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Abstract

Objective: Computed tomography (CT)-based attenuation correction (CTAC) offers the clear bene-
fit of reliable reconstruction of single-photon emission computed tomography (SPECT) images
through its ability to achieve object-specific attenuation maps, but artifacts from dense materials
often deteriorate CTAC performance. Therefore, we investigate the feasibility of CTAC in the pres-
ence of dense materials using dual-energy virtual monochromatic CT data. Methods: A sodium
pertechnetate-filled cylindrical uniform phantom, with a pair of undiluted iodine syringes at-
tached, is scanned with a dual-source CT scanner to obtain both single-energy (120 kVp) polyc-
hromatic and dual-energy (80 kVp/140 kVp with tin filtering) virtual monochromatic CT images.
The single-energy and the dual-energy CT images are then converted to attenuation maps at 141
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keV. SPECT images are reconstructed from 9°"Tc emission data of the phantom using each sin-
gle-energy and dual-energy attenuation map and incorporating CTAC procedure. A region-of-in-
terest analysis is performed to quantitatively compare the attenuation maps between the sin-
gle-energy and the dual-energy techniques, each at an iodine-free position and a position adjacent
to the iodine solutions. Results: At the iodine-free position, the phantom provides a uniform dis-
tribution of attenuation maps in both the single-energy and the dual-energy techniques. In the
presence of adjacent iodine solutions, however, severe artifacts appeare in the single-energy CT
images. These artifacts make attenuation values fluctuate, resulting in erroneous pixel values in
the CTAC SPECT images. In contrast, dual-energy CT strongly suppresses the artifacts and hence
improves the uniformity of the attenuation maps and the resultant SPECT images. Conclusions:
Dual-energy CT with virtual monochromatic reconstruction has the potential to substantially re-
duce artifacts arising from dense materials. It has the potential to improve the accuracy of attenu-
ation maps and the resultant CTAC SPECT images.
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1. Introduction

Reliable quantification of tracer distributions in single-photon emission computed tomography (SPECT) re-
quires accurate attenuation correction (AC) of emission data, which entails an accurate determination of the at-
tenuation map of the object [1]-[3]. Compared to the conventional Chang attenuation correction method [4],
x-ray computed tomography-based attenuation correction (CTAC) offers a clear benefit through its ability to
correct non-uniform attenuation of photons inside the object [5] [6]. While CTAC first became a well-estab-
lished clinical application in positron emission tomography (PET) combined with CT, CTAC itself was first in-
troduced with regard to SPECT in the early 1990s through the development of a combined SPECT and CT pro-
totype system for small animals [7]-[12]. The concept of CTAC using separately acquired CT images that was
also reported in the late 1980s [13]. The advantage of the low-noise and high-throughput performance of CTAC
over traditional transmission scans has been well recognized in clinical PET [14]-[16]. These features have also
attracted increasing interest in SPECT in recent years, particularly with the introduction of hybrid SPECT/CT
scanners [6] [17] [18].

The reliability of CTAC depends critically on the accuracy of linear attenuation coefficient (LAC) values de-
rived from CT images. CT images are, however, prone to a wide variety of artifacts from dense materials [19].
These artifacts are quite common in CT images of patients who have metallic implants, such as dental fillings,
neurosurgical clips or coils, orthopedic prostheses, or cardiac pacemakers. The artifacts also result from intra-
venous or oral contrast materials. Several factors such as beam hardening have been reported as potential
sources of the artifacts [19]-[21]; the artifacts cause CT numbers (and thus LAC values) to deviate from their
true values regardless of their origins. The use of such corrupted CT data in the subsequent CTAC procedure can
result in an erroneous estimation of tracer uptake in regions contaminated with the artifacts [22] [23].

One of the recently introduced CT techniques to mitigate artifacts from dense materials is dual-energy imag-
ing. It permits the reconstruction of “virtual” monochromatic images, which can provide better image quality
than the standard single-energy scan when dense materials exist in the scanning field of view [20] [24]-[27]. The
strategy of dual-energy CT was first proposed in the late 1970s [24] [28], but only recently did it become availa-
ble for routine use in clinical CT scanners. In this study, we investigate the feasibility of AC using dual-energy
virtual monochromatic CT data. Although the use of dual-energy CT in AC has been reported in the literature
[29]-[32], most of those reports are related to AC with PET/CT, focusing on the energy scaling strategy, i.e. how
to generate attenuation maps at 511 keV from the CT data. In contrast, we focus on the ability to reduce arti-
facts arising from dense materials in order to provide more accurate attenuation maps for SPECT reconstruc-

tion.
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2. Materials and Methods
2.1. Phantom

