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Introduction

Magnetic Resonance Imaging (MRI) plays a key role in the non-invasive evaluation of liver
pathologies, because it is capable of providing comprehensive and highly accurate
diagnostic information, with the additional advantage of lack of harmful ionizing radiation.

The aim of this review is to provide the essential information to implement a basic MR
protocol of liver. Major advances in MRI technology have been achieved in the last decade
regarding 1) hardware (high-performance gradient coils and phased-array surface coils), 2)
software (new sequences; new parallel imaging technology and other acceleration
techniques), and 3) contrast media (CM), and have made a major impact on MRI of the liver.
The study of the liver presents several technical issues in particular due to the anatomical
position and the mobility with the respiration. In the following sections we will discuss
about the principal technical challenges and solutions available for the study of the liver,
such the MRI study at high field strengths, the use of parallel imaging, and the control of
motion-related artifacts. In the last section we will provide the principal information for the
use of contrast materials.

Liver MRI: Technical considerations

Bg field strength: 1.5T and 3T—Most of the standard liver protocols are implemented
on 1.5T magnets. Imaging at higher field strengths, such at 3T, is finding more widespread
use with the promise of several benefits [1].
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The main advantage of imaging at 3T in comparison with 1.5T is in the larger number of
excitable protons, proportional to the static magnetic field Bg; these additional excited
protons can be used to improve image quality or to shorten acquisition time. At 3T, the
signal-to-noise ratio (SNR) is expected to increase since the signal is proportional to B2,
while the intrinsic noise is proportional to Bg. This implies that in a perfect system the SNR
of a 3.0T system is twice as higher than that of a 1.5T system. In practice, however, this
improvement in SNR is not fully achieved due to the influence of other parameters such as
voxel volume, phase encoding steps, number of partitions, number of excitations, changes in
relaxation times (mainly T1), and the effect of the flip angle in gradient echo sequences [2].

The improvement of SNR at 3T is limited by the specific absorption rate (SAR), which is
proportional to By2. The most affected pulse sequences are the fast spin echo (FSE) and
gradient echo (GRE). Reduction of flip angle and number of slices, and increase of
repetition time (TR) may represent a solution to keep SAR within the allowed limits [1, 3].
Other techniques such as variable refocusing flip angles or variable-rate selective excitation
have been developed to reduce energy deposition [4, 5].

The precession frequency of water protons is proportional to By and increases from ~64
MHz at 1.5T to ~128 MHz at 3T. This results in lower efficiency of energy transfer with
consequent longer T1 relaxation times at 3T. The increments of T1 relaxation time are not
uniform in different soft tissues. T1 relaxation times increase substantially for bound water,
slightly for adipose tissue, and remain near constant for free water. In contrast to T1
relaxation times, T2 relaxation times are not significantly affected by differences in field
strength [6, 7]. T2 weighted sequences at 3T provide higher fluid signal and better lesion
conspicuity, in particular in magnetic resonance cholangiography (MRCP) [8].

Compared to 1.5T, the relaxivity of CM decreases approximately 5-10% (table I), but this is
compensated by the increase in T1 relaxation times of soft tissues resulting in an overall
higher contrast-to-noise ratio (CNR) at 3T [9].

Some artifacts are exacerbated and new specific artifacts can be encountered at 3T. Chemical
shift artifact is caused by the difference in resonance frequencies between water and fat
protons, which increases from ~225 Hz at 1.5T to ~450 Hz at 3T. In particular, the India ink
artifact due to spatial misregistration will appear twice as wide on the 3T images; this can be
reduced by using fat suppression or increasing the receiver bandwidth; however, increasing
the bandwidth would result in a loss in the SNR [10]. Conductivity and permittivity
properties of water present in soft tissues are responsible of B; inhomogeneity artifacts. The
resulting standing waves and shielding artifacts cause abnormal signal loss visible as
hypointense areas within the image [3]. A possible solution to these artifacts consists in RF
cushions positioned on the patient’s abdominal wall. These usually consist of high water
content gel mixed with high concentration of Gd-based CM to disrupt the wave interferences
within the abdomen and the cushion itself [11].

