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Abstract. The objective of this study was to investigate the improvement in diagnostic quality of an iterative
model-based reconstruction (IMBR) algorithm for low-tube-voltage (80-kVp) and low-tube-current in abdominal
computed tomography angiography (CTA). A total of 11 patients were imaged on a 256-slice multidetector
computed tomography for visualization of the aorta. For all patients, three different reconstructions from the
low-tube-voltage data are generated: filtered backprojection (FBP), IMBR, and a mixture of both IMBR p FBP.
To determine the diagnostic value of IMBR-based reconstructions, the image quality was assessed. With IMBR-
based reconstructions, image noise could be significantly reduced, which was confirmed by a highly improved
contrast-to-noise ratio. In the image quality assessment, radiologists were able to reliably detect more third-order
and higher aortic branches in the IMBR reconstructions compared to FBP reconstructions. The effective dose
level was, on average, 3.0 mSv for 80-kVp acquisitions. Low-tube-voltage CTAs significantly improve vascular
contrast as presented by others; however, this effect in combination with IMBR enabled yet another substantial
improvement of diagnostic quality. For IMBR, a significant improvement of image quality and a decreased radi-
ation dose at low-tube-voltage can be reported. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported
License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1
.JMI.1.3.033501]
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1 Introduction

Computed tomographic angiography (CTA) of the abdomen is a
well-established procedure for visualization of the abdominal
vasculature, specifically the aorta, renal arteries, and splanchnic
circulation.® One important aspect of abdominal CTA is
the vasculature-to-background contrast. This iodine-based con-
trast can be increased when applying low-tube-voltages. This
increased absorption of iodine is caused by a high-photoelectric
effect compared to Compton scattering.®> The highest benefit in
iodine contrast can be achieved when reducing the mean energy
closer to the K-edge of iodine (33 keV). Note that the K-edge of
a material describes a sudden increase in attenuation. This effect
occurs when the energy of the incoming x-rays exceeds that of
the K-shell of the atoms, so that the electrons can be ejected
from the atom. On the contrary, when reducing to a low-tube-
voltage, the improved iodine signal appears at the cost of a sig-
nificantly increased image noise. In previous work, this image
quality issue was resolved by increasing the tube current, in
some reports up to 700 mA.>° The low-tube-voltage/high-
tube-current technique has proven to improve the diagnostic
quality of CTAs; however, no significant dose reduction has
been achieved. At the same time, the ideal procedure would
be to image with low-tube-voltage/low-tube-current in order
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to significantly reduce the radiation exposure while increasing
the iodine contrast.

The most promising and currently available technology to
reduce the radiation dose in computed tomography (CT) is
the use of iterative reconstruction methods>%%® in combination
with the reduction of tube voltage or tube current. Unfortunately,
the details of iterative reconstruction methods, which are avail-
able on commercial CT systems, are not open to the public.
However, the main components are known: first of all, these
methods claim to consider the individual noise in each detector
channel properly. More advanced methods also claim to obtain
further improvements by modeling the system geometry and
the system physics more accurately in a feedback-loop scheme
than is possible with filtered back-projection type algorithms.
We denote, in this work, the second type of algorithms: iterative
model-based reconstruction (IMBR).

The principal aim of this study was to evaluate the effect of
low-tube-voltage (80 kVp) and low-tube-current in combination
with iterative model-based reconstruction.

2 Methods and Materials

2.1 Patient Population

This single-center study was institutional review board
approved. For each participant, a written consent was obtained,
as approved by the ethical committee at the Faculty of Medicine
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of the Technische Universitdt Miinchen. The study included
11 patients in an abdominal aortic aneurysm follow-up (three
patients with an aortic stent), who underwent an abdominal
CTA examination. Patients’ younger than 60 years, pregnant,
or with history of anaphylactic reaction or renal-failure were
excluded from the study.

