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Abstract This review article aims to bring the reader up
to date on advances in liver CT imaging, with an emphasis
on the literature from the past year. Recent studies and
developments in hepatic imaging using dual-energy CT,
perfusion CT, low-tube-voltage imaging, and iterative re-
construction techniques are discussed.
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Introduction

CT imaging of the liver continues to evolve. Dual-energy CT
(DECT), the acquisition of imaging information at more than
one X-ray energy level, has been shown to improve the de-
tection of hypervascular and hypovascular focal liver le-
sions, including metastases and HCC, and shows promise for
the assessment of hepatic iron accumulation and hepatic
steatosis [1, 2¢, 3, 4]. Development of high amperage X-ray
tubes has allowed for imaging at lower kilovoltage settings,
increasing the conspicuity of hypervascular liver lesions
while saving radiation dose when performed in appropriately
selected, small-to-medium-sized adults. Perfusion CT is
being investigated as a potential imaging biomarker for
assessing tumor response to therapies including che-
motherapy, molecular targeted agents, radiotherapy, and
ablations [5, 6, 7¢, 8-11]. More powerful post-processing
software and techniques, including statistical and pure it-
erative reconstruction, permit radiation dose savings while
maintaining or improving CT image quality. Iterative re-
construction has been proven to significantly improve CT
image quality, predominantly in regard to noise reduction
thereby facilitating moderate to marked radiation dose re-
duction, though altered image-texture may degrade diag-
nostic confidence [12].

In this review, we examine the recent literature per-
taining to liver CT, including a range of technologies such
as dual-energy CT and perfusion CT, low-tube-voltage
techniques and post-processing techniques such as iterative
reconstruction.
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Dual-Energy CT of the Liver

Dual-energy CT was first conceptualized during the early
development of CT, but was not clinically available until
the first dual-source scanners, introduced in 2006,
eliminated the problem of misregistration [13—-16]. Recent
advances in scanner technology have made the routine
clinical use of DECT feasible. Several applications for
liver imaging, predicated upon DECT’s ability to differ-
entiate materials based on their different X-ray attenuation
coefficients at different photon energies, have been inves-
tigated, including improved detection of hypervascular and
hypovascular liver lesions and the quantification of hepatic
fat and iron [1, 2, 17, 18, 19, 20].

DECT acquires two image datasets of the same anatomy
with two peak energies, 80- and 140-kVp, enabling struc-
tures of similar density but different elemental composi-
tions, such as iodine, barium, or calcium, to be
distinguished and iodine-levels potentially quantified, fa-
cilitating the determination of lesion enhancement [21, 22].
DECT can generate multiple datasets simultaneously, in-
cluding material density maps, monochromatic images, and
virtual unenhanced (VUE) images [23]. Material density
maps assess the presence and amount of a particular ele-
ment in an image such as iodine in a target lesion. This
allows, for example, the potential differentiation of a small
cyst and a poorly enhancing solid lesion.

CT manufacturers have taken different approaches to
DECT, with scanner configurations that differ in their
X-ray sources or detectors. These include dual-source
scanning (SOMATOM Definition, Siemens Healthcare),
with two orthogonal X-ray tubes generating 80 and
140 kVp X-ray spectra, respectively, single-source scan-
ning with fast kilovoltage switching between 80 and
140 kVp at submillisecond intervals during a single gantry
rotation (Discovery CT 750HD, GE Healthcare), single-
source scanning acquiring spectral data through two con-
secutive scans at different kilovoltages (e.g., SOMATOM
Definition AS/Edge, Siemens Healthcare), and single-
source scanning using a spectral detector, that determines
the energy levels of detected X-ray photons (IQon Spectral
CT, Philips Healthcare).

Current limitations to the widespread adaptation of
DECT include the high cost of such CT scanners, increased
workflow complexity, and the lack of reimbursement for
DECT above the level of conventional CT [24].

VUE Images
VUE images afford DECT the potential advantage of
eliminating the need for a conventional unenhanced scan or

obviating a follow-up dual-phase study to characterize an
incidental lesion as non-enhancing, thereby saving
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radiation dose [25]. VUE images are generated by sub-
tracting iodine from contrast-enhanced DECT images,
based on the known behavior of iodine at different energies
[26°]. However, the accuracy of the VUE attenuation val-
ues remains controversial since attenuation values may
differ depending on the type of scanner, dynamic phase of
images being evaluated, and the location of the region in
question within the bore of the scanner [27]. For example,
the dual-source approach creates VUE images in which
Hounsfield units are available, the energy approach uses
either two-material decomposition (water minus iodine),
which does not provide Hounsfield units or a new tech-
nique, material suppression iodine (MSI), utilizing a three-
material decomposition that does provide Hounsfield unit
measurements.