Susceptibility artifacts are intensified at 3T. They are caused by variations in the local
magnetic field homogeneity, presence of metal or the interface of two materials with
different magnetic susceptibilities (e.g. air-tissue), leading to T2* dephasing. This can be of

Semin Roentgenol. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Agostini et al.

Page 3

some advantage for detection of unphysiologic air bubbles (e.g. pneumobilia), but is most of
the time detrimental to image quality. The sequences most sensitive to susceptibility artifacts
are gradient echo (GRE), echo planar (EPI), and inversion recovery (IR) [3].

Banding artifacts in balanced steady-state free precession GRE (BSSFP) may increase at
higher magnetic fields. Possible solutions are decreasing the voxel size, optimizing Bg
shimming, and using shorter echo times and increased bandwidth for GRE sequences,
parallel imaging for EPI, and a shorter TR for BSSFP [3].

Medical devices safe for use in 1.5T magnets are not necessarily safe at 3T, and, finally, the
installation and maintenance of a 3T magnet are more expensive than 1.5T [10].

Parallel imaging—In parallel imaging (PI), k-space is under-sampled along the phase-
encoding direction while using multiple parallel receiving coils (or array coils with multiple
elements). Each coil element works independently and has spatial sensitivity for a specific
portion of the field of view (FOV) [12]. K-space is under-sampled by an acceleration factor
1, which can theoretically reach the number of coil elements minus 1. Specific algorithms
provide the missing spatial information of the acquired field-of-view (FOV) by analyzing
spatial sensitivity of coil elements [12, 13].

Algorithms for PI can operate in the image domain or k-space domain:

. Algorithms operating in the image domain: Sensitivity Encoding (SENSE) and
array spatial sensitivity encoding technigue (ASSET). The information about
spatial sensitivity of coil elements is provided by the calibration performed
before image acquisition. After image reconstruction, the algorithm unfolds and
weights each pixel by the spatial sensitivity of the coil elements [14].

. Methods operating in the k-space domain. Generalized auto-calibrating partially
parallel acquisition (GRAPPA) is derived from simultaneous acquisition of
spatial harmonics (SMASH) techniques, in particular from AUTO-SMASH and
variable-density AUTO-SMASH (VD-AUTO-SMASH) [15-18]. These
techniques are based on the principle that spatial sensitivity of an array coil is a
sinusoidal function, used to obtain spatial information (spatial harmonics). The
spatial sensitivity map is obtained by acquiring few more k-space lines during
imaging acquisition (auto-calibration) [18].

Further evolution is represented by volumetric techniques and multislice acquisitions. As an
example, controlled aliasing in parallel imaging results in higher accelerations
(CAIPIRINHA) uses a multiband RF pulse for the excitation of multiple slices that are
undersampled [19].

Two parameters of Pl algorithms influence image quality: The acceleration factor r (defined
above), and the geometrical factor g dependent on coil design (elements and configuration)
indicating the noise amplification in image reconstruction. In general, SNR is inversely
proportional to g and Vr [12, 13]. In general, eight channel array coils are required for liver
imaging at 1.5-3T and a rfactor of 2-3 usually provides images of good quality with most
sequences [12].

Semin Roentgenol. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Agostini et al.

Page 4

The first and obvious advantage is the shorter acquisition time, useful to reduce motion
artifacts and for breath-hold sequences in uncooperative patients. At constant acquisition
time, PI provides better spatial resolution and wider anatomical coverage; Pl can also be
implemented to improve both spatial and temporal resolution [13, 20].

Technical limits of imaging at 3T take benefit of PI techniques. The under-sampling of k-
space leads to lower energy deposition with lower SAR, useful in GRE sequences (in
particular steady state sequences, SSFP). Pl can improve blurring artifacts of single shot fast
spin echo with half-Fourier acquisition sequence (SSFSE) by allowing shorter echo trains
[20].

