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Abstract

Chronic liver disease is responsible for over 2 million deaths every year, with half of those deaths
being caused by cirrhosis. Liver fibrosis is characterized by excessive collagen production and
extracellular matrix (ECM) deposition, and can have a wide variety of causes. Fibrosis is divided into
five stages, depending on the fibrotic state. Accurate diagnosis and staging are key in the prognosis
and monitoring of the disease progression. The current golden standard for the diagnosis and staging
of liver fibrosis is a biopsy. However, due to its invasive nature and the risks involved, there is a need
for a non-invasive fibrosis imaging technique. Ultrasound (US) and magnetic resonance imaging (MRI)
are imaging techniques currently used in the clinic, but have limited accuracy, especially in the earlier
stages of fibrosis. US-based transient elastography (TE) has shown potential for the diagnosis and
staging of early stages of liver fibrosis, but lacks in accuracy. MRI-based magnetic resonance
elastography (MRE) has shown greater potential, as it can diagnose and stage liver fibrosis with high
accuracy, even the earlier stages of liver fibrosis. The focus of this essay is to determine which
imaging technique is the best for the diagnosis and staging of liver fibrosis, and whether it can be
applied for theranostics.
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1.0 Introduction

Liver disease is responsible for approximately 2 million deaths per year worldwide, of which 1 million
deaths are due to complications of cirrhosis [2\. Cirrhosis is an advanced state of liver fibrosis, and is
described as the development of regenerative nodules surrounded by fibrous bands B, Liver fibrosis
results from chronic liver injury, and is characterized by the accumulation of extracellular matrix (ECM)
proteins. This, in turn, leads to disruption and distortion of the tissue architecture and function 4. The
main causes of liver fibrosis include chronic hepatitis C virus (HCV) infection, alcohol abuse,
autoimmune reactions, generation abnormalities, and nonalcoholic steatohepatitis (NASH) ). These
conditions result in inflammation, hepatic stellate cell (HSC) activation, pathological angiogenesis,
overproduction of cytokines, and ECM deposition . Also, there is an increase in fibronectin
osteopontin, hyaluronan, proteoglycans, laminins, and different collagen subtypes .

The cell types involved in the regulation of ECM homeostasis are fibroblasts and other mesenchymal
cell types [*”!. Responsible for the activation and proliferation of fibroblasts are different cytokines such
as IL-1, tumor necrosis factor (TNF), and transforming growth factor-8 (TGFB), but also other growth
factors including platelet-derived growth factor (PDGF) ), The proteins produced by the fibroblasts
can promote the differentiation of profibrotic myofibroblasts during fibrosis, via positive feedback
regulation 8],

There are five different stages of fibrosis: FO (no fibrosis), F1 (minimal scarring), F2 (significant fibrosis;
scarring has occurred and extends outside the liver area), F3 (severe fibrosis; fibrotic tissue spreading
and forming bridges with other fibrotic liver areas), and F4 (cirrhosis; advanced scarring) . Stage 2
fibrosis and above is an indication of chronic liver fibrosis [*°. However, when the underlying cause is
treated, almost all stages of liver fibrosis are reversible.

Accurate diagnosis and staging of fibrosis is key in determining the proper prognosis and monitoring
the disease progression. The golden standard for staging and diagnosis of liver fibrosis is a biopsy.
However, due to its invasive nature and limited representativeness, there is a need for a non-invasive
technique that allows for diagnosis, staging and treatment monitoring . Non-invasive imaging
techniques such as computed tomography (CT), magnetic resonance imaging (MRI), optical imaging
(Ol), positron emission tomography (PET), single-photon emission computed tomography (SPECT), and
ultrasound (US) have all been studied for this purpose.