2.2 Computed Tomography Acquisition

All patients were imaged on a 256-slice CT scanner (Brilliance
iCT, Philips Healthcare, Cleveland, Ohio) for visualization of
the aorta. The departmental CTA protocol was employed;
this procedure involves a body mass index (BMI) adjustment
of the tube current. The tube voltage of 80 kVp was deviated
from the standard clinical protocol (120 kVp), whereas the tube
current was maintained in the regular range (80 to 250 mAs).
Patients were placed in the supine position with their feet first
on the scanner couch. After an anteroposterior and mediolateral
scout to define the optimal scan region, 60 ml of intravenous
contrast agent (lomeron 400 MCT, Bracco Imaging Deutschland
GmbH, Konstanz, Germany) was injected with an injection
rate of 3.5 ml/s by using a dual syringe injection system
(Stellant, MEDRAD, Inc., Indianola, Pennsylvania). The
bolus tracker with a regions-of-interest (ROI) placed in the
upper abdominal aorta was used to ensure optimal contrast
enhancement and to start scanning craniocaudally with a
pitch of 0.9 and a 128 x 0.625-mm detector configuration.

2.3 Filtered Backprojection

The standard filtered backprojection (FBP) algorithm of the iCT
was used for reference reconstruction using 1-mm slice thick-
nesses and a medium soft filter. Note that this a standard filter
which is routinely used for clinical CTA acquisitions in our
department.

2.4 terative Model-Based Reconstruction

The IMBR algorithm used in this study was a prototype research
implementation of a penalized maximum log-likelihood algo-
rithm.2-18 Specifically, during reconstruction, the following
cost function is minimized

Adub ¥4 —L0AujyP b BROUP; (1)

where u is the image, A the system matrix, y is the measured line
integrals, and R is a roughness penalty. A Gaussian model is
used for the log-likelihood function L, i.e.,

X 2
WYi— iy 2
i i

X
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where the elements of the system matrix A are denoted as a; , the
image elements as u;, and the individual measured line integrals
y;. The statistical weights w; are derived from the statistics of the
incoming x-ray flux. The roughness R penalty has the form
X X
ROub ¥4 Vil du; — ub; 3)
j keN;

where the outer sum runs over all image elements k and the inner

sum over all 26 neighboring image elements. For the potential
function, Y5 a Huber potential was used given by
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y X <3
Vel ik -8 x>
which provides a so-called edge-preserving regularization on
the images. For all reconstructions, a fixed 6 of 2 HU was
used and the distance weights v, are the inverse Euclidian
distances between the image points. Optimization of the regu-
larized log-likelihood function was performed using an order-
subset separable paraboloidal surrogate algorithm, see Ref. 18.
The user defined the trade-off point between the data fidelity
term and the roughness term. This was done by a specification of
a desired target noise level of the reconstructed image;*° the
images shown here correspond to 10% of the FBP noise.
Further, to offer a noise texture closer to the standard FBP
reconstruction, we generated an extra dataset by fading a certain
fraction of the FBP image to the IMBR result (IMBR o FBP);
here 5% FBP fading was used. Please note that IMBR is not
commercially available and is a prototype for research proposes
only. IMBR is a nonlinear reconstruction algorithm. Therefore,
the spatial resolution is—as opposed to linear FBP-type algo-
rithms—aobject dependent. In particular, due to the use of an
edge-preserving regularization, the sharpness of edges depends
on their contrast. Consequently, a task-based image quality
evaluation is the method of choice for comparison.

2.5 Image Evaluation

Subjective image assessment was performed by four radiolog-
ists with an average of 2 years of experience (ranging from 1to 4
years). For each protocol and patient, the full batch of images
(on average 1001 slices) is presented in axial and coronal ori-
entation. In total 66 (11 patients, 3 reconstruction algorithms,
and 2 view planes) full batches of images are evaluated in ran-
dom order. Each radiologist individually performed the assess-
ment by ranking one after the other dataset on a diagnostic
workstation. Due to the increased iodine contrast, a CTA win-
dow setting of center: 200 HU and width: 1200 HU was chosen
for diagnostic evaluation. The radiologists did have experience
with commercially available iterative reconstruction algorithms,
but they did not have previous experience with IMBR recon-
structed data. Before starting the rating of the images, the differ-
ent quality metrics were discussed with each radiologist. This
step was done to insure a common understanding for the differ-
ent metrics. All four radiologists independently rated the follow-
ing image quality metrics. Images were addressed for subjective
image noise on a 4-point scale (1 = minimal image noise, 2 =
less than average noise, 3 = above average noise, 4 = unaccept-
able image noise); image artifacts on a 4-point scale (1 = no
artifacts, 2 = minor artifacts not interfering with diagnostic deci-
sion making, 3 = major artifacts affecting visualization of major
structures but diagnosis still possible, 4 = artifacts affecting
diagnostic information); diagnostic confidence on a 4-point
scale (1 = completely confident, 2 = probably confident, 3 =
confident only for a limited clinical entity, 4 = poor confidence);
image impression on a 4-point scale (1 = natural, 2 = limited
natural, 3 = limited artificial, 4 = artificial); and with respect to
vascular detectability of third-order and higher aortic branches
on a 4-point scale (1 = detectable, 2 = probably detectable, 3 =
limited detectability, 4 = poor detectability). Kappa values were
calculated to compare interobserver agreement on a per-patient
basis for all image quality metrics.