Motion related artifacts and technical solutions—Most of MR pulse sequences
require longer acquisition times compared to physiological movements such a cardiac,
breathing, and bowel motion: this causes blurring and ghosting artifacts [21]. In liver
imaging, respiration is the most important source of artifacts.

Motion artifacts occur along the phase encoding direction when the movement period is of
the same order of the time passing between subsequent phase encoding steps [22].

The solutions available to overcome motion artifacts can be classified in three groups: 1)
motion elimination or reduction, 2) artifact reduction, and 3) motion correction [22].

Motion elimination or reduction: The easiest solution to motion artifacts is the suppression
(or reduction) of the movement, such as breath-holding for respiratory artifacts,
administration of smooth muscle relaxants for peristalsis, or cough suppressants for cough.

Breath-hold techniques are commonly used in liver imaging. Breath-holding requires patient
education and collaboration during image acquisition. Unfortunately some subjects are
unable to suspend their respiration.

A healthy human at rest has a respiratory cycle of 4-5 seconds (s) with 14-16 cycles per
minute (min): inspiration and expiration phases last nearly 2 s, and there is a pause of ~1s at
the end of expiration. A healthy subject achieves an average breath-hold apnea of 20-30s;
this is slightly longer after a deep inspiration. Some patients may not be able to achieve such
long breath-holding times. In deep respiration, the diaphragmatic position is more
reproducible at the end of the expiratory phase: breath-hold acquisitions are preferred in this
phase in spite of shorter achievable apnea in expiration compared to inspiration [23, 24].

In case of breath-held acquisitions longer than the apnea time, the sequence can be split in
two or more parts. A downside of this solution is a possible incomplete anatomical coverage
due to possible inconsistent positions of the diaphragm between different breath-holds. A
solution to this potential inconvenience is planning some overlap between the split volumes
[25].

Changing the phase encoding direction may improve the unwanted effects of motion
artifacts that then appear in a different position. This is an easy solution to solve this kind of
artifacts if detected while the patient is still in the scanner, and requires additional time.
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Artifact Reduction

Respiratory gating and triggering: Respiration can be approximated to a periodic
movement, represented as a waveform which can be studied by placing respiratory bellows
on the patient’s thoracic or abdominal wall. Image acquisition can be synchronized to the
respiratory activity with two methods:

. Respiratory gating. It consists in data collection only within a temporal window
of the respiratory cycle; the temporal window is defined by opening and closing
points set along the respiratory wave. The acquisition window is chosen at the
end of the expiratory phase for two reasons: at the end of expiration the position
of diaphragm has a lower variability and it remains still for a longer time [24].

. Respiratory triggering. It consists of starting the data collection at a precise point
of the respiratory wave. The trigger point opening the acquisition window can be
set at any time of the respiratory wave and the acquisition lasts a fixed time
without the need of a closing point. The respiratory triggering results in shorter
acquisition times in comparison with gating, but it is prone to artifacts due to
inconsistency of breathing motions [24, 26]. Moreover, at our institution, the
trigger point and the window length is adjusted on the type of breath, as an
example: steady breath (trigger point 30%, window 31%), deep breath (trigger
point 20%, window 21%), and shallow breath (trigger point 10%, window 11%).

These techniques may be associated to phase reordering techniques, which change the filling
order of k-space lines in relation to the respiratory waveform. As an example, close k-space
lines are filled at the same point of the respiratory cycle (ROPE: respiratory ordered phase
encoding) [27].

Respiratory gating and triggering require less patient collaboration, and a regular respiratory
activity optimize the acquisition times.

Cardiac gating: The monitoring of cardiac activity is rarely required in liver imaging. The
evaluation of a small liver lesion in the left lobe, close to the heart, may require cardiac
gating. This can be obtained by placing electrocardiographic (ECG) electrodes on the chest
wall of the patient, or using a finger pulse oximeter. ECG gating associated with respiratory
gating is feasible but results in long acquisition times [22].

