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Diseases of the liver are common and often chronic. More-
over, the mortality rate associated with chronic liver diseases
remains high, despite the constant development of novel
diagnostic and therapeutic modalities; therefore, numerous
efforts are being made to improve imaging techniques,
especially in this decade. Currently available imaging pro-
cedures allow us to ascertain the morphology, circulation,
metabolism, parenchymal texture, fibrosis, and/or tumor
viability in the liver. New modalities and protocols, such as
magnetic resonance (MR) perfusion, MR elastography, and
dual-energy computed tomography (CT), enable the poten-
tial evaluation of liver function via imaging studies. Thus,
the utilization of advanced imaging techniques and con-
temporary interventional radiology (IR) devices has realized
novel multimodality treatments for liver diseases, resulting
in promising outcomes in many patients who cannot be
surgically treated.

This special issue of BioMed Research International
reviews recent diagnostic and interventional radiological
aspects of various liver diseases such as liver cancer, fibrosis,
chronic hepatitis, liver steatosis, and portal hypertension. In
particular, new advances in imaging devices and protocols
to evaluate fibrosis or hepatitis are described, as well as
functional magnetic resonance imaging (MRI) techniques
for the liver. On the other hand, various interventional
radiological techniques to provide more efficient therapy to
patients with advanced liver cancer are also introduced.

MRI is often performed to assess the liver in patients with
chronic liver diseases. In this special issue, B. S. Kim et al.
present a well-written review on a range of most utilized
liver MR sequences to image patients with poor breath-hold
capabilities. Recent updates on robust liver imaging as well as
the advantages and disadvantages of these new methods are
discussed in detail.

Liver fibrosis is a life-threatening condition with high
morbidity and mortality owing to its diverse causes. Liver
biopsy is the gold-standard method for diagnosing and
staging liver fibrosis in chronic liver diseases, but it has several
limitations, including sample variability and its invasive
nature with potential complications. To resolve these prob-
lems, different noninvasive imaging-based methods have
been developed for the accurate diagnosis of liver fibrosis.
However, these techniques can only evaluate morphological
or perfusion-related alterations of the liver, and thus, they are
useful for the diagnosis of only late-stage liver fibrosis, which
is characterized by “irreversible” anatomic and hemodynamic
changes. Therefore, the early identification of hepatic fibrosis
is of clinical significance to timely initiate therapy and to
effectively achieve disease regression. In this special issue,
S. Palmucci et al. and Z. Li et al. review liver fibrosis
evaluated by diffusion-weighted MRI and molecular MRI
techniques, respectively, to offer valuable perspectives on the
development and limitations of diagnosing early-stage liver
fibrosis.

Hindawi Publishing Corporation
BioMed Research International
Volume 2015, Article ID 147583, 2 pages
http://dx.doi.org/10.1155/2015/147583

http://dx.doi.org/10.1155/2015/147583


2 BioMed Research International

The two MRI-related original research reports in this
issue are authored by J. M. Alústiza et al. and F. Paparo et al.
who describe MRI liver iron quantification by using the
liver-to-muscle ratio and report the reproducibility of such
a method on different MRI machines. Their results confirm
its practicality and suggest the possibly wider acceptance of
this elegant noninvasive technique. F. Paparo et al. report
that MRI proton density fat fraction is a useful technique for
the noninvasive assessment of liver steatosis in patients with
chronic viral C hepatitis.

Diagnostic imaging is increasingly being performed to
enable the treatment of liver diseases, and this trend is
expected to persist. Hepatectomy is considered the first
choice of treatment for early hepatocellular carcinoma
(HCC) and resectable cholangiocellular carcinoma.Although
extended resection is sometimes required for a cure, a suffi-
cient volume of the remnant liver should be preserved, unless
hepatic failure ensues after surgery. Portal vein embolization
(PVE) is an established and effective method to increase
the volume of the future liver remnant and allows more
extensive resections. In this issue, A. Akiba et al. describe the
usefulness of gadolinium-ethoxybenzyl-diethylenetriamine
pentaacetic acid (Gd-EOB-DTPA) MRI for the prediction
of liver volume change after PVE. They evaluated signal
intensity (SI) contrast between nonembolized and embolized
areas after PVE as well as the change in SI contrast before
and after PVE (SI ratio) to conclude that either parameter
had a negative correlation with the percentage of the future
liver remnant. Such a result indicated that EOB-MRI might
be useful for the prediction of hepatic hypertrophy after PVE.

Many IR techniques have been introduced for the treat-
ment of liver cancers in the last few decades. Transarterial
chemoembolization (TACE) is a major IR method to treat
unresectable HCC. However, there is an ongoing controversy
regarding which chemoembolization materials should be
used to achieve good tumor control and reduce side effects.
D. Yasui et al. reported the superior efficacy of TACE
with warmedmiriplatin compared to nonwarmedmiriplatin.
Because miriplatin, a recently developed anticancer drug
with few toxic side effects on the vessel wall during arterial
injection, is highly viscous, it yielded suboptimal tumor
response. Thus, the study by D. Yasui et al. is significant in
demonstrating how to increase the efficiency of TACE with
miriplatin. Maximizing TACE visualization of the hepatic
tumor and identification of tumor feeding vessels is very
important and may require repeated injection of contrast
media, possibly leading to renal failure. J. Paul et al. describe
an ultrafast cone-beam CT imaging protocol during image-
guided hepatic TACE, which reduces the required volume
of contrast media and radiation dose, thus allowing more
extensive treatment.

TACE results in both tumor hypoxia and longer activity
periods of anticancer drugs trapped in the tumor tissue.
However, it also induces a posttreatment surge of angiogenic
factors, such as vascular endothelial growth factor (VEGF),
as early as a few hours after the procedure. Such a process
may contribute to tumor revascularization, thus reducing the
efficacy of TACE. Therefore, several researchers have com-
bined sorafenib, an antiangiogenic drug that blocks tumor

cell proliferation and angiogenesis by inhibiting the activity of
VEGF receptors, with TACE to potentially improve treatment
outcomes. However, sorafenib cannot be used in patients
with severe thrombocytopenia, one of the complications of
hypersplenism, owing to its platelet-decreasing effect. Y.
Ooka et al. evaluated the long-termoutcome of partial splenic
embolization (PSE) with selective TACE in patients with
advanced HCC accompanied by severe thrombocytopenia
and reported that the procedure allowed these patients to
receive additional sorafenib chemotherapy.

Radiofrequency ablation (RFA) is known to be an effec-
tive minimally invasive treatment for small HCC. However,
its efficacy is equivocal for HCC larger than 3 cm, and RFA-
related complications might depend heavily on the lesion
location. A. Orlacchio et al. demonstrated that RFA with
careful preprocedural planning could be safely performed
even for lesions larger than 3 cm located in close proximity to
the gallbladder. They report a complete necrosis rate of 87%
without major complications in a small patient cohort.

In conclusion, the present special issue summarizes
recent advances in both diagnostic radiology and interven-
tional radiology, providing us with valuable perspectives in
this ever-progressing field.

Satoru Murata
Pascal Niggemann
Edward W. Lee
Per Kristian Hol



Review Article
Recent Advances in Molecular Magnetic Resonance Imaging of
Liver Fibrosis

Zhiming Li,1 Jihong Sun,1 and Xiaoming Yang1,2

1Department of Radiology, Sir Run Run Shaw Hospital, Zhejiang University School of Medicine, Hangzhou, Zhejiang 310016, China
2Image-Guided Bio-Molecular Intervention Research, Department of Radiology, University of Washington School of Medicine,
P.O. Box 358056, Seattle, WA 98109, USA

Correspondence should be addressed to Xiaoming Yang; xmyang@u.washington.edu

Received 30 June 2014; Accepted 3 September 2014

Academic Editor: Satoru Murata

Copyright © 2015 Zhiming Li et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Liver fibrosis is a life-threatening disease with high morbidity and mortality owing to its diverse causes. Liver biopsy, as the current
gold standard for diagnosing and staging liver fibrosis, has a number of limitations, including sample variability, relatively high
cost, an invasive nature, and the potential of complications. Most importantly, in clinical practice, patients often reject additional
liver biopsies after initiating treatment despite their being necessary for long-term follow-up. To resolve these problems, a number
of different noninvasive imaging-based methods have been developed for accurate diagnosis of liver fibrosis. However, these
techniques only reflect morphological or perfusion-related alterations in the liver, and thus they are generally only useful for the
diagnosis of late-stage liver fibrosis (liver cirrhosis), which is already characterized by “irreversible” anatomic and hemodynamic
changes.Thus, it is essential that new approaches are developed for accurately diagnosing early-stage liver fibrosis as at this stage the
disease may be “reversed” by active treatment. The development of molecular MR imaging technology has potential in this regard,
as it facilitates noninvasive, target-specific imaging of liver fibrosis. We provide an overview of recent advances in molecular MR
imaging for the diagnosis and staging of liver fibrosis andwe compare novel technologieswith conventionalMR imaging techniques.

1. Introduction

Chronic liver disease is a worldwide health problem, which
has a common process-liver fibrosis [1, 2]. There are sev-
eral etiologies resulting in chronic liver diseases, including
chronic infection by hepatotropic viruses (hepatitis B and
hepatitis C viruses), chronic exposure to toxins or drugs (e.g.,
alcohol abuse), chronic alteration of metabolics, and persist-
ing autoimmune reaction. Chronic liver damagesmay induce
both inflammatory response and activation of fibrogenesis.
Given persisting fibrogenesis without removal of exposure to
the specific etiology, liver fibrosis progresses. Liver fibrosis
is characterized by the excess deposition of collagenous
extracellular matrix (ECM) components, which often lead to
hepatic dysfunction, portal hypertension, and hepatocellular
carcinoma [1, 3, 4]. Histologically, liver fibrosis can be
classified into a number of different stages, and these stages
are directly related to decisions regarding the management of
liver fibrosis. Early-stage liver fibrosis can be “reversed” by

efficient treatment, while advanced fibrosis and cirrhosis are
usually “irreversible” [4–7]. Accurate differentiation of stages
is thus critical for efficient management of liver fibrosis.
Currently, liver biopsy is the gold standard for diagnosing and
staging liver fibrosis. However, due to its invasive nature and
relatively high cost, as well as variability in samples and the
risk of complications such as procedure-related bleeding and
infection, additional biopsies are often rejected by patients
after they have initiated treatment, thereby preventing effec-
tive long-term follow-up.

Conventional imaging techniques, such as ultrasonog-
raphy (US), computed tomography (CT), and magnetic res-
onance imaging (MRI), are noninvasive methods for diag-
nosing and staging liver fibrosis. However, these techniques
are primarily dependent on the detection of morphological
alterations in the liver, and these alterations are usually only
detected in advanced or late-stage fibrosis, such as cirrhosis
[8]. Transient elastography (TE) (fibroscan), which relies on
a low-frequency wave generated by a mechanical vibrator,
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Figure 1: Key agents involved in the activation of hepatic stellate cells during the pathogenesis of liver fibrosis. (Reprinted with permission
from [13].)

has been used to assess liver fibrosis with relatively high spec-
ificity and sensitivity. By using liver stiffness measurement
(LSM) value, TE can differentiate patients with no fibrosis
from those withmild fibrosis (METAVIR stages F1 and F2) or
advanced fibrosis (stages F3 and F4) [9]. Acoustic radiation
force impulse (ARFI) imaging is another ultrasound elastog-
raphy technique, which uses focused high-intensity, short-
duration acoustic pulses in order to produce shear waves in
the target tissues. According to the findings of a multicenter
study, there was a significant correlation between the ARFI
measurement and liver fibrosis [10]. MR diffusion-weighted
imaging (DWI) can depict themovement of water molecules,
but it does not directly reflect the deposition of the ECM.
Contrast-enhanced MR imaging (CE-MRI) and MR perfu-
sion-weighted imaging (MR-PWI) rely on the intravenous
administration ofMR contrast agents that canmore precisely
reveal hemodynamic changes in the liver. However, these
MR techniques are only useful for the diagnosis of advanced
liver fibrosis or cirrhosis after long-term hepatic damage. It
is therefore essential that a noninvasive, direct, and highly
sensitive method for diagnosing early-stage liver fibrosis be
developed. Molecular MRI is one such technique, and, in
this paper, we present an overview of recent advances in
molecular MRI for the diagnosis and staging of liver fibrosis.

2. Pathologic Liver Fibrosis and Staging

Liver fibrosis is a common process that occurs in response
to liver injury; it is characterized by the excess deposition of
ECM. The ECM comprises a group of macromolecules that
together form the scaffolding of normal and fibrotic livers.
These include collagens, noncollagen glycoproteins, matrix-
bound growth factors, glycosaminoglycans, proteoglycans,
andmatricellular proteins [11]. Liver fibrosis occurs when the
rate of ECM synthesis by myofibroblasts exceeds the rate of
repair required due to chronic hepatic injuries [4, 12]. Hepatic
myofibroblasts mainly stem from resident mesenchymal cells
and bone marrow-derived myofibroblasts [1].

Hepatic stellate cells (HSCs) are mesenchymal cells that
are resident in the liver, and they play a crucial role in fib-
rogenesis (Figure 1) [13]. Activation of HSCs occurs via
a complex process that includes signal transmission, gene

expression, and receptor expression. Numerous cytokines are
involved in fibrogenesis, including platelet-derived growth
factor (PDGF), transforming growth factor-𝛽 (TGF-𝛽),
tumor necrosis factor-𝛼 (TNF-𝛼), and interleukin [2, 14].

Different staging systems are used for the pathologi-
cal classification of liver fibrosis: the IASL (International
Association for the Study of the Liver), Metavir, and Batts-
Ludwig systems. These systems have a number of common
features, and all basically classify liver fibrosis into five stages
(Figure 2): no fibrosis; portal fibrous expansion; thin fibrous
septa emanating from portal triads; fibrous septa bridging
portal triads and central veins; and cirrhosis [8, 15].

3. MRI of Liver Fibrosis

Magnetic resonance imaging is a unique modality that has
several advantages over other imaging techniques, including
its ability to obtain high resolution images with excellent con-
trast against a soft tissue background, the flexibility to acquire
images using a number of different techniques to facilitate the
diagnostic evaluation of organ morphology, physiology, and
function, and the ability to project data in an infinite number
of imaging planes with no risk of ionizing radiation.

Because it is dependent on the detection of alterations in
hepatic morphology, conventional MRI has a high specificity
for cirrhosis, but a low sensitivity for earlier stages of liver
fibrosis, and it is thus not suitable for staging the disease
[8]. Recently, a number of modified MRI-based techniques,
including DWI, MRE, PWI, and CE-MRI, have been devel-
oped for diagnosing and staging liver fibrosis. These are
described in detail below.

3.1. MR Diffusion-Weighted Imaging (MR-DWI). The MR-
DWI techniquemonitors the Brownianmotion of watermol-
ecules relative to the temperature and viscosity of the studied
environment, and it is routinely used for liver imaging
(Figure 3) [16]. Calculation of the apparent diffusion coeffi-
cient (ADC) with DWI can facilitate the assessment of liver
fibrosis. For example, one recent study showed that ADC
values are decreased as the stage of liver fibrosis increases
from F0 to F4, but no significant differences in ADC values
were detected between stages F0 and F1, as well as F1 and
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Figure 2: Histological staging of liver fibrosis (photomicrographs of liver biopsy specimens; trichrome stain, ×40): stage F0 (a), stage F1 (b),
stage F2 (c), stage F3 (d), and stage F4 (e). (Reprinted with permission from [8].)
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Figure 3: MR-DWI in a normal and cirrhotic liver (𝑏 value 600 s/mm2). DWI images are shown in the far left column. The middle column
shows ADC maps superimposed on the corresponding anatomic images. The exponential ADC maps are shown in the far right column.
The ADC maps show that the mean ADC value of the cirrhotic liver is lower than that of the normal liver (1.12 × 10−3mm2/s versus 1. 27 ×
10−3mm2/s, resp.).
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F2 [17]. Another study reported that ADC values were only
significantly different between stages F0 and F4 [18]. Togeth-
er, these findings suggest that DWI is not a reliable method
for distinguishing early-stage liver fibrosis [17, 18].

Intravoxel incoherent motion (IVIM) diffusion-weighted
(DW) imaging developed for quantitative assessment of the
microscopic translational motions of both intracellular and
extracellular water molecules, which occur in each voxel of
MR imaging [19]. By using IVIM imaging, several factors,
such as pure molecular diffusion and microcirculation or
blood perfusion, can be distinguished with multiple 𝑏 values
[19, 20]. One pilot study demonstrated the usefulness of using
IVIM DW imaging with ten 𝑏 factors to determine the
difference of puremolecular-based (𝐷) and perfusion-related
(𝐷∗,𝑓) diffusion parameters, between patients with cirrhosis
and patients without liver fibrosis [21]. They found that both
ADC and 𝐷∗ were significantly reduced in the cirrhotic
liver group compared with those in the healthy liver group,
while there was no significant difference between 𝐷 and 𝑓
measurements in the healthy liver and cirrhotic liver groups.
Another study showed a significant decrease of both pure
molecular diffusion coefficient (𝐷slow) and perfusion-related
diffusion coefficient (𝐷fast) in the advanced fibrosis group
compared to nonadvanced fibrosis group (𝑃 < 0.05 and
𝑃 < 0.01, resp.) [22]. Furthermore, the IVIM parameters,
including pseudo-diffusion coefficient (𝐷

𝑝
) and perfusion

fraction (𝑓), can be used for differentiating stages between
fibroses ⩾ F2 and F0-1 (𝑃 < 0.05) [23].

3.2. T1𝜌 MR Imaging. T1𝜌 is the spin-lattice relaxation time
constant in the rotating frame, which describes the decay
of transverse magnetization under the special condition of a
spin-lock radiofrequency field [24]. T1𝜌 is sensitive to both
low-frequency motional process and static process and thus
can be used to investigate macromolecular composition [25].
Because of the fact that liver fibrosis is featured by excess
ECM deposition, T1𝜌 MR imaging can be used to assess
liver fibrosis. One study using a rat biliary duct ligation
model showed that liver fibrosis can be detected with T1𝜌
MR imaging, and the T1𝜌 value increase correlated with
liver collagen levels [26]. Another study was conducted with
patients of fibrosis stage F4 and healthy volunteers by using
T1𝜌 MR imaging, demonstrating that the mean T1𝜌 values
increased as Child-Pugh stage increased, and there were
significant differences ofmean T1𝜌 values amongChild-Pugh
classes [27]. A recent study further indicated that liver T1𝜌
could be a valuable biomarker for liver injury and fibrosis
[28]. Liver T1𝜌 value increasedmildly on 48hours and further
increased as the degeneration and necrosis of hepatocytes,
while fibrosis appeared and progressed at weeks 2, 4, and 6.
In addition, liver T1𝜌 values decreased at weeks 1 and 4 after
the withdrawing of the carbon tetrachloride (CCl

4
). These

results indicate that T1𝜌MR imaging is a potential promising
technique in monitoring liver injury, as well as liver fibrosis
regression and progression.

3.3. MR Elastography (MRE). Magnetic resonance elastog-
raphy is a state-of-the-art MRI-based technique that can

noninvasively quantify the stiffness of the liver by analyzing
the propagation of mechanical waves through liver tissue
(Figure 4). It is based on the concept that the stiffness of the
hepatic parenchyma is increased as fibrosis advances [8, 29,
30]. One study has shown thatMRE has a high sensitivity and
specificity for detecting liver fibrosis: predicted sensitivity
and specificity scores were 91% and 97% for liver fibrosis ≥
stage F2, 92% and 95% for liver fibrosis ≥ stage F3, and 95%
and 87% for liver fibrosis≥ stage F4 [30]. Ameta-analysis that
compared the effectiveness ofMRE andDWI for staging liver
fibrosis concluded thatMREwasmore reliable and resulted in
a better combination of sensitivity and specificity, likelihood
ratio, diagnostic odds ratio, and area under the summary
receiver operating characteristic curve values [31].

However, MRE also has some disadvantages that limit its
clinical acceptance: (i) it cannot be performed in livers with
high iron overload because of signal-to-noise limitations;
(ii) the examination time is longer than that required for
ultrasound elastography [32].

3.4. MR Perfusion-Weighted Imaging (MR-PWI). Perfusion-
weighted imaging requires intravenous administration ofMR
contrast agents, and it is used to quantify themicrocirculatory
status of the liver parenchyma or liver lesions. Perfusion
MRparameters are derived fromdynamic contrast-enhanced
MRI (DCE-MRI) using model-based or model-free tech-
niques [33]. The deposition of collagen in the space of Disse
and sinusoidal capillarization result in an increase in the
resistance to incoming sinusoidal blood flow [34], which
leads to a decrease in portal venous flow to the liver, an
increase in hepatic arterial flow, and the subsequent forma-
tion of intrahepatic shunts [8]. Transfer of the low-molecular-
weight gadolinium contrast medium from the vascular sinu-
soids into the interstitial space is thus increasingly impeded
by liver fibrosis [33]. One dual-input, single-compartment,
model-based study reported an increase in absolute arterial
blood flow (𝐹a), arterial fraction (ART), distribution volume
(DV), and mean transit time (MTT) and a decrease in portal
venous fraction (PV), in patients with advanced liver fibrosis
compared with patients with early-stage liver fibrosis [35].
When the DV was used to predict advanced liver fibrosis, the
technique had a sensitivity of 76.9% and a specificity of 78.5%.
Other researchers have found that when dynamic contrast-
enhanced MRI is combined with gadolinium ethoxybenzyl
diethylenetriamine pentaacetic acid (Gd-EOB-DTPA), the
slope (10–90% ascending slope of the curve) and area under
the curve (AUC) are the two best perfusion parameters to use
for predicting the severity of liver fibrosis (>F2 versus ⩽F2);
𝐹a was the best predictor of early liver fibrosis [36].

The MR-PWI technique also has some disadvantages:
(i) many factors can affect correlations between perfusion
parameters and fibrosis, including cardiac status, fasting state,
hepatic congestion, hepatic inflammation, hepatic lesions,
and portal venous flow; (ii) an assumption model is required
as well as very rapid imaging to reduce image artifacts; (iii)
the technique is not suitable for the assessment of structural
abnormalities; and (iv) there are a number of technical prob-
lems with the technique, including difficulties with image
analysis and misregistration corrections [8].
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Figure 4: MR elastography images of the livers of a normal volunteer and a patient with cirrhosis. Anatomic images of a normal volunteer
and of a patient with grade 4 fibrosis are shown in the far left column (a). The middle column of images shows wave image data in the liver
and spleen superimposed on the corresponding anatomic images (b). The resulting elastograms are shown in the far right column (c). The
wave images show that the shear wavelength was higher in the fibrotic liver than in the normal liver. The elastograms show that the mean
shear stiffness of the fibrotic liver was much higher than that of the normal liver (12.1 ± 1.2 kPa versus 1.8 ± 0.3 kPa, resp.). (Reprinted with
permission from [29].)

3.5. Magnetization Transfer MR Imaging. Magnetization tra-
nsfer (MT) MR imaging can provide information of reduced
signal frommacromolecule-rich tissues with exchange of the
applied radiofrequency energy between pools of bound and
of free protons. MT imaging can be used as a noninvasive
technique for imaging collagen and other macromolecules,
for example, liver fibrosis. One study with a Niemann Pick
type C mouse model showed that collagen deposition was
consistent with the observed elevation in MT ratio. There
was a 10% increase in collagen content, which produced an
increase of MT ratio at approximately 9% [37]. However,
due to the complex pathological change of the cirrhotic liver
tissues, the MT effects (signal intensity of magnetization
transfer contrast (MTC)/signal intensity of non-MTC) were
widely variable [38]. Another study reported that the MT
ratio was nearly identical between healthy (range 26.0%–
80.0%) and cirrhotic livers (range 26.7%–81.2%) by using
eight different frequency offsets of the MT pulses [39]. To the
best of our knowledge, no literature indicates that MT MR
imaging is a valuable technique in assessing liver fibrosis so
far.

Thus, conventional MRI techniques, such as DWI, PWI,
MRE, and MT imaging, are of limited use for diagnosing
and staging liver fibrosis because they are generally focused
on morphological or perfusion-related changes in the liver
caused by liver fibrosis, rather than molecular changes of
fibrosis itself [8], which are the “roots” of fibrotic livers.

4. Molecular MR Imaging

Molecular imaging is motivated to directly visualize, charac-
terize, and measure biological processes at the molecular and
cellular levels in humans and other living systems, and the
techniques include radiotracer imaging/nuclear medicine,
MR imaging, MR spectroscopy, optical imaging, ultrasonog-
raphy, and others [45]. Molecular MR imaging has become a
novel technique for assessing specific cellular or subcellular
events and is becoming one of the core integrative technolo-
gies in biomedicine [46]. In contrast to US, CT, and PET
(positive emission tomography) or SPECT (single photon
emission computed tomography),molecularMR imaging has
several superior advantages, including offering high spatial
resolution images, simultaneously extracting anatomic, phys-
iologic, and functional information [47], and more impor-
tantly avoiding harmful ionizing radiation.

The strength of MR signals depends upon the longitudi-
nal (T1) and transverse (T2) proton relaxation times of water,
and thus differences in proton relaxation times cause various
contrasts on MR images. To maximize image quality, MR
contrast agents are often needed to decrease T1 and T2 relax-
ation times. In general, there are two types of MR contrast
agents: paramagnetic and superparamagnetic compounds.
Paramagnetic contrast agents, also called T1 or positive con-
trast agents, are usually composed of Gadolinium3+ or Mn2+,
which generates positive signals on T1-weighted images.
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Table 1: Studies that have assessed molecular MRI of liver fibrosis.

Study/year Targeted
molecules

Targeting
probes Animal model MR effect Significance

Polasek et al.,
2012 [40] Type I collagen EP-3533

The rat DEN
model & the
CCl4 mouse

model

Shortening the T1
relaxation time

Identifies fibrotic tissue
in animal models of liver

fibrosis

Fuchs et al.,
2013 [41] Type I collagen EP-3533 The CCl4 mouse

model
Shortening the T1
relaxation time

Diagnoses and stage
sliver fibrosis in an
animal model

Chow et al.,
2013 [42]

Fibrin-
fibronectin

CLT1-peptide-
targeted

nanoglobular
contrast agent
(CLT1(Gd-
DOTA))

The CCl4 mouse
model

Shortening the T1
relaxation time

Detected and stage sliver
fibrosis by probing the

accumulation of
fibronectin

Ehling et al.,
2013 [43] Elastin ESMA The CCl4 mouse

model
Shortening the T1
relaxation time

Elastin-based molecular
MRI may be suitable for
noninvasive monitoring
of ECM remodeling
during liver fibrosis

Wang et al.,
2011 [44] 𝛼v𝛽3-Integrin

c(RGDyC)-
USPIO

The CCl4 mouse
model

Shortening the T2
relaxation time

Targets HSC imaging
with c(RGDyC)-USPIO

Superparamagnetic contrast agents, also called T2 or negative
contrast agents, are usually constructed with iron oxide,
which generates negative signal or signal void on T2- and
T2∗-weighted images [48].

The specific contrast agents formolecularMR imaging are
defined as “probes used to visualize, characterize, and mea-
sure biological processes in living systems. Both endogenous
molecules and exogenous probes can be molecular imaging
agents” [45]. These MR imaging probes are usually con-
structed by different nanoparticles that contain paramagnetic
or superparamagnetic metals, such as nanoscaffolds loaded
with gadolinium chelates or nanoparticles carrying superpar-
amagnetic iron oxide.

In general, systemically administrated molecular MRI
probes are target-specific, which depend on the ligands con-
jugated onto the MRI probes. These ligands can specifically
target molecules overexpressing at the diseased site or lesion.
The ligands can bemonoclonal antibodies or their fragments,
peptides, small molecular peptidomimetics, vitamins, or
aptamers.The target-specificmolecularMRI probes function
by following themechanism of ligand-molecule binding, that
is, the specific interaction of ligands with their corresponding
molecules of the targets (such as receptors expressed on cell
surfaces) to form an antigen-antibody pair like complex [49].

As mentioned above, the molecular MR imaging of liver
fibrosis is based on the development of contrast agents,
known as activatable MR imaging probes to elicit detectable
MR signal changes in response to the local environment or to
“sense” specific molecular states [50]. The contrast agents are
usually designed and synthesized as a category of nanopar-
ticulate probes composed of molecular targets and contrast-
generatingmetals.The probes of detecting liver fibrosis ought
to have the capability of specifically targeting and binding

ECM, of which excessive accumulation can result in fibrosis.
ECM is under the dynamic balance of synthesis and degra-
dation in the normal liver. ECM is a normal component
of Glisson’s capsule, portal tracts, central veins, and the
subendothelial space of Disse and accounts for less than 3%
of the relative area on a liver tissue section and approximately
0.5% of the wet weight [14]. In the fibrotic liver, remarkable
changes present in ECM quantitatively and qualitatively.

A number of molecules are present in increased amounts
in fibrotic livers, including fibrillar collagens (types I, III, and
IV), some nonfibrillar collagens (types IV and VI), a num-
ber of glycoproteins (cellular fibronectin, laminin, SPARC,
osteonectin, tenascin, and vonWillebrand factor), proteogly-
cans, and glycosaminoglycans (perlecan, decorin, aggrecan,
lumican, and fibromodulin). Of these molecules, the fibrillar
collagens (especially types I and III) and elastin are the most
abundant in the ECM [51]. Accordingly, the type of ECM in
the space of Disse changes from a normal, low-density, base-
ment membrane-like matrix primarily composed of types IV
and VI collagens to a matrix primarily composed of intersti-
tial type I and III collagens and fibronectin [14]. Thus, the
components of the ECM are potential important cellular and
molecular targets for molecular MRI to diagnose and stage
liver fibrosis. Table 1 summarizes ligand-molecule pairs that
have previously been used formolecularMRI to diagnose and
stage liver fibrosis.

5. Application of Molecular MRI in
Liver Fibrosis

Molecular MRI of liver fibrosis has been used to directly
detect molecular changes in the ECM and HSCs.
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5.1. EP-3533 Probe Targeting Type I Collagen. Compared with
the normal liver, the amount of type I collagen in fibrotic liv-
ers is significantly increased (from 36% to 53%) [53]. There-
fore, type I collagen can be used as a molecular target for de-
tecting liver fibrosis bymolecularMRI. EP-3533 (gadolinium-
diethylenetriamine pentaacetic acid-GKWHCTTKFPHHY-
CLY) is a type I collagen-targeting MR contrast agent that
has previously been used for myocardial infarction [54, 55],
pulmonary fibrosis [56], and liver fibrosis [40, 41]. It is
composed of a 16-amino-acid peptide that has three amino
acids flanking each side of a cyclic peptide of 10 amino acids
joined by disulfide bonds (Figure 5) [52]. The peptide con-
tains three primary amines (the N terminus and two lysine
side chains), and these are used to append three gadopente-
tate dimeglumine moieties via a thiourea linkage [54]. The
relaxivity of EP-3533 is 16.1mM−1 s−1 perGdIII ion at 1.41 Tesla
and 37∘C (PBS) or 5.4mM−1 s−1 per GdIII ion at 4.7 Tesla and
25∘C (PBS) [57].