Besides imaging techniques, liquid-based biopsies may also be helpful for the assessment of liver
fibrosis. Several serum biomarkers are associated with the stage of liver fibrosis, and testing these
parameters is already applied in patients with chronic HPV infection . One of the most commonly
used tests for the assessment of liquid biomarkers, is the FibroTest®. The FibroTest® measures gamma-
GT, total bilirubin, alpha-2-macroglobulin, apolipoprotein Al, and haptoglobin. This test is often
combined with an ActiTest, which measures alanine aminotransferase (ALT) as a marker for
inflammatory activity ®. Both tests are recommended by the World Health Organization (WHO),
American Association for the Study of Liver Diseases (AASLD), the European Association for the Study
of the Liver (EASL), and the Asia-Pacific Association for the Study of the Liver (APASL) for the
assessment of hepatitis fibrosis in patients with chronic hepatitis C ®. However, the FibroTest®
measures indirect fibrosis markers and is quite expensive. Also, the diagnostic accuracy does not
exceed 80-85% &,

The aspartate-to-platelet ratio index (APRI) is another test that is commonly used. Although a study
found that APRI is an accurate test for the prediction of mild versus significant fibrosis, it is not an
accurate predictor for cirrhosis 7).



The Enhanced Liver Fibrosis score (ELF) measures hyaluronic acid (HA), amino-terminal pro-peptide of
type Ill procollagen (PIIINP), and tissue inhibitor of metalloproteinase 1 (TIMP-1) ©!. Although widely
used in the clinic, this test also has its shortcomings. HA is not specific to the liver and only gives global
information about ECM metabolism 1%, PIIINP is also not specific to the liver, and its serum levels may
also be increased due to degradation of collagen. Finally, TIMP-1 has also been shown to not be a
specific marker to hepatic tissue, and the half-life and clearance of all three markers has not been
studied enough 1%,

In general, liquid-based biomarkers alone may not be organ-specific enough to give a proper indication
on liver function, and also do not reflect fibrosis nor discriminate between the different stages of
fibrosis. However, combining liquid biomarkers with other techniques such as imaging, may improve
the accuracy of fibrosis diagnosis and staging.

Until now, only the non-invasive assessment of chronic hepatitis B and C infections is possible through
the combination of two tests, i.e. serum biomarkers and transient elastography (TE) [*. For diagnosis
and staging of liver fibrosis, biopsies are still required. However, functional imaging of liver fibrosis can
assess liver stiffness, which relates to the fibrotic state. Methods for elastography include TE, acoustic

radiation force impulse imaging (ARFI), shear wave elastography (SWE), and MR elastography (MRE)
(4

The first approved TE device is FibroScan®, which measures the shear wave velocity generated on the
skin 12, The main downside of TE is that it does not directly measure fibrosis, which can result in over-
estimation of the fibrotic state. Possible reasons for an over-estimation are liver inflammation,
cholestasis, lesions in the liver, and liver congestion 2,

The ARFI method uses a gray-scale US image %, Short-duration acoustic push pulses travel along the
US beam, inducing shear stress in the target tissue. The shear waves move away from the region of
excitation, and can be detected with tracking US beams. The speed of these shear waves is related to
the elasticity of the tissue. SWE is very similar to ARFI as it uses the same excitation pulse [**!. The shear
waves are tracked and used to estimate the shear-wave speed.

Combining ARFI, SWE, or the FibroScan® with the aspartate aminotransferase (AST)/ALT ratio or APRI
may increase diagnostic accuracy, and may have an advantage over using a single test, especially when
a single test alone is inconclusive 23],

For the detection of fibrosis and differentiating the progression stages, MRE has a greater diagnostic
performance than the US-based elastography techniques . A recent study showed that MRE was
more accurate than TE in patients with nonalcoholic fatty liver disease (NAFLD) ¢, MRE was also
shown to be more accurate than TE for the diagnosis of any fibrotic stage except for cirrhosis.

