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Rationale and Objectives: This phantom study aimed to evaluate low-dose (LD) chest computed tomography (CT) protocols using
model-based iterative reconstruction (MBIR) for diagnosing lung metastases in patients with sarcoma.

Materials and Methods: An adult female anthropomorphic phantom was scanned with a 64-slice CT using four LD protocols and a stan-
dard-dose protocol. Absorbed organ doses were measured with 10 metal-oxide-semiconductor field-effect transistor dosimeters. Further-
more, Monte Carlo simulations were performed to estimate organ and effective doses. Image quality in terms of image noise, contrast, and
resolution was measured from the CT images reconstructed with conventional filtered back projection, adaptive statistical iterative recon-
struction, and MBIR algorithms. All the results were compared to the performance of the standard-dose protocol.

Results:Mean absorbed organ and effective doses were reduced by approximately 95%with the LD protocol (100-kVp tube voltage and a
fixed 10-mA tube current) compared to the standard-dose protocol (120-kVp tube voltage and tube current modulation) while yielding an
acceptable image quality for diagnosing round-shaped lung metastases. The effective doses ranged from 0.16 to 2.83mSv in the studied
protocols. The image noise, contrast, and resolution were maintained or improved when comparing the image quality of LD protocols
using MBIR to the performance of the standard-dose chest CT protocol using filtered back projection. The small round-shaped lung
metastases were delineated at levels comparable to the used protocols.

Conclusions: Radiation exposure in patients can be reduced significantly by using LD chest CT protocols and MBIR algorithm while main-
taining image quality for detecting round-shaped lung metastases.
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INTRODUCTION
S oft tissue sarcoma is a cancer that originates in the
soft tissues of the body, such as muscles, tendons, lig-
aments, cartilage, fat tissue, lymph and blood vessels,

or nerves. Tumors are often located in the limbs, head and
neck, chest, or abdomen; the lungs are the most common site
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of metastatic disease in soft tissue sarcoma (1,2). Therefore,
patients at high risk of metastases are usually evaluated with
chest computed tomography (CT) scans that can typically
show round-shaped sarcoma metastases. Dose reduction in
CT has become a major objective in optimizing radiological
examinations. This finding is due to increased CT use in
diagnosing diseases in the chest and other body areas and
CT's significant role in the accumulated radiation dose of the
population. In accordance with current knowledge, the like-
lihood of presenting with stochastic adverse effects (eg, can-
cer) is assumed to increase linearly with radiation dose (3�5).

According to the commonly accepted ALARA (as low as
reasonably achievable) principle, examinations using ionizing
radiation should be performed with a radiation dose that is as
low as reasonably achievable while maintaining sufficient image
quality for diagnosis. Optimization strategies for chest CT
include the use of automatic tube current modulation (TCM),
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lowered tube voltage, adaptive beam collimation in helical
scans, and partial scanning (organ dose modulation); these strate-
gies have all been used to reduce radiation exposure to tissues
and to optimize image quality (6�10). One of the most promis-
ing CT optimization techniques is the continuously developing
iterative reconstruction algorithms that aim to overcome the
limitations of the traditional reconstruction method of filtered
back projection (FBP) for image quality and diagnostic dose
efficiency. The iterative reconstruction algorithms include statis-
tical (hybrid) and model-based iterative reconstruction (MBIR)
techniques. The former only models the noise statistics, whereas
the latter uses a more complex system of prediction models,
including modeling of optical factors, such as x-ray tube and
detector responses, in addition to voxel projections, x-ray beam
spectra, and noise statistics (11). Several studies have reported
significant dose reduction capabilities of iterative reconstruction
methods (especially with MBIR) in the chest and other body
areas while maintaining or improving diagnostic image quality
(12�31). However, some researchers have warned about the
possibilities of missing clinically significant lesions with low-
dose (LD) abdominal and chest CT protocols using iterative
reconstruction techniques (32,33). The image noise magnitude
and texture of the iteratively reconstructed images depend on
the scanned tissue, and noise magnitude may behave differently
at tissue boundaries compared to uniform regions (34).
Our study aimed to evaluate LD chest CT protocols for diag-

nosing metastases in patients with sarcoma by determining
absorbed radiation doses with an anthropomorphic phantom and
metal-oxide-semiconductor field-effect transistor (MOSFET)
dosimeters. The aim was also to provide three-dimensional (3D)
dose assessment by performing voxel-based Monte Carlo (MC)
simulations to determine organ and effective doses produced by
each scanning protocol to the anthropomorphic model. This
approach was selected to achieve a comprehensive dose assessment
with the volumetric dose distribution offered by MC simulations
applied in conjunction with point-dose measurements. Finally, to
provide the image-quality aspect of optimization, we compared
the image qualities of the images reconstructed with FBP, adaptive
statistical iterative reconstruction (ASIR), and MBIR algorithms.
MATERIALS ANDMETHODS

Dose Measurements and Simulations

An adult female anthropomorphic phantom (ATOM Model
702-D; CIRS, Norfolk, VA) was scanned in a supine position
TABLE1. Scanning Parameters and Dose Indices (CTDIvol and DLP