Faster sequences and optimization of k-space filling: Following an analogy with
photography, an intrinsic solution to mation artifacts is filling the k-space in a time shorter
than the period of motion frequency; PI can help to reduce acquisition times [20]. BSSFP,
SPGR and SSFSE are fast sequences that can sample the k-space in a fraction of a second,
which is shorter than the period of motion frequency of the respiratory cycle [28, 29]. EPI
sequence fills the entire k-space within a repetition time (TR) and is routinely used in liver
diffusion weighted imaging (DWI). The drawbacks of rapid acquisitions usually are a lower
spatial resolution, a loss in lesion-to-liver CNR, and blurring artifacts due to long echo trains
[29]. BSSFP sequence provides images with high SNR, but the signal weighting is
dependent on T2/T1, limiting its application for liver lesion detection and characterization
[30].
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Motion artifacts affect mostly the central region of the k-space because of the lower spatial
frequency. Techniques like periodically rotated overlapping parallel lines with enhanced
reconstruction (PROPELLER) optimize the k-space filling by oversampling the central
region with reduction of motion artifacts [31, 32].

Motion correction: Navigators: Navigators are algorithms that obtain information about
the moving structures from short RF pulses (navigator echoes) included in the imaging
sequence, without external devices. Depending on the design of the navigator, they can
detect movements up to the three dimensions in space, with increasing complexity [24, 33].
In liver imaging, mono- or bidimensional navigators are preferred because of the
diaphragmatic kinetics and lower complexity of algorithms. The volume to be sampled is a
cylinder or a slice (e.g. coronal). It is positioned with its center tangent to the right
hemidiaphragm because of the high signal contrast between liver and lung. The diaphragm
position is detected in relation to a reference image or with edge-detection algorithms (figure
1).

Navigators require a high temporal resolution without interference with liver proton
magnetization. Usually fast spoiled gradient echo (FLASH) sequences are preferred. The
low flip angle (i.e. 10°) gives a good contrast without significant interference with the
magnetization of the liver tissue included in the volume of interest [34, 35]. Navigators
allow for implementing gated and triggered techniques [34, 36, 37].

Contrast materials—Magnetic Resonance provides images with intrinsic high tissue
contrast; however, this is often not sufficient to detect and characterize focal liver lesions.
Normal liver parenchyma has a characteristic double vascularization through the hepatic
artery and portal vein. The injection of a contrast material (CM) enables detecting and
characterizing focal lesions exploiting differences in perfusion between liver parenchyma
and focal liver lesions, as well as perfusion differences among different focal lesions.
Moreover, hepatospecific contrast agents add functional information to vascular findings.

Most of the CM used in liver imaging are based on paramagnetic properties of gadolinium
(Gd), while superparamagnetic CM (iron oxides) are not routinely used in standard liver
protocols. Manganese is a superparamagnetic element, not discussed in this review since it is
not commercially available. In the next sections, CM will be divided in paramagnetic and
superparamagnetic, the formers divided in relation to the different pharmacokinetic
properties due to the chemical structure of chelating compound.

Paramagnetic CM: Gadolinium

Pharmacodynamics: The lanthanide ion Gd3* has a spin of 7/2 with seven external
unpaired electrons that are responsible of paramagnetic properties. The interactions between
external electrons of Gd3* and water protons are complex and result in shortening of T1 and
T2 relaxation times [38]. In the basic liver protocols, paramagnetic CM are used to enhance
T1 signal [39].

Chemistry of chelating compounds: The toxicity of Gd3* requires chelation before
administration in human beings [40]. The chemical structure of the chelating compound has
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important influences on pharmacokinetics (excretion), pharmacodynamics (relaxivity), and
safety profile (e.g. nephrogenic systemic fibrosis, NSF) [41].

