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Abstract

Traditionally, imaging of focal and diffuse
liver diseases has relied on morphological
assessment on ultrasound, CT and
MRI. However, morphological changes
detectable on conventional imaging may be
insensitive to early disease or therapeutic
effects. For this reason, functional imaging
techniques are increasingly used to evaluate
liver diseases. The most widely investigated
functional measurements include perfusion
imaging (CT and MRI), diffusion-weighted
MRI, MR elastography and quantitative
T1-weighted gadoxetate-enhanced MRI of the
liver. These techniques are used to improve
disease detection, assess therapeutic effects
and also evaluate liver function. The technical
implementation, clinical utility and evidence
for their deployment are discussed in this
chapter.

1 Introduction

The liver is a large, richly vascularised, solid
organ that is easily accessible to various imaging
modalities such as ultrasonography (US), com-
puted tomography (CT), magnetic resonance
(MR) and positron emission tomography (PET)
for detection, characterisation and monitoring of
diffuse and focal hepatic diseases. Morphological
imaging remains the cornerstone for radiological
assessment of the liver, although functional imag-
ing techniques are being increasingly deployed.
Functional imaging techniques can reflect liver
pathophysiology and allows quantitative mea-
surements to be made, which are used to quantify
changes associated with disease states. Studies
have shown that functional imaging techniques
can aid early disease detection, characterise dis-
ease behaviour, provide an early assessment of
therapeutic effects or yield insights into disease
prognosis.

In this chapter, we survey the functional imag-
ing techniques that can be applied towards the
assessment of both focal and diffuse liver dis-
eases. A comprehensive survey of all functional
liver imaging techniques is beyond the scope of

this chapter. Hence, we focus our discussion on
the use of functional imaging to study liver perfu-
sion, tissue cellularity and microstructural organ-
isation, liver stiffness and hepatocyte function.
The clinical utility and limitations of these tech-
niques is discussed, together with the evolving
developments in the field.

2 Functional Imaging
Techniques in the Liver

Functional CT, MRI and molecular imaging
techniques can be applied to evaluate the liver.
The most widely investigated functional CT
technique is perfusion CT, which requires rapid
and repeated scanning of the liver following
intravenous contrast administration. This
allows parameters that reflect blood flow in the
liver to be derived. As CT perfusion studies can
result in significant radiation burden, its adop-
tion has been limited to clinical trials and spe-
cialised centsres. Some investigators regard the
use of dual-energy CT image acquisition as a
functional imaging technique, as data acquired
using x-rays of different energies can be used to
derive quantitative information, such as tissue
iodine concentration following intravenous
contrast injection, which is linked to tissue
perfusion.

MRI is the most versatile functional liver tech-
nique for the liver, as different image acquisition
techniques can be used to derive specific mea-
surement parameters, each reflecting a different
aspect of liver pathophysiology. Using dynamic
contrast-enhanced MRI, perfusion MRI is per-
formed, which is used to characterise blood flow
in liver tumours and their response to treatment.
Intrinsic susceptibility MRI (IS-MRI) can pro-
vide insights into tumour blood volume and tis-
sue oxygenation, although the technique is not
often applied in the liver. By contrast, diffusion-
weighted imaging (DWI) is now widely used in
the liver to study tissue cellularity and micro-
structural organisation. In clinical practice, DWI
is most often used to highlight cellular disease
from the rest of the normal liver parenchyma,
without the need for exogenous contrast
administration. The use of DWI has significantly
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enhanced the clinical diagnostic confidence for
the detection of focal liver lesions and is a key
sequence in emerging abbreviated liver imaging
protocols, which aims to accelerate liver MR
imaging without compromising diagnostic per-
formance. MR elastography, which is used to
measure liver stiffness, is a useful technique to
assess for liver fibrosis and cirrhosis. The adop-
tion of MR elastography requires hardware
investment, which means that it is not often avail-
able beyond specialist liver centres, where there
is a significant caseload to justify its deployment.
More recently, there has been significant interest
in the use of MRI to assess hepatic function. To
achieve this, MR imaging is performed following
the injection of a hepatocyte selective contrast
medium, and temporal changes in the quantita-

Table 1 Functional imaging techniques for liver imaging

tive T1 relaxation time is used to estimate the
hepatocyte function.

For molecular imaging, the most widely used
radiotracer remains as 18F-deoxyglucose (18F-
FDG), which is widely used in the cancer setting
to detect hypermetabolic tumours; and to monitor
their response to treatment. However, other
molecular tracers, such as Ga68-DOTATAE and
18F-choline, have also their utility in a specific
context, the former for the assessment of neuro-
endocrine liver metastases; and the latter for the
assessment of liver tumours (e.g. hepatocellular
carcinoma). Further discussion of molecular
imaging techniques for liver assessment is
beyond the scope of this chapter. The commonly
used functional imaging techniques used to
assess the liver are summarised in Table 1.

Imaging Technique \ Biological correlates

\ Examples of measurement parameters

CT
Perfusion CT Blood flow, vascular Non-quantitative: Shape of the enhancement curve
permeability, microvessel Semiquantitative: Hepatic perfusion index, time to
density peak, slope of enhancement, area under the curve
Quantitative: Blood flow, vascular permeability,
relative hepatic artery and portal vein blood flow,
extracellular volume
MRI
Perfusion MRI Blood flow, vascular Non-quantitative: Shape of the enhancement curve

density,

permeability, microvessel

Semiquantitative: Hepatic perfusion index, time to
peak, slope of enhancement

Quantitative: Blood flow, vascular permeability,
relative arterial and portal vein blood flow,
extracellular volume

Blood volume, tissue
oxygenation

Intrinsic susceptibility MRI

Blood volume, T2* relaxivity

Diffusion-weighted MRI Tissue cellularity,

extracellular space

tortuosity, microstructural
organisation, fluid viscosity

Monoexponential model: Apparent diffusion
coefficient (ADC)

Non-monoexponential models: Intravoxel
incoherent motion: Perfusion fraction,
pseudodiffusion coefficient, diffusion coefficient
Diffusion kurtosis: Kurtosis, diffusion coefficient

Tissue stiffness, tissue
elasticity

MR elastography

Shear stiffness

Fat and water quantification Intravoxel fat and iron

Percentage of fat and iron in the liver

Change in T1 relaxivity of the
liver after hepatocyte selective
contrast medium

Hepatocellular function

Change in T1 relaxation time, hepatocyte
extraction ratio

Molecular imaging

18F-FDG PET

Glucose metabolism

Standardised uptake values

18F-choline PET

Cellular membrane turnover

Standardised uptake values

68Ga-DOTATE PET

Expression of somatostatin
receptor 2

Standardised uptake values
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3 Assessing Liver Perfusion 3.2 Computed Tomography
Perfusion Imaging

3.1 Background Considerations

Imaging liver perfusion can be a challenging task
because the liver has a unique dual vascular sup-
ply with approximately 25% of hepatic blood flow
originating from the hepatic artery and 75% from
the portal vein (Chiandussi et al. 1968). Both
these afferent vascular systems communicate with
each other through trans-sinusoidal and transvasal
network and the peribiliary plexuses. The aim of
perfusion imaging is to non-invasively obtain
information on normal and pathologic hepatic
microcirculation and to identify possible imaging
biomarkers reflecting the underlying physiology/
physiopathology that aids the detection and char-
acterisation of pathological conditions and for
predicting and monitoring response to treatment.