Molecular MRI has been trialed in two animal models of
liver fibrosis [40]: (i) a diethylnitrosamine (DEN) rat model,
which is created by feeding rats 100mg/kg/week DEN for 4
weeks, which results in moderate to advanced liver fibrosis
(Ishak scores 3–6); and (ii) the carbon tetrachloride (CCl

4
)

mouse model, which is created by feeding mice 0.1mL of
a 40% solution of CCl

4
in olive oil three times a week for

20 weeks, which also results in moderate to advanced liver
fibrosis (Ishak scores 3–6). EP-3533 is administered intra-
venously and a nontargeted gadolinium-diethylenetriamine
pentaacetic acid (Gd-DTPA) is used as a control. The cyclic
peptide of EP-3533 has a specific affinity for type I collagen,
whereas the gadolinium moieties generate strong T1 MR
signals. By correlating MR imaging, tissue analysis, and
real-time polymerase chain reaction (PCR) findings, it was
concluded that molecular MRI of liver fibrosis with the
EP-3533 collagen-targeting probe was capable of identifying
fibrotic tissues in both the DEN rat and CCl

4
mouse models.

Another study attempted to use EP-3533-based molec-
ular MRI to detect type I collagen in liver fibrosis in the
CCl
4
mouse model [41]. By comparing the technique with

other conventional MRI methods, the authors found that
there was a strong positive linear correlation between the
muscle contrast-to-noise ratio (ΔCNR) and liver hydrox-
yproline levels (hydroxyproline is an amino acid [C

5
H
9
NO
3
]

that is a natural constituent of collagen) as well as the ΔCNR
and conventional Ishak fibrosis scoring, which indicates the
potential usefulness of this technique for staging liver fibrosis.

5.2. CLT1 Peptide Probe Targeting Fibrin-Fibronectin Com-
plexes. The accumulation of fibrin in the liver occurs during
acute as well as chronic experimental liver injury [59].
Fibronectin is a type of structural glycoprotein present in the
liver ECM [53]. Fibrin-fibronectin complexes exist in fibrotic
livers because of cross-linkages between fibrin/fibrinogen
and fibronectin [59]. Some authors have shown that the CLT1
and CLT2 peptides can specifically bind to fibrin-fibronectin
complexes in the ECM of different tumors with little binding
to normal tissues, suggesting that CLT peptides may bind
to an epitope in the fibrin-fibronectin complex formed as a
result of plasma clotting within tumors and at sites of tissue
injury [60]. It is thus feasible that liver fibrosis can be detected
by using the CLT1 peptide as a probe for targeting fibrin-
fibronectin complexes. One group of researchers synthesized
CLT1 peptide-targeting nanoglobular contrast agents by con-
jugating gadoteric acid (Gd-DOTA) and peptides on the
surfaces of generation 2 (G2) and generation 3 (G3) nano-
globules (lysine dendrimers with a cubic silsesquioxane core)
[61]. Approximately two peptides and 25 Gd-DOTA che-
lates have reportedly been conjugated onto the surfaces of
32 amine groups of the G2 nanoglobule, and 3 peptides
and 43 Gd-DOTA chelates have been conjugated onto the
surfaces of 64 amine groups of the G3 nanoglobule. The
T1 relaxivities of peptide-targeted G2 and G3 nanoglobules
are 7.92mM−1 s−1 and 8.20mM−1 s−1, respectively, at 3 Tesla.
Other studies have shown that a CLT1 peptide-targeting con-
trast agent, CLT1-(Gd-DTPA), which is conjugated to a cyclic
decapeptide, CGLIIQKNEC (CLT1), and Gd-DTPA can be
used for molecular MRI of fibrin-fibronectin complexes in



8 BioMed Research International

Ph

H

H
O

O

O

O

OH

O

O
O

OO
O

Gd

N

H
N

Formula
molecular mass

N
N

N

NH2N

C32H40N7O11Gd
855.95daltons
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tumor tissues, with CLT1-(Gd-DTPA) T1 and T2 relaxivities
of 4.22mM−1 s−1and 4.45mM−1 s−1, respectively, at 3 Tesla
[62].

Knowledge of CLT1-binding to fibrin-fibronectin com-
plexes has been adapted for the evaluation of liver fibrosis,
and some authors have produced a cyclic decapeptide CLT1-
targeting contrast agent for molecular MRI of liver fibro-
sis [42], based on CLT1’s specific binging to the fibrin-fi-
bronectin complex [60]. A CLT1 peptide-targeting nanoglob-
ular contrast agent (Gd-P) was used for dynamic molecular
MRI of amousemodel to detect and characterize liver fibrosis
at 7.0 Tesla. Compared with the control KAREC-conjugated
nanoglobular contrast agent (Gd-CP) and a nontargeting
nanoglobular contrast agent (Gd-C), different enhancements
were observed between normal and fibrotic livers whenGd-P
was used, which is indicative of the usefulness of this molec-
ular MRI approach employing a CLT1 peptide-targeting
nanoglobular contrast agent for the detection and staging of
liver fibrosis [42].

5.3. ESMAProbe Targeting Elastin. Elastin is a type of nonco-
llagenous protein found in the ECM that is secreted by HSCs;
it is also associated with the stage of liver fibrosis. Elastin
is an essential component of the ECM and elastic fibers,
and, together with fibrillins, it provides resilience and elastic
recoil in tissues. ESMA (BMS-753951) is an elastin-specific
MR contrast agent that has previously been used for assessing
atherosclerotic plaques [58] and coronary wall remodeling
[63]. It is a Gd-DTPA chelate that is linked to the D-amino
acid D-phenylalanine to form a low-molecular-weight MR
contrast agent with moderate specificity for elastin. ESMA
has a similar blood half-life to current commercially available
extracellular Gd-based MR contrast agents [63].

The feasibility of monitoring ECMs with ESMA (Fig-
ure 6), the elastin-specific MR contrast agent, has previously
been assessed, and the study findings suggested that elastin-
based molecular MRI has potential as a noninvasive method
for monitoring ECM remodeling during liver fibrosis [43].

5.4. RGD Peptide Probe Targeting Integrins. As noted above,
HSCs play an important role in liver fibrogenesis. Integrins

are a special type of heterodimeric transmembrane receptor
expressed in HSCs. They are composed of 𝛼 and 𝛽 subunits
that transduce signals from the ECM to HSCs and other
mesenchymal cell types [64]. Integrins are upregulated in
fibrotic liver disease or during HSC activation [65, 66], and
𝛼v𝛽3-integrin is highly expressed in HSCs [44, 67, 68]. As cell
surface receptors, integrinsmediate communication between
cells and the ECM, and they appear to play a major role
in the development of profibrogenic effects since integrin-
linked adhesions (cell-cell and cell-matrix) can promote the
migration and proliferation of HSCs and inhibit their apop-
tosis during liver fibrogenesis [68, 69]. A common feature of
integrins such as 𝛼v𝛽3 is that they bind to ECM proteins via a
three-amino-acid sequence, RGD (arginine-glycine-aspartic
acid).

A previous review has provided a detailed examination of
molecular MRI targeting integrin 𝛼v𝛽3 and the RGD peptide
[70].Most of the literature on RGD-mediatedmolecularMRI
has focused on tumors, and there are few reports on its
efficacy in liver fibrosis. Two RGD-based molecular imaging
probes have been reported previously. One consists of cRGD
conjugated to Gd-DOTA; it has a relaxivity of 9mM−1 s−1 at
1.41 Tesla and 40∘C and can bind the 𝛼IIb𝛽3-receptor as well as
the 𝛼v𝛽3-receptor. The other consists of cRGD conjugated to
Gd-DOTA and is used for selective imaging of 𝛼v𝛽3-integrin;
it has a relaxivity of 7.4mM−1 s−1 at 1.5 Tesla and 25∘C [57].

Other researchers have used the cyclo peptide c(RGDyC)
to bind 𝛼v𝛽3-integrin-conjugated ultrasmall superparamag-
netic iron oxide to form USPIO, a T2 contrast agent. This
probe (c(RGDyC)-USPIO) has then been used to specifically
target activated HSCs [44]. Rats with normal and fibrotic
livers were subjected to MR scanning with either c(RGDyC)-
USPIO or USPIO, and it was found that the reduction in
T2 relaxation times in fibrotic rats was much greater with
c(RGDyC)-USPIO than USPIO.

5.5. Biodistribution andClearance of TargetedMolecular Imag-
ing Probes. The biodistribution and clearance of molecular
imaging probes depend on their sizes. By using a mouse
model, some authors investigated the biodistribution of
EP3533 at 15min after its systemic administration, showing
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the biodistribution as nmol Gd per gram wet tissue: kidney
(223), spleen (77.3), liver (50.4), and lung (29.1) [52]. The
blood half-life of EP3533 was 19 ± 2min, and EP3533 was
largely eliminated from themouse body by 24 hours [41]. One
study showed that CLT1-targeted G2 nanoglobular led to its
much lower tissue accumulation compared to the targetedG3
agent 48 hours after the systemic administration, because of
smaller sizes and less CLT1 peptides conjugated with the G2
agent [61]. Due to a smaller size, the targetedG2nanoglobular
contrast agent cleared more rapidly from the body than the
relatively larger G3 agent. In addition, some authors reported
the fact that a molecular imaging probe, c(RGDyC)-USPIOs,
distributed more extensively in the perisinusoidal space of
Disse where the HSCs resided preferentially in the fibrotic
liver [44].

One recent study demonstrated a rapid biliary excretion
of relative large nanoparticles (∼250 nm), while nanoparticles
less than 5∼6 nm can be bioeliminated through the kidneys.
Such small-size nanoparticles can be also cleared by the
mononuclear phagocyte system and may be metabolized
further or eliminated via bile, urine, or respiration [71].

6. Conclusion

Liver fibrosis is a common process that occurs in response
to chronic liver injuries. While conventional MRI techniques
are useful for assessing advanced liver fibrosis, molecular
MRImay be amore valuable tool for noninvasive detection of
early-stage liver fibrosis. Recent studies of molecular MRI of
liver fibrosis have been confined to producing target-specific
molecular MRI probes (such as iron oxides) that can specifi-
cally target certain components of the ECMorHSCs in early-
stage fibrotic livers. Moreover, nuclear imaging techniques
have been used for achieving of molecular information.
Radioisotope can be conjugated to a target-specific probe,
which thereby can specifically bind targeting molecules in
vivo. As the development of molecular imaging agents,
nuclear imaging using ECM-specific probes may become
a valuable technique for assessing liver fibrosis. Although
molecular MRI of liver fibrosis is still at its developing phase,
the conception of a target-specific molecular MRI approach
is opening new avenues for effective management of this life-
threatening disease.
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Objective. To evaluate two ultrafast cone-beam CT (UF-CBCT) imaging protocols with different acquisition and injection
parameters regarding image quality and required contrast media during image-guided hepatic transarterial chemoembolization
(TACE).Methods. In 80 patients (male: 46, female: 34; mean age: 56.8 years; range: 33–83) UF-CBCT was performed during TACE
for intraprocedural guidance. Imagingwas performed using two ultrafast CBCT acquisition protocols with different acquisition and
injection parameters (imaging protocol 1: acquisition time 2.54 s, and contrast 6mL with 3 s delay; imaging protocol 2: acquisition
time 2.72 s, and contrast 7mL with 6 s delay). Image evaluation was performed with both qualitative and quantitative methods.
Contrast injection volume and dose parameters were compared using values from the literature. Results. Imaging protocol 2
provided significantly better (𝑃 < 0.05) image quality than protocol 1 at the cost of slightly higher contrast load and patient
dose. Imaging protocol 1 provided good contrast perfusion but it mostly failed to delineate the tumors (𝑃 < 0.05). On the
contrary, imaging protocol 2 showed excellent enhancement of hepatic parenchyma, tumor, and feeding vessels.Conclusion. Tumor
delineation, visualization of hepatic parenchyma, and feeding vessels are clearly possible using imaging protocol 2 with ultrafast
CBCT imaging. A reduction of required contrast volume and patient dose were achieved due to the ultrafast CBCT imaging.

1. Introduction

Cone-beam computed tomography (CBCT) is routinely used
for many clinical applications in the fields of neurology,
vascular, radiology, oncology, and cardiovascular interven-
tions [1–9]. As an interventional oncology application, this
system is routinely used for image-guiding purpose during
transarterial chemoembolization (TACE) therapy procedures
[10–12]. TACE guidelines recommend the use of contrast
enhanced CBCT to delineate tumour and tumour feeding
vessels [13, 14]. Many publications showed how intraproce-
durally acquired CBCT images help to map out an adequate
embolization strategy by visualizing the vessel tree that
feeds hepatic tumors and metastases [8, 9, 14–17]. Modern
angiographic systems are capable of acquiring cross-sectional

CBCT image datasets during interventional procedures and
improve the visualization of hepatic tumors aswell as vascular
anatomy [10–14]. However, CBCT implicates certain impor-
tant limitations such as limited soft tissue resolution, limited
field of view, and long acquisition times (typically 5 to 10
seconds in abdominal imaging) in general.

For contrast enhanced CBCT as performed during TACE
procedures the long acquisition time also results in a long
injection time as the contrast bolus has to be maintained dur-
ing the whole time of the acquisition to provide a consistent
filling of the imaged vessels and tumors. This means that the
longer the acquisition time is the longer the contrast injection
has to last and the more the contrast medium is required
which can become a serious problem for patients with poor
kidney function. The long acquisition time of image data is
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due to the limited maximum detector readout speed (30–
60 f/s), limited maximummechanical speed of CBCT system
(40–60∘/s), and number of projection images required for
certain image quality. The present study intended to evaluate
ultrafast CBCT (UF-CBCT) imaging protocols on amultiaxis
robotic CBCT system regarding the capability to create image
datasets suitable for guiding TACE procedures while at the
same time save contrast media and radiation dose compared
to values in the literature.

2. Material and Methods

2.1. Patient Characteristics. This is a prospective study con-
ducted from October 2011 to June 2013 using 80 patients and
the study protocol was accepted by institutional review board.
The patient selection was randomly performed for each pro-
tocol without bias.The selection of the patients for UF-CBCT
imaging was completely dependent on TACE inclusion and
exclusion criteria, based on previous publication [12]. Inclu-
sion criteria for the TACE therapy were as follows: confirma-
tion of at least a single tumor in the liver parenchyma, unre-
sectablemetastatic tumor(s), contraindication to surgery, and
tumor(s) not responsive to radiotherapy or chemotherapy.
Exclusion criteria were as follows: existence of extrahepatic
tumor(s), poor patient performance status, poor hepatic
function, renal failure, contraindication to angiography,
respiratory or cardiovascular failure, obstructive jaundice,
portal vein thrombosis or occlusion, and recently received
radiotherapy (in last two months). MRI is considered to
be gold standard imaging modality for detection of tumors
present in the hepatic parenchyma. Pretreatment T1 weighted
unenhanced/contrast enhanced and T2 weighted unen-
hanced/contrast enhancedmagnetic resonance images (MRI)
were acquired for all patients to assess the hepatic tumor
details such as size, shape, number, and position.

2.2. Cone-Beam CT Imaging. We used a multiaxis robotic
CBCT system (Artis zeego, Siemens Healthcare, Forchheim
Germany) to conduct patient examinations during TACE
therapy.This UF-CBCT system offers the possibility to rotate
the tube-detector system around the patient with amaximum
speed of up to 100∘/sec. The system is equipped with a
latest generation 30 × 40 cm flat panel detector made of
amorphous silicon with cesium iodide scintillator (aSi:CsI).
During UF-CBCT acquisition the system acquires projection
images on a 200∘ circular trajectory with a constant angular
frame increment (AI); that is, each AI degree the system
acquired an image. This means that the image acquisition
frame rate differs between the acceleration phase, the phase
with constant speed, and the deceleration phase of the CBCT.

The correlation between UF-CBCT rotation speed (vcbct),
readout speed (vro), and angular frame increment (AI) is as
follows:

AI (∘/image) =
Vcbct (
∘

/s)
Vro (image/s)

. (1)

With a given angular increment for a UF-CBCT acquisi-
tion the maximum readout speed of the detector may limit
the maximum CBCT rotation speed.

2.3. Data Acquisition Protocols. In this study we evaluated
two UF-CBCT imaging protocols, each consisting of a
CBCT acquisition protocol and a contrast injection protocol
(Table 1). The angular increment of acquisition protocol 1
(Table 1) was set to 1.5∘ per image, resulting in 133 images
on the 200∘ circular trajectory. The angular increment of
acquisition protocol 2 was set to 1.2∘ per image, resulting in
166 images on the 200∘ circular trajectory.

For the UF-CBCT protocols the CBCT system had to be
positioned in a head side position so that the acquisition is
performed in a “propeller-like” mode where only one axis of
the multiaxis robotic UF-CBCT system is moved. The 200∘
acquisition trajectory reaches from right-anterior-oblique
(RAO) 170∘ to left-anterior-oblique (LAO) 30∘. DuringTACE,
the patients were positioned head-first in supine position
on table top and their arms were positioned above the head
during data acquisition. Furthermore, UF-CBCT image data
was acquired for all patients on expiration condition. The
UF-CBCT acquisition was performed with a 0.36 𝜇Gy/image
detector entrance dose setting. The tube voltage is preset
to 90 kV but is modulated together with the tube current
during the rotational run to keep the detector entrance dose
constant.

2.4. Image Data Reconstruction. From the projection images
a 3D dataset with isotropic voxels of 0.5mm is automatically
reconstructed on the connected workstation (syngo XWP,
Siemens Healthcare, Forchheim, Germany) using a filtered
back-projection (Feldkamp) algorithm. This 3D dataset is
then loaded into the software application syngo InSpace,
which allows the user to visualize the dataset in different
rendering modes like multiplanar reformatted (MPR), maxi-
mum intensity projection (MIP), or volume rendered (VRT)
images.

2.5. Contrast Injection Protocol. A UF-CBCT acquisition
with contrast material injection (Visipaque 320 from GE
Healthcare Braunschweig, Germany) was performed for all
examined patients. The injection was performed into the
right or left hepatic artery using a coaxial microcatheter
(2.7F/2.4F × 150 cm; Trevo Pro 18 microcatheter, Concentric
medical, CA, USA). A road mapping of the target tumor
is possible using contrast material injection as described
by Wallace et al. [18]. Contrast injection protocol 1 was
used in conjunction with acquisition protocol 1 (Table 1) on
forty patients (22 male, 18 female; mean age: 56.3 years;
range: 33–73 years) during imaging (imaging protocol 1).
Contrast injection protocol 2 was used in conjunction with
acquisition protocol 2 on another forty patients (24 male, 16
female; mean age: 57.3 years; range 43–83 years) during TACE
(imaging protocol 2). Complete information regarding the
parameters used for contrast material injection during both
image acquisitions is provided in Table 1.

2.6. Image Analysis. After the examination of patients using
UF-CBCT, the images were evaluated by three radiologists
with 4, 6, and 20 years of experience in abdominal imaging.
They used a scoring system to analyze image data qualita-
tively based on tumor delineation, vascular contrast material
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Table 1: Described specifications of the clinical imaging parameters and contrast material injection protocol used for the ultrafast cone-beam
CT imaging of patients during transarterial chemoembolization treatment.

Imaging parameters Acquisition protocol 1 Acquisition protocol 2
Set kilo-voltage 90 kV 90 kV
Number of images 133 166
Angular increment (∘/ima) 1.5 1.2
Maximum CBCT speed (∘/s) 100 88.8
Maximum readout speed (ima/s) 67 74
Total acquisition time (s) 2.54 2.72
Detector entrance dose (uGy/frame) 0.36 0.36
Contrast injection parameters Injection protocol 1 Injection protocol 2
Contrast volume (mL) 6 7
Iodine/mL 320 320
Saline (mL) 12 20
Flow rate (mL/s) 3 3
X-ray delay (s) 3 6
Injection duration (s) 6 9

Table 2: Classification of grading score based on tumor delineation, vascular contrast material perfusion, and appearance of the artifacts.

Grading point score Tumor delineation, vascular contrast material perfusion, and appearance of artifacts.
Description

1 Not suitable for diagnosis (nondiagnostic image data)
2 Suboptimal contrast perfusion and tumor delineation, strong appearance of artifacts
3 Less than standard contrast perfusion and tumor delineation with hazy appearance of artifacts
4 Standard contrast perfusion and tumor delineation with hazy appearance of artifacts
5 Vascular contrast material perfusion and tumor delineation are higher than necessary with little or no artifacts

perfusion, and appearance of artifacts on the cross-sectional
images (Table 2). Readers were blinded regarding imaging
protocols and associate parameters used for the study but
they were informed the images were generated during TACE
therapy procedure.Thenumber of tumorswhich appeared on
image data was assessed by the same radiologists.The hepatic
tumors were classified as three categories during analysis
based on its enhancement characteristics: hypoenhanced
tumor, heterogeneously enhanced tumor, and homogenously
enhanced tumor (Table 3). Moreover, quantitative image
quality parameters such as Hounsfield unit (HU), image
noise, signal-to-noise ratio (SNR = HU/noise), and tumor-
to-liver contrast (TLC = HUtumor − HUliver) were also
determined using the acquired UF-CBCT image datasets.
Quantitative measurements were performed by the same
radiologists according to the previous publications [2, 12, 14].
HU was measured using a circular region of interest (ROI)
placed on the hepatic parenchyma away from the tumor for
normal parenchymal measurements and on the tumor for
tumor HUmeasurements. Diameter of the circular ROI used
for measurement of HU was 2 cm; however, this mentioned
diameter may change according to the size of the tumor
during tumor HU measurements. Two ROI measurements
were performed using adjacent CBCT slices and average
value was taken into account for calculatingmeanHU values.
A standard deviation of pixel values in the ROI circle was
considered as image noise (HU). All measurements were

performed using a dedicated syngo X-Leonardo workstation
from Siemens Healthcare, Forchheim, Germany.

2.7. Patient Dose Analysis. Two radiation dose parameters,
dose area product (DAP) and patient entrance dose (PED),
were obtained during exposure from the patient examination
protocol generated on the UF-CBCT system [10]. Calculated
values were compared using the data available in the litera-
ture.

2.8. Statistical Analysis. Results of the present study are dis-
played as means ± standard deviation and range for contin-
uous variables. The statistical analyses were performed using
computer based BiAS software (BiAS for Windows, Epsilon
2008, version 8.4.2). A 𝑃 value less than or equal to 0.05 is
considered as statistically significant results.The normality of
data distribution was examined using Kolmogorov-Smirnov-
Lilliefors test. Qualitative image quality assessment compar-
isons were performed using Wilcoxon rank sum test; fur-
thermore, interobserver comparisons were performed using
Cohen’s Kappa during qualitative analysis. Kappa agreement
was considered 𝑘 < 0 (less than chance agreement), 𝑘 = 0.01–
0.20 (slight agreement), 𝑘 = 0.21–0.40 (fair agreement), 𝑘 =
0.41–0.60 (moderate agreement), 𝑘 = 0.61–0.80 (substantial
agreement), and 𝑘 = 0.81–0.99 (almost perfect agreement).
Regarding comparison of the quantitative results, paired
Student’s 𝑡-test was used to test the significance between
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Table 3: Details of patient tumor characteristics determined using gold standardMR-image data.The determined tumor characteristics using
MRI displayed separately for UF-CBCT imaging protocols 1 (P1) and 2 (P2) patient groups.

Type of hepatic tumorTumor involvement Hepatic tumor groups Number of patients Number of tumors Mean dimension in cm (𝑙 × 𝑏)
(P1/P2) P1 P2 P1 P2 P1 P2

Hypoenhanced tumor

Right lobe: 21/21 Metastasis from:
Left lobe: 13/14 Thyroid carcinoma 5 6 16 20 4.4 × 3.9 4 × 3.8

Caudate lobe: 2/5 Colorectal carcinoma 6 7 25 23 4.8 × 4.7 4.5 × 4.4
Quadrate lobe: 5/3

Heterogeneously
enhanced tumor

Right lobe: 21/24 Cholangiocarcinoma 5 4 17 15 4 × 3.8 3.8 × 3.6
Left lobe: 15/12 Metastasis from:

Caudate lobe: 7/3 Colorectal carcinoma 4 7 12 12 4.3 × 3.7 4.5 × 4
Quadrate lobe: 1/2 Breast carcinoma 4 3 15 14 4.8 × 4.3 4.3 × 3.9

Homogenously
enhanced tumor

Right lobe: 26/22 Hepatocell. carcinoma 7 5 28 20 4.1 × 3.6 4 × 3.6
Left lobe: 15/14 Cholangiocarcinoma 5 5 9 13 4.9 × 4.2 4.2 × 3.8

Caudate lobe: 2/4 Metastasis from:
Quadrate lobe: 3/5 Colorectal carcinoma 4 3 9 12 4.7 × 4.4 4.5 × 3.8

Table 4: Details of the patient tumor characteristics obtained using ultrafast CBCT image data (P1: imaging protocol 1; P2: imaging protocol
2).

Type of hepatic tumorTumor involvement Hepatic tumor groups Number of patients Number of tumors Mean dimension in cm (𝑙 × 𝑏)
(P1/P2) P1 P2 P1 P2 P1 P2

Hypoenhanced tumor

Right lobe: 16/19 Metastasis from:
Left lobe: 10/13 Thyroid carcinoma 5 6 11 19 3.9 × 3.4 3.8 × 3.5

Caudate lobe: 0/5 Colorectal carcinoma 6 7 17 21 4.5 × 4.2 4.3 × 4.1
Quadrate lobe: 2/3

Heterogeneously
enhanced tumor

Right lobe: 18/21 Cholangiocarcinoma 5 4 13 13 3.5 × 3.4 3.6 × 3.4
Left lobe: 11/11 Metastasis from:

Caudate lobe: 4/3 Colorectal carcinoma 4 7 9 11 3.8 × 3.2 4.2 × 3.7
Quadrate lobe: 0/2 Breast carcinoma 4 3 11 13 4.2 × 3.7 4 × 3.7

Homogenously
enhanced tumor

Right lobe: 19/21 Hepatocell. carcinoma 7 5 21 19 3.6 × 3.1 3.7 × 3.3
Left lobe: 11/13 Cholangiocarcinoma 5 5 6 12 4.6 × 3.6 3.9 × 3.5

Caudate lobe: 2/4 Metastasis from:
Quadrate lobe: 2/5 Colorectal carcinoma 4 3 7 12 4 × 3.8 4.2 × 3.5

data categories. A gold standard pretreatment MR-image
data was used as standard of reference for statistical analysis
during tumor detection. Sensitivity and predictive values
were determined in relation to the detectability of hepatic
tumors.

3. Result

Details of the patient hepatic tumor characteristics obtained
using gold standard MRI are displayed in Table 3 and tumor
characteristics determined using images of both UF-CBCT
imaging protocols are provided in Table 4. The evaluated
imaging protocol 2 produced an excellent tumor delineation,
contrast perfusion, and parenchymal visualization (Figure 1;
Table 5) with adequate enhancement due to the use of proper
bolus timing, mixing ratio, and X-ray delay time during

ultrafast imaging. However, using imaging protocol 1 the
identification of hepatic tumors was difficult because of
reduced contrast material (Figure 1) as a result of improper
delay time for ultrafast imaging. Qualitative analysis showed
large difference of image quality between the two imaging
protocols (Table 5). Image quality was significantly higher
(all 𝑃 < 0.05) in imaging protocol 2 compared to imag-
ing protocol 1 (Table 5; Figure 1). Interreader agreement
performed using Kappa during qualitative analysis showed
almost perfect agreement (𝐾 = 0.832–0.947).

Quantitative image quality analysis also showed similar
results to qualitative analysis (Table 6). Based on quantitative
analysis HUwas significantly higher (all𝑃 < 0.05) in imaging
protocol 2 compared to 1 (Table 6).The calculated SNR values
were significantly higher (all 𝑃 < 0.05) in protocol 2 image
data compared to the other protocol evaluated. The TLC
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Figure 1: Frames (a) and (b) represented the images obtained from a 62-year-old patient during TACE therapy, generated using ultrafast cone-
beam CT with imaging protocol 1. Pretreatment magnetic resonance cross-sectional images ((c) and (f)) show a clear view of embedded
tumor in the hepatic parenchyma. Hepatic tumor detection was insufficient using imaging protocol 1 data (tumor indicated using black
arrow) compared to imaging protocol 2 due to a reduction of contrast material in the tumors. Coronal reconstructed images ((d) and (e))
were acquired using imaging protocol 2 during a 60-year-old patient TACE examination.The images show excellent tumor(s), feeding vessels,
and hepatic parenchymal visualization; furthermore, notice the strong contrast material enhancement of the tumors with little or no artifacts.

Table 5: Displayed image quality qualitative analysis scores (mean ± standard deviation and range) obtained from the readers using both
ultrafast CBCT patient imaging protocols.

Imaging protocol Tumor classification:
Hypoenhanced tumor (A) Heterogeneously enhanced tumor (B) Homogenously enhanced tumor (C)

Protocol 1 2.9 ± 0.4 (2.6–3.1) 3 ± 0.4 (2.6–3.25) 3.1 ± 0.5 (2.7–3.4)
Protocol 2 4 ± 0.6 (3.7–4.2) 4.3 ± 0.4 (4–4.5) 4.6 ± 0.3 (4.3–4.8)
𝑃 value 0.0001 0.0001 0.0001

computation to determine quantitative tumor delineation
showed significantly higher (all 𝑃 < 0.05) results for protocol
2 compared to 1 (Table 6).

The volume of iodine injected into the patients during
UF-CBCT was 1920mg and 2240mg, respectively, for injec-
tion protocols 1 and 2 during contrast material injection. In
[14], authors performed three conventional CBCT patient
examinations during TACE therapy. They used 4800mg,
6400mg, and 8000mg of iodine in the injected volume
of contrast material during hepatic CBCT imaging. In [19]
authors used 4625mg and [20] used 9000mg of iodine in
the injected volume of contrast for patient examinations. UF-
CBCT imaging protocol 2 used a marked reduction of iodine
volume compared to [14] by 53%, 65%, and 72% and [19]

by 51.5%. Moreover, a significant reduction of iodine (75%)
was observed during UF-CBCT protocol 2 compared with
[20]. Tumor detection sensitivity and predictive values were
calculated using the image data obtained fromUF-CBCT and
MRI.Determined sensitivity showed a remarkable increase in
UF-CBCT imaging protocol 2 data compared to 1 (Table 7).

Mean PED estimated for UF-CBCT imaging protocols 1
and 2 were 77.5 ± 12.2mGy (69–91) and 81.6 ± 12.8mGy
(72–104), respectively, while the mean DAP obtained for
imaging protocols 1 and 2 were 18.37 ± 4.4Gy⋅cm2 (11–26)
and 22.55 ± 4.9Gy⋅cm2 (15–29), respectively. Reference [12]
showed a mean PED of 111.8 ± 12.8mGy (101–128) and DAP
value of 29.2 ± 8Gy⋅cm2 (21–36) during TACE therapy using
5s tube-detector rotation.However, [2] displayed ameanPED
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Table 6: Quantitative image quality parameters and tumor delineation obtained from ultrafast CBCT image data with contrast material
injection for both examined protocols. Furthermore, TLC represents tumor-to-liver contrast.

