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Magnetic resonance imaging (MRI) is a powerful radiologic tool with the ability to generate a variety of
proton-based signal contrast from tissues. Owing to this immense flexibility in signal generation, new
MRI techniques are constantly being developed, tested, and optimized for clinical utility. In addition, the
safe and nonionizing nature of MRI makes it a suitable modality for imaging in children. In this review
article, we summarize a few of the most popular advances in MRI techniques in recent years. In
particular, we highlight how these new developments have affected brain, spine, and neuromuscular
imaging and focus on their applications in pediatric patients. In the first part of the review, we discuss
new approaches such as multiphase and multidelay arterial spin labeling for quantitative perfusion and
angiography of the brain, amide proton transfer MRI of the brain, MRI of brachial plexus and lumbar
plexus nerves (i.e., neurography), and T2 mapping and fat characterization in neuromuscular diseases. In
the second part of the review, we focus on describing new data acquisition strategies in accelerated MRI
aimed collectively at reducing the scan time, including simultaneous multislice imaging, compressed
sensing, synthetic MRI, and magnetic resonance fingerprinting. In discussing the aforementioned, the
review also summarizes the advantages and disadvantages of each method and their current state of

commercial availability from MRI vendors.

© 2019 Elsevier Inc. All rights reserved.

Introduction

Magnetic resonance imaging's (MRI) ability to generate flexible
soft tissue contrast that is superior to any other existing imaging
tool has made it a widely used modality for evaluating brain, spine,
and neuromuscular pathology. In particular, MRI is attractive in
pediatric imaging because of its lack of ionizing radiation, which
makes it a suitable modality for multiple scans and repeat exami-
nation in longitudinal follow-up studies. For clinicians,
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appropriately performed MRI examinations provide a breadth and
depth of useful clinical information and add diagnostic confidence.!
Driven by advances in hardware and software, the field of MRI is
constantly evolving, with new signal contrast mechanisms and data
acquisition strategies continuously being rapidly developed and
introduced into clinical practice.>> The purpose of this article is to
summarize for the pediatric neurologist some of the most recent
MRI applications and techniques in neuroimaging over the past five
years.

In the first part of the review, several new applications that
manipulate the proton (water) signal of tissues and blood to
generate new signal contrast are discussed, including multiphase or
multidelay arterial spin labeling (ASL), amide proton transfer (APT)
MRI of the brain, MRI of brachial plexus and lumbar plexus nerves
(i.e., neurography), and T2 mapping and fat characterization in
neuromuscular diseases. Clinical examples in pediatric and
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adolescent patients with pathology are shown for each method. In
the second part of the review, the content shifts to a description of
new data acquisition strategies in MRI that are aimed to accelerate
speed and reduce scan time. In pediatric applications, accelerated
imaging is particularly attractive as it can reduce both the presence
of motion-related image artifacts and the need for sedation.*®
These acceleration methods include simultaneous multislice im-
aging, compressed sensing, synthetic MRI, and magnetic resonance
(MR) fingerprinting. In both sections, the review also provides a
summary of the advantages and disadvantages to complement each
technique along with their commercial availability and most
commonly used applications. For each technique, appropriate ref-
erences are given for the interested reader. Last, the article con-
cludes with some directions of future research. Tables 1 and 2 list
the current availability, primary usage, information on scan dura-
tion and image resolution, and some advantages and limitations of
each described technique.

Our intent is to provide a straightforward overview of some of
the most popular advanced MRI techniques. We hope that the
content stimulates the reader's interest with a greater under-
standing and appreciation of MRI's flexibility and provides them
with useful knowledge to facilitate consultations with radiologists
and medical physicists in determining the most appropriate clinical
care for their patients. This review is not intended to be compre-
hensive, and the interested reader is referred to additional refer-
ences in the literature.

Brain and spine techniques and applications
Single-phase and multiphase arterial spin labeling
Single-phase or single-delay ASL MRI refers to the use of a single

pulse labeling delay (PLD) time settings during an examination. The
PLD signifies the time between the labeling of blood signal,

TABLE 1.
Summary of Neuro and Neuromuscular MRI Techniques Discussed in This Review

typically at the level of the carotid arteries below the bifurcation,
and the time when data acquisition starts at the imaging volume
upstream, typically 75 to 90 mm away in distance. In conventional
single-delay ASL experiments wherein one PLD is used, the tech-
nique provides clinicians an approach to noninvasively quantify
cerebral blood flow (CBF) in units of mL/100 g/min. Fundamentally,
ASL utilizes magnetically labeled arterial blood water as an
endogenous tracer.” One key advantage of ASL is that it involves no
intravenous injection of contrast solution like gadolinium-based
agents.” Therefore an ASL scan can easily be repeated, if necessary.

ASL is particularly suitable for measuring CBF in pediatric pop-
ulations, for example, in patients with moyamoya disease® or sickle
cell disease.” In addition, ASL has also been used to establish
normative values during growth and development.'®!" As CBF is
normally coupled to glucose metabolism and neuronal activity,'>'>
it is a viable surrogate marker of brain function. ASL-derived CBF
measurements have been validated using >O-water positron
emission tomography'#""” and have been shown to provide com-
plementary information to '®F-glucose measurements of cerebral
glucose metabolism.'®?° CBF is also a promising imaging
biomarker for assessing functional brain development in both
healthy populations and those with developmental disorders.
Studies in children have demonstrated an age-related increase in
CBF from neonates to toddlers, followed by a tapering of CBF from
childhood to adulthood.?!"** This developmental trajectory of CBF
is consistent with findings from nuclear medicine approaches.?>?%
Recent studies assessing regional CBF with adjustment of variations
in gray matter density showed that the relationship between gray-
matter-density-adjusted CBF and age can be characterized by an
inverted U-shape followed by a U-shaped trajectory in most brain
regions throughout childhood and adolescence.’”?® A prominent
gender difference in the developmental trajectories of CBF has also
been reported in a large cohort of 922 individuals aged between
eight and 22 years.?®