Protocol Tube Voltage (kVp) Tube Current/GE NI

Low dose 1 100 Fixed 10mA
Low dose 2 100 NI = 50
Low dose 3 120 Fixed 10mA
Low dose 4 120 NI = 40
Standard dose 120 NI = 15

CTDIvol, volume computed tomography dose index, DLP, dose-length p
with a 64-slice CT scanner (GE Discovery CT750 HD; GE
Healthcare, Milwaukee, WI). Four LD protocols and a stan-
dard-dose protocol were used to delineate the lung metastases
in the patient with sarcoma in the anthropomorphic phan-
tom. The anatomic characteristics of the female phantom
were 55 kg (weight), 160 cm (height), and 20£ 25 cm (chest
dimensions). The phantom was made of tissue-equivalent
epoxy resins with the following physical densities: 1.60 g/cm3

(bone tissue), 1.05 g/cm3 (soft tissue), 1.07 g/cm3 (spinal cord),
1.15 g/cm3 (spinal disks), and 0.21 g/cm3 (lungs). The phan-
tom was set to the CT scanner isocenter by lasers and visual
landmarks on the phantom. The scan range was set according
to a typical chest CT examination (from the apex of the lungs
to the lateral phrenic angles). The scanning parameters and
dose indices (volume computed tomography dose index
[CTDIvol] and dose-length product [DLP]) are shown in
Table 1. The reported GE noise indices (NIs) are relative to
the target image noise described as the standard deviation of
CT numbers in Hounsfield units. The TCM in GE CT sys-
tems is calculated from the last scout image (no matter how
many scout images are scanned) and the selected NI; increas-
ing the NI lowers the total dose. The following were used in
each helical CT scanning protocol: 0.984 pitch, 8£ 5mm
detector configuration, and a large scan field of view.

Before dose measurements, 10 high-sensitivity TN-
1002RD MOSFET dosimeters (Best Medical, Canada) with
high-bias settings were calibrated in air for 100- and 120-
kVp tube voltages with clinical CT beam settings by using a
calibrated 10-cm pencil ionizing chamber (RaySafe Xi;
Unfors RaySafe AB, Billdal, Sweden). After calibration, the
dosimeters were inserted to the adult female phantom, and
organ doses to the lungs (four dosimeters), liver (three dosim-
eters), thyroid gland, heart, and right breast (one dosimeter
each) were measured (Fig 1). The scans using LD protocols
were repeated 50 times before reading the dosimeters.
This procedure was performed to improve the reproduc-
ibility of the dose measurements and to achieve suffi-
ciently high radiation doses in the dosimeters. This
method was repeated three times (or total of 150 scans).
The scans using standard-dose protocol were repeated
three times before reading the dosimeters to provide simi-
lar reproducibility compared to the LD exposures. This
method was repeated three times (or a total of nine
scans). The individual dosimeter readings were used to
estimate the measurement uncertainty (random error) of
the mean absorbed point doses.
) of the Used Low-dose and Standard-dose Protocols

Rotation Time (s) CTDIvol (mGy) DLP (mGy�cm)

0.4 0.20 6.33
0.4 0.31 9.91
0.4 0.31 10.05
0.4 0.49 15.70
0.5 3.58 115.08

roduct; NI, noise index.
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Figure1. Metal-oxide-semiconductor field-effect transistor posi-
tions inside the anthropomorphic phantom shown in anterior-poste-
rior (a) and lateral (b) directions. The locations were thyroid (1), lungs
(2�5), heart (6), and liver (7�9). Additionally, one metal-oxide-semi-
conductor field-effect transistor dosimeter was positioned on the
right breast (not visible in the images).
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To estimate organ and effective doses, MC simulations
(ImpactMC; Vamp GmbH, Germany) were performed, along
with the point doses measured with MOSFET dosimeters. MC
simulations were done using 3D voxelized data that were
derived from previously acquired CT images of the whole
anthropomorphic phantom. To enable simulations with exist-
ing computer memory capacity, a slice thickness of 2.5mm was
used in the simulations. As a prerequisite for the MC simula-
tions, the x-ray spectrum was simulated for both 100- and 120-
kVp tube voltages using the Spekcalc 2.0 program (35) and
information from the vendor specifications (tube type, half-
value layer, anode material, and filtration). Furthermore, beam
dose profile free-in-air was measured with the same pencil ioni-
zation chamber as used in the MOSFET calibration to provide
source data for bowtie filter thickness across the axial scan plane
for the large body scan field of view. The method used to
define the shape of the bowtie filter corresponded to the previ-
ously published static x-ray tube method (36). Bowtie thickness
data and simulated spectrum were then used as input for the
MC simulation, together with the anthropomorphic phantom
CT voxel data, scan range, pitch, and tube current values based
on the TCM data. The TCM accounted for tube current z-
axis variation and angular range as reported by the CT scanner.
Two simulations were performed for each scan setting with the
x-ray tube rotational start angles at 0° and 180° to acquire com-
plementary dose data for the uncertainty evaluation of the sim-
ulated results (to manage uncertainty contribution due to
varying tube start angles during the scan). Absorbed-dose voxel
maps were acquired as the output of simulations. Spherical vol-
umes of interest (VOIs) with 5-mm radii were placed at the
corresponding MOSFET dosimeter locations, and the mean
doses were recorded to be used in comparison to the experi-
mental MOSFET dosimetry point-dose results.