Besides functional imaging, molecular imaging tools have also been proposed for assessing liver
fibrosis. Targeted contrast agents for MRI enable the imaging of organ specific molecular processes.
Gadolinium ethoxybenzyl dimeglumine (Gd-EOB-DTPA), also known as Primovist® (Europe), is a liver-
specific contrast agent that is taken up and excreted by hepatocytes [%. As the uptake and excretion of
compounds is impaired in liver fibrosis, Primovist® enables the detection of cirrhosis and severe
fibrosis.

Besides cellular uptake, ECM components like collagen and elastin can also be analyzed by MRI. This
concept has already been proven in animal models, and was shown to be helpful in staging liver fibrosis
and enabled therapy monitoring 1.



In recent years, a new strategy for therapy monitoring has gained attention: theranostic imaging. This
strategy combines diagnostic imaging and therapy into a single compound. Using this strategy allows
for the selection of patients that are most likely to benefit from the treatment, thereby enabling
personalized treatment 2%,

Despite the shortcomings of non-invasive techniques for the assessment of liver fibrosis, the major
advantage compared to the liver biopsy is that these methods can easily be repeated over time,
allowing the response to the therapy to be monitored regularly.

In this review, we will investigate the most promising non-invasive imaging techniques for the
detection of early stage fibrosis, as well as evaluate the potential of these methods for theranostics.



2.0 Non-invasive liver fibrosis imaging techniques for early-stage liver
fibrosis

The degree of liver fibrosis is very important for the proper diagnosis and treatment in chronic liver
disease. As previously described, liver biopsy is currently the golden standard for the diagnosis and
staging of fibrosis. However, the risks, sampling errors, and intra- and interobserver variability lead to
an increased interest in non-invasive fibrosis imaging and staging techniques.

As previously described, there are already some non-invasive imaging techniques for liver fibrosis
applied in the clinic. The most routinely used is standard gray-scale US, which is able to distinguish a
smooth liver surface from a severe nodular liver surface (figure 1A) ¥ However, this method is limited
to the detection of advanced state liver fibrosis as structural changes in the liver become visible at later
stages of liver fibrosis 2.

Besides US, MRl is also commonly used in the clinic. However, similar to US, MRI only shows structural
changes (figure 1B) [, Besides the lack of sensitivity, there is a high interobserver variability leading to
different measures of accuracy within studies 2%,
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Figure 1: Morphologic imaging of cirrhosis. A) US shows a nodular surface, indicated with the arrow, and a coarse hepatic
echotexture indicated with *. B) MRI image of a cirrhotic liver with a nodular surface (indicated with the arrow) and an
enlarged hilar periportal space (indicated with *).

In summary, although commonly used, standard US and MRI are not sufficient in distinguishing the
different stages of liver fibrosis. Therefore, researchers have been looking into techniques than can be
used for the diagnosis and staging of liver fibrosis, especially the earlier stages of fibrosis.




2.1 Transient Elastography may be able to detect early-stage fibrosis

Recent research proposes that elastography techniques may be able to detect early-stage fibrosis *°.
Elastography measures liver stiffness, which correlates to liver fibrosis. It was found that clinically
useful elastography techniques are either US- or MRI-based.

An example of US-based elastography that is able to differentiate between moderate and severe
fibrosis is TE. The first approved TE device is FibroScan®, which measures the shear wave velocity
generated on the skin 2. The liver stiffness is expressed as the median value of 10 valid

measurements in kiloPascals (kPa) 1?2, The cut-off values for the liver fibrosis stages are shown in figure
213,
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Figure 2: Livers stiffness cut-offs in chronic liver diseases.

The shear wave propagation velocity is directly related to liver stiffness: the stiffer the tissue, the faster
the shear wave propagates 23,

A study from Castera et al. in 2008 discussed the potential of TE in the staging of liver fibrosis. Their
findings, shown in figure 3, showed that TE was able to distinguish the different stages of fibrosis. The
reproducibility of TE was found to be excellent, in terms of intra- and interobserver agreement, for
patients with moderate to severe stages of liver fibrosis. However, in patients with lower degrees of
fibrosis (stage F2 or lower), with hepatic steatosis, or with an increased body mass index (BMI) (>25
kg/m?), the interobserver agreement was significantly reduced.
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Figure 3: Evaluation of liver fibrosis with TE. A) Position of probe and explored volume. B) Shear wave propagation velocity
in different stages of fibrosis (METAVIR). The elastic modulus E expressed as E = 3pV2, where V is the shear velocity and p
is the mass density (constant for tissues).