Technique

Commercial Availability

Primary Usage

Typical Scan Time/Spatial
Resolution

Advantages Over Existing
Practices

Limitations

Arterial spin labeling
(multidelay/
multiphase)

Amide proton transfer

Neurography

Proton density fat
fraction mapping and
T2 mapping

Not available as
commercial product, but
feasibility has been
demonstrated on
Siemens, Philips, and
General Electric MRI
platforms

Available from major
vendors on newest MRI
systems as work-in-
progress packages

Available from major
vendors on newest MRI
systems as product or
work-in-progress
packages

Available from major
vendors

Brain perfusion: cerebral
blood flow, arterial transit
time, cerebral blood
volume, especially in
patients with suspected
circulation asymmetry

Magnetization transfer-
based assessment of
tumor protein content

Delineation of nerve
roots, trunks, divisions,
and cords

Organ steatosis, tissue
percent fat quantification,
edema, fibrosis

3D scan, 4-6 minutes for
whole-brain coverage/2-
4 mm in-plane

3- to 5-mm slices

2D or 3D scan, dependent
on interrogating region,
but typically 5-7 minutes/
2-4 mm in-plane,
>5-mm slices

3D scan

4-5 minutes for brachial
plexus, 5-7 minutes for
lumbar plexus/0.7-

1.5 mm in-plane, 1 to 1.5-
mm slices

2D or 3D scan, 3-

5 minutes per upper limb
or lower extremity
coverage/1-2 mm in-
plane

2- to 5-mm slices

No gadolinium contrast
agents, noninvasive,
repeatable

Unique signal contrast
mechanism

No gadolinium contrast
agents, noninvasive,
repeatable

New methods provide
high nerve-to-tissue
contrast with uniform fat
and fluid suppression,
isotropic voxels allow
arbitrary reformats
Provides reproducible
and repeatable
quantitative
measurements over
qualitative T1- and T2-
weighted scans

Moderate postprocessing
required

Limited signal-to-noise
ratio, long scan times due
to multiple averages,
sensitive to labeling and
delay timing parameters
and patient motion
Sensitive to magnetic
field inhomogeneity and
patient motion, long scan
times sensitive to motion
Moderate postprocessing
required

3D fast/turbo spin echo
sequences can lead to
high specific absorption
ratios for long scans, long
scan times

Sensitive to motion

Fat fraction mapping
sensitive to magnetic
field inhomogeneity, T2
mapping sensitive to
motion, light
postprocessing required

Abbreviations:
2D = Two dimensional
3D = Three-dimensional

MRI = Magnetic resonance imaging



TABLE 2.

R. Krishnamurthy et al. / Pediatric Neurology 96 (2019) 7—23

Summary of Accelerated Data Acquisition MRI Techniques Discussed in This Review

Technique

Commercial Availability

Primary Usage

Comments

Simultaneous multislice

Compressed sensing

Synthetic MRI and MR
fingerprinting

Available from major vendors on newest
MRI systems as product or work-in-
progress packages

Available from major vendors on newest
MRI systems as product or work-in-
progress packages

Synthetic MRI available from major vendors
on newest MRI systems as product or work-
in-progress packages

Widely used in acceleration of data
acquisition speed in functional MRI and
diffusion tractography brain imaging

Widely used in acceleration of data
acquisition speed in all anatomies, most
notably in spectroscopy, angiography, flow,
and dynamic cardiovascular applications

Initial demonstration and utility in brain
imaging, research in cardiac, body, and
musculoskeletal applications being pursued

No signal-to-ratio loss when compared
with conventional methods, sensitive to
magnetic field inhomogeneity, two- to
fourfold acceleration

High-powered postprocessing computers
needed, reconstruction parameters tend to
be application specific, atypical artifacts and
signal-to-noise ratio may manifest due to
inappropriate parameters

Synthetic MRI feasibility has been
established, limited literature reports on
clinical utility and added-value, additional

MR fingerprinting currently not available

large-cohort evaluation needed. MR
fingerprinting is currently used in research
setings.

Abbreviations:
MR = Magnetic resonance
MRI = Magnetic resonance imaging

A pediatric template of brain perfusion has also been established
from data in 120 children aged seven to 18 years.>” The test-retest
repeatability of ASL-derived CBF measurements in children has also
been established in 22 healthy children aged seven to 17 years
using repeated scans two to four weeks apart.>' In addition, ASL has
been used to characterize neural and biological changes in children
with genetic or developmental disorders such as congenital heart
diseases,*> pediatric stroke,®> autism spectrum disorders,*
adolescent depression,®® attention-deficit/hyperactivity disor-
der,*® and substance use.>” Two physiologic properties of the pe-
diatric brain also make ASL an attractive tool for perfusion imaging
in young populations.>® Blood flow rates are generally higher in
children than in adults (except neonates). Consequently, in chil-
dren, there is increased perfusion signal contrast. Second, brain
water content is higher in children than in adults, which leads to a
longer T1 relaxation time of blood water. Consequently, an increase
in signal-to-noise ratio (SNR) of ASL images has been reported in
children compared with adults.?!

One limitation of ASL is the relatively low SNR of the magneti-
cally labeled blood water measurements. To address this issue, a
recent consensus article by Alsop et al. established a set of stan-
dardized ASL image acquisition settings for clinical use.>® The rec-
ommendations were endorsed by the International Society for
Magnetic Resonance Medicine Perfusion Study Group and the Eu-
ropean ASL in Dementia consortium. The joint panel recommended
3-T MR, with a pseudocontinuous labeling scheme for generating
ASL signal (i.e., pCASL) and a three-dimensional data acquisition
with segmented readout, as the optimal strategy. The two most
common three-dimensional pulse sequences offered by commer-
cial vendors for pCASL are the hybrid gradient and spin echo
approach®® and the stack-of-spirals approach.*! The consensus
article also recommended pCASL PLDs of 2000 ms for neonates,
1500 ms for children, and 1800 ms for adults.