When primary tumours or metastatic deposits
are present within the liver, they will lead to
hemodynamic changes of the hepatic blood flow
that can be detected by perfusion imaging. These
changes are related to tumour neo-vascularisation
which represents a key factor for tumour growth,
progression and metastasis. Tumour neo-
vascularisation is a complex process that is
induced and mediated by tumour and host-related
factors responsible for increased vessel density
consisting of new non-endothelialised highly
leaky capillaries and arteriovenous shunts
(Dvorak et al. 1995; Lee et al. 2003). However,
neo-vascularisation also means that tumours in
the liver derive their blood supply predominantly
from the hepatic artery rather than the portal vein.
Tumours with high vascularity also show more
aggressive behaviour and are associated with
worse disease outcomes (Henderson et al. 2003).

Ideally, the following requirements should be
considered when performing liver perfusion
using imaging modalities: high temporal and spa-
tial resolution images to correctly identify the
kinetic properties of the tracer; accurate quantifi-
cation of global or regional arterial and portal
perfusion; calculation of tracer concentrations for
an accurate quantitative study; robust modelling
of liver perfusion physiology; and whole-liver
coverage.

The general principle of computed tomography
perfusion imaging (CTPI) is based on monitoring
changes of iodinated contrast agent concentration
in the hepatic blood vessels and tissue as a func-
tion of time following intravenous injection.
These contrast agent concentrations are linearly
proportional to the CT attenuation changes within
the vascular structures and the tissue expressed in
Hounsfield units (Axel 1980). Therefore, tempo-
ral changes in attenuation can be analysed to pro-
vide several parameters that reflect the underlying
vascular and tissue physiology/physiopathology.

The vascular and tissue attenuation curves
versus time are obtained by placing a region of
interest (ROI) respectively on the hepatic artery
(or abdominal aorta), the portal vein and the tis-
sue/lesion being analysed, on the dynamic CT
images acquired with high temporal resolution
(e.g. 1 image/sec for the first pass of contrast
agent in the tissue) before, during and after the
intravenous administration of an iodinated con-
trast agent using a power injector. In the presence
of image misregistration, mainly due to respira-
tory motion, the use of motion correction tools is
recommended (Miles et al. 2012). From these
contrast concentration-time curves, CTPI param-
eters can be calculated using either a model-free
or a model-based approach (Kim et al. 2014).

In the model-free approach, only the perfusion
phase (first-pass of contrast material) is taken
into account which allows calculation of the
hepatic arterial and portal venous perfusion
(PVP) and the hepatic perfusion index (HPI)
(Miles et al. 1993). The model-based approach
has moved towards a dual-input, dual compart-
ment pharmacokinetic model, provided that there
is good data support for such analysis. The dual-
input model respects the dual vascular supply of
the liver from the hepatic artery and the portal
vein. However, when evaluating hepatic metasta-
ses or hepatocellular carcinoma (HCC), which
are known to be predominantly supplied by the
arterial network, a single-input model may be
considered, given that the portal venous supply is
typically very small.
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A dual-compartment model assumes that the
contrast agent is distributed between two com-
partments, the vascular space and the
extravascular-extracellular space (EES), that is,
interstitial space. In the normal liver, a single-
compartment model could be considered, assum-
ing that the interstitial space (space of Disse)
communicates freely with the sinusoids through
large fenestration. However, this assumption is
not true for the diseased liver (Materne et al.
2000). For example, in liver fibrosis, the deposi-
tion of collagen causes an alteration in the sinu-
soidal architecture (loss of fenestration) and
increases resistance to the sinusoidal flow,
requiring a dual compartment model to
describe the regional microcirculatory alterations
(Pandharipande et al. 2005).

The model-based approach allows the calcula-
tion of quantitative parameters besides arterial
and portal liver perfusion and hepatic perfusion
index (HPI), such as regional blood flow (BF,
blood flow per unit volume/mass of tissue),

F (ml/min/100ml)

V(%)

Fig. 1 A middle-age man with hepatocellular carcinoma
in the right lobe of the liver underwent perfusion CT
imaging. Parametric maps are generated using a dual-
input, dual-compartment, distributed-parameter tracer
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regional blood volume (BYV, a fraction of tissue
that consists of flowing blood), mean transit time
(MTT, averaged time for blood to traverse the tis-
sue vasculature), permeability surface area prod-
uct (PS, reflecting the diffusion of contrast agent
across the capillary endothelium and the surface
area of the endothelium) (Miles et al. 2012; Kim
et al. 2014) (Fig. 1).

The use of such quantitative parameters as
imaging biomarkers in longitudinal studies
requires an important prerequisite which is the
estimation of the measurement repeatability/repro-
ducibility, which reflects the consistency of the
acquisition technique, image post-processing and
the data analysis (Bretas et al. 2017). The reported
coefficient of variations from previous pre-clinical
and clinical studies is less than 5% for perfusion
measurements suggesting that this technique can
provide robust quantitative parameters (Sahani
et al. 2007; Kan et al. 2005; Stewart et al. 2008).

The disadvantages of liver CTPI include lim-
ited anatomical coverage and high radiation dose.

PS (ml/min/100ml)

MTT (s)

kinetic model showing F (blood flow), PS (permeability—
surface area product), E (extraction fraction), fractional
intravascular volume (fBV), fractional interstitial volume
(fIV) and mean transit time (MTT)
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For this reason, dual-energy CT has been sug-
gested as a potential surrogate for perfusion
information. In comparative studies performed in
patients with HCC, the quantitative parameter of
iodine density determined at dual-energy CT
showed good correlation with CTPI derived per-
fusion parameters (Gordic et al. 2016; Mule et al.
2018). Indeed, the advantage of dual-energy CT
is the substantially lower radiation dose when
compared to CTPI; however the disadvantage is
that acquisition is usually obtained in a single
phase, and the lack of information regarding
lesion/tissue temporal and peak enhancement can
lead to inaccurate results (Gordic et al. 2016).