Image quality parameter Measurement locations
Normal hepatic
parenchyma Hypoenhanced tumor (A) Heterogeneously

enhanced tumor (B)
Homogenously enhanced

tumor (C)
Protocol 1

Hounsfield unit (HU) 54 ± 13 (41–68) 25 ± 8 (14–37) 63 ± 15 (47–77) 151 ± 17 (119–196)
Image noise (HU) 42 ± 11 (37–49) 52 ± 18 (39–59) 62 ± 17 (51–73) 83 ± 22 (69–99)
Signal-to-noise ratio (SNR) 1.3 (1.15–1.4) 0.48 (0.35–0.58) 1 (0.98–1.1) 1.8 (1.7–1.93)
Tumor-to-liver contrast
(TLC) — −29 (−18–−39) 9 (4–14) 97 (91–113)

Protocol 2
Hounsfield unit (HU) 83 ± 14 (69–95) 10 ± 3 (6–15) 115 ± 20 (74–147) 217 ± 21 (169–244)
Image noise (HU) 29 ± 9 (25–35) 17 ± 7 (13–23) 44 ± 15 (32–52) 60 ± 19 (49–66)
Signal-to-noise ratio (SNR) 2.85 (2.75–3) 0.7 (0.4–0.8) 2.6 (2.3–2.8) 3.6 (3.5–3.7)
Tumor-to-liver contrast
(TLC) — −73 (−59–−89) 32 (21–41) 134 (119–162)

𝑃 value (protocol 1 versus
protocol 2): 0.0001 0.0001 0.0001 0.0001

Table 7: Displayed sensitivity and predictive values, calculated using UF-CBCT imaging protocols 1 and 2 and magnetic resonance image
data.

Type of tumor
Interpreted as tumor on

True
positive

False
negative

False
positive

True
negative

Sensitivity
(%)

Specificity
(%)

Positive
predictive
value (%)

Negative
predictive
value (%)MRI UF-CBCT

protocol 1
Hypoenhanced
tumors 41 28 23 18 5 0 56 0 82 0

Heterogeneously
enhanced
tumors

44 33 27 17 6 0 61.3 0 81.8 0

Homogeneously
enhanced
tumors

46 34 29 17 5 0 63 0 85.3 0

MRI UF-CBCT
protocol 2

Hypoenhanced
tumors 43 40 36 7 4 0 83.7 0 90 0

Heterogeneously
enhanced
tumors

41 37 34 7 3 0 82.9 0 91.9 0

Homogeneously
enhanced
tumors

45 43 41 4 2 0 91 0 95.3 0

of 124.4 ± 19.5mGy (109.5–136) and DAP of 32.3 ± 5Gy⋅cm2
(26–37) during TACE using 5s protocol. UF-CBCT imaging
protocol 2 showed a reduction of radiation dose by 22.8%
(DAP)/27% (PED) from [12] and 30.3% (DAP)/34.4% (PED)
from [2], respectively, during comparison.

4. Discussion

Long patient breath hold is necessary for conventional CBCT
image data acquisition to avoid motion artifacts and thus
obtain reasonable image quality. A continuous contrast

material injection should be maintained in entire duration
during contrast enhanced CBCT data acquisition. These two
conditions directly affect image quality as well as contrast
material load in the patients. The high rotation speed of
the tube-detector system and shorter acquisition time of the
UF-CBCT make it easier for patients to comply with the
breath-hold requirements and thus reduce the occurrence of
motion artifacts, which produce good image quality. Ultrafast
CBCT imaging bears the potential to reduce volume of
contrast material (up to 6 and 7mL) required for contrast
enhanced CBCT during TACE therapy of patients due



BioMed Research International 7

to a reduction of imaging time and appropriate contrast
protocol used for imaging. The volume of iodine in the
contrast material injected during CBCT imaging as regards
TACE is significantly different in various published materials
[14, 19–21] ranging from 4000 to 9000mg. In the present
study, we used only 1920mg and 2240mg of iodine in the
injected volume of contrast using injection protocols 1 and 2,
respectively. Sincemany patients withmalignant liver tumors
require multiple embolization sessions, the evaluated UF-
CBCT imaging protocols could help to reduce the “life-time”
volume of contrast material significantly [2].

We obtained a reduced radiation dose on patients due to
ultrafast imaging time compared to published data [2, 12].The
evaluated UF-CBCT imaging protocols generate a reduced
number of images (from 248 to 133 during imaging protocol
1 and 166 during imaging protocol 2) with the same per
frame system dose compared to imaging protocols evaluated
in previous publications [2, 12]. At least imaging protocol 2
proved to produce sufficient image quality forTACEguidance
with reduced patient dose.

Injection protocols and delay time are highly influencing
parameters on the enhancement of hepatic parenchyma
and tumors. Imaging protocol 1 produced an insufficient
visualization of hepatic tumors/metastasis. This is due to the
short X-ray delay time of 3 seconds, which prevented proper
tumor enhancement before the UF-CBCT data acquisition.
In imaging protocol 2, the X-ray delay was extended to 6
seconds which allowed the further perfusion of the tumor
feeding vessels with contrast material. To keep the contrast
load for the patient at a reasonable level the contrast dilution
was increased from a mixing level of 1 : 2 (contrast/saline) in
imaging protocol 1 to 1 : 3 in imaging protocol 2. Despite the
higher contrast/water dilution compared to imaging protocol
1, imaging protocol 2 produced excellent tumor enhancement
with the possibility of good tumor delineation during UF-
CBCT imaging. The reasons are the higher delay time and
the higher number of frames acquired. To obtain reasonable
image quality for CBCT image data a certain number of
projection images (frames) are required [10]. Ideally a CBCT
system should be able to acquire certain desired number of
projection images in a very short time and the tube-detector
system should be able to rotate at a very high speed while
these projection images are acquired. In this study we utilized
high frame rate and a robotic CBCT system with ultrafast
rotation capabilities resulting in a very short data acquisition
time for UF-CBCT acquisition. During acquisition protocol
1 imaging, the UF-CBCT is rotating with its highest possible
speed, that is, 100∘/sec; based on formula 1 a frame rate of
67 images per second is required to read out an image every
1.5∘.The system accelerates to themaximum speed in approx-
imately 1 second and drives at maximum speed for about 1 sec
before it decelerates in 0.5 sec to a stop again. Hence, the total
acquisition time of protocol 1 is 2.54 seconds. In protocol 2,
the maximum readout speed of the available detector is lim-
ited to 74 frames per second; the maximum CBCT speed had
to be limited to 88.8∘/s (see formula (1)).With an acceleration
phase of ∼0.8 seconds, a phase of maximum speed of ∼1.5
seconds, and a deceleration phase of 0.4 seconds the total
acquisition time of protocol 2 sums up to 2.72 seconds.

In the present study we used an ultrafast robotic CBCT
imaging system and protocols with less than 3 seconds image
acquisition time acquiring image data during TACE. Imaging
protocol 2 provided an excellent visualization of tumor(s)
and feeding vasculature as well as hepatic parenchyma due
to adequate bolus timing, mixing ratio X-ray delay time,
and higher number of acquired frames compared to imaging
protocol 1. Ultrafast image acquisitions reduce contrast mate-
rial injection volume to patients during TACE examination
using UF-CBCT. Furthermore, UF-CBCT imaging achieved
a reduction of radiation dose due to reduction of total number
of acquired frames during imaging.The reduction of imaging
time helps to prevent the appearance of motion artifacts
which was previously reported as a problem with longer
CBCT acquisitions. Based on image quality results of imaging
protocol 2 we recommend that this imaging protocol should
be used for UF-CBCT image acquisitions during patient
imaging.
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Received 22 May 2014; Accepted 14 September 2014

Academic Editor: Pascal Niggemann
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Purpose. The objectives were (i) construction of a phantom to reproduce the behavior of iron overload in the liver by MRI and
(ii) assessment of the variability of a previously validated method to quantify liver iron concentration between different MRI
devices using the phantom and patients.Materials andMethods. A phantom reproducing the liver/muscle ratios of two patients with
intermediate and high iron overload. Nine patients with different levels of iron overload were studied in 4 multivendor devices and
8 of them were studied twice in the machine where the model was developed. The phantom was analysed in the same equipment
and 14 times in the reference machine. Results. FeCl

3
solutions containing 0.3, 0.5, 0.6, and 1.2mg Fe/mL were chosen to generate

the phantom. The average of the intramachine variability for patients was 10% and for the intermachines 8%. For the phantom the
intramachine coefficient of variation was always below 0.1 and the average of intermachine variability was 10% for moderate and
5% for high iron overload. Conclusion. The phantom reproduces the behavior of patients with moderate or high iron overload.The
proposed method of calculating liver iron concentration is reproducible in several different 1.5 T systems.

1. Introduction

Measurement of liver iron concentration (LIC) is the best
parameter to assess iron deposits in the body. Accordingly,
it is a key parameter to guide the clinical management of
patients with primary or secondary hemochromatosis, char-
acterized by iron overload. Indeed, an accurate quantitative
assessment of iron levels should be obtained before initiating
therapy [1, 2]. Although chemical analysis of liver biopsies

is the method employed for the analysis of LIC (i.e., gold
standard), it is an invasive approach and results vary widely
[3–5]. On the other hand, serummarkers of iron metabolism
such as ferritin and the transferrin saturation index are
imprecise for the assessment of iron overload [1, 6].

Magnetic resonance imaging (MRI) is noninvasive and
has been shown to provide accurate results compared to the
gold standard. It is widely available across the world and
several different models for calculating LIC using MRI; both
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T2 relaxometry [7–9] and signal intensity ratio (SIR)methods
[10–13] are being used with successful results. Nevertheless,
these MRI-based approaches have not yet been standardized.
Our working group has validated an SIR method to estimate
LIC. The model strongly correlated with the true LIC (𝑟 =
0.937) [11].

To standardize anMRI technique, it is necessary to demo-
nstrate the reproducibility of results of both intra- and inter-
machine. Various recently published clinical guidelines have
recommended individual calibration of each MRI machine
to quantify LIC [1, 14]. Phantoms are artificial devices that
simulate tissues in imaging techniques. The use of phantoms
simulating liver with iron overload in MRI to assess the
transferability of results and to calibrate different equipment
is attractive for ethical, financial, and practical reasons [1, 12,
15–18].

Thus, our objectives were (i) construction of a phantom to
reproduce the behavior of iron overload in the liver by MRI
and (ii) assessment of the variability of a previously validated
method to quantify LIC between different MRI devices using
the phantom and patients.

2. Materials and Methods

2.1. Generation of a New Phantom for the Measurement of
Liver Iron Concentration (LIC). Our goal was to construct
a phantom with various different concentrations of an iron
solution that gave SIRs similar to those of patients with
moderate or high iron overload.The first step was to calculate
the mean liver-to-muscle signal intensity ratios of a cohort of
112 patients divided into normal (<36 𝜇mol Fe/g), moderate
(36–80𝜇mol Fe/g), or high iron concentration (>80𝜇mol
Fe/g) [11].

The second step was to test different iron solutions in dis-
tilled water usingMRI to identify closematches to these aver-
age liver-to-muscle ratios of patients with moderate and high
iron overload. One tube with only distilled water simulated
the non-iron- containing muscle of the patients. Then, ratios
were calculated between the signal intensities from each
iron-containing tube and that from the distilled water tube.

These tests were conducted in a 1.5 Tesla MRI scan
(Gyroscan ACS-NT; Philips, Best, the Netherlands), which
was named the “reference machine” because it was the
equipment in which our model for LIC quantification was
developed. A bottle with 2 litres of diluted CuSO

4
was placed

in the center to give more signal intensity to the whole of the
system. The tubes were surrounded by water to avoid sus-
ceptibility artifacts in the tube walls. We investigated several
different iron solutions such as Lumirem R, iron 3-chloride
(FeCl
3
), and ammonium 2-sulphate ((NH

4
)
2
Fe(SO

4
)
2
). First,

we assessed Lumirem (Guerbet, France), a ferrous MRI
contrast agent with superparamagnetic iron oxides particles
(Ferumoxides) previously reported by Ernst et al. [16]. This
type of solution was ruled out for lack of stability due to iron
precipitation at the bottom of the tubes. Subsequently, we
tested FeCl

3
and (NH

4
)
2
Fe(SO

4
)
2
solutions [17], which have

shown relaxation rates inMRI and that are linearly correlated
with the wet-weight iron concentration in human liver. The

solutions were acidified with 0.1M nitric acid to avoid Fe
oxidation and thus prevent iron precipitation. Of these, FeCl

3

was selected because the decrease in theMRI signal showed a
better linear correlation with the increase in iron concentra-
tion.

12 different solutions of FeCl
3
with concentrations rang-

ing from 0.05 to 4mg Fe/mL were prepared in 5mL tubes. A
curve of SI ratios against Fe concentration was created using
12 tubes.The concentrationswith SI ratios bestmimicking the
average liver-to-muscle ratios for intermediate and high iron
overload were selected.

2.2. Analysis of the Variability of MRI Measurements in
the Same Machine (Repeatability) and in Different Machines
(Reproducibility) Using Patients. The repeatability of the
measurements was evaluated with eight subjects with dif-
ferent LICs (a volunteer with normal iron metabolism, six
patients with primary hemochromatosis, and one with post-
transfusional iron overload) being analyzed twice in the
reference machine. The interval between two measurements
was less than 1 week.

To assess the reproducibility, 9 subjects with different
LICs were studied in the reference machine and in four addi-
tional different units placed in several hospitals of the same
city (i.e., General Electric Signa LX (Waukesha, WI) named
“A,” General Electric Signa Excite II (Waukesha, WI) named
“B,” Siemens Symphony (Erlangen,Germany) named “C,” and
a Philips Intera (Best, the Netherlands) named “D”). These
subjects were the aforementioned 8 and an additional one
with untreated hereditary hemochromatosis. Each patient
was studied once in each machine. The interval between the
first and the last MRI scan for each patient was always less
than 1 week and no patients underwent therapeutic phle-
botomy or received iron chelation therapy during this time.

2.3. Analysis of the Repeatability and the Reproducibility of
MRI Measurements Using the Phantom. The repeatability of
the phantom was tested once a week for 14 weeks in the
reference machine.

To analyze the reproducibility, the same phantom was
studied on the same five 1.5 T systems (previously named as
“reference machine,” “A,” “B,” “C,” and “D” machines).

2.4. MRI Technique. We scanned the phantom and the
human subjects with the two gradient echo (GRE) sequences
used in our previously validated method [13] (IW sequence:
TR/TE/flip angle = 120ms/4ms/20∘ and T2 sequence:
120ms/14ms/20∘) with no surface coils. For subjects, the data
acquisition was performed in a breath-hold, with 1 NSA,
10mm thickness, and 10 and 5 slices for IW andT2 sequences,
respectively. For the phantom, 5 perpendicular (axial) 7 mm
slices were acquired for each tube (gap = 1mm, FOV =
300mm, 2 NSA).

2.5. Data Analysis. In scans of the subjects, signal intensity
was measured with regions of interest (ROI) > 1 cm2: 3 in the
right lobe of the liver, avoiding vascular structures, and 2 in
the paraspinous muscles. For each sequence, the ROIs were
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Figure 1: Test of 12 different FeCl
3
solutions, ranging from0.05 to 4mg Fe/mL, to identify signal intensity ratios (SIR) closematches to average

liver-to-muscle ratios of patientswithmoderate or high iron overload. Relationship between the iron concentration and the corresponding SIR
in the two sequences of the method. (a) IW sequence (TR/TE/Flip 120/4/20∘); (b) T2 sequence (TR/TE/Flip 120/14/20∘). SIR was calculated
between the signal intensities from each FeCl

3
solution and that from distilled water, without any iron. In both sequences SIR decreases

with increasing iron concentration and it falls more steeply in T2 sequence, as occurs in clinical measurements. It is necessary to have one
solutionwith specific concentration of FeCl

3
for each sequence and for each level of iron overload. For intermediate iron overload, the solution

containing 0.5mg Fe/mL (A1) gave the required IW signal intensity ratio (0.95) and the one with 0.3mg Fe/mL (B1) gave the required T2
signal intensity ratio (0.47). For the high iron overload, 1.2mg Fe/mL (A2) and 0.6mg Fe/mL (B2) were necessary to obtain the desired IW
and T2 ratios (0.35 and 0.6, resp.).

always measured in the same slice.Then, for each subject, the
liver-to-muscle ratio was obtained with the mean signal
intensities of the liver and muscle tissue, and LIC was calcu-
lated using the aforementioned equation [11].

For the phantom, the top and bottom axial sections were
excluded from the analysis to avoid partial volume effects. In
the three central sections, signal intensity was measured in
all tubes and using both sequences, with ROIs greater than
0.5 cm2 and placed away from the walls. The signal intensity
average was obtained for each tube and the signal intensity
ratios of each solution to the iron-free tube were calculated.
The equationwas then used to obtain estimated LIC using the
phantom’s intermediate and high iron overload data. As
described before, we used the ratios of the 0.3mg Fe/gr and
0.5mg Fe/gr tubes to represent moderate iron overload with
the IWandT2-weighted sequences, respectively, while the 0.6
and 1.2mg Fe/gr tubes were used for high iron overload.

2.6. Statistical Analysis. Appropriate statistics were calcu-
lated for each type of data. Coefficients of variation and ranges
(minimum and maximum) were calculated for continuous
data.

Comparison of the signal intensity ratios for each tube
over the 14 days was performed using one-way repeated
measures ANOVA.

Agreement between the estimated LIC for both the tubes
and the subjects in the fourmachines tested and the reference
machinewas assessed using the Bland-Altmanmethod.Diag-
nostic concordance (no overload, moderate and high iron
overload) between the fourmachines tested and the reference
machine was assessed using Cohen’s unweighted kappa.

Calibration of each machine against the reference was
studied graphically using calibration curves.

The statistical analysis was carried out using the SYSTAT
v13 statistical package.

3. Results

3.1. Generation of a New Phantom with a Range between
62 𝜇mol Fe/g and 180𝜇mol Fe/g. Patients with intermediate
iron overload in liver biopsies have had a liver-to-muscle
signal intensity ratio average of 0.95 in the IW sequence and
of 0.47 in the T2, while the corresponding liver-to-muscle
ratios averages for patients with high iron overload were 0.35
and 0.12, respectively.

Figure 1 illustrates the relationship between the signal
intensity ratio in 12 tubes with different FeCl

3
concentrations

ranging from 0.05 to 4mg Fe/mL for the two sequences. In
both cases, signal intensity inversely correlates with the iron
concentration, but the signal falls more steeply in the T2
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Figure 3: Relationship between liver-to-muscle signal intensity ratio (SIR) and liver iron concentration (LIC) for 112 patients. SIRs of the
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to A2 and B2 values for high iron overload, with a value of LIC of𝜇mol Fe/g in both sequences.

sequence, as occurs in clinical measurements [11]. Two differ-
ent tubes were necessary to obtain the SI ratios of each level
of iron overload. For intermediate iron overload, the solution
containing 0.5mg Fe/mL (A1) gave the required IW signal
intensity ratio (0.95) and 0.3mg Fe/mL (B1) the required T2
signal intensity ratio (0.47). For high iron overload, 1.2mg
Fe/mL (A2) and 0.6mg Fe/mL (B2) were necessary to obtain
the desired IW and T2 ratios (0.35 and 0.6mg Fe/mL, resp.).
Based on this data, the phantom was constructed using
one tube without iron and each of the four different FeCl

3

solutions (Figure 2).
A subject with IW and T2 ratios corresponding to

intermediate iron overload would be predicted to have an

LIC of 62𝜇mol Fe/g by our equation. On the other hand, a
person with high iron overload ratios would be estimated to
have an LIC of 180 𝜇mol Fe/g. These values are very similar
to those obtained in our groups of real patients with mod-
erate (51 𝜇mol Fe/g) and high (187 𝜇mol Fe/g) iron overload
(Figure 3).

3.2. The Patients Show Good Reproducibility of Measurements
Intra- and Intermachines. Of the 9 patients studied, 3 have a
normal value of LIC (<36 𝜇mol Fe/g), 2 have a moderate iron
overload (37–80𝜇mol Fe/g), and 4 have high iron overload
(>80 𝜇mol Fe/g).
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Between the 8 patients studied twice in the reference
machine, the average of intramachine variability was 10% (2-
22) (Figure 4). There were no clinically relevant differences
between the two measurements.

The variability of all machines analyzed with respect to
the reference machine was low, ranging from 0 to 28%,
with a mean difference of 8% in patients with iron overload
(Figure 4).

The Bland-Altman plot (Figure 5) displays an agreement
within the limits of clinical usefulness, with the mean of
differences always being less than 20%. Specifically, the
differences ranged from −3.4 to 7.4 𝜇mol Fe/g, which can be
considered negligible values.

All the subjects without iron overload (<36 𝜇mol Fe/g)
were classified with the other four machines (A–D). Impor-
tantly, none of the patients with moderate (37–80 𝜇mol Fe/g)
or high (>80 𝜇mol Fe/g) iron overload were classified as not
having iron overload by any of the four machines tested. In
addition, the patients were all classified in the correct iron
overload group by the tested machines. Cohen’s kappa was 1,
reflecting the almost perfect agreement in diagnosing the
severity of iron overload.

3.3. The Phantom Has Similar Behavior to Patients Intra- and
Intermachines. The variability in the 14 measurements of the

phantom made in the reference machine was also very low,
with a coefficient of variation between 0.02 and 0.09.

All the estimated values for moderate iron overload were
between 56 and 68𝜇mol Fe/g and for high iron overload
between 176.1 and 186.2 𝜇mol Fe/g. (Figure 3).

The variability of the measurements in the phantom of all
the analyzed machines with respect to the reference machine
was also very low. It was 10% (1-19) formoderate iron overload
and 5% (1-10) to high overload (Figure 4).

4. Discussion

In this study we have generated a new phantom ranking
between 62𝜇mol Fe/g and 180 𝜇mol Fe/g. We show that
patients have good reproducibility of measurements and that
the phantom has similar intra- and intermachines.

We designed an MRI phantom which accurately repro-
duces the LIC of two typical groups of patients, namely, those
with moderate and high iron overload, which is stable over
time. Other studies have used phantoms based on various
different components including agarose, ferritin, manganese,
and Lumirem [15–18]. Clearly it is not feasible to construct an
artificial phantom with only one component which exactly
reproduces the behavior of the liver with various different
iron concentrations in MRI, as the liver is a highly complex
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Figure 5: Bland-Altman plots for each machine (machines A, B, C, and D) and the reference machine. The Bland-Altman plot shows an
agreement within the limits of clinical usefulness, with the mean of differences (bias) always being less than 20%. Specifically, the bias ranged
from −3.4 to 7.4 𝜇mol Fe/g, which can be considered negligible values.

biological structure. The aqueous solution of ferric chloride
and water without iron that we have used in this study has
different T1 and T2 values compared to liver tissue with iron
overload or to the muscle.

On the other hand, in constructing a phantom, the
most important issue is to employ a properly studied and
validated gold standard. We have based our design on the
data of a cohort of 112 patients, analyzed using the same MRI
machine and who also have an LIC quantified using chemical
measurements in liver biopsies, provided that, using tubes
with different FeCl

3
solutions, we were able to reproduce

accurately the behavior seen in patients with different levels
of iron overload. In this regard, as stated in Figure 1, the
change in the signal from the tubes with the increase in iron
concentration was very similar to that from the patients with
different values of LIC in the two gradient echo sequences
used in the model. In addition, in both sequences, the
theoretical LICs of patients asmimicked by the phantomwere
perfectly correlated with the gold standard (Figure 4).

To summarize, there cannot be a single solution of FeCl
3

that gives the same SIR as the liver in different sequences.
Therefore it is necessary to have a specific tube for each
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sequence and for each level of iron overload.Hence, the phan-
tom consists of four tubes with different FeCl

3
concentrations

and one tube without iron.
This study shows that the SIR model for the estimation of

LIC using MRI designed by our research group [11] is repro-
ducible in 1.5 T machines of various different companies. In
particular, none of the patients without iron overload was
diagnosed as having iron overload by results from any of the
machines. Furthermore, the patients with iron overload were
also correctly classified in all cases.

SIR methods to quantify LIC by MRI are more available
than T2 relaxometry methods and they are widely used in
clinical practice. However, very few have analyzed the repro-
ducibility of the measurements in different machines. So
far there are no published studies that have compared the
measures of somany patients andmachines as this study [15].
The variability we found is very similar intra- and inter-
machines (8–10%) and it is better than that observed and
implicitly accepted in clinical practice in the measurement of
LIC by biopsy, in which results vary by 19% in healthy liver
and 40% in cirrhotic liver tissue [3–5].

The phantom has shown similar behavior to the patients
with moderate and high iron overload. Indeed, an important
future use of the phantom, freely available on request, will
be to undertake calibrations in more centres. Such data, in a
multicentre study, would ensure consistency between the
calculated values of LIC from different machines.This will be
a necessary step towards the standardization of the technique
that will optimize their use in the differential diagnosis of
disorders of iron metabolism.

This study has some limitations. It is based on only nine
subjects and four machines. However, it is difficult to identify
patients and healthy individuals willing to undergo repeated
measurements in different hospitals in a short period of
time. Iron concentrations were not confirmed by biopsy. On
the other hand, we have previously demonstrated that the
method provides accurate estimates of LIC; for this reason,
biopsies are no longer taken to measure liver iron concentra-
tion in our hospital. All results of this study are only valid
for the used quantification method, previously designed and
validated by our team.

In conclusion, this study demonstrates that the proposed
signal-to-intensity ratio method to calculate LIC by MRI is
reproducible in several different 1.5 T systems (from different
companies) and also that the behavior of the constructed
phantom reproduces the behavior of patients with moderate
or high iron overload.
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The importance of an early identification of hepatic fibrosis has been emphasized, in order to start therapy and obtain fibrosis
regression. Biopsy is the gold-standard method for the assessment of liver fibrosis in chronic liver diseases, but it is limited by
complications, interobserver variability, and sampling errors. Several noninvasive methods have been recently introduced into
clinical routine, in order to detect liver fibrosis early. One of the most diffuse approaches is represented by diffusion-weighted liver
MRI. In this review, the main technical principles are briefly reported in order to explain the rationale for clinical applications. In
addition, roles of apparent diffusion coefficient, intravoxel incoherent motion, and relative apparent diffusion coefficient are also
reported, showing their advantages and limits.

1. Introduction

Several chronic hepatic diseases may develop cirrhosis in the
liver parenchyma. Hepatic steatosis, iron overload, autoim-
mune hepatitis, chronic viral hepatitis, sclerosing biliary
cholangitis, alcohol, and drugs represent the most frequent
causes of liver cirrhosis. All these chronic diseases, after an
early phase of inflammation, lead to parenchymal fibrosis,
which plays an important role in the development of cirrhosis
[1].

Fibrogenesis has been defined as a “wound-healing
response that engages a range of cell types and mediators to
encapsulate injury” [2]. It consists of a progressive deposition
of extracellular matrix proteins, which reduces widening of
interstitial spaces and creates distortion of normal hepatic
architecture [3]. It has been widely accepted that early recog-
nition of fibrosis is crucial for preventing development of
chronic parenchymal disease. New experimental treatments
have emphasized the importance of an early identification
of fibrogenesis, in order to start therapy and obtain fibrosis
regression [4–6].

Biopsy is the gold-standard modality for assessing the
degree of fibrosis and for evaluating necrosis or inflamma-
tion. However, it is affected bymany complications, including

bleeding, pneumothorax, and procedure-related death, and
could be limited by interobserver variability and sampling
errors [3, 7–10]. In addition, liver biopsy is not used in the
management of disease, especially whenwe have to repeat the
examination after a short interval of time, as reported by Kim
et al. [3].

For this reason, in the past years many noninvasive
tests and diagnostic examinations have been introduced into
clinical routine in order to detect liver fibrosis early.

The collection of serum markers of fibrosis, namely,
fibrotest/fibrosure, has been widely used in the assessment
of hepatic fibrosis [3, 11–14]. Serum levels of aptoglobu-
lin, 𝛼2-macroglobulin, 𝛾-globulin, 𝛾-glutamyl transferase,
apolipoprotein, and total bilirubin indicate a score of hepatic
fibrosis with relatively good accuracy [12–14].

Other noninvasive modalities include Transient Elas-
tography (TE), Acoustic Radiation Force impulse Imaging
(ARFI), Real-Time Elastography (RTE), and Magnetic Reso-
nance Elastography (MRE). Particularly, measurement using
TE has been routinely introduced into the assessment of liver
fibrosis [15, 16]. This technique is based on the measurement
of liver hardness and stiffness. More specifically, a FibroScan
test using TE measures the velocity of a vibration wave
produced by an ultrasonography-like probe [17]. The time
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required to reach a certain depth of parenchyma from skin is
conditioned by liver stiffness and hardness, which are related
to the degree of fibrosis developed.Thefibrotic burden is large
if the waves rapidly propagate [17–19].

Also, MR with diffusion-weighted sequences has been
used for detection and quantification of hepatic fibrosis. Its
introduction into liver MRI has fuelled high expectations
with several encouraging studies [7]. In the assessment of
diffuse but also of focal parenchymal disease, diffusion-
weighted imaging (DWI) is currently one of the most
important added values of liver MRI. In particular this
review focuses on the main technical principles and clinical
applications of diffusion-weighted MRI in the assessment of
liver fibrosis.

2. Assessment of Hepatic Fibrosis Using
Diffusion-Weighted MRI

2.1. DWI: Technical Principles. Diffusion-weighted imaging
has been routinely introduced into liver MRI protocol [20].
Several studies, in the past fifteen years, have investigated its
contribution in the assessment of diffuse and focal hepatic
disease [7, 20, 21]. Important researches have evaluated DWI
capability in the quantification of hepatic fibrosis in chronic
liver disease [7, 22, 23], in characterization and detection of
focal liver lesions [24–26], and in monitoring response to
treatment in oncological patients [27, 28].

Diffusion imaging is based on the sensitivity of MRI to
motion [29]. It consists of spin-echo sequence where the
main 180∘ focalization pulse is preceded and followed by two
additional gradient pulses [30–33]. Proton response to these
gradient pulses is strongly related to their movements, which
generally follow a Brownian motion. Applying the first gra-
dient field before 180∘ refocusing RF pulse, protons develop
a phase shift. For static molecules, the second gradient pulse
will be able to compensate the phase shift produced by the
first one; no additional shift is generated frommovement.The
refocusing introduced by the second gradient will be visible
on MR diffusion images as high signal.

In case of molecules that move in the direction of the
gradients, the phase shift created by the first gradient will
not be rephrased by the second gradient. In addition, if a net
phase shift is observable for molecules with a certain degree
of motion, the different phase shifts in case of Brownian
motions—as reported in literature—“interfere with each
other, resulting in imperfect refocusing of echo” [31]. Thus,
the second gradient field, applied after 180∘ focalization pulse,
is unable to obtain a full compensation of phase acquired
after first gradient, for the fact that molecules proceed with
different directions in a Brownian modality.

2.2. Apparent Diffusion Coefficient. Diffusion-weighted pulse
sequences need relatively long echo times (between 60 and
120ms) for the application of the two diffusion gradients
[34]. Thus, DW images are also intrinsically T2-weighted.
Consequently, areas of high intensity on T2-weighted images
may lead to high signal onDW images, even if the diffusion of
water molecules in tissue may not be reduced. This imaging

feature is called “T2 shine-through effect” [35]. To remove the
T2-effect, it is recommended to acquire images with at least
two 𝑏-values; the first one with a 𝑏-value of 0 and the second
one with a higher 𝑏-value [36]. The greater the strength and
timing of the gradients (collectively expressed by the 𝑏-value)
are, the greater the sensitivity of sequence to microscopic
diffusion is [36].

