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Abstract Over the past decade, major technological

advances have occurred in all the imaging modalities that

have provided a completely new perspective to hepatic

imaging. Dual-energy computed tomography (CT) acquires

images at two different photon energies concurrently, and

permits material decomposition based on the energy-

dependent attenuation profile of specific material. It pro-

vides both morphologic and functional information in the

same study, and potentially benefits hepatic tumor imaging.

Hardware and software improvements in magnetic reso-

nance imaging (MRI) technology have enabled faster MRI

scanning and improved image quality. In addition to sev-

eral newer MRI pulse sequences, the introduction of a new

hepatocyte-specific contrast agent, gadoxetate disodium,

offers additional benefits for improved detection and

characterization of focal lesions, and allows functional

hepatic and biliary imaging. In this article, we discuss the

recent advances in CT and MRI technology and their

applications for improving hepatic imaging.
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Introduction

The liver is affected by various pathologies that maybe

characterized as diffuse or focal as well as benign or

malignant, each requiring different management. Although

detection and characterization are two primary objectives

of liver imaging, the new expectations from imaging has

increased due to a better understanding of disease pro-

cesses, as well as the availability of more refined and

individualized treatment options. Imaging modalities cur-

rently being used to detect and characterize liver lesions,

include ultrasonography, computed tomography (CT), and

magnetic resonance imaging (MRI). Dramatic technologic

advances have benefited both CT and MRI, in particular

MRI with the advent of new tissue-specific contrast

agent.

Multi-detector CT (MDCT)

MDCT is often the first imaging modality performed for

the screening of liver pathology, owing to its wider avail-

ability, faster scanning speed and reproducibility. CT offers

the best spatial resolution and ability to study the entire

liver in a single breath-hold. Recent technical advances in

MDCT technology allow for thinner-slice scan acquisition

with isotropic voxel resolution that allows for high quality

three-dimensional (3D) image reformation [1–3]. An

increase in the number of detector rows per scanner (up to
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320) [4–6] and faster gantry rotation (0.27 s) [7] has

enabled greater z-axis coverage in a single breath-hold with

the potential to improve image quality and reduce radiation

dose. Several image noise reduction algorithms have been

introduced that improve and optimize data processing to

allow for radiation dose reduction while maintaining image

quality [8, 9, 10•, 11]. With the advancement in MDCT

technology, wider availability of commercial software and

greater levels of experience, CT perfusion (CTP) is

increasingly being used for the assessment of tumor

response to therapies [12]. Dual-energy CT (DECT) is

another major advancement in CT technology that acquires

images at two different photon energies and allows for

material decomposition. DECT concurrently provides both

morphological and functional information that has the

potential for numerous oncologic applications in the liver

[13, 14]. A variety of image series can be post-processed

from the DECT data set that potentially improve detection

and characterization of liver lesions, particularly in the

setting of cirrhosis.

Low kV Imaging

The detection of hypervascular liver tumors at contrast-

enhanced CT (CECT) is directly related to tumor-to-liver

contrast to noise (CNR) ratio. Traditionally, a 120–140 kV

tube potential is used for liver imaging. At low kV

(80–100), iodinated contrast material (CM) demonstrates

higher attenuation values owing to the proximity to the

k-edge of iodine (33.2 kiloelectron-volts [keV]) [13]. Low

kV improves conspicuity of hypervascular liver lesions by

increasing contrast between enhancing lesions and back-

ground liver, and therefore improves lesion detection

(Fig. 1) [15, 16]. This benefit is also extended in the portal-

venous phase for more confident detection of hypovascular

lesions such as metastases. Radiation dose reduction is an

added benefit with low kV scanning, since radiation dose is

directly related to the square of the kV. Several investi-

gators have tested and validated the application of a low kV

technique for improving the diagnosis of liver tumors while

simultaneously reducing patient’s radiation exposure by

Fig. 1 Low kV imaging: a–f axial contrast-enhanced CT (CECT)