Another limitation of single-phase ASL is arterial-transit-time
(ATT)-related effects. These effects manifest when the selected
PLD of the acquisition is significantly mismatched to the underlying
physiology. ATT is well defined in people with healthy vasculature.
However, even in healthy subjects, distal arteries are affected due to
a varied ATT. In cereberovascular disease conditions, ATT is signif-
icantly different, leading to an inaccurate PLD.*>** Thus the PLD is
set incorrectly (usually too short) and is insufficient for allowing
enough labeled blood to adequately reach the brain tissue of in-
terest.** In such cases, CBF measurements will be inaccurate, as a
bulk of the labeled signal will have remained in the feeding arteries.
Age-related variations with ATT and asymmetric labeling of blood

from imperfect patient positioning and vessel tortuosity further
adds to the complexity of ATT effects.’!

To overcome this limitation from ATT effects, multiphase or
multidelay ASL methods have been introduced and are becoming
increasingly used in clinical settings.*** With data from multiple
PLDs, the technique can provide simultaneously an ATT-corrected
CBF map and a quantitative map of the ATT parameter itself.®
Multidelay ASL has been successfully demonstrated in moyamoya
disease,*® in acute ischemic stroke,”°? and in patients with idio-
pathic generalized epilepsy.>> Two patient examples of multidelay
ASL from the first author’s institution are shown in Figs 1 and 2.°*
For whole-brain coverage with approximately 30 to 40 contiguous
4-mm slices, a typical five-phase ASL scan takes four to six minutes
to complete, and the scan can be performed independent of seda-
tion and general anesthesia. In infants and small children, the field
of view slice number, and labeling offset can be reduced to match
the small head size. However, because CBF is low in neonates
(~10 mL/100 g/min), more averages are required to improve the
SNR of multidelay ASL in this population.

In addition to perfusion quantification, multidelay ASL tech-
niques have also been applied to intracranial angiography. With
growing concerns over residual intracranial gadolinium deposition
and accumulation in patients who undergo multiple contrast-
enhanced MRI examiations®>”® and the general aversion to
intravenous needle placement, nongadolinium MR angiography
techniques have gained in popularity,””*® especially in pediatric
applications.”” Several exemplary data sets are shown in Fig 3, each
requiring approximately five minutes for acquiring the circle of
Willis and its perfusion territories. These data support the utility of
the technique in patients with vascular pathologies and abnormal
flow patterns. As with traditional vessel-selective ASL methods,
these dynamic approaches can also selectively target specific
principal blood vessels (i.e., carotid arteries) and downstream
vascular territories.’” A recent study by Togao et al. has also
compared ASL-based angiography to conventional contrast-
enhanced MR angiography.®!

Some drawbacks of multidelay or multiphase ASL in children
include the limited spatial resolution (i.e., large voxel size) and their
current availability only as work-in-progress sequences from major
MRI vendors. One reason for the limited spatial resolution (see
Table 1) is the inherent poorer signal source of ASL. In small chil-
dren, multidelay ASL provides a useful tissue-level look at regional
brain perfusion with typical voxel sizes of 2 x 2 x 4 mm°. At our
institution, we have implemented work-in-progress multidelay ASL
sequences on multiple 3-T platforms under research mode.
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FIGURE 1. Images from a 17-year-old girl with a history of stroke. (A) On T1-weighted (left), fluid-attenuated T2-weighted (middle), and conventional T2-weighted (right) images,
there is an area of cystic encephalomalacia (thick arrows). (B) Multiphase arterial spin labeling images with pulse labeling delay (PLD) times of 500 ms (top), 1000 ms, 1500 ms,
2000 ms, and 2500 ms (bottom). (C) Color maps of cerebral blood flow (CBF), arterial transit time, and cerebral blood volume (CBV) derived from the multi-PLD data. The perfusion
deficits in the right anterior lateral front lobe can be clearly observed on the longer PLD data (thin arrows) and CBF and CBV maps. The color version of this figure is available in the

online edition.

MR neurography

MRI of the peripheral nervous system, including the proximal
and distal nerves, is referred to as magnetic resonance neurography.
MR neurography is emerging as a useful diagnostic tool and
noninvasive alternative to nerve conduction evaluation in the
assessment of nerve pathologies in both children and adults.®%-5°
MR neurography has been used in the diagnosis and treatment of
peripheral neuropathy by detecting and characterizing nerve

lesions, muscle denervation, neurofibromatosis, and nerve
entrapment as well as in providing guidance for perineural in-
jections.®’””2 In recent years, MR neurography has been shown to
have a significant impact on the clinical diagnosis and therapeutic
procedures of patients with different causes of neuropathy,®47>74
and is establishing itself as a promising technique for reducing
the number of unnecessary surgeries.®*

In its current implemented form, MR neurography pulse se-
quences are a collection of two-and three-dimensional fast or turbo

FIGURE 2. (A) Multiphase arterial spin labeling (ASL) cereberal blood flow (CBF) images from a 10-year-old female with a history of rhabdomyosarcoma are shown. Asymmetry in
CBF between left and right sides is clearly observed. (B) Multiphase ASL arterial transit time (ATT) images from a seven-year-old girl with a right thalamus mass. Again, asymmetry
and delayed ATT are clearly observed. The color version of this figure is available in the online edition.
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(C)

(D)

FIGURE 3. Examples of non—gadolinium contrast multidelay arterial spin labeling magnetic resonance imaging of the intracranial vasculature in (A) 13-year-old, (B) eight-month-
old, (C) 13-month-old, and (D) seven-year-old patients with moyamoya disease. The first six axial projections are shown in (A, B), whereas the first four coronal projections are
shown in (C, D), highlighting the near-submillimeter isotropic resolution of the acquired data. The delay timing of the first frame is 200 ms, followed by 120-ms increments. Note
clear demonstration of various degrees of asymmetric vascular filling in all patients. All data were acquired on a 3T Philips Ingenia MRI system. Images courtesy of Masami
Yoneyama, Niccolo Stefani, and Jonathan M. Chia (Philips Healthcare), and Amber L. Pokorney and Jeffrey H. Miller (Phoenix Children's Hospital).

spin echo acquisitions that utilize various contrast-generating
mechanisms’> to maximize nerve to soft tissue and signal
contrast.””> Two-dimensional techniques are usually preferred as
they can provide high submillimeter in-plane resolution, albeit
with thicker slices, whereas three-dimensional methods provide
isotropic resolution imaging that can be reformatted in any arbi-
trary plane for postprocessing visualization.”® Conventional
morphologic imaging methods, such as T1-weighted imaging and
fat-suppressed T2-weighted MR neurography, are frequently used
for the evaluation of neural pathology, such as changes in signal
intensity, course, shape and size, and fascicular pattern, and the
detection of fibrosis or mass lesions.”” Moreover, quantitative
methods such as diffusion-weighted imaging and diffusion tensor
imaging of the peripheral nerves are becoming popular for more
precise assessments of neuropathy.’”’’° Diffusion MR neurography
provides the capability to noninvasively characterize nerve fiber
microstructure 3%8!