Apparent diffusion coefficient (ADC) is the main quan-
titative parameter used for quantifying proton diffusion
motions in tissues and it is estimated using images acquired
with two different 𝑏-values.

ADC is calculated with the following formula:

ADC = ln (𝑆0/𝑆1)
𝑏

, (1)

where 𝑆0 is the signal intensity with 𝑏 = 0, 𝑆1 is the signal
intensity after the application of a given 𝑏 gradient, and 𝑏 is
the strength of the applied gradient [21].

It is important to say that the smaller the maximum 𝑏-
value used, the greater the ADC values: that is caused by
the contribution of intravoxel incoherent motion (IVIM)
effects (e.g., capillary perfusion and flow phenomena), which
are more than diffusion. For higher 𝑏-values (≥300 s/mm2),
“perfusion effects are cancelled out,” whereas ADCs obtained
using very low 𝑏-values “could be increased by capillary
perfusion” [24]. Therefore, maximum 𝑏-values, also greater
than 800 sec/mm2 inYamada’s opinion, are necessary in order
to reduce intravoxel incoherent motion effects [37].

In any case, it is important to remember that at higher
𝑏-values, images become noisier, so a compromise is often
required; higher 𝑏-values give ADC information; lower 𝑏-
values improve lesions detection. For these reasons, multiple
𝑏-values are usually performed [38].

An ADC map, which is a sort of subtraction image
between sequences acquired with given 𝑏-value and sequen-
ces acquired with 𝑏-value of 0, can be used to exclude “T2
shine through effect.” Lesions showing hyperintense signal
on ADC maps generally have increased diffusivity and high
ADC values, whereas lesions with low signal on ADC maps
have restricted diffusivity and low ADC values. The ADC
can also be calculated using a multi-𝑏 analysis by fitting an
exponential function to the measured signal intensities on
multi-𝑏 acquired images [34].

2.3. DWI: Rationale for Use. In diffusion images, tissues
containing molecules with high degree of movement and
diffusion will be represented as dark areas of low signal,
whereas tissues in which protons are unable to move around
freely will have high signals [29].

Molecular diffusivity is conditioned by widening of inter-
stitial spaces. Some clinical conditions could modify inter-
stitial spaces, and water molecules could become unable to
process randomly. Main diseases characterized by interstitial
spaces narrower than normal are ischemic injury, tumour,
abscess, haemorrhage/hematoma, and parenchymal fibrosis
[39].

More specifically, ischemia reduces activity of cellular
transporters along the cellular wall, causing increase in
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size of cells and contraction of interstitial spaces. Among
neurological applications, DWI was the first to be introduced
in the early assessment of cerebral stroke [40].

Also, a tumour could decrease Brownian motions,
because of anarchic cell proliferation and hypercellularity.
Anarchic proliferation reduces interstitial space and leads
progressively to compression of small vessels, resulting in
ischemic changes in the tissue. In view of these considera-
tions, on diffusion-weighted images metastatic lesions repro-
duce different signal intensity on the basis of their cellularity
[41].Well-differentiated adenocarcinomas appear as hypoint-
ense lesions, whereas small and large cells neuroendocrine
tumours show hyperintense signal [41].

Finally, several authors have postulated that fibrosis could
also decrease the width of interstitial spaces. Fibrotic tissues
generally develop as a consequence of chronic inflammation,
with narrowing of interstitial spaces, and consequently pro-
ton motion reduction [42–45].

2.4. Diffusion-Weighted Sequences. DW imaging of the liver
is influenced by motion, caused by breathing and cardiac
pulsations, and lower T2 signal (liver is a tissue with intrinsi-
cally lower T2 signal, such as muscle) [46]. Thus, a different
technique has been proposed for improving diffusion image
quality and precision of ADC measurement.

LiverMRI protocol for assessing hepatic fibrosis is usually
based on Single-Shot Echo Planar Imaging (SSEPI), which
may be acquired in breath-hold modality, in respiratory-
triggered or echo navigatormodality, or also in free-breathing
technique. Several studies have compared image quality and
ADC reproducibility and repeatability among the different
acquisition techniques mentioned.

Breath-hold SSEPI sequences are faster than triggered or
free-breathing sequences and generally permit evaluation of
the whole liver in one or two 20–30-second acquisitions. The
short acquisition time reduces artifacts due to macroscopic
physiological motions (respiratory, peristalsis). On the other
hand, the higher acquisition speed causes low spatial resolu-
tion and signal-to-noise ratio (SNR), especially when images
are acquired using higher 𝑏-values. They could also exhibit
higher sensitivity to magnetic susceptibility artifacts caused
by tissue/air interface [20, 47].

Respiratory-triggered DWI acquisitions require respira-
tory synchronizationwith patients’ breath, generally obtained
by placing a “respiratory” belt around their abdomen,
and imaging data are usually acquired during end expira-
tion phase. Respiratory-triggered sequences allow for high-
quality images in patients with low-compliance for the exam,
or in patients unable to maintain a breath-hold during the
sequence acquisition [48, 49], at the expense of increased
acquisition time [47]. For respiratory-triggered imaging,
prospective acquisition correction technique (PACE) with a
navigator sequence has been introduced, in order to better
synchronize acquisition with patients’ breath. This technique
interleaves the imaging sequence with a navigator sequence
[50]; the navigator is placed across the diaphragm [51]. It
removes patientsmotion using a “real-time navigator pulse to
trigger acquisition” at a specific point of respiratory cycle [50].

Free-breathing echo planar sequences could require a
variable time for their acquisition; generally, many articles
report about 3–6 minutes for whole liver evaluation [47].
These sequencesmay be performedwhenpatients are not able
to maintain breath-hold during the examination, due to the
coexistence of respiratory or cardiac problems. Some patients
with nonalcoholic steatohepatitis (NASH) could also be
affected by obesity, with reduced pulmonary capacity. Long-
time acquisition of free-breathing sequences is generally
needed to improve the signal-to-noise ratio. Free-breathing
diffusion images are slightly affected by cyclical respiration,
because as reported by Kwee et al. “it is considered a coherent
motion, where the acquired phase shift due to respiratory
motion is equal in each phase-encoding step and then it does
not result in additional signal attenuation” [52]. However,
image blurring is not associated with breath-hold or respi-
ratory triggered sequences. In view of these considerations,
high signal averages or numbers of excitations are generally
used for free-breathing diffusion sequences to increase the
signal-to-noise ratio and reduce artifacts on images [52].

The efficacy of triggered sequences has been well docu-
mented in many articles published in literature. Naganawa
et al. compared ADC values obtained with respiratory trig-
gering and free-breathing [53]. They found higher ADC val-
ues in free-breathing sequences in the right lobe, suggesting
that ADC values are influenced by respiratory motions. They
also found that, in left lobe, ADC values are about the same
in both types of sequence, supporting the fact that motion
artifacts in the left lobe are mostly provoked by cardiac pulse
[53]. Also Bruegel et al. suggest a pulse triggering in order to
reduce cardiac motion artifacts [24].

Mürtz et al. also analyzed the influence of pulsatile
motions on diffusion sequences and suggested acquiring
data triggered by the cardiac cycle, in order to avoid data
acquisition in different phases of the cardiac cycle [46].
The authors found that ADC values without triggering were
artificially higher than those obtained with cardiac triggering
[46]. However, simultaneous use of both respiratory and
cardiac triggers make the sequence too long; thus Nasu et al.
suggest use of an increased number of excitations, in order
to increase the possibility of data acquisition during diastole,
using only respiratory trigger [54].

Sandberg et al. compared respiratory triggered and
breath-hold sequences and found better image quality for
respiratory triggered DW-SSEPI [55].

Nasu et al. compared DW images acquired in free-
breathing modality and with respiratory trigger; higher ADC
measurement accuracywas reported using respiratory trigger
[56].

Also, Bruegel et al. suggested use of DW-SSEPI using
navigator-controlled respiratory triggering and parallel
acquisition techniques in order to acquire high-quality diffu-
sion-weighted images within a relatively short acquisition
time (4–6 minutes) [24].

Taouli et al. evaluated the usefulness of navigator echo
technique for triggered diffusion sequences; they found
improvement in image quality and ADC measurement com-
pared with standard breath-hold sequences. Of course, better
image quality “is offset by longer acquisition time” [51].
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In opposition to Taouli, Kwee et al. found higher ADC
values with triggered acquisition [57], but they did not use a
navigator echo.

In addition, respiratory triggered sequences could have
artifacts, in particular a “pseudo-anisotropy artifact,” which
induces errors in ADC measurement [54]: it takes its origin
“in localized hepatic movements, such as extension, contrac-
tion and rotation.” This thesis is supported by the fact that
pseudo-anisotropy artifact is more frequent in noncirrhotic
livers. However, in their series this artifact did not interfere
with diagnostic image interpretation [54].

Lastly, a degree of ADC variability is also present across
different MR platforms, depending on the coil systems,
imagers, vendors, and field strengths used for MR imaging,
with an intervendor ADC measurement variability of 7%
[58].

2.5. Quantification of Fibrosis: ADC. According to results
published by one of the most important studies in this
field [7], DWI was considered a “valid non-invasive method
to predict the presence of moderate or advanced fibrosis.”
Analyzing the study by Taouli et al., a total of 23 patients with
chronic hepatitis and 7 healthy volunteers were examined
using a 1.5-Tesla MR scanner [7]. Fibrosis was scored on
a five-point scale: stage 0 = no fibrosis; stage 1 = portal
fibrosis; stage 2 = periportal fibrosis; stage 3 = septal fibrosis;
stage 4 = cirrhosis. ADC measurements were obtained by
sampling different regions in the liver parenchyma and a
Mann-Whitney 𝑈 test was performed to predict the stage of
fibrosis on the basis of ADCmeasurement.The authors found
“lower hepatic ADCs in stage 2 or greater versus stage 1 or less
fibrosis, and stage 3 or greater versus stage 2 or less fibrosis”
[7]. ADC was a significant predictor of stage 2 or greater and
stage 3 or greater fibrosis, with areas under the curve of 0.896
and 0.896. Moreover, a significant trend between degree of
fibrosis and ADC values was reported; lower ADC values
were associated to advanced fibrosis, whereas higher values
were related to a mild degree of parenchymal fibrosis [7].
In a work by Bonekamp et al., significant differences were
also reported comparing METAVIR stages F0 versus F1–4,
F0-1 versus F > 1, F0–2 versus F3-4, and F0–3 versus F4
[Bonekamp]; a “substantial overlap” is also reported among
ADC values [59].

However, a recent paper by Sandrasegaran et al. has
investigated the usefulness of ADC in distinguishing dif-
ferent stages of fibrosis according to the METAVIR classi-
fication [60]. Mean ADCs were in fact calculated among
different classes of fibrosis—including F0, F1, F2, F3, and
F4 METAVIR stages. Contrarily to the previous study,
ADC means was statistically different only between F0 and
F4 classes, whereas no statistical difference was observed
between patients with F2 stage or higher and patients with
lower stages of fibrosis.The results obtained by Sandrasegaran
et al. seem to challenge again the role ofDWI in the evaluation
of fibrosis [60].

In addition, a noninvasive method for evaluation of
hepatic fibrosis should be reliable and able to completely
substitute liver biopsy. The crucial point is that clinicians
have to identify F2 stage of fibrosis early, because antifibrotic

treatment is generally required for patients with moderate to
advanced stage of fibrosis (F2 to F4). On the basis of their
results, Sandrasegaran et al. conclude that DWI with current
scanners is not reliable enough to replace liver biopsy [60].

2.6. Quantification of Fibrosis: Intravoxel Incoherent Motion
(IVIM). IVIM analysis means the “microscopic translational
motions that occur in each image voxel” [61]. However,
DWI imaging based on a monoexponential analysis could
be limited, because it estimates molecular diffusion and the
contribution of the perfusion effect. Perfusion is due to the
random configuration of capillary network in each voxel. To
separate diffusion and perfusion a biexponential model is
required, with a multi-𝑏 fitting analysis.

Fifty-five patients with chronic liver disease were studied
by diffusion-MRI using a 3-Tesla scanner [59]. IVIM-DWI
was performed to evaluate the presence of hepatic fibrosis;
true diffusion coefficient (𝐷

𝑡
), pseudo-diffusion coefficient

(𝐷
𝑝
), perfusion fraction (𝑓), and ADC total were calculated.
As reported by Yoon et al., all parameters “showed a

significant correlation with the hepatic fibrosis stages,” and
“were significantly higher in F0 to F1 than F4 (𝑃 < 0.05)”
[62]. On the basis of their results, pseudo-diffusion coefficient
was the best diagnostic tool in differentiating between 𝑎 ≥ F2
and a F0 to F1 degree of parenchymal fibrosis [62], showing
greater diagnostic accuracy than ADC. Thus, an IVIM-DWI
analysis was suggested for the assessment of hepatic fibrosis.

In a study by Pasquinelli et al., healthy volunteers and
patients with chronic hepatic disease were classified into four
groups on the basis of their METAVIR score and their Child-
Pugh score [23]: group 1 included all healthy volunteers,
group 2 F0–F2 patients, group 3 F3-F4 Child AB patients, and
finally group 4 patients having F4 Child CD score.

ADC, diffusion (𝐷) values, and perfusion parameters
were calculated. ADC mean values progressively decreased
from first to fourth group, with no statistical difference
observed among groups. A wide overlap was reported for
ADC values, and according to results obtained in the study,
“stratification of patients with chronic liver disease for clinical
purposes cannot be done with DWI” [23].

2.7. Quantification of Fibrosis: Variability of Measurement.
Considering results of the mentioned studies, the diagnostic
capability of DWI in the evaluation of hepatic fibrosis seems
to be controversial, with some papers not considering DWI
a valid diagnostic tool able to replace liver biopsy. In fact,
many limitations have been described in liver MRI protocol.
First of all, ADC repeatability and reproducibility in liver
parenchyma have been evaluated in many studies, with
some controversial results [63]. In a study performed by
Colagrande et al., four different ROIs (Regions Of Interest)
were adopted to calculate ADC of the liver parenchyma:
ROIs of 70% and 30% of the liver volume, 4%-one-ROI-
per-segment, and 4%-one-ROI-per-slice in the right-lobe.
Authors reported that repeatability was “acceptable” for all
methods, but reproducibility was low, with ICC ≤ 0.45; for a
large number of patients enrolled in their study (about 50%)
it was impossible to obtain measurements in the left hepatic
lobe [63].
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Sampling parenchyma of left hepatic lobe could be very
difficult due to the presence of magnetic susceptibility or
motion artifacts in these locations, and even if the intro-
duction of triggered-acquisition increases image quality, the
evaluation of these areas could be limited [20].

Another important limitation for quantitative assessment
of liver parenchyma is the possibility of magnetic suscep-
tibility artifacts caused by colonic loop, often located very
close to the caudal portion of the right liver. They reduce
image quality on diffusion images, with low signal intensity
of parenchyma and loss of liver profile [20].

2.8. Quantification of Fibrosis: Relative ADC. Quantification
of fibrosis is conditioned by variability in the measurement
process, as already reported in several articles [63–65]. To
reduce variability, the possibility of calculating relative ADC
has been considered. A recent article by Hong et al. evaluated
sixty-seven patients affected by chronic B hepatitis and nine
patients with focal liver lesions. They performed diffusion
MR using different 𝑏-values and calculated liver ADCs and
relative ADCs; the latter were obtained using splenic and
renal parenchyma as references.

Namely, relative renal ADC was obtained according to
the ratio between liver ADC and renal cortex ADC, whereas
relative splenic ADC was calculated according to the ratio
between liver ADC and splenic ADC [64]. All mean ADC
values, absolute and relative, showed an inverse correlation
with hepatic fibrosis and they were lower in increased fibrosis
scores.The relative renal ADCs, obtained at 𝑏 = 600mm2/sec
diffusion images, showed a strong correlation with degree of
hepatic fibrosis, with an 𝑟-value of −0.697.

Moreover,Do et al. evaluated the contribution of a relative
ADCmeasurement in the assessment of hepatic fibrosis [65].
The authors found that normalization of ADC, which means
the ratio between liver ADC and spleen ADC, was more
accurate than standard ADC measurement in the quantifi-
cation of fibrosis [65]. For predicting moderate or advanced
fibrosis (stage ≥ F2), ROC analysis reported an area under
the curve of 0.864 using “normalized ADC,” greater than
the value obtained using liver ADC (0.655) [65]. However,
studies which have investigated the role of relative ADC in
the measurement of liver fibrosis show many limitations.
Mainly, they are based on a retrospective population study,
sometimes limited in number of patients. In addition, relative
measurement could be time-consuming, because radiologists
need to calculate the ADC of two organs, and then to create
a ratio between values.

3. Conclusions

Diffusion MR in liver fibrosis quantification cannot replace
liver biopsy. Several studies published on this topic have not
shown univocal results. Althoughmany articles have demon-
strated statistically significant results, ADC measurements
are conditioned by overlap in the evaluation of different stages
of fibrosis.

In addition, variability among measurement still repre-
sents a limit in diffusion imaging. Further investigation and
analysis are needed to increase the reliability of the technique.

A possible application for the future, in our opinion, could
be the use of fibrosis monitoring in the management of the
disease.
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Objective. To assess the diagnostic performance of a T1-independent, T2∗-corrected multiecho magnetic resonance imaging (MRI)
technique for the quantification of hepatic steatosis in a cohort of patients affected by chronic viral C hepatitis, using liver biopsy
as gold standard. Methods. Eighty-one untreated patients with chronic viral C hepatitis were prospectively enrolled. All included
patients underwent MRI, transient elastography, and liver biopsy within a time interval <10 days. Results.Our cohort of 77 patients
included 43/77 (55.8%) males and 34/77 (44.2%) females with a mean age of 51.31 ± 11.27 (18–81) years. The median MRI PDFF
showed a strong correlationwith the histological fat fraction (FF) (𝑟 = 0.754, 95%CI 0.637 to 0.836,𝑃 < 0.0001), and the correlation
was influenced by neither the liver stiffness nor the T2∗ decay. The median MRI PDFF result was significantly lower in the F4
subgroup (𝑃 < 0.05). The diagnostic accuracy of MRI PDFF evaluated by AUC-ROC analysis was 0.926 (95% CI 0.843 to 0.973)
for 𝑆 ≥ 1 and 0.929 (95% CI 0.847 to 0.975) for 𝑆 = 2. Conclusions.Our MRI technique of PDFF estimation allowed discriminating
with a good diagnostic accuracy between different grades of hepatic steatosis.

1. Introduction

It is well known that hepatitis C virus (HCV), particularly
genotype 3, can lead to steatotic change in hepatocytes. In
fact, the proportion of chronic hepatitis C patients with
steatosis is considerable, suggesting a direct role of HCV
in the intrahepatic accumulation of triglycerides, with a
reported prevalence ranging from 40 to 80% [1, 2]. In
addition, steatosis has been recognized as one of the factors
capable of influencing both liver fibrosis progression and

the rate of response to interferon-alpha-based therapy [3].
Currently, percutaneous liver biopsy remains the reference
standard for the diagnosis and grading of hepatic steatosis,
but its clinical application for purposes of screening, frequent
monitoring, and epidemiologic studies is limited by the
significant risk of bleeding, infection, and sampling error
[4]. Different noninvasive imaging techniques have been
proposed to assess the presence and severity of hepatic steato-
sis, including ultrasonography (US), computed tomography
(CT), and magnetic resonance imaging (MRI) [5]. Due to its
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power of tissue characterization, MRI has a pivotal role for
the detection and quantification of liver fat content. To this
regard, the mainMRI-based tools include fat-suppressed and
chemical-shift water-fat separation techniques (i.e., 2- and
3-point Dixon, multiecho and multi-interference methods)
and magnetic resonance spectroscopy (MRS) [6–10]. Cur-
rently, MRS is regarded as the most accurate noninvasive
imaging method for assessing fatty liver, and MRS-derived
fat fraction (FF) represents an objective biomarker of this
condition, characterized by a strong correlation with intra-
cellular triglyceride content [11–15]. However, MRS is not
widely available, is time consuming to perform and analyze,
and samples only a small portion of the liver (i.e., a volume
of about 4 cm3) [10, 12, 15]. Due to the limitations of spec-
troscopy, rapid chemical-shift methods are more commonly
used in the clinical practice for estimating the liver FF [8, 11,
13, 16–18]. Otherwise, the application of these ready-available
MRI techniques is hindered by the presence of different
confounding factors (i.e., T1 relaxation effects, T2∗ decay,
spectral complexity of fat, noise bias, B0 inhomogeneity, and
eddy currents), that require proper correction [10, 12, 17–
19]. More recently, in order to eliminate all major biases
seen with conventional chemical shift-based methods, newer
multiecho [8, 11, 13, 20] and multi-interference [10, 12, 19, 21–
23] methods incorporating spectral modeling of fat have
been described for the quantification of proton density
fat fraction (PDFF). In addition, in chronic liver disease,
hepatic steatosis may coexist with various other histological
abnormalities, including fibrosis, necroinflammatory activity,
and hemosiderin deposition, which may act as confounding
factors on fat quantification by MRI [8]. From a clinical
viewpoint, the issue regarding MRI quantification of hepatic
steatosis in patients affected by chronic viral C hepatitis has
been addressed in few previous works [24–26]. The purpose
of our study was to assess the diagnostic performance of
an original T1-independent, T2∗-corrected multiecho MRI
technique for the estimation and quantification of liver
steatosis in a cohort of patients with chronic viral C hepatitis,
using histology as standard of reference and assessing the
influence of the other histological abnormalities on MRI
PDFF measurements.

2. Methods

2.1. Inclusion of Patients. This was a prospective, mono-
centric, and institutional review board approved study and
patient’s enrollment was performed at the Unit of Infectious
Diseases of our institution. From January 1st, 2013, through
December 31st, 2013, 81 consecutive untreated patients with
chronic viral C hepatitis were enrolled into the study after
giving written informed consent. All patients were untreated
(i.e., not under interferon-based therapies) at the time of
enrollment. Exclusion criteria were the presence of major
contraindications to 1.5TMRI (e.g., cardiac pacemaker, claus-
trophobia, foreign bodies, and implanted medical devices

with ferromagnetic properties [27]) and/or to liver biopsy
(e.g., uncorrectable coagulopathy [28]). All included patients
underwentMRI, transient elastography (TE), and liver biopsy
within a time interval <10 days. Severe respiratory and
motion artifacts on MR images were considered as an
additional post-MRI exclusion criteria to avoid unreliable
measurements of MRI PDFF. After inclusion, the following
laboratory values were obtained for all patients: aspartate
aminotransferase (AST, expressed in IU/l), alanine transam-
inase (ALT, expressed in IU/L), gamma-glutamyl transpep-
tidase (GGT, expressed in IU/L), total bilirubin (expressed
in mg/dL), platelet count (103 cells per 𝜇L of blood), and
serum ferritin levels (expressed in ng/mL). SerumHCV-RNA
levels were assessed in all patients by means of a quantitative
method (real time polymerase chain reaction) and expressed
in IU/mL.

2.2. MRI Examinations and PDFF Measurements. MRI of
the liver was performed in the supine position on a 1.5T
MRI scanner (SigmaHDx, General ElectricMedical Systems,
Milwaukee, WI, USA) using a phased array, eight-element,
and flexible torso coil. All patients were carefully instructed
to suspend respiration at the end of inspiration during
the MRI sequence acquisition. A two-dimensional, spoiled,
and multiecho gradient-echo sequence with 16 echoes was
performed in the axial plane to measure hepatic PDFF. The
parameters of this sequence were adjusted in order to achieve
a complete correction for confounding factors such as T1 bias,
T2∗ decay, and water-fat signal interference [10, 12, 19]. To
minimize T1 effects, a 20∘ flip angle was used at repetition
time (TR) ranging from 120 to 270msec, adjusted by the
technologist to individual breath-hold capacity. To estimate
water-fat signal interference and T2∗ effects, 16 echoes were
obtained at serial opposed-phase and in-phase echo times
(TE) (1.1, 2.25, 3.4, 4.55, 5.7, 6.85, 8, 9.15, 10.3, 11.45, 12.6, 13.75,
14.9, 16.05, 17.2, and 18.35msec) during a single breath hold
of 12–34 seconds. Other imaging parameters were 10mm
section thickness, 0 intersection gap, 125 kHz bandwidth, one
signal average, and rectangular field of view with a 128 ×
96 matrix adjusted to individual body habitus and breath-
hold capacity. The multiecho gradient-echo MR images were
exported in DICOM format for offline postprocessing.

2.3. Image Interpretation andData Analysis. AllMRI datasets
derived from multiecho gradient-echo images were post-
processed by a single experienced abdominal radiologist.
The quantification of liver PDFF was performed with a
publicly available software named C-Iron (Camelot Biomed-
ical Systems SRL, Genoa, Italy; website: http://www.c-iron
.camelotbio.com). C-Iron is a stand-alone software tool
dedicated to the voxelwise measurement of T2∗ decay
for the quantification of iron overload and liver PDFF.
Once acquired, the multiecho gradient-echo MR images
are imported into the software. T2∗ values and PDFFs are
estimated by fitting the MRI signal (S) acquired at different
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TEs with the following decay model proposed by Bydder et
al. [19] as follows:
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are the transverse relaxation times
of water and fat, and 𝜔 = 2𝜋/4.6ms is the chemical shift
between water and fat at 1.5 T. The algorithm simultaneously
estimates T2∗ and PDFF in each voxel of the image by using
nonlinear least-squares fitting from all 16 echoes, assuming
exponential decay and considering that fat has its own
inherent T2 decay of 12ms.

The quality of fit is assessed by means of the coefficient of
determination 𝑅2 and pixels with low-quality fit are excluded
from further processing by applying appropriate thresholds
on the 𝑅2 value.The PDFF is then calculated by the following
formula: FF = 𝑆

2
/(𝑆
1
+ 𝑆
2
).

A color-coded map reflecting the estimated PDFF values
in each pixel of the image is displayed and juxtaposed on
the corresponding axial MRI slice. The histogram of pixel
distribution with mean, median, and standard deviation of
the PDFF values is computed in a freehand, elliptical, or
rectangular user-adjustable ROI. A single abdominal radiol-
ogist, blind to the results of both TE and histology, performed
ROI positioning. A single freehand ROI was drawn in a
midhepatic axial slice including the right lobe of the liver
and systematically excluding large blood vessels, biliary ducts,
and focal lesions. The mean area of the ROIs was of about
40–60 cm2, depending on patient’s anthropometric features
(Figure 1). MRI PDFF and T2∗ decay were calculated in the
same ROI. Clinically significant hepatic iron overload was
defined by MRI T2∗ values less than 6.3ms, corresponding
to a liver iron concentration in dry tissue (LIC dry weight) of
4.2mg/g [29, 30].

2.4. Transient Elastography. Transient elastography (TE) is
a corroborate method for the assessment of liver fibrosis
in patients with chronic C hepatitis. TE was performed
with FibroScan (Echosens, Paris, France) with liver stiff-
ness measurements expressed in kilopascals (values between
2.5 kPa and 75 kPa are expected) [31]. Acquisitions that do
not have a correct vibration shape or a correct followup of
the vibration propagation are automatically rejected by the
software. Measurements of liver stiffness were performed
on the right lobe of the liver through intercostal spaces in
correspondence to the midaxillary line, while patients were
lying in the supine position with the right arm in maximal
abduction. In all included patients, TE measurements were
successfully acquired (i.e., 10 correct measurements with
an interquartile range lower than 30% of the median liver
stiffness value [32]).

2.5. Liver Biopsy. Ultrasound-assisted percutaneous liver
biopsy was performed with an intercostal approach using
15- to 18-gauge needles. All biopsy specimens were fixed in
formalin and embedded in paraffin. A single expert liver
pathologist, blind to the results of both TE andMRI, read the
specimens on site. Fibrosis was semiquantitatively evaluated
and staged on a 5-point scale from 0 to 4 according to the
METAVIR scoring system (F0, absent; F1, enlarged fibrotic
portal tract; F2, periportal or initial portal-portal septa but
intact architecture; F3, architectural distortion but no obvious
cirrhosis; and F4, cirrhosis) [33]. Necroinflammatory activity,
represented by piecemeal necrosis and focal lobular necrosis,
was semiquantitatively evaluated by using the histological
activity index described in the METAVIR system and graded
as follows: 0, no activity; 1, mild; 2, moderate; 3, severe
[33, 34]. Liver steatosis was determined by estimating the
percentage of fat-containing hepatocytes on hematoxylin-
eosin stained specimens and graded according to the method
of Kleiner et al. [35]: S0, steatosis in fewer than 5% of
hepatocytes; S1, 5%–33% of fatty hepatocytes; S2, 34%–66%;
and S3, more than 66%. We also considered the percentage
of fatty hepatocytes as an absolute value which was defined
as histological fat fraction. Following the clinical standard,
a Perl’s Prussian blue reaction was applied to detect the
presence of hemosiderin granules in biopsy specimens. The
following ordinal 4-point scoring system was employed:
grade 0, no iron deposits; grade 1, mild; grade 2, moderate;
grade 3, high iron content [36].