Radiation-sensitive organs and tissues were segmented from
the anthropomorphic phantom to determine mean organ doses
52
based on the whole segmented organ volumes in the simulated
3D dose maps. The brain, breasts, lungs, bones, spinal cord,
cartilage, and air were segmented based on Hounsfield unit-
level thresholding and manual identification. Skin was deter-
mined as the surface layer on the phantom. Other radiosensi-
tive organs were brought from the International Commission
on Radiological Protection (ICRP) reference adult female
computational phantom (37) by coregistering the voxel model
with ATOM phantom CT data. Three regions (the head and
neck, the pelvis, and the remainder of the torso) were matched
separately using rigid registration. Organs were adjusted to
accommodate appropriate soft tissue regions. No overlap was
allowed. As our phantom lacked physical legs, arms, and
shoulders, these were also omitted from the segmentations.
Finally, the organ segmentations were dilated to match the
ICRP reference volumes apart from bone, lung, brain, and
breast tissues that were physically defined in the anthropomor-
phic phantom. Organs defined as a separate wall and contents
(such as stomach) were combined into single segments.

We compared the absorbed radiation doses measured with
MOSFET dosimeters and compared organ doses and effective
doses (determined by MC simulations) in each LD helical chest
CT protocol to those of the standard-dose protocol. We also
compared the point organ doses that resulted from theMOSFET
measurements and MC simulations to each other. Furthermore,
we determined the conversion coefficients from the DLP to the
effective dose to be used for our anthropomorphic phantom.
Image Quality Measurements and Analysis

In addition to the irradiations performed for the dose measure-
ments, we also performed separate image quality scans with the
same scanning parameters (Table 1). Each scan was repeated
twice. MOSFET dosimeters were removed from the anthro-
pomorphic phantom to minimize image artifacts caused by the
dosimeter and wire structures. Three round-shaped soft tissue
plugs (5mm in diameter and 25mm long) were inserted into
the lungs, and three lung holes were left empty (“air plugs”) to
simulate metastatic lesions. The images were reconstructed
with the following four reconstruction methods: FBP with a
standard kernel, ASIR (40% level of ASIR-FBP blending),
standard and chest kernels, and MBIR (VEO, GE Healthcare).
The standard reconstruction kernel is typically used in routine
examinations, whereas the chest kernel is specifically designed
for mediastinum and lung details. The slice thickness was
0.625mm, the image matrix was 512£ 512, and the display
field of view was 28 cm for all the series. This resulted in a
0.547£ 0.547£ 0.625mm3 voxel size. We compared the
image resolution, noise, and contrast in each LD setting and
reconstruction to those of the standard-dose images. Image
quality analysis steps (shown in Fig 2 and described further)
were implemented in MATLAB (MathWorks, Natick, MA).

Image noise magnitude was measured by the following
two methods: subtracting the repeated image quality scans,
and fitting Gaussian distributions to VOIs and dividing the
resulting standard deviations by x2 (soft tissue) or fitting a
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truncated Gaussian distribution to a combined histogram of
the two scans and recording the standard deviations (lung).
The fitting was performed by the simplex search method
implemented in MATLAB (38). The former subtraction
approach removes systematic inhomogeneity in the phantom
materials. The latter approach was required because the scan-
ner did not record CT values correctly below ¡1000HU
(Fig 2c). The values below the cutoff were omitted from the
fitting. The spherical VOIs (diameter 15mm) were placed
manually with the aim of filling the available space. The
manual placing was chosen to avoid support structures, tissue
boundaries, air gaps between phantom slabs, plug inserts, the
edges of the field of view, or the scan range and other possible
nonuniform phantom regions. The total numbers of VOIs
were 99 (soft tissue) and 87 (lung). Defining noise by histogram
fitting has been used previously by Kaasalainen et al. (39).
Image contrast measures were defined as (1) the expecta-

tion values of the Gaussian fits obtained in the image noise
step mentioned earlier (for lung), (2) the average of the VOI
means (soft tissue), or (3) taking the mean Hounsfield unit
value from the inserted tissue or air plugs.
Image noise textures were evaluated by calculating two-

dimensional noise power spectrum (NPS (40)) from the
Figure2. (a) A schematic representation of image quality analysis.
Resolution was assessed by two methods, radial averaging air (1) or
soft tissue (2) plugs in the lung (top left) and averaging by the dis-
tance perpendicular to a tissue border (3�5, top right). The pixel
intensities are sorted by the distance from the plug center or tissue
boundary, r (double-headed arrows), and the resulting oversampled
edge-spread function is differentiated to produce the line spread
function (b). The full width at half maxima of the resulting line spread
function is recorded as the resolution value. (c) Noise and contrast in
the lung (6) are evaluated by fitting Gaussian distributions to the trun-
cated histograms. Hounsfield unit values below ¡1000 in the first
histogram bin are omitted because of saturation. The fitted standard
deviation and expectation values are recorded as the noise and con-
trast measures. Not shown in the image are the actual ROIs defined
for lung and soft tissues. NPSs are calculated from a square region
(7) in the mediastinum and averaged over multiple slices. NPS, noise
power spectrum; ROI, region of interest.
subtraction images using 101£ 101 pixel regions of interest
in 92 slices in the mediastinum. The obtained two-dimen-
sional NPSs were first averaged over the slices and then radi-
ally averaged using a 0.25 lp/cm window to produce one-
dimensional representations. These were normalized to unity
at the peak power and were compared qualitatively.