Regardless of the employed imaging method and the desired
T1- or T2-weighted signal contrast, MR neurography applications
demand several requirements to produce diagnostic-quality im-
ages. First, high nerve-to-surrounding tissue (i.e., muscle) signal
contrast and uniform fat suppression are needed. Fat suppression
is typically achieved with frequency-selective techniques,®*®3

Dixon-based water-fat separation,®* or gradient-reversal off-
resonance approaches.?> Second, in addition to fat suppression,
MR neurography typically requires additional suppression of
signals from adjacent blood vessels and nearby fluids such as
cerebral spinal fluid and lymphatics. These can be achieved with a
variety of motion-sensitizing methods and manipulations of the
turbo spin echo readout scheme.®?-848691 Third, high spatial
resolution is a critical requisite for MR neurography due to the
inherent small anatomical size of peripheral nerves.”” The desired
spatial resolution must be balanced in the fast or turbo spin echo
pulse sequence with adequate SNR ratio, specific absorption ratio
limits to prevent excessive tissue heating and maintain patient
safety, and total scan duration. Therefore MR neurography in
newborns, infants, and small children remain clinically chal-
lenging. Figures 4-6 illustrate representative examples of brachial
plexus and lumbar plexus MR neurography. Three-dimensional
submillimeter-resolution imaging of the brachial plexus typi-
cally takes five to seven minutes, whereas a similar scan in the
lumbar region takes approximately four to five minutes to com-
plete. Sedation and general anesthesia are not required for MR
neurography. However, three-dimensional scans, especially in
younger patients, are prone to physiologic and bulk motion
artifacts.
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(A) (B)

FIGURE 4. (A) A 14-mm maximum intensity projection depicting the brachial plexus of a five-year-old girl with a cervical spinal or brachial plexus tumor (arrow). The tumor is
approximately 2 x 4 cm in size and extends laterally through the left C6 and C7 neural foramen. The image was acquired with three-dimensional turbo spin echo sequence
combined with two-point Dixon. (B) An individual 1-mm slice through the tumor shown in (A) clearly depicts the cervical nerves affected by the tumor.

Amide proton transfer magnetic resonance imaging APT pulse sequence, and the asymmetry of the magnetization
transfer or Z-spectrum, which are described in detail by Xu et al.?*

Although preclinical animal and clinical human studies
involving APT MRI are still in development, the technique has

already shown promising diagnostic value in a variety of applica-

In conventional MRI, the source of the observed signal is
hydrogen atoms in “free” water in tissue. In APT MRI, a form of
magnetization transfer imaging, also commonly known as chemical

exchange saturation transfer, the measured signals continue to arise
from water protons. However, they have undergone interactions
with local amide protons in peptides and macromolecular proteins,
such that the signal contrast in APT imaging indirectly reflects the
quantity or concentration of endogenous proteins and polypeptide
chains in local tissues.”®> In addition to proton magnetization
transfer, the APT signal is further dependent on T1 relaxation, the
efficiency of water signal saturation by radiofrequency pulses in the

tions, including brain development, pH monitoring of brain tissues,
and the characterization and grading of brain tumors.”® As a com-
plementary technique, APT MRI has been shown to add diagnostic
value when it is coupled with the aforementioned ASL perfusion
methods in a comprehensive imaging protocol.”®® Beyond the
brain, APT MRI has been demonstrated in animal models of lung
cancer.”” Nonetheless, the application of APT MRI in pediatric pa-
tients remains limited.

.*M“»“O“f‘w‘

A

)
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FIGURE 5. (A) A 9-mm maximum intensity projection depicting the lumbar plexus of a two-year-old boy after surgery with previously seen large intra- and extradural masses. The
residual intradural component is located mainly in the anterior aspect of the thecal sac and measures approximately 67 x 22 x 10 mm, the left paraspinal component is irregular
and measures approximately 39 x 8 mm at the level of L2-L3. There is mild persistent mass effect upon the cord more prominent at the level of L1-L2. The distal spinal canal is again
expanded by the tumor, and there is associated scalloping of the posterior vertebral bodies. The image was acquired with fat- and vessel-suppressed 3D TSE. (B) A 9-mm maximum
intensity projection depicting the lumbar plexus of a 21-month-old female with severe dextrocurvature of the cervicothoracic junction, apex approximately T1-T2. Mild levo-
curvature at the thoracolumbar junction. Segmentation anomalies are noted as follows, using S1 as reference: left T6-T7 hemivertebra, T5-T6 incomplete segmentation; right T3-T4

hemivertebra, incomplete segmentation of C2, C3, C4, C5, C6, and C7 with associated butterfly vertebrae. The image was acquired with fat- and vessel-suppressed 3D turbo spin
echo sequence.

(A)



R. Krishnamurthy et al. / Pediatric Neurology 96 (2019) 7—23 13

(B)

(A) (C)

10”° m?%s

FIGURE 6. (A) Iso-diffusion-weighted image (iso-DWI) depicting the lumbar plexus of a healthy adult acquired with diffusion-prepared three-dimensional turbo spin echo
sequence with diffusion acquisitions in six directions using a maximum b-value of 400 s/mm?. (B) Zoomed-in image of a single-slice iso-DWI depicting the L5 nerves and cor-
responding mean diffusivity map. (C) Zoomed-in image of a single-slice iso-DWI depicting the S1 nerves and corresponding mean diffusivity map. The color version of this figure is

available in the online edition.