2.6. Statistical Analysis. Descriptive statistics were produced
for demographic, clinical, and laboratory characteristics of
patients. Categorical data were expressed as number and
percentage, while continuous data were expressed as mean
and standard deviation (SD) or median and range (from
minimum tomaximum).Thenormal distribution of different
datasets was assessed by means of the D’Agostino-Pearson
test. Nominal statistical significance was defined with a 𝑃
of 0.05. The correlation of histological FF with MRI PDFF
was tested by means of Spearman’s rank test, using both
the arithmetic mean and the median of MRI PDFF values.
Spearman’s rho (𝑟) values were interpreted as follows: for
values of 𝑟 of 0.9 to 1, the correlation is very strong; for
values of 𝑟 between 0.7 and 0.89, correlation is strong; for
values of 𝑟 between 0.5 and 0.69, correlation is moderate; for
values of 𝑟 between 0.3 and 0.4.9, correlation is moderate
to low; for values of 𝑟 between 0.16 and 0.29, correlation
is weak to low; for values of 𝑟 below 0.16, correlation is
too low to be meaningful. Since the median MRI PDFF
showed a better correlation with the histological FF, this
parameter was adopted for the subsequent statistical analysis.
The correlation ofmedianMRI PDFF values with histological
FF was also tested using a partial correlation model, where
liver stiffness, expressed in kPa, and T2∗ decay, expressed in
ms, were introduced as confounding covariates.The cohort of
patients was further stratified according to each histological
feature of the METAVIR system, including fibrosis stage (F),
inflammatory activity (A), and steatosis grade (S). Box plots
were used to study the distribution of MRI PDFF according
to each stage of fibrosis, inflammatory activity, and steatosis,



4 BioMed Research International

0

0 0.1 0.2 0.3 0.4

50

100

150

Vo
xe

ls

Distribution mean ± SD: 0.07 ± 0.04 Median 0.07

(a)

(b) (e)

(f)(c)

(d)

3,000

2,500

2,000

1,500

1,000

500

0

0 2 4 6 8 10 12 14

Vo
xe

ls

Distribution mean ± SD: 38.32 ± 27.89ms Median 27.52ms

(ms)

800

800 1,000

600

600

400

400

0

0

200

200

Vo
xe

ls

Distribution mean ± SD: 39.88 ± 23.66Hz Median 36.34Hz

(Hz)

Figure 1: Example of ROI positioning for the calculation of MRI PDFF (a), T2∗ (b), and R2∗ decay (reciprocal of T2∗, expressed in Hz) (c)
in a 52-year-old male patient with chronic viral C hepatitis. The histological FF of this patient was 10%, corresponding to a steatosis grade 1
(S1). Images (d), (e), and (f) show the histogram of pixel distribution with mean values ± standard deviation and medians.

and the presence of significant differences in themedianMRI
PDFF values among subgroups of patients was tested using
the nonparametrical Kruskal-Wallis test. After a positive
Kruskal-Wallis test (P value < 0.05), a post-hoc analysis
was conducted performing pairwise comparisons between
subgroups. The diagnostic performance of MRI for detecting
the correct histological grade of hepatic steatosis was assessed
by using receiver operating characteristic (ROC) curves. For
the ROC curve analysis, the area under curve (AUC), optimal

cutoff values, sensitivity, specificity, and positive and negative
predictive values were calculated. Optimal cutoff values of
MRI PDFF were chosen to maximize the sum of sensitivity
and specificity for two steatosis thresholds: S0 versus S1-S2
(𝑆 ≥ 1) and S0-S1 versus S2 (𝑆 = 2). Ultimately, theMRIPDFF
was introduced as dependent variable in amultiple regression
model, using patient’s age, BMI, TE liver stiffness values,
MRI T2∗ values, METAVIR stage of fibrosis, inflammation,
steatosis, and histological FF as independent variables.
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Table 1: Characteristics of patients and results of histological analysis of liver biopsy specimens.

Characteristics of patients Proportions, means ± standard deviation Percentages, medians, and range
Males 43/77 55.8%
Females 34/77 44.2%
Age 51.31 ± 11.27 51 (18–81)
BMI 22.39 ± 2.27 23 (18.43–27)
Serum AST level (U/L) 66.49 ± 65.93 48 (18–293)
Serum ALT level (U/L) 62.83 ± 53.13 51 (15–302)
Serum GGT level (U/L) 92.63 ± 90.92 62 (11–368)
Total bilirubin (mg/dL) 1.05 ± 1.26 0.7 (0.2–9)
Platelet count (103 cells/𝜇L) 196.25 ± 62.06 199 (99–462)
Serum ferritin level (ng/mL) 167.43 ± 141.68 134.3 (13.3–700.4)
HCV-RNA (IU/mL) 1.96 × 106 ± 1.91 × 106 1.34 × 106 (2.99 × 103–6.65 × 106)
Stiffness (kPa) 12.86 ± 11.57 7.2 (3.8–55)

Histology
Histological fat fraction 9.09 ± 12.68 3 (0–45)

Steatosis grade (S)
Grade 0 (<5%) 46/77 59.7%
Grade 1 (5–33%) 23/77 29.9%
Grade 2 (33–66%) 8/77 10.4%
Grade 3 (>66%) 0/77 0%

Necroinflammation (A)
Grade 0 25/77 32.5%
Grade 1 33/77 42.8%
Grade 2 14/77 18.2%
Grade 3 5/77 6.5%

Fibrosis (F)
F0 (none) 23/77 29.9%
F1 (perisinusoidal or periportal) 14/77 18.2%
F2 (perisinusoidal and portal/periportal) 12/77 15.5%
F3 (bridging fibrosis) 18/77 23.4%
F4 (cirrhosis) 10/77 13%

Histologically detectable iron
Grade 0 73/77 94.8%
Grade 1 2/77 2.6%
Grade 2 2/77 2.6%
Grade 3 0/77 0%
Values are expressed as percentages, means ± standard deviation, and medians (min–max).
Legend: BMI, body mass index.

3. Results

Four patients were excluded due to severemotion/respiratory
artifacts in their MRIs, precluding an accurate measurement
of PDFF. The resulting cohort of 77 patients with chronic C
hepatitis included 43/77 (55.8%) males and 34/77 (44.2%)
females with a mean age of 51.31 ± 11.27 (from 18 to 81)
years and a mean BMI of 22.39 ± 2.27 (from 18.43 to 27).
Seventy-one/77 patients (92.2%) presented detectable serum
HCV-RNA levels (above the detection threshold of 15 IU/mL
of our method), while 6/77 patients (7.8%) were in sustained
virological response. In this latter subgroup, the standard
treatment with peginterferon and ribavirin was stopped at
least 18 months before the time of inclusion. Demographic,

clinical, and laboratory characteristics of patients are sum-
marized in Table 1. The mean MRI PDFF of our cohort of
patients, expressed in percentage units, was 11.76 ± 4.73 with
a median of 5.87 (from 0.7 to 17.01). Themean liver T2∗ value
was 30.33 ± 5.98ms with a median of 31.32ms (from 16.36 to
43.6ms).We did not find patients with a histological steatosis
of grade 3 (S3), and hemosiderin deposits were found in
4 patients. In addition, T2∗ values were not indicative of
hepatic iron overload of clinical significance (i.e., below the
threshold of 6.3ms) in any patient. Therefore, we were not
able to assess the diagnostic performance of MRI PDFF for
the detection of severe steatosis (i.e., grade 𝑆3, >66% fat-
containing hepatocytes) and the potential confounding effect
of iron overload on MRI PDFF measurements. On the other
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Figure 2: Calculation of MRI PDFF in a 45-year-old male patient with chronic viral C hepatitis (a). The median MRI PDFF value is 10% (b),
while histological FF of the patient was 8%, corresponding to a steatosis grade 1 (S1).
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Figure 3: Calculation of MRI PDFF in a 45-year-old male patient with chronic viral C hepatitis (a). The median MRI PDFF value is 15% (b),
while histological FF of the patient was 37%, corresponding to steatosis grade 2 (S2).

hand, we introduced T2∗ values in the partial correlation
model in order to verify their influence on the correlation
between MRI PDFF and histological FF.

3.1. Correlation and Subgroup Analysis. Thecorrelation of the
meanMRI PDFF value with the histological FF wasmoderate
(𝑟 = 0.624, 95% CI for rho 0.465 to 0.744, 𝑃 < 0.0001),
while the correlation of the median MRI PDFF value with
the histological FF was strong (𝑟 = 0.754, 95% CI for rho
0.637 to 0.836, 𝑃 < 0.0001). The median MRI PDFF values
for each steatosis grade were: 4.3 (0.7–10.09) for S0; 10.4 (3.7–
16.2) for S1; 13.5 (8.4–17.01) for S2 (𝑃 < 0.05) (Figures 2 and 3).
Stratifying the cohort of patients according to the METAVIR
stages of parenchymal fibrosis, the median MRI PDFF values
resulted in significantly different among different subgroups
(𝑃 < 0.05with the Kruskal-Wallis test).The post-hoc analysis
showed that the median MRI PDFF in the F4 subgroup was
significantly lower than in the other subgroups of patients
(𝑃 < 0.05) (Table 2). Stratifying the cohort of patients accord-
ing to the METAVIR stages of necroinflammatory activity,
the Kruskal-Wallis test did not reveal a significant difference
among the median MRI PDFF values of the four subgroups
of patients (𝑃 > 0.05) (Figure 4). Box-and-whisker plots

for MRI PDFF measurements in relation to each grade of
steatosis, fibrosis, and necroinflammatory activity are shown
in Figure 4.

3.2. Diagnostic Accuracy of MRI PDFF. The diagnostic accu-
racy ofMRI PDFF evaluated byAUC-ROCanalysis was 0.926
(standard error 0.0354, 95% CI 0.843 to 0.973) for 𝑆 ≥ 1
and 0.929 (standard error 0.0363, 95% CI 0.847 to 0.975)
for 𝑆 = 2. The best MRI PDFF cutoff value to differentiate
between S0 and S1-S2 patients was 6.87, showing a sensitivity
of 87.10% (95% CI 70.2–96.4), a specificity of 97.83 (95% CI
88.5–99.9%), a positive predictive value (PPV) of 96.4% (95%
CI 81.7–99.9), and a negative predictive value (NPV) of 91.8%
(95% CI 80.4–97.7) (Figure 5(a)). The best MRI PDFF cutoff
value to differentiate between S0-S1 and S2 patients was 11.08,
showing a sensitivity of 87.5% (95%CI 47.3–99.7), a specificity
of 88.41% (95% CI 78.4–94.9), a positive predictive value
(PPV) of 46.7% (95% CI 20.5–74.3), and a negative predictive
value (NPV) of 98.4% (95% CI 91.3–100) (Figure 5(b)).

3.3. Influence of Confounding Variables on MRI PDFF Mea-
surements. Thecorrelation betweenMRI PDFF and histolog-
ical FF was strong even in a partial correlation model, using
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Table 2: Distribution of MRI PDFF values according to different METAVIR stages of hepatic fibrosis. The Kruskal-Wallis test revealed a
significant difference between groups (𝑃 < 0.05). The post-hoc analysis demonstrates that the median MRI PDFF value of the F4 subgroup
is significantly lower than that of the other subgroups of patients.

Post-hoc analysis: distribution of PDFF according to METAVIR stages of fibrosis

Factor 𝑛 Median (range) Average rank Pairwise comparisons with a significant
result (𝑃 < 0.05)

F0 23 6.7 (0.72–17.01) 44.61 F0 versus F4
F1 14 6.7 (0.7–15.54) 43.25 F1 versus F4
F2 12 6.07 (3.68–15.04) 40.33 F2 versus F4
F3 18 5.78 (3.7–15.54) 39.36 F3 versus F4
F4 10 3.43 (1.72–5.95) 17.90 F4 versus F0/F1/F2/F3

Table 3:Multiple regression analysis.MRI PDFF is the dependent variable of themodel. Histological FF and the histological grade of steatosis
were the only two factors independently and significantly correlated toMRI PDFF.𝑃 values below the level of statistical significance (𝑃 < 0.05)
are marked with the asterisk.

Regression equation
Independent variables Coefficient Standard error 𝑟partial 𝑡 𝑃

(Constant) 8.3980
Age −0.01905 0.02438 −0.09435 −0.781 0.4372
BMI −0.1480 0.1248 −0.1424 −1.186 0.2397
Necroinflammation (A) 0.07004 0.3184 0.02667 0.220 0.8266
Fibrosis (F) −0.5041 0.3546 −0.1699 −1.422 0.1596
Steatosis (S) 2.3698 1.1144 0.2497 2.127 0.0371∗

Liver stiffness 0.01464 0.04543 0.03903 0.322 0.7483
Histological FF 0.1325 0.05975 0.2597 2.218 0.0299∗

T2∗ 0.03749 0.04626 0.09781 0.810 0.4205

TE liver stiffness values (expressed in kPa) and T2∗ decay
(expressed in ms) as covariates (𝑟 = 0.775, 𝑃 < 0.0001).

The multiple regression analysis showed that only steato-
sis grade at histology and histological FF were factors inde-
pendently associated to the median MRI PDFF (Table 3).

4. Discussion

Liver biopsy with histological visualization of hepatocellular
fat vacuoles remains the reference method in order to
determine the grade of steatosis in chronic liver diseases,
but it is an invasive procedure, which can study only a
small portion of the liver (i.e., 1/50,000 of the total volume)
[4, 30]. Discomfort and bleeding are well-known procedure-
related complications. In addition to sampling errors, routine
histological examination is semiquantitative and observer-
dependent, and grading is performed with broad severity
brackets [37]. Therefore, a noninvasive and objective assess-
ment on a continuous scale may be preferable to biopsy
in both clinical practice and research. Different noninvasive
imaging methods, including US, CT, and MRI, have been
employed to provide an estimate of liver steatosis. It causes
reduced liver attenuation at CT, resulting in low hepatic
density compared to spleen during precontrast and portal
venous phase imaging [5]. Despite the development of quan-
titative methods of image analysis to assess the severity of
hepatic steatosis with CT [5], the clinical implementation of
this imaging modality is hampered by exposure to ionizing

radiation, which limits its application for repeated measure-
ments in monitoring disease progression [9, 15]. Using B-
mode US imaging, an indirect estimate of hepatic steatosis
is obtained by comparing the echogenicity of the liver
parenchyma with that of the cortex of the right kidney. This
comparison may be performed in either semiquantitative
(i.e., normal liver echotexture, minimal, mild, moderate, and
severe hyperechogenicity [5]) or quantitative modality (i.e.,
hepatorenal index [38]). Hepatorenal index calculation has
been presented as an effective tool for differentiating patients
with steatosis from those without steatosis [38], showing a
strong correlation with the histological FF (𝑟 = 0.71, 𝑃 <
0.0001). However, it has to be kept in mind that a high
echogenicity of the liver parenchyma in not synonymous of
steatosis. In fact, this appearance of the liver at B-mode US
may also be related to the presence of parenchymal fibrosis
and liver iron overload, leading to overestimation of the true
steatosis grade or misdiagnosis.

MRI-based techniques have been widely employed to
determine the presence and grade the severity of hepatic
steatosis, and MRS is regarded as the most accurate nonin-
vasive method for assessing this condition [11–14]. In fact, FF
calculated from spectroscopy-determined proton densities
has shown a strong direct correlation with the intracellular
triglyceride content [14, 15]. However, this expensive and
time-consuming technique is not widely available and is
mainly limited to research settings. Advanced multiecho
andmultiinterferenceMRI techniques allowmeasurement of
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Figure 4: Box-and-whisker plots for MRI PDFF measurements in relation to each grade of steatosis (a), fibrosis (b), and necroinflammatory
activity (c).The top and the bottom of the boxes are the first and third quartiles, respectively.The length of the box represents the interquartile
range including 50% of the values. The line through the middle of each box represents the median. The error shows the minimum and
maximum values (range). An outside value (separate point) is defined as a value that is smaller than the lower quartile minus 1.5 times the
interquartile range or larger than the upper quartile plus 1.5 times the interquartile range.

PDFFs that are corrected for confounding factors, including
B0 inhomogeneity, T1 bias, T2∗ decay, and multifrequency
signal interference effects caused by protons in fat [10–13, 17–
19]. The most recent studies are giving encouraging results
on clinical grounds, demonstrating a strong correlation
between MRI PDFF and hepatic steatosis grade determined
by histological validation, and proposing MRI PDFF as a
valid noninvasive biomarker for assessing liver fat content [21,
23]. Idilman et al. have recently shown that sequential MRI
PDFF quantification may also be employed for monitoring
the longitudinal changes of the liver fat content in NAFLD
patients [23]. In our work, we performed the quantification of
MRI PDFF bymeans of a comprehensivemodel derived from
that proposed by Bydder et al. [19], incorporating correction
for T1- and T2∗ relaxation effects, B0 inhomogeneity, and
spectral complexity of fat. This method of analysis has never
been employed in a homogeneous cohort of patients with
chronic C hepatitis. The prevalence of steatosis in chronic C

hepatitis is about 40%, which represents an approximately
2-fold increase compared to the prevalence of steatosis in
chronic B hepatitis (i.e., 20%) [1]. In fact, HCV infection is
considered to be directly involved in the accumulation of
triglycerides in hepatocytes (the so-called “viral” steatosis)
[39]. According to the literature, we found in our cohort
of patients a prevalence of steatosis of 40.26%. In HCV-
related steatosis, the percentage of fat-containing hepatocytes
is usually mild to moderate (i.e., 10–20%) [34], as it was
observed in our study, with a median histological FF in
patients with relevant steatosis (𝑆 ≥ 1) of 15%. In addition,
we observed a lack of patients with grade 3 steatosis (i.e.,
>66% of fat-containing hepatocytes).The severity of steatosis
seems to correlate with the level of HCV replication (i.e.,
HCV RNA levels in serum) [3], and it significantly reduces
or disappears when patients are successfully treated with
antivirals [40]. Interestingly, and according to our results, as
the liver disease progresses to cirrhosis (i.e., F4 METAVIR
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Figure 5: ROC curve analysis of MRI PDFF for patients with steatosis 𝑆 ≥ 1 (S0 versus S1-S2). The area under the ROC curve is 0.926 (95%
CI 0.74–0.94) (a). ROC curve analysis of MRI PDFF for patients with steatosis 𝑆 = 2 (S0-S1 versus S2).The area under the ROC curve is 0.929
(95% CI 0.806 to 0.968) (b).

stage of fibrosis), there is a trend of reduction of parenchymal
steatosis [41], a phenomenon already observed in NAFLD
[42]. Some longitudinal studies underscored the role of
steatosis in fibrosis progression. In a recent study on paired
liver biopsies performed in 135 untreated patients with
chronic C hepatitis [43], steatosis was the only independent
factor predictive of fibrosis progression. The progression
of fibrosis was significantly related to the percentage of
hepatocytes with steatosis [43]. Given the clinical importance
of steatosis detection and grading in chronic viral C hepatitis,
we aimed to assess the clinical value of MRI PDFF as a
noninvasive biomarker of fatty liver, finding a significant,
strong correlation of the MRI PDFF with the histological
FF. According to the results of Tang et al. [10], we noticed
that MRI PDFF values are lower than histological figures,
andMRI PDFF cutoff values to distinguish between different
steatosis grades are not comparablewith the histological ones.
This is not surprising, since histologic examination assesses
the percentage of fat-containing cells in the biopsy specimens
and does not measure the volumetric fat content in a wide
portion of liver parenchyma.WithMRI PDFF, the proportion
of mobile protons contained within fat molecules of three-
dimensional liver voxels is quantified [8, 10, 12]. Therefore,
MRI PDFF and histological FF assess different aspects of
steatosis.

Our study has some limitations. As mentioned above, the
lack of patients with a grade 3 steatosis may be considered
an intrinsic limitation when examining a cohort of patients
affected by chronic viral C hepatitis. Therefore, we were
not able to assess the diagnostic performance of PDFF for
discriminating between S0-S2 and S3 patients. In addition, we

did not find cases of clinically significantMRI-detectable iron
overload (i.e.,MRIT2∗ values<6.3ms [29]), and the presence
of hemosiderin deposits was appreciable in only few cases.
Thismay be due to the lownumber of cirrhotic patients in our
cohort; in fact, it is known that histologically detectable iron
is more frequently associated with advanced parenchymal
fibrosis and cirrhosis [44]. Therefore, we were not able to
reliably assess the influence of hepatic iron accumulation on
the MRI PDFF measurements. Nevertheless, we decided to
introduce T2∗ decay as a confounding covariate in the partial
correlationmodel, finding that its influence on the correlation
between MRI PDFF and histological FF was not significant.
A point of strength of our study is that we kept a reasonably
low time-interval between MRI, liver biopsy, and TE (<10
days), thus avoiding any meaningful change in the hepatic fat
content during the biopsy-MRI imaging interim. In addition,
we performed a double check of the influence of parenchymal
fibrosis on MRI PDFF measurements, introducing TE values
of liver stiffness in the partial correlation model and both TE
values and METAVIR stage of fibrosis in the multiple linear
regression analysis.

5. Conclusions

MRI PDFF is a promising technique for the noninvasive
assessment of liver steatosis in patients with chronic viral
C hepatitis. In particular, MRI PDFF has shown a strong
correlation with the histological FF, and this correlation
seems to be influenced by neither the stage of parenchymal
fibrosis nor the necroinflammatory activity. In addition, MRI
PDFF allows discrimination between different histological
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grades of steatosis with good diagnostic accuracy. Further
studies on larger cohort of patients involving adequate con-
trol groups are needed to get a complete clinical validation of
this technique in patients with chronic viral C hepatitis.
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Background. Thrombocytopenia often makes the introduction of systemic treatment difficult in patients with cirrhosis and
hepatocellular carcinoma (HCC). We retrospectively evaluated the long-term effects of partial splenic embolization (PSE) with
transarterial chemoembolization (TACE) in patients with HCC patients accompanied by thrombocytopenia. Patients andMethods.
Twenty-one patients with HCC complicated by severe thrombocytopenia (platelet count, <5.0 × 104/mm3) were treated with PSE
and TACE. Both the safety and platelet-increasing effect was evaluated in these patients. Results. Seventeen of 21 patients (81.0%)
showed increased platelet counts to≥5.0× 104/mm3. Subsequently, 13 patients (61.9%) successfully received systemic chemotherapy.
Platelet counts and serum levels of total bilirubin, as well as neutrophil counts, improved significantly one month after treatment.
However, serum levels of albumin and hemoglobin decreased significantly one month after treatment. Severe adverse events,
including acute liver failure and portal vein thrombus, were observed in two patients. Conclusion. PSE with selective TACEmade it
possible for patients with HCC and severe thrombocytopenia to receive systemic chemotherapy. Although PSE with TACEwas safe
and tolerable for most patients, the extent of PSE with TACE in a wide area of the liver may increase the risk for fatal liver failure.

1. Introduction

Hepatocellular carcinoma (HCC) frequently develops in
patients with cirrhosis. A considerable number of patients
with HCC have thrombocytopenia secondary to hyper-
splenism. Since cirrhotic patients with severe thrombocy-
topenia are at greater risk for bleeding, treatments against
HCC such as liver transplantation, resection, local ablation
therapy, and transarterial chemoembolization (TACE) can be
performed following a platelet transfusion in those patients.
Therefore, there have been minimal differences in treatment
strategy between patients with or without severe thrombocy-
topenia.

Sorafenib has shown survival benefit in patients with
advanced HCC patients [1, 2]. However, sorafenib has several

side effects such as decreased platelet counts and bleeding.
Therefore, patients with severe thrombocytopenia are dif-
ficult to treat with sorafenib, and their treatment options
are limited; they can only receive repetitive TACE or the
best supportive treatment. These findings indicate that a new
strategy to treat patients with advanced HCC and severe
thrombocytopenia is needed.

Over the past 20 years, partial splenic embolization
(PSE) has been an interventional radiological treatment
for thrombocytopenia due to hypersplenism [3, 4]. This
procedure usually results in an increase of platelet count.
Recent reports show that PSE has a platelet-increasing effect
and allows for the introduction of interferon therapy or
systemic chemotherapy [5–8]. Therefore, we considered that
PSE and TACE should be performed simultaneously to allow
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the introduction of systemic chemotherapy. The aim of this
study was to assess the safety and effectiveness of PSE with
TACE for patients with HCC and severe thrombocytopenia.

2. Patients and Methods

2.1. Patients. Medical records were retrieved for patients with
HCC who were treated by PSE with TACE from November
2010 to October 2012 at Chiba University Hospital. Patients
were included if they met the following criteria: (i) no
indication for surgical resection or locoregional therapy, (ii)
severe thrombocytopenia (platelet count, <5.0 × 104/mm3),
(iii) Child-Pugh A or B, (iv) Eastern Cooperative Oncology
Group (ECOG) performance status 0 or 1, and (v) follow-up
dynamic computed tomography (CT) 1 week after PSE with
TACE.This study was approved by the Research Ethics Com-
mittee of Graduate School of Medicine, Chiba University.

2.2. PSE and TACE Procedure. All patients received sedative
premedication with intravenous pentazocine and hydrox-
yzine.The procedure was performed under the local anesthe-
sia using 1% xylocaine. A femoral artery approach was used
for catheterization. Patients underwent baseline angiography
of the celiac trunk, superior mesenteric artery, hepatic artery,
and splenic artery using a peripheral arterial approach. First,
we performed PSE according to Takatsuka method [9]. We
placed a 4-Fr catheter into the splenic artery as near the
splenic hilum as possible. A 2.2-, 2.4-, or 2.7-Frmicrocatheter
was coaxially advanced as distally as possible into a branch
of the intrasplenic artery. We left the microcoils straight in
the branch of the splenic artery. About 5-mm sized gelatin
sponges were implanted proximal to the microcoils. Lower
branches of the splenic artery were embolized using 0.035
inch coils (Tornado or Nester; Cook Inc., Bloomington, IN,
USA). The length of coils was determined by that of the
targeted arteries. It has been recommended that the final
embolization rate of spleen is about 70% [9]. However, giving
priority to the safety of patients, this procedure was repeated
until a splenic infarction of about 40% to 60% was achieved,
as shown on digital subtraction angiography. After PSE
procedure was completed, we performed the TACE. Highly
selective catheterization was performed with a microcatheter
to obtain complete obstruction of the nourishing arteries and
avoid damage to nontumor tissue. Cisplatin or epirubicin
was emulsified with lipiodol and miriplatin was suspended
with lipiodol. These were administered before embolization.
Additional Gelpart (Nippon Kayaku Co., Ltd., Tokyo, Japan)
was used to complete the embolization procedure. Lipiodol
CT was performed at the end of the procedure to confirm
the embolized area in the liver. Methylprednisolone (125mg
intravenously for 1–3 days) and naproxen (400mg per oral for
1 week) were given to relieve postembolic syndrome. Antibi-
otic prophylaxis was given for 1 week to avoid infectious
complications.

2.3. Follow-Up. Dynamic CT was performed in all patients
1 week after the procedure to confirm the area of splenic
infarction. When a patient with extrahepatic progression

successfully showed an increase in platelet counts (≥5.0 ×
104/mm3) 1month after PSEwithTACE, systemic chemother-
apy was started. Follow-up dynamic CTwas performed every
2-3 months. In patients without extrahepatic progression,
dynamic CT was performed every 3-4 months after PSE
with TACE to evaluate the therapeutic effect of TACE. When
patients showed status that met the criteria proposed by the
2010 Japan Society of Hepatology Consensus Guidelines for
TACE-refractoriness [10] and an increase in platelet counts
(≥5.0 × 104/mm3), systemic chemotherapy was started. In
patients with HCC controlled by TACE, re-TACE with PSE
was performed when HCC progressed. In patients with
platelet counts sustained <5.0 × 104/mm3, re-TACE with PSE
was performed until it could not be continued.

2.4. Calculation of Splenic Volume and Noninfarcted Splenic
Volume. Splenic and noninfarcted splenic volumes in each
patient were calculated using a three-dimensional work-
station (Zio Station, Zio Software Inc., Tokyo, Japan). We
used volume data from a portal phase multidetector row
CT scan taken before and 1 week after the procedure. We
performed the masking manually so that only the enhanced
spleen remained on the workstation. Masking volume was
calculated automatically by the workstation and we made it
noninfarcted splenic volume.

2.5. Assessment of Adverse Events. We calculate the rate of
adverse events in total of 32 PSE with TACE procedures in
21 patients to evaluate safety. Adverse events were evaluated
according to the National Cancer institute Common Termi-
nology Criteria for Adverse Events (CTCAE) ver. 4.0 (URL:
http://ctep.cancer.gov/protocolDevelopment/electronic app-
lications/ctc.htm#ctc 40).

2.6. Statistical Analysis. The change of neutrocyte counts,
platelet counts, hemoglobin, albumin, prothrombin time-
international normalized ratio (PT-INR), total bilirubin, and
Child-Pugh score after PSE with TACE was evaluated before
and after PSE with TACE. The paired t-test with a two-tailed
test was used to compare between the data before and after
PSE with TACE. All statistical analyses were performed using
SPSS software (IBM SPSS Statistics 18; SPSS Japan).

3. Results

3.1. Patient Characteristics and Outcomes. Twenty-one pa-
tients (20 males and one female; mean age, 63.0 ± 9.1)
with HCC and severe thrombocytopenia received PSE with
TACE. Table 1 shows the characteristics of the 21 patients.
The causes of chronic liver damage were hepatitis C virus
(HCV) (𝑛 = 14), hepatitis B virus (HBV) (𝑛 = 3), and
non-HBV and non-HCV (𝑛 = 4). Seventeen patients were
in Barcelona Clinic Liver Cancer- (BCLC-) B stage and
four patients were in BCLC-C stage. Mean splenic volume
before PSE was 630.5 ± 239.0mL. The mean platelet count
before treatment was 4.2 ± 0.7× 104/mL. Seventeen patients
showed an increase in platelet counts ≥5.0 × 104/mm3after
PSE with TACE for 1 month, although the platelet counts in

http://ctep.cancer.gov/protocolDevelopment/electronic_applications/ctc.htm#23ctc_40
http://ctep.cancer.gov/protocolDevelopment/electronic_applications/ctc.htm#23ctc_40


BioMed Research International 3

Ta
bl
e
1:
Pa
tie

nt
da
ta
.

N
um

be
r

A
ge

G
en
de
r

Et
io
lo
gy

BC
LC

C-
P
sc
or
e

Sp
le
ni
cv

ol
um

e(
m
L)

Ex
te
nt

of
ne
cr
os
is
(%

)
Pl
at
el
et
co
un

t(
×
1
0
4
/m

m
3 )

H
os
pi
ta
lt
im

e(
da
ys
)

In
tro

du
ct
io
n
of

SC
Be

fo
re

A
fte

r1
m
on

th
1

48
M

H
CV

B
5

57
8.
4

45
.3

4.
8

11
.7

11
Su
cc
es
s

2
60

M
H
CV

B
5

99
0.
5

38
.9

3.
9

6.
0

10
Su
cc
es
s

3a
64

M
N
BN

C
B

7
11
16
.6

39
.1

3.
9

5.
6

11
Fa
ilu

re
4

57
M

H
CV

B
5

52
8.
3

40
.6

2.
7

4.
3

13
Fa
ilu

re
5b

65
M

H
CV

B
7

42
6.
3

36
.3

2.
4

N
D

12
Fa
ilu

re
6

48
M

H
BV

C
6

94
8.
1

68
.5

4.
8

17.
5

20
Su
cc
es
s

7
63

M
H
CV

B
6

65
6.
7

72
.5

4.
6

15
.1

15
Su
cc
es
s

8
78

F
H
CV

C
5

72
7.0

42
.7

3.
7

6.
0

9
Su
cc
es
s

9
55

M
H
CV

B
5

40
1.3

19
.5

4.
9

7.2
12

Su
cc
es
s

10
82

M
N
BN

C
B

8
47
2.
4

40
.2

4.
8

8.
7

9
N
A

11
55

M
H
BV

B
7

89
6.
8

21
.0

4.
1

6.
1

8
N
A

12
c

66
M

H
CV

B
7

81
5.
9

30
.2

4.
5

4.
6

12
N
A

13
54

M
N
BN

C
B

5
46
9.5

23
.5

4.
6

13
.1

11
Su
cc
es
s

14
64

M
H
BV

B
5

46
9.5

20
.1

4.
8

13
.7

9
Su
cc
es
s

15
64

M
H
CV

B
5

99
7.7

31
.1

3.
9

9.4
10

Su
cc
es
s

16
61

M
H
CV

B
6

41
1.9

47
.7

4.
6

7.3
9

N
A

17
76

M
H
CV

B
6

28
7.7

51
.2

4.
4

7.9
12

Su
cc
es
s

18
53

M
H
CV

C
6

27
0.
3

81
.6

4.
9

15
.4

8
Su
cc
es
s

19
d

65
M

H
CV

B
8

78
5.
5

77
.0

3.
4

N
D

17
Fa
ilu

re
20

68
M

N
BN

C
C

6
49
1.1

30
.1

3.
4

8.
7

20
Su
cc
es
s

21
77

M
H
CV

B
6

49
9.6

36
.0

4.
8

7.7
10

Su
cc
es
s

M
ea
n
6
3
.0
±
9
.1

6
3
0
.5
±
2
3
9
.0

4
2
.5
±
1
7
.6

4
.2
±
0
.7

9
.3
±
3
.8

1
1
.4
±
3
.5

a C
om

pl
ic
at
ed

by
po

rt
al

ve
in

th
ro
m
bo

sis
,b

lo
st
to

fo
llo
w
-u
p,

c n
o
eff
ec
td

es
pi
te

tw
o
ad
di
tio

na
lP

SE
,d

co
m
pl
ic
at
ed

by
le
th
al

liv
er

fa
ilu

re
;B

CL
C,

Ba
rc
el
on

a
Cl
in
ic
al

Li
ve
r
C
en
te
r;
C-

P,
Ch

ild
-P
ug

h;
SC

,s
ys
te
m
ic

ch
em

ot
he
ra
py
;H

BV
,h
ep
at
iti
sB

vi
ru
s;
H
CV

,h
ep
at
iti
sC

vi
ru
s;
N
BN

C,
no

n-
H
BV

an
d
no

n-
H
CV

;P
SE

,p
ar
tia

ls
pl
en
ic
em

bo
liz
at
io
n;

N
D
,n

ot
de
te
rm

in
ed
;N

A
,n

ot
ap
pl
ic
ab
le.