Two complementary methods were used to measure image
resolution (upper corners in Fig 2a and b). First, edge spreading
was estimated at different tissue boundaries (air vs soft tissue,
soft vs lung tissue, and soft vs bone tissue). We selected 20 sites
for each boundary type and examined profiles perpendicular
to the boundary to provide oversampled edge-spread values.
Primary component analysis was used to fit planes at the sites'
local neighborhoods to provide the edge normals. Voxel
Hounsfield unit values and normal distances were recorded
and two partial error functions were fitted in the least squares
sense: the first and the second parts of the edge were allowed
to be described by two independent error functions with the
constraining requirement of smoothness at the intersection.
The approach is somewhat similar to that of Sanders et al. (41).
The combined fit functions were differentiated and the full
widths at half maxima (FWHMs) of the resulting line spread
functions were used as resolution measures. Second, a corre-
sponding analysis was performed for the seven tissue or air
plugs inserted into the phantom lung tissue. Voxel values were
recorded with respect to the distance from the plug central
axis. The axis midpoints were obtained by the in-plane centers
of mass of the plug neighborhoods after thresholding by the
Otsu method (42). The oversampled edge-spread functions
and FWHMs were obtained in the same manner as previously
discussed after radially averaging the profiles from multiple sli-
ces. The latter “cylinder” approach was previously applied, for
example, by Suomalainen et al. (43). In both cases, a 0.1-mm
running average was used in obtaining the prefitting distance-
Hounsfield unit profiles. All the edge fitting functions were
visually verified to match the underlying data.
RESULTS

Organ Doses and Effective Doses

Radiation dose in terms of CTDIvol and DLP values of the LD
protocol using a 100-kVp tube voltage and a 10-mA tube cur-
rent (LD 1) was approximately 95% lower than that of the stan-
dard-dose protocol. Figure 3 shows the measured and simulated
mean absorbed organ doses in each LD and standard-dose pro-
tocol. The organ doses determined with the voxel-based MC
simulations corresponded well with those measured from the
same points of the female phantom with MOSFET dosimeters.
On average, the MC simulations systematically resulted in 10%
(7%�14%) lower absorbed organ doses than the MOSFET
measurements. The lowest organ doses were achieved with the
LD 1 protocol, whereas the highest doses were measured with
the standard-dose protocol (120 kVp and NI of 15). According
to the MOSFET measurements, the highest mean absorbed
organ doses in each protocol were observed in the thyroid
53



Figure3. Mean absorbed organ doses produced by different scanning protocols. The doses were determined from the same organ locations
in the Monte Carlo simulations and MOSFET measurements. MOSFET, metal-oxide-semiconductor field-effect transistor; NI, noise index.
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gland (from 0.37§ 0.02 to 7.07§ 0.32mGy), and the lowest
mean organ doses were observed in the liver (from 0.24§ 0.01
to 4.89§ 0.24mGy). As the scanning range ended in the liver
and two high-sensitivity MOSFET dosimeters in the liver were
positioned outside the primary scanning range, the absorbed
doses measured inside the liver varied from 0.17 to 0.30mGy
and from 3.54 to 5.77mGy with the LD 1 protocol and the
standard-dose protocol, respectively. According to both MOS-
FET measurements and MC simulations, the LD 1 protocol
resulted in an approximately 95% decrease in the mean
absorbed organ doses compared to the standard-dose protocol,
whereas the LD 4 protocol (using 120 kVp and NI of 40)
resulted in approximately 86% reduced doses. The measured
relative organ dose savings agree with the differences in the
CTDIvol and DLP values of the protocols.

The organ doses in different tissues together with the effec-
tive doses estimated in the anthropomorphic model with MC
simulations for each scanning protocol are shown in Table 2.
According to the simulations, the absorbed organ doses were
the highest in organs located inside or in the near vicinity of
the primary beam (thymus, lungs, breasts, esophagus, heart,
thyroid, liver, spleen, stomach, pancreas, and gallbladder).
The mean conversion coefficient from the scanner reported
DLP values to the effective dose, k, was calculated for our
anthropomorphic phantom (k=0.024mSv/mGy�cm).