In recent studies by Bai et al. and Togao et al., the investigators
demonstrated in adult patients with pathology-proven gliomas
that APT MRI signals were statistically different between the World
Health Organization grade 2, 3, and 4 lesions. The APT signals also
correlated more strongly with Ki-67 immunohistochemistry results
than with conventional diffusion and perfusion MRI data.'??-10? A
plethora of recent studies in humans has further supported the
diagnostic utility of APT MRI in preoperative assessment of gliomas
and in guiding stereotactic biopsy.'°>!%* Togao et al. has addition-
ally shown that quantitative parameters derived from APT MRI
have good interscan reproducibility in human trials.'%> Wang et al.
has demonstrated that APT and CBF measurements in high-grade
gliomas were statistically higher than those in low-grade gliomas
in a study of 23 adult patients. In other recent works, APT MRI was
demonstrated to be complementary to conventional susceptibility-
weighted imaging in detecting acute and subacute intracranial
hemorrhage.'°®'%” APT MRI has also been demonstrated to suc-
cessfully differentiate benign and malignant meningiomas.'%®
Beyond brain tumors, APT MRI has also been shown to be sensi-
tive to changes in cerebral intracellular pH'?>''% and has been used
to identify patients at risk of ischemic stroke.!"12

Furthermore, APT MRI has been used to investigate the natural
progression of brain development and maturation in neonates and
children. In a recent report by Zheng et al.,'"* in 38 neonates, it was
reported that APT measurements in the white matter of the frontal
lobes, basal ganglia, and occipital lobes were significantly different
and that the APT signal positively correlated with gestational age. In
a separate study by Zhang et al., in 82 children between the ages
two and 190 months, APT signals in the white matter of the corpus
callosum, the frontal and occipital lobes, and the centrum

semiovale followed an exponentially decreasing curve with age,
with the most significant change occurring within the first year of
life.""* Preliminary studies describing APT in children with devel-
opmental delays'"” and in elderly patients with Alzheimer disease
have also been reported.''®

As advances in MRI hardware and pulse sequence capabilities
continue to emerge and improve, APT imaging is now possible in
the clinical setting with several vendors offering the technique and
its related postprocessing computations as a work-in-progress
package. One of the main attractions of APT imaging in brain tu-
mor characterization is its lack of requirement for intravenous
gadolinium contrast agents, as the technique solely relies on the
endogenous signal contrast of water protons and their interactions
with neighboring amide protons. In human brain imaging, typical
APT scan times for whole-brain coverage on a 3-T MRI platform
range from five to seven minutes, depending on the extent of the
pathology. Two examples are shown in Figs 7 and 8. The APT
acquisition itself is also not dependent on sedation or general
anesthesia and can be performed in awake patients. However, due
to the relatively long scan times, head motion should be minimized.

Neuromuscular imaging

Moving through the body from ASL and APT methods in brain
imaging to MR neurography in spine and peripheral nerve appli-
cations, the review now shifts attention to inform the reader briefly
of some of the advanced MR methods in neuromuscular imaging
that is current available to clinicians and researchers. This section is
written concisely for the practicing neurologist to familiarize him
or her with new imaging terminology in neuromuscular disease.
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FIGURE 7. Examples of amide proton transfer (APT) magnetic resonance imaging in an 11-year-old with two intra-axial masses of metastatic Ewing sarcoma (white dashed outlines),
one in the right temporal lobe (top row) and the other in the right parietal lobe (bottom row). Post-gadolinium contrast-enhanced T1-weighted anatomical images are shown in (A).
Three consecutive APT-sourced magnetization transfer ratio (MTR) images are shown in (B). The —5% to +5% color scale is shown using the literature standard convention for MTR.
Note that multiple cysts in the temporal lobe mass (solid arrows) are characterized by strong MTR signal, suggesting higher proteinaceous content than solid components of the mass
(dotted arrow). Note also subtle differences in MTR ratio between white and gray matter in (B). All data were acquired on a 3T Philips Ingenia MRI system. Images courtesy of Jochen
Keupp and Jonathan M. Chia (Philips HealthTech) and John Curran (Phoenix Children's Hospital). The color version of this figure is available in the online edition.

The interested reader is referred to the extensive bibliography for
further reading.

The typical management of a patient with suspected neuro-
muscular disease involves the examination of clinical history and
various types of functional and neurological tests such as the six-
minute walk test and manual muscle testing to assess mobility and
muscle strength.'”” In many instances, muscle biopsies are also
obtained as part of the routine clinical evaluation.'"®!"® Neuro-
muscular imaging with MRI and MR spectroscopy of the upper
limbs and lower extremities has become widely popular in large
clinical centers conducting therapeutic trials as an additional and
complementary diagnostic tool.'”® Noninvasive imaging provides
qualitative and quantitative correlates to functional tests, biopsies,
and electrodiagnostic results.'”! In addition, MRI characterizes the
involvement of muscular dystrophy disease across different mus-
cles and highlights the degree and disease-specific patterns of
muscle involvement.'??-126

T1-weighted imaging has been the workhorse pulse sequence to
qualitatively assess muscle fat infiltration patterns.'”’ Likewise,
complementary short tau inversion recovery T2-weighted imaging
has been used to assess muscle edema and fibrosis patterns.'?® Both
T1- and T2-weighted imaging features have been characterized
semiquantitatively with scalar ratings. For example, the four-point
Mercuri scale is commonly used to categorize the fatty infiltration
of muscle tissue starting from 0% (score 1) to above 60% (score 4) on
axial T1-weighted images.'”® Similarly, an intramuscular T2
hyperintense signal indicating muscle edema can be assessed with
a multi-point rating scale, as suggested by Morrow et al.'*°