4 BioMed Research International

Study patients

Received on-demand TACE Received systemic chemotherapy

1 month after PSE with TACE 1 month after PSE with TACE

(n = 21)

(n = 4)

(n = 4)

(n = 17)

(n = 13)

Platelet count < 5.0 × 10
4/mm3 Platelet count ≥ 5.0 × 10

4/mm3

Figure 1: Patient outcomes.

four patients remained <5.0 × 104/mm3 (Figure 1). Among
them, one died within 1 month because of liver failure, one
showed portal vein thrombosis, one was lost to follow-up,
and one exhibited totally no effect despite two additional
PSE procedures. Four of 17 patients showed a successful
increase in platelet counts and a simultaneous anti-HCC
effect by TACE. Thereafter, they received on-demand TACE
but not systemic chemotherapy. Eventually, 13 of 21 patients
(61.9%) received systemic chemotherapy after first PSE with
TACE.Notably, no patientswithdrewor decreased the dose of
their systemic chemotherapy because of thrombocytopenia.
Four patients, who failed first-time systemic chemother-
apy, received additional TACE with PSE before second-line
systemic chemotherapy. One patient had variceal bleeding
and received endoscopic variceal ligation and injection scle-
rotherapy before PSE and TACE. The 3 patients who experi-
enced variceal bleeding after the procedure had severe liver
dysfunction caused by HCC progression or were receiving
sorafenib. Therefore, a causal connection between PSE and
variceal bleeding was unclear.

3.2. Changes in Laboratory Data. Table 2 shows the changes
in the neutrocyte count, platelet count, hemoglobin level,
albumin level, PT-INR, total bilirubin level, and Child-Pugh
score before treatment, one week later and one month later.
The neutrocyte count increased significantly 1 week after
treatment (𝑃 = 0.001). The albumin and hemoglobin levels
decreased significantly 1 week after treatment (𝑃 < 0.001 and
𝑃 = 0.012, resp.). Child-Pugh score deteriorated significantly
1 week after treatment (𝑃 = 0.021). The platelet count, total
bilirubin level, and neutrocyte count improved significantly
1 month after treatment (𝑃 < 0.001, 𝑃 = 0.039, and 𝑃 <
0.001, resp.). Although the albumin and hemoglobin levels
decreased significantly 1 month after treatment (𝑃 = 0.036
and 𝑃 = 0.046, resp.), they improved compared with those
of 1 week after treatment. However, neither PT-INR nor the
Child-Pugh score changed significantly between before and
after treatment.

3.3. Adverse Events. Major adverse events observed in 32
PSE with TACE procedures (in 21 patients) were shown in
Table 3. Thirteen patients underwent the procedure once,
5 underwent the procedure twice, and 3 underwent the
procedure thrice. In >30% procedures, increased levels of
aspartate aminotransferase (AST)/alanine aminotransferase
(ALT), pain, ascites, and increased level of blood bilirubin
were observed. Most of these adverse events improved
without treatment or with only conservative treatment. PSE
often causes severe complications such as splenic abscess,
splenic rupture, pneumonia, refractory ascites, and pleural
effusion [11, 12]. Neither splenic rupture nor pneumonia was
observed in this study.Although splenic abscesswas observed
in one patient, hewas improved by systemic administration of
antibiotics. Although fourteen and 5 patients exhibited ascites
and pleural effusion, respectively, these complications were
temporary but not refractory.

One patient died because of liver failure. He had multiple
HCCs that occupied >50% of the liver and underwent PSE
with TACE in a wide area of the liver. One patient developed
portal vein thrombosis. A reevaluation of the dynamic CT
images revealed a mural thrombus in the portal vein before
treatment.The thrombus resolved following warfarin admin-
istration.

4. Discussion

PSE is a useful procedure to improve hypersplenism and
portal hypertension and their complications [13–18]. How-
ever, there are only a few reports that are available about
PSE in patients with HCC [19–21]. In those reports, PSE
with TACE was mainly performed to decrease complications
of portal hypertension such as variceal bleeding. However,
endoscopic therapy is the method most commonly used to
prevent variceal bleeding. Considering that PSE has several
severe complications [13, 22], the advantage of PSE was rela-
tively small with regard to the treatment of gastroesophageal
varices. Systemic chemotherapy using anticancer agents such
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Table 2: Changes of the laboratory data between before treatment and 1 month after partial splenic embolization with transarterial
chemoembolization.

Pretreatment After 1 week After 1 month
Data Data Mean of difference 𝑃 value Data Mean of difference 𝑃 value

Platelet counts (×104/mm3) 4.3 ± 0.6 5.6 ± 2.1 0.9 (−0.1 to 2.0) 0.083 9.3 ± 4.0 4.9 (3.2 to 6.7) <0.001
Hemoglobin (g/dL) 12.3 ± 1.8 11.5 ± 2.0 −0.7 (−1.2 to 0.2) 0.012 11.8 ± 1.4 −0.5 (−1.0 to −0.0) 0.046
Neutrocyte counts (/mm3) 1,878 ± 851 4,269 ± 2,797 2,241 (1,016 to 3,047) 0.001 2,565 ± 1,055 687 (408 to 965) <0.001
Total bilirubin (mg/dL) 1.5 ± 0.8 1.7 ± 0.8 0.2 (0.0 to 0.5) 0.063 1.3 ± 0.6 −0.2 (−0.4 to 0.0) 0.039
Albumin (g/dL) 3.6 ± 0.2 3.2 ± 0.4 −0.4 (−0.6 to −0.3) <0.001 3.5 ± 0.3 −0.1 (−0.3 to 0.0) 0.036
PT-INR 1.16 ± 0.14 1.21 ± 0.21 0.03 (−0.01 to 0.07) 0.123 1.12 ± 0.14 −0.04 (−0.08 to 0.01) 0.092
Child-Pugh score 5.8 ± 0.9 6.3 ± 0.7 0.5 (0.1 to 0.9) 0.021 5.9 ± 0.7 0.1 (−0.3 to 0.4) 0.748
PT-INR, prothrombin time-international normalized ratio.

Table 3: Adverse events.

𝑛 = 32

Any grade
number (%)

≥grade 3
number (%)

Increased AST/ALT levels 24 (75) 9 (28)
Pain 19 (59) 0
Increased ALP level 15 (46) 0
Ascites 14 (44) 0
Increased bilirubin level 11 (34) 2 (6)
Anorexia 6 (19) 0
Pleural effusion 5 (16) 0
Fever 4 (13) 0
Decreased leukocyte counts 3 (9) 2 (6)
Increased PT-INR 3 (9) 2 (6)
Hyperkalemia 3 (9) 1 (3)
Hypocalcemia 3 (9) 0
Constipation 3 (9) 0
Increased CPK level 3 (9) 0
Decreased neutrocyte counts 2 (6) 2 (6)
Hyperuricemia 2 (6) 1 (3)
Nausea 2 (6) 0
Diarrhea 2 (6) 0
Hematoma 2 (6) 0
Increased creatinine level 2 (6) 0
Hepatic failure 1 (3) 1 (3)
Portal vein thrombosis 1 (3) 1 (3)
Splenic abscess 1 (3) 0
Splenic rupture 0 0
Pneumonia 0 0
AST, aspartate aminotransferase; ALT, alanine aminotransferase; ALP,
alkaline phosphatase; PT-INR, prothrombin time-international normalized
ratio; CPK, creatine phosphokinase.

as sorafenib is now available for patients with advanced
HCC. However, patients with severe thrombocytopenia, one
of the complications of hypersplenism, cannot be treatedwith
systemic chemotherapy because of chemotherapy-induced
platelet-decreasing effect. Improving the severe thrombocy-
topenia enables those patients to receive systemic chemother-
apy. No reports have considered the use of PSE to introduce
systemic chemotherapy to patients with advanced HCC and
severe thrombocytopenia. Thus, we evaluated the efficacy

and safety of PSE for the purpose of introducing systemic
chemotherapy to patients with HCC.

Our treatment strategy for patients with HCC and severe
thrombocytopenia was simultaneous PSE and TACE. If the
first procedure did not achieve the goal, we repeated the
procedure when HCC progressed. This strategy has several
advantages. First, if PSE does not achieve the purpose in the
first session, patients undergo TACE. Second, thrombocy-
topenia may improve as well as portal hypertension, which
prevents other complications. Our results showed that >80%
of patients demonstrated an increase in platelet counts after
PSE with TACE. In addition, approximately 60% of patients
successfully received systemic chemotherapy for HCC. It
has been reported that recurrence of thrombocytopenia was
observed in some cases treated with PSE [3, 4]. Because more
than half of the patients received sorafenib administration
within one year after PSE in this study, continuous effect
of PSE against thrombocytopenia remains undetermined.
However, no patients withdrew or decreased the dose of
their systemic chemotherapy because of thrombocytopenia.
Taken together, these results indicate that TACE with PSE
is an effective method for patients with HCC and severe
thrombocytopenia.

Most of adverse events which occurred after PSE with
TACE were temporary and controllable. However, severe
adverse events including portal vein thrombosis and liver
failure occurred in two patients. One patient was complicated
with portal vein thrombosis, which was successfully treated
with warfarin, and the thrombus resolved gradually. The
other patient, who had been treated with PSE and TACE
in a wide area in the liver, died because of liver failure.
Considering that the extent of splenic infarcted area after
PSE was relatively high (77.0%), not only TACE but also
PSE may have been involved in liver failure. Previous reports
demonstrated that severe complications of PSE often develop
when the extent of infarcted area is >70.0% [13, 21, 22].
Therefore, liver failure might develop after PSE even without
simultaneous TACE in this case. Taken together, the PSE
treatment area should be <70.0% at one session in order
to prevent severe complications. This study had several
limitations. First, patient population was small. Second, our
study had only one arm andwe did not compare patients who
were treated with only TACE. Further studies are needed to
clarify the efficacy of PSE with TACE.
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5. Conclusion

In conclusion, PSE for patients with HCC severe thrombo-
cytopenia was useful to increase platelet counts and made
it possible to introduce systemic chemotherapy. PSE with
selective TACE is tolerable in most cases, but the extent of
PSE with TACE in a wide area of the liver may increase the
risk for fatal liver failure.
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Purpose. To investigate the liver volume change and the potential of early evaluation by contrast-enhanced magnetic reso-
nance imaging (MRI) using gadolinium-ethoxybenzyl-diethylenetriamine pentaacetic acid (Gd-EOB-DTPA) after portal vein
embolization (PVE). Materials and Methods. Retrospective evaluations of computed tomography (CT) volumetry of total liver
and nonembolized areas were performed before and 3 weeks after PVE in 37 cases. The percentage of future liver remnant (%FLR)
and the change ratio of %FLR (%FLR ratio) were calculated. Prospective evaluation of signal intensities (SIs) was performed to
estimate the role of Gd-EOB-DTPA-enhancedMRI as a predictor of hypertrophy in 16 cases.The SI contrast between embolized and
nonembolized areas was calculated 1 week after PVE. The change in SI contrast before and after PVE (SI ratio) was also calculated
in 11 cases. Results. %FLR ratio significantly increased, and SI ratio significantly decreased (both 𝑃 < 0.01). There were significant
negative correlations between %FLR and SI contrast and between %FLR and SI ratio (both 𝑃 < 0.01). Conclusion. Hypertrophy in
the nonembolized area after PVE was indicated by CT volumetry, and measurement of SI contrast and SI ratio in Gd-EOB-DTPA-
enhanced MRI early after PVE may be useful to predict the potential for hepatic hypertrophy.

1. Introduction

Portal vein embolization (PVE) of unilateral hepatic lobe
prior to extended hepatectomy can result in liver parenchy-
mal ischemia and induce contralateral liver hypertrophy [1–
3]. This change is induced by growth factors such as hepa-
tocyte growth factor (HGF), transforming growth factor-𝛼
(TGF-𝛼), and epidermal growth factor (EGF) produced by
the intestine and carried into the portal vein [4, 5]. They are
stimulated after PVE, and hepatocyte growth is promoted
as they flow into the nonembolized area preferentially [4–
6]. In such cases, it is important to predict the future
liver remnant (FLR) volume to perform the surgery safely.
However, there is no consensus on early predictive factors
based on imaging.

Gadolinium-ethoxybenzyl-diethylenetriamine pentaace-
tic acid (Gd-EOB-DTPA) has been used in clinical prac-
tice as a magnetic resonance (MR) contrast agent. After
intravenous injection, Gd-EOB-DTPA is metabolized by 2
routes: receptor-specific uptake in hepatocytes with sub-
sequent biliary excretion and glomerular filtration in the
kidney with subsequent urinary excretion. It is eliminated
in urine and feces in almost equal amounts (43.1–53.2%
and 41.6–51.2%, resp.) [7, 8]. In biliary excretion, Gd-EOB-
DTPA is gradually taken up by hepatocytes and eventually
excreted via the biliary pathway without any change in its
chemical structure [7, 8], and it has also been used for
the evaluation of liver function in recent years [7, 9–14].
Based on these considerations, we assumed that change in
signal intensity (SI) in Gd-EOB-DTPA-enhanced magnetic
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(a) (b)

Figure 1: PVE procedure. (a) Direct portogram after portal vein branches were punctured via a transhepatic approach under ultrasound
guidance. (b) Final portogram showing occlusion of the target portal vein branches and the patency of the veins supplying the nonembolized
lobe.

resonance imaging (MRI) could be applied in the assessment
of liver parenchymal damage after PVE, andGd-EOB-DTPA-
enhanced MRI could facilitate early predictions based on
imaging. The purposes of this study were to investigate the
volume change in PVE prior to extended hepatectomy by
computed tomography (CT) volumetry and the efficacy of
Gd-EOB-DTPA-enhanced MRI early after PVE to predict
potential compensated hepatic hypertrophy.

2. Materials and Methods

2.1. Patients. This study was approved by the ethics commit-
tee of our hospital. All patients provided written informed
consent to receive the iodine contrast agent, Gd-EOB-DTPA,
and PVE and to participate in this study. Thirty-seven
patients (27 men and 10 women) with a median age of 71
years (range, 57–83) underwent PVE prior to extended hepa-
tectomy between January 2006 and December 2013 (Table 1).
Of these, 33 underwent right portal vein embolization, and
4 whose left portal veins were occluded by tumor under-
went anterior segmental PVE. The underlying diseases were
18 hilar cholangiocarcinomas, 7 hepatocellular carcinomas,
5 intrahepatic bile duct cancers, 4 gallbladder cancers, 2
metastatic liver cancers, and 1 cystic duct cancer. Twenty-
seven patients underwent extended right hepatectomy, and
2 patients underwent extended left hepatectomy. The other 8
patients could not undergo their predetermined operations
because of a rapid increase in the size of the tumor or the
emergence of lymph node metastases. Although 6 of the 7
patients with hepatocellular carcinoma had liver cirrhosis, all
exhibited almost normal liver function (the Child-Pugh score
was Grade A). The other 31 patients had normal livers.

All 37 patients underwent CT volumetry prior to PVE
and at 21 ± 4.4 days after PVE. Additionally, prospective
evaluation of Gd-EOB-DTPA-enhancedMRI was performed
in 16 patients (12 men, 4 women; median age, 70.5 years;
range, 57–83 years) who underwent PVE between January
2011 and December 2013.

2.2. PVE Technique. All patients underwent PVE under local
anesthesia approximately 3 weeks before the scheduled date

Table 1: Patient characteristics (𝑛 = 37).

Parameters Patients, 𝑛 = 37
Sex (men/women) 27/10
Age (median [range]) 71 (57–83)
Underlying disease

Hilar cholangiocarcinoma 18
Hepatocellular carcinoma 7
Intrahepatic bile duct cancer 5
Gallbladder cancer 4
Metastatic liver cancer 2
Cystic duct cancer 1

Operative procedure
Extended right hepatectomy 27
Extended left hepatectomy 2
None∗ 8

Embolized vessel
Right portal vein 33
Anterior segmental branch 4

∗Operation could not be performed owing to rapid increase in tumor size
and so forth.

of their surgery. Under ultrasound guidance, portal vein
branches were punctured via a transhepatic approach with
an 18G needle (PTC needle, Hakko, Japan), and a size
5- or 6-French sheath (Super Sheath, MEDIKIT, Miyazaki,
Japan) was inserted. Direct portography (Figure 1(a)) was
achieved via a 4-French cobra catheter (C-MRT, MEDIKIT,
Japan). Depending on the anatomy of the portal vein and
the therapeutic purpose involved, the origin of the right
portal vein or the anterior and/or the posterior branches were
occluded with a balloon catheter (Selecon MP catheter II,
TERUMO, Japan). Amixture of absolute ethanol and iodized
oil (10–20mL of absolute ethanol (maximum 0.4mL/kg)
mixed with iodized oil at a ratio of 2 : 1 ethanol : oil) was
infused via a sheath or the tip of the balloon catheter.
Twentyminutes after injection, embolization of the ipsilateral
lobe and patency of the remnant lobe were confirmed
(Figure 1(b)).
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Figure 2: CT and MRI findings before and after PVE. (a) Contrast-enhanced CT before PVE showing a homogenous enhancement effect in
the whole liver parenchyma. (b) CT 3 weeks after PVE of the right portal vein, showing accumulation of iodized oil mixed with ethanol in the
right hepatic lobe and hypertrophy of the left lobe. (c) Gd-EOB-DTPA-enhancedMRI before PVE, also showing a homogenous enhancement
effect. (d) Gd-EOB-DTPA-MRI 1 week after PVE of the right portal vein, showing a reduction in SI in the right hepatic lobe.

2.3. Retrospective Evaluation of CT Volumetry. Dynamic
enhanced CT was performed in all patients (𝑛 = 37) before
and approximately 3 weeks (21 ± 4.4 days) after PVE by
using mainly 64-line multidetector CT (Light Speed VCT,
GE Healthcare, USA). The images in the portal phase were
utilized for volumetry (Figures 2(a) and 2(b)). The areas of
the total liver and the nonembolized portion were measured
in each slice of 5mm in thickness, and then total liver volume
(TLV) and FLR were calculated from these data. The ratio of
TLV and FLR (FLR × 100/TLV) was defined as the %FLR,
and the ratio of %FLR before and after PVE (post-%FLR/pre-
%FLR) was defined as the %FLR ratio.

2.4. Prospective Evaluation of Signal Intensity Change in
Gd-EOB-DTPA-Enhanced MRI. To estimate the relationship
between the degree of SI contrast after PVE and the vol-
ume change, Gd-EOB-DTPA-enhanced MRI was performed
approximately 1 week after PVE (7.31±1.2days) in 16 patients.
Of these, 11 patients also underwent MRI before PVE. In all
cases, a 1.5 T MRI system (Intera, Philips, The Netherlands)
was used.The parameters used were 3DGRE, TR 3.36ms, TE
1.08ms, and a flip angle of 15∘. The images were obtained 15
minutes after the injection of Gd-EOB-DTPA (Figures 2(c)
and 2(d)).

Average SIs in liver parenchyma without vessel and
bile duct in the embolized and nonembolized areas were
measured in 3 slices from each area. The ratio of the average

SIs in the embolized area and the nonembolized area (SI in
embolized area/SI in nonembolized area) was defined as SI
contrast. Furthermore, the ratio of the SI contrast before and
after PVE (post-SI contrast/pre-SI contrast) was defined as
the SI ratio.

2.5. Statistical Analysis. All data were analyzed with the
Statistical Package for the Social Sciences software (version
20, SPSS, Chicago, IL). The changes in %FLR and SI con-
trast were analyzed with Student’s 𝑡-test. The correlations
between %FLR ratio and both post-SI contrast and SI ratio
were analyzed via Spearman’s correlation. Differences with a
significance value of 𝑃 < 0.05 were considered statistically
significant.

3. Results

The PVE procedure was successfully performed in all
patients. There were 28 patients with fever of more than
37.5∘C, and all fevers subsided within 5 days. Eleven patients
required nonsteroidal anti-inflammatory drugs for abdom-
inal pain. None of the patients showed pulmonary com-
plications such as pulmonary hypertension and embolism
on clinical examination (less than Grade 1 in Common
Terminology Criteria for Adverse Events version 4.0). Other
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Figure 3: Changes in %FLR. (a) %FLR increased significantly after PVE in all 37 cases (𝑃 < 0.001). (b) In 33 cases in which the right portal
vein branch was embolized, %FLR increased significantly after PVE (𝑃 < 0.001). (c) In 4 cases in which the anterior segmental portal vein
was embolized, there was not a statistically significant difference in %FLR before and after PVE (𝑃 = 0.122).

major complications that could potentially impede the oper-
ation did not occur. Twenty-nine patients could undergo the
scheduled operation. Although the other 8 patients could not
undergo their predetermined operations, this was not due to
any adverse effect of PVE but due to acute progression of
cancer.

3.1. Changes in %FLR. The mean pre-%FLR and post-%FLR
values were 35% ± 6% and 44% ± 7%, respectively. %FLR

increased significantly after PVE (𝑃 < 0.001, Figure 3(a)). In
the patientswhose right portal vein brancheswere embolized,
the mean pre-%FLR was 35% ± 6% and the mean post-
%FLR was 45% ± 7%. %FLR increased significantly after
PVE (𝑃 < 0.001, Figure 3(b)). In patients whose anterior
segmental portal veins were embolized, the mean pre-%FLR
was 30%± 9% and themean post-%FLRwas 37% ± 5%.There
was no significant difference in %FLR before and after PVE
(𝑃 = 0.122, Figure 3(c)).
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Figure 4: Changes in SI contrast. (a) SI contrast decreased significantly after PVE (𝑃 < 0.001) in 11 patients who underwent Gd-EOB-DTPA-
enhanced MRI before and after PVE. (b) In 9 patients whose right portal vein branches were embolized, SI contrast decreased significantly
(𝑃 < 0.001).

3.2. Pre-SI Contrast and Post-SI Contrast. The mean pre-SI
contrast was 1.01 ± 0.06, and the mean post-SI contrast was
0.87 ± 0.10. SI contrast decreased significantly after PVE
(𝑃 < 0.001, Figure 4(a)). In the patients whose right portal
vein branches were embolized, the mean pre-SI contrast was
1.01 ± 0.07 and the mean post-SI contrast was 0.84 ± 0.08. SI
contrast decreased significantly (𝑃 < 0.001, Figure 4(b)). In
the cases of anterior segmental portal vein embolization, the
mean pre-SI contrast was 1.02 ± 0.00 and the mean post-SI
contrast was 1.01±0.04.There was not a significant difference
in SI contrast before and after PVE (𝑃 = 0.66).

3.3. %FLR, Post-SI Contrast, and SI Ratio. There were sig-
nificant negative correlations between %FLR ratio and post-
SI contrast (𝑃 = 0.005, Figure 5) and between %FLR
ratio and SI ratio (𝑃 = 0.001). In the patients whose
right portal vein branches were embolized, the difference
in the negative correlation between %FLR ratio and post-SI
contrast was not statistically significant (𝑃 = 0.065). There
was a significant negative correlation between %FLR ratio
and SI ratio (𝑃 = 0.007). In the cases of anterior segmental
portal vein embolization, the correlations could not be
informatively analyzed because the number of cases was not
large enough.

4. Discussion

Generally, the degree of hepatocyte proliferation is directly
proportional to the degree of stimulation [15]. Surgical
resection or trauma can encourage the rapid growth of viable
hepatocytes in the remnant liver, and liver function can
normalize within 2 weeks, even where the damage extends to
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Figure 5:The correlations between%FLR ratio and post-SI contrast.
There was a significant negative correlation between%FLR ratio and
post-SI contrast (𝑃 = 0.005) in 16 patients who underwentGd-EOB-
DTPA-enhanced MRI after PVE.

up to two-thirds of the liver [16–18]. On the other hand, the
peak in the generation of hepatocytes after PVE is delayed
3-4 days in comparison with that after liver resection [6];
apoptosis after PVE is thought to be weaker than that after
liver resection. Thus, it takes approximately 2–6 weeks to
achieve sufficient hypertrophy of the residual parenchyma [1].
It is important to accurately predict potential compensated
hepatic hypertrophy early after PVE to facilitate safe surgery.
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To evaluate the damage to hepatocytes after PVE, we
prospectively measured the SI change in Gd-EOB-DTPA-
enhanced MRI based on the following rationale. The SI of
liver parenchyma after injection of Gd-EOB-DTPA depends
on its uptake by hepatocytes and biliary excretion [7, 9–14].
Uptake of Gd-EOB-DTPA shortens the T1 relaxation time
of the liver [9–14]. It is also known that liver damage com-
promises the transporter that incorporates Gd-EOB-DTPA
[10, 14]. Therefore, insufficiency of hepatocytes impedes the
uptake of Gd-EOB-DTPA and decreases SI [10]. In this study,
post-SI contrast was significantly reduced in comparisonwith
pre-SI contrast. This suggests that PVE results in inhibition
of the incorporation of Gd-EOB-DTPA in embolized areas.
Thus, the reduction in SI contrast may reflect the degree of
liver damage.

A significant negative correlation between %FLR and
SI ratio was observed in this study; lower SI contrast was
associated with higher %FLR. Thus, it could be considered
that the FLR volume will increase more if the damage to
the embolized area and the reduction in uptake of Gd-EOB-
DTPA are more severe. On the basis of the principle of
hepatocyte regeneration, the uptake of Gd-EOB-DTPA in the
nonembolized area might increase. Hence, if the difference
in the degree of contrast enhancement by Gd-EOB-DTPA
between the embolized andnonembolized areas is greater, the
FLR volume may be predicted to increase more. The same
result was apparent in the patients whose right portal vein
branches were embolized.

On the other hand, in the patients whose anterior
segmental portal veins were embolized, %FLR did not
increase as in the patients whose right portal vein branches
were embolized. Furthermore, the mean SI contrast hardly
changed (from 1.02 to 1.01), in contrast to the significant
decrease in the mean from 1.01 to 0.84 evident in the cases of
right portal vein embolization. We surmise that the reason is
as follows. Occlusion of left portal venous branches by tumor
invasion or oppression had occurred gradually in the course
of tumor progression at the time of PVE. In this process, a
gradual influx of the growth factors into the total right lobe
had already commenced; hence, the degree of stimulation of
hepatocyte generation in the posterior lobe after PVE of the
anterior segmental branch only was not sufficient, being less
than that of the patients who underwent PVE of the whole
right portal vein.

In this study, although the patients whose SI contrast
decreased significantly in Gd-EOB-DTPA-enhanced MRI
achieved acceptable hypertrophy, the patients whose SI
contrast changed only slightly did not achieve sufficient
hypertrophy.This suggests that hypertrophy of nonembolized
area is less likely to be achieved in cases with negative SI
change 1 week after PVE. At that time, switching to another
treatment instead of surgery or additional procedures such as
arterial embolization can be considered.This decision can be
made earlier than in cases followed only by CT performed 3
weeks after PVE. Thus, Gd-EOB-DTPA-enhanced MRI soon
after PVE may provide useful information with regard to
selecting an adequate therapeutic alternative, even in the
patients with rapidly growing tumors.

Our study has 2 main limitations. We utilized the ratio
of embolized and nonembolized areas as an indicator of the
uptake of Gd-EOB-DTPA, and these data were considered
adequate for prediction of the degree of liver volume change
after PVE. However, some studies have used absolute values
corresponding to T1 relaxation times via the look-locker
sequence for the evaluation of liver function [19–21], and we
are considering further evaluation using these parameters for
the early evaluation of PVE. Second, our sample size was not
large, which limited the capacity for analysis of all factors
affecting %FLR and SI contrast. Particularly, differences in
the parameters of hepatocytes between the right and left
hepatic lobes would be more informatively identified with a
larger number of patients; we are planning a subsequent study
focusing on this aspect.

In conclusion, the tendency for hypertrophy to develop in
the nonembolized area after PVE of the right portal branch
was indicated by CT volumetry. Moreover, the SI contrast
measurement between the embolized and nonembolized
areas in Gd-EOB-DTPA-enhanced MRI 1 week after PVE
may be a feasible predictor of the potential for hepatic
hypertrophy.
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The aim of this study was to evaluate the efficacy and safety of transcatheter arterial chemoembolization (TACE) using warmed and
nonwarmed miriplatin for hepatocellular carcinoma. Eighty patients (117 nodules), treated between January 2010 and June 2013,
were evaluated.Thirty-two and 85 nodules were treatedwith nonwarmed andwarmedmiriplatin, respectively.The efficacy of TACE
was evaluated on a per nodule basis according to treatment effect (TE). Adverse events were evaluated according to the Common
Terminology Criteria for Adverse Events (CTCAE) v4.0. TE grades were significantly improved in the warmed group compared
to the nonwarmed group (nonwarmed: TE 4, 12.5%; TE 3, 0%; TE 2, 15.6%; TE 1, 71.9%; warmed: TE 4, 34.1%; TE 3, 5.9%; TE 2,
9.4%; TE 1, 50.6%; P = 0.017). Multivariate analysis revealed significant impact of warming miriplatin on objective response rate
(odds ratio, 12.35; 95% confidence interval, 2.90–90.0; P = 0.0028). CTCAE grades of elevated aspartate and alanine transaminase
after TACE were significantly higher in the warmed group (P = 0.0083 and 0.0068, resp.); however, all adverse events were only
transient. The use of warmed miriplatin in TACE significantly improved TE without causing serious complications.

1. Introduction

Transcatheter arterial chemoembolization (TACE) is a stan-
dard therapy for intermediate stage unresectable hepatocel-
lular carcinoma (HCC) [1]. Previous randomized controlled
studies have shown that TACE prolongs survival and controls
symptoms of HCC [2, 3].

Doxorubicin, epirubicin, cisplatin, andmitomycinChave
been widely used as chemotherapeutic agents, either alone
or in combination [4]. It is known that epirubicin, cisplatin,
and mitomycin C can cause arteritis after injection, leading
to hepatic artery occlusion and development of extrahepatic
collateral pathways [5]. This change in vascular anatomy
can make repetitive TACE difficult and limits the long-term
efficacy of TACE.