As previously described, the main downside of TE is that it does not directly measure fibrosis, which
can result in over-estimation of the fibrotic state, likely due to liver inflammation, cholestasis, lesions
in the liver, or liver congestion 2. Also, TE does not display the location of where the stiffness is
measured, thus confirmation that the measurements are from the liver is difficult. Interobserver

agreement is low in patients with early-stage fibrosis, making TE less accurate in the diagnosis of early
stage fibrosis.

In summary, although TE can be used for diagnosing intermediate liver fibrosis, it may not able to
accurately detect early-stage fibrosis 12,



2.2 Magnetic Resonance Elastography can accurately assess early-stage liver fibrosis

The most accurate non-invasive imaging technique for liver fibrosis is MRE. Several studies proved that
MRE is superior to TE for the detection and staging of liver fibrosis 2], MRE relies on standard MRI
protocols for imaging of the liver.

MRE measures the mechanical property of the tissue by using propagating shear waves, in a similar
fashion as TE. Shear waves propagate faster in stiffer tissue, and the velocity of the waves is reflected
in the wavelength ?%. Hence, the wavelength becomes longer in stiffer tissues. Mechanical shear
waves with a low frequency (around 60 Hz) are generated by a special acoustic driver system, along
with a modified phase-contrast pulse sequence to image the displacements associated with the wave
propagation. The wave images are processed with specialized software to generate quantitative cross-
sectional images showing the tissue stiffness, shown in figure 4 24, The low frequency vibrations are
well tolerated by patients, and do not cause any discomfort.
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Figure 4: Process of MRE imaging. The figure on the left shows the placement of the driver, the middle shows the wave
image, and the right figure shows the image after being processed, referred to as the elastogram.

The liver stiffness is assessed by drawing regions of interest (ROI), which can be geographic or oval in
shape 12, Normal hepatic parenchyma has a shear stiffness value less than 3 kPa, liver fibrosis can be
diagnosed with high specificity and sensitivity is the stiffness is above this value (figure 5).
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Figure 5: Elastograms from patients with different stages of liver fibrosis. The top row shows wave images from patients
with biopsy-confirmed liver fibrosis ranging from METAVIR stage 1 to 4. The bottom row shows elastograms from these
patients.

MRE allows for liver fibrosis to be detected well before other imaging signs of fibrosis are seen 124,
Also, fibrosis is not a homogenous process, which in the case of a biopsy this can potentially create
sampling errors, but with MRE this pattern of fibrosis can be visualized.

The problem that arose with TE, in which obese patients could not be accurately diagnosed, is
eliminated with MRE. In an obese patient with a BMI of 43, the liver wave image is not affected by the
thick layer of fat, as shown in figure 6.

Figure 6: MRE images of a patient with obesity. The middle image shows that the wave image is not affected by a thick
layer of fat. The elastogram (right) shows that the patient has normal liver stiffness.

Although the problem with obese patients has been overcome, a new problem has arisen. Steatosis
alone does not appear to have an effect of liver stiffness. This affects patients with NALFD. However,
research has shown that when the disease progresses to inflammation (NASH) the liver stiffness does
increase, and can be accurately measured with MRE.



Besides the many advantages of MRE, the technique also has its shortcomings. During MRE, the
patients need to hold their breath consistently. When patients fail to properly do this, the wave image
and elastogram will be affected. In patients with moderate to severe cases of hemochromatosis the
MRI signal may be too low, affecting the visualization of the waves. Examples of both cases are shown
in figure 7. The resulting elastograms from both patients were not valid.
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Figure 7: Limitations of MRE. The top row shows images from patients who could not hold their breath properly and
consistently. The bottom row shows images from a patients with hemochromatosis and high. The wave pattern (arrow)
could not be visualized.