3.2.1 Clinical Application

Since the first reports in the early 1990s on the
usefulness of CTPI in the liver, there has been a
wide interest, especially in oncology, for disease
detection and characterisation, tumour staging,
identification of prognostic biomarkers for
patient outcome, assessment of treatment effi-
cacy and in pharmacodynamic evaluation for
anti-cancer agent development.

3.2.1.1 Focal Liver Lesions

In patients with chronic liver disease and at high
risk for HCC, imaging is used to detect and char-
acterise small hepatic nodules (< 2 cm).
Increased arterialisation of early HCC can be
detected by contrast-enhanced imaging, which
contributes to the differentiating between benign/
premalignant and malignant nodules. The over-
all sensitivity of detecting HCC nodules using
multiphase CT has been reported between
54-87%, and this decreases to 45-57% for nod-
ules less than 2 cm. By using CTPI to quantify
lesion arterial and portal perfusion, a higher
detection rate of 92-98% has been reported
(Fischer et al. 2015).

During carcinogenesis, an increase in the
hepatic arterial perfusion and HPI, together with
a decrease hepatic venous perfusion are signs of
malignant transformation of dysplastic nodules
into HCC (Matsui et al. 2011; Ippolito et al.
2012). A sensitivity of 100% using a cut off of
>99% HPI and a specificity of 100% using a cut
off of >85% HPI for the diagnosis of HCC have

been reported (Fischer et al. 2015). The BE, BV
and MTT also have prognostic value in patients
with HCC: tumour with high BF and BV and low
MTT, suggesting high vascularity and extensive
arteriovenous shunts, are associated with poorer
prognosis (Jiang et al. 2012; Petralia et al. 2011).

In livers with occult micro-metastases,
increased hepatic arterial perfusion and HPI and
decreased PVP have been observed due to the
hemodynamic changes secondary to the forma-
tion of new, unpaired arterial vessels. These
observations reported in both pre-clinical and
clinical studies suggest that CTPI may be used
to predict the presence of micro-metastases in
patients at a high risk in whom conventional
imaging modality may have limited diagnostic
sensitivity because of the lack of associated
morphologic changes (Tsushima et al. 2001;
Cuenod et al. 2001). Indeed, early detection of
liver metastasis can have important implications
for treatment management and patient
prognosis.

Several studies have investigated the use of
CTPI for characterising focal hepatic lesions
based on their perfusion properties. Hepatic
metastases from colorectal cancer, for example,
which receive their vascular supply principally
through the arterial network, show an increased
hepatic arterial perfusion and decreased portal
venous perfusion at CTPI (Reiner et al. 2012).
Hepatic metastases from neuroendocrine tumours
demonstrate significantly higher HPI, BE, BV,
PS, and significantly shorter MTT compared
with the non-tumoural liver parenchyma
(Guyennon et al. 2010). Moreover, there is anec-
dotal evidence that CTPI parameters such as
increased HPI or decreased portal vein perfusion
may confer a poor prognostic in patients with
colorectal liver metastases although this requires
further validation (Leggett et al. 1997; Miles
et al. 1998).

Another application for CTPI is for the evalu-
ation of treatment efficacy. Vascular targeting
anti-cancer agents used in combination with con-
ventional systemic treatment or as monotherapy,
in several tumour types. These drugs arrest
tumour progression by inhibiting vascular forma-
tion thus inducing a cytostatic more than a cyto-
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toxic effect and as a consequence, there may be
minimal morphologic or size measurement
changes. Recent studies showed a significant
reduction in the BF and BV and increased MTT
in responders to therapy without significant size,
in both the pre-clinical and clinical setting, sug-
gesting that these parameters could be considered
for monitoring treatment response and also as
potential early predictive biomarkers of response
(Ren et al. 2012; Ng et al. 2011; Yang et al. 2012;
Ng et al. 2018). In both hepatic metastases and
HCC nodules treated with radiofrequency abla-
tion (RF), a decrease of HPI of more than 73% in
the central necrotic zone and more than 76% in
the transitional zone assessed 24 h after RF was
associated with a complete response with an
AUC of 0.911 (Marquez et al. 2017). Although
highly promising, CTPI quantitative parameters
cannot yet be used to direct patient management
as further validation needs to be acquired from
large and multicentric prospective studies (Kim
et al. 2014).

3.2.1.2 Diffuse Liver Disease

Liver fibrosis is a diffuse cicatrisation process
related to chronic liver damage, which can be
induced by viral, genetic, metabolic and autoim-
mune aetiologies. The severity of liver damage is
based on the histological analysis of the necroin-
flammatory activity present on liver biopsy speci-
mens and is graded from AO (absent) to A3
(severe), as well as fibrosis graded from FO
(absent) to F4 (cirrhosis) (Bedossa and Poynard
1996). Cirrhosis represents the end-stage of liver
fibrosis progression and is a predisposing condi-
tion for liver failure and increases the risk for
HCC (Schuppan and Afdhal 2008).

Important microcirculatory changes occur in
liver fibrosis and cirrhosis. There is increased
intrahepatic vascular resistance with a secondary
decrease in portal venous inflow compensated by
an increased arterial inflow (Lautt 1985;
Tsushima et al. 1999). Hence, CTPI can be used
to increased hepatic arterial perfusion and
decreased portal venous perfusion, together with
reduced total liver perfusion associated with cir-
rhosis (Miles et al. 1993; Materne et al. 2000;
Van Beers et al. 2001). Moreover, for discrimi-

nating minimal (F1) from the intermediate stage
of fibrosis (>F2), the MTT was found to be dis-
criminatory in this setting (Ronot et al. 2010).

3.3 Dynamic Contrast-Enhanced

MR Imaging (DCE-MRI)

Perfusion imaging can be undertaken using CT
and MRI. For hepatic MR perfusion, several
techniques may be deployed. Typically, intrave-
nous contrast is administered for DCE-MRI and
T1-weighted sequences are used to track the pas-
sage of gadolinium contrast media through tis-
sues. However, there are also non-contrast
techniques. Intra-voxel incoherent motion
(IVIM) applies diffusion-sensitising magnetic
field gradients to the MR imaging sequence,
which does not require contrast agent administra-
tion. Likewise, the arterial spin labelling tech-
nique is based on observing magnetically labelled
proximal endogenous water in arterial blood, as
this water freely diffuses into the tissue.

