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Recent advances in magnetic resonance imaging (MRl technology have moved imaging
beyond anatomical assessment to characterization of tissue composition. There are now
clinically validated MRI-based quantitative techniques for assessing liver fat, iron, and fibro-
sis, and MRI is now routinely used in metabolic liver disease evaluation in both pediatric
and adult patients. These MRI techniques provide noninvasive quantitation of liver meta-
bolic biomarkers that are increasingly relied upon in the clinical management of pediatric
patients with nonalcoholic fatty liver disease, metabolic syndrome, and hemochromatosis
and/or hemosiderosis. This article provides a review of the clinical indications and technical
parameters for performing metabolic liver MRI in the pediatric population, along with com-
mon pearls and pitfalls encountered during its performance.
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Introduction

etabolic liver disease encompasses several genetic and
M acquired chronic liver diseases that result in the abnor-
mal accumulation of elements and metabolites within the
liver. Magnetic resonance imaging (MRI) plays a pivotal role
in the management of these patients by providing noninva-
sive quantitative assessment of these elements and metabo-
lites that can be used as a biomarker of disease severity as
well as response to treatment. The use of MRI in the assess-
ment of metabolic liver disease is typically a 3-part approach
with measurements of hepatic fat and iron concentration, as
well as measurement of liver stiffness as a surrogate bio-
marker of hepatic fibrosis.

In the pediatric population, there are 2 main indications for
metabolic liver MRI: nonalcoholic fatty liver disease (NAFLD)
and iron overload. NAFLD is the most common chronic liver
disease in children and is characterized by hepatic steatosis."
The hepatic iron overload population includes dysmetabolic
iron overload syndrome, the genetic condition hemochroma-
tosis and the acquired condition hemosiderosis. The long-
standing accumulation of fat and/or iron in the liver activates
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inflammatory pathways leading to hepatitis that, if left
untreated, ultimately progress to fibrosis and cirrhosis with
concomitant risk of liver failure and hepatocellular carcinoma.
Elevated liver fat has been associated with the metabolic syn-
drome, which is a clustered condition of obesity, dyslipidemia,
hypertension, and insulin resistance.” In both children and
adults, the metabolic syndrome confers an increased risk of
diabetes and cardiovascular disease.””" Hepatic steatosis alone
has been shown to be an independent risk factor for develop-
ing type 2 diabetes mellitus and hypertension with the subse-
quent associated cardiovascular morbidity and mortality.”°
Hepatic iron is considered a reliable indicator of total body
iron stores’ with elevated hepatic iron concentration also con-
ferring risk of diabetic and cardiac dysfunction through iron
toxicity in the pancreatic beta cells and myocardium, respec-
tively.” ' MRI provides a noninvasive method to quantify the
hepatic concentrations of fat and iron, providing an objective
assessment of disease severity and an imaging biomarker of
patient response to therapy. The ability to assess hepatic stea-
tosis provides an endpoint for lifestyle and dietary modifica-
tions as well as pharmacotherapy.'"’ Liver iron
quantification is helpful to guide therapeutic phlebotomy in
the setting of hemochromatosis or iron chelation therapy in
hemosiderosis (particularly important given the potential risk
of hearing impairment from chelator therapy).'" ' In addi-
tion, the ability to measure the degree of hepatic fibrosis pro-
vides valuable actionable prognostic information, since
fibrosis confers an elevated risk of long-term hepatic and extra-
hepatic (endocrine and/or cardiac) complications and provides
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an indication for aggressive therapeutic intervention, including
the potential use of anti-fibrotic agents that are entering clini-
cal practice in certain settings. e

