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Abstract
Purpose—To investigate the effect on radiation dose and image quality of the use of additional
spectral filtration for dual-energy CT (DECT) imaging using dual-source CT (DSCT).

Materials and Methods—A commercial DSCT scanner was modified by adding tin filtration to
the high-kV tube, and radiation output and noise measured in water phantoms. Dose values for
equivalent image noise were compared among DE-modes with and without tin filtration and single-
energy (SE) mode. To evaluate DECT material discrimination, the material-specific DEratio for
calcium and iodine were determined using images of anthropomorphic phantoms. Data were
additionally acquired in 38 and 87 kg pigs, and noise for the linearly mixed and virtual non-contrast
(VNC) images compared between DE-modes. Finally, abdominal DECT images from two patients
of similar sizes undergoing clinically-indicated CT were compared.

Results—Adding tin filtration to the high-kV tube improved the DE contrast between iodine and
calcium as much as 290%. Pig data showed that the tin filtration had no effect on noise in the DECT
mixed images, but decreased noise by as much as 30% in the VNC images. Patient VNC-images
acquired using 100/140 kV with added tin filtration had improved image quality compared to those
generated with 80/140 kV without tin filtration.

Conclusion—Tin filtration of the high-kV tube of a DSCT scanner increases the ability of DECT
to discriminate between calcium and iodine, without increasing dose relative to SECT. Furthermore,
use of 100/140 kV tube potentials allows improved DECT imaging of large patients.
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Introduction
Although the theoretical basis for dual-energy CT (DECT) imaging was established in the late
1970’s and early 1980’s by Alvarez et al [1] and Kalender et al [2], it has been only since 2006
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that DECT has made its way into routine clinical practice [3–17]. This “reincarnation” of DECT
was facilitated by the commercial introduction of the first dual-source CT (DSCT) scanner in
2006 [18], which allowed simultaneous acquisition of high and low tube potential images.
Alternative approaches for DECT imaging are under investigation, including rapid switching
of the x-ray tube potential [2,19] and dual-layer (sandwich) detectors [20,21].

Both tubes of the first generation DSCT scanner (SOMATOM Definition, Siemens Healthcare,
Forchheim, Germany) have the same beam filtration and generate identical x-ray spectra when
operated at the same tube potential. Identical filtration is necessary for dual-source applications,
where the data from both tubes can be combined to improve the temporal resolution of cardiac
CT examinations. However, using the same filtration for both tubes provides less than optimal
conditions for dual-energy (DE) acquisitions, where the two tubes are operated at different
tube potentials. The x-ray spectra generated at low (80 kV) and high (140 kV) peak tube
potentials have a high degree of spectral overlap, with a separation between the average
energies of the two spectra of less than 30 keV (Figure 1).

It was first shown by Kelcz et al [22] that noise in the DE processed material-specific images,
and hence the ability of DECT to discriminate between two materials, depends crucially on
the difference between the DEratio of the materials. Here, DEratio represents a density-
independent material-specific parameter. As shown in Figure 2, DEratio can be obtained
experimentally by measuring the low and high-energy CT numbers (CTlow and CThigh) for
several different densities of a given material, determining the slopes of the lines relating CT
number to material density, and calculating the ratio of these slopes (Slopelow/Slopehigh). The
difference between the DEratio of two materials is determined by the separation between the
high and low energy spectra and the effective atomic numbers of the evaluated materials. The
smaller the spectral separation, the harder it is to discriminate between the materials, especially
when they have close atomic numbers (e.g. calcium and iron).

Spectral separation can be increased by using additional filtration for one or both tube
potentials. Previous research on optimizing the added filtration for DE imaging focused on
dual-energy radiography applications, primarily chest radiography [23–25], mammography
[26] and bone densitometry [27,28]. In contrast to dual-energy radiography, few studies have
been published regarding optimization of the added filtration for DECT. In 1979, Kelcz et al
[22] was the first to emphasize the importance of additional filtration for DECT performed
using two unique tube potentials. Two additional studies examined the use of a split filter using
a single source scanner [29], and a technique that changed beam filtration manually every 8
seconds [30].