In order to remove interpatient variability in our results, we
introduce a histogram of differences. For this representation of
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our results, we set the FBP rating as the reference and evaluated
the difference of IMBR and IMBR p FBP to the reference
score. Since the reference FBP rating was taken from the
same reader, this procedure also removes to some extent the
inter-reader variability, and thus gives a clear view on the
question whether IMBR or IMBR p FBP is superior to FBP.
Differences were calculated over all observers and protocols
and then combined into a barplot with regard to specific
image metrics. The inspection of such a barplot with regard
to symmetry, the deviation of its center from zero and the pres-
ence of a tail on either side of its center gives a fast simple over-
view of the results.

For objective image assessment, we measured the image
noise and the contrast-to-noise ratio (CNR). For data collection,
all images were displayed in axial representation right next to
each other. We obtained the mean and standard deviation of
CT attenuation values (in Hounsfield units) at different ROls.
All ROIs were manually drawn at the following regions:
(1) aorta, (2) paraspinal muscle, and (3) subcutaneous fat.
For the aorta, the ROIs were drawn filling the full lumen
while avoiding plaques or stents. All ROIs were placed in
regions without helical or windmill artifacts, streak artifacts,
or beam hardening artifacts. The CNR was calculated for
aorta versus paraspinal muscle and aorta versus subcutaneous
fat by:

CNR v, 3Hs —Hol. )
Op

where g is the mean of the aorta ROI, and y, and ¢, are the
mean and the standard variation of the paraspinal muscle or of
the subcutaneous fat ROI. Note that due to the use of a nonlinear
image reconstruction method noise, contrast and spatial resolu-
tions are dependent on the imaged object and its surrounding
tissue. A CNR measured at a particular location does not give
information about the situation elsewhere. Thus, this should be
considered when reviewing the results in this manuscript.

For dose assessment, the dose length product (DLP) of all
patients was recorded. The DLP is a measure of total radiation
exposure for the whole series of images. For estimation of the

effective dose, the DLP values were converted with a conversion
factor of 0.014 mSv/émGy cmb.?°

3 Results

Figure 1 shows the coronal tomographic images of a 72-year-old
male patient with an aneurysm of about 6 cm after placement of
an abdominal stent. Panel A shows a preliminary examination
with high-tube-voltage (120 kVp) and an effective dose of
8.82 mSv, which took place 14 months before the study.
Panel B presents the mixture of both IMBR o FBP reconstruc-
tions, panel C is the IMBR reconstruction, and panel D is the
FBP reconstruction. The effective dose of the low-tube-voltage
(80 kVp) examination was 1.86 mSv (panels B, C, and D). We
observed that the anatomical and pathological morphologies are
more visible with IMBR-based reconstruction compared to the
conventional FBP reconstruction. Subjectively, the diagnostic
quality may rise above the preliminary examination because
of the increased iodine contrast and the image noise is reduced
substantially. Figure 2 illustrates the same patient as in Fig. 1 in
an axial orientation. Panel A shows the preliminary examina-
tion, panel B is the mixture of both IMBR p FBP reconstruc-
tion, panel C is the IMBR reconstruction, and panel D is
the FBP reconstruction. The white marked and enlarged area
focuses on the aneurysm and includes an endoleak. Clearly, the
endoleak is visible in panels A to C, but is harder to detect in the
FBP reconstruction of the low-tube-voltage data. Figure 3 shows
axial-tomographic images of a 62-year-old male patient with
an aortic dissection. Panel A illustrates the mixture of both
IMBR p FBP reconstructions, panel B is the IMBR reconstruc-
tion, and panel C is the FBP reconstruction. Note that for this
patient, no preliminary examination was available. The effective
dose for this acquisition was 2.32 mSv. The strongly eliminated
noise enables the detection of the aortic dissection in panels A
and B, while it is hard to detect in panel C.