Historically, liver biopsy has been the gold standard for the
grading of hepatic steatosis, iron concentration and staging of
fibrosis. However, MRI has key advantages over biopsy in rou-
tine clinical practice. Histologic assessment of liver fat, iron
and fibrosis is performed on a visual scale by a human reader
and is inherently subjective and prone to intra- and/or inter-
reader variabilities. By providing a quantitative assessment,
MRI is more objective and less prone to the intra- and/or
inter-reader variabilities.”””" Furthermore, these disease pro-
cesses are also heterogeneous within the liver and MRI, by
providing whole liver assessment, is not susceptible to sam-
pling bias associated with standard liver biopsy that only
assesses approximately 1 of 50,000th of the liver volume.*
Finally, liver biopsy is invasive, expensive, and associated with
a small but nonzero risk of complications,””* while MRI is
noninvasive, less expensive, and preferred by patients and
referring clinicians alike. Also, in the pediatric population liver
biopsy often requires deep sedation or general anesthesia,
which is associated with its own risks and increases procedure
time and financial cost. Patients with metabolic liver disease
undergo multiple assessments over time to evaluate treatment
efficacy and disease progression, and minimizing the risks
associated with repeated invasive procedures is ideal.

Metabolic Liver MRI Techniques

The key components of a metabolic liver disease MRI proto-
col are a proton density fat-fraction (PDFF) map to measure
steatosis, an R2* map to measure iron, and an elastography
stiffness map to measure fibrosis. The PDFF and R2* can be
measured simultaneously in a single pulse sequence. These
methods are currently done using breath-hold acquisitions,
but free breathing acquisitions are either recently available or
in clinical development (described below), which would be
particularly useful for neonates and young children unable to
follow breath hold instructions. MR elastography techniques
are currently only available for breath-hold acquisitions.
Liver stiffness value is not biased by steatosis or iron per se,
though the technical success rate may be affected by degree
of iron overload as explained later.

Hepatic Fat Quantification

Hepatic steatosis is a hallmark of NAFLD and on a cellular
level represents the accumulation of triglyceride-containing
vesicles within hepatocytes.”” >’ On MRI, the degree of steato-
sis is quantitated as PDFF. This is the fractional concentration
of protons (‘H) belonging to the triglyceride molecule and is
the standardized chemical measure of tissue triglycerides.
PDFF is typically obtained in clinical practice by chemical
shift-encoded imaging using a multiecho spoiled gradient
recalled echo (GRE) sequence, also referred to as multiecho
Dixon imaging. Chemical shift-encoded imaging leverages a

priori known difference in precessional frequencies of the tri-
glyceride and water protons. Fat quantity measured by multie-
cho Dixon imaging is more accurate than that measured by
traditional T1-weighted dual-echo Dixon imaging (in- and
opposed-phase imaging), by correcting for confounders
including T1 bias, T2* decay and the spectral complexity of
fat. T1 bias refers to the overestimation of fat quantity by T1-
weighted sequences due to the shorter T1 of the triglyceride
protons (eg, ~200 at 1.5T) compared to longer T1 of the
water protons in the liver (~570 at 1.5T).>% Multiecho
Dixon techniques can use sufficiently low flip angles to mini-
mize T1-weighting, such that this T1 bias of fat vs water signal
becomes negligible. Individual differences in liver T2*, which
can vary from normal (>16s at 1.5T) to quite short (<2s at
1.5T) in patients with severe iron overload,” can confound fat
quantification because both fat and the T2* decay contribute
to the MR signal differences across multiple echo times. To
obtain accurate fat quantity 1rrespect1ve of hepatic iron load-
ing, T2* correction is necessary.”" This correction is also the
basis of hepatic iron concentration measurement described
later in this paper. Finally, the triglyceride molecule has multi-
ple spectral peaks of different precession frequencies corre-
sponding to various proton-containing chemical moieties.””
Traditional in- and opposed-phase imaging only accounts for
the dominant peak relating to the methylene (-CH2-) compo-
nent and results in errors. At multiecho Dixon imaging, the
multiple fat peaks can be incorporated in the fat quantification
based on their known relative concentrations in a process
called multipeak reconstruction.” If and only if these con-
founders of MR signals are corrected, the fat quantity mea-
sured by multiecho Dixon becomes a proton-based chemical
metric, or PDFF. PDFF by multiecho Dixon has been shown
to be an accurate and reproducible imaging biomarker for the
assessment of hepatic steatosis in children with NAFLD.”"**

Sequence and Parameters

PDFF mapping can be performed using a multiecho 2D or
3D GRE sequence. The specific parameters used to create
PDFF maps vary among vendors and field strengths. Exam-
ple parameters on a 1.5T system are listed in Table 1. This
technique typically allows for mapping of the entire liver in a
single breath-hold.