For practical purposes, spectral separation of a DSCT system operated in the DE mode can be
improved by hardening (i.e. increasing the mean energy of) the high-energy spectrum. Adding
filtration to the low-kV tube is undesirable because it would further decrease the low-kV tube
output, which is already insufficient (even at maximum tube current) for large patients. A recent
simulation study [31] has shown that the use of added filtration for the high-kV tube can
dramatically increase the DE contrast between clinically relevant materials (e.g., calcium and
iodine) by decreasing spectral overlap (Figure 1). Although the simulations showed that seven
single-element materials performed similarly well at proper thicknesses, tin was proposed as
an ideal filter material, as it is inexpensive and easy to machine. Appropriate thicknesses were
found to be 0.5 or 0.8 mm, respectively, for the large and normal size patient attenuations.

The purpose of this study was to experimentally validate these simulation results using a DSCT
scanner that was modified to add tin filtration to the high-kV tube. We evaluated dose and
image quality for images obtained on the same DSCT system, using both phantoms and live
animals, and compared these results for images acquired in single energy (SE) mode and dual
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energy (DE) modes both with and without the additional tin filtration. We further illustrate the
potential of the method by comparing two patient abdominal DECT datasets, one with and one
without tin filtration.

Materials and Methods
Tin filter

Factory assistance was obtained to install an additional tin filter on a commercial DSCT scanner
(SOMATOM Definition DS, Siemens Healthcare, Forchheim, Germany). A flat tin filter of
0.4 mm thickness was attached to the bottom of the bow-tie filter located directly underneath
the collimator of Tube A, which was operated at high-kV in the DE mode. The system was
then recalibrated and tested for the accuracy of CT numbers. Although the simulation results
[31] showed that the proper filter thickness depended on the amount of attenuation (e.g. 0.8
mm for normal body vs. 0.5 mm for large body), only one filter thickness (0.4 mm) was chosen
for this study. Because having different thickness filters for different patient sizes adds
considerable technical complexity, a single filter thickness of 0.4 mm was chosen for
commercial implementation on the second generation DSCT system (SOMATOM Definition
Flash, Siemens Healthcare, Forchheim, Germany). Although a thickness of 0.5 mm of tin was
suggested by our simulations for relatively high attenuations (an anthropomorphic thorax
phantom with a 40-cm lateral dimension), this thickness was reduced by 0.1 to 0.4 mm to
provide increased tube output, which is required for DE imaging of patients larger than a 40-
cm lateral dimension.

Phantom study
Scanner radiation output vs. noise—To compare radiation dose among the DE modes
(80/140 kV and 100/140 kV) with and without tin filtration and the SE mode (120 kV), each
at the same noise level, we measured noise and dose in each mode at different tube current-
time product (mAs) values. Image noise was measured using cylindrical water phantoms of 3
different sizes: (Small) 20-cm diameter, (Medium) 30-cm diameter, and (Large) 30-cm
diameter wrapped in a 4-cm thick layer of extra attenuating fat-mimicking material (Superflab,
Radiation Product Design, Inc, Albertville, MN). Five different acquisition modes were used,
as described in Table 1. The values for the ratio of Tube A effective mAs vs. Tube B effective
mAs and the composition ratio were suggested by the manufacturer. Here, effective mAs equals
mAs/pitch. The composition ratio (Cratio) was used to produce linearly combined (mixed)
images, according to equation:

(1)

Specific composition ratios can be optimized, as shown by Yu et al [32]. The ratio of the
effective mAs values for tubes A and B was selected to result in similar noise levels in the
high- and low-kV images. All three water phantoms were scanned using the SE mode and the
appropriately selected DE modes. Since the amount of power at 80 kV is sufficient to produce
low noise images of the Small and Medium phantom, they were scanned at 80/140 kV with
and without tin filtration. However, using 80 kV for the Large phantom would result in
unacceptably high image noise, so it was scanned at 100/140 kV with and without tin filtration.
The Medium phantom was additionally scanned at 100/140 kV with and without tin to allow
comparison of the noise-matched dose values between the 80/140 kV and 100/140 kV
acquisitions with and without the tin filter on a single phantom. For each of 11 phantom/
acquisition mode combinations, five different scans were performed using low-kV tube
effective mAs values of 100, 200, 300, 400 and 500 and 0.5 pitch. Contiguous images were
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reconstructed using 3 mm slice thickness and a medium kernel (B40) for the Small and Medium
phantoms, and 5 mm thickness and a medium smooth kernel (B30) for the Large phantom.