The simulated dose maps for the standard-dose and LD 1
helical scans are presented in Figure 4 as comparative coronal
midplane representations. The presented dose maps were
simulated with an x-ray tube start angle of 0° (thus, the x-ray
tube was positioned on the anterior side of the
54
anthropomorphic phantom at the beginning of the simulated
scan). The x-ray tube start angle affected the organ doses the
most in tissues irradiated only partially. Smaller variations
were seen for tissues located wholly inside the primary scan-
ning range. For example, the lungs and the heart received
absorbed organ doses that were within 2% between the scans
performed with 0° and 180° x-ray tube start angles, whereas
the absorbed doses in organs such as the liver (~3%), the thy-
roid gland (~5%), the pancreas (~6%), and the spleen (~9%)
altered more, depending on the x-ray tube start position.
Image Quality Measurements and Analysis

The image noise was the lowest in images reconstructed with
the MBIR algorithm. The ASIR algorithm with chest recon-
struction kernel resulted in the highest image noise in lung
tissue; the highest image noise was observed with the FBP
algorithm in soft tissue regardless of the dose level (Fig 5).
The measured image noise in the MBIR images produced by
the LD 1 protocol was similar to or lower than the image
noise in the standard-dose images reconstructed either with
the ASIR or FBP algorithms.

The image contrast remained approximately the same in
lung tissue when the radiation dose was lowered (Supple-
mentary Fig S1). However, the mean CT number value in
soft tissues was somewhat decreased in the MBIR images and
was more clearly decreased in the ASIR images reconstructed
with the chest kernel.

The mean CT numbers increased in air plugs within the
lungs regardless of the reconstruction technique when using



TABLE2. Organ Doses and Effective Doses Determined From the Monte Carlo Simulations for Different LD and Standard-dose
Protocols

ICRP 103 Tissue
Weighting Factor

LD 1 (100kVp,
10mA)

LD 2 (100kVp),
NI = 50

LD 3 (120 kVp,
10mA)

LD 4 (120 kVp),
NI = 40

Standard Dose
(120kVp), NI = 15

Organ/Tissue WT Equivalent Dose (mSv)

Active bone marrow 0.12 0.0566 0.0882 0.0896 0.1395 1.0249
Colon 0.12 0.0073 0.0105 0.0130 0.0188 0.1444
Lung 0.12 0.2778 0.4270 0.4585 0.7057 5.1819
Stomach 0.12 0.2632 0.3737 0.4357 0.6190 4.7250
Breast 0.12 0.2683 0.3741 0.4316 0.6015 4.4266
Gonads 0.08 0.0006 0.0009 0.0012 0.0016 0.0127
Bladder 0.04 0.0012 0.0018 0.0023 0.0034 0.0259
Esophagus 0.04 0.2572 0.4046 0.4330 0.6824 4.9770
Liver 0.04 0.2654 0.3752 0.4379 0.6191 4.7167
Thyroid 0.04 0.2592 0.4382 0.4146 0.7032 4.9756
Bone surface 0.01 0.1134 0.1799 0.1799 0.2852 2.0858
Brain 0.01 0.0038 0.0065 0.0069 0.0118 0.0838
Salivary glands 0.01 0.0245 0.0418 0.0409 0.0698 0.5017
Skin 0.01 0.0930 0.1470 0.1496 0.2361 1.7316
Adrenals 0.0092 0.2245 0.3233 0.3822 0.5482 4.2295
Extrathoracic region 0.0092 0.0208 0.0351 0.0351 0.0598 0.4231
Gallbladder 0.0092 0.2525 0.3625 0.4218 0.6057 4.6587
Heart 0.0092 0.2944 0.4521 0.4911 0.7542 5.5098
Kidneys 0.0092 0.1206 0.1742 0.2044 0.2950 2.2723
Lymphatic nodes 0.0092 0.1238 0.1987 0.2068 0.3313 2.4233
Muscle 0.0092 0.0917 0.1457 0.1509 0.2396 1.7566
Oral mucosa 0.0092 0.0165 0.0282 0.0288 0.0485 0.3476
Pancreas 0.0092 0.1801 0.2594 0.3027 0.4365 3.3613
Small intestine 0.0092 0.0223 0.0322 0.0380 0.0550 0.4236
Spleen 0.0092 0.2408 0.3470 0.4020 0.5808 4.4665
Thymus 0.0092 0.3119 0.5305 0.5138 0.8726 6.2617
Uterus 0.0092 0.0007 0.0010 0.0013 0.0020 0.0149
Effective dose, E (mSv)

P
WT=1 0.16 0.23 0.26 0.38 2.83

ICRP, International Commission on Radiological Protection; LD, low dose; NI, noise index.

Figure4. Simulated dose maps in the coronal plane for the low
dose 1 (left) and standard-dose (right) helical scans. (Color version of
figure is available online.)
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the LD protocols instead of the standard-dose protocol
(Fig 6). The ASIR algorithm with the chest reconstruction
kernel yielded the highest CT numbers in air plugs, whereas
the other reconstructions resulted in similar contrast values.
However, higher CT numbers were observed in the soft tis-
sue plugs with the FBP algorithm compared to other recon-
structions methods when using LD protocols.