De Cecco et al. examined VUE images of the liver and
concluded that despite excellent subjective image quality,
VUE cannot yet replace conventional unenhanced images
in the clinical setting owing to limitations of the VUE
images, including incomplete iodine subtraction, which
could hamper the assessment of liver lesion enhancement,
the erroneous subtraction of small calcifications, which can
hinder lesion characterization, and significant differences
in tissue density measurements between VUE and con-
ventional unenhanced scans [17]. A further limitation of
VUE is that pre-existing hyperdense material containing
iodine, such as ethiodized oil used in chemoembolization
(e.g., lipiodol), or iodinated GI contrast (Fig. 1), is also
removed in the generation of VUE images [16]. This can
potentially lead to the misinterpretation that a tumor that
had been chemoembolized with lipiodol is “enhancing”
when comparing VUE and post-contrast images [28].

Despite their limitations, VUE images can help narrow
differential diagnoses by depicting foci of calcification
(e.g., mucin-producing metastases or infectious/inflamma-
tory lesions), fat (e.g., hepatocellular adenomas or HCC),
or hemorrhage (e.g., adenomas) within liver lesions, which
could be masked by iodinated contrast material [26¢].

Gallstones and Bile Duct Stones

VUE images show moderate accuracy for detecting gall-
stones or bile duct stones and are a reasonable replacement
for true unenhanced image sets (Fig. 2a, b). However, VUE
images were noted to be particularly limited in detecting
small gallstones measuring <9 mm” (Fig. 2c, d) or
relatively radiolucent bile duct stones (<78 HU), failing to
show stones in 16 % of evaluated patients [29].

Focal Liver Lesion Evaluation

DECT as well as low-tube-voltage techniques, described
later in this review, may improve the conspicuity of liver
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Fig. 1 Comparison of conventional unenhanced CT image to VUE
image. Conventional unenhanced CT image a shows a hypodense
metastasis (arrow) in the posterior right hepatic lobe. Hyperdense
gastrointestinal contrast (arrowhead) is seen in the splenic flexure of
the colon. VUE image b (water minus iodine material density image)
shows the liver lesion (arrow), but it appears more heterogeneous and

£

Fig. 2 Evaluation of gallstones on conventional unenhanced CT and
VUE images. A small calcified gallstone (arrow) is well depicted on
both the conventional unenhanced CT (a) and the VUE image (b).
However, a few tiny layering gallstones (arrow) are poorly seen on

lesions, especially hypervascular liver lesions. At low kV
(80-100 kVp), iodinated contrast material demonstrates
higher attenuation values owing to the proximity to the
k-edge of iodine (33.2 keV) [30]. Low kV improves con-
spicuity of hypervascular liver lesions by increasing con-
trast between enhancing lesions and background liver, and
therefore may improve lesion detection [18e, 31, 32]. In-
creased detection of hypovascular liver lesions can also be
achieved on portal-venous phase imaging [4]. When DECT
is performed in the portal-venous phase, 80-kVp data sets
showed higher liver-to-lesion ratios with increased

its borders less well defined, a limitation of the VUE image. Small
opacified vessels remain visible in the liver on the VUE image due to
incomplete iodine subtraction. Note that the iodinated GI contrast
material in the splenic flexure of the colon (arrowhead) has been
subtracted. If barium had been used for GI contrast, it would have
remained visible

/|

the VUE image (d) compared to the conventional unenhanced CT (c).
Very small gallstones and radiolucent bile duct stones can be missed
on VUE images

conspicuity of metastases compared to 120-kVp data sets,
owing to the greater attenuation of iodine in enhancing
liver parenchyma relative to hypoenhancing metastases at
this tube voltage. Conversely, 80-kVp data sets have been
shown to be more sensitive in the arterial phase for de-
tecting hypervascular lesions [3].