However, there seems to be a solution for patients with hemochromatosis. A MRE study with a spin-
echo based echo planar imaging (EPI) technique, which is designed to be less affected by hepatic iron,
showed an improved wave image and elastogram (figure 8).
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MRE with EP| sequence

Figure 8: Echo-based EPI MRE of patient with hemochromatosis. The arrow indicates the wave pattern in the liver.

In summary, MRE is a promising non-invasive alternative to biopsies in patients with liver fibrosis. The
technique is also relevant for the monitoring of patients that are receiving treatment for liver fibrosis.
There is still room for further improvement, as the image resolution is still low.

MRE is not only safer, but also less expensive compared to biopsies. But most importantly, patient
compliance is higher as it is painless.



3.0 Can MRE be employed for theranostics?

MRE is a very promising non-invasive imaging technique for early-stage liver fibrosis, making it possible
for patients to receive the proper treatment earlier, increasing the chance of reversal of liver fibrosis.
As MRE has shown potential for monitoring the fibrotic state, the next question is: can it be applied in
theranostics?

As previously described, MRE is performed in sequence with MRI and only images the liver stiffness.
Because it is applied in combination with MRI, targeted contrast agents with a therapeutic effect
become an interesting possibility. Liver-specific contrast agents are already applied in the clinic, an
example being Primovist®. Primovist® mainly consist of gadolinium (Gd), which was shown to not have
an significant effect on liver stiffness 2% Therefore, MRE can be performed either before or after
intravenous Primovist® injection.

Besides Primovist® there are other liver-specific contrast agents used in the clinic, such as MultiHance
and OptiMARK. Both MultiHance and OptiMARK are based on gadolinium. Recent research has shown
that pullulan-conjugated Gd-DTPA is also hepatocyte specific, and may have an extended plasma half-
life 24251 Coupling of these contrast agents with a therapeutic may enable MRI/MRE to be used in
theranostics.

Magnetic Nanoparticles (MNP) have already been developed to enhance diagnostics, and are used as
MR contrast agents 2. MNPs can be synthesized of particles with various sizes and properties,
allowing therapeutic molecules to be carried to and released in a specific environment. Besides
controlling the size of the particle, poly ethylene glycol (PEG), amongst other polymers, can be used to
stabilize the particle in solution. Albumin is commonly used to avoid immunogenicity and increase
cellular uptake 24,

Maeng et al. have shown that MR sensitivity and the anticancer efficacy of MNPs loaded with
doxorubicin is increased in rat and rabbit liver cancer models 1?7, A novel polymeric nanoparticle (YCC-
DOX) composed of poly(ethylene oxide) trimellitic anhydride chloride-folate (PEO-TMA-FA),
doxorubicin, Fes04, and folate, was synthesized and tested for its anticancer effect. The animals were
divided in four groups: a saline control, free doxorubicin (FD), DOXIL® (nanoparticle containing
doxorubicin), and YCC-DOX. Each formula was injected, and the signal intensity compared to Resovist®
(conventional contrast agent) was measured in all animals using MRI (figure 9A). Before and after the
treatment the size of the tumor was also analyzed with MRI (figure 9B)
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Figure 9: Anticancer effect and MRI sensitivity. A) Signal intensities of Resovist® YCC-DOX and YCC. B) MR images before
and after treatment.

The analysis revealed that the MRI signal intensity of YCC and YCC-DOX was comparable to Resovist®,
even though YCC-DOX has a lower iron concentration than Resovist®. The MRI signal enhancement of
YCC and YCC-DOX were increased compared with Resovist®, and the tumor size was significantly
decreased in YCC-DOX treated animals.