Beyond conventional T1- and T2-weighted imaging, quantita-
tive MR methods including fat fraction MRI, T1 mapping,>' T2
mapping, and relatedly multiecho proton spectroscopy have

emerged over the past decade as standardized and popular
outcome measures in neuromuscular imaging.'*> These accurate
and precise imaging biomarkers are frequently utilized in clinical
trials of neuromuscular disease involving gene therapy and phar-
macogenetics.>>1*6 Quantitative imaging biomarkers like fat
fraction and T2 mapping have significant advantages over qualita-
tive T1- and T2-weighted imaging in longitudinal studies aimed at
evaluating therapy efficacy. Namely, they are repeatable and
reproducible on several scales, including minimal variations within
a subject from one examination to another, and more importantly
from one MRI platform to another (e.g., different magnetic field
strength or different equipment vendor), and possibly across
separate institutions. In addition, they are particularly useful in
objectively differentiating patient and healthy control groups.'>”!38
It is worth noting that many of these aforementioned imaging
techniques are not unique to skeletal muscle characterization, and
their usage can be extended to multiple anatomies, tissues, and
organs, including most notably bone marrow assessment,'>%-14!
myocardial characterization,'**!*> and liver.'*414>

Developed originally for hepatic fat content quantification, the
proton density (PD) fat fraction metric derived from chemical-shift-
encoded multiecho MRI has emerged as a robust quantitative im-
aging biomarker for a wide range of fat-containing tissues,>%:146-148
including skeletal muscles'*? As shown in Fig 9, the technique
provides on a voxel-by-voxel basis the percent fat content within
each muscle region. Fat fraction mapping has been shown to reli-
ably track disease progression'?° and also as a strong correlate to
functional examinations.””>!>! The use of fat fraction mapping to
determine the spatial pattern of fat infiltration across different
muscles and within one muscle for different diseases remains an
active area of research.>
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FIGURE 8. Magnetic resonance imaging in a 4-month-old female with a large posterior fossa mass (arrow), which is clearly seen on the amide proton transfer (APT) image (right).
Example shows the sensitivity of the APT technique to BO magnetic field homogeneity. White box outlines the shim area within which magnetic field homogeneity is optimized for
uniformity. Note that the APT signal outside of the shim box is saturated and erroneous, especially around the orbits. Same APT color scale as Figure 7. Images courtesy of Jochen
Keupp and Jonathan M. Chia (Philips HealthTech) and John Curran (Phoenix Children's Hospital). The color version of this figure is available in the online edition.

Similarly, T2 mapping > of skeletal muscles has been used in typically greater than that of normal and healthy muscle. Muscle T2

neuromuscular disease characterization of tissue edema and values are also computed on a voxel-by-voxel basis using multiecho
fibrosis.*>!>> In diseased patients, the T2 of affected muscle is spin-echo-based pulse sequences, and regional averages in various

(A)

(C) (D)

FIGURE 9. Proton density fat fraction (PDFF) images from Dixon water-fat magnetic resonance imaging (MRI) of a nine-year-old boy with Duchenne muscular dystrophy. Axial
images of the upper (A, C) and lower (B, D) leg extremities are shown on a color scale representing 0% to 100% fat fraction. These images illustrate increasing fat content in various
muscle groups across a time span of four months, from (A, B) September 2012 to (C, D) January 2013. Note interestingly that certain muscles do not demonstrate a significant
increase in fat content, such as the gracilis (solid arrow), adductor longus (dashed arrow), and posterior tibialis (dotted arrow). Data acquired on a 3T Philips Achieva MRI system.
Images courtesy of Skorn Ponrartana, MD, PhD and Tishya Wren, PhD (Children's Hospital Los Angeles). The color version of this figure is available in the online edition.
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muscles have been used to compare patients and healthy control
groups as well as track disease progression in response to thera-
peutic intervention.””®!>” Using both fat fraction and T2 mapping,
Carlier et al. showed in adult patients with Pompe disease that fat
infiltration progresses faster in muscles with elevated water T2."%
Figure 10 illustrates an example in an adult patient. Last, single-
voxel multiecho MR spectroscopy is typically performed in one
muscle group at a time to jointly estimate fat fraction (and T2
values) as well as estimate the degree of triglyceride unsaturation
by highlighting the olefinic resonance.'”® Complementary imaging
techniques have also been developed for simultaneous T2 and fat
fraction mapping.’>*>'° T2 mapping has also been used in the
assessment of skeletal muscle replacement by connective tissues
composed primarily of collagen, which leads to fibrosis. More
recently, ultrashort echo time (TE) MRI has been proposed for
assessing the short T2 components (i.e., collagen, cortical bone,
fascia) in muscles undergoing fibrotic changes.'®' Both fat fraction
and T2 mapping of the lower extremity or upper limb usually takes
three to five minutes per patient side, depending on the acquired
spatial resolution and three-dimensional volume coverage. Seda-
tion and general anesthesia are again not strictly required for these
methods. However, patient cooperation to keep the imaging area of
interest relatively motionless is required. As discussed in the sec-
ond portion of the review, compressed sensing has been success-
fully used to accelerate data acquisition speed in muscular
dystrophy studies.'6%163

Recent advances in accelerated MRI data acquisition methods

The first part of this review focused primarily on newly devel-
oped mechanisms to generate signal contrast in MRI and their
associated applications; the second part will describe new data
acquisition strategies aimed to accelerated MRI data acquisition
speed and reduce scan time. In contrast to other radiologic imaging
modalities, most notably computed tomography and ultrasound,
data acquisition speed in MRI is slow. Each scan in an MRI protocol
often requires several minutes to complete, especially when three-
dimensional volumetric coverage is required. The principal reason
for this limitation is that MRI data are acquired in the alternate
spatial frequency domain, often referred to as the k-space,'°4166 A
full discussion of k-space is beyond the scope of this review.
However, the interested reader is referred to several excellent
pictorial descriptions of k-space, written for the clinician. To
generate a series of images, it typically takes thousands to tens of
thousands of repetitions of an MRI pulse sequence to adequately fill
k-space and represent with good fidelity the object or anatomy of
interest. Many of the following data acquisition techniques can be
combined with the aforementioned imaging methods from the

T2W Water Dixon in a.u.

prior section, and the description of these integrations will be
alluded to at the conclusion of this review.