A new platinum agent, miriplatin ((SP-4-2)-[(1R,2R)-
cyclohexane-1,2-diamine-N,N] bis (tetradecanoato-O)

platinum monohydrate; Dainippon Sumitomo Pharma,
Osaka, Japan), was recently developed [6, 7]. It is a lipophilic
platinum complex that can be easily suspended in Lipiodol
(Guerbet, Aulnay-sous-Bois, France) and gradually releases
active platinum compounds in tumor tissue [7]. According
to the experience in our facility (296 sessions of TACE using
miriplatin in the past 4 years), miriplatin is likely to cause
minimal damage to the hepatic artery (unpublished data).
Thus, TACE using miriplatin can be performed repeatedly as
needed [8].

Another advantage of miriplatin is its less severe toxicity
profile compared to other agents, resulting from gradual
release of platinum into serum [9, 10].

Less damage to feeding arteries and less severe adverse
effects make miriplatin suitable for TACE; however, when
compared to other agents, the clinical outcomes of TACE
using miriplatin have not been satisfactory [11–13]. It has
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been reported that the high viscosity and the large oil droplet
of miriplatin can cause early occlusion of feeding vessels,
leading to inadequate accumulation in tumors [11]. The
viscosity ofmiriplatin suspension has been shown to decrease
as temperature increases, dropping from 50mPa⋅s at 25∘C
to 12mPa⋅s at 60∘C [14, 15]. Therefore, local tumor control
could be improved by using warmed miriplatin in TACE,
as warming miriplatin will reduce its viscosity and increase
miriplatin accumulation in the tumor.

Thus, the purpose of this study was to evaluate and com-
pare the efficacy of nonwarmed miriplatin versus warmed
miriplatin in TACE and to review the adverse events in both
treatment groups.

2. Materials and Methods

This study was approved by the local institutional review
board. The review board waived the need for informed
consent given the retrospective design of the study.

2.1. Patients. Patientswere eligible for this retrospective study
if theywere diagnosedwithHCCby either contrast-enhanced
dynamic computed tomography or dynamic magnetic reso-
nance imaging using gadolinium ethoxybenzyl diethylenetri-
amine pentaacetic acid. A total of 100 patients (140 nodules)
were initially selected andmet all the following requirements:
1 nodule per hepatic segment and a well-demarcated and
hypervascular lesion (Figure 1). Among those, 20 patients
(23 nodules) were excluded for the following reasons: 6
patients (7 nodules) for difficulty in selective catheterization
of the feeding artery (beyond the second branch of the
proper hepatic artery); 9 patients (11 nodules) for massive
arterioportal shunts (A-P shunt) in which a segmental portal
veinwas visualized onhepatic arteriography; and 5 patients (5
nodules) for inadequatemiriplatin accumulation in the target
lesion because of large tumor size or anastomosis with vital
vessels (pericardial and pulmonary veins) (Figure 1).

A total of 80 patients (117 nodules) were finally selected
(Figure 1). TACE with nonwarmedmiriplatin was performed
on 22 patients (32 nodules) between January 2010 and
December 2010. This included 17 men and 5 women, with a
median age of 68 years (range, 51–83 years) (Table 1). TACE
using warmed miriplatin was initiated in January 2011 in
order to improve local tumor control by reducing viscosity.
Fifty-eight patients (85 nodules) were treated with warmed
miriplatin between January 2011 and June 2013.This included
34 male and 24 female patients, with a median age of 73 years
(range, 50–91 years) (Table 1).

2.2. Treatment Procedure. The entire treatment procedure
was performed under local anesthesia by administering
lidocaine subcutaneously. A 4-French sheath (Super Sheath;
Medikit, Miyazaki, Japan) was inserted via the femoral
artery. Feeding arteries were routinely selected beyond the
second branch of the proper hepatic artery and were can-
nulated with 2.0-French microcatheters (Gold Crest-MRT;
Koshin medical, Tokyo, Japan). The miriplatin suspension
was prepared by directly mixing miriplatin powder with

lipiodol. The miriplatin/lipiodol suspension was prepared
at 25∘C for the nonwarmed miriplatin group. For prepar-
ing warmed miriplatin, lipiodol was mixed with miriplatin
powder first and then the miriplatin/lipiodol suspension
was immersed in a hot water bath for more than 5 min-
utes, which was kept at 55∘C as measured using a ther-
mometer inside a clean container placed in an electric
range. The stability of miriplatin/lipiodol suspension at
this temperature was confirmed by the manufacturer. The
standard full dosage of the TACE protocol was miriplatin
120mg. The miriplatin/lipiodol suspension was adminis-
tered slowly under fluoroscopic guidance immediately after
preparation without causing reflux, until the vascular bed
of the target nodule was fully filled with the suspension,
as confirmed under fluoroscopy. Thus, the amount of the
miriplatin/lipiodol suspension was not predetermined, but
rather decided by angiographic findings. Finally, the feeding
arteries were embolized with ready-made 2 mm pieces of
gelatin sponge (Gelpart; Nippon Kayaku, Tokyo, Japan), until
complete stasis of the feeding arteries was obtained.

2.3. Evaluation of Treatment Effect. The response to TACE
was evaluated on a per nodule basis, according to the 4-grade
system: treatment effect (TE) grades 1–4 [16]. Pretreatment
nodule size was measured using the most recent image
(within 3 months) prior to the first treatment. The product
of long and short axes length in the maximum cross section
was calculated for each nodule before and after TACE, and
nodules were classified according to the change in size: grade
4 (TE 4), 100% reduction in size or complete tumor necrosis;
grade 3 (TE 3), 50% to 100% reduction in size; grade 2 (TE
2), <50% reduction to <25% increase in size; and grade 1
(TE 1), more than 25% increase in size. Objective response
rate (ORR), defined as the proportion of TE 3 and 4 cases
to the total, and disease control rate (DCR), defined as the
proportion of TE 2, 3, and 4 cases to the total, were compared
between the nonwarmed and warmedmiriplatin groups.The
dose of miriplatin used in each session was also compared
between the 2 groups. Multivariate analysis was performed
to identify factors that had significant influence on ORR.

2.4. Evaluation of the Effect of Anticancer Agents on theHepatic
Artery. Arterial damage to the hepatic artery was defined as
vessel irregularity, stenosis, or occlusion. It was evaluated on a
per regimen basis, independent of other analyses. All patients
were assigned to three groups according to anticancer agent
used in TACE: epirubicin/cisplatin, nonwarmed miriplatin,
and warmed miriplatin, considering both past treatment
and the treatment included in this study. Therefore, patients
with multiple treatment history using different agents were
assigned to more than one group. Preoperative arterial
damage was evaluated with celiac arteriography prior to the
treatment using each agent. Postoperative celiac arteriogra-
phy before the usage of other agents was compared with the
preoperative one. Damage to the hepatic artery was evaluated
according to the 5-grade system: grade 0, no obvious damage;
grade 1, irregular vessel wall; grade 2, vessel narrowing; grade
3, stenosis; and grade 4, occlusion. Severe damagewas defined
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Figure 1: Patient enrollment. Gray boxes indicate patients excluded from the study. TACE: transcatheter arterial chemoembolization; A-P:
arterioportal.

as grade 3 and grade 4. The level of arterial damage was
classified into 4 levels: level 1, the proper hepatic artery; level
2, lobar branches; level 3, segmental branches; and level 4,
subsegmental branches. Development of A-P shunt was also
evaluated. The evaluation was performed by two observers
(D.Y and T.M), independently and blinded to each other.
After individual evaluation, the findings were disclosed and
discrepancy in the findings was discussed by 2 observers.

2.5. Follow-Up. Either contrast-enhanced computed tomog-
raphy or magnetic resonance imaging was performed every 3
to 6 months after TACE.The end of the follow-up period was
defined as either the last patient visit or the addition of other
treatments: TACEwith other agents, radiofrequency ablation,
or surgery. The entire follow-up period was completed in
September 2013.

2.6. Adverse Events. Common Terminology Criteria for
Adverse Events (CTCAE) version 4.0 was used to evaluate
the safety of TACE using warmed miriplatin. Adverse events
were evaluated on a per treatment session basis. Levels of
aspartate transaminase (AST), alanine transaminase (ALT),
total bilirubin, and complete blood counts were measured,
and pre- and postoperative values were compared between
the 2 groups. Eosinophilia, which is among the charac-
teristic adverse events of miriplatin (defined as more than
450 cells/𝜇L), was also evaluated. Data obtained closest to the
first treatment (within 1 month) were used as preoperative
values. Either peak or trough data after the procedure were
evaluated. Abnormal values were monitored to check for
their return to the baseline. Incidence of constitutional
symptoms, such as pyrexia and vomiting, was reviewed.
Severe complications, such as liver failure, liver infarction,
liver abscess, and bile duct necrosis, were also reviewed.

2.7. Statistical Analysis. Statistical analysis was performed
using R 2.15.1 (CRAN: the Comprehensive R Archive Net-
work at http://cran.r-project.org/). The parameters related to
the patient and nodule characteristics, details of treatment,
and adverse events were assessed with the Student’s t-test,
the Mann-Whitney U-test, and the Fisher’s exact test. TE
grades were assessedwith theMann-WhitneyU-test. Logistic
regression analysis was performed to identify factors that
had significant impact on ORR, among potential prognostic
factors: sex, hepatitis B virus infection, tumor size, values of
𝛼-fetoprotein (AFP) and des-gamma-carboxyprothrombin
(DCP), Barcelona Clinic Liver Cancer (BCLC) stage, history
of TACE, warming miriplatin, dose of miriplatin, and pre-
operative severe hepatic arterial damage [17–19]. Two-way
ANOVA test was performed to reveal interaction between
previous treatment history or preoperative severe arterial
damage and warming miriplatin. Kappa value was calculated
to assess the degree of interobserver agreement in evaluation
of the hepatic arterial damage.

3. Results

3.1. Demographic Data and Tumor Profiles. Demographic
data and parameters related to the patients and nodules
are summarized in Table 1. No significant differences in
age, sex, etiology of underlying chronic liver disease, Child-
Pugh score, BCLC stage, or performance status (Eastern
Cooperative Oncology Group classification) were observed
between the nonwarmed and warmedmiriplatin groups (𝑃 =
0.086, 0.10, 0.093, 0.73, 0.72, and 0.15, resp.). Preoperative
AFP and DCP values were not available in 9 cases. No
significant difference was observed in AFP and DCP values
and nodule size (the product of long and short axes length)
(𝑃 = 0.80, 0.15, and 0.72, resp.).
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Table 1: Profile of patients and nodules.

Nonwarmed group (n = 22) Warmed group (n = 58) P value
Age, years 68 (51–83) 73 (50–91) 0.086
Sex, n (%)

Male/female 17/5 (77.3/22.7%) 34/24 (58.6/41.4%) 0.10
Etiology, n (%) 0.093

HCV 14 (63.6%) 44 (75.9%)
HBV 1 (4.5%) 7 (12.1%)
Alcohol 5 (22.7%) 3 (5.2%)
Others 2 (9.2%) 4 (6.8%)

Child-Pugh, n (%) 0.73
5-6 (Class A) 13 (59.1%) 33 (56.9%)
7–9 (Class B) 8 (36.4%) 23 (39.7%)
10 (Class C) 1 (4.5%) 2 (3.4%)
Median score 6.4 6.5

BCLC stage, n (%) 0.72
0 (very early) 0 (0%) 0 (0%)
A (early) 0 (0%) 0 (0%)
B (intermediate) 8 (36.4%) 21 (36.2%)
C (advanced) 12 (54.5%) 36 (62.1%)
D (terminal) 2 (9.1%) 1 (1.7%)

PS, n (%) 0.15
0 6 (27.3%) 23 (39.7%)
1 13 (59.1%) 33 (56.9%)
2 2 (9.1%) 2 (3.4%)
3 1 (4.5%) 0 (0%)

AFP (ng/mL) 282.8 ± 723.1 415.5 ± 1454.3 0.80
DCP (mAU/mL) 1562.6 ± 5241.2 581.3 ± 2913.8 0.15
Nodule size (mm2) 388.6 ± 398.0 383.1 ± 468.0 0.72
History of TACE 18 (81.8%) 32 (55.2%) 0.038∗

Agent
EPI alone 8/18 (44.4%) 4/32 (12.5%)
CDDP alone 6/18 (33.3%) 12/32 (37.5%)
MPT alone 0/18 (0%) 5/32 (15.6%)
Multiple agents 4/18 (22.3%) 11/32 (34.4%)

Number of sessions 0.087
1 11/18 (61.1%) 17/32 (53.1%)
2 4/18 (22.2%) 9/32 (28.1%)
3 1/18 (5.6%) 4/32 (12.5%)
4–6 2/18 (11.1%) 2/32 (6.3%)

Preoperative severe arterial damage 7 (31.8%) 6 (10.3%) 0.037∗
Follow-up period (months) 8.5 ± 7.6 (2–36) 7.7 ± 6.0 (2–29) 0.68
≥3 months 19 (86.4%) 49 (84.5%) 1.00
≥6 months 11 (50%) 31 (53.4%) 0.81

Interval between image and TACE (months)† 0.084
<1 month 26/29 (89.7%) 62/87 (71.3%)
1-2 months 1/29 (3.4%) 18/87 (20.7%)
2-3 months 2/29 (6.9%) 7/87 (8.0%)

Age is presented as median (range).
AFP, DCP, nodule size, and follow-up period are presented as mean ± standard deviation.
Range of follow-up period is shown in the parentheses.
∗P < 0.05.
†Interval between preoperative image and treatment was evaluated on a per treatment session basis.
HCV: hepatitis C virus; HBV: hepatitis B virus; AFP: alpha-fetoprotein; DCP: des-gamma-carboxyprothrombin; BCLC: Barcelona Clinic Liver Cancer; PS:
performance status (Eastern Cooperative Oncology Group classification); TACE: transcatheter arterial chemoembolization; EPI: epirubicin; CDDP: cisplatin;
MPT: miriplatin.
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Figure 2: Treatment effect. The bar graph shows the distribution of
treatment effect (TE) grades.

Eighteen cases (81.8%) and 32 cases (55.2%) had a
previous history of TACE in the nonwarmed and warmed
miriplatin groups, respectively (Table 1). Conventional
lipiodol-TACE was performed using epirubicin, cisplatin, or
miriplatin in previous sessions. Gelatin sponge was used as
embolization material. The ratio of nodules with previous
TACE history was significantly higher in the nonwarmed
miriplatin group (𝑃 = 0.038). No significant difference
was observed in the number of previous treatment sessions
between the 2 groups (𝑃 = 0.087).

No significant difference was observed in follow-up
period (𝑃 = 0.68). More than 80% of the nodules were
followed up for more than 3 months and about half of the
nodules were followed up for more than 6 months: longer
follow-up period than previous studies [20, 21]. Frequency of
preoperative severe arterial damage was significantly higher
in the nonwarmed group (𝑃 = 0.037). There was no
significant difference in the interval between preoperative
image evaluation and treatment between the 2 groups (𝑃 =
0.084).

3.2. Treatment Effect. Warming miriplatin had an impact on
TE grades. TE grades were significantly higher in the warmed
miriplatin group than in the nonwarmed miriplatin group
(𝑃 = 0.017; Figure 2). In the nonwarmed miriplatin group,
4 lesions were classified as TE 4 (12.5%), 0 as TE 3 (0%), 5
as TE 2 (15.6%), and 23 as TE 1 (71.9%); thus, ORR and DCR
were 12.5% and 28.1%, respectively. In contrast, in thewarmed
miriplatin group, 29 lesions were classified as TE 4 (34.1%), 5
as TE 3 (5.9%), 8 as TE 2 (9.4%), and 43 as TE 1 (50.6%); thus,
ORR and DCRwere 40.0% and 49.4%, respectively. ORR was
significantly higher in the warmed group (𝑃 = 0.0042), while
there was no significant difference in DCR (𝑃 = 0.059).

Table 2: Results of logistic regression analysis.

Factors Odds ratio (95% CI) P value
Sex (female) 0.39 (0.12–1.17) 0.10
HBV infection 0.30 (0.046–1.49) 0.16
Tumor size (mm2) 1.00 (1.00-1.00) 0.13
AFP (ng/mL) 1.00 (1.00-1.00) 0.16
DCP (mAU/mL) 1.00 (1.00-1.00) 0.14
BCLC stage C 0.77 (0.24–2.43) 0.66
BCLC stage D 36.55 (0.70–3635.77) 0.078
History of TACE 0.78 (0.27–2.24) 0.64
Warming miriplatin 12.35 (2.90–90.0) 0.0028∗∗

Miriplatin dose (mg) 0.99 (0.96–1.01) 0.43
Severe hepatic arterial damage 0.59 (0.10–2.73) 0.52
∗∗
𝑃 < 0.01.

CI: confidence interval; HBV: hepatitis B virus; AFP: alpha-fetoprotein;DCP:
des-gamma-carboxyprothrombin; BCLC: Barcelona Clinic Liver Cancer;
TACE: transcatheter arterial chemoembolization.

TACE using both nonwarmed miriplatin and warmed
miriplatin was performed on 3 nodules. TE 1 was obtained in
all cases after TACE using nonwarmed miriplatin. Treatment
effect improved to TE 4 in 1 case (Figure 3); however, no
improvement was observed in the other 2 nodules after
TACEusingwarmedmiriplatin. No significant differencewas
observed in the amount of administered miriplatin (33.5 ±
16.7mg in the nonwarmed miriplatin group versus 42.9 ±
29.8mg in the warmed miriplatin group; 𝑃 = 0.18).

Logistic regression analysis revealed that warming
miriplatin had a significant impact on ORR (odds ratio,
12.35; 95% confidence interval, 2.90–90.0; 𝑃 = 0.0028;
Table 2). Other factors did not have a significant impact on
ORR.

Since significant difference was observed in previous
treatment history and preoperative severe arterial damage,
two-way ANOVA test was performed to reveal interaction
between these factors and warmingmiriplatin. No significant
interaction was observed between previous treatment history
andwarmingmiriplatin (𝑃 = 0.24) and between preoperative
severe hepatic arterial damage and warming miriplatin (𝑃 =
0.38).

3.3. Angiographic Evaluation after TACE. Forty-three cases
were included in the epirubicin/cisplatin treatment group.
Thirty cases were included in the nonwarmed miriplatin
group, considering 8 cases in the warmed miriplatin group
with past treatment history using nonwarmed miriplatin.
Postoperative angiography was not available in 12 cases in the
warmed miriplatin group; therefore, 46 cases were included.

Discrepancy in arterial damage grade evaluation was
observed in 7 cases, while that in arterial damage level eval-
uation was observed in 2 cases with the epirubicin/cisplatin
group (𝜅 value: 0.71 and 0.77, resp.). Discrepancy in arterial
damage grade evaluation was observed in 2 cases with both
nonwarmed andwarmedmiriplatin groups (𝜅 value: 0.85 and
0.70, resp.). Agreement on arterial damage level was obtained
in all cases with the nonwarmed and warmed miriplatin
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Figure 3: A case of hepatocellular carcinoma treated with warmedmiriplatin. (a) Arterial phase of contrast-enhanced computed tomography
(CT) before treatment. The white circle shows an enhanced lesion compatible with hepatocellular carcinoma. (b) Common hepatic
arteriography showing a tumor stain (black circle). Occlusion and aneurysm formation are noted in the hepatic arterial branch, presumably
caused by previous transcatheter arterial chemoembolization (TACE) using cisplatin (black arrow). (c) Early phase ofCTduring arteriography
with the catheter tip placed in the common hepatic artery, 6 months after the first session of TACE using nonwarmed miriplatin. Obvious
enhancement was observed, which indicated recurrence (white circle). (d) Celiac arteriography showing tumor stain (black circle). (e)
Selective angiography with a microcatheter placed in a feeding artery. TACE was performed using warmed miriplatin in this session. (f)
Arterial phase of contrast-enhanced CT, 4 months after the second session of TACE. Lipiodol accumulated densely in the target lesion, and
the tumor size was decreased with no evidence of recurrence.
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Table 3: Evaluation of the effect of anticancer agents on the hepatic artery.

Epirubicin/cisplatin (𝑛 = 43) Nonwarmed miriplatin (𝑛 = 30) Warmed miriplatin (𝑛 = 46)
Damage grade

0 (no damage) 25 (58.1%) 22 (73.3%) 44 (95.7%)
1 (irregularity) 5 (11.6%) 6 (20.0%) 2 (4.3%)
2 (narrowing) 1 (2.4%) 0 (0%) 0 (0%)
3 (stenosis) 3 (7.0%) 0 (0%) 0 (0%)
4 (occlusion) 9 (20.9%) 2 (6.7%) 0 (0%)

Damage level
1 (PHA) 1/18 (5.6%) 0/8 (0%) 0/2 (0%)
2 (lobar branch) 3/18 (16.7%) 0/8 (0%) 0/2 (0%)
3 (segmental branch) 6/18 (33.3%) 3/8 (37.5%) 1/2 (50%)
4 (subsegmental branch) 8/18 (44.4%) 5/8 (62.5%) 1/2 (50%)

A-P shunt formation
Yes 2 (4.7%) 3 (10.0%) 0 (0%)
No 41 (95.3%) 27 (90.0%) 46 (100%)

Number of sessions
1 28 (65.1%) 24 (80.0%) 27 (58.7%)
2 10 (23.3%) 5 (16.7%) 14 (30.4%)
3 1 (2.3%) 1 (3.3%) 4 (8.7%)
4–6 4 (9.3%) 0 (0%) 1 (2.2%)

Data in this table were obtained from consensus of two radiologists.
PHA: proper hepatic artery; A-P shunt: arterioportal shunt.

groups. Agreement on A-P shunt formation was obtained
in all cases with all groups. Discrepancy in the findings was
discussed by two observers and consensus was formed in all
cases.

According to the consensus, severe arterial damage
was observed in 12 of 43 cases (27.9%) with the epiru-
bicin/cisplatin group, in 2 of 30 cases (6.7%) with the
nonwarmed miriplatin group, and in 0 of 46 cases (0%)
with the warmed miriplatin group (Table 3). There was no
significant difference in the number of treatment sessions
(𝑃 = 0.164).

3.4. Adverse Events. Severe complications, such as liver
abscess, bile duct necrosis, and liver infarction, and compli-
cations above CTCAE grade 4 were not observed in either
group. There was no 30-day mortality.

Grades of AST and ALT elevation after treatment were
significantly higher in the warmed miriplatin group (𝑃 =
0.0083 and 0.0068, resp.; Table 4), although no significant
difference was observed in preoperative values (𝑃 = 0.14
and 0.32, resp.). Return to the preoperative level within 1
month was observed in all cases, with the exception of 1 and
2 cases in the nonwarmed and warmed miriplatin groups,
respectively, in which sustained mild elevation of AST and
ALT (80–150 IU/L) was observed. These cases were managed
conservatively.

No significant difference was observed in grades of
anemia (𝑃 = 0.060; Table 4); however, transfusion was
necessary in 2 cases. No obvious relationship between anemia
and TACE was identified, and recovery to the preoperative

level was observed in all cases within 1 month. Data on
eosinophilia was missing in 2 sessions with the nonwarmed
miriplatin group and in 25 sessions with the warmed
miriplatin group. No significant difference was observed
in occurrence of eosinophilia (𝑃 = 0.26). No significant
difference was observed in other parameters.

4. Discussion

In this study, the improved efficacy of warmed miriplatin
compared to nonwarmed miriplatin when used in TACE for
HCC was demonstrated; both TE and ORR were improved
in the warmed miriplatin group. DCR was also better in the
warmed miriplatin group, although this difference was not
significant. No significant difference was observed in patient
profiles or parameters related to each nodule, except history
of TACE and preoperative severe hepatic arterial damage,
which was more frequent in the nonwarmed miriplatin
group. However, logistic regression analysis revealed that
these parameters had no significant impact on objective
response. Two-way ANOVA tests also revealed that there
was no significant interaction between these parameters and
warmingmiriplatin. On the contrary, Seko et al. reported that
history of TACE had significant impact on tumor response
[20]. This discrepancy in conclusion can be attributed to the
difference in evaluation method (modified RECIST versus
TE), since tumor response can be evaluated differently with
different criteria. Furthermore, they did not consider hepatic
arterial damage, which can have direct impact on tumor
response. Therefore this study gives more comprehensive
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Table 4: Adverse events.

Nonwarmed group (29 sessions) Warmed group (87 sessions) P value
AST (IU/L), n (%) 46.8 ± 22.4 59.1 ± 50.0 0.14

Grade 1 10 (34.5%) 24 (27.6%)
Grade 2 5 (17.2%) 20 (23.0%)
Grade 3 3 (10.3%) 26 (29.9%)
Grades 4-5 0 (0) 0 (0) 0.0083∗∗

ALT (IU/L), n (%) 35.9 ± 15.6 50.6 ± 56.2 0.32
Grade 1 8 (27.6%) 27 (31.0%)
Grade 2 1 (3.4%) 14 (16.1%)
Grade 3 4 (13.8%) 22 (25.3%)
Grades 4-5 0 (0) 0 (0) 0.0068∗∗

T-Bil (mg/dL), n (%) 1.03 ± 0.75 0.81 ± 0.39 0.25
Grade 1 5 (17.2%) 29 (33.3%)
Grade 2 3 (10.3%) 8 (9.2%)
Grade 3 0 (0) 0 (0)
Grades 4-5 0 (0) 0 (0) 0.22

WBC (/𝜇L), n (%) 3666 ± 1477 3840 ± 1604 0.59
Grade 1 1 (3.4%) 7 (8.0%)
Grade 2 1 (3.4%) 7 (8.0%)
Grade 3 3 (10.3%) 9 (10.3%)
Grades 4-5 0 (0) 0 (0) 0.38

Hb (g/dL), n (%) 12.0 ± 2.0 11.6 ± 1.9 0.32
Grade 1 3 (10.3%) 19 (21.8%)
Grade 2 1 (3.4%) 10 (11.5%)
Grade 3 1 (3.4%) 3 (3.4%)
Grades 4-5 0 (0) 0 (0) 0.060

Plt (×104/𝜇L), n (%) 9.2 ± 4.5 10.8 ± 5.0 0.20
Grade 1 5 (17.2%) 26 (29.9%)
Grade 2 7 (24.1%) 19 (21.8%)
Grade 3 2 (6.9%) 14 (16.1%)
Grades 4-5 0 (0) 0 (0) 0.11

Eosinophilia† 13/27 (48.1%) 22/62 (35.5%) 0.26
Pyrexia, n (%)

Grade 1 11 (37.9%) 35 (40.2%)
Grade 2 0 (0) 7 (8.0%)
Grades 3–5 0 (0) 0 (0) 0.22

Vomiting, n (%)
Grade 1 1 (3.4%) 3 (3.4%)
Grade 2 1 (3.4%) 0 (0)
Grades 3–5 0 (0) 0 (0) 0.42

Liver infarction 0 0 —
Liver abscess 0 0 —
Bile duct necrosis 0 0 —
Preoperative values of AST, ALT, T-Bil, WBC, Hb, and Plt are presented as mean ± standard deviation in the first row.
𝑃 values in the first row are for comparison of preoperative values, while values in the bottom row are for comparison of CTCAE grades.
∗∗P < 0.01
†Data on eosinophilia were missing in 2 sessions with the nonwarmed group and in 25 sessions with the warmed group.
AST: aspartate transaminase; ALT: alanine transaminase; T-Bil: total bilirubin; WBC: white blood cell; Hb: hemoglobin; Plt: platelets.

analysis; however, prospective trial withmatched background
is desirable to obtain appropriate conclusion.

TACE-induced hepatic arterial damage is a factor that
limits the efficacy of this treatment. Good interobserver
agreement was obtained in evaluation of the hepatic arterial
damage grade and level. Severe arterial damage, which can
interfere with injection of anticancer agents and lipiodol,
was less frequent with nonwarmed and warmed miriplatin,

compared to epirubicin/cisplatin (6.7% and 0%versus 27.9%).
More proximal arterial damage was observed with epiru-
bicin/cisplatin. These facts suggest that miriplatin is more
suitable for TACE due to its less severe arterial insult.

However, previous studies have shown inferior local
tumor control of TACE using miriplatin compared to other
agents, including cisplatin and epirubicin [11–13]. Iwazawa
et al. reported that the high viscosity of miriplatin suspension
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may result in early occlusion of tumor feeders before suffi-
cient accumulation of miriplatin in the tumor is obtained,
and this may be a major factor related to inferior local
tumor control [11]. The viscosity of miriplatin has been
shown to decrease with increasing temperature [14, 15]; a few
studies have revealed improved local tumor control when
investigating the efficacy of TACE using warmed miriplatin
[20, 21]. However, these studies showed only the short-term
TE (less than 3 months); in contrast, our study investigated
the longer-term TE (8.5 and 7.7 months in average with the
nonwarmed and warmed miriplatin groups, resp.). Another
advantage of our study is its practical study design; nodules
were followed up until treatments other than miriplatin-
TACEwere performed.Thus, the efficacy of miriplatin-TACE
was genuinely evaluated.

The reason why local tumor control can be improved
when usingwarmedmiriplatin remains unclear. According to
the hypothesis that agents with high viscosity cause proximal
occlusion of feeding arteries, warmed miriplatin, which is
therefore less viscous, can be injected to more distal parts
of feeding arteries. Distal vessels usually have more vascular
beds than proximal vessels, and thus the amount of injected
miriplatin suspension may be assumed to increase; however,
there was no significant difference in the miriplatin dose
between the nonwarmed and warmed miriplatin groups in
our study. Additional studies should be performed to reveal
the mechanism underlying the improved efficacy of TACE
using warmed miriplatin.

Despite the promising results, local tumor control in this
study was not comparable to that found in previous studies
on TACE usingmiriplatin [7, 9–12].This may be attributed to
the profile of cases included in this study. The levels of tumor
markers investigated in our study (AFP and DCP) were quite
high, and these markers are known to be negative prognostic
factors given their association with aggressive pathological
features [22–24]. Previous clinical studies have also shown
that cases with high AFP levels have poor prognoses [25, 26].

With regard to adverse events, CTCAEgrades ofAST and
ALT elevation were significantly higher in the warmed group.
There is no consensus on whether elevation of transaminase
levels after treatment is caused by damage to normal liver
parenchyma or tumor necrosis, so it is difficult to interpret
these data. Elevation of transaminase levels was only transient
and was managed conservatively. No significant difference
was observed in other parameters. Moreover, no serious
complications, such as liver infarction, liver abscess, and
bile duct necrosis, were observed in either group. These
findings indicate that adverse events of TACE using warmed
miriplatin are only transient.

Our findings provide evidence that warmed miriplatin
can improve the efficacy of TACE; however, this study has
some limitations. First, it is a retrospective study, and a
randomized controlled study should be considered to further
support these findings.There was asymmetry in the numbers
of nodules treated in the nonwarmed and warmed groups,
which was inevitable given the nature of a retrospective
study. This study presented preliminary results on the effi-
cacy of TACE using warmed miriplatin, and a prospective
clinical trial is going to be conducted. Second, in order to

establish the advantage of using miriplatin, the relationship
between survival benefit and repeatability of TACE should be
demonstrated. Moreover, the efficacy of TACE using warmed
miriplatin should be comparedwith TACEusing other agents
or microspheres.