For the DE modes, only the combined (linearly mixed) images were used for the noise vs. dose
evaluation. These images utilize the full dose of a DE scan resulting in a better image quality
than either of the original (low and high kV) datasets and, hence, are used for routine diagnostic
purposes as a substitute for conventional SE images [32,33]. A total of 55 image datasets (11
phantom/acquisition mode combinations × 5 scans) were analyzed. For each dataset, a 20-mm
diameter circular region of interest (ROI) was placed in the center of the phantom and image
noise was calculated as the standard deviation of the CT numbers within the ROI and averaged
over 10 consecutive images.

The noise vs. dose study was designed to quantify how the addition of the tin filter affected
noise for different size objects, provided that the scanner output remained unchanged. For this
purpose, the volume CTDI (CTDIvol), which is a measure of the scanner output, was used.
CTDIvol corresponding to the five acquisition modes listed in Table 1 was measured in a 32-
cm CTDI body phantom using the standard technique [34,35]. Image noise was then plotted
against CTDIvol for all 11 phantom/acquisition mode combinations.

Effect of tin filter on DE material discrimination—To evaluate the effect of additional
tin filtration on DE material discrimination, the DEratio values for calcium and iodine were
measured using small and large (30 and 40 cm lateral dimension, respectively)
anthropomorphic thorax phantoms (QRM, Möhrendorf, Germany) (Figure 3). The 10-cm
cardiac insert of the phantom was replaced with a water-filled cylinder containing a custom
Styrofoam frame. The frame was used to hold five 3-cc syringes filled with different known
concentrations of iodine, and five cylinders with known calcium concentrations (courtesy of
QRM). The syringes and the calcium cylinders were approximately 10 mm in diameter. The
iodine solutions were prepared by diluting iodine contrast medium (Omnipaque 350, GE
Healthcare) with water and had iodine concentrations from 3.5 to 17.5 mg/cm3. The density
of calcium in the QRM cylinders ranged from 50 to 900 mg/cm3. The small thorax phantom
was scanned using 80/140 kV with and without tin, while the large phantom was scanned using
100/140 kV with and without tin. One scan for each phantom/acquisition mode combination
was performed using a low-kV tube effective mAs of 350 and a spiral pitch of 0.7; 5 mm axial
images were reconstructed through the center of the calcium and iodine inserts for DEratio
calculations. For every DE image set (high- and low-kV pair), the mean CT number in each
calcium and iodine sample was measured and used to determine the slopes of the lines relating
the CT numbers to material density, which were determined using linear regression and divided
to obtain the DEratio (Figure 2).

Animal study
Institutional Animal Care and Use Committee approval was obtained for this study. Two female
pigs (weight 38 and 87 kg) were studied. Both animals were tranquilized with intramuscular
induction of telazol (5 mg/kg) and xylazine (2 mg/kg). They were then intubated and
intravenous lines placed in their ears. The anesthesia was maintained during the entire study
using intravenous ketamine (2 mg/kg), fentanyl (0.02 mg/kg), and etomidate (0.08 mg/kg) in
normal saline (2–3 mL/min). Once prepared, the pig was placed in a supine position within the
scanner. Electrodes on the limbs were used to monitor the heart rate. Animals were
mechanically ventilated and their breathing was suspended during all scans using a large animal
ventilator (model 613; Harvard Apparatus, Holliston, MA). After the study was completed, the
anesthetized animal was euthanized with sodium pentobarbital (100 mg/kg).