The results proved that YCC-DOX is not only a proper contrast agent, but also an excellent anti-cancer
therapeutic. Thus, YCC-DOX is a great example of a theranostic agent. These results may also open up
the possibility that a similar compound could be designed for the staging, treatment, and monitoring
of liver fibrosis.

In conclusion, in combination with MRI, MRE can provide accurate diagnosis of early-stage liver
fibrosis. Using a targeted compound that is not only a contrast agent but also a therapeutic opens up
the possibility for MRI/MRE to be used in theranostics. MRE is not only easier and more comfortable
than liver biopsies, it is also safer. Fatality is a problem with liver biopsies, as 1 in every 10,000 patients
dies of biopsy complications B%. According to a 2010 article in Clinical Anatomy, it was reported that
MRE has a 99% accurate diagnosis rate 2,



4.0 Discussion

Liver disease is a worldwide problem, where cirrhosis in particular is responsible for over 1 million
deaths per year 2. As many stages of fibrosis are reversible, early diagnosis of liver fibrosis is very
important. The current golden standard are liver biopsies, however, this method has many limitations.
Besides the risks involved in taking a liver biopsy, there is low representativeness and patient
compliance. Also, it is not a suitable technique for monitoring a patient over the course of their
therapy. Therefore, non-invasive fibrosis staging and imaging techniques are of great interest.

Liquid-based biopsies, such as serum biomarkers, are easy to obtain and measure. However, serum
biomarkers are usually not direct markers of liver fibrosis, and cannot detect fibrosis with high accuracy
rates. Methods like the FibroTest® do not exceed accuracy rates beyond 80-85% 8.

Although frequently applied in the clinic, US and MRI cannot detect early stage liver fibrosis and
therefore do not have the potential to replace liver biopsies. Elastography on the other hand, may be
able to detect early stage fibrosis. TE, an US-based elastography method, has shown great potential.
TE measures the shear wave propagation velocity, which is directly related to liver stiffness. Although
TE was able to distinguish the different stages of liver fibrosis, the main limitation is that it does not
show the liver. This makes it difficult to confirm that the measured stiffness is actually from liver tissue.
The low observer agreement in earlier stages of liver fibrosis also do not make it a reliable technique
for the diagnosis of early-stage liver fibrosis.

The MRI-based elastography method, MRE, showed a greater potential. Contrary to TE, MRE does
display the position of the liver, and intra- and interobserver agreement is higher. Because the
technique is MRI-based, this opens up the opportunity of using the technique for theranostics. A liver
specific contrast agent with a therapeutic effect, YCC-DOX, showed a greater antitumor effect than
free doxorubicin or the targeted form of doxorubicin, DOXIL®. It also showed comparable MRI signal
intensity to Resovist®, a commercial contrast agent. These findings confirmed that YCC-DOX is not only
a great anticancer drug, but also a good contrast agent.

The success of YCC-DOX in animal studies proved that MRI is a suitable technique for theranostics. In
liver fibrosis, the combination of using a theranostic agent for MRI and the measurement of the liver
stiffness with MRE could give an accurate analysis of liver stiffness, while at the same time allowing for
monitoring of the treatment. As MRE is not limited to measuring stiffness in the liver, the method can
also be applied to other tissues. Therefore, targeted organ-specific contrast agents with a therapeutic
effect may allow for treatment and monitoring of many other diseases. As MRl is already widely used
in the clinic, and MRE is used increasingly more, investigating these possibilities becomes very
appealing.

Measuring stiffness does not only give insight in the fibrotic state, it may also help in characterizing
tumors. A study by Venkatesh et al. showed that the stiffness of malignant tumors was significantly
higher than that of benign tumors BY. This further broadens the spectrum of diseases in which MRE
can be applied.