Over the past two decades, the advent of multielement receiver
coil arrays and parallel imaging technology'®”'%® revolutionized
accelerated MRI data acquisition. Parallel imaging is now ubiqui-
tous and used across nearly all clinical MRI protocols. In the
following section, we briefly review three emerging accelerated
data acquisition methods that have garnered increasing interest
and development in the MRI community. These methods'®* include
simultaneous multislice or multiband imaging, compressed sensing
MRIL'® and synthetic MRI and MR fingerprinting.'’® Clinical ex-
amples in pediatric patients accompany each technique. Each of
these three techniques is further compatible with existing parallel
imaging methods and with each other to provide even higher cu-
mulative acceleration rates. These techniques are continuously
being explored in research and potential clinical applications.!”!-173
Table 2 shows the applications, benefits, and potential limitations
of these techniques.

Simultaneous multislice MRI

Simultaneous multislice imaging'’ is an increasingly popular
technology that allows the radiofrequency excitation, selection, and
acquisition of several parallel slices at the same time. This method
is also commonly referred to as multiband MRI. In contrast to con-
ventional MRI methods wherein data from only one slice is selected
and acquired at any given instance, simultaneous multislice (SMS)
imaging with an acceleration factor of 2 to 4 has been successfully
demonstrated in brain imaging.'”>"7°

The process of SMS imaging is shown in Fig 11. The initial raw
data lead to a superposition of information from the multiple slice
locations. In Fig 11, an acceleration factor of 2 is illustrated. As all
modern scanners have multichannel head coils that surround the
patient, these arrays impart varying coil sensitivity information on
the superimposed SMS data, and knowledge of these coil sensi-
tivities facilitates the subsequent separation of the superimposed
slices. The superimposed slices can further be shifted with respect
to one another to improve the separation process by maximizing
overlap with background areas. Since its initial description 2013 by
Feinberg and Setsompop et al.,'””'8% SMS has gained widespread
popularity in neuroscience research involving resting and task-
based functional MRI'®'82 and diffusion tractography imaging to
accelerate the scan time of these long acquisitions.!””83-185 SMs-
based protocols have become the foundation of MRI sequences
used in the Human Connectome Project, accelerating both func-
tional MRI and diffusion tractography imaging data acquisition
speed by factors of two to four.'8

T2 map in ms

15

FIGURE 10. T2-weighted Dixon water image of the thigh musculature of a 41-year-old male patient with myositis (left) and the corresponding T2 map acquired with a T2-prepared
3D turbo spin echo sequence (right). Both the qualitative Dixon water image and the quantitative T2 map show the same pattern for T2 elevations in the quadriceps muscles,
whereas the quantitative T2 mapping technique allows a more objective analysis of the thigh musculature. Images courtesy of Dominik Weidlich and Sarah Schlaeger (Technical

University of Munich). The color version of this figure is available in the online edition.
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conventional simultaneous multi-slice ©) conventional simultaneous multi-slice

(B)

FIGURE 11. (A) Pictorial illustration of simultaneous multislice magnetic resonance imaging (MRI). Unlike conventional MRI, in which data from a single slice is acquired at a time,
simultaneous multislice MRI acquires multiple slices per radiofrequency excitation, where each of the excited slices are offset by a spatial shift. The raw image contains overlapping
signals from both slices. The slice-specific signals are separated out in postprocessing using parallel-imaging algorithms. (B) and (C) Examples of 64- and 128-directional fractional
anisotropy maps; MRI data in a 10-year-old and a three-month-old patient, respectively. In each image pair, the simultaneous multislice acquisition, which is twofold faster in scan
time, is shown on the right. The technology thus allows 64- and 128-direction diffusion tensor imaging data to be collected in five to seven minutes. All data were acquired on a 3T
Philips Ingenia MRI system. Images courtesy of Jonathan M. Chia (Philips HealthTech) and Amber L. Pokorney and Jeffrey H. Miller (Phoenix Children's Hospital). The color version of
this figure is available in the online edition.

Compressed sensing space data in an undersampled fashion.'®’-'9? Parallel imaging
uniformly undersamples k-space leading to structured aliasing ar-

Similar to parallel imaging techniques, a fundamental principle tifacts in the resultant image. Compressed sensing undersampling
underlying compressed sensing MRI is the approach to acquire k- is nonuniform. The resulting artifacts are incoherent and often

conventional Lactate

Cho Crl\AA

compressed

sensing

AN

(B) © (D) (E)

FIGURE 12. Examples of compressed sensing magnetic resonance imaging in the brain and spine, shown for (A) axial post-gadolinium contrast-enhanced fat-suppressed T1-
weighted turbo spin echo data, (B) coronal T2-weighted turbo spin echo data, (C) sagittal non—fat-suppressed T2-weighted turbo spin echo, and (D) two-dimensional multi-
voxel spectroscopy of metabolites N-acetyl-L-aspartate (NAA), creatine (Cr), choline (Cho), and lactate (Lac). In each image pair, the conventional data acquisition is shown on the
left, and the compressed sensing-acquired image is shown on the right, representing an approximate 45% reduction (A—C) in scan time without compromising spatial resolution and
diagnostic image quality. In (D), a threefold reduction in scan time is demonstrated with compressed sensing. (E) One-dimensional spectrum of a voxel in the Ewing sarcoma,
comparing (top) conventional and (bottom) compressed sensing results. The color representation is relative metabolite concentration from low (blue) to high (red). All data were
acquired on a 3T Philips Ingenia MRI system. (A—C) Images courtesy of Jonathan M. Chia (Philips HealthTech) and Amber L. Pokorney and Jeffrey H. Miller (Phoenix Children's
Hospital). (D) Images courtesy of Rohini Vidya Shankar and Vikram Kodibagkar (Arizona State University). The color version of this figure is available in the online edition.
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blurred making them less noticeable to the human eye. Another
fundamental principle of compressed sensing is a representation of
the desired image in a sparse k-space domain, where image
reconstruction from highly undersampled k-space data is feasible.
In the case of MR angiography,'®> the underlying structures are
inherently sparse in the spatial image domain (i.e., vessel pixels are
bright, whereas background pixels are dark). In situations where
the image is not sparse in the image domain, a transform such as
the wavelet transform, often used in JPEG compression, is applied.
MRI data can also be sparse in the temporal domain, for example, in
the form of a beating heart. If the heart rate is a constant 60 beats
per minute, the sparse representation of such periodic motion is
simply 1 Hz in the frequency domain.'®® Figure 12 provides ex-
amples of compressed sensing MRI in pediatric brain and spinal
MRI.