Compared with CTPI, DCE-MRI has several
advantages including the lack of radiation, higher
contrast-to-noise ratios and multiparametric
capabilities. DCE-MR imaging can provide
information on the microcirculatory characteris-
tics of the tissue by probing low molecular weight
gadolinium (gd)-based contrast agents, as they
leak from the vascular space into the extravascu-
lar extracellular space (EES) and is then elimi-
nated by the kidneys. As the contrast agent
transits through the tissue, changes in T1 signal
are observed.

Semi-quantitative parameters can be extracted
from the signal intensity-time curve and include
area under the curve (AUC) which provides the
amount of enhancement over a defined period,
the peak enhancement ratio, time to peak, steep-
est slope and the mean transient time (MTT)
(Evelhoch 1999). This approach although
straightforward has a number of limitations: the
calculated parameters do not accurately reflect
contrast agent concentration in the tissue, they
are highly dependent on the imaging acquisition
protocols and the scanner properties and they
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provide no insight into the underlying physiology
(Padhani 2002; Yankeelov and Gore 2009).

Conversion of signal intensity (SI) changes
versus time into contrast agent concentration
changes versus time curves allows the use of
tracer kinetic modelling and the calculation of
microcirculatory quantitative parameters. The
general approach to model the changes of
Gd-based contrast agent concentration is similar
to that developed for the diffusible tracer. Since
these contrast agents do not penetrate the cells,
the exchange occurs between the vascular com-
partment and the interstitial space (EES). Hence,
changes in the tissue of contrast agent concentra-
tion are given by combining the changes in the
EES and the changes in the plasma concentra-
tion, namely the arterial (vascular) input function
(AIF) (Tofts 1997).

There are some technical requirements that
should be considered and respected when apply-
ing DCE-MR to investigate the liver/lesion perfu-
sion that includes robust acquisition techniques
using high temporal resolution, estimation of gd-
based contrast agent concentration using
multiples flip angles techniques and measuring
both the arterial and the venous vascular inputs
since, as said previously, the liver is supplied by
the hepatic artery and the portal vein (Buckley
2002). To obtain high temporal resolution images
(<3 s) of the liver, three-dimensional gradient-
echo weighted sequences are most commonly
used. However, more recently there is increased
interest in motion-resistant sequences (i.e.
Radial-VIBE or CAIPIRINHA-VIBE) which
may provide high-quality images from free-
breathing sequences. Low molecular weight
(<1000 Da) chelates of gadolinium that exchange
relatively fast with the interstitial space should be
administered using a power injector to assure the
reproducibility of the injection.

As for CTPI, from a modelling perspective, a
dual-input function (dual-AIF) should be con-
sidered for the liver as the tracer input into the
model will come from both the hepatic artery
and the portal vein (Materne et al. 2002). By
doing so, the use of a more complex modelling
approach such as dual-input, dual-compartment
and distributed parameter model can be applied

(46). The following quantitative parameters can
be obtained using a dual vascular input and a
bi-compartmental model  (vascular and
interstitial space): K, (transfer constant)
which represents vascular permeability in a per-
meability-limited (high-flow) situation or blood
flow in a flow-limited situation, the K, (reverse
flux rate constant) which estimates the return
process of the contrast agent from the EES to
the intravascular space, and v,, which reflects
the volume fraction of EES (Thng et al. 2014;
Sourbron 2010).

3.3.1 Clinical Applications: Diffuse

and Focal Liver Diseases

DCE-MR has been widely used in clinical trials
to provide imaging biomarkers for diffuse liver
diseases such as liver fibrosis and cirrhosis and
to monitor anti-angiogenic drug efficacy on
hepatic metastases or hepatocellular carcinoma
(Hagiwara et al. 2008; Liu and Matsui 2007).
Most of these studies have used IAUC (model-
free approach) (Fig. 2.) and/or a single-input,
dual-compartment model (Tofts model) in
which K, (transfer constant) and v, were
calculated.

DCE-MR imaging can provide non-invasive
semi-quantitative and quantitative perfusion-
related parameters that correlate with the stage of
liver fibrosis: with increasing fibrosis, there is a
decrease in the portal fraction and an increase in
the arterial enhancement fraction to increase
(Patel et al. 2010; Ou et al. 2013; Bonekamp
et al. 2012; Kim et al. 2008). These microcircula-
tory changes become more marked in cirrhotic
livers where they also correlate with the degree of
liver dysfunction and portal hypertension (Annet
et al. 2003). The diagnostic performance of
DCE-MR increases with the severity of fibrosis
(Petitclerc et al. 2017).

Similar to CTPI, DCE-MR has been used to
assess the treatment efficacy of anti-cancer
agents. Vascular targeting anti-cancer drugs
such as anti-angiogenic and vascular-disruption
agents act on the tumour vascularisation (Fig. 3).
In advanced HCC treated with sorafenib com-
bined with tegafur/uracil, a reduction of K,
was associated with improved progression-free
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Pre-treatment

Fig.2 Hepatic perfusion index. A woman with metastatic
neuroendocrine tumour. Semi-quantitative hepatic perfu-
sion index (HPI) maps obtained before and after 12 weeks
of octreotide treatment. Pre-treatment HPI map shows a
dominant metastasis (arrow) in the right lobe of the liver,

F (ml/min/100ml)

'Y

Post-treatment

Fig. 3 Quantitative response of tumour to treatment.
Parametric blood flow (F) and permeability-surface area
product (PS) maps overlaid on T1-weighted images in a
patient with hepatocellular carcinoma. Pre-treatment
images show high F (58.11) and PS (33.16) values within

survival and overall survival (Hsu et al. 2011).
Moreover, in HCC treated with sunitinib, perfu-
sion parameters were more accurate to predict
early response and progression-free survival
than RECIST 1.1 and mRECIST (Sahani et al.
2013). In patients with colorectal liver metasta-
ses treated with Regorafenib monotherapy,
DCE-MR derived parameters such as KEF
(summarised median values of K., and EF

Rost-treatment

with smaller metastases (arrowheads) in the peripheral of
the liver showing high HPI values. Note the HPI reduction
in the centre of the dominant metastasis after therapy, as
well as in the smaller peripheral metastases

PS (ml/min/100ml)

the large tumour in the right lobe of the liver. Post-
treatment images following targeted therapy shows a
slight reduction in tumour size but significant reduction in
the F (50.81) and PS (13.2) values, in keeping with treat-
ment response

(enhancing fraction)) demonstrated predictive
value for response assessment and was signifi-
cantly associated with progression-free and
overall survival. Patients responding to the treat-
ment demonstrated a significant drop of KEF on
day 15 after treatment initiation and signifi-
cantly better PFS and OS compared to non-
responders where no changes in KEF were
observed (Khan et al. 2018).