These visual results are confirmed by the subjective image
assessment. Table 1 summarizes the results over all cases and
observers. Figure 4 illustrates the histogram of differences (as
defined in the method section) for “IMBR minus FBP”—axial
(Panel A), “IMBR minus FBP”—coronal (Panel B), “IMBR]p
FBP minus FBP”—axial (Panel C), and “IMBR pp FBP minus

Fig. 1 A 72-year-old male patient with an aneurysm of about 6 cm after placement of an abdominal
stent. The panels (A-D) from left to right: preliminary FBP, IMBR p FBP, IMBR, and FBP reconstruction.
The effective dose of the low-tube-voltage (80 kVp) examination was 1.86 mSv (panels B, C, and D),
compared to 8.82 mSv with high-tube-voltage (120 kVp) (panel A). (window width, 1200 HU; window
center, 200 HU)
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Fig. 4 The barplots of differences for “lMBR minus FBP"—axial (panel A),”IMBR minus FBP”—coronal
(panel B), “IMBR p FBP minus FBP"—axial (panel C), and “IMBR p FBP minus FBP"—coronal (panel
D). Note that the absolute frequencies of observed differences are represented with respect to the

reference values. (See text for details).

FBP”—coronal (Panel D). Note that for each subjective assess-
ment metric, the total number of samples in each histogram is 44
(11 cases and 4 radiologists). One trend clearly visible in all
panels is the superiority of IMBR-based reconstructions, with
a single exception, namely image impression. Comparing IMBR
and IMBR p FBP, we see that the image impression improves
when using image fading. Further, we also see a better image
impression in coronal than in axial-image orientation.

When considering all metrics, we see a similar trend; more
small or zero differences were observed when considering
IMBR versus IMBR p FBP or axial versus coronal. In other
words, differences between FBP and IMBR are more pro-
nounced in the axial than in the coronal orientation and are
reduced in the combination IMBR p FBP. Clearly, if using
FBP fading or a coronal orientation, the overall look and feel of
the IMBR-based reconstruction is subjectively closer to the
conventional FBP slices. While the image impression is not yet
fully subjectively favored, diagnostic confidence and vascular
detectability are superior in IMBR-based reconstruction. Note
that these metrics are of higher importance when it comes to
reliable diagnostics in the day-to-day routine. With regard to
the classical image metrics of image noise and image artifacts,
the IMBR-based reconstruction shows a significant increase in
subjective image quality (see Table 1). Interobserver agreement
for image noise, image artifacts, diagnostic confidence, vascular
detectability, and image impression was very good with kappa
values of 0.90, 0.95, 0.85, 0.90, and 0.95, respectively.

These results could be confirmed in our CNR assessment,
because for the aorta, paraspinal muscle, and subcutaneous
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fat comparable results were obtained. Mean image noise was
lower with IMBR (28 HU 26, 17 HU 7 and 11 HU 2,
respectively) and IMBR p FBP (40 HU 23, 26 HU 12
and 19 HU 5, respectively) than with FBP (267 HU 54,
172 HU 49 and 104 HU 40, respectively). CNR was
higher with IMBR-based reconstruction compared to FBP for
aorta versus paraspinal muscle and aorta versus subcutaneous

fat (see Fig. 5). In numbers, CNR was 30 15 and 61 20
with IMBR, respectively, 19 10 and 36 14 with IMBRp
FBP, respectively, and 2.8 1.0 and 6.8 2.3 with FBP,

respectively.

4 Discussion

In this study, we observed that when employing low-tube-
voltage and low-tube-current, the IMBR algorithm enables a
reduction of radiation exposure while providing CTA recon-
structions with high diagnostic quality. IMBR is a model based
fully iterative algorithm with additional edge-preserving regu-
larization to trade-off noise and resolution. As previously pre-
sented by other investigations®~?* in low-tube-voltage CTA, a
significant contrast enhancement of the vascular structure can
be achieved when using iodine at 80 kVp as a contrast media.
A drawback of the low-tube-voltage technique is the increased
image noise when keeping the tube current at similar levels as
in high-tube-voltage protocols. The combination of 80 kVp and
IMBR illustrated an improved iodine signal and decreased image
noise, which overcomes previous drawbacks with low-tube-volt-
age CTA. Subjective image assessment reveals that IMBR-based
reconstruction techniques are superior to conventional FBP data,
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Fig. 5 Contrast-to-noise ratio (CNR) (aorta versus subcutaneous fat) for all patients and protocols. CNR
is significantly higher with iterative modek-based reconstruction (IMBR) compared to filtered backprojec-
tion (FBP) reconstructions.