MR fingerprinting and synthetic MRI

Synthetic MR['94-200
printing!70:201-206

and magnetic resonance finger-
are revolutionary new techniques that break

away from existing MRI principles of data acquisition. In conven-
tional MRI, pulse sequences acquire a given tissue contrast (i.e.,
relative T1-weighted, relative T2-weighted, PD, apparent diffusion
coefficients, etc.) with a specified set of pulse sequence timing
parameters (i.e., repetition time [TR], TE, inversion time, flip angle,
spatial resolution, signal bandwidth). In the resultant image, the
voxel values (i.e., signal intensities) are relative, and the true PD and
T1 and T2 relaxation times of the underlying tissue remain un-
known. If a new image is desired with different tissue signal
contrast, a separate pulse sequence must be performed after
selecting different timing values, at the expense of additional scan
time.

Synthetic MRI and MR fingerprinting are at their core founda-
tion parameter mapping techniques that aim to quantify the
fundamental T1, T2, and PD constants of the underlying anatomy on
a voxel-wise basis. MR fingerprinting employs an acquisition with
varying values of sequence parameters in a time series loop. The
subsequent output of the acquisition is in essence a signal finger-
print, a unique signal profile for a given set of T1, T2, and PD con-
stants. By acquiring a “fingerprint” for each voxel and matching

T2-weighted

T2-weighted
FLAIR

T1-weighted

FIGURE 13. Exemplary images from synthetic magnetic resonance imaging (GE Healthcare's MAGIC pulse sequence, scan time five minutes 30 seconds) demonstrating a cavernous
hemangioma (dotted arrow) and a cyst (solid arrow) in an eight-year-old boy. (A) Conventional images and (B) MAGiC data. Differences between the two acquisitions are mostly
evident in the second column of T2-weighted fluid attenuated inversion recovery images, where the MAGiC data show artifacts arising from partial volume effects at the boundary
between cerebrospinal fluid (CSF) and brain tissues (arrowheads). These are well-known artifacts in MAGiC and arise from the large difference in T1 and T2 values between pure CSF
and brain tissues, which lead to an erroneous curve fitting of the signal in these boundary voxels. Images courtesy of Liz Ivarsson (Queen Silvia Children's Hospital, Gothenberg,

Sweden).
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them to a pre-established “dictionary” or database of known pro-
files that accounts for all possible combinations, the desired T1, T2,
and PD values are revealed. In contrast then to conventional MRI
methods, MR fingerprinting yields direct quantitative estimates of
tissue properties of interest via a single scan. Once these properties
are extracted on a voxel-wise basis, one can conceivably synthesize
any resultant data set of the patient's imaging volume with arbi-
trary tissue contrast weightings and pulse sequence timing pa-
rameters. Similar to MR fingerprinting, synthetic MRI measures
quantitative T1, T2, and PD values of each voxel in the imaged
volume utilizing a single sequence with multiple saturation time
delays and TEs. The acquired data for each voxel are then fitted to
the Bloch equations governing MRI physics to yield T1, T2, and PD
values.”?” Recent literature has compared the diagnostic equiva-
lence of synthetic MRI data with those that are acquired by con-
ventional sequences.”®?2%° Multiple diagnostic sequences can
therefore be replaced with a single acquisition theoretically
decreasing the time necessary for an imaging session. Figure 13
illustrates an example.

Apart from the flexibility of synthetic image generation, direct
measurement of quantitative T1, T2, and PD values can be utilized
for other purposes. For example, automated tissue segmentation of
gray and white matter and CSF has been demonstrated,*’® as well
as myelin volumes and myelin fraction estimation.’® These as-
sessments make minimal assumptions of the underlying anatomy
and do not require a normative database, such as the MNI and
Talairach atlases. The normal growth trajectories of intracranial
volume, gray and white matter volumes, and myelin volume in
children aged zero to 20 years using synthetic MRI has been re-
ported.'”> With both MR fingerprinting and synthetic MRI, the
direct estimation of quantitative image biomarkers such as T1, T2,
and PD can potentially lead to new approaches for assessing dis-
eases and their progression.

Conclusion

We have summarized some of the recent advances in brain,
spine, and neuromuscular imaging, with a particular focus on pe-
diatric applications. Methods like ASL and APT MRI, respectively,
have the potential to complement or potentially replace existing
methods for brain perfusion and tumor assessment that require
contrast agent administration, as concerns for possible effects of
gadolinium-based retention and deposition continue to persist in
the literature and MRI community.>'° New developments in three-
dimensional submillimeter MR neurography that incorporate fat,
cerebrospinal fluid, and blood signal suppression can enable clear
delineation of brachial and lumbar plexus nerves®® and demon-
strate strong potential in providing clinical value to the assessment
of children who have birth-related injuries,”'! traumatic cervical
spine injuries from trauma, genetic disorders such as neurofibro-
matosis, and cervical spine tumors. In neuromuscular disease im-
aging, robust and reliable quantitative biomarkers including fat
fraction and T2 mapping have enabled repeatable and reproducible
assessment of muscle involvement, injury, and response to therapy,
facilitating greater clinical trial efforts globally.

For pediatric MRI, reduction in both scan time and the use of
sedation and general anesthesia continue to be a strategic goal for
the clinical community.>'?>"?!> Novel and innovative data acceler-
ation methods in MR, including simultaneous multislice acquisi-
tion, compressed sensing, and synthetic MRI and MR
fingerprinting, along with combinations of these methods,'”® are
promising solutions, and more widespread evaluation of these
techniques are needed to bring them to the forefront of main-
stream MRI practice.
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