MR spectroscopy was traditionally used for noninvasive
hepatic fat quantification prior to the advent of PDFF imag-
ing techniques, because of its ability to specifically measure
each of the multiple spectral peaks of the triglyceride mole-
cule.””™ However, multiple studies subsequently showed
that PDFF measured by MR imaging is equivalent to that by
MR spectroscopy.” " The inherent restriction of spatial cov-
erage with single or multivoxel MR spectroscopy limits its
utility in longitudinal assessments given the heterogeneity of
hepatic steatosis. MR spectroscopy is also time and resource
intensive, further limiting its widespread applicability. Some
vendor-specific platforms for metabolic liver MRI (eg, Liver-
Lab; Siemens Healthineers, Malvern, Pennsylvania) include
single voxel MR spectroscopy as a reference value for the
PDFF map by imaging.
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Tahle 1 Example Sequence Parameters for a Combination
Proton Density Fat-Fraction (PDFF)/R2* GRE Pulse
Sequence on a 1.5T Clinical MR Scanner

PDFF/R2*
Matrix 256 x 64
NEX 1
First TE (ms) 2.3
Delta TE (ms) 2.3
Total number of echoes 6
TR (ms) >120
Bandwidth > 500
Flip angle 25
Slice thickness (mm/gap) 8/0
Scan time One ~15 sec breath-hold

Interpretation Pearls

PDFF maps are simple to interpret. Regions of interest (ROI)
are placed on the liver and the corresponding values repre-
sent the mean PDFF value, reported as a percentage ranging
from 0% (no fat) to 100% (all fat). Subcutaneous and visceral
fat typically have values close to 100%, and lean organs such
as the spleen have ~0%. Different approaches to liver ROI
placement exist, but the main principle is to report a value,
or a range of values when steatosis is heterogeneous, which
represents the overall level of steatosis in the liver. Although
there is no consensus recommendation on how ROIs should
be placed, the most reproducible method is to sample as
much of the liver as possible by averaging large ROIs and tak-
ing care to avoid major vessels (Fig. 1A)."” The ROIs may be
circular or free-form in shape. Depending on the MR and Pic-
ture Archiving and Communication System (PACS) vendors,
the PDFF map may be sent through to PACS, allowing the
radiologist interpreting the study to redraw ROIs later. If not,
then the ROIs will need to be drawn at the MRI console or
on an offline workstation and then sent through to PACS for
interpretation and reporting.

Pitfalls

The multiecho GRE sequence used to create the PDFF maps
is traditionally run using a single breath-hold which provides
sufficient coverage to image the entire liver. Breath-hold

imaging can pose a challenge in the pediatric population and
care should be taken to recognize motion artifacts and place
ROIs in areas that are spared from motion. For younger chil-
dren, breath hold exercises with a technologist or child life
specialist before the exam can help improve breath hold
duration and image quality.” Newer techniques are emerg-
ing to allow for free-breathing assessment, including variant
pulse sequences using radial K-space filling rather than tradi-
tional Cartesian ordering, as well as respiratory gating.™
Radial sampling offers the advantage of dispersing respiratory
phase-encoding artifacts across the entire imaging plane (2D)
or volume (3D), and also is associated with oversampling of
the center of K-space that is the primary contributor to image
contrast.”" This allows for relatively motion-robust metabolic
liver evaluation in patients without the requirement for respi-
ratory suspension.’ >’