The Food and Drug Administration (FDA) has approved 9 Gd-based CM for clinical use
[42-50]. The chemical structure of the chelating compounds classifies the Gd-CM in linear
and macrocyclic, further divided in ionic and non-ionic (table I). This classification is
relevant because the different molecular structure of chelating compounds have influence on
Gd3* dissociation [39, 51]. Stability of Gd-compounds can be defined as the energy
necessary to dissociate Gd3* from the chelating compound or the rate at which Gd3*
dissociates from its chelating compound. This concept can be expressed with the more
intuitive parameter of dissociation half-life (Ty41/2, see table 1), which increases as the
stability constants increase [52, 53]. This is an important aspect because free Gd3* is
deemed one of the pathophysiological factors of NSF: macrocyclic and ionic compounds
have higher stability than linear or non-ionic complexes, and the European Society of
Urogenital Radiology (ESUR) uses this rationale for guidelines for contrast administration
in subjects at risk for NSF (table 1) [41, 54]. Table I also compares the classification of
paramagnetic contrast materials provided by the American College of Radiology (ACR)
regarding the risk of NSF [55]. As a difference with the ESUR Guidelines, the classification
of ACR uses epidemiological criteria: the group 1 contains the molecules mostly related to
NSF and corresponds to ESUR High Risk group (table I). The lack of overlap among ACR
groups 2 and 3 with ESUR Intermediate and Low risk groups is due mostly to the
commercialization of different molecules in different periods [41, 55].

The addition of specific moieties to the chelating complexes is responsible for binding to
proteins: this results in differences in pharmacokinetics (different clearance and different
elimination half-life) as well as in pharmacodynamics (higher relaxivity), as shown in table |
[9, 39, 42-50, 56]. MS-325 has high affinity for plasma proteins resulting in low diffusion in
the interstitium and low renal excretion and long elimination half-life (table I) [45]. Gd-
BOPTA and Gd-EOB-DTPA (hepatospecific CM) weakly bind albumin and have partial
hepatocellular active uptake [43, 44]. The other Gd-based CM (extracellular/interstitial CM)
are designed not to bind to plasma proteins; these CM diffuse in the interstitial space and are
excreted by the kidneys [57]. In plasma solution, MS-325 has a T1 relaxivity five-six times
higher than extracellular/interstitial CM, while hepatospecific CM have T1 relaxivity nearly
twice the relaxivity of extracellular/interstitial CM; the higher relaxivity results in a lower
administered dose, in particular for Gd-EOB-DTPA and MS-325 [43-45, 56].

Extracellular/interstitial CM: pharmacokinetics and administration: Extracellular/
interstitial CM (Gd-DTPA, Gd-DTPA-BMA, Gd-DTPA-BMEA, Gd-DOTA, Gd-HP-DO3A,
and Gd-BT-DO3A) are small hydrophilic molecules (~500 Da) designed not to bind to
plasma proteins. After intravenous injection, these CM have an early vascular phase
depicting the arterial vascular anatomy. Once the CM reaches the capillary bed, they rapidly
diffuse from the vascular compartment to the interstitial/extracellular space. This type of CM
does not diffuse across the intact blood-brain barrier and has a very short half-life (less than
2 hours, table 1) due to rapid glomerular filtration without any detectable biotransformation
or metabolism. In physiological conditions and normal renal function, 98% of the
administered CM is excreted within 24 hours. In the case of impaired renal function, CM
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have increased half-life with increased risk of dissociation of free Gd3* (dependent on the
structure of chelating complexes) and deposition in several tissues [41, 57-59].

Gd-BT-DO3A is commercially available at concentration of 1 mmol[Gd]/mL, while the
other five extracellular/interstitial CM are available at the concentration of 0.5
mmol[Gd]/mL [50, 60]. The FDA-approved dose is 0.1 mmol[Gd]/kg resulting in 0.1 mL/kg
body weight for Gd-BT-DO3A and 0.2 mL/kg body weight for the other five extracellular/
interstitial CM (table 1) [50, 60]. The optimal intravenous infusion is performed with an
automatic injector (injection rate ~2—-3 mL/s) and is followed by a saline flush of 15-30 mL
[61, 62].