especially with regard to diagnostic confidence. We illustrate  There are drawbacks in our study design. Due to the limita-
that in low-dose CTAs, IMBR approaches are predominantly tions that appear in an initial investigation, we, for example, did
preferred. At the same time, the image impression of the not adjust the amount of contrast media. In future investigations,
IMBR reconstruction is currently not subjectively favored. We it will be necessary to determine the optimal amount of iodine
found in our systematic study that coronal images are favoredwhen using IMBR and a low-tube-voltage protocol. Another
over axial presentations. The reasons why coronal presentationdrawback is the relatively small number of patients. The relative
are favored may be similar to already known CT phenomena.small number of patients already gives an important indicator
CT data are acquired using a helical or axial trajectory. Thesetoward dose reduction. However, the amount of reduction can-
trajectories feature a dedicated rotation axis and it is well knownnot be generalized for such a small number of patients, therefore,
and acknowledged that fundamental image parameters such aswill be necessary to conduct a larger or multicenter study for
the spatial resolution and the noise power spectrum are quitedetermining the optimal dose settiig.
different along the rotation axis than in axial images. Similar  One of the most important issues with regard to clinical trans-
differences may be present in iteratively reconstructed imageslation of iterative reconstruction algorithms is the performance
We are not aware that this aspect has been studied systematicalgvaluation. Diagnostic quality is a combination of image quality
on clinical images so far. Here, we reported the results for and the indication of a given examination. For classical analyti-
the different metrics obtained on axial and coronal images cal image reconstruction algorithms, such as FBP, image quality
separately. can be measured with several different metrics, which include
Effective doses depended on BMI with an average of CNR,image noise, resolution, and many more. It is important to
3.0 mSv compared to an average effective dose of aboutcomprehend that those metrics only provide limited informative
12.0 mSv for standard 120-kVp acquisitions in our department.value for images which are reconstructed with iterative algo-
On this note, the diagnostic reference values, which are pub+ithms (keyword: nonlinearity). Further, it is important that
lished by the German Federal Bureau of radiation safety, areone recognizes that these metrics alone do not prove the diag-
19.5 mSv for this acquisition. In conclusion, we can report nostic merit of a reconstruction. For example, one could use a
that we have improved image quality while significantly reduc- strong image filter to completely eliminate image noise although
ing radiation exposure. The dose aspect remains the highest aduch a filter would increasing blurring and would subsequently
priorities in CT research. Our results illustrate that IMBR pro- strongly limit the diagnostic quality. To determine if the
vides a promising dose-saving opportunity. Clearly, the potentialreconstruction has diagnostic merit for a specific indication,
exists for any clinical protocol to reduce radiation dose. one uses subjective image assessment. Thus, the indication of
However, the amount of reduction cannot be generalized to athe examination in combination with all these metrics (objective
fixed amount since the initial dose depends on the indicationand subjective) plays a major role in evaluating the diagnostic
and protocol design, which may vary between different depart-quality. Additionally, we have introduced the histogram of
ments. Not only model-based algorithms but also other type ofdifferences in order to remove interpatient variability and to
iterative algorithms for reconstruction of tomographic slices are some extent to remove the inter-reader variability.
popular in current CT research. Previous investigatbtshave We successfully demonstrated that IMBR significantly
shown that there is a broad spectrum of commercial iterative-improves diagnostic quality and decreases radiation exposure
reconstruction algorithms. At this point, we are not able to at low-tube-voltages. As presented in our subjective image
determine the absolute differences between these approachessessment, the image texture of IMBR reconstruction gives
because of missing detailed information. a different impression to the reader, which did not reduce
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diagnostic confidence. We strongly believe that if model-based
algorithms such as IMBR can prove diagnostic merit, the sub-
jective image impression will increase to current full dose FBP
levels. In the meantime, a fallback option is fading the FBP
images into the IMBR results. We think IMBR techniques
will be a part of day-to-day clinical routine as simpler iterative
approaches are today.
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