404

S. Picchia et al.

4 Assessing Cellularity
and Microstructural
Organisation

4.1 Background Considerations
Diffusion-weighted MRI (DWI) is now an estab-
lished technique for imaging the liver (Taouli and
Koh 2010). Using a single-shot echo-planar tech-
nique, DWI can be performed rapidly in the liver
using a breath-hold, respiratory-triggered or free-
breathing imaging technique, providing high
contrast between areas of impeded diffusion
against the normal liver parenchyma (Koh and
Collins 2007). In clinical practice, DWI is widely
used as an inherent contrast mechanism to help
detect focal liver lesions, especially liver metas-
tases and HCC, without the need for intravenous
contrast administration. However, there is inter-
est in developing quantitative DWI to improve
disease assessment.

Depending on the number and the range of
diffusion weightings (b-values) used for image
acquisition, different quantitative parameters can
be derived that can inform disease assessment.
The most widely used quantitative parameter
derived is the apparent diffusion coefficient
(ADC), which assumes a monoexponential rela-
tionship between the image signal attenuation
with increasing b-value. The ADC value is
reduced in areas of increased cellularity (e.g.
liver tumours) and/or increased microstructural
complexity that impede water diffusion (e.g. liver
fibrosis or cirrhosis) (Koh and Collins 2007).

However, by using multiple b-values (typi-
cally more than 5) including three or more at
lower b-values (<150 s/mm?), a biexponential
relationship between the image signal and
b-values is observed in tissues. This occurs
because of intravoxel incoherent motion (IVIM),
which results in higher tissue signal attenuation
at lower b-values due to the nulling of the protons
associated with capillary perfusion (Koh et al.
2011). Hence, using IVIM technique enables the
calculation of a diffusion coefficient (D) that
reflects tissue diffusivity, a pseudo-diffusion
coefficient (D*) that reflects the rate of tissue
perfusion, as well as the perfusion fraction, which

reflects the amount of tissue perfusion. More
recently, there has also been an interest in diffu-
sion kurtosis imaging (DKI), which requires
diffusion-weighted imaging performed using
multiple b-values but including at least one very
high b-value (>1500 s/mm?) to study the non-
Gaussian behaviour of water diffusion, which is
likely to better reflect microstructural organisa-
tion, membrane integrity and intracellular water
(Rosenkrantz et al. 2015). Using a DKI model, a
diffusion coefficient (D) and the diffusion kurto-
sis (k) can be calculated (Fig. 4).

The ADC is a robust measurement that is
highly repeatable in the liver. In well-conducted
studies, the coefficient of repeatability of ADC in
the normal liver is of the order of less than 10%,
which increases to less than 15 to 20% in liver
tumours, which may reflect the heterogeneous
nature of liver tumours (Andreou et al. 2013;
Winfield et al. 2017). The ADC value is also
reproducible across vendor platforms. In one
study, the coefficient of reproducibility of ADC
across vendor systems was found to be approxi-
mately 14% for normal abdominal organs (Donati
et al. 2014). By contrast, perfusion sensitive
IVIM parameters generally show poor measure-
ment repeatability and reproducibility, especially
for focal liver lesions, which has limited their
wider deployment in the clinical setting (Adreou
et al. 2013). The perfusion fraction, f, has better
measurement repeatability and reproducibility
compared with the pseudo-diffusion coefficient
D*. There may be some merits of using the perfu-
sion fraction f to evaluate disease in specific dis-
ease settings, which will be discussed later. There
has been limited experience in the measurement
repeatability of k in the liver and more work is
needed to determine its potential value for dis-
ease assessment.

4.2 Clinical Applications

4.2.1 Focal Liver Lesions
Diffusion-weighted MRI provides excellent
contrast for the detection of focal liver lesions.
The combination of DWI with gadoxetate-
enhanced MRI has been shown to result in the
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Fig. 4 Diffusion Kurtosis Imaging. Diffusion-weighted
imaging using multiple b-values including high b-value
(>1500 s/mm?) allows the application of a diffusion kur-
tosis model to measure the direct diffusion coefficient
(DDC) and the kurtosis (K) value. Note that in this patient

highest diagnostic accuracy for the detection of
liver metastases (Vilgrain et al. 2016). DWI is
also highly sensitive for visualising neuroendo-
crine liver metastases (Ronot et al. 2018)
(Fig. 5). DWI facilitates the detection of HCC,
including smaller (Park et al. 2012; Le Moigne
et al. 2012) (<2 cm in size) and hypovascular
(Di Pietropaolo et al. 2015) lesions, although
lesion detection depends on the tumour grade
and the severity of background cirrhosis (Jiang
et al. 2017a).

The ADC value has been employed for the
characterisation of focal liver lesions. Benign
lesions have been shown to have higher ADC val-
ues than malignant lesions. Liver haemangiomas
have been shown to have the highest ADC values
amongst solid hepatic lesions. A threshold of
approximately 1.7 x 10~ mm?/s has been found
to have relatively high sensitivity and specificity
(Taouli and Koh 2010). However, this threshold
has to be applied with caution and in conjunction
with all available imaging findings, as there is
substantial overlap in the ADC values of solid
liver lesions. For example, the ADC values of
focal nodular hyperplasia and adenomas can
overlap with the ADC values of HCC and
cholangiocarcinomas.

b=1500 s/mm?

with liver metastasis in the right lobe of the liver, the
tumour returns slightly higher DDC and K values com-
pared with the adjacent liver parenchyma. (Courtesy:
Mihaela Rata, Royal Marsden Hospital, UK)

The ADC value is potentially useful for
assessing therapeutic effects (Fig. 6). Studies
have shown that the ADC value increases in
responders to chemotherapy, radiotherapy,
embolisation therapy or minimally invasive treat-
ments (Padhani and Koh 2011; Kokabi et al.
2015). Such an ADC increase has been shown to
occur as early as 7 to 14 days following the com-
mencement of treatment, providing an early bio-
marker to therapeutic effects. For this reason, the
ADC value is being applied as a potential readout
for assessing the effectiveness of novel
therapeutics.