This study was performed with a cylindrical acrylic phantom (16 cm in diameter and 33 cm in height) and two
syringes of undiluted iodine contrast material (lopamidol 370, Bayer, Osaka, Japan; total amount of 100 ml per
syringe, with an iodine concentration of 370 mg/ml). The cylindrical phantom was homogeneously filled with
¥MT¢ sodium pertechnetate having a specific activity of 42 MBg/L. Figure 1 shows a radiograph of the phan-
tom (CT localizer, anterior view). The two iodine syringes were mounted adjacent to, but some distance apart
from, the cylindrical phantom. This phantom setup was intended to produce severe artifacts in the CT images,
allowing us to investigate their effects on the attenuation maps.

2.2. CT Acquisition

Both single-energy and dual-energy CT scans for AC were performed with a dual-source CT scanner (SOMA-
TOM Definition Flash, Siemens, Erlangen, Germany). This scanner utilizes two distinct source-detector systems
arranged at an angle separation of 95°, enabling simultaneous acquisition of both high- and low-energy CT im-
ages with different tube voltages, currents, and additional filters. The scanner was operated in helical mode for
both scans. The phantom was positioned on the patient table of the scanner so that the longitudinal axis of the
phantom was parallel to that of the table. For the single-energy images, the scans were acquired using one x-ray
tube operating at 120 kVp and 50 mAs. For the dual-energy scan, the scanner was operated with one x-ray tube
at 140 kVp and 19 mAs, and the other at 80 kVp and 50 mAs. An additional tin filter was used for the 140 kVp
beam to improve spectral separation and keep the radiation dose similar to, or lower than, the single-energy CT
[33] [34]. The volume CT dose index (CTDIvol) for the dual-energy scan was 1.93 mGy, while that for the sin-
gle-energy scan was 3.43 mGy. The slice thickness and the reconstructed field-of-view were 3 mm and 350 mm,
respectively, for both the scans. The images were reconstructed with standard body kernels (B30f for single-
energy and D26f for dual energy scans). For the dual-energy scan, the virtual monochromatic images were syn-
thesized using dedicated software (syngo, Dual Energy, “Monoenergetic”, Siemens), which allowed the interac-
tive reconstruction of monochromatic images at arbitrary energies throughout a wide range, from 40 to 190 keV
in 1-keV increments. Although dual-energy CT can synthesize virtual monochromatic images at the photon
energies of the radionuclide, i.e. 141 keV for technetium-99 m, the efficacy of artifact reduction is not necessar-
ily maximal at that energy [25] [27]. We thus reconstructed virtual monochromatic images at energy of 110 keV,
which visually minimized the artifacts. This reconstructed energy was determined by a consensus of two of the
authors, each of whom have more than 10 years of clinical experience in the field of CT.

Figure 1. Localizer image (anterior view) of the cylin-
drical phantom used in this study. Two undiluted iodine
syringes (arrows) were mounted beside the phantom in
order to produce artifacts in the CT images.
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2.3. Conversion of CT Number to LAC Value

In order to generate attenuation maps of the imaged object, the CT images (both the single-energy and the
dual-energy scans) were reformatted so that they had the same matrix format and same voxel dimensions as the
SPECT data described below. Then their pixel values in Hounsfield Units (HU) were converted using HU-to-
LAC calibration curves to produce attenuation maps at 141 keV in units of cm*. The generation of the HU-to-
LAC calibration curves was accomplished by acquiring CT images of a calibration phantom (Gammex 467 tis-
sue characterization phantom, Gammex Inc., Middleton, WI) containing 13 different materials of known com-
position (and thus of known LAC values at the given photon energy) from which the CT number (in HU) of
each material could be measured (Figure 2). The LAC values of the 13 materials at 141 keV ranged from 0.043
cm * (simulating lung tissue) to 0.280 cm * (simulating cortical bone). This procedure was performed for both
the single-energy and the dual-energy CT scans, each with the same scan parameters described above. The CT
number for each material was determined by measuring the mean HU values within a centered region of interest
(ROI) inside the material. Piecewise linear HU-to-LAC calibration curves for both the single-energy and the
dual-energy scans were then obtained by plotting known LAC values of the materials at 141 keV against their
measured HU values.

