performed for each parameter setting. The
distribution of the means was checked for normal distribution
(Kolmogorov-Smirnoff test) and then multiplied by the factor 3.29
(for a 95% confidence interval) to obtain the minimum contrast
necessary for detection. Mathematica 4.0 with Digital Image Pro-
cessing Add-On (Wolfram Research, Champaign, Ill.) was applied
for this computation.

For comparison of volume-rendered images to MPR using pa-
tient data, only contrast-to-noise ratios (CNR) were calculated as
the statistical model was not applicable. This was due to the lack
of a homogenous background on patient data which is necessary
for computing the size-dependent noise frequency spectrum.

Results

Phantom study

For both phantom scans, the resulting gray-level differ-
ences between lesion and background for different opaci-
ty settings and MPR are summarized in Table 2. With in-
creasing maximum opacity settings the image contrast
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Fig. 3 Distribution of the mean CT value of the background and
the object to be detected (assuming normal distribution). If the
true CT value of the object is equal to 3.29s standard deviation of
the means, it can be detected at a 95% confidence interval

Fig. 4 Analysis of image
noise: an array of square re-
gions of interest (ROIs) is
placed at the center of the im-
age. Mean intensity is mea-
sured for each ROI. The stan-
dard error in the means is cal-
culated and used to make a pre-
diction about the minimal con-
trast necessary for detection of
a lesion of the same size as the
square ROIs. Analysis is re-
peated for different ROI sizes
to obtain a function of detect-
ability depending on lesion size



also increases but never reaches the image contrast in
MPR for all evaluated lesion sizes. But concurrently, the
magnitude of noise also increases with higher maximum
opacity values and is highest on MPR images (Table 3).
As expected, higher gray-level differences were neces-
sary for visibility with decreasing lesion size; however,
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Table 3 Image noise depending on applied scan dose (40 vs
150 mAs). Absolute SD is given in parentheses. Noise contribu-
tion increases with higher maximum opacity values and is highest
on MPR images for both the 40- and the 150-mAs scan

Maximum Scan protocol
opacity (%)

40 mAs 150 mAs

10 1.275 (±0.03) 1.24 (±0.017)
20 1.658 (±0.05) 1.31 (±0.056)
30 2.025 (±0.07) 1.50 (±0.072)
40 2.321 (±0.09) 1.60 (±0.081)
50 2.616 (±0.11) 1.76 (±0.084)
60 2.858 (±0.13) 1.86 (±0.088)
70 3.058 (±0.15) 1.90 (±0.089)
80 3.34 (±0.18) 2.00 (±0.093)
90 3.521 (±0.20) 2.08 (±0.100)

100 3.732 (±0.22) 2.16 (±0.105)
MPR 7.261 (±0.51) 3.88 (±0.245)

Fig. 5 Visibility of volume-rendered images against multi-planar
reformations (MPR) for the a 40-mAs and b 150-mAs scan (visi-
bility of MPR is 100%). For lesions ≥5 mm a maximum opacity
setting of 0.4 or larger allow a better visibility than MPR. For
smaller lesions (3–4 mm) a maximum opacity setting of 0.5 or
higher is required for the same visibility



interestingly, MPR needed much higher gray-level dif-
ferences for detection than VRT for all lesion sizes 
(Table 4).

In Table 5 the quotient was formed of measured 
contrast and calculated minimum gray-level difference: 
1 represents the detection threshold, values lower than 
1 mean not visible. In comparison with MPR a maxi-
mum opacity level around 40% showed a near equivalent
detectability in VRT for lesion sizes of 5 mm and is only
slightly inferior for smaller lesions. For larger lesions
this setting is significantly superior to MPR (Fig. 5);
thus, a linear ramp with a maximum opacity value of 0.4

appeared to be a good start for viewing. This is true for
both, the 150- and the 40-mAs scans, indicating that op-
timal presets for VRT are mostly independent of the
noise magnitude. In Fig. 6 MPR and three different max-
imum opacity settings are put side to side. At first glance
MPR looks superior to VRT, but this is due to the differ-
ent image characteristics of VRT. At a closer look the
5 mm and larger lesions are equally/better delineated in
the VR images for maximum opacity values of 0.4 and
0.6, especially in the noisy 40-mAs data. The 4-mm
spheres show an equivalent performance to MPR for
maximum opacity of 0.6. The visibility of 3-mm lesions
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Table 4 Calculated minium gray-level difference necessary for
detection. The detection thresholds at a 95% CI were calculated
utilizing a statistical analysis of image noise in the VRT/MPR im-
ages. The necessary image contrast for a particular lesion size de-

creases with lower opacity values. This is due to the noise sup-
pressing effect of volume-rendering techniques (VRT) and partial-
ly compensates the observed loss in image contrast

Maximum Lesion diameter
opacity (%)