Using IVIM MRI, one study evaluated 74
patients with 75 lesions, of which 51 were malig-
nant and 24 benign. The diffusion coefficient (D)
and perfusion fraction (f) were found to be signifi-
cantly lower in malignant than benign lesions.
Nonetheless, D was found to be still more accu-
rate than f for this purpose (Luo et al. 2017). IVIM
MRI was also shown to help discriminate between
different grades of HCC (Granata et al. 2016); as
well as between HCC and intrahepatic cholangio-
mas (Shao et al. 2019). A recent meta-analysis
(Wu et al. 2018) evaluated 484 patients with 582
liver lesions, including 381 malignant and 201
benign lesions. The authors found that ADC and
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Fig. 5 Detection of neuroendocrine liver metastases.
Diffusion-weighted imaging improves the detection of
neuroendocrine liver metastases. Portovenous phase MRI
following intravenous gadolinium contrast administration
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Fig. 6 Change in ADC in responders to treatment. ADC
maps in a man with neuroendocrine liver metastasis
before and after Y90-Dotatate treatment. The liver metas-
tasis shows a mean ADC value of 0.89 x 10~% s/mm?

D values were significantly higher in benign
lesions, while there was no significant difference
in the D= and f values between the benign and
malignant lesions. The heterogeneity of the IVIM
results may relate to the techniques applied which
impacts the repeatability and reproducibility of
the perfusion sensitive parameters. In this regard,
meticulous technique to ensure good image sig-
nal-to-noise and careful choice of model fitting
should be advocated in future studies. IVIM has
also been used to evaluate the treatment response
of liver metastases, which revealed a reduction in
the perfusion fraction in responders to treatment
(Granata et al. 2015; Kim et al. 2016).

DWI b=750

shows several enhancing metastases in the right lobe of
the liver. However, diffusion-weighted imaging demon-
strates many more lesions (arrows) within the liver, not
visualised on contrast-enhanced MRI

Pre-treatment

before treatment, increasing to 1.54 x 10~* s/mm? after
treatment, representing a 73% increase in the ADC value,
in keeping with treatment response. Note that there is only
a slight reduction in the tumour size after treatment

4.2.2 Diffuse Liver Disease

Diffuse and focal steatosis can lead to a lower-
ing of the ADC value of the liver parenchyma
(Murphy et al. 2015; Dijkstra et al. 2014; Guiu
et al. 2012). In patients with chronic liver dis-
ease, liver fibrosis and cirrhosis also lower the
ADC value of hepatic parenchyma, which aids
the detection of fibrosis/cirrhosis (Jiang et al.
2017b). It has been found that patients with
higher grades of liver fibrosis (F3, F4) have
lower ADC values than those with lower grades
of liver fibrosis (F1, F2). However, the differ-
ences in the ADC values between these catego-
ries may be relatively small in relation to the
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measurement repeatability. This means that on a
practicable basis, it is unclear to what extent the
ADC value may have sufficient dynamic range
to confidently discern between the different
degrees of hepatic fibrosis.

IVIM DWI has been also applied to evaluate
hepatic cirrhosis. The diffusion coefficient (D)
and perfusion fraction (f) have been shown to
decrease with fibrosis and cirrhosis (Franca et al.
2017; Ichikawa et al. 2015; Yoon et al. 2014).
Using DKI, studies have also shown that the kur-
tosis value (k) is directly correlated with the
degree of liver fibrosis (Yoon et al. 2019; Yang
et al. 2018). However, the performance of IVIM
DWI and DKI are poorer than MR elastography
for the diagnosis and staging of liver fibrosis
(Ichikawa et al. 2015).

More recently, it has been suggested that
diffusion-weighted MRI may be used as a method
to measure the elasticity of liver tissue (virtual
elastogram), without the need for the use of an
external drive. The calculation of the shifted
ADC (sADC) has been shown to correlate with
the shear modulus derived from MR elastography
(r2 = 0.9). However, this approach requires fur-
ther validation (Le Bihan et al. 2017).

5 Assessing Tissue Elasticity
and Stiffness

5.1 Background Consideration
Magnetic resonance elastography (MRE) is a
functional imaging technique that is used to quan-
tify the elasticity of soft tissues by visualising the
propagation of shear waves, usually generated
using an external driver, using a modified phase-
MRI sequence. The use of MRE is akin to “virtual
palpation”, which aims to differentiate tissues
based on their tissue stiffness. MRE is an accurate
method for the detection and staging of liver fibro-
sis, although its use is often limited to specialist
centres as dedicated hardware and software are
needed to implement the technique on MRI
systems.

MRE can be performed at both 1.5 T and
3.0 T, although it appears to be more robust at
1.5 T across different vendor systems. MRE
examination requires an actuator, which uses
mechanical excitation positioned against the
body to generate compression waves, which are
translated into transverse shear waves in the
body. The actuator used to generate the compres-
sion waves can be pneumatic, electromechanical
or piezoelectric. The shear waves that are propa-
gated in the body are imaged using a phase-
contrast MRI technique that includes oscillating
motion sensitising gradients, of which gradient-
echo, spin-echo echo-planar sequences are fre-
quently used. A meta-analysis revealed that both
gradient-echo and spin-echo echo-planar tech-
niques performed equally in the evaluation of
liver fibrosis (Kim et al. 2018). The phase shift in
the MRI signal in tissues is used to generate the
wave image, and by using an inversion algorithm,
the wave images are transformed into elasto-
grams of tissue stiffness.

Studies have liver MRE has good measurement
repeatability (intraclass coefficients) and inter-
rater agreement (Shire et al. 2011; Lee et al. 2014).
In one meta-analysis, a 22% or greater change in
the mean liver stiffness evaluated over the same
region using the same technique indicates that a
real change has occurred with 95% confidence
(Serai et al. 2017). MRE measurement of liver
stiffness was not found to be influenced by age,
gender, body-mass index (Singh et al. 2015) or the
administration of gadolinium contrast medium
(95). However, liver stiffness is affected by pran-
dial state (Hines et al. 2011), and hence, liver MRE
should be measured following a period of fasting.
A good intra-class correlation coefficient (ICC) of
0.9 (95%CT: 0.78-0.96) and a within-subject coef-
ficient of variation of 2.2%-11.4% have been
reported for MRE liver stiffness measurements
(Singh et al. 2015; Wang et al. 2018). The mean
liver stiffness also showed good measurement
reproducibility in a study across two vendor sys-
tems; showing a mean difference of 0.09 KPa, and
a coefficient of repeatability of 0.25 KPa for the
mean liver stiffness (Serai et al. 2015).
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5.2 Clinical Applications
5.2.1 Focal Liver Lesions

