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Editorial

Professor Michael Ditchfield is the Head of
Paediatric Imaging at Monash Medical Centre
and the Professor of Paediatric Imaging at Monash
University (Clayton, Australia), has a conjoint
appointment at the Monash Institute of Medical
Research and is an Honorary Research Fellow

at the Murdoch and Children’s Research Institute
(Melbourne, Australia). He has worked as a pedi-
atric radiologist for 20 years and has subspecialty
pediatric interests in MRI, cardiothoracic,
neonatal and urinary imaging and has a strong
commitment to teaching and research.

Dear MAGNETOM Flash reader,

Children are intrinsically difficult to
image. Their organs are small creating
a high demand on spatial resolution.
They have rapid heart and respiratory
rates making thoracic and abdominal
imaging even more challenging than
in adults. In addition, they often have
a very limited capacity to cooperate
and the environment of the MRI unit
adds to the difficulty of obtaining
diagnostic images. Nevertheless, MRI
provides excellent contrast resolution
and does not use ionizing radiation
making it a very valuable imaging
tool in children*.

MRI has undergone a major revolu-
tion over recent years with higher
field strength, sequences that over-
come SAR issues, parallel imaging,
sequences that suppress motion
artifact, 3 dimensional imaging and
improved coil technology combining
to overcome many of these hurdles.
This has enabled faster and higher
resolution imaging and enabled many
of the new and novel MRI applica-
tions showcased in this edition of
MAGNETOM Flash.

These technological advances have
developed in parallel with a better
appreciation of the needs of children
and how to improve their capacity

to cooperate to avoid the need for
general anesthesia. The recognition
of the need for specialist staff to famil-
iarize children with the procedure,
the importance of information
appropriate to the development of the
child (picture books, MRI toys, videos
and Mock MRI units) and the use

of distraction with MRl compatible
videos and music have expanded

the availability of MRI in pediatrics.
These techniques when compared to
general anesthesia or deep sedation
are safe and relatively inexpensive.
In many centers general anesthesia
or deep sedation was routinely used
for most children. Embracing these
techniques has expanded the use of
MRI to children as young as 3 years
without anesthesia.

The combination of these techniques
and technological advancement has
expanded the role of MRI in pediatrics
from being predominantly a brain

*Siemens disclaimer: MR scanning has not been established as safe for imaging fetuses and infants less
than two years of age. The responsible physician must evaluate the benefits of the MR examination
compared to those of other imaging procedures. This disclaimer does not represent the view of the the
guest editor of this issue. It is solely for regulatory reasons.
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imaging technology to being a com-
prehensive multi-organ modality.

In pediatrics it is now routinely used
in thoracic, cardiac, abdominal, mus-
culoskeletal and total body imaging.
Techniques such as DWI and tractogra-
phy and neurography are improving
our understanding of pediatric disease
processes both in and outside the
brain. Safe high resolution and fast MRI
techniques are creating the reality of
fetal cardiac MRI. In the last 10 years
there has been a revolution in the
application of MRI in pediatrics, there
is no reason why the next 10 years
should be any different.

This issue of MAGNETOM Flash show-
cases many of these exciting new
techniques from renowned experts
and demonstrates how they have
been applied both to clinical pediatric
imaging and in research.

oo el ()

“Technological advancement has
expanded the role of MRI in pediatrics
from being predominantly a brain

imaging technology to being a
comprehensive multi-organ modality.”

Professor Michael Ditchfield
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The MAGNETOM World is the community of
Siemens MR users worldwide, providing you with
relevant clinical information. Here you will find
application tips and protocols to optimize your
daily work. Lectures and presentations from
experts in the field will allow you to be exposed
to new ideas and alternative clinical approaches.

Put the advantages of the MAGNETOM World to
work for you!
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The information presented in MAGNETOM Flash is for illustration only and is not intended to be relied
upon by the reader for instruction as to the practice of medicine.

Any health care practitioner reading this information is reminded that they must use their own learning,
training and expertise in dealing with their individual patients. This material does not substitute for that
duty and is not intended by Siemens Medical Solutions to be used for any purpose in that regard. The
treating physician bears the sole responsibility for the diagnosis and treatment of patients, including
drugs and doses prescribed in connection with such use. The Operating Instructions must always be
strictly followed when operating the MR System. The source for the technical data is the corresponding
data sheets.

MR scanning has not been established as safe for imaging fetuses and infants under two years of age.
The responsible physician must evaluate the benefit of the MRI examination in comparison to other
imaging procedures.

*WIP, the products/features here mentioned may not be commercially available in all countries.
Due to regulatory reasons their future availability cannot be guaranteed.