from a 66-year-old-female (126 Ibs) with cirrhosis of liver. In

comparison to initial screening study performed using 120 kV (a–c),

the follow-up study performed 3 months later (d–f) using 100 kV

demonstrates higher conspicuity of enhancing liver nodules (black

arrows). Additionally, few more enhancing nodules were identified

(white arrows, e) on 100 kV images. A 25 % radiation dose reduction

was achieved with 100 kV technique (CTDIvol of 8.36 mGy using

100 kV vs. 11.24 mGy using 120 kV)
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40–50 % [15–17]. However, use of low kV leads to cor-

responding increase in image noise, particularly in patients

with a large body habitus ([ 200 Ibs) due to poor pene-

tration, beam hardening artifacts and greater image noise,

therefore requiring appropriate adjustments in other scan

parameters. In general, we suggest using 80/100 kV in

smaller adult patients (\ 150 Ibs/ body mass index [BMI]

20–25) and 100/120 kV for average sized adults (151–100

Ibs/BMI 26–30), and to increase the tube current by

20–30 %. This can be achieved by either using a fixed high

tube current or by using automated tube current modulation

(ATCM) software. Scanners from different vendors work

on different principles for ATCM, requiring knowledge of

the technique as inappropriate adjustments may cause an

unintended increase in radiation exposure. Due to space

limitations, a detailed description of ATCM techniques is

beyond the scope of this article and can be found in other

review articles [18, 19].

Iterative Reconstruction Technique (IR)

Image noise reducing algorithms include conventional

noise reduction filters, as well as novel approaches based

on IR. These techniques alone do not reduce radiation

exposure, but merely enhance the image quality of low

dose CT by improving image noise and contrast. Thus, they

indirectly enable CT dose reduction. Image noise reduction

techniques can be concurrently used with low peak kilo-

voltage (kVp) CT imaging to reduce noise and improve

diagnostic image quality. The conventional filtered back

projection (FBP) noise reduction technique has limitations

in its ability to preserve diagnostic quality at low dose

setting; therefore, major CT vendors have introduced IR

technique to reduce noise and improve image contrast

(Fig. 2). IR techniques include ASIR (adaptive statistical

IR) from GE Healthcare, iDose from Philips Healthcare,

SAFIRE (sinogram affirmed IR) from Siemens Healthcare,

and adaptive iterative dose reduction from Toshiba. These

reconstruction algorithms have been categorized as hybrid

reconstruction techniques and work in image space. Image

reconstruction for these algorithms occurs in real-time, and

therefore does not pose a no major challenge for workflow.

Several investigators have tested and validated the utility of

such techniques that enable dose reduction by as much as

65 % compared to standard abdomen and pelvis CT [8, 9,

11, 20, 21, 22•, 23]. At our institution, we routinely use an

ASIR level of 30 %, an iDose level of 4 and a SAFIRE

level of 3 for reconstruction of CT abdomen/pelvis, and

achieve a 65 % dose reduction over our standard FBP

protocols. These new IR algorithms may thus have a sig-

nificant impact, particularly on the imaging of young

patients as well as patients requiring serial CT examina-

tions (e.g., post-treatment follow-up exams in patients with

hepatocellular carcinoma (HCC) and liver metastasis).

A recently introduced IR technique (Veo, GE Health-

care) works in the raw data domain to reduce image noise

and preserve image quality. This model-based IR (MBIR)

technique [10, 24], has shown tremendous potential with up

Fig. 2 Low-dose CT with

iterative construction (IR):

a–d axial and coronal CECT

images from a middle-aged man

(198 Ibs) with a hepatic

hemangioma (white arrow) in

right lobe of liver. a, b Latest

study using 100 kV and

SAFIRE level 3 IR technique.

Note increased conspicuity of

the hemangioma on a and b in

comparison with images c and

d; the later were acquired using

120 kV. Images a and b have

optimal image quality with

53 % radiation dose reduction
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to 75 % dose savings, but requires over 1 hour to recon-

struct images of a single CT scan, thus severely limiting its

implementation in clinical practice.