In addition, DECT has the advantage of generating
iodine density images or iodine maps that can display areas
of tissue enhancement by detecting and potentially quan-
tifying the amount of iodine within each voxel. This
technique can detect even a small amount of enhancement
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Fig. 3 DECT monochromatic 70- and 50-keV images and iodine
material density image depicting neuroendocrine tumor metastases to
the liver in a 66-year-old woman. Monochromatic 70-keV image a
from contrast-enhanced DECT in the arterial phase shows a large
hypervascular metastasis (arrowhead) in the posterior right hepatic
lobe and two additional faint subcentimeter hypervascular metastases
(arrows). Monochromatic 50-keV DECT image (b) and material-

within a lesion [25, 32, 33] and can be used as a potential
surrogate to assess tumor vascularization as an imaging
biomarker of tumor response to therapy [34, 35].

DECT polychromatic raw data can also be postpro-
cessed to generate virtual monochromatic image sets at
single voltages ranging from 40 to 140 keV usually in in-
crements of 10 keV, which resemble an acquisition per-
formed with X-rays of only that energy level [36]. The
optimal monochromatic image set for evaluating various
liver pathologies has been the subject of numerous recent
studies. Shuman et al. compared various monochromatic
image sets (40-, 50-, 70-, and 77-keV) for the detection of
hypervascular lesions on the late arterial phase and deter-
mined that the greatest subjective lesion conspicuity and
measured contrast-to-noise ratio was noted at 50 keV. The
50-keV images had a measured lesion CNR at least 70 %
greater than the 77-keV images, and a few more lesions
were seen at the lower monochromatic energies than at
77 keV, although the difference was not statistically sig-
nificant [37+]. We have noted in our practice similar im-
provement in hypervascular lesion visualization and
include 50-keV monochromatic images with our DECT
images sets (Fig. 3).

Sudarski et al. evaluated multiple monochromatic image
sets ranging from 40 to 120 keV of the portal-venous phase
in the evaluation of hepatic metastases from GIST [36].
They found that 70-keV monochromatic images had the
highest objective image quality, in terms of lowest image
noise and highest liver and metastasis-to-liver CNRs,
among the reconstructed data sets, but that the
monochromatic images were not superior to the 120 kVp
polychromatic images. Subjective image quality, on the
other hand, was rated best for the 70-keV images [36].
Similarly, Yamada et al. found that 70-keV images
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specific iodine image (iodine minus water) (c¢) show increased
conspicuity of the smaller lesions (arrows) compared to the 70-keV
image (a). Note the greater attenuation of iodinated contrast material
in the 50-keV image (b) compared to the 70-keV image (a) at the
same window width/level owing to the higher attenuation of iodine as
the CT photon energies approach the k-edge of iodine.

performed best for evaluating hypovascular liver metas-
tases, with lowest image noise for liver parenchyma and
the highest CNR for hypovascular liver metastases [38].

In daily practice, it is not feasible or necessary to
generate and review all possible monochromatic image
sets for every patient. With the data from the aforemen-
tioned studies and future studies, it is plausible that DECT
scanners can be configured to choose the optimal
monochromatic image sets to send to the reading work-
station based on the indication for the examination or
history of cancer. At our institution, we generally pri-
marily evaluate the 70-keV image sets and use the 50-keV
and iodine material density images as supplemental
sources of information.

Hepatic Steatosis

Nonalcoholic fatty liver disease, of which hepatic steatosis
is an early form, can lead to liver fibrosis and cirrhosis and
may accelerate the development of type 2 diabetes and
cardiovascular disease [39]. Given the high and increasing
prevalence of fatty liver disease, affecting about 20 % of
the US adult population, the ability to determine liver fat
content on routine post-contrast DECT performed for un-
related reasons without the need of a conventional unen-
hanced image set provides an opportunity to screen patients
for steatosis, stratify risk, and minimize radiation exposure
[27, 40]. On conventional unenhanced CT, a liver atten-
uation value of 48 HU or less has been shown to be 100 %
specific for moderate to severe steatosis (>30 % fat at
histology) with a sensitivity of 54 % [41]. While conven-
tional CT attenuation is presented in Hounsfield units,
material density VUE images present parenchymal values
in units of milligram per milliliter (mg/mL) of the material
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Fig. 4 Hepatic steatosis assessed with DECT. Conventional unen-
hanced CT image a shows hypoattenuating liver parenchyma that
measured —8 HU in density, compatible with severe steatosis. 70-keV
monochromatic image b generated from DECT shows enhancing

being measured and thus cannot readily be used to estimate
hepatic fat content on the basis of an accepted HU value.
Patel et al. recently validated VUE DECT images
derived from contrast-enhanced rapid-switching DECT for
liver fat quantification and determined that a liver region-
of-interest drawn on the VUE images with a threshold of
1,027 mg/ml or below demonstrated a 90 % sensitivity and
61 % specificity for the presence of clinically relevant
steatosis, without the need of a conventional unenhanced
CT (Fig. 4) [1]. Recent animal studies have shown that
DECT is comparable in accuracy to conventional unen-
hanced CT and MRI for quantifying liver fat [42—44], but
may be more accurate in the presence of hepatic iron [45].
Fischer et al. showed, in an ex vivo animal study, that an
iron-specific three-material decomposition algorithm can
subtract iron and contrast media from the DECT data en-
abling accurate liver fat quantification, which would
otherwise by underestimated in the presence of iron’s
confounding increase in liver attenuation [45].