The NPS analysis showed the image noise to be at lower
spatial frequencies in the MBIR images compared to the
ASIR and FBP images (Fig 7 and Supplementary Figs S2 and
S3). The MBIR reconstruction algorithm had a clear dose
dependency, whereas the other reconstruction algorithms did
not show any variation in the normalized NPS regardless of
the dose level (Supplementary Fig S2). The reconstruction
kernel in the ASIR reconstructions did not affect the image
noise structure in terms of the NPS. However, the FBP
reconstruction algorithm yielded image noise that tended to
be in higher spatial frequencies than the noise in the ASIR
images. The magnitudes of the NPS in absolute scale are
shown in Figure 7. The MBIR resulted in notably lower
magnitudes compared to the other reconstruction algorithms.
55



Figure5. Mean image noise in (a) lung tissue and (b) soft tissue determined from images scanned with four low-dose protocols (scans 1�4)
and a standard-dose protocol (scan 5) and reconstructed with different image reconstruction algorithms. ASIR, adaptive statistical iterative
reconstruction; FBP, filtered back projection; STD, standard reconstruction kernel.

Figure6. Mean image contrast in (a) air and (b) soft tissue plugs inserted into the phantom's lungs in chest CT images scanned with four low-
dose protocols (scans 1�4) and a standard-dose protocol (scan 5) and reconstructed with different image reconstruction algorithms. ASIR,
adaptive statistical iterative reconstruction; CT, computed tomography; FBP, filtered back projection; STD, standard reconstruction kernel.
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The low-frequency spike especially visible in Figure 7a is pri-
marily due to a slight position dependence in noise magni-
tude because the mediastinum regions of interest were not
perfectly at the CT scanner isocenter and were surrounded
by rotationally varying distributions of attenuating material
(soft tissue thickness at different angles, as well as bone and
lung structures).

The FWHM analysis results from tissue boundaries (ie, soft tis-
sue vs air, soft tissue vs lung tissue, and soft tissue vs bone tissue)
indicated that the MBIR algorithm yielded higher resolution
than the other reconstruction algorithms (Supplementary Fig S4).
While the differences between the reconstructions were the
greatest in the air vs soft tissue boundaries, a clear difference was
also observed in the soft tissue vs lung tissue boundaries. In the
soft tissue vs bone tissue boundaries, the MBIR and FBP algo-
rithms resulted in somewhat closer edge-spread values to each
other, especially when using lower radiation exposure levels.

The edge-spread analysis performed for the soft tissue plugs
inserted into the lungs indicated the same or superior perfor-
mance of the MBIR algorithm compared to the other recon-
struction techniques (Fig 8). Moreover, the MBIR algorithm,
together with the LD 1 protocol, resulted in resolution values
56
in the soft tissue plugs comparable to those of the FBP with the
standard-dose protocol. However, the edge spreading in air
plugs was higher as measured with the MBIR algorithm than
that with the other reconstruction techniques most apparently
because of increased noise content in FBP and ASIR images.
DISCUSSION

Chest CT scans in varying indications are one of the most
common CT studies performed worldwide. Because of dif-
ferent needs in the required image quality, each scanning
protocol should be optimized for its purpose. The aim of our
phantom study was to evaluate the use of LD chest CT pro-
tocols using the MBIR algorithm for diagnosing lung metas-
tases in patients with sarcoma. We observed dose reductions
up to 95% with the constructed LD protocols while main-
taining image quality at round-shaped metastases typically
seen in the lungs of patients with sarcoma. Our image quality
analysis results indicated MBIR to be superior compared to
FBP and ASIR because of decreased image noise; MBIR also
preserved image contrast at comparable levels. Additionally,
our spatial resolution analysis based on edge spread showed



Figure7. The noise power spectra of different image reconstruction techniques in absolute scale. The model-based iterative reconstruction
algorithm (a) produced notably lower magnitudes for the NPS than the other image reconstruction algorithms (b�d). ASIR, adaptive statistical
iterative reconstruction; FBP, filtered back projection; STD, standard reconstruction kernel.

Figure8. Edge spreading determined as the FWHM from the following tissue plug boundaries: (a) soft tissue plug vs lung tissue and (b) air
plug vs lung tissue. Images were scanned with four low-dose protocols (scans 1�4) and a standard-dose protocol (scan 5) and were recon-
structed with different image reconstruction algorithms. ASIR, adaptive statistical iterative reconstruction; FBP, filtered back projection;
FWHM, full width at half maxima; STD, standard reconstruction kernel.
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improved or maintained spatial resolution values with MBIR
compared to the FBP and ASIR algorithms.

The highest absorbed organ doses, measured with MOSFET
dosimeters, were in the thyroid gland followed by (in decreasing
order) the lungs, heart, breast, and liver tissue. The LD 1 proto-
col (100-kVp tube voltage and a fixed 10-mA tube current)
resulted in an approximately 95% reduction in organ doses
compared to the standard-dose protocol (120-kVp tube voltage
and GE NI of 15). The thyroid dose was the highest because of
anatomy and attenuation of the neck area. The liver dose was
decreased because of averaging of the measured absorbed point
doses of three separate MOSFET dosimeters, in which only
one dosimeter was positioned into the primary beam and two
dosimeters were outside of the scanning range. Thus, the upper
part of the liver was exposed to similar absorbed-dose levels as
the lungs, whereas the rest of the liver was exposed to only scat-
tered radiation. Moreover, as we used only a single MOSFET
dosimeter to measure the dose in the thyroid gland and the
upper part of the thyroid was outside of the primary scanning
range, the uncertainty of the thyroid dose might be considerable
and the actual thyroid dose could be smaller than we measured.