MRE has been applied to characterise focal liver
lesions. A preliminary study involving 44 liver
tumours (which included metastases-14, hepato-
cellular carcinoma- 12, hemangioma-9, cholan-
giocarcinoma-5, focal nodular hyperplasia-3, and
hepatic adenoma-1) found that MRE could dis-
tinguish tumours as malignant or benign with
100% accuracy, using a stiffness threshold of
5 kPa at 60 Hz (Venkatesh et al. 2008). More
recently, in a study of 79 patients with 80 malig-
nant and 44 benign focal liver lesions, MRE was
found to be superior to diffusion-weighted imag-
ing (DWI) for differentiating between malignant
and benign pathologies (Hennedige et al. 2016).
Malignant lesions showed a higher mean stiff-
ness (7.9 kPa vs. 3.1 kPa) but lower mean ADC
value (1.29 vs. 2.00 x 107 mm?%s) compared
with benign lesions (100). However, ROC analy-
sis showed higher diagnostic accuracy for MRE
than DWI (0.986 vs. 0.82) (Hennedige et al.
2016).

5.2.2 Diffuse Liver Disease

The patients with suspected liver fibrosis, liver
biopsy is confirmatory but is highly invasive and
is associated with sampling errors and potential
risk of complications. For this reason,
non-invasive diagnosis of liver fibrosis is attrac-
tive, which can also be used to monitor the evolu-
tion of the disease. Biopsy can also be targeted
towards where fibrosis is most severe on imaging
(Perumpeail et al. 2012).

Multiple studies have confirmed the value of
MRE for the non-invasive evaluation of liver
fibrosis (Fig. 7). In one recent meta-analysis of
26 studies with a total of 3200 patients, the
authors found no significant difference in the
pooled sensitivity and specificity of MRE using
either a gradient-echo or a spin-echo EPI tech-
nique. The area under the receiver operator char-
acteristic curve for the stage diagnosis of any
(F > 1), significant (F > 2), advanced (F > 3),
and cirrhosis (F = 4) on gradient-echo MRE and
spin-echo echo-planar MRE were 0.93 versus
0.94, 0.95 versus 0.94, 0.94 versus 0.95, and 0.92

S. Picchia et al.

Fig.7 Shear-wave elastography of (a) a normal liver and
(b) man with Metavir grade F4 liver cirrhosis showing
increased liver stiffness (in KPa) in the small cirrhotic
liver (Courtesy: Dr. Albert Low, Singapore General
Hospital)

versus 0.93, respectively (90). MRE was also
more accurate for diagnosing liver fibrosis com-
pared with transient elastography or point shear
wave elastography (Perumpail et al. 2012). Using
a threshold of 2.93 kPa at 60 Hz, Yin et al. (2007)
found that MRE had 98% sensitivity, 99% speci-
ficity and 97% negative predictive value for liver
fibrosis. Interestingly, the performance of MRE
for staging liver fibrosis appears to be indepen-
dent of the aetiology of the disease.

MRE has also been used to study the effects of
treatment that modulates liver fibrosis. In one
study (Jayakumar et al. 2019), 54 patients with
MRE and liver biopsies at baseline and week 24
were treated with selonsertib, an inhibitor of
apoptosis signal-regulating kinase 1 (ASK1),
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which has anti-inflammatory and anti-fibrotic
properties. In that study, 18 (33%) had fibrosis
improvement (>1-stage reduction) after undergo-
ing 24 weeks of treatment with the study drug.
The area under the receiver operating characteris-
tic curve of MRE-stiffness to identify improve-
ment in the fibrosis score was 0.62 (95% CI
0.46-0.78) and the optimal threshold was a >0%
relative reduction. Applying this threshold, MRE
had 67% sensitivity, 64% specificity, 48% posi-
tive predictive value, 79% negative predictive
value.

In addition, MRE has been applied to observe
changes in liver stiffness in patients with non-
alcoholic fatty liver disease (NAFLD). Several
studies have demonstrated an increase in liver
stiffness in patients with non-alcoholic steato-
hepatitis (NASH), in the absence of fibrosis. In
one study, using a threshold of 2.74 kPa (Chen
et al. 2011), MRE showed high diagnostic accu-
racy for identifying patients with NASH from
patients with simple steatosis with an area under
the ROC curve of 0.93. However, the practical
application of MRE in this clinical context
requires further validation.

6 Evaluation of Liver Function

6.1 Background

Chronic liver parenchymal disease leads to hepa-
tocellular dysfunction, which eventually mani-
fests as deranged serum liver function tests.
However, the loss of normal liver function can be
heterogeneous, segmental or sub-segmental,
which may not be appreciated from serum find-
ings. The ability to visualise the extent and distri-
bution of liver dysfunction may be useful for
treatment planning.

Following the administration of a hepatocyte
selective contrast medium (e.g. gadoxetic acid),
approximately 50% of gadoxetatic acid is taken
up by hepatocytes during the transitional and
hepatobiliary phase of contrast enhancement by
transmembrane transporters such as the organic
anion transporting polypeptides OATP1 B1/B3
present on the sinusoidal membrane of the hepa-

tocytes. The excretion of contrast into the biliary
system occurs through the MRP2 transporters.
Hence, the T1-enhancement of liver parenchyma
following gadoxetic acid contrast administration
can reflect hepatocyte function.

To measure hepatocyte function, quantifica-
tion of the T1-relaxivity of hepatic parenchyma is
performed before and at 10 to 20 min following
gadoxetic acid contrast administration. There are
several imaging sequences that have been
applied, including a modified Look-Locker inver-
sion recovery (MOLLI) technique or a variable
flip angle (VFA) gradient-echo technique. These
sequences may be executed with or without
correction for the Bl-field inhomogeneity.
Studies have shown that the magnitude of change
in the Tl-relaxation time following contrast
administration is highly reflective of the underly-
ing liver excretory function, which can be used to
produce parametric maps of hepatocellular func-
tion. Although the native T1 value of the liver is
reduced in patients with liver cirrhosis (Cassinotto
et al. 2015), this is not sufficiently discriminatory
to identify patients with impaired liver function.