The small animal was scanned using 80/140 kV with and without tin since the amount of power
at 80 kV was sufficient to produce low noise 80 kV images. The large animal was scanned
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using 100/140 kV with and without tin and 80/140 kV without tin. Our hypothesis was that
without the tin filter, both the 80/140 kV and 100/140 kV acquisitions would produce
suboptimal image quality compared to the 100/140 kV acquisitions with tin. One scan was
acquired for each of the 5 animal/acquisition mode combinations using a low-kV tube effective
mAs of 350, a spiral pitch of 0.7, and a 0.5 s rotation time. These settings correspond to the
maximum power available for the low-kV tube. A higher power at low-kV could have been
achieved by either decreasing the pitch or increasing the rotation time, but clinically, this would
result in unacceptably long breathhold times for many body CT examinations. Automatic
exposure control was not used, since it was not able to be programmed to account for the
presence of the tin filter. The scanner radiation output (CTDIvol) for each acquisition was
recorded. The acquisition parameters are summarized in Table 2.

For all 5 scans, 80 mL or 90 mL of iodinated contrast material (Ultravist-300, Bayer HealthCare
Pharmaceuticals Inc., Wayne, NJ) was injected into the ear vein using an injection rate of 3 or
5 mL/s for the small or large animal, respectively. Bolus tracking was used to trigger the scan
when the iodine attenuation in the ascending aorta reached the pre-defined value of 100 HU
(at 140 kV). Images were reconstructed using 3 mm slice thickness, 2 mm reconstruction
interval and a medium smooth kernel that contained no edge enhancement (D30). Linearly
mixed DE images were generated using the composition ratios listed in Table 2, and
commercially-available 3-material decomposition software (Syngo DE, Siemens Healthcare,
Forchheim, Germany) was used to produce iodine-subtracted “virtual non-contrast” (VNC)
images. Therefore, for every animal scan (two for the small animal and three for the large
animal), four image datasets (low-kV, high-kV, mixed, and VNC) were obtained, resulting in
a total of 20 datasets.

Image noise for the mixed and VNC images was evaluated and compared between the 5 DE
scans. Noise was measured by placing a circular ROI in a homogeneous region of the liver and
recording the standard deviation of the CT numbers within the ROI. Images were also evaluated
for the presence of artifacts and their severity.

Human study
IRB approval with waiver of informed consent was obtained for this HIPAA-compliant
retrospective data analysis study. Patient A, 34 cm maximum lateral width, was scanned using
a DSCT system (SOMATOM Definition DS, Siemens Healthcare, Forchheim, Germany)
which has no added filtration. A DECT urogram was used to acquire 1) a DE non-contrast
scan, and 2) a DE contrast-enhanced scan. Each scan used 80/140 kV without additional tin
filtration (Table 3). Patient B, 36 cm maximum lateral width, was scanned using a newer-model
DSCT system (SOMATOM Definition Flash, Siemens Healthcare, Forchheim, Germany) that
had the capability to move 0.4 mm of tin into the high energy beam. A DECT urogram protocol
was used to acquire 1) a SE non-contrast scan and 2) a DE contrast-enhanced scan. The DE
scan used 100/140 kV with the tin filter (Table 3). Automatic exposure control (CareDose 4D,
Siemens Healthcare, Forchheim Germany) was used for all scans. Images were reconstructed
using a 1.5 mm slice thickness and a medium smooth, non-edge enhancing kernel (D30). Three-
material decomposition was performed using the identical version of commercial software
(Syngo DE VA31, Siemens Healthcare, Forchheim, Germany) to produce the iodine-subtracted
VNC images. Axial and coronal VNC images were visually compared between the two
patients.

The larger FOV of the second tube for the scans using the tin filter was not related directly to
the presence of the tin filter, but rather was a consequence of the larger angular offset between
the two tubes on the Definition Flash scanner compared to the Definition DS scanner. That is,
the commercial product that incorporated the tin filter (Definition Flash) included other

Primak et al. Page 5

AJR Am J Roentgenol. Author manuscript; available in PMC 2010 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



technical modifications compared to the original dual source commercial product (Definition
DS), one of which resulted in a larger field of view for the second tube.

Results
Noise in the water phantom as a function of CTDIvol is presented in Figure 4. These data were
fit to a power curve, and the best fit equations used to calculate the dose values for a given
noise level. Table 4 summarizes the CTDIvol values for the target noise levels corresponding
to image noise obtained using the routine SE clinical abdominal protocol established in our
practice (120 kV, 240 Quality reference mAs, 2×32×0.6 mm collimation, 0.5 s rotation time,
CAREDose4D ON).