5. Conclusions

This study demonstrated the safety and improved efficacy
of TACE using warmed miriplatin compared to nonwarmed
miriplatin for the treatment of HCC.
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Radiofrequency ablation (RFA) is an effective minimally invasive treatment for nonsurgical hepatocellular carcinoma (HCC),
but ablation of tumors close to the gallbladder could be associated with several complications. We report our experience on the
treatment of HCC close to the gallbladder with RFA. Eight RFA procedures were performed in eight patients with HCC larger than
3 cm and less than 5 cm close to the gallbladder. In all cases, a percutaneous approach was used.There were nomajor complications.
Only in two patients a minimal wall thickening of the gallbladder was observed. Contrast enhanced computed tomography carried
out after 30 days from the first procedure showed complete necrosis in seven patients (87%). Only one patient had local recurrence
at 11months of followup. Although limited, our experience suggests that, after careful preprocedural planning, in experienced hands
and with appropriate technology, percutaneous RFA could be safely performed even for lesions larger than 3 cm located in close
adjacency to the gallbladder.

1. Introduction

Hepatocellular carcinoma (HCC) is a leading cause of cancer-
related death worldwide, and the burden of this devas-
tating cancer is expected to increase further in coming
years [1]. Although surgical resection and liver transplant
are considered the gold-standard treatment modalities for
HCC, their use is limited by the liver function of patients
and lack of donors [2]. Nowadays nonsurgical treatments
such as radiofrequency thermoablation (RFA) have been
widely accepted as effective means of minimally invasive
treatment for nonsurgical HCC [3]. Nevertheless peripheral
tumors adjacent to extrahepatic organs were also suggested
to be unsuitable because of the risk of heat injury, such as
intestinal perforation and pleural effusion. Moreover when
these techniques are used to treat tumors that are located
in proximity of anatomic structures that might be injured
by the thermal process, such as gallbladder, complete tumor

removal is difficult to achieve without incurring the serious
risk of causing necrosis or perforation of the wall of the organ
[4]. For the above reason, patients with lesions in the so-
called high risk location could be commonly excluded from
interventional procedures.

Only a few authors suggested that percutaneous treat-
ment can be safely used to ablate tumors close to the gall-
bladder with some expedients. For example, a more cautious
approach can be that of using multiple ethanol injections
to eliminate the residual tumor adjacent to the gallbladder
after RFA [5]. Others suggest treating these lesions after the
injection of sterilized solution into the gallbladder fossa to
space out the tumor from the gallbladder [4]. Recently Jiang
et al. reported their experience with RFA without gallbladder
isolation assisted by a laparoscopic approach [6]. In this study
we reported our experience in 8 patients with HCC smaller
than 5 cm located in the so-called high risk site that were
treated with percutaneous RFA.
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2. Materials and Methods

FromDecember 2010 toOctober 2013 we performed percuta-
neous RFA in eight patients (5 men and 3 women) with liver
cirrhosis and with HCC close to the gallbladder (<1 cm in
distance). The mean tumor size was 3.2 cm (range: 2.4–4 cm)
and tumor edges were near gallbladder wall from 10 to 0mm.
All patients in our study were selected during the followup
for liver cirrhosis and the choice of the percutaneous ablative
treatment was carried out by the evaluation of a multidisci-
plinary team of hepatologists, surgeons, and interventional
radiologists [7]. The diagnosis of HCC was carried out in
accordance with the guidelines of the European Association
for the Study of the Liver (EASL) [8] for the diagnosis of
HCC in cirrhotic patients. Tumor diameters ranged between
3.0 and 5 cm (Figure 1). The age of patients ranged from 52
to 78 years (mean ± SD: 72.43 ± 5.66). Five patients were in
Child-Pugh class A and 3 in class B. The 𝛼-fetoprotein levels,
registered before the procedure, were on average 561.67 ±
684 ng/mL (range: 25–1870).

Six tumors were located in segment V and two in segment
IV. We used RFA and the ablations were performed and
monitored according to the recommendations of the equip-
ment manufacturers. Radiofrequency devices used were a
200W RF generator and an impedance-based multiple-
electrode RFA system (Boston Scientific Corporation,Natick,
MA, USA). RFA was conducted using an expandable 15G
LeVeen needle, 15 cm long insulated cannula that contained
10 individual hook-shaped electrode arms (Boston Scientific
Corporation, Natick, MA, USA). The needles had a maxi-
mum diameter of 50mm when fully deployed.

We performed all liver thermal ablations using an
expandable multielectrode system because we think that
it is easier to evaluate the position of hooks after their
deployment and to predict the volume of thermal effect more
accurately with multielectrode system rather than with cool-
tip needle. Furthermore the needle position is not influenced
by respiratory movements.

The aim of performing radiofrequency ablation in all
patients was complete destruction of the lesion with a 5 to
10mm wide tumor-free margin around all possible aspects
of each tumor. The RFA were performed in a single session
for all patients. Conscious sedation and local anesthesia were
used every time. All ablations were carried out percuta-
neously under ultrasound and computed tomography guid-
ance. The procedure was performed with conscious sedation
and local anesthesia. The routes of electrode insertion were
carefully selected according to the feasibility of the needle
path and the size and the shape of the lesion.

Needle introduction was performed, depending on the
location of the nodule to be treated, in 4 patients through
subcostal approach and in 4 patients through intercostal
approach. To better conform the shape of the ablated volume
to the tumor while reducing the risk of gallbladder perfo-
ration by the hook-shaped electrode arms of the device, we
decided to insert the needle through the liver surface towards
the gallbladder, perpendicularly to the gallbladder right wall.

Before the deploying of the hooks, the distance between
the tip of the needle and the gallbladder wall was accurately

checked and kept away from gallbladder wall to avoid direct
or thermal injuries.

The efficacy of treatment was assessed by dynamic tripha-
sic CT, 30 days after the procedure. The treatment response
was evaluated according to mRECIST criteria [9]. Complete
response (CR) was considered the disappearance of any
intratumoral arterial enhancement at CT evaluation; partial
response (PR) was at least a 30% decrease of the longest
diameter of the viable lesion evaluate as contrast enhance-
ment in the arterial phase respect to the preprocedural CT
result. Three-phase dynamic CT scans in the 3rd, 6th, and
12th months followup were performed for all patients.

Intraprocedural and postprocedural complications were
evaluated according to the classification of the Interna-
tional Society of Radiology (SIR, Society of Interventional
Radiology) [10] distinguishing between major (events that
lead to substantial morbidity and disability, an increase of
care, hospitalization, or a longer hospital stay) and minor
complications. The presence of the “postablation syndrome,”
defined as fever, nausea, vomiting, and localized pain in
the abdomen and referred to the shoulder, was investigated
during the first 48 h after treatment.

Moreover the CT scans obtained before and immedi-
ately after ablation and subsequently were reviewed by one
experienced radiologist for the presence of gallbladder wall
thickening of more than 2mm, abnormal gallbladder wall
enhancement, and pericholecystic fluid.

3. Results

In our experience there were no cases of treatment-related
deaths. In addition, there were no major complications such
as cholecystitis or gallbladder perforation. A minimal wall
thickening of the gallbladder (2.0-3.0mm, 𝑛 = 9) was seen as
focal wall enhancement adjacent to the RF ablation zone in
2 patients. All two cases of gallbladder wall thickening after
ablation were associated with symptoms.

Postablative syndrome was observed in 6 patients, man-
ifested by fever (four patients), chills (two patients), and
localized pain in the abdomen (three patients). All patients
reported various degrees of malaise in the days following the
procedure such as asthenia, weakness that appeared three to
five days after the procedure and lasted on average four days.

No procedure has been interrupted and technical success
was obtained in 100% of patients. In all patients, during
RFA, a slowly enlarging and coalescing hyperechoic zone
appeared around the distal tip of the needle, resulting from
vaporization of fluid and formation of microbubbles of gas
(Figure 2). At the end of the treatment, an irregular and
poorly defined echogenic zone occupied the whole treated
area. At the end of the procedures, after the automatic cool-
down of the RF system, the generator was reactivated during
the needle retraction to prevent the tumor dissemination and
to permit the coagulation of the needle channel.

CT control after 30 days from the first procedure showed
complete necrosis (no detectable remaining tumor on CT) in
seven patients (87%). In the remaining patient, the lesion was
treated with chemoembolization.
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Figure 1: CT Preprocedural axial image (a) and multiplanar reconstructions (b, c) show the relationship between hepatocellular carcinoma
(black arrow) and the gallbladder (∗).

(a) (b) (c)

(d) (e) (f)

Figure 2: Radiofrequency ablation of the hepatocellular carcinoma performed under US and CT control with an expandable needle. (a) US
view shows the hepatocellular carcinoma and the planning of the needle insertion in the liver lesion. CT axial (b) and reformatted (c) images
depict the position of the needle inside the lesion. (d) US control during radiofrequency shows the hyperechoic zone that covers the entire
liver lesion. US controls at the end of the first roll-off (e) and at the end of the procedure (f) do not depict any gallbladder anomalies.

The follow-up times ranged from 12 to 18 months (mean:
15 months) in the patients with completed ablations.

One patient had local recurrence at 11 months. The
remaining six patients showed no local recurrence at the
end of the follow-up period (Figure 3). None of the patients
showed evidence of gallbladder disease.

4. Discussion

RFA is a minimally invasive method used to destroy tumors
within solid organs and it has been used for primary liver
tumors and for hepatic metastases [11, 12]. Nevertheless, RFA
of tumors adjacent to the gallbladder is often accompanied
by high risk of gallbladder perforation, acute cholecystitis,
or postoperative bleeding [13, 14]. Furthermore, combination
therapy or a secondary round of RFA treatment is often

needed to achieve complete tumor eradication [15]. To
separate the liver tissue from the gallbladder and to prevent
gallbladder injuries during thermal ablation, Cirocchi and
colleagues suggested the injection of 40–80mL of aseptic
solution into the gallbladder fossa and cystic plate just before
the RFA or the use of a “lift-expand” technique to confirm
that the needle tip does not stick into the gallbladder wall
[11]. Recently Jiang and coworkers suggested that tumor
next to the gallbladder can be safely treated with RFA with
laparoscopic guidance without the need of removing or
isolating the gallbladder [6].

Although these methods of gallbladder isolation and
laparoscopic RFA appear to be safe, they may increase the
duration time of the procedure, may have an influence
on health care costs of the examination, and may involve
additional risks for patients [11].
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Figure 3: Axial CT image (a) and CT multiplanar reconstructions (b, c), performed after six months, show the absence of contrast medium
enhancement of the ablated liver lesion (black arrow) without gallbladder (∗) damage.

In this report we described eight cases of HCC adja-
cent to the gallbladder that were successfully treated with
percutaneous RFA without gallbladder isolation. Previously
Chopra and colleagues [15] conducted a study to assess the
feasibility and safety of RFA of hepatic tumors (primitive
or metastatic) with a maximum diameter of less than 3 cm,
adjacent to the gallbladder. The authors used RFA with an
expandable electrode to treat 8 patients (2 patients with HCC
and 6 patients with liver metastases). As assessed by CE-
CT scan after one month from the procedure, a complete
ablation was achieved in all patients except one (87%).
Except for gallbladder wall thickening, no complications
were reported. The authors concluded that radiofrequency
ablation of hepatic tumors adjacent to the gallbladder is
feasible and potentially safe for lesions with a maximum
diameter less than 3 cm.Our results not only confirm those by
Chopra and coworkers but also suggest the feasibility of RFA
even in HCC adjacent to the gallbladder larger than 3 cm and
less than 5 cm.

To this purpose, a proper knowledge of the available
resources and careful preprocedural planning were manda-
tory.

We decided to use RFA instead of other percutaneous
procedures (e.g., percutaneous laser ablation and microwave
ablation) because of the opportunity to monitor in real
time the necrosis of the tissue, which makes this technique
particularly suitable for the treatment of lesions located in
the close proximity of critical structures. Indeed, while during
percutaneous laser ablation or microwave ablation there are
no reliable methods to monitor the evolving necrosis of the
hepatic tissue, thus resulting in a wide variability of the
amount of liver tissue ablated with different protocols [16],
during RFA it is possible to exactly detect the occurrence of
the necrosis by monitoring the electrical impedance (Ohm)
of the hepatic tissue during the delivery of RF energy. Tissue
desiccation causes an increase of the impedance within the
ablated volume that prohibits the passage of electrical current
and leads the power output from the generator to fall to zero
(i.e., roll-off) [17]. In this way it is possible to reproduce a
constant volume of necrosis.

The correct selection of the appropriate device to perform
the tumor ablation was also a critical issue.

Teratani and colleagues [18] treated 207 patients with
hepatocellular carcinoma (HCC) in presumably high risk
locations, using a single probe cool-tip electrode, declaring
that the use of multiprobe systemwith extension of the hooks
could not be precisely controllable when applied to nodules
adjacent to large vessels or extrahepatic organs. Nevertheless
we choose an expandable multiple-electrode system and we
decided to insert the needle at a direction perpendicular to
the gallbladder wall in order to prevent, during the opening
of the hooks, the organ perforation. In this way we were sure
that the hooks would be positioned in the safety position,
according to three spatial dimensions.

5. Conclusions

Although limited, our experience suggests that percutaneous
RFA is feasible even for lesions larger than 3 cm located
in close adjacency to the gallbladder. Careful preprocedural
planningwith a proper knowledge of the available technology
is mandatory. Obviously, the promising result in these three
cases needs to be confirmed in larger series of patients with
lesions next to critical structures.
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MR imaging has unique benefits for evaluating the liver because of its high-resolution capability and ability to permit detailed
assessment of anatomic lesions. In uncooperative patients, motion artifacts can impair the image quality and lead to the loss of
diagnostic information. In this setting, the recent advances in motion-resistant liver MR techniques, including faster imaging
protocols (e.g., dual-echo magnetization-prepared rapid-acquisition gradient echo (MP-RAGE), view-sharing technique), the data
under-sampling (e.g., gradient recalled echo (GRE) with controlled aliasing in parallel imaging results in higher acceleration
(CAIPIRINHA), single-shot echo-train spin-echo (SS-ETSE)), and motion-artifact minimization method (e.g., radial GRE
with/without k-space-weighted image contrast (KWIC)), can provide consistent, artifact-free images with adequate image quality
and can lead to promising diagnostic performance. Understanding of the different motion-resistant options allows radiologists to
adopt the most appropriate technique for their clinical practice and thereby significantly improve patient care.

1. Introduction

Magnetic resonance (MR) imaging is an excellent imaging
modality to evaluate the liver which is vulnerable to a
spectrum of neoplastic and nonneoplastic conditions, and
MR imaging can provide various types of information that it
is able to generate in order to demonstrate reliable display of
disease process. Artifacts produced by physiological motion
caused by patient respiration and bowel peristalsis are a
challenge when using MR imaging for hepatic imaging.
Motion artifacts may also distinctly degrade the quality of
MR images. Therefore, suppression of motion artifacts is
the prime determinant of the diagnostic efficacy of liver
MR imaging. With the recent advances in the development
of high-performance gradient coils and phased-array torso
coils as well as the continuing evolution of software, new
pulse sequences have become available for motion-resistant
liver MR imaging. In this paper, we discuss motion-resistant
MR imaging in terms of its technical basis, advantages and
limitations, and primary clinical applications.

2. MR Imaging Sequences

Motion-resistant protocols achieve improved image quality
in the setting of noncooperative patients. A strategy for
achieving optimal images includes temporally matching the
data acquisition and short scanning time by acquiring the
critical data for image creation during a short breath-hold
time and thus rendering this technique relatively insensitive
to patientmotion [1]. Another approach used tominimize the
impact of respiratorymotion in the liver is to modify the data
acquisition so as to minimize effects of motion using a radial
k-space sampling scheme (Table 1) [2].

2.1. T1-Weighted Sequences

2.1.1. Magnetization-Prepared Rapid-Acquisition Gradient
Echo (MP-RAGE) Sequence. The dual GE in-phase (IP)
and opposed-phase (OP) sequence has become a routine
component of liver MR imaging. This sequence is useful
for detecting the presence of fat within the liver and lipid
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(a) (b)

(c) (d)

Figure 1: MR images obtained in a 67-year-old man. Standard T1-weighted 2D SGE in-phase (a) and out-of-phase (b) images show severe
motion artifacts caused by his breathing. The motion-resistant protocol using axial T1-weighted 2DMP-RAGE in-phase (c) and T1-weighted
2D MP-RAGE out-of-phase (d) images demonstrate substantially reduced artifacts and motion-free, high-quality images in this patient.

within adrenal masses in order to characterize them as
adenomas [1, 3, 4]. Dual GE IP/OP imaging is performed as
multiline GE acquisitions that require patients to suspend
their respiration as the sequences are generally 10–20 seconds
in duration. A new application of MP-RAGE IP/OP images
is able to substitute standard dual GR IP/OP imaging with
moderate image quality in the elderly, severely debilitated,
and in young children (Figure 1) [5–7]. MP-RAGE operates
as a slice-by-slice, single-shot technique used during free
breathing. This sequence can be used to obtain motion-free
images with acquisition times as short as one second.
Magnetization preparation is currently performed with a
180∘ inversion pulse in order to impart greater T1-weighted
information. The sequence acquires data using a very short
repetition time (TR) and low flip-angle excitation pulses
in order to reduce the acquisition time and maintain the
prepared magnetization. SGE IP/OP technique acquires
dual echo images simultaneously which has no spatial
misregistration between slices, and MP-RAGE IP/OP
imaging is a single echo technique, acquired in two separate
acquisitions. Therefore, respiratory triggering technique
could be needed for preventing misregistration, which
results in long acquisition time. Another disadvantage of
MR-RAGE IP/OP imaging is presence of bounce-point
artifacts seen on inversion recovery sequence. They are

seen at the interface between hepatic vessels and hepatic
parenchyma.Notwithstanding these disadvantages, onlyMP-
RAGE IP/OP sequence would be applicable for acquisition
of chemical shift imaging in an usual clinical setting, when
2D-GRE is not feasible or might generate nondiagnostic
images, such as in the case of uncooperative patients and
pediatrics [5].

2.2. T2-Weighted Sequences

2.2.1. Single-Shot, Echo-Train, and Spin-Echo (SS-ETSE)
Sequence. The SS-ETSE sequence is the most widely avail-
able, fastest imagingmethod.This technique is used to fill the
entire k-space after a single excitation. Itmeasures only half of
the k-space lines and uses the k-space symmetry to regenerate
the other half [2]. Images are obtained in less time with one
second and with virtually nomotion artifact even during free
breathing [8]. The SS-ETSE sequence is the mainstay tool for
water-sensitive imaging of the upper abdomen in noncooper-
ative patients (Figure 2). In cases of extrememotion, multiple
repeated imaging loops of SS-ETSE can offer the benefit of
an increased signal-to-noise ratio (SNR) and resolution in
conjunction with a motion-correction algorithm, snapshot-
to-volume reconstruction [9]. This technique provides low
contrast as there is a relatively small T2 difference between
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(a) (b)

(c)

Figure 2: MR images obtained in a 53-year-old man with chronic liver disease. The conventional T2-weighted turbo spin-echo image (a)
shows motion artifacts in the right posterior section of the liver. The artifact is improved on T2-weighted SS-ETSE (b) and BLADE (c)
(proprietary name for periodically rotated overlapping parallel lineswith enhanced reconstruction (PROPLLER) inMR systems fromSiemens
Medical Solutions) MR images. Much better sharpness of the liver edge and pancreas and clearer depiction of the main pancreatic duct are
seen on T2-weighted SS-ETSE (b) and BLADE (c).

diseased and normal tissue and it is routinely coupled with
fat suppression in order to increase its sensitivity to detect
hepatic lesions.

2.2.2. Periodically Rotated Overlapping Parallel Lines with
Enhancement Reconstruction (PROPELLER). This T2-
weighted radial imaging technique, introduced by Pipe
[10], is intrinsically self-navigated as oversampling of the
central k-space can be used to reduce motion characteristics
and to correct motion artifacts. The motion artifacts in
this technique are not propagated in the phase-encoding
direction as that changes with each radial section (Figure 2).
Instead, the movement artifacts are dispersed throughout the
radial sections (streak artifact) and become less prominent.
The disadvantages of radial k-space filling include its longer
imaging time and residual artifacts for through-plane
motion as this technique is section-selective and useful for
decreasing in-plane motion artifacts [2].

2.3. Contrast-Enhanced Fat-Suppressed T1-Weighted Three-
Dimensional (3D) Gradient Recalled Echo (GRE) Sequence.
Contrast-enhanced dynamic MR imaging has a key role in
the detection and characterization of focal liver lesions when

using a nonspecific extracellular GBCA [8, 11]. The hepatic
arterial-dominant phase is most useful for detecting hyper-
vascular liver tumors such as hepatocellular carcinomas and
hypervascular metastases. Hepatic arterial phase images can
be more frequently degraded than images from other phases,
for example, early hepatic venous phase or interstitial phase.
On dynamic MR imaging, poor image quality is generally
caused by respiratorymotion artifacts.Therefore, strategies to
compensate for patient motion must be developed for unco-
operative patients. Two motion-resistant methods achieve
improved hepatic arterial-dominant phase in uncooperative
patients. First, the radial GRE Sequence can be used to
modifying the data acquisition in order to minimize the
motion effects. Second, the images are acquired during a
short breath-hold time before deterioration resulting from
respiration using the newly developed, parallel acceleration
technique (CAIPIRINHA technique).

2.3.1. Motion-Resistant, Free-Breathing, Three-Dimensional
(3D) Radial Fat-Suppressed GRE Sequence. The 3D T1-
weighted volumetric-interpolated GRE sequence with recti-
linear Cartesian k-space sampling during single breath-hold,
as usually performed, is sensitive to motion artifacts and
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Figure 3: Radial k-space sampling system on the interleaved angle-bisection and golden-angle acquisitions. Radial spokes on the interleaved
angle-bisection are acquired at a short angular distance. In golden-angle acquisition, the angle is continuously increased by a large angular
distance (111.25∘), which leads to uniform coverage for an arbitrary number of spokes.

(a) (b)

Figure 4: MR images obtained in a 70-year-old woman with an intrahepatic mass-forming cholangiocarcinoma. The T1-weighted 3D
conventional breath-hold GRE image (a) shows blurred tumor resolution and dilated intrahepatic bile ducts caused by moderate motion
artifacts.The free-breathing T1-weighted 3D radial GRE image (b) shows clear definition of the liver tumor and renders increasing conspicuity
of bile-duct invasion. No motion artifacts are present in this image.

can result in suboptimal images in patients who cannot ade-
quately hold their breath. Recently, amoremotion-robust, 3D
GRE sequence has been developed (3DRadial GRE) that uses
the “stack-of-stars” scheme to acquire data in a radial, spoke-
wheel fashion [12–19]. 3D radial GRE has a higher sampling
density at central k-space and under-samples at the k-space
margins, with the net effect that images are less sensitive to
motion artifacts caused by phase errors [14, 16–18]. There
are two radial acquisition methods of the interleaved, angle-
bisection scheme and the golden-angle scheme, which differ
primarily in the temporal order of radial samplings [19].

In the interleaved angle-bisection scheme, radial spokes are
acquired at a small, angular distance, whereas golden-angle
acquisition acquires each spoke at a large angular distance
from the preceding spoke (Figure 3). The value of golden-
angle sampling is that it provides more uniform angular
coverage of the k-space than interleaved, angle-bisection
sampling. The 3D radial GRE sequence can provide excellent
motion-controlled images with high spatial resolution in
noncooperative patients, especially sedated children, at the
expense of a longer acquisition time (approximately 2-3 min-
utes) (Figure 4) [12]. Residual artifacts caused by motion and
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(a) (b)

(c) (d)

(e)

Figure 5: MR images obtained in a 68-year-old woman for workup of metastasis. Contrast-enhanced dynamic 3D radial GRE using
KWIC during hepatic arterial dominant phase imaging comprised four subframe images. The full-frame 3D radial GRE (a) image shows
homogenous enhancement in the portal vein, but not in the hepatic vein. The first subframe image (b) obtained at 5-second temporal
resolution demonstrates minimal portal venous enhancement with laminar flow (arrow). On the next serial three subframe images ((c)–
(e)), the portal vein and hepatic parenchyma have gradually increasing enhancement.

flow are spread in two dimensions and appear as streaking
artifacts on radial imaging, rather than the ghost-like artifacts
seen in Cartesian phase-encoding acquisition MR imaging.

2.3.2. Contrast-Enhanced, Motion-Resistant, Dynamic 3D
Radial GRE Using k-Space Weighted Image Contrast (KWIC).
KWIC which is a recently proposed image reconstruction
method provides time-resolved sub-frame images as well as
full-frame images. The 3D radial KWIC sequence may be
able to provide useful motion-insensitive data for dynamic
MR imaging, that is, time-resolved subframe images, with
reasonably high temporal (approximately 3–5 seconds) and
spatial resolution (Figure 5) [15, 19–21]. This reconstruction
technique can produce four to 16 subframe KWIC images

per full-frame gridded image. Recently, Chandarana et al.
reported that free-breathing, dynamic, 3D radial GRE using
golden-angle sampling and compressed sensing allowed high
image quality in the hepatic arterial and portal venous phases
which were obtained during continuous scanning of 90
seconds, comparable to the 3D, breath-hold GRE sequence
[19].

2.3.3. 3D GRE with Controlled Aliasing in Parallel Imaging
Results in Higher Acceleration (CAIPIRINHA) Technique.
Parallel imaging reduces the imaging time by under-sampling
in the phase-encoding direction according to an acceleration
factor (𝑅). The limitation of parallel imaging reconstructions
are a decrease in the signal-to-noise ratio (SNR) that heavily
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Figure 6: Concept of the under-sampling pattern of the CAIPIRINHA technique.The lattice work represents k-space.The black dots indicate
the sampling positions, and the empty cells imply omitted sampling. (a) In the 1D parallel acquisition technique for a given total acceleration
factor of 2, the under-sampling pattern can occur only in the phase-encoding direction. (b) In the 2D standard parallel acquisition technique
without delta shift for a given total acceleration factor 4 (2 × 2), the under-sampling pattern can be generated concurrently in the phase- and
partition-encoding directions. (c) In the 2D CAIPIRINHA technique with a delta shift of 1 for a given total acceleration factor 4 (2 × 2), data
sampling is acquired by shifting every other filled partition-encoding line by as much as 1 in the partition-encoding direction. By shifting the
sampling positions in a well-directed manner, aliasing can be shifted and reduced.

depends on the geometry of the coil array used and residual
aliasing artifacts at high acceleration factors, which lead to a
loss in image quality [22]. With the CAIPIRINHA technique,
the acquisition pattern is modified in a controlled way by
shifting the sampling positions from their normal positions
with respect to each other in the partition-encoding direc-
tion, which is often referred to as the delta shift [23, 24]. This
reduces the quantity or severity of aliased pixels, which leads
to a more innovative parallel imaging reconstruction with

fewer residual aliasing artifacts (Figure 6). This technique
could provide higher quality images even at high acceleration
factors, which is especially attractive for use in patients
with breath-hold difficulties or those with poor compliance
(Figure 7).

The CAIPIRINHA technique can reduce the overall
acquisition time from 20 to 10 seconds and can shorten
the breath-holding time needed to obtain hepatic arterial-
dominant phase images (Figure 8) [25]. 3D GRE with
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(a) (b)

Figure 7: MR images in a 65-year-old man with liver cirrhosis. The conventional breath-hold T1-weighted 3D GRE sequence (acquisition
time: 23 seconds) and the CAIPIRINHA 3D GRE sequence (acquisition time: 12 seconds) were obtained during the early hepatic venous
phase. T1-weighted 3D GRE (a) shows blurred resolution of the intrahepatic vessel and the hepatic margin caused by motion artifacts. Much
greater sharpness of the hepatic edge and a clearer depiction of the intrahepatic vessel are shown on the T1-weighted 3D CAIPIRINHA GRE
sequence.

(a) (b)

Figure 8: MR images obtained in a 61-year-old man with multiple hemangiomas. (a) A hepatic arterial dominant phase image using
conventional 3D GRE during a 20-second breath-hold shows respiratory motion artifacts. (b) A hepatic arterial dominant phase image
using the CAIPIRINHA 3D GRE sequence during a 12-second breath-hold demonstrates good image quality without artifacts, high spatial
resolution, and a well-timed late arterial image and, thus, resulting in detecting an increasing number of hemangiomas (arrows).

CAIPIRINHA technique have better resolution than radial
GRE. Therefore, dynamic liver MR imaging using CAIPIR-
INHA technique is preferentially attempted in patients who
can suspend breath-hold of approximately 10 seconds. The
primary intention of using dynamic liver MR imaging using
CAIPIRINHA technique is judged by the scanning tech-
nologist who made determination based on tolerability by
patients after performing precontrast scanning. Recently, the
rate of transient severe motion (TSM) during the arterial
phase has been more frequently reported on dynamic MR
imaging using gadoxetate disodium (17% (17 of 99 patients))
[26] which has been increasingly used for the detection
and characterization of focal lesions [27, 28]. Pietryga et al.
reported that rapid, triple, arterial-phase imaging using the
CAIPIRINHA technique during a single breath-hold is an
effective method for obtaining well-timed, late arterial-phase
image sets with reduced motion artifact in most patients

who experience TSM in the arterial phase [29]. A recently
proposed method that includes time-resolved imaging using
the echo-sharing technique, such as time-resolved imaging
with interleaved stochastic trajectories (TWIST; Siemens) or
time-resolved imaging of contrast kinetics (TRICKS; GE),
may also provide motion-resistant imaging and have higher
signal-to-noise ratios [30, 31]. The CAIPIRINHA technique
combined with echo-sharing has a higher sampling density
for the central k-space and under-samples for the k-space
periphery. This technique can allow whole-liver coverage
withmultiple, arterial-phase acquisitions (4–15 sets) of higher
temporal resolution (approximately 2–5 seconds) during one
breath-hold (Figure 9) [31].Themultiple, arterial acquisitions
provide the benefit of robustness to some artifacts, in which
artifacts that compromise one data set, if transient, may
not disturb others and provide more detailed enhancement
characteristics of hepatic lesions [29, 32, 33].
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(a) (b)

(c) (d)

(e) (f)

Figure 9: MR images obtained in 63-year-old man with a hepatocellular carcinoma. A hepatocellular carcinoma in segment 6 is clearly
shown on T2-weighted fat-suppressed SS-ETSE (a). Precontrast (b) and gadoxetic acid- (Gd-EOB-DTPA-) enhanced 3D CAIPIRINHAGRE
obtained using view-sharing technique ((c)–(f)) images during multiple hepatic arterial dominant phases at 4-second temporal resolution,
show gradually increasing hypervascularity of the hepatocellular carcinoma (arrows) compared with that of the liver parenchyma.

3. Conclusion

Liver MR imaging using a variety of motion-resistant
sequences is able to enhance the quality of liver imaging in
patients who cannot remain motionless. In uncooperative
patients, the combination of faster imaging, data under-
sampling and the motion-artifact minimization method may
eventually provide spatial resolution and image quality that
equals that available using conventional MR sequences in
cooperative patients. With the continuing improvements in
sequence technology and with more clinical experience, the
utility of motion-resistant MR imaging for evaluating the

liver in uncooperative patients will be validated and will
improve.
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