As of today, the MRE scan still has its shortcomings. Failure to conduct shear waves can occur,
especially in patients with extreme obesity it can be difficult to position the patient into the scanner
and apply the passive driver. This will result in poor contact between the driver and the patient. Chest
wall deformities can also result in poor contact, but this problem can be resolved by changing the
position of the passive driver to obtain good contact to the largest part of the liver. Recently, new
passive drivers have been designed which, contrary to the conventional disc driver, are flexible 32, This
allows for better contact between the driver and the patient.



Also, MRE is motion sensitive. Therefore, a poor breath-hold technique can disrupt the signal. Recently
it has become possible to obtain a single slice of MRE in a short time (11-12 seconds), minimizing the
chance of motion during the breath hold ?°!. Another limitation of MRE and MRI is that it cannot be
used for patients with implants, as the techniques use a magnetic field 1,

As described in chapter 2.2 (figure 7), high iron can cause failure of the propagation of the shear waves,
resulting in a poor signal. To improve the liver signal, alternative pulse sequences such as the spin-echo
EPI sequence can be used. However, in some rare cases, the iron overload is so severe that the patient

should first receive treatment to reduce the iron content in the liver, before receiving the MRE scan
[29]

The current MRE sequence that is applied in the clinic is a 2D sequence, which assumes that the shear
waves propagate in two dimensions. However, this can lead to over-estimation of liver stiffness in
some cases 34, Recently, 3D MRE has been developed to further improve the accuracy and
reproducibility of MRE B4, 3D MRE is better in evaluating the spatial patterns of liver fibrosis, and also
allows for the analysis of additional parameters, like volumetric strain ?°\. The technique also provides
substantially more images (32 slices), which is useful in the characterization of liver tumors 34,

Besides stiffness, inflammation also plays a role in the development and progression of liver fibrosis
B3 Therefore, assessment of inflammation in the liver may give an indication of the stage of liver
fibrosis. Results from a study on mice and pigs by Yin et al. showed that liver stiffness increased in
NASH, inflammation, fibrosis, and portal hypertension ¢, In patients with cirrhosis, liver stiffness
positively correlates with the hepatic venous pressure gradient (HVPG), a marker for liver cirrhosis an
hepatocellular carcinoma 7). This implies that, although indirectly, MRE can also give an indication of
the venous pressure gradient. Results from a study on rats by Salameh et al. showed that MRE could
detect inflammation before the onset of fibrosis 3. Chen et al. performed a retrospective study and
found that stiffness measurements with MRE could help identify patients with steatohepatitis even
before the first signs of fibrosis .

Although promising results have been published, MRE may have a new-found limitation. Yin et al.
suggested that a high level of steatosis could possibly lead to unchanged or even decreased liver
stiffness in the early stages of NAFLD %, Not only in NAFLD, but also in borderline NASH the
inflammation and fibrosis are mild, making MRE less accurate in the assessment of these diseases.
However, the effects of fibrosis and steatosis could be frequency dependent, with higher frequencies
possibly being more useful in detecting the early phases of NAFLD and borderline NASH [,

The damping ratio can also be assessed with MRE. In physics, damping is described a resistive force
that reduces the amplitude of oscillations. The damping ratio reflects how rapidly the oscillations
decay. In tissues, damping is related to tissue resistance. The damping ratio can distinguish
inflammation from fibrosis in early stages of liver disease °. In a study by Yin et al., results showed
that the damping ratio increased in case of edema, and decreased when early fibrosis developed 3¢,

In conclusion, MRE can accurately indicate the stage of hepatic fibrosis, and the combination of a
targeted therapeutic contrast agent for MRI allows for the non-invasive monitoring of the treatment.
MRE can not only assess liver fibrosis, but the technique can also be applied for other tissues. Most
importantly, MRE can detect early stages of liver fibrosis with high accuracy, which allows for the
patient to receive the treatment sooner, thus increasing the chance of recovery. Because the
technique is MRI based, a theranostic contrast agent could potentially be used for therapy and
monitoring of liver fibrosis.



MRE has been approved by the Food and Drug Administration (FDA) for clinical use, and is currently
being investigated for its potential use in other pathologies 13849,
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