The chemical shift-based fat-water separation technique
that is the basis of PDFF is susceptible to an artifact called
“fat-water swap” or “pixel swap.” This artifact is specific to
Dixon fat-water separation techniques and occurs as the
result of a phase error during the computational step
required to separate the signal contributions of fat and water.
The artifact manifests as a swapping of the pixel values on
the corresponding fat and water maps (ie, assigning a value
for fat where it should be water, and vice-versa). This may
happen in a geographic manner in parts of the imaging vol-
ume or in the entire imaging volume (Fig. 2). The cause may
be related to the presence of susceptibility in the field or
incomplete shimming of B, inhomogeneity, but in some
instances no known cause may be identifiable. Repeating the
sequence or re-shimming using smaller shim volume may be
helpful, particularly if the cause is identifiable and can be
addressed. Another less frequent cause of PDFF mapping fail-
ure is in the setting of severe iron overload, which will be dis-
cussed in the next section.

Hepatic Iron Quantification

Elevated serum ferritin is a frequent finding in patients with
NAFLD, insulin resistance, and other features of metabolic
syndrome.”*”" While ferritin can be elevated in an inflam-
matory state alone (as it is an acute phase reactant) including

Figure 1 Representative proton density fat-fraction map (A) of a 12-year-old male with NAFLD and R2* map (B) of an
8-year-old male with sickle cell anemia showing acceptable ROI placement.
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Figure 2 Metabolic liver MRI images for a 10-year-old male with hyperferritinemia demonstrate fat-water swap on the
proton density fat-fraction (A) and water (B) images. The in-phase (C) and opposed-phase (D) images are provided for

reference demonstrating no significant signal loss.

steatohepatitis, parenchymal iron accumulation can develop
in the absence of hepatocellular inflammation.”® This condi-
tion called dysmetabolic iron overload syndrome, is believed
to be caused by aberrant iron homeostasis, and may be impli-
cated in the development or exacerbation of insulin resis-
tance, atherosclerosis, and hepatocellular toxicity.5 ° While
the degree of iron overload is usually mild in dysmetabolic
iron overload syndrome, more severe liver iron overload can
develop in patients from nonmetabolic causes, such as hered-
itary hemochromatosis and transfusional iron overload. Seri-
ous complications of hereditary hemochromatosis are rare in
childhood as clinically significant iron loading does not occur
until adulthood. The most common cause of severe iron
overload in childhood is transfusional. Transfusional iron
overload occurs in many primary and secondary anemias
including thalassemias, sickle cell disease, aplastic anemia,
leukemia, and other hematologic malignancies for which
repeated red blood cell transfusions are required. Traditional
serum laboratory values such as serum ferritin correlate
poorly with liver iron stores as they are acute phase reactants
that can fluctuate over time depending due to a variety of
inflammatory states,” including steatohepatitis. Therefore,
direct measurement of liver iron concentration is needed.
MRI represents an ideal method to measure the liver iron
concentration, estimate the risks of hepatoxicity, and serve as
a prognostic biomarker for the systemic toxicity of iron over-
load conditions.

Multiple MRI-based methods can be used to measure the
liver iron concentration, including R2* relaxometry, R2
relaxometry or the signal-intensity ratio method.”” In the
United States, R2* and R2 relaxometry are most commonly

used. The R2 relaxometry method is well established and
FDA approved, but has several drawbacks compared to the
R2* method. R2 relaxometry uses multiple free-breathing
acquisitions of a single spin echo sequence at different echo
time (TEs). As the result, the exam has a long acquisition
time (~15 minutes), is limited to several (typically ~11) slice
coverage, and prone to motion artifacts which can be severe.
In addition, R2 relaxometry is currently a commercial prod-
uct that requires transfer of MR images to an external site for
analysis (FerriScan; Resonance Health, Burswood, Australia),
which delays turnaround time and adds additional cost not
currently covered by most health insurance carriers in the
United States. Given these limitations, many centers have
moved towards R2* relaxometry which in contrast to R2
relaxometry permits rapid whole-liver iron quantification in
a single breath-hold. An added benefit of the R2* relaxome-
try technique is that myocardial iron concentration can be
simultaneously determined, either in 2 separate axial breath-
hold acquisitions (liver and myocardium) or in a single
acquisition by including both the myocardium and the liver
in the sagittal slices.”'