The results presented in Table 4 demonstrate that the SE mode provides the lowest noise-
matched dose value only for the Small phantom. For the Medium and Large phantoms, at least
one of the DE modes delivered less dose for the same noise compared to the SE mode. Between
the two DE modes (with or without the tin filter), the tin filter reduced the dose for the Small
phantom but increased it for the Large phantom. For the Medium phantom, the dose was larger
with the tin filter for 80/140 kV acquisition mode but was similar with or without the tin filter
using 100/140 kV.

The DEratio results obtained using the small and large thorax phantoms with iodine and calcium
inserts are summarized in Table 5. With the additional tin filtration, the DEratio for the 80/140
kV mode (small phantom) increased from 1.64 to 2.01 for calcium and from 1.99 to 3.03 for
iodine, while the DEratio for the 100/140 kV mode (large phantom) increased from 1.31 to 1.55
for calcium and from 1.55 to 2.20 for iodine. Therefore, adding the tin filter to the high-kV
tube improved the DEratio difference between iodine and calcium from 0.35 to 1.02 (290%)
for the 80/140 kV mode, and from 0.24 to 0.65 (270%) for the 100/140 kV mode.

The noise and CTDIvol results for the animal study are summarized in Table 6, and mixed and
VNC images from the large animal are shown in Figure 5. The animal study showed that the
mixed images with and without the tin filter have approximately the same noise at similar dose
values. However, noise in the DE processed VNC images was about 30% lower when
comparing 80/140 kV with and without tin, both at the same dose. VNC noise was about 20%
lower for 100/140 kV with tin compared to 100/140 kV without tin, in spite of the fact the
100/140 kV with tin scan used about 20% lower dose (Table 6, Figure 5).

For the large animal, the images acquired at 80/140 kV without tin and 100/140 kV with tin
used the maximum power available at low-kV. However, scans at 100/140 kV with the tin filter
had approximately 70% higher radiation dose (25.0 vs. 14.6 mGy) and, hence, significantly
less noise (13.2 vs 17.5HU) compared to the scans at 80/140 kV without the tin filter. The
image artifacts observed in the original low-kV images for 80/140 kV scans without tin were
due to insufficient x-ray power on the low-kV tube. These were essentially eliminated for the
100/140 kV scans with tin (Figure 6).

The VNC of patient B had improved image quality compared to that of patient A (Figure 7).
Furthermore, VNC images of patient B better approximated the true non-contrast enhanced
image compared to patient A (Figure 7). The difference in spectral separation did not directly
affect the spatial resolution in the VNC images, even though the image without tin (Figure 7c)
appears blurry relative to the image with tin (Figure 7a). Because the noise in DE material-
specific images is increased compared to the original high- and low-kV images, some degree
of smoothing is typically required during DE postprocessing, which can degrade spatial
resolution. The VNC image from 100/140 kV with tin (Figure 7a) had lower noise and required
less smoothing, resulting in improved spatial resolution compared to the VNC image from
80/140kV without tin (Figure 7c).
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Discussion
The results of our study demonstrate that the addition of tin filtration to the high-energy x-ray
tube provided a benefit for DE DSCT. It dramatically increased the difference between the
DEratio for calcium and iodine, which is expected to enhance the performance of DE algorithms
designed to discriminate between calcium (e.g. bone or calcified plaque) and iodinated contrast
material. Also, DE DSCT with additional tin filtration delivered similar or less dose compared
to conventional 120 kV SECT (Figure 4, Table 4). Therefore, the additional tin filter should
facilitate improved clinical performance for DE applications, such as DECT angiography with
automatic bone removal [36–39] and could be used routinely without incurring a dose penalty.
Figure 8 uses a 3D volume display of a dual energy bone removal animal exam to demonstrate
the improvement of overall image quality with use of the tin filter.