Measurement of the T1-relaxation time in the
liver is highly repeatable (107). In one study, the
within-subject coefficient of variance for T1
measurement of the liver was found to be 0.3%
before gadoxetate contrast administration, and
1.1% after gadoxetate administration. However,
significant variation is encountered in the
T1-relaxation time of the liver when different
T1-measurement techniques are applied. For
example, there is significant variance in the T1
measurement between using MOLLI sequence
versus the VFA technique (Yoon et al. 2016; Yoon
et al. 2017).

6.2 Clinical Application

6.2.1 Evaluating Liver Function

Currently there is no consensus on which
MR-derived parameters should be used to assess
liver function by gadoxetate-enhanced MRI (Bae
et al. 2012). Relative liver enhancement (RLE),
contrast enhancement index and hepatic uptake
index (HUI) are parameters based on single



410

S. Picchia et al.

intensity (SI) measurements, which are relatively
easy to derive (Watanabe et al. 2011).
Measurement of the T1 relaxation time is more
accurate than SI measurements, given the more
direct relationship between T1 relaxation times
and contrast agent concentration, although this
relationship is more complex using gadoxetate,
as the contrast is distributed in different compart-
ments (i.e. intracellular and in the bile) (Besa
et al. 2015). There is also considerable variation
in the T1-relaxation time measurements depend-
ing on the imaging sequence/technique applied,
the availability of these sequences varies across
vendor systems. In addition, there is reportedly
segmental variation of the liver T1 value across
the liver, both before and after contrast adminis-
tration (Haimerl et al. 2017). Furthermore, the
T1-relaxation time varies with the magnetic field
strength, being longer at higher field strength
than at lower field strength. For these reasons,
there is not yet a universally accepted method to
measure or define liver tissue T1 relaxivity.

Nonetheless, it has been found that the change
in the T1 relaxation time measured by the same
imaging technique before and after gadoxetate
contrast administration is highly correlated with
liver function. Although the native T1 relaxation
time of cirrhotic liver is longer compared with
normal liver, this is not predictive of liver func-
tion. However, patients that show a small reduc-
tion in the T1 relaxation time (expressed as a
percentage of the pre-contrast T1 relaxation time)
after contrast administration are associated with
impairment of liver function (Yoon et al. 2016;
Besa et al. 2015; Katsube et al. 2011; Haimerl
et al. 2013) (Fig. 8). Other quantitative parame-
ters that have been used to identify patients with
impaired liver function include the extracellular
enhancement (by comparing with the enhance-
ment of the spleen), functional liver-to-weight
ratio and the hepatic uptake ratio (Yoon et al.
2019). One recent study at 3 T showed the hepatic
uptake ratio was highly correlated with the ICG-
rl5 test, in patients with Child-Pugh class A or B
liver cirrhosis (Yoon et al. 2019).

One potentially more sophisticated approach
is dynamic hepatocyte-specific contrast-enhanced
MRI which provides both semi-quantitative and

quantitative ~ parameters.  Semi-quantitative
parameters such as the maximum enhancement
(Emax), time to peak (Tmax) and elimination
half-life do not have any clear insight into the
underlying physiology. The calculation of
quantitative parameters implies the use of
pharmacokinetic analysis of the parenchyma-
and vascular-input concentration-time curves and
include regional BF, regional BV, arterial and
portal venous perfusion and hepatocyte extrac-
tion fraction (Sourbron et al. 2012). However,
this approach requires sophisticated data acquisi-
tion and analysis, which can only be undertaken
in specialist institutions.

Besides the microcirculatory changes, a
decrease in the expression of the hepatocyte
organic anion transporters has been observed in
liver fibrosis, which can be inferred by using
gadoxetate MRI. The reduction in OATP trans-
porters will cause a decrease in the T1-shortening
effect of the gadolinium contrast. Quantitative T1
mapping-based hepatocyte fraction demonstrated
a strong correlation with fibrosis stages and also
showed a good diagnostic performance in identi-
fying patients with advanced liver fibrosis and
cirrhosis (Pan et al. 2018).

7 Future Developments

There have been significant advances in MR
hardware and software over the years, which
have impacted our ability to derive functional
imaging data from the liver. As compressed-
sensing techniques become mainstream on all
vendor MR systems, the ability to acquire high
temporal and high spatial-resolution dynamic
contrast-enhanced MR images significantly
improve the way we perform perfusion MRI and
possibly on how we assess liver function using
MRI.

One of the major disruptors in imaging is
artificial intelligence and deep learning, and
there is no doubt that rapid developments in the
field improve the speed of image reconstruction
for functional imaging, disease segmentation
and complex data analysis. One of the current
limitations of applying functional imaging
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Fig. 8 A 66-year-old woman with hepatitis B and liver
cirrhosis (Child-Pughs Class A). Quantitative T1-mapping
was performed using a Look-Locker sequence at 3 T
before and at 10 mins after gadoxetate-enhanced MRI. The
mean pre-contrast T1-value is 978 ms, while the mean
post-contrast T1-values is 496 ms. The reduction in

techniques is that many of the image processing
steps and data analysis are performed off-line by
dedicated physicists and data scientists, which
are not accessible to the majority of radiological
departments. Using artificial intelligence and
machine learning, it may be possible to generate
new tools that can undertake in-line processing
of complex functional imaging datasets auto-
matically or semi-automatically, so that the
quantitative results can be made available at the
point of image reading for clinical decision
making.
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Post gadoxetate T1 map

T1-value after contrast indicates a good liver function test.
These findings are corroborated with the hepatic uptake
ratio map (normalised to splenic uptake), which shows a
mean uptake ratio of 70 (Courtesy: Dr. Yoon Jeong Hee,
Seoul National University Hospital)

As radiomics analyses continue to generate
promising biophysical properties from images
that are linked to patients’ treatment outcomes or
prognosis, there is increasing interest in perform-
ing radiomics on MRI datasets. One of the limita-
tions of using MR images for radiomics is that
there may be substantial variations in the mea-
sured signal according to the patient position
within the MRI scanner, which can lead to varia-
tions in the results. Currently, different approaches
to signal normalisation are being applied to over-
come some of these limitations, but there are
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advantages in performing radiomics analyses on
quantitative maps derived from functional MR
imaging measurements, as a way of overcoming
the issue of MR signal variations across native
acquired morphological images.

The speed of image acquisition can also be
speeded up using artificial intelligence and
machine learning. Hence, future liver MRI exam-
ination time is likely to decrease; which may
allow more time to be spent acquiring functional
imaging data. The routine use of a multiparamet-
ric functional imaging paradigm for liver imag-
ing for patients within our daily clinical workflow
may produce new insights into common diseases,
and provide new knowledge for disease
management.
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