3 mm 4 mm 5 mm 6 mm 8 mm

40 mAs 150 mAs 40 mAs 150 mAs 40 mAs 150 mAs 40 mAs 150 mAs 40 mAs 150 mAs

10 3.9 2.5 3.4 2.2 3.1 2.2 3.1 2.1 2.6 1.9
20 4.7 2.9 4.2 2.5 3.6 2.4 3.4 2.2 2.8 2.0
30 5.6 3.4 4.8 2.9 4.1 2.6 3.8 2.4 3.1 2.1
40 6.3 3.7 5.4 3.2 4.5 2.8 4.1 2.5 3.3 2.2
50 7.0 4.0 6.0 3.4 4.9 3.0 4.5 2.6 3.5 2.3
60 7.7 4.2 6.6 3.6 5.4 3.1 4.8 2.7 3.7 2.4
70 8.3 4.5 7.1 3.8 5.8 3.3 5.1 2.8 3.9 2.4
80 9.2 4.8 7.7 4.1 6.3 3.5 5.6 2.9 4.3 2.5
90 9.6 5.0 8.1 4.2 6.6 3.6 5.7 3.0 4.4 2.5

100 10.2 5.3 8.6 4.5 7.1 3.8 6.1 3.2 4.7 2.6
MPR 20.1 10.1 16.5 8.7 14.0 7.1 11.6 6.1 9.3 4.7

Table 5 Variation of visibility depending on applied transfer function and lesion size

Maximum Lesion diameter
opacity (%)

3 mm 4 mm 5 mm 6 mm 8 mm

40 mAs 150 mAs 40 mAs 150 mAs 40 mAs 150 mAs 40 mAs 150 mAs 40 mAs 150 mAs

10 – 0.6– 0.1– 0.7– 0.3– 0.7– 0.5– 0.9– 1.3 1.7–

20 – 0.8– 0.4– 1.1– 0.8– 1.4– 1.0– 1.7– 2.0+ 2.7
30 – 1.0– 0.5– 1.4– 1.0– 1.8 1.3 2.3 2.5+ 3.3
40 – 1.1– 0.7 1.6 1.2 2.0 1.4 2.7+ 2.7+ 3.9+

50 – 1.2 0.7 1.9 1.3 2.3 1.6+ 3.0+ 2.9+ 4.2+

60 – 1.3 0.8 2.0 1.4+ 2.5 1.7+ 3.3+ 3.0+ 4.5+

70 – 1.3 0.8 2.1 1.4+ 2.5 1.7+ 3.4+ 3.0+ 4.7+

80 – 1.3 0.9 2.1+ 1.4+ 2.6+ 1.7+ 3.4+ 2.9+ 4.7+

90 – 1.4 0.9 2.2+ 1.5+ 2.6+ 1.8+ 3.5+ 2.9+ 4.9+

100 – 1.4 0.9 + 2.2+ 1.4+ 2.6+ 1.8+ 3.4+ 2.9+ 4.8+

MPR – 1.4 0.7 1.9 1.2 2.1 1.3 2.3 1.6 3.0

The numbers are the quotient of measured contrast and calculated
minimum gray-level difference necessary for detection. A relative
visibility of 1 represents the detection threshold. Maximum opaci-
ty settings with equal or better performance than MPR are bold-
face. Note that with increasing size, lower maximum opacity val-
ues can be used without losing visibility against MPR. Very small
lesions (£3 mm) do not allow low opacity settings while in lesions

≥8 mm VRT even equals MPR’s low-contrast detectability at a
20% opacity level. +/- indicate significant (p<0.05) difference to
MPR.+ indicates superior, - inferior visibility compared with
MPR. No measurements could be attained in the 40-mAs scan for
3-mm lesions (dashes), as the lesions could not be clearly identi-
fied



in VRT is inferior to MPR for the depicted maximum
opacity settings.

Clinical cases

As explained in “Materials and methods” the statistical
model was not applicable to clinical data. For compari-
son of volume rendered images to MPR using patient da-
ta, contrast-to-noise ratios (CNR) were calculated. Al-
though CNR is not as precise as the statistical model,
both the hyper- (Pat A I) and the hypodense lesion 
(Pat B I) showed a higher CNR on VR images than on
MPR for all opacity settings. Only the very small third
lesion (Pat A II) presented a lower CNR on VR images
than MPR (Table 6). These results confirm the findings
of the phantom study. Except for very small lesions, VR
images show a higher performance regarding visibility
of low-contrast lesions than MPR. Figure 7a illustrates
MPR and VR images of lesion I from patient B. Multiple
lesions of patient A are presented in Fig. 7b. As VRT
contains information from more than one plane, the ex-
tent of lesions is better assessed than in MPR and the ap-
preciation of the spatial relationship between lesions and
intraparenchymal vessels is also improved.