Hepatospecific CM: Gd-BOPTA and Gd-EOB-DTPA

Gd-BOPTA: Gd-BOPTA has a linear, ionic framework derived from Gd-DTPA with the
addition of a benzoylmethyl moiety, which allows hepatocellular uptake [63].

After intravenous infusion, Gd-BOPTA has similar kinetics as extracellular/interstitial CM,
with an early vascular phase and rapid diffusion outside the vascular compartment to the
extracellular/interstitial space. As other extracellular/interstitial CM, it does not cross the
intact blood-brain barrier. In normal subject, the excretion is mainly via glomerular
filtration, while 3-5% of the administered quantity is actively taken up by hepatocytes, with
subsequent biliary excretion (see table 1) [63, 64]. This proportion may change in case of
impaired renal or hepatic function with compensation by the other excretion system [65].
Gd-BOPTA hepatic metabolism has been studied in animal models. Rat hepatocytes actively
take up Gd-BOPTA from sinusoids via organic anion transporter proteins (OATP:
rOATP1A1, rOATP1A4, and rOATP1B2) while excretion in biliary canaliculi involves
multidrug resistance proteins (rMRP2). A small retrograde efflux in sinusoids has been
described [66].

Gd-BOPTA shows a weak protein binding in plasma and within the hepatocyte resulting in
higher relaxivity (see table 1). In comparison with extracellular/interstitial CM, Gd-BOPTA
has a relaxivity slightly less than twice in plasma and ~6 times higher within hepatocytes
[64, 67]. This explains the high signal produced by the relatively small amount of contrast
within the hepatocytes in the hepatospecific phase.

Gd-BOPTA is characterized by a distribution similar to Gd-DTPA within the first 5 min,
rendering it suitable for the acquisition of vascular phases, while the maximum liver
enhancement due to hepatic uptake is achieved at 60 min. The hepatospecific phase is
acquired between 60 and 120 min [64, 68]. Gd-BOPTA is available in a concentration of 0.5
mmol[Gd]/mL, and the FDA recommends a dose of 0.1 mmol[Gd]/kg, resulting in 0.2
mL/Kg body weight (table 1) [60]. The FDA has approved Gd-BOPTA for imaging of the
central nervous system, and liver imaging is “off-label”. The injection technique is similar to
extracellular/interstitial CM [61].

Gd-EOB-DTPA: Gd-EOB-DTPA is derived from Gd-DTPA with the addition of an
ethoxybenzyl moiety [69]. Gd-EOB-DTPA has some peculiarities with regards to
pharmacokinetics. After intravenous injection, it has weak protein binding with plasma
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proteins (~10%), resulting in higher relaxivity than extracellular/interstitial CM [70]. As per
Gd-BOPTA and extracellular/interstitial CM, Gd-EOB-DTPA diffuses in the extracellular/
interstitial compartment and does not cross the intact blood-brain barrier [69]. Gd-EOB-
DTPA is excreted to about 50% by glomerular filtration and 50% by hepatobiliary excretion,
respectively (table I) [69, 71].

Hepatocytes actively uptake Gd-EOB-DTPA from sinusoids via OATP1B1 and OATP1B3,
while MRP proteins are involved in the efflux of Gd-EOB-DTPA from the hepatocytes. In
particular, MRP2 is expressed on the canalicular side and transports Gd-EOB-DTPA from
the hepatocytes to the biliary canaliculi, while MRP3 is expressed on the sinusoidal side.
The expression of MRP3 in liver parenchyma is low, and may increase in hepatocellular
carcinoma or in cholestasis; retrograde efflux of Gd-EOB-DTPA is not demonstrated in
physiological conditions [66, 72]. Several drugs and endogenous substances interfere with
Gd-EOB-DTPA because of a common hepatic excretion pathway; in particular in case of
hyperbilirubinemia (=2mg/dL) the hepatobiliary excretion is significantly reduced [60, 66].

As per Gd-BOPTA, the weak protein binding in the hepatocellular cytoplasm increases
relaxivity of Gd-EOB-DTPA, being approximately three times higher than extracellular/
interstitial CM [64].