2.4. SPECT Acquisition

SPECT acquisition was performed using a dual-head gamma camera system (Symbia T6, Siemens) equipped
with low-energy, high-resolution collimators. The *™Tc-filled phantom (along with the adjacent iodine syringes)
was placed on the patient table of the scanner so that the central longitudinal axis of the phantom passed through
the rotation axis of the gamma cameras. Emission data were collected in the step-and-shoot mode with two op-
posing detectors going through 45 steps, each separated by 4 degrees. An automatic body-contouring feature
was used to obtain the optimal detector-to-phantom distance. Other acquisition parameters were as follows: ac-
quisition matrix, 128 x 128; pixel size, 4.8 mm; acquisition time, 30 s per projection; main energy window, 140 £
10 keV; lower energy window for scatter correction, 120 + 10 keV. SPECT images were reconstructed using the
vendor-supplied ordered-subset expectation maximization iterative reconstruction algorithm (Flash 3D, Siemens)
that incorporated CTAC as well as collimator-specific resolution recovery and a dual-energy-window scatter
correction [35] [36]. An 8-mm Gaussian filter was applied to the projection data to facilitate noise reduction.
The reconstruction was performed with a combination of 6 subsets and 9 iterations.
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Figure 2. Photographs ((a) and (b)) and CT image (c) of the calibration
phantom used to obtain the HU (Hounsfield units)-to-LAC (linear at-
tenuation coefficients) conversion curves. The phantom base was made
from “Solid Water”, which has a physical density (PD) of 1.017 g/cm®
and an electron density (ED) relative to water of 0.988. Sixteen rods
(four of which were also made from Solid Water and thus indistin-
guishable from the phantom base on the CT image) were inserted into
the phantom base according to the manufacturer’s instructions. The rods
with the highest (arrow in (c)) and the lowest (arrowhead in (c)) densi-
ties on the CT image correspond to the cortical bone (PD, 1.824 g/cm?®;
ED, 1.696) and the lung (PD, 0.29 g/cm?; ED, 0.284), respectively.
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2.5. Analysis

The analysis focused on the accuracy of LAC values obtained from the uniform phantom in the presence of
dense materials, i.e. the two iodine solutions, since LAC values are probably more susceptible to the presence of
dense objects than are the pixel values of resultant SPECT images. For each single-energy and dual-energy CT
scan, two transaxial attenuation maps were selected for the analysis: one acquired at the slice position passing
through the center of the iodine solution (referred to as the “iodine position™) and the other acquired at the posi-
tion that did not pass through the iodine solution (referred to as the “iodine-free position”). The quantitative dis-
tribution of LAC values in terms of dispersion was evaluated by means of their first and third quartiles, 10th and
90th percentiles, as well as standard deviation. In order to obtain these statistics, we measured LAC values in a
circular ROl with a diameter of 25 pixels, which encompassed approximately 75% of the interior diameter of the
phantom; the circular ROl was positioned at the center of the phantom on each attenuation map. The spatial dis-
tribution of relative errors in the measured LAC values was also assessed by generating an “LAC error map” for
each attenuation map. The relative error was defined as the percentage difference between measured and refer-
ence LAC values relative to the reference value, where the reference value was the theoretically expected LAC
value of water at 141 keV, which was 0.1536 cm . The relative error was calculated for each pixel in an attenu-
ation map, resulting in the LAC error map.

3. Results

HU-to-LAC conversion curves for both the single-energy and the dual-energy CT scans are shown in Figure 3.
Data in each scan were fitted bilinearly with a flexion point of 0 HU.

Figure 4 shows single-energy CT images ((a) and (d)), their corresponding attenuation maps ((b) and (g)),
and resultant CTAC SPECT images ((c) and (f)), acquired at the iodine-free position ((a)-(c)) and the iodine po-
sition ((d)-(f)). In the absence of the adjacent iodine solutions ((a)-(c)), each image depicts a uniform internal
structure. In the presence of the iodine solutions, however, there were substantial dark and bright artifacts be-
tween them ((d) and (e)). These artifacts are much more prominent in the CT image (d) than in the attenuation
map (e). The artifacts also appeared in the CTAC SPECT images ().