Discussion

The aim of this study was to analyze the low-contrast per-
formance of volume rendering and to find appropriate
settings for the opacity transfer function. Although larger
databases have to be evaluated to find optimal settings of
the transfer functions, this study shows the principle suit-
ability of volume rendering as a diagnostic tool for low-
contrast lesions. Although our selection of transfer func-
tions might not be optimal, it showed comparable low-
contrast resolution to MPR; thus, if better transfer func-
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Table 6 Contrast-to-noise (CNR) ratio of the lesions in Table 1
for different maximum opacity settings and MPR. The CNRs are
given in percentage relative to MPR. For technical reasons the sta-
tistical method used for the evaluation of the phantom could not
be used with patient data. Image quality is therefore assesed by
calculating the CNR

Maximum Patient A I Patient B I Patient A II
opacity (%) (%) (%) (%)

10 100.72 251.95 42.88
20 136.54 209.17 61.51
30 145.49 179.38 70.52
40 137.86 165.92 75.45
50 136.51 151.44 78.47
60 127.90 143.36 80.36
70 127.58 135.18 83.67
80 122.24 127.86 88.63
90 115.20 122.13 91.42

100 108.01 116.63 90.32
MPR 100.00 100.00 100.00

Fig. 6 The MPR and three different maximum opacity settings,
side to side. At first glance MPR looks superior to VRT, but this is
due to the different image characteristics of VRT. At a closer look
the 5 mm and larger lesions are equally/better delineated in the
VR images for maximum opacity values of 0.4 and 0.6, especially
in the noisy 40-mAs data



tions exist, the performance of VRT will further improve.
In VRT, low-contrast detectability is dependent on object
size. For very small lesions (3 mm and smaller) MPR is
still superior. This is due to a “smoothing” effect of the
calculations in VRT resulting in noise suppressed but
lesser visible images of very small objects. For larger ob-
jects, visibility in VRT is better than in MPR.

The specification of transfer functions is a difficult
task [16, 17]. Although individual adaptation of parame-

ters yields the best results, a fixed setting is preferable
for clinical applications. Using standardized settings of
transfer functions no time-consuming manipulation of
parameters is required. In current practice the color
transfer function, which determines the visible data
range, is defined by mapping Hounsfield values to a lin-
ear ramp of increasing gray levels equal to a CT window
for soft tissue visualization (window level: 60 HU; win-
dow width: 370 HU). This appears to be a good standard
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Fig. 7 a Patient B with hepato-
cellular carcinoma shows a sol-
itary, low-density mass in the
right lobe (segment V) of the
liver (arrows). Because of its
size and noise suppression in
volume-rendering techniques
(VRT), visibility is superior to
MPR for all maximum opacity
settings. b Patient A (dual-
phase scan, data from arterial
phase): multiple masses of
varying size and density repre-
senting metastases from carci-
noid tumor of the small intes-
tine. In VRT, the extent of the
lesions and the uptake of con-
trast agent are better appreciat-
ed (arrows). Also note the bet-
ter delineation of hyperdense
rim around some of the masses



setting as the CT window is already optimized for best
visibility and contrast of the interesting anatomy and po-
tential pathologies. Color proved to be of moderate help
as with the exception of clearly separated tissue densi-
ties, such as, for example, air or bone, color coding of
different tissues requires extensive adjustment of the 
color transfer function; thus, no colors were used in our
study. A linear ramp was also applied for the opacity
transfer function. Accordingly, higher density values
were assigned to higher opacities, and brighter gray 
values.

Low maximum opacity values lead to a larger “pene-
tration length” and thus to a better 3D appreciation. To
take most advantage of VRT the maximum opacity
should be set at the lower end still keeping the same con-
trast detectability as MPR; however, in rare cases, using
a low maximum opacity value may lead to artifacts due
to overlaying structures of similar densities along the
viewing path possibly masking low-contrast lesions.

A great advantage of VRT is its ability of noise sup-
pression allowing its application in scans with high noise
content and utilization of “dose-wise” protocols for high-
resolution imaging tolerating increased noise. For LCD,
noise suppression in VRT mostly compensates the lower
image contrast in comparison with MPR. The lower the
maximum opacity setting, the higher the noise suppres-
sion; however, to take full advantage of VRT, interactive
visualization, and manipulation of the data volume are

essential. In combination with cutting tools for the selec-
tion of subvolumes, VRT provides an efficient way of
reading large CT volumes. In current practice, we use a
simple cutting plane or a sliding thin-slab VR technique
for interactive viewing, preferably in the coronal direc-
tion; however, depending on anatomy, arbitrary viewing
directions, including oblique ones, are necessary.

There are limitations of our study. Neither reconstruc-
tion kernels nor different reconstruction intervals were
varied, and only one collimation set was applied; how-
ever, calculation errors due to partial-volume effects and
undersampling (to be expected with larger collimations
and reconstructions intervals) were minimized by using
2¥0.5-mm collimation. Since LCD is directly dependent
on image noise, and our results on low contrast discrimi-
nation are only based on measurements of two different
noise levels, no universally applicable rules can be de-
rived for low contrast visibility in general; however, the
most favorable settings of the opacity transfer function
calculated for both phantom scans are nearly identical
suggesting only minor impact of the noise level to the 
optimal parameter settings. These assumptions were also
confirmed for the examined clinical data. Further studies
are warranted to evaluate whether VRT provides all nec-
essary diagnostic information to make it eligible as a pri-
mary diagnostic tool (as a replacement or addition to pla-
nar viewing). Especially the performance of VRT in com-
parison to sliding thin-slab technique has to be assessed.
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