Quantification of Liver Iron

A range of liver diseases, including alcoholic liver disease,
chronic viral hepatitis, and nonalcoholic steatohepatitis, as
well as long-term blood transfusions and hereditary he-
mochromatosis can lead to excessive iron deposition in
hepatocytes, which can result in liver damage through iron-
mediated oxidative stress [2¢, 46, 47]. DECT has been
shown to be accurate for diagnosing clinically significant
(>10 %) hepatic iron accumulation with diagnostic per-
formance similar to MRI [2¢, 48]. Joe et al. assessed dual-
source dual-energy CT and single-source dual-energy CT,
both manufactured by Siemens, for analyzing the iron
concentrations in liver phantoms and in liver transplant
candidates, and compared the accuracy to MRI. The dif-
ference in liver attenuation (AH), measured in Hounsfield

vessels in the low density liver. VUE image ¢ generated from the
contrast-enhanced DECT with a simulated ROI (circle) that measured
986 mg/cc, below the 1027 mg/cc threshold for diagnosing steatosis
on VUE images

units, on unenhanced DECT performed at 80 and 140 kVp,
was shown to be significantly higher in patients with
>10 % hepatic iron accumulation (AH = 13.5) compared
to patients with <10 % hepatic iron accumulation
(AH = 7.4) (p value <0.001). DECT was thus able to
differentiate these two patient groups using an optimal
cutoff value for AH of 12.5 with a sensitivity of 80 % (8 of
10 patients) and a specificity of 90 % (69 of 77 patients)
[2¢]. A limitation of the study was that only a single
manufacturer’s DECT was evaluated and validation across
other DECT platforms is needed. Since the assessment of
iron with DECT is performed without IV contrast material,
it cannot be applied to routine contrast-enhanced DECT.
Further, the presence of significant hepatic steatosis may be
a confounder when quantifying hepatic iron levels [2¢].
Nevertheless, this study shows an exciting possibility for
non-invasively evaluating hepatic iron overload, poten-
tially obviating a biopsy, and could be especially useful in
patients with a contraindication to MRI.

Perfusion CT of the Liver

Perfusion CT is a non-invasive functional imaging tech-
nique that quantitatively and qualitatively assesses perfu-
sion in an organ based on the temporal changes in tissue
attenuation after intravenous iodinated contrast material
administration. Perfusion CT is routinely used in neu-
roimaging for the evaluation of acute ischemic stroke, but
its use in the abdomen is relatively nascent, currently
predominantly in the setting of clinical trials and research
protocols.

Perfusion CT of the liver can be used to characterize and
differentiate focal lesions, monitor treatment response and
tumor recurrence following loco-regional and systemic
therapies for metastatic or primary hepatic tumors, and
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may be helpful in predicting response to therapy based on
baseline tumor vascularity [5—-11, 49]. Molecular-targeted
therapies for treating cancer that target tumor vasculature
can be cytostatic rather than cytotoxic. Their clinical ef-
fects can be underestimated using traditional imaging re-
sponse assessment criteria such as Response Evaluation
Criteria in Solid Tumors (RECIST) that evaluate solely
changes in tumor size. Perfusion CT, in contradistinction,
can assess changes in tumor vascularity in response to
therapies and has gained traction as an early and potentially
more accurate imaging biomarker of therapeutic response
particularly in the setting of novel therapies [6].

Perfusion CT of the liver is performed by acquiring
serial CT images in quick succession following intra-
venous-iodinated contrast material administration and en-
ables the evaluation of dynamic changes in liver perfusion,
tumor hemodynamics, and vessel attenuation. Several
quantitative perfusion indices and maps can be derived
including tissue blood volume (BV), blood flow (BF),
mean transit time (MTT), and permeability-surface area
product which can be calculated with various kinetic
models [16]. An in depth discussion of the technical prin-
ciples and protocols of perfusion CT is beyond the scope of
this article but is summarized in the recent review article
by Kim et al. [50°]. CT manufacturers each offer their own
perfusion analysis software based on varied kinetic models,
which can affect calculated perfusion parameters and thus
may limit comparison of perfusion indices across CT
platforms [51, 52]. Currently, there is no consensus on a
scanning protocol or analysis model for liver perfusion CT
[52].