Sequence and Parameters

As mentioned earlier, accurate quantitative PDFF mapping
requires a correction for T2* decay to account for iron in the
liver. The dose-dependent signal decay due to iron can either
be characterized by T2* (relaxation time, reported in msec) or
its inverse R2* (relaxation rate, reported in sec™!). The higher
liver iron concentration results in faster signal decay, yielding
shorter T2* and longer R2* values. Thus, the same multiecho
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Tahle 2 Sample of Suggested Formulas for Converting R2*
Values to Liver Iron Concentration (LIC)

Publication Formula

Garbowski et al®? LIC =0.032(R2*) — 0.14
Hankins et al®® LIC =0.028(R2*) — 0.45
Henninger et al®* LIC = 0.024(R2%) — 0.277
Jhaveri et al®® LIC = 0.0266(R2*)

Wood et al®® LIC =0.0254(R2* + 0.202

GRE sequence used for PDFF mapping also provides a map of
T2* (or equivalently, R2*), a surrogate for liver iron concen-
tration. Typical parameters are listed in Table 1.

Interpretation Pearls

R2* maps are interpreted similarly to PDFF maps with the
largest fit ROIs placed on the liver, avoiding large vessels
(Fig. 1B). It is preferred to report an R2* value rather than
T2*, as R2* has a positive linear correlation with liver iron
concentration and is thus a more intuitive biomarker of iron
overload.

Currently, the R2* value can be converted to a liver iron
concentration based on technique specific formulas from the
literature which where validated on 1.5T scanners against
biopsy or R2 FerriScan® standards.’”°° The formulas from
these references are listed in Table 2. Although there are
slight differences between the formulas, they provide similar
results in the clinically meaningful liver iron concentration
range and are unlikely to result in significant differences in
patient management. The rate of signal decay is also affected
by field strength, and Storey et al showed that the rate of

decay is approximately twice as fast at 3T than 1.5T.°" Thus,
if the exam is performed at 3T, the above formulas should be
adjusted accordingly to compensate for field strength effects.

Pitfalls

One of the most common causes of R2* mapping failure is
severe iron overload. This is recognizable as a pixelated
appearance of the R2* map in the liver, as neighboring pixels
have spurious extreme (very low or very high) R2* values
due to a curve fitting algorithm failure (Fig. 3). This is most
pronounced when imaging at 3T when the signal decay is
nearly twice as fast as at 1.5T, because the multiecho acquisi-
tion designed for PDFF estimation may not be fast enough to
adequately sample the rapid signal decay. To minimize this
risk, the sequence parameters can be modified to pack the
echoes as early and tightly as possible. Protocols generally
include a sub-millisecond first echo, but this may not be
enough to overcome the rapid signal decay that occurs at
very high iron levels. Scheduling patients who are suspected
to have very high iron levels at 1.5T will likely decrease the
number of failures. A suggested method of triaging would be
to use a threshold serum ferritin level (eg, 600 ng/mlL), at
which patients would be directed to 1.5T.%° R2 relaxometry
or signal-intensity ratio can also be considered in patients
with suspected very high liver iron concentration.

Liver Stiffness Measurement

Hepatic fibrosis and cirrhosis are the long-term consequences
of untreated hepatic steatosis and hepatic iron overload. MR

Figure 3 Metabolic MRI images of a young adult with sickle cell disease. T1-GRE with a TE of 2.4 msec (A) shows a
markedly hypointense liver indicative of severe hepatic iron overload. The proton density fat-fraction map (B) and R2*
map (C) both have a pixelated appearance indicative of a technical failure due to the severe iron overload. The MR elas-
tography portion of the exam also failed due to the high iron levels as the liver is markedly hypointense on the magni-
tude image with a TE of 20 msec (D) and the entire color stiffness map (E) is cross-hatched.
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elastography is an imaging technique which provides a non-
invasive and safe alternative to biopsy for the assessment of
hepatic fibrosis.””"” Early detection of hepatic fibrosis is cru-
cial as proper treatment of the underlying cause can halt or
possibly reverse the extent of fibrosis.' """