Dual Energy CT

DECT technology provides enhanced capabilities with

potential application in hepatic tumor imaging. By virtue of

scanning with two different energies, DECT permits

material decomposition based on the energy dependent

attenuation profile of specific materials [14]. The two

DECT technologies currently available for clinical use are

the dual source (ds) scanner and the single-source (ss) CT

scanner with fast kVp switching [25]. Both technologies

work on the same principle but use different approaches,

and have different strengths and weaknesses (Table 1). The

ds system uses two X-ray tubes and two arrays of detectors

to simultaneously acquire images, while the ss system uses

a single X-ray tube with fast kVp switching and energy

separation performed at the detector level (Gemstone

detector). Although their approaches and image post-pro-

cessing algorithms are different, they both yield similar sets

of post-processed images. DECT acquisition is relatively

straightforward and can be performed by adapting existing

institutional protocols used for conventional single-energy

CT (SECT); however, extensive post-processing is per-

formed on the DECT data set to generate images that are

similar to SECT, as well as a variety of additional image

series such as material density (MD) base pair images i.e.

iodine density images and virtual un-enhanced (VUE)

images, and virtual monochromatic (VMC) images.

Iodine Density Images

Iodine density images, as the name implies, display areas

of tissue enhancement using iodinated CM. It detects and

quantifies the amount of iodine within each voxel, and

therefore even a small amount of enhancement within a

lesion can be detected [25, 26•]. Iodine density maps also

have the potential to increase detection of hypovascular

metastases by increasing contrast between the hypoatten-

uating lesion and normally enhancing liver parenchyma,

based on differences in tissue iodine content. Another

potential application of iodine-specific maps is to improve

detection of nodules with varying enhancement patterns in

a cirrhotic liver. The iodine images are also useful in dif-

ferentiating benign liver cysts from small metastatic liver

lesions, as metastases with even a small amount of

enhancement will reveal iodine, whereas the cysts remain

dark (Fig. 3). While it eliminates the need for true unen-

hanced images (TUE) to assess tissue enhancement,

imaging in different contrast media phases (arterial vs.

portal-venous) is still necessary for specific hepatic lesion

characterization.

Novel molecular targeted drug therapies such as anti-

angiogenesis drugs act by causing a change in tumor vas-

cularity/viability and may not result in significant changes

in tumor size. Quantification of tissue iodine on the iodine

Table 1 Characteristics of dual and single source DECT system

Ds (dual source) Ss (single source)

Tube Two One (with fast kVp switching)

Multi-detector array Two One

Field of view for DE acquisition (cm) 26–33 50

Automatic current modulation Yes No

Iterative reconstruction for noise reduction IRIS or SAFIRE ASIR (yes)

MBIR (no)

Post processing performed in Image space (i.e. after the reconstruction

of high-energy and low-energy images)

Projection space (i.e. before the reconstruction

of high-energy and low-energy images)

Post-processing method Three material decomposition

(Soft tissue, fat and iodine)

Two material decomposition

(Water and iodine)

Terminologies used for post-processed

images

Virtual monochromatic (VMC) images

(range, keV)

Virtual monoenergetic (40–190) Virtual monochromatic (40–140)

Material density iodine images

(quantification unit)

Iodine maps (Hounsfield units) Iodine images (mg/cm3)

Simulated unenhanced images Virtual unenhanced (VUE) images Water images

IRIS iterative reconstruction in image space, SAFIRE sinogram affirmed iterative reconstruction, ASIR adaptive statistical iterative recon-

struction, MBIR model based iterative reconstruction
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density images can serve as an image biomarker of tumor

viability beyond the conventional measurements of tumor

size. In patients who undergo radio-frequency ablation of

HCC or liver metastases, iodine images are useful to

determine tumor viability, not only immediately after the

procedure, but also on serial follow-up scans [27].

Although this approach still requires validation and stan-

dardization for use in clinical practice, it appears promising

as a method for morphologic and functional evaluation of

larger anatomic areas in one acquisition.

Virtual un-enhanced (VUE) Images

Since the behavior of iodine at different energies is known,

iodine can be extracted from the image to generate a data

set of simulated unenhanced images. These images can

serve as a substitute for the TUE images, eliminating the

need to acquire a separate unenhanced data set, and

therefore reducing scan time and radiation burden. In the ss

system, VUE are called water density images and quanti-

fication is done in terms of milligrams per milliliter. In the

ds system, they are called virtual non-enhanced images and

the quantification is done in Hounsfield units. Studies have

confirmed that these simulated images can serve the

intended purpose to reliably diagnose presence of small

foci of calcium, fat and hemorrhage [28–30].