Other limitations of perfusion CT include the risk of
ionizing radiation, given the multiple sequential scans of
the organ of interest, and degradation of CT data due to
motion, specifically respiratory misregistration. The risk of
ionizing radiation can be reduced by scanning at a lower
tube current or voltage combined with newer iterative re-
construction techniques to maintain image quality [53]. A
recent study showed that the choice of image reconstruc-
tion method does not adversely affect hepatic perfusion
values either with or without radiation dose reductions
[54]. Respiratory gating, motion-tracking software, and the
use of new generation MDCT scanners with wider detector
rows, currently spanning up to 16 cm of z-axis coverage,
can minimize misregistration artifacts [7¢]. Recent data
show that even artifacts from free breathing can be negated
with novel respiratory motion correction algorithms [55].

Perfusion CT in Hepatocellular Carcinoma
Hepatocellular carcinoma (HCC) is the sixth most common

cancer worldwide and ranks third in cancer-related mor-
tality [56]. The main risk factor for this tumor is liver
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cirrhosis from all causes, including chronic viral hepatitis
(hepatitis C and B), alcohol, and nonalcoholic fatty liver
disease.

Untreated HCC has a dismal prognosis with a median
survival of 6 months after diagnosis [57]. Surgical resec-
tion is the treatment of choice for early-stage disease,
however, only 20 % of patients are eligible for surgery at
the time of diagnosis [57].

Hepatocarcinogenesis occurs in a multistep process,
whose hallmark is the alteration in the relative arterial and
portal venous BF of the nodule in a cirrhotic liver [16]. As
a liver nodule progresses from a dysplastic nodule to a
well-differentiated HCC and subsequently to moderately
and poorly differentiated HCC, the relative arterial flow to
the lesion increases, which can be assessed with perfusion
CT (Fig. 5) [16]. CT perfusion changes can thus be used to
detect HCC, act as an imaging biomarker to predict the
level of tumor differentiation, and to monitor response to
therapy (Fig. 6).

For unresectable large (>3 cm) HCCs, transcatheter
arterial chemoembolization (TACE) is the primary treat-
ment and consists of delivering chemotherapy locally with
arterial embolization to destroy tumor cells [7¢]. Ra-
diofrequency ablation (RFA) is the best option for smaller
(<3 cm) HCCs when there are three or fewer tumors and
when surgical resection or liver transplantation is con-
traindicated [58]. Tumor recurrence following these
therapies is common, with local recurrence as high as
61.8 % at 1 year following TACE [59], and early detection
of residual or recurrent disease is critical for identifying
sites needing retreatment.

Perfusion CT in Treatment Response Evaluation

Ippolito et al. investigated the possible influence of inter-
ventional treatments of HCC on perfusion values and
demonstrated that perfusion CT is a robust and repro-
ducible technique for evaluating tumor response to
transarterial chemoembolization and RFA and was not
degraded by imaging changes from these loco-regional
therapies such as attenuation changes from tumor necrosis
or iodized oil, that could confound assessment by con-
ventional imaging features alone on MDCT [7¢]. They
found a significant difference (p < 0.001) for all perfusion
parameters (hepatic perfusion, arterial perfusion, BV, time
to peak, and hepatic perfusion index) between residual
viable tumor and completely treated lesions, enabling their
differentiation [7¢].

Perfusion CT is well suited for the assessment of re-
sponse following anti-angiogenic therapies since vascular
changes can be assessed prior to tumor volume changes
and viable tumor can be differentiated from necrotic or
fibrotic tissue [52]. Jiang et al. demonstrated that CT
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Fig. 5 Perfusion CT of HCC. Axial CECT (CT) and respective
functional maps of blood flow (BF), blood volume (BV), mean transit
time (MTT), and permeability surface area product (PS) in a 79-year-
old with a large hypervascular HCC (arrows) in the right lobe of the
liver. Perfusion values from regions of interest drawn around the
tumor and representative surrounding normal liver parenchyma show

perfusion is a more sensitive imaging biomarker for
monitoring treatment changes and predicting progression-
free survival in advanced HCC treated with antioangio-
genic therapy (bevacizumab) compared to RECIST and
tumor density measurements [49]. HCC with a higher
baseline MTT correlated with a favorable clinical outcome
[49].