The MC simulations agreed with the MOSFET measure-
ments when comparing the doses determined from the corre-
sponding sites in the phantom. On average, the MC
simulations resulted systematically in 10% (7%�14%) lower
absorbed doses than the MOSFET measurements yielded.
When comparing the simulated absorbed organ doses of differ-
ent tissues, the highest doses were observed in tissues located in
the primary scanning range or in the near vicinity, as expected.
The organ doses were thus the most notable in the thymus,
heart, lungs, esophagus, thyroid gland, breasts, liver, spleen,
stomach, pancreas, and gallbladder. We also observed that the
x-ray tube start angle in simulations affected the organ doses
the most in tissues that were irradiated only partially; lower
doses were observed in tissues located wholly inside the pri-
mary scanning range because of the averaging effect. As dis-
cussed earlier, the thyroid gland was located partially outside of
the primary scanning range. Therefore, the thyroid dose in the
simulation was lower (from 0.26 to 4.98mSv with the LD 1
and standard-dose protocols, respectively) than the measured
thyroid dose with MOSFET dosimeters.

Based on our simulations, the effective doses ranged from
0.16 to 2.83mSv in the scan protocols used. The dose level
of the LD 1 protocol was comparable to the dose level of a
conventional chest x-ray study, which was reported to be in
the range of 0.02mSv (for a posterior-anterior projection
study) to 0.1mSv (for a chest x-ray study containing both
posterior-anterior and lateral projections) (44). The effective
doses based on using the DLP to an effective dose conversion
coefficient in our study (0.15�2.76mSv) were somewhat
higher than those reported on previously published LD chest
CT studies. We used the conversion coefficient determined
in this study (k=0.024mSv/mGy�cm), which was higher
than that of the frequently used conversion coefficients that
vary between 0.014mSv/mGy�cm and 0.020mSv/mGy�cm
(17,18,26,28,30,31). This finding is due to the differences
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in the phantom models and our female-only conversion
coefficient was close to the sex-averaged value reported
by Zhang et al. (45) for the ICRP 110 reference phan-
toms (0.026mSv/mGy�cm).

Organ segmentation uncertainty is a contributing factor in
dosimetric uncertainty. The effect depends on the organ size,
shape, position, and the dose distribution within each organ vol-
umetric neighborhood. Consequently, the relative uncertainty
of the organ dose due to segmentation is potentially higher for
the small focal organs located near the borders of the scan range;
that is, relatively small translations of the segmentation will bring
the organ within the scan range or outside the scan range, or
change the organ irradiated fraction at the scan range edge. This
finding, in turn, may cause relatively high dose variations for
such organs where the interquartile ranges of the voxel dose
maps calculated over the organ volume are potentially within
the same order of magnitude as the mean dose (eg, for the
colon). However, the organs within the scan range (and the
most contributing to effective dose) presented lower relative
dose variations. The interquartile ranges of the dose maps for
such organs were considerably lower than the mean organ dose
(eg, for the lung). The other uncertainty factors include spectral
and bowtie modeling uncertainties (36), computed tomography
dose index-calibration uncertainty (46,47), modeling of the
mA-modulation and tube start angle, and MC simulation statis-
tical uncertainty; these factors provided a combined 15% uncer-
tainty. The effective dose uncertainty was not separately
estimated because of the lack of standardized uncertainties for
the tissue weighting factors and because the effective doses were
used only for comparative purposes while using the same
anthropomorphic model. However, the effective dose uncer-
tainty would be higher than the average organ dose uncertainty.

Previous studies have discussed the effect of image quality
on the confidence level of diagnosing pulmonary nodules in
chest CT, particularly the detection of small nodules
(<5mm) (15,18�20,26,30,31). Our image quality results
showed that the MBIR algorithm has significantly less image
noise than that from images produced by conventional FBP
and ASIR reconstructions. The images scanned with the LD
1 protocol and reconstructed with the MBIR algorithm pre-
sented an image noise level that was equal or smaller than the
noise in standard-dose images reconstructed with either the
ASIR or the FBP algorithm. Moreover, the edge spreading
was typically lower in the MBIR images than that in the
ASIR or the FBP reconstruction. However, the edge spread-
ing in the MBIR images was inferior compared to the FBP
and ASIR images in air plugs (simulating cavity-like metasta-
ses, small cysts, or centrilobular emphysemas) vs lung tissue
boundaries. This observation may support previous findings
of inferior detection of small ground-glass nodules in the
lungs with MBIR (17,30,31). Furthermore, the regulariza-
tion in MBIR may result in highly nonstationary noise in the
images, specifically at the contrast edges (34). This may also
explain the inferior MBIR results concerning air plug vs lung
tissue edge-spread function. Based on our results, the LD
chest CT examinations with MBIR maintained the image
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contrast at comparable levels, although some variation in the
lung tissues was observed between the reconstructions. Addi-
tionally, a confounding factor may arise from the lower mean
energy of the x-ray spectra and greater attenuation, particu-
larly in bone tissue that used the 100-kVp tube voltage proto-
cols than in the 120-kVp tube voltage protocols.
Our results support previous findings that lower image