An important additional population of young patients at
risk for hepatic fibrosis is patients who have undergone a
Fontan procedure for congenital heart disease and single ven-
tricle physiology. The Fontan procedure redirects systemic
venous blood to the lungs without passing through a ventri-
cle.”” Systemic venous hypertension as a result of Fontan cir-
culation can cause increased hepatic sinusoidal pressures,
chronic liver disease and fibrosis.”* Preliminary evaluation
using MR elastography has shown increased liver stiffness in
Fontan patients proportional to duration of Fontan circula-
tion.””’® However, ultrasound elastography data have corre-
lated increased liver stiffness in the early post-operative
period with increased Inferior vena cava pressure, suggesting
that the early increase in liver stiffness postoperatively is due
to venous congestion rather than fibrosis.”” These findings
may confound the use of elastography for fibrosis assessment
in this population.

Corrected T1 mapping (cT1) of the liver (Fig. 4) is an
alternative MRI technique that has been shown to detect
hepatic inflammation and fibrosis in adults.”” However, cur-
rently there is a paucity of data for this technique in children
which limits its widespread clinical application in this

population. With future validation, there is potential to use
this technique as an alternative or adjunct to MR elastogra-
phy. The main distinction is that corrected T1 mapping does
not require additional equipment (described later) and it has
the potential to differentiate simple steatosis (NAFL) from
the more advanced steatohepatitis (NASH). Corrected T1
mapping is currently only available as a commercial product
requiring offsite analysis at an additional cost (LiverMultiS-
can; Perspectum Diagnostics, Oxford, UK).

Equipment Setup, Sequence, and Parameters

MR elastography is a more technically involved process than
conventional MR imaging because of the requirement for an
external acoustic driver as the sound wave source. Figure 5
illustrates the typical MR elastography equipment configura-
tion. Once the equipment is in place, a phase-contrast
sequence with motion encoding gradients is synchronized
with the acoustic waves generated by the external active
driver and transmitted by the passive driver (paddle) into the
liver as a mechanical shear wave. Image acquisition is most
commonly performed at 4 axial planes through the mid liver
of the largest cross-sectional area. The acquired phase images
are transformed into wave images, which subsequently
undergo automated post-processing and an inversion algo-
rithm to yield an elastogram, or stiffness map, of the liver,
reported in kilopascals (kPa).

Figure 4 Corrected T1 MR imaging of hepatic inflammation and fibrosis. T1 opposed-phase (A) and in-phase (B)
images of a young adult male demonstrate hepatic steatosis. The corresponding corrected T1 map (C) shows areas of
superimposed hepatic inflammation and fibrosis (red and orange on the color map) indicative of steatohepatitis.
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Active Driver
(vibration source)

Figure 5 Schematic demonstrating elastography equipment and proper passive driver positioning over the right thora-
coabdominal wall. Note the active driver is located in the control room and connected to the passive driver via a pneu-

matic tube. (Reprinted with permission from reference”).

Multiple key technical factors must be addressed to ensure
a high-quality elastography exam.”” First, the patient should
be fasting for at least 4 hours. Postprandial increases in portal
blood flow may result in transient increases in liver stiffness
in patients with chronic liver disease.””"" It is also important
to check proper connection of all hardware components
(active driver, tubing, and passive driver) to ensure transmis-
sion of the acoustic vibrations from the active driver to the
passive driver (eg, air leak from connectors or a kink in the
tubing). The position of the passive driver is also critical. The
passive driver should be placed over the right hepatic lobe,
broadly contacting the right anterior body wall at the level of
the xyphoid, and secured in place with the elastic straps
underneath a phased array torso coil.**** It is important not
to position the passive driver too high or too low, as inter-
vening lung or colon will interfere with wave propagation. In
most cases, the driver frequency should be set to 60 Hz, as
this setting was used in most reference studies. The driver
amplitude is adjustable and should be set according to the
patient’s weight and body habitus, with suggested values of
25% for thin or very young (<1-year-old) patients, 50% for
standard patients and 75% for larger patients.””""%