Frampas et al. prospectively examined perfusion CT in a
small cohort of patients with advanced HCC treated with
targeted therapy (sorafenib and sunitinib) and compared it
to dynamic contrast-enhanced ultrasound (DCE-US) at
1 month post therapy [60]. While perfusion measurements
of both techniques were highly sensitive to targeted
therapies, they found that perfusion CT could not dis-
criminate progressors from non-progressors at 1 month
post treatment, whereas DCE-US could, and suggested
DCE-US be used as a biomarker to monitor treatment in
HCC treated with targeted therapies [60]. These results
would need validation in larger independent studies.

Sorafenib is currently the approved line of last treatment
for advanced HCC [61]. In a small scale study, Sacco et al.
showed a significant increase in MTT in HCC at 3 months
after treatment with sorafenib compared to baseline and
found that the baseline MTT had an inverse correlation
with reduction in alpha-fetoprotein levels following treat-
ment [61]. MTT may therefore have a role as a predictive

BF of 132.3 and 5.4 mL/100 g/min, BV of 5.8 and 2.3 mL/100 g,
MTT of 4.4 and 26.3 s, and PS of 32.5 and 25.1 mL/100 g/min,
respectively. The higher perfusion parameters are indicative of the
preferential arterial supply to HCC compared with the dual vascular
supply to the normal liver parenchyma

biomarker of therapeutic response in HCC treated with
sorafenib and may aid in selecting the optimal treatment
strategy, although additional studies are needed to sub-
stantiate these initial findings [61].

In summary, perfusion CT is feasible for monitoring
treatment response in advanced HCC treated with mole-
cular targeted therapies and loco-regional therapies.

Perfusion CT in Metastatic Disease

Transarterial radioembolization with yttrium-90-labeled
microspheres is a treatment option for patients with unre-
sectable liver-dominant metastatic disease from a number
of primary tumors. The arterial perfusion of hepatic
metastases has been shown to be different between lesions
that respond versus that do not respond to radioemboliza-
tion and perfusion CT can be used to quantify the extent of
arterial perfusion of metastatic lesions, enabling response
prediction [8]. Morsbach et al. showed that perfusion CT is
the best predictor of morphologic response to therapy and
1-year survival following radioembolization compared to
imaging with **™Tc-MAA SPECT and routine multiphase
CT [8]. Perfusion CT had a sensitivity of 91 % and
specificity of 95 % for predicting short-term morphologic
response to therapy [8]. A high degree of arterial perfusion
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Fig. 6 Liver CT perfusion
parameter maps in a patient with
HCC in segment VII treated
with the epidermal growth
factor receptor (EGFR) inhibitor
erlotinib. Blood flow (BF) and
mean transit time (MTT) were
significantly reduced at 2
months following treatment (b,
d) compared to baseline (a, c),
suggestive of response to
treatment. The size of the HCC
did not change significantly,
which is a limitation for
response criteria that evaluate
solely changes in lesion size
(e.g., RECIST)

Baseline

of hepatic tumors prior to radioembolization was the single
best predictor of 1-year survival following radioemboliza-
tion, independent of hepatic tumor load [8].

Perfusion CT can also help distinguish HCCs from hy-
pervascular metastases, which can appear similar on con-
ventional CECT. Hayano et al. showed that the perfusion
indices of BF, BV, and MTT of HCCs were substantially
lower than those of hypervascular metastases, enabling
differentiation [5]. ROC analysis demonstrated that of
these perfusion parameters, tumor BV may be the most
useful marker for differentiating between HCC and hy-
pervascular metastases, with differential BV values pos-
tulated to result from increased microvascular resistance in
HCC compared to metastases [5].

Radiation Dose-Reduction Techniques

The benefits of appropriately-used CT in patient care are
indisputable. Over the past two decades, there has been a
greater than threefold rise in the use of CT, with ap-
proximately 70 million scans performed annually in the US;
medical imaging now contributes approximately 50 % of
the overall radiation dose to the US population [62, 63].
Abdominal CT accounts for about a third of these CTs [64].
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2 months after treatment

Although the incidence of cancer attributable to CT is dif-
ficult to estimate given the naturally high incidence of
cancer in the population, the BEIR (Biological Effects of
Ionizing Radiation) VII lifetime risk model estimates that 1
person in a 1000 would be expected to develop cancer from
a dose of 10 mSv exposure above background [65]. The
typical effective dose of an abdominal CT is 8 mSv but has a
wide range based on individual technical and patient factors
[66]. Given the widespread use of CT, it is crucial to use the
ALARA (as low as reasonably achievable) concept to re-
duce any unnecessary radiation dose. Numerous recent ar-
ticles have addressed radiation dose-reduction techniques in
liver CT, including low voltage imaging and post-process-
ing CT image noise reduction techniques.