An important difference to Gd-BOPTA is the earlier hepatocellular uptake, starting at 35—
40s after injection in case of Gd-EOB-DTPA vs. nearly 40 min for Gd-BOPTA (see also the
shorter excretion half life in table 1) [67, 73]. This aspect has an important clinical
consequence: at 3-5 min the enhancement of the hepatic parenchyma is significantly
influenced by the hepatic uptake of Gd-EOB-DTPA, and it is not possible to acquire a late
venous phase that is substituted by a so called “transitional phase” [67, 74]. Gd-EOB-DTPA
is commercially available at a concentration of 0.25 mmol[Gd]/ml, and the FDA has
approved a dose of 0.025 mmol[Gd]/kg body weight, equal to 0.1 ml/kg [44].

Blood pool CM: MS-325 is the only blood pool agent in commerce, and is characterized by
a transient strong protein binding. After intravenous injection, a fraction of MS-325 up to
96% binds to serum albumin, the bound fraction being inversely proportional to the CM
concentration [75, 76]. The unbound fraction diffuses from the vascular compartment to the
extracellular/interstitial space and is excreted mainly by glomerular filtration [39]. Unlike
extracellular/interstitial CM, the serum concentration of MS-325 is high and almost constant
until 60 min after injection, while, for example, only 36% of Gd-DTPA remains in the
vascular compartment after 1 min and it is virtually absent in the vascular compartment at 60
min [76]. The protein binding increases the relaxivity of MS-325 in comparison with
extracellular/interstitial CM, allowing a lower administered dose [60, 77]. This particular
pharmacokinetics makes MS-325 suitable for vascular studies, and in liver imaging is not
routinely used. Nevertheless, some authors proposed the administration of MS-325 in
association with Gd-EOB-DTPA [78].

The FDA approved dose of MS-325 is 0.03 mmol/kg at low injection rate (bolus delivered in
25-30 s), followed by a saline flush [45, 57].
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Superparamagnetic CM: Iron Oxides—Ferumoxytol (Feraheme, AMAG
Pharmaceuticals, Cambridge, MA) is an ultrasmall superparamagnetic iron oxide (USP10),
approved for therapy of anemias [79, 80].

The molecular structure consists of iron oxide nanoparticles surrounded by a carbohydrate
coating, resulting in a large molecular size and a high molecular weight (750 kDa). After
intravenous injection, ferumoxytol behaves as a blood-pool agent and remains in the
intravascular compartment for several hours with a long elimination half life (14-15 hours),
with little vascular leakage and renal clearance. It is cleared gradually by circulating
macrophages and stored in the reticuloendothelial system (RES, in liver, spleen and bone
marrow) [81]. Liver clearance of ferumoxytol lasts several months [82].

Its superparamagnetic properties result in high T1, T2 and T2* relaxivity, causing strong
enhancement in T1 weighted images and susceptibility effects [83].

Ferumoxitol has demonstrated an adverse events rate of about 5%, including nausea,
dizziness and diarrhea, with more rare severe events. Small studies demonstrated birth
defects on animals, but human data are not available. Thus Ferumoxytol should not be
administered during pregnancy. The safety profile in breast feeding women is unknown.
Since it has been evaluated mostly in patients with renal dysfunction, ferumoxytol may be a
substitute of Gd-based CM in this category of patients. Ferumoxitol is not routinely used in
liver MRI. Possible applications are vascular studies, due to the vascular kinetics, and liver
imaging because of uptake by reticuloendothelial system. There is no agreement yet about
the dose and the injection rates to be administered for MR studies [81].

Conclusions

MRI is a fundamental technique for the study of the liver. This technique presents several
technical issues, briefly reviewed in this paper. A study of the liver cannot overlook the
administration of CM: we provided the basic information on the contrast materials
commercially available.
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Figure 1. Navigator
Coronal T2-weighted SSFSE demonstrating correct positioning of bidimensional navigator.

The center of the navigator is positioned tangent to the dome of the right hemidiaphragm.
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