Figure 5 shows dual-energy virtual monochromatic CT images ((a) and (d)), their corresponding attenuation
maps ((b) and (e)), and resultant CTAC SPECT images ((c) and (f)), acquired at the iodine-free position ((a)-(c))
and the iodine position ((d)-(f)). In the absence of the adjacent iodine solutions, each image depicts a uniform
internal structure ((a)-(c)). In the presence of iodine solutions, each image again shows almost uniform internal
structure ((d)-(f)). In contrast to the single-energy images shown in Figure 4, the artifacts are substantially re-
duced in the dual-energy CT image and the corresponding attenuation map (Figure 5(d) and Figure 5(e)). The
dual-energy CTAC SPECT image (Figure 5(f)) demonstrates improved uniformity compared with the single-
energy CTAC SPECT image (Figure 4(f)).
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Figure 3. The HU-to-LAC conversion curves
for the single-energy and the dual-energy CT da-
ta. The data in each scan were fitted bilinearly
with a flexion point of 0 HU.
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Figure 4. Conventional single-energy CT images ((a) and (d)), their corresponding
attenuation maps ((b) and (e)), and CTAC SPECT images ((c) and (f)) scanned at the
iodine-free position ((a)-(c)) and at the iodine position ((d)-(f)). For CT images, loca-
lizer images with the corresponding reference lines are also shown in the lower right
corner. The iodine solutions cause severe artifacts in the CT image (d) and its corres-
ponding attenuation map (e). Artifacts are also present in the CTAC SPECT image
((f), arrows).
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Figure 5. Dual-energy CT images ((a) and (d)), their corresponding attenuation maps
((b) and (e)), and CTAC SPECT images ((c) and (f)) scanned at the iodine-free posi-
tion ((a)-(c)) and at the iodine position ((d)-(f)). For CT images, localizer images with
the corresponding reference lines are also shown in the lower right corner. The arti-
facts arising from iodine solutions are substantially reduced in the CT image (d) and
the attenuation map (e), providing better uniformity in the CTAC SPECT image (f).

Figure 6 shows a box-and-whisker plot for the measured LAC values, where the ends of the whisker
represent the 10th and 90th percentiles. At the iodine-free position, both the single-energy and the dual-energy
techniques provided LAC values in the 10th-to-90th percentile range of less than 0.001 cm ™, which means that the
distribution of the values were quite uniform. At the iodine position, however, the single-energy technique yielded
values of 0.035 cm ' and 0.005 cm™ for the 10th-to-90th percentile and the interquartile ranges, respectively,

188
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Figure 6. Box-and-whisker plot of the LAC values derived from
both the single-energy and the dual-energy CT data. Both ends of
the whisker represent 10th and 90th percentiles. Outliers are plot-
ted with open circles. At the iodine-free position, the 10th-to-90th
percentile ranges for both the single-energy and the dual-energy
techniques are quite small. At the iodine position, however, the
LAC values derived from the single-energy CT exhibit much
greater variation than those from the dual-energy CT.

indicating that the distribution of the measured LAC values strongly fluctuated due to the artifacts. The use of
the dual-energy technique substantially shortened these statistics at the iodine position; the 10th-to-90th percen-
tile and the interquartile ranges were 0.005 cm™* and 0.001 cm *, respectively, indicating that the uniformity of
the LAC values was substantially improved. The standard deviations of the measured LAC values at the
iodine-free and the iodine positions were < 0.001 cm™ and 0.013 cm™, respectively, with the single-energy
technique, and were < 0.001 cm™* and 0.002 cm™?, respectively, with the dual-energy technique.

LAC error maps for both the single-energy and the dual-energy techniques are shown in Figure 7. At the
iodine-free position, relative errors were almost 0% for the entire region inside the phantom ((a) and (b)). At the
iodine position, however, the single-energy CT resulted in substantial positive and negative error values at the
region between the two iodine solutions (c). The positive error values corresponded to the bright artifacts in the
CT image, while the negative error values corresponded to the dark artifacts. The use of dual-energy CT sub-
stantially decreased those errors (d). It should be noted that since these LAC error maps were calculated relative
to the theoretical LAC value of water, only error values inside the phantom are meaningful.

4. Discussion

In this study, we performed a simple phantom experiment to investigate if dual-energy virtual monochromatic
CT could provide better attenuation maps than conventional single-energy CT in the presence of dense materials.
Two syringes filled with undiluted iodine contrast material were used as extremely dense materials [23]. The
distributions of the pixel values on the attenuation maps were compared between two positions: one in the pres-
ence of the iodine solution and the other in its absence. To avoid subjectivity, we did not perform any visual as-
sessment. As expected, severe artifacts arising from the iodine solutions appeared in the single-energy CT image,
resulting in an erroneous attenuation map. Substantial errors were distributed between the two iodine solutions
but were not found in the absence of iodine. Some of these artifacts, which had positive error values propagated
into the CTAC SPECT image. In contrast, artifacts were almost invisible in the dual energy CTAC SPECT im-
age, although small remnants of the artifacts could still be seen on both the virtual monochromatic CT image
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Figure 7. LAC error maps showing spatial distributions of
error values for LAC relative to LAC of water at 141 keV.
At the iodine position, substantial error values are ob-
served at the region between the two iodine solutions
when the single-energy technique is used (c). This error
was substantially reduced by the dual-energy technique
(d). At the iodine-free position, relative errors are almost
0% for the entire region inside the phantom for both sin-
gle-energy and dual-energy techniques ((2) and (b)).

and the corresponding attenuation map. The distribution of the measured LAC values in terms of dispersion was
much broader with the single-energy technique than with the dual-energy technique when the attenuation maps
were obtained at the iodine position. These results suggested that, although dense materials could affect attenua-
tion maps by producing artifacts, dual-energy CT could mitigate such artifacts, providing better attenuation
maps. The authors believe that dual-energy virtual monochromatic CT can be a good option for more accurate
CTAC, especially for patients who have dense materials in their bodies.