Virtual monochromatic (VMC) Images

Both types of DECT scanners can generate VMC from MD

images using a complex mathematical algorithm. The

VMC images depict objects as if they were imaged with a

theoretical monochromatic beam, and the X-ray energy is

reported as keV instead of kVp. These single photon

energy images provide more reliable CT attenuation values

than conventional polychromatic CT images [31] by

reducing beam-hardening artifacts [31]. VMC images of

varying specific energies ranging from 40 to 140 keV can

be generated. The selection of the VMC energy should

target the diagnostic task. In general, lower energy VMC

images provide higher tissue contrast due to higher beam

attenuation by iodine, but result in greater image noise,

particularly in larger patients [13, 31]. Conversely, higher

energy VMC images provide less image contrast and less

image noise. In general, 40–50 keV images provide highest

CNR and are preferred for vascular imaging. However,

60–77 keV images provide appropriate balance of soft

tissue contrast and noise and are generally considered most

appropriate for the detection and characterization of

hepatic lesions. The low keV images are good for detection

of HCC and hypervascular liver metastases in the late

arterial phase, and good for detection of hypovascular liver

metastases in the portal-venous phase (Fig. 4) [32, 33].

Low keV images also have the potential to better delineate

more precisely the tumor margin and its locoregional

spread by increasing contrast between two adjacent tissues,

thus providing better tumor staging [14].

Liver Fat Quantification

A recently introduced model-based method, known as

‘multi-material decomposition’ (air, fat, blood, calcium

and iodine) algorithm, allows for quantification of liver fat

content on enhanced DECT images. This algorithm has

been tested in phantom and human studies and found to

yield accurate results when compared to the current

imaging standard (in-phase and out-of-phase T1-weighted

liver MRI; [34]). This technique appears promising, but is

Fig. 3 Solitary liver metastasis and multiple cysts in a 67-year-old

male with recent diagnosis of pancreatic adenocarcinoma (cyst vs.

neoplasm): on CECT image (a), several hypodense hepatic lesions

were identified in the liver and one of the lesions in the right lobe

(arrow) was deemed suspicious due to faint rim enhancement. On the

MD iodine image (b), peripheral enhancement is more conspicuous

(arrow) supporting the suspicion of metastasis. The rim-enhancing

feature in this lesion was later confirmed on the contrast enhanced

arterial phase T1-weighted fat-saturated MR image (arrow in c). Note

simple cyst posterior to the metastasis (*)
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not yet Food and Drug Administration (FDA) approved for

application in clinical practice and requires further vali-

dation and standardization.

Post-operative Segmentation

Partial liver resection and liver transplantation both require

precise estimation of liver volume. This is crucial to ensure

an adequate liver volume in the donor as well the recipient

in the post-transplant setting, and to ensure adequate

remnant liver volume in partial hepatectomy patients [35].

Technical advancements in fourth-generation MDCT

scanners allow for thin-section data acquisition with iso-

tropic voxel resolution that has improved the quality of

post-processing algorithms such as maximum intensity

projection and volume rendering for 3D display of vascular

anatomy of liver donor, resulting in better accuracy and

image quality for organ segmentation algorithms and sub-

sequent volume estimation.

Tumor volumetric assessment has been recently pro-

posed as a more accurate imaging biomarker for monitor-

ing response to chemotherapy and radiotherapy and

predicting long-term patient survival [36, 37]. Several

researchers have highlighted the superiority of volume

estimation for HCC and liver metastatic lesions over World

Health Organization (WHO) and Response Evaluation

Criteria In Solid Tumors (RECIST) criteria [38]. Manual

segmentation on axial slices may be feasible for a single

small-sized tumor; however, tumor volumetry of patients

with more extensive tumor burden is time consuming and

unsuitable for a busy radiology practice. Various computer

assisted detection (CAD) and post-processing techniques

have been developed for automated tumor recognition and

subsequent tumor burden quantification. The MDCT data

sets from fourth-generation scanners provide artifact-free

CT data with superior voxel resolution. By providing

clearer delineation of tumor margins and improved detec-

tion of tiny liver lesions, DECT ensures better performance

of CAD applications [3]. Interpolation tools that calculate

the volume between manually segmented slices and region-

growing tools are two popular semi-automated methods for

segmentation and volume estimation, since they allow for

more operator control and increased accuracy [3].