The phase-contrast sequence is most commonly imple-
mented using a 2D gradient recalled echo (GRE), but 2D
spin-echo echo-planar imaging (SE-EPI) pulse sequence is
emerging. GRE-based MR elastography (MRE) sequence was
introduced first and had been used more extensively in the
clinical validation studies.”® One potential advantage of
the SE-EPI over GRE based MRE sequence is its faster read-
out and acquisition times, allowing acquisition of all 4 slices
in a single breath hold, and relative robustness in patients
with iron overload. A recent comparison of GRE and SE-EPI
MRE in pediatric patients found high agreement in stiffness
values between the 2 sequences, with reduced respiratory
motion artifacts with the SE-EPI sequence.”” When using
GRE-based MRE, it is important to choose an in-phase TE to
minimize the signal loss from steatosis. Typical sequence
parameters for GRE-based MRE are listed in Table 3.

Each 2D slice typically involves a separate breath hold
acquisition (particularly using the GRE technique). The

acquisition time using standard parameters is approximately
15 seconds per slice. Ideally, imaging is performed at the
same phase of respiration as when the passive driver was
secured (ie, place the passive driver on at end-expiration and
perform all imaging at end-expiration).

Interpretation Pearls

After the image acquisition, there are multiple output images
including the magnitude, phase, and wave images. These can
be used to assure quality control. However, the liver stiffness
measurement is performed on the quantitative elastogram.
The post-processed elastogram includes overlying hatch
marks depicting the 95% confidence map. Large ROIs placed
on the liver in the areas not covered by the 95% confidence
map will yield a liver stiffness measurement in kPa. The aver-
age of these ROIs across the 4 sections should be reported,
using a weighted mean based on ROI size.

Table 3 Summary of Standard Pulse Sequence Parameters for
GRE-Based MR Elastography on 1.5T and 3T Clinical
Scanners

Parameter/Field strength 1.5T%° 3T7%e-88
Matrix 256 x 64 256 x 64
NEX 1 1

TE (ms) 20 20.2

TR (ms) 48 50
Bandwidth 32 31.25
Flip angle (degrees) 25 30
Number of slices 4 4

Slice thickness (mm/gap) 8/2.5 10/10
Number of phases 4 4

MEG frequency (H2) 60

Axis of MEG z z

Driver frequency 60

Driver cycles/trigger 3

Number of breath-holds 4 4
Acceleration factor 2 2

Scan time per breath hold ~15 sec ~16 sec
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Although the majority of the validation data for MR elastogra-
phy was performed in adults, a few studies have established
threshold stiffness values for children. A large dual center study
established 2.69-2.77 kPa (provided as a range due to varying
methods of analysis) as the threshold for differentiating no fibro-
sis (stage 0) from any fibrosis (stage > 1) and 3.03-3.33 kPa as
the threshold for advanced fibrosis (stage >3)." Another case
series established a threshold of 2.71 kPa for stage 2 or greater
fibrosis.”” The most recent series demonstrated 2.45 kPa as the
mean liver stiffness in a series of 81 healthy children.™

Pitfalls

The added equipment required for MR elastography provides
an additional opportunity for technical failures. One of the
most common causes of an equipment related failure is a
kinked or disconnected tube between the active and passive
drivers. This results in a nondiagnostic elastogram as no
waves can reach the liver. Body habitus also plays a role in
the elastogram image quality. As we mentioned earlier, the
driver amplitude can be increased to accommodate larger
patients, but too much soft-tissue interposed between the
passive driver and the liver surface will dampen the shear
wave delivery to the liver and result in a poor quality elasto-
gram. In addition, improper positioning of the passive driver
on the patient can lead to poor wave propagation that is
reflected in poor elastogram maps at deeper levels in the liver
(Fig. 6). This can be a problem for young children in which
the driver can slide as the anterior coil is place on the patient.