Although we experimentally measured only the DEratio for calcium and iodine, the increased
separation between the high- and low-energy spectra provided by the tin filter will increase the
difference between the DEratio for any two given materials. In our previous simulation work
[31] we used slightly modified equations, first derived by Kelcz et al [22], to show that
increasing the difference between the DE ratios simultaneously decreased noise in the DE
material-specific images. In this study, we confirmed this result experimentally by comparing
the noise level in the VNC (soft tissue-specific) images obtained with and without the tin filter
at similar radiation dose. For the small pig, when scanned using 80/140 kV and the same dose
level, the noise level of the VNC image using the tin filter was about 30% lower than without
the tin filter. For the larger pig, when using 100/140 kV, the noise level in the VNC image was
about 20% lower when using the tin filter, even though the dataset using the tin filter acquisition
was acquired with approximately 20% less dose than the scan without the tin filter.

For the VNC of the large pig using 80/140 kV without tin, the noise was similar to that of
100/140 kV without tin, despite the fact the dose at 80/140 kV was about half that of at 100/140
kV. This is because the spectral separation was higher for the 80/140 kV case. Furthermore,
the increased spectral separation at 100/140kV with tin provided a significantly lower noise
VNC image.

As demonstrated by Eq. (6) in [31], the noise in any DE material-specific (e.g., VNC) images
depends on two factors, the noise in the original high and low-energy images, which is
determined by dose, and the DE contrast (difference between the DE ratios of the two
materials), which is determined by the spectral separation and the effective atomic numbers of
the two materials. For DE imaging, it is therefore essential to recognize that larger spectral
separation increases the DE contrast, which is inversely proportional to the noise in the VNC
image.

A significant advantage of the additional filtration is that it can substantially increase the
number of patients which can be imaged with DECT. Currently, large patients are
contraindicated for DECT because the 80/140 kV acquisition mode results in unacceptable
noise in the 80 kV images, while the 100/140 kV mode does not provide sufficient DE contrast
due to the small separation between the 100 and 140 kV spectra. Using a DSCT system with
the additional tin filter minimizes this constraint. When operated at 100/140 kV with use of
the tin filter, the system provided both sufficient power (photon flux) and DE contrast for
imaging large patients. In fact, the difference between the DEratio of calcium and iodine was
86% higher (0.65 vs. 0.35) for the 100/140 kV mode with the tin filter compared to the 80/140
kV mode without the tin filter.

The benefit of using the tin filter for 100/140 kV scanning was illustrated in both the animal
and patient studies. As shown in Figure 6, the image artifacts at 80 kV in the large pig due to
insufficient tube power are eliminated at 100 kV. Although our patient data presents only an
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illustration (only two patients are shown here), image quality for the VNC images at 100/140
kV with the tin filter was improved relative to the image quality achieved in a smaller patient
at 80/140 kV without tin (Figure 7). Furthermore, large patients scanned at 100/140 kV with
tin would receive significantly less dose for the same noise level compared to a conventional
120 kV SECT (Figure 4d, Table 4).

Based on our noise vs. dose results, the 100/140 kV plus tin scan mode is preferred for DE
imaging using a DSCT system. The 80/140 kV mode provided significantly better DE contrast.
However, for a medium size patient (attenuation equivalent to 30 cm of water), it resulted in
a higher dose compared to 120 kV SECT at typical clinical settings (Figure 4b, Table 4).
However, using the 100/140 kV with tin filter scan mode would deliver a smaller dose with
respect to SECT (Figure 4c, Table 4). For the small patients (attenuation equivalent to 20 cm
of water), the dose differences between the evaluated scan modes were small, with SE requiring
the least dose, followed by 80/140 kV with tin.

Improved performance of DECT might allow development of new advanced clinical
applications. For example, discriminating hemorrhagic iron from co-localized calcium inside
individual plaques might be possible using DECT, provided that the specificity of the technique
is sufficient to discriminate these two materials. This approach could be used for the non-
invasive detection of vulnerable plaques, which are characterized by abnormal proliferation of
vasa vasorum (micro-vessels running inside the vessel wall) and by intraplaque hemorrhage
resulting in the accumulation of iron [40,41]. Another example is the improved characterization
of renal stones. The current application available on a DSCT system can only reliably
differentiate uric acid vs. non-uric acid stones [42,43]. The further discrimination of different
types of non-uric acid stones (e.g., calcium-based stones vs. cystine vs. struvite) is
compromised because these stones have similar DEratio values.