Perfusion CT

CTP enables quantification of tumor vascularity by serially

measuring temporal changes in tissue density following

intravenous contrast administration. Since it was first

described by Miles et al. [39], CTP has been successfully

applied in a variety of clinical applications including

assessment of liver cirrhosis [40, 41], characterization of

liver tumors [42, 43], and evaluation of therapy response in

liver malignancy [44].

Newer anticancer drugs such as anti-angiogenesis drugs

(anti-VEGF), act by suppressing tumor growth by down-

regulating angiogenesis without causing any significant

change in tumor size [44]. The traditional tumor response

Fig. 4 Hypervascular liver

lesions: a, b axial CECT images

in a patient with cirrhosis shows

two hypervascular nodules in

the liver (black arrow). On post-

processed axial virtual

monochromatic images (VMC)

reconstructed at 50 keV (c, d),

the same lesions have improved

conspicuity, and few additional

lesions (white arrows in c) are

better detected
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evaluation criteria (WHO and RECIST) do not take into

account change in tumor vascularity/viability and can

underestimate the effect of the newer molecular targeted

therapies [45••]. Thus, there is increasing interest to look

for new imaging biomarkers that provide reliable and

quantitative measurement of change in tumor vascularity.

Conventional CT is a mainstay in oncologic evaluation,

and is used for the diagnosis, staging and monitoring of

anticancer therapies. CTP provides indirect measurement

of tumor angiogenesis noninvasively, and can be readily

incorporated into the existing CT protocols [46]. Most CT

scanners now come equipped with sophisticated hardware

platforms coupled with powerful and user-friendly soft-

ware packages for CTP analysis. Perfusion parameters are

dependent on the scan protocol and the mathematical

model for perfusion analysis, but the commonly described

CTP parameters include blood flow (BF), blood volume

(BV), mean transit time (MTT), and permeability surface

area product. Previous reports demonstrated that BF or BV

are decreased as early as 2 weeks after initiation of anti-

angiogenic agents such as bevacizumab [44]. Therefore,

perfusion imaging has the potential to be a biomarker of

antiangiogenic therapy (Fig. 5). Jiang et al. [12] demon-

strated that HCC with higher baseline MTT correlated with

favorable clinical outcome. Relatively high radiation dose,

limited coverage of the anatomy, and reproducibility are

major draws backs of CTP.

Magnetic Resonance Imaging (MRI)

Over the past two decades, the use of MRI for liver

imaging applications has dramatically evolved from a

problem-solving tool into a more robust and comprehen-

sive clinical tool. More recently, there have been several

hardware and software advancements in MRI technology,

such as higher magnetic field strength and multi-channel

coil arrays, that have enabled faster MRI scanning and

improved image quality. Multiple new MRI pulse

sequences have been introduced, including multi-echo

gradient-echo sequence for quantification of liver fat and

iron overload [47], MR spectroscopy, three-point Dixon

method for fat and water separation using 2D and 3D

gradient-echo technique [48], high spatial resolution dif-

fusion-weighted imaging (DWI) [49•], and MR elastrog-

raphy (MRE) for non-invasive detection and quantification

of liver fibrosis. Gadoxetate disodium (Gd-EOB-DTPA) is

a new hepatocyte-specific contrast agent (HSCA) that

offers additional benefits over dynamic imaging for

improved detection and characterization of focal lesions, as

well as for allowing functional hepatic and biliary imaging

[50]. The current and emerging role of DWI, MRE, and

HSCAs for detection and characterization of hepatic nod-

ules, particularly in the setting of cirrhosis, tumor therapy

response evaluation, and detection and quantification of

liver fibrosis, are discussed below.