In these cases, it can be helpful to tape a Vitamin E capsule
or other marker on the passive driver to make its position
visible on the localizer images.

As with any breath-hold imaging of the liver, respiratory
motion artifact will degrade image quality and result in a
poor quality elastogram. A recent study comparing MR elas-
tography acquisition techniques using a GRE sequence
showed that either acquiring all 4 slices continuously without
respiratory suspension (52 second total acquisition) or
acquiring as 4 short breath holds (8.9 seconds) using sparse
sampling and compressed sensing reconstruction, yielded
comparable image quality and stiffness values to the standard
4 breath hold (13.3 seconds each) acquisition.() O Newer
acceleration techniques may lead to shorter MR elastography
sequences without requirement for breath holding.

Lastly, patients with iron overload (eg, T2* < 10 msec;
R2* > 100/s) may have poor quality or nondiagnostic elasto-
grams due to iron related signal loss on the GRE sequence
which is typically acquired at TE~20 msec.” SE-EPI sequen-
ces are becoming available and will help in this situation as
spin echo sequences are less susceptible to iron overload.

Conclusion

Metabolic liver MRI quantification of liver fat, iron, and fibro-
sis is increasingly utilized in pediatric patients and is an
important noninvasive tool in the management of pediatric
patients with chronic liver diseases. Understanding the nuan-
ces of metabolic liver MRI interpretation, as well as

Figure 8 MR elastogram images of an 11-year-old female. The initial magnitude image (A) shows the driver placed ante-
riorly (arrow) with poor wave organization and propagation on the corresponding wave map (B). The sequence was
repeated after moving the driver more laterally. The subsequent magnitude image (C) shows the driver positioned
more laterally (arrow) with better wave propagation through the liver on the corresponding wave map (D).
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Table 4 Summary of Pearls and Pitfalls in Metabolic Liver MRI in Pediatric Patients

Pearls

Pitfalls

Draw large ROls, sampling as much of the liver as possi-
ble, but taking care to avoid major vessels.

Consider using serum ferritin levels to triage patients to
1.5T scanners to avoid R2* mapping failures.

If MR elastography stiffness maps are poor-quality or
nondiagnostic, evaluate the source magnitude and
phase images to see if the shear wave motion is visible.

If the motion is absent or less than expected, ensure the
active driver is turned on, passive driver is properly
positioned, and driver tubing is properly connected.

Check the R2* map if the MR elastography failure is
related to iron overload.

Corrected T1 mapping has not yet been validated in pedi-
atric patients but may be an alternative to MR elastogra-
phy for liver fibrosis assessment without the need for
acoustic driver hardware

Motion artifacts, particularly from respiration, can degrade quanti-
tative assessment. Newer motion-robust sequences are in clini-
cal development and may help minimize this.

R2* relaxometry can fail in the setting of extremely high liver iron
concentration. Consider shortening initial TE and inter-echo
interval to < 1 msec, or alternatively R2 relaxometry or signal-
intensity ratio methods in these cases.

MR elastography can fail in the setting of hepatic iron overload.
Use of SE-EPI sequences will increase likelihood of a diagnostic
quality exam.

Ultrasound shear-wave elastography technique may be indicated
in whom MR elastography is nondiagnostic due to iron overload,
as ultrasound is not affected by presence of iron.

In the setting of fat-water swap, PDFF and R2* data is not reliable.

In the setting of severe iron overload, PDFF data may not be
reliable.

anticipating potential problems with image acquisition and
map generation in pediatric patients, will benefit pediatric
radiologists applying these techniques to children. Table 4
provides a summary of the pearls and pitfalls of metabolic
liver MRI described in this article.
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