Low-Tube-Voltage Liver CT

Several studies have shown that the visualization of hy-
pervascular lesions in the liver can be improved by low-
tube-voltage CT (80 or 100 kVp) compared to routine 120
or 140 kVp CT imaging when concomitant noise reduction
techniques are used, while simultaneously reducing ra-
diation dose [18e, 67-71]. The lower kVp generates X-rays
that are closer in energy level to the k-edge of iodine
(33.2 keV) resulting in greater attenuation of iodine from
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an increase in the photoelectric effect and, therefore,
greater conspicuity of iodinated contrast material [72].

Lower kVp imaging also leads to significant potential
radiation dose reduction since radiation dose is directly
related to the square of the kV. Therefore, lowering the
kVp from 120 to 100 kVp or 120 to 80 kVp results in a
dose reduction of approximately 33 and 65 %, respec-
tively, when the tube current is held constant [72]. The
major drawback of lower kVp imaging is decreased tissue
penetration by lower-energy photons leading to higher
image noise, which limits this technique to thinner adults,
whose body-mass index (BMI) is under 25, and beam
hardening with a potentially lower contrast-to-noise ratio
(CNR) unless images noise is reduced [70]. Noise reduc-
tion can be achieved by increasing the tube current—time
product (mAs), which has become more readily achievable
with the introduction of very high output MDCT X-ray
tubes that can generate high tube current peaks, with the
latest scanners generating greater than 1,000 mA, and/or
by using iterative reconstruction to process the CT data and
thereby decrease noise [69]. A further limitation of low-
kVp imaging is greater susceptibility to beam-hardening
artifacts from high-density structures such as bone or dense
contrast.

A number of recent studies have examined low-kVp
liver CT coupled with various reconstruction techniques
and generally found diagnostic improvement with the low-
kVp imaging in thin patients [68, 73-76]. Yu et al. com-
pared the image quality and detectability of hypervascular
HCC using half-dose (300 mAs) 80-kVp liver CT with
high level sinogram-affirmed iterative reconstruction
(SAFIRE) versus virtual full-dose (600 mAs) 80-kVp scans
reconstructed with filtered back projection (FBP). They
found that the 80-kVp imaging with SAFIRE technique had
image quality equivalent to or better than the full-dose
80-kVp FBP reconstructed images and also had a similar
lesion-to-liver CNR for hyperenhancing HCCs [76]. The
altered CT texture of the SAFIRE images described as
having a “pixilated” appearance did not significantly in-
fluence diagnostic acceptability.

Hur et al. evaluated the conspicuity of hypervascular
HCC:s in patients and phantoms scanned in the late arterial
phase with low-tube-voltage (80 kVp), intermediate tube
current (340 mAs) with Iterative Reconstruction in Image
Space (IRIS) versus standard 120 kVp CT with FBP al-
gorithm [68]. Their data showed that in thin patients (mean
BMI = 24 kg/m?), small or subtly enhancing HCCs were
more conspicuous on the low-tube-voltage CT recon-
structed with IRIS compared to the standard 120 kVp
imaging. When CNR was held constant, the low-kVp
imaging resulted in a 41-84 % decrease in effective dose
compared with 120 kVp scanning.

Namimoto et al. demonstrated improvement of liver
image quality in 25 patients (mean BMI = 22.4 kg/m?) at
all three phases of enhancement (arterial, portal venous,
and equilibrium) at lower radiation dose (9.0 vs 12.7 mGy)
using a low-tube-voltage of 80 kVp with iterative recon-
struction compared to 120-kVp imaging with FBP recon-
struction. Additionally, they found better contrast
enhancement of HCC despite reducing the iodinated con-
trast material by 25 % from 600 mg/kg (34.3 g of iodine)
to 450 mg/kg (25.7 g of iodine), which can be of benefit in
patients with borderline low renal function [77].