Fig. 5 CT perfusion (CTP)

maps of a 65-year-old-man with

HCC treated with anti-

angiogenic drug: a, b axial

CECT performed at baseline

and at 2-weeks post-anti–

angiogenic treatment

demonstrates no significant

change in tumor enhancement

(arrow) on CECT image.

However, CTP analysis

performed 2-weeks post-

treatment (d) showed

substantial reduction in tumor

blood flow (BF; arrow)

compared to baseline CTP (c),

suggestive of response to

treatment
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Diffusion Weighted Imaging (DWI)

DWI serves as a marker of cellularity and can be used to

differentiate benign and malignant liver lesions with

acceptable accuracy. Several authors have reported supe-

rior accuracy of low b-value DWI for detection of focal

liver lesions compared to conventional fast spin-echo T2-

weighted sequences [51], and slightly lower to comparable

accuracy compared to contrast-enhanced (CE) T1-weighted

images (Fig. 6) [52]. However, poor SNR, low spatial

resolution and overlap in ADC values between malignant

and benign lesions are major limitations with DWI, and

currently it is used as a supplementary interpretation tool in

conjunction with Gd-enhanced T1-weighted sequences.

The availability of state-of-art MRI scanners with

stronger gradients, multi-channel coils, higher magnetic

field strengths, and advanced software platforms has

enabled improved image quality of DWI. Free-breathing

and respirator-triggered (RT) techniques have been intro-

duced recently for DWI, and provide improved SNR by

acquiring multiple signal averages, improved spatial reso-

lution and larger number of b values used; however, at the

cost of increased motion artifact and longer acquisition

times [49•]. The acquisition of multiple b values obtained

with RT DWI is advantageous for more accurate ADC

calculation. Studies have reported that RT DWI of the liver

provides higher CNR between malignant liver tumor and

adjacent parenchyma [53], with no significant difference in

mean ADC values compared to free-breathing sequence

[54]. The choice of breath-hold versus free-breathing ver-

sus RT DWI depends on several local factors, such as

available hardware, patient cooperation, workflow logistics

and the need to adequately quantify ADC.

DWI provides functional information about tumor cel-

lularity and cell membrane integrity, and therefore can be

used as an imaging biomarker for the evaluation of tumor

response to therapy. Tumor necrosis, loss of cell membrane

integrity and increase extracellular (EC) space that occur

post-treatment lead to increases in ADC value on DWI,

which can often be detected before tumor size shrinkage.

Therefore, DWI may be an effective early biomarker for

newer targeted anticancer drugs [55].

MR Elastography

MRE is an emerging technique that offers noninvasive

assessment of tissue stiffness. Conceptually, the target

tissue stiffness is assessed based on its response to an

external stereo mechanical force [56]. MRE utilizes an

external pneumatic device that is placed onto the body

wall, near the target tissue. This generates shear waves

between 40 and 120 Hz that are propagated through the

tissue deep to the transducer at a rate and velocity that is

proportional to the tissue stiffness. A phase-contrast gra-

dient-echo sequence that utilizes motion-encoding gradient

is used to depict shear wave propagation. Quantitative

maps for tissue stiffness can be generated by relatively

rapid post-processing, and region-of-interest measurements

can be taken to identify a quantitative measurement of the

elastic modulus (in kPa) [56].

Several investigators have investigated the utility of

MRE in the assessment of liver fibrosis in patients with

chronic liver disease with promising results (Fig. 7) [57,

58]. Wang et al. [59], in a meta-analysis reported that MRE

has a high accuracy for the assessment of different grades

of liver fibrosis as correlated with histopathology, and has

the potential to replace the current gold standard of liver

biopsy. Venkatesh et al. [57], reported that MRE is more

accurate that serum fibrosis markers for staging liver

fibrosis. Moreover, MRE is noninvasive and can be

Fig. 6 Multifocal HCC in a 56-year-old-women with cirrhosis of

liver: Axial T2-weighted image (a) shows a single moderately

hyperintense nodule (arrow) involving the left lobe of liver. On

diffusion-weighted image (b) at b = 100, three additional (arrows)

hyperintense nodules involving right and left lobes of liver were

detected that were confirmed on post-gadoxetate late arterial phase

T1-weighted MRI (c)
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repeated to determine and monitor treatment success. With

regard to focal liver lesions, preliminary studies have

shown that benign hepatic tumors tend to show lower or

similar stiffness to normal liver, whereas malignant lesions

tends to have higher stiffness than normal liver. Venkatesh

et al. [60], reported a cut-off value of 5 kPa could be used

to accurately differentiate malignant tumors from normal

liver and benign lesions.