noise can be achieved with the MBIR algorithms compared
to FBP and statistical iterative reconstruction algorithms,
which support greater dose reduction possibilities and
improved visibilities of small anatomic structures in the chest
(subpleural vessels, lung fissures, and other small structures)
(16,22,27). Additionally, MBIR algorithms can reduce streak
artifacts that can interfere with adequate visualization of small
and low-contrast lesions in the lungs (12). Neroladaki et al.
(17) found that it was possible to reduce patient radiation
exposure significantly when detecting noncalcified pulmo-
nary nodules. However, for characterizing ground-glass
opacities and emphysemas, LD levels are clearly inferior to
standard-dose levels. Similarly, Huber et al. (30) reported a
drop of sensitivity for the detection of small (5mm) ground-
glass nodules. According to their results, however, the small-
est ground-glass nodules were still better visualized than the
comparatively sized solid nodules. Although the edge spread-
ing was higher in air plug vs lung tissue boundaries with
MBIR compared to other reconstructions, we did not
encounter any problems in visualizing the 5-mm solid nod-
ules or the 5-mm cavity-like metastases (or cysts or centrilob-
ular emphysemas) in the lungs in our anthropomorphic
phantom study. The comparability of air plug-in-lung-reso-
lution measurement was hindered by the relatively high noise
content in the FBP and ASIR images. MBIR nonlinearities at
certain contrast levels and tissue boundaries may also have
been an explanatory factor for the observed difference.
Our radiation dose and image quality findings are consis-

tent with other LD and LD chest CT studies in different indi-
cations. These studies have also shown significant dose
reductions (27.0�98.6%) with several iterative reconstruction
techniques. In these studies, MBIR algorithms yielded higher
dose reductions than those observed in statistical iterative
reconstruction methods; image quality was still maintained at
an acceptable diagnostic level (12,15�23,26�31). However,
it should be noted that the dose reduction percentages
depend strongly on the radiation dose levels used in the stan-
dard-dose protocols.
There are limitations in using anthropomorphic phantoms

to study the required image quality in clinical situations with
various patients. Specifically, the lung structures of the
anthropomorphic phantom in our study were rather simplis-
tic, and we only used soft tissue plugs and three air plugs to
simulate lung metastases. Thus, the simulated targets and
boundaries represented only a few sites and a limited selection
of Hounsfield unit values. The shape, contrast, and size of
these simulated metastases should be varied in future investi-
gations. However, because of the geometric and attenuation
properties of the round-shaped lung metastases seen in
patients with sarcoma, remarkably lower doses compared to
standard chest CT protocols may be justified. Despite this
possibility, the results of every phantom study in clinical sit-
uations should be viewed with caution, as the use of anthro-
pomorphic phantoms for evaluating clinical image quality is
limited. This also means that the 0.16-mSv effective dose
level achieved in the present study may be too low for
achieving adequate image quality for a chest CT that follows
lung metastases in patients with sarcoma, especially when
scanning obese patients. Therefore, clinical research with
patients with soft tissue sarcoma is needed. As a second limita-
tion, we did not determine organ doses or effective doses that
resulted in scout imaging; we investigated only helical CT
scans. To dosimetrically compare LD protocols to the stan-
dard chest CT examination, the radiation burden of the scout
image should also be considered, as its relative proportion in
LD CT examinations may be particularly high (48,49). Thus,
the dose reduction percentage values of the whole-chest CT
examinations may be altered from those of the presented val-
ues. As a third limitation, only one CT scanner from a single
vendor was used. The investigated MBIR algorithm is avail-
able in a few GE CT scanner models. As other CT vendors
also offer MBIR algorithms for their newest CT models, an
extensive performance comparison is highly warranted. The
MBIR algorithm in the present study used a complex system
of prediction models. The reconstruction time was therefore
approximately 40 minutes per scan, potentially limiting its
use in a clinical environment. However, as chest CT exami-
nations for diagnosing lung metastases in patients with sar-
coma are performed in elective patients, the reconstruction
time of MBIR is not an obstacle unlike for emergency and
urgent patients. Finally, we determined the organ doses as
the average reading of a limited number of MOSFET point
measurements, which caused uncertainties specifically for the
tissues located partially outside of the primary scanning range.
However, the MC simulation results support our findings.
CONCLUSIONS

Our phantom study results showed that the use of the LD
chest CT protocol for detecting lung metastases in patients
with sarcoma could potentially reduce organ and effective
doses in helical scans up to 95% compared to that of our stan-
dard-dose chest CT protocol while maintaining image qual-
ity. The MC simulations were in agreement with the
MOSFET measurements. The MBIR algorithm appeared to
result in lower image noise levels and higher spatial resolution
than the conventional FBP or ASIR algorithms.
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