Although CT radiation dose reduction may be less critical
in patients with malignancies that significantly reduce life
expectancy, given the latency of radiation-induced tumor
genesis, these techniques should be considered in young
patients with chronic liver disease or in those with long-term
disease-free survival, and who are undergoing multiple
routine surveillance scans. Despite recent literature endors-
ing low-kVp imaging, it should be emphasized that this
technique works best for thin or small patients and may not
be appropriate in larger, overweight patients, owing to the
excessive noise and decrease in image contrast in heavier
patients due to photon deficiency and beam hardening. The
technique may also be suboptimal in patients for whom CT
image quality is paramount, such as in pre-surgical candi-
dates where detail regarding small structures, such as ves-
sels, may be necessary. Further studies are needed to
determine the optimal tube voltages and currents that yield a
balance between image quality and radiation dose for indi-
vidual patient sizes and imaging indications.

Iterative Reconstruction Techniques

Numerous recent studies have examined and validated the
use of diverse CT iterative reconstruction (IR) techniques
from various vendors in liver CT, finding them to improve
image quality (Fig. 7) and lesion detectability (Fig. 8) at
similar or lower radiation dose compared to FBP. These
studies have verified that the CT attenuation measurements,
when placing a region-of-interest, are reproducible and do
not change significantly between the various post-pro-
cessing algorithms thus enabling evaluation of fatty liver or
focal liver lesion density changes irrespective of the re-
construction technique [78, 79].

Yasaka et al. specifically examined the diagnosis of
hepatic steatosis on CTs reconstructed using model-based
IR (MBIR) versus FBP and determined that 120 kVp dose-
reduced CT (mean CTDIvol of 1.91 mGy) with MBIR was
comparable to routine dose 120 kVp CT (mean CTDIvol of
8.16 mGy) reconstructed with FBP using the diagnostic
criteria of liver density <48 HU and a liver:spleen density
ratio of <1.1 for diagnosing steatosis [78].
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Fig. 7 Image noise reduction
with model-based iterative
reconstruction (MBIR). Axial
CECT image reconstructed
using FBP a shows a moderate
amount of image noise. MBIR
image b reconstructed from the
same CT raw data shows a
significant decrease in noise
with improved delineation of
hepatic vessels

Fig. 8 Improved lesion
conspicuity with IR despite a
decrease in the CT radiation
dose. Axial (a) and coronal

(c) CECT images reconstructed
with FBP show a small
hypoattenuating lesion (arrow)
in segment VII of the liver. The
CTDlvol for the study was
14.46 mGy. Follow-up axial
(b) and coronal (d) CECT
images reconstructed using
level 50 % of ASIR (GE
Healthcare) show the same
lesion. The CTDIvol for the
followup study (7.04 mGy) was
just under half the radiation
dose of the initial study. Note
the preservation in diagnostic
accuracy of the images, despite
a lower radiation dose, when
using IR. Also note the different
image texture in the IR images
compared to FBP

In the evaluation of metastatic disease to the liver, newer
reconstruction techniques have been shown to be superior
in image quality and lesion detectability despite radiation
dose reduction. Volders et al. compared the image quality
of MBIR to that of 50 % adaptive statistical iterative re-
construction (ASIR) technique for detecting colorectal
liver metastases on CT performed at 100 kVp. They de-
termined that small metastases (<10 mm) were sig-
nificantly better detected with MBIR than with ASIR
despite scanning with a lower radiation dose of a mean
CTDI,; of 5.18 mGy for the MBIR technique compared to
a mean CTDI, of 7.54 mGy for the ASIR technique. For
lesions larger than 10 mm, they found no significant dif-
ference in lesion detection between the two reconstruction

@ Springer

techniques as the larger lesions were well seen regardless
of the noise level [80].

Conclusion

CT remains a critical tool in the evaluation of liver disease,
despite competing advances in ultrasound and MRI. At this
juncture, DECT offers some improvements in liver CT for
the detection of focal lesions as well as several unique fea-
tures for CT, such as quantifying hepatic iron or evaluating
tumor iodine-enhancement without the need for pre-contrast
images. We anticipate that the applicability of perfusion CT
and DECT will continue to expand as the clinical paradigm
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further shifts from anatomic imaging to include more func-
tional liver imaging. Prospective research will be necessary
to fully determine the validity of these modalities for imag-
ing response biomarkers in oncology.

With the increasing emphasis on radiation dose reduc-
tion, low-kVp imaging and other dose-reduction methods
coupled with newer iterative reconstruction techniques will
continue to gain ground and wider use. Future studies
should bring a better understanding of how far radiation
dose can be reduced without compromising diagnostic
acceptability for various imaging indications.
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