Only one particular thickness (0.4 mm) of the tin filter was used. Repeating the experiments
using several different thickness values was prohibitively labor intensive. And, unless a system
that allows multiple options for filter thickness (e.g. 0.4 vs 0.5 vs 0.8 mm) is commercialized,
the thinnest filter must suffice for all patients in order to allow adequate tube output for large
patients (i.e. 0.8 mm is too thick for use with large patients in the evaluated system with its
current tube power specifications). The dose comparison and the dose vs. noise study were
based on CTDIvol, which is an approximation of the scan dose and has well known limitations
[44]. Also, we did not investigate the effect of the tin filter on all possible types of DE material-
specific post-processing algorithms (e.g. bone-removed, pseudo-monochromatic). However,
our prior work [31] and that of Kelcz [22,31] indicate that increased spectral separation will
improve any material-specific image processing tasks. Finally, the in vivo images obtained
with and without the tin filter in the animal study did not necessarily have the same amount of
iodine due to the presence of residual contrast material from prior injections in the later acquired
scans, potential variations in animal physiology, and variations in scan delay times (determined
by the bolus tracking software). For this reason, it was difficult to rigorously demonstrate the
tin filter effect in vivo, although visual inspection of image quality provided convincing
evidence in favor of the added tin filtration.

In conclusion, we have shown that the use of additional tin filtration in the high-energy beam
of a DSCT system operated in the DE mode can dramatically increase the DE contrast between
clinically relevant materials, with radiation dose being similar or lower than that from
conventional SECT. The increase in the DE contrast should significantly improve the
performance of DE material discrimination algorithms, increasing the clinical value of existing
DE applications and opening possibilities for new advanced clinical applications. Furthermore,
added filtration can be used with 100/140 kV tube potentials to allow improved DE imaging
of large patients.
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Figure 1.
Simulated x-ray spectra for a DSCT system at 80, 100 and 140 kV with the factory supplied
filtration and at 140 kV with the addition of 0.4 mm of tin filtration. Details of this simulation
are described elsewhere [31]. The mAs ratios used for the simulation correspond to clinical
DE abdominal protocols in our practice. The mean energy E was calculated according to Eq.
(8) in [31]. [Note: authors agree to pay for color reproduction].
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Figure 2.
Plots of CT number vs. material concentration for (a, c) calcium and (b, d) iodine obtained
using (a, b) 80/140 kV with 30-cm phantom and (c, d) 100/140 kV with 40-cm phantom with
and without the tin filter. Linear regressions were used to determine the slopes. The ratio of
the slopes (slopelow/slopehigh) is referred to as the DEratio.
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Figure 3.
Axial images of the (a) small and (b) large anthropomorphic thorax phantom used for
DEratio measurements. The small phantom had a lateral dimension of 30 cm and was used for
the 80/140 kV acquisitions. The large phantom had an additional attenuating layer, extending
its lateral size to 40 cm; this phantom was used for the 100/140 kV acquisitions. The central
water-filled portion of the phantom contained 10 inserts with different known concentrations
of calcium and iodine.
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Figure 4.
The noise vs. dose curves obtained using Small, Medium and Large water phantoms: (a) the
Small phantom data for scans using 120 kV and 80/140 kV with and without tin; (b) the Medium
phantom data for scans using 120 kV and 80/140 kV with and without tin; (c) the Medium
phantom data for scans using 120 kV and 100/140 kV with and without tin; and (d) the Large
phantom data for scans using 120 kV and 100/140 kV with and without tin. The solid lines
represent a fit of the data to a power-law curve.
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Figure 5.
Mixed (a–c) and virtual (d–f) non-contrast enhanced images before and after the addition of
0.4 mm of tin in an 87 kg pig. (a,d) 80/140 kV; (b,e) 100/140 kV; and (c,f) 100/140 kV plus
tin. Notice similar image quality for a–c (mixed images) but significantly better image quality
for (f) VNC images using the tin filter.
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Figure 6.
The original (low- and high-kV) images of the large animal acquired using (a, b) 80/140 kV
without the tin filter and (c, d) 100/140 kV with the tin filter, both using maximum power for
the low kV tubes. The DE scan acquired (a) using 100/140 kV with tin had approximately
double the total amount of radiation dose and, hence, (c) the corresponding low-kV images
had significantly less noise compared to (a) the low-kV images acquired using 80/140 kV
without tin. The image artifacts observed in (a) due to insufficient x-ray power were essentially
eliminated in (c) (see arrows).
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Figure 7.
Virtual non-contrast (VNC) images obtained using (a) 100/140 kV with tin correlated well
with (b) the true non-contrast enhanced scan. (c) The VNC image obtained using 80/140 kV
without tin was notably inferior in spatial resolution and CT number homogeneity compared
to (d) the true non-contrast scan, even though the relatively thin patient (34 cm lateral width)
was smaller than the patient shown in (a, b) (36 cm lateral width). The dotted circle represents
the field of view of the second tube/detector pair, which was larger on (a) the scanner equipped
with the tin filter (33 cm) than in (c) the scanner without the tin filter (26 cm).
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Figure 8.
3D volume-rendered images from the 38 kg pig obtained (a) 80/140 kV without tin and (b)
100/140 kV with tin. Bone removal was automatically performed by exploiting the difference
in the DE ratio between calcium and iodine.
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Table 2