It is important to recognize that other conditions such as

edema or inflammation may contribute to increased liver

stiffness and confound the results [61]. In patients with

non-alcoholic fatty liver disease, fatty infiltration alone

does not appears to have a significant effect on hepatic

stiffness. Moreover, it has been shown that disease pro-

gression to non-alcoholic steatohepatitis can be assessed on

MRE even prior to the onset of clinically apparent fibrosis

[62]. Limitations of MRE include the need for patient

cooperation with breath-hold sequences and possible

inaccurate results due to moderate or severe iron overload.

Gadoxetate Disodium (Gd-EOB-DTPA)

Traditionally used extracellular-gadolinium based contrast

agents (GBCAs) provide excellent visualization of

dynamic contrast-enhancement characteristics of liver

lesions. However, similar to iodinated CT contrast media,

they lack information specific to presence and function of

hepatocytes. HSCAs on the other hand provide functional/

cellular information in addition to morphologic details.

Gadoxetate (Gd-EOB-DTPA) is a HSCA with dual phar-

macokinetic behavior with 50 % excretion by kidneys and

50 % excretion via hepatocytes into bile [63]. Initially, its

behavior is similar to conventional EC-GBCAs and pro-

vides strong early enhancement enabling dynamic phase

imaging. Gadoxetate is then actively taken-up by func-

tioning hepatocytes via the OATP1B1/B3 transport pro-

teins and excreted into biliary canaliculi via the MRP2

transport protein [64]. This active transport yields impor-

tant information about liver function with superior char-

acterization of specific lesions that possess these transport

proteins. In patients with normal liver function, peak

parenchymal contrast enhancement is reached within

20 min after injection and persistent enhancement is seen

for more than 2 h. This allows user to repeat data acqui-

sition in the case of suboptimal imaging due to motion. It

also allows for higher spatial resolution delayed hepatob-

iliary phase (HBP) imaging with higher flip angle for

excellent visualization of the biliary tree [63]. From a

workflow point of view, many authors have proposed

reorganizing the liver MRI protocol when using gadoxetate

by placing longer T2-weighted sequences between initial

dynamic post contrast imaging and the delayed HBP

imaging [63]. The protocol followed in our institute has

been described in detail in Table 2.

Interpretation of gadoxetate-enhanced liver MRI can be

divided into dynamic phase imaging and delayed 20 min

HBP. Lesion behavior in the dynamic phase is similar to

that with EC-GBCAs; however, because normal liver

parenchyma itself takes up contrast and show progressive

increase in parenchymal enhancement, the relative washout

Fig. 7 MR elastography: Axial

post-gadolinium 2 min delayed

T1-weighted image demonstrates

nodular liver contour suggestive

of cirrhosis; however, it is difficult

to assess the severity of liver

fibrosis. Axial MR elastography

color map demonstrates grade-4

liver fibrosis involving both right

and left lobe of liver. Note, the

color scale range from 0 to 8 kPa

with highest being red color and

lowest being purple color (Color

figure online)

Table 2 Gadoxetate-enhanced MRI protocol

Time (s) Gadoxetate-enhanced MRI protocol

0 SSFSE and TruFISP localization

0:03 T1-W in/opposed phase

Optional T2-W MRCP

0:05 T1 spoiled GRE Pre Ax and Cor

0.025 mmol/kg or 10 mL fix dose at 1 cc/s

0:06 T1 spoiled GRE Ax at 25, 35, 70, 180 s

0:09 T2-W FS FSE

0:11 T1 spoiled GRE Ax 5 min delay

0:12 T1 spoiled GRE Cor 5 min delay

0:13 T2-W non-FS FSE

0:17 DWI (B50, 400, 800)

0:26 T1 spoiled GRE Ax 20 min delay

0:27 T1 spoiled GRE Cor 20 min delay

Dynamics, 5 and 20 min subtractions
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of hypervascular HCC/metastasis may not be obvious on

portal-venous phase and is best seen on HBP imaging.