The idea of dual-energy CTAC for SPECT reconstruction was not novel; this potential use for dual-energy
CT was originally proposed in the early 1990s in order to obtain an energy-corrected attenuation map for
SPECT reconstruction [7]-[9]. In their work, Hasegawa et al. also reported that the dual-energy CT-based atten-
uation map showed minimal streak or cupping artifacts [9]. On the other hand, in 1994 LaCroix et al. described
several difficulties they encountered in performing dual-energy measurements: it was time-consuming; it re-
quired an increased radiation dose; and the performance suffered from spectral overlap between low- and
high-energy beams [12]. However, these technical difficulties had been overcome in recent years. The second-
generation dual-source CT scanner used in this study could simultaneously acquire 128-slice low- and
high-energy CT data at a subsecond rotation time. Spectral separation between low- and high-energy beams had
been significantly improved by applying an additional tin filter to the high-energy beam [33] [34]. The tin filter
was also useful in keeping the radiation dose similar to or even lower than that in single-energy CT. In fact, the
CTDlvol for the dual-energy scan was lower (1.93 mGy) than that for the single-energy scan (3.43 mGy) in our
phantom study. To our knowledge, the present study was the first one that used modern, commercially available
dual-energy virtual monochromatic CT to improve accuracy of attenuation maps for SPECT reconstruction in
the presence of dense materials.

The selection of the virtual monochromatic energy was an important issue for the application of dual-energy
virtual monochromatic CT [25] [27] because not only image contrast but also the efficacy of artifact reduction
depended on the energy setting. In this study, we determined the optimal energy to be 110 keV because the arti-
facts were maximally reduced at this energy. Although we did not have any theoretical evidence that this energy
level was optimal, this energy setting was almost consistent with the setting reported in a previous paper by
Bamberg et al., which described that energies around 105 keV were robust enough to provide an optimal visua-
lization of metallic implants [25].

In this study, we used a dual-source CT scanner to obtain dual-energy CT data. It should be noted that dual-
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energy CTAC can also be provided by other dual-energy CT scanners having a variety of source-detector geo-
metry and/or scintillator properties, depending on the manufacturer [20] [37] [38]. For example, dual-energy CT
with fast-kVp switching allows sinogram-based virtual monochromatic imaging, which can reduce such artifacts
as well [20]. Although current commercially available hybrid SPECT/CT scanners do not implement any dual-
energy CT features, it is conceivable that future SPECT/CT scanners will have this capability. From a practical
standpoint, for instance, a cerebral blood flow SPECT study with dual-energy CTAC does not necessarily re-
quire a hybrid SPECT/CT scanner because of the ease of co-registration of CT and SPECT data [5] [39]. Dual-
energy CT data obtained with a stand-alone CT scanner can be utilized for the SPECT CTAC procedure.

This preliminary study has a few limitations. First, our study was not performed on humans because the
dual-energy CT scanner we used was located in an emergency and critical care facility. Human studies involving
healthy subjects or nonemergency patients were neither practical nor acceptable in the setting of emergent care.
Second, we only performed a simple phantom experiment using a pair of undiluted iodine solutions. Although
we were able to reduce artifacts from the iodine solutions on the attenuation map using virtual monochromatic
imaging, we have not addressed the disadvantages of this strategy. For instance, virtual monochromatic imaging
might not work appropriately for dense materials themselves if their attenuation exceeds the dynamic range of
the scanner. Thus, further investigations with more realistic phantom experiments are necessary. Third, we have
not answered the following question: why only the portions of observed artifacts in the attenuation map that had
positive error values (Figure 7(c)) propagated into the SPECT image (Figure 4(f)). Numerical simulation stu-
dies using a more general reconstruction algorithm (rather than the vendor-supplied three-dimensional iterative
reconstruction algorithm) are required to better understand how this phenomenon occurred.

In conclusion, dual-energy virtual monochromatic CT can effectively reduce artifacts arising from dense ma-
terials and thereby improve the accuracy of attenuation maps. This technique will contribute to more reliable
SPECT reconstruction, especially when dense materials exist in the scan field of view.
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