Acquisition parameters for the animal study

Acquisition parameters
Acquisition Mode

80/140 kV 100/140 kV 80/140 kV + Tin 100/140 kV + Tin

Animal size (S, L) S and L L S L

Tube A potential (kV) 140 140 140 140

Tube B potential (kV) 80 100 80 100

Tin filter (Y or N) N N Y Y

Tube A eff mAs/Tube B eff mAs* 84/350 175/350 245/350 350/350

Collimation (mm) 14×1.2 14×1.2 14×1.2 14×1.2

Rotation time (s) 0.5 0.5 0.5 0.5

Pitch 0.7 0.7 0.7 0.7

Composition ratio** 0.3 0.3 0.4 0.6

DEratio for VNC processing 2.0 1.6 3.0 2.2

Automatic exposure control (Y or N) N N N N

CTDIvol (mGy) 14.6 30.6 14.3 25.0

*
eff mAs=effective mAs=mAs/pitch

**
Composition ratio was used to produce the linearly-mixed images according to Eq. (1).
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Table 3

Acquisition parameters for the human study

Acquisition Parameters
Non Contrast Exam Contrast Enhanced Exam

Patient A Patient B Patient A Patient B

Protocol Dual Energy Single Energy Dual Energy Dual Energy

Tube potential (kV) 80/140 120 80/140 100/140

Tin filter (Y or N) N N N Y

DEratio for VNC processing - - 2.0 2.2

Collimation (mm) 14 × 1.2 128 × 0.6 14×1.2 32×0.6

Tube A eff mAs/Tube B eff mAs* 82/372 343/- 82/372 218/170

Pitch 0.7 0.55 0.7 0.6

Rotation time (s) 0.5 0.5 0.5 0.5

Composition ratio** 0.5 - 0.5 0.5

Maximum DE Field of View (cm) 26 - 26 33

Automatic exposure control (Y or N) Y Y Y Y

CTDIvol (mGy) 15.2 14.0 13.1 16.9

*
eff mAs=effective mAs=mAs/pitch

**
Composition ratio was used to produce the linearly-mixed images according to Eq. (1).

- indicates data not acquired or not applicable.
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Table 5

DE ratios and the difference between them for calcium and iodine obtained using the factory-installed filtration,
which was identical on both tubes, and an additional 0.4 mm of tin filtration on the high kV tube.

Small thorax phantom Large thorax phantom

Scan mode 80/140 kV 80/140 kV + Tin 100/140 kV 100/140 kV + Tin

Ca 1.64 2.01 1.31 1.55

I 1.99 3.03 1.55 2.20

Difference 0.35 1.02 0.24 0.65
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