In general, on HBP imaging, lesions containing func-

tioning hepatocytes and therefore OATP1B1/B3 transport

proteins are isointense to hyperintense to the background

liver, and those that lack these proteins are hypointense to

the background parenchyma. Of the benign hepatocellular

lesions, focal nodular hyperplasia (FNH) appear hyperin-

tense or isointense to the surrounding liver and can be

reliably diagnosed on HBP imaging [65], whereas hepa-

tocellular adenomas (HCA) are almost always hypointense

on HBP imaging (Fig. 8). Rarely, telangiectatic/inflam-

matory variants of HCA may appear isointense to hyper-

intense on HBP, perhaps owing to variability in cellular

protein expression that leads to some imaging overlap with

FNH.

Liver metastases appear hypointense on HBP due to

their lack of hepatocytes or functioning transport proteins.

Several investigators have demonstrated improved accu-

racy for detection of small metastatic foci (\ 1 cm) on

HBP imaging compared to CECT or CE-MRI with EC-

GBCAs [66, 67]. Hypointensity on HBP is not specific for

metastasis, and the appearance on ancillary sequences such

as T2-weighted imaging is very useful to distinguish

metastasis from other hypointense benign lesions such as a

cyst or hemangioma [68•].

In chronic liver disease, differentiation of hepatic nod-

ules earlier than overt HCC (i.e. regenerative nodule [RN],

low-grade dysplastic nodule [DN], high-grade DN, and

early HCC) can be challenging on conventional CECT

and CE-MRI, because these nodules are often small

(\ 10–15 mm), hiding in the multi-nodularity of cirrhosis,

and may not demonstrate hyperenhancement during the

hepatic arterial dominant phase. However, these prema-

lignant/malignant lesions show changes at a cellular level

(transport protein), allowing for detection on HBP imaging.

In essence, benign nodules (RN, low grade DN) retain

function and show uptake of gadoxetate on HBP imaging,

whereas at-risk nodules (high grade DN) and malignant

nodules (HCC) have diminished or lack of hepatic function

and show lack of uptake. Therefore, detection and char-

acterization of focal lesions in cirrhotic can be reliably

performed.

Recently, several authors have been investigating gad-

oxetate-enhanced MRI for the assessment of liver function

and liver fibrosis [69]. It has been suggested that as hepatic

fibrosis progresses, gadoxetate uptake mediated by

OATP1B1/B3 proteins may be impaired therefore leading

to a reduction in parenchymal enhancement. Therefore,

gadoxetate-MRI can be useful determining hepatic func-

tional reserve in patients undergoing hepatic resection/

transplant surgeries. The same concept can also be applied

Fig. 8 Incidentally detected

focal nodular hyperplasia

(FNH) and hepatocellular

adenoma (HCA) in a middle-

aged female on oral

contraceptive drug: a axial post-

gadoxetate T1-weighted late

arterial phase image

demonstrates two

homogenously hyper-enhancing

lesions involving segment 4/8

and segment 2 of the liver. b On

20 min hepatobiliary phase

image, the segment 4/8 lesion

remained hyperintense to liver

parenchyma (black arrow in b),

suggestive of retention of

gadoxetate and therefore FNH,

while segment 2 lesion showed

complete washout (white arrow

in b). c, d On axial T1-weighted

in and out phase images the

segment 2 lesion showed loss of

signal on out-phase image

(white arrow in d), indicating

fat content and therefore

confirming diagnosis of HCA
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to evaluate post-radiation/proton therapy injury to the liver

parenchyma.

Conclusion

Cross-sectional imaging plays an integral role in hepatic

imaging. Knowledge and better understanding of various

advances in CT and MRI technology can be used to tailor

available resources for improved detection, characteriza-

tion and quantification of the liver pathologies, tumor

staging, and monitoring response to treatment.
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