Radial 3D VIBE in the Pediatric Abdomen.
A Report on Our Initial Experience

Children’s MRI Centre, Royal Children’s Hospital, Murdoch Children’s Research Institute Parkville, Melbourne, Australia

The evaluation of the pediatric* abdo-
men and pelvis with MRl is a complex
interaction of many factors but
ultimately success or failure of the
examination is reliant upon obtaining
sequences free of motion-related
artifacts.

Historically, ultrasound and CT have

been the imaging modalities of choice
for evaluation of the pediatric abdo-

men due to four main factors: Access,
ease of incorporation into the clinical
diagnostic profile, speed, and a greater
capacity to freeze abdominal motion.

There have been numerous attempts
over the years to compensate for

the various types of motion within
the abdomen. The earliest and most
simple form of motion correction
was to average out the phase-related
ghosting by acquiring data with multi-
ple averages. This method is still
used today, but using more sophisti-
cated sequences such as BLADE. The
problem with this solution is scan
time, which each additional average
chews up. Respiratory gating / trig-
gering have proven to be very success-
ful in obtaining T2-weighted images
of a very high diagnostic standard,
but they ultimately require the patient
to breathe in a regular pattern to
obtain scan efficiency and motion
artifact free images.

Many attempts to implement more
sophisticated motion insensitive
sequences have been limited by sys-
tem hardware and reconstruction
times. As the coils and gradients
became more sophisticated, motion
artifacts were reduced by obtaining
scans in breath-holds: This was fine
for adolescents and adults, but what
about sedated infants?

So as with most things old becomes
new, by opting instead for a non-
cartesian sampling algorithm we can
now perform image averaging in a
more sophisticated form with radial
sampling**. The combination of stack-
of-stars radial sampling in-plane and
cartesian sampling through-plane has
dramatically improved T1-weighted
imaging in our patients.

No advancement is without its
downside, however, and, Radial VIBE
acquisitions are more vulnerable
than cartesian-based VIBE to off-reso-
nant effects. Instead of the traditional
chemical shift effects produced with
standard imaging, the radial VIBE suf-
fers from image blurring in the pres-
ence of strong off-resonance tissues
such as fat. To mitigate these effects
we must use a spectral fat suppres-
sion technique for these acquisitions:
Our preference is to use SPAIR. In
areas of poor homogeneity you may
get a small degree of image blurring
or image streaks but in our experi-
ence these have not rendered the
acquisition non-diagnostic.

There is another source of potential
image blurring or streaking caused by
through-plane motion of the abdomi-
nal structures or concentrated volumes
of contrast. To minimize the in-plane
and through-plane motion of abdomi-
nal structures we administer buscopan
(or glucagon) in patients who meet
our institution’s clinical guidelines.

Most of our experience has been
gained using these sequences on the
3T MAGNETOM Trio and Verio, both
operating on syngo MR B17 software,
using either the standard body matrix
coil or 32-channel cardiac coil. In
cases of very small infants we may

incorporate the large flex or the
15-channel transmit / receive extremity
coil. The acquisition factors for the
Radial VIBE sequence are usually
2.0-2.5 mm slice thickness and in-plane
interpolated resolution of 0.4 x 0.4 mm
with an average acquisition time of
1.75 minutes, depending on the
number of slices in the imaging volume,
field-of-view or coil.

The choice of 3D VIBE standard Dixon
or Radial VIBE depends on the clinical
indication. If a non-fat suppressed
acquisition or dynamic multi-phase
acquisition is required we will incorpo-
rate both standard and Radial VIBE
sequences into the protocol. Current
sequence developments, including the
use of advanced iPAT techniques such
as Caipirinha and Dixon, will increase
the clinical utility of the sequence.

This sequence has become an integral
part of our abdominal and pelvis pro-
tocols thanks to its higher signal-to-
noise, high diagnostic sensitivity to
pathology, increased spatial resolution,
and consistent reduction in motion
artifacts when compared to standard
3D breath-hold VIBE sequences.

*Siemens disclaimer: MR scanning has not
been established as safe for imaging fetuses
and infants less than two years of age. The
responsible physician must evaluate the
benefits of the MR examination compared
to those of other imaging procedures.

**Radial VIBE is a prototype for StarVIBE.
StarVIBE is available for 1.5T MAGNETOM
Aera and 3T MAGNETOM Skyra. Radial VIBE
is WIP, the product is currently under
development and is not for sale in the US
and in other countries. Its future availability
cannot be ensured.

Abdominal Imaging Clinical

Case 1 [ |

7-month-old infant* requiring liver
I spleen volumes prior to initiation
of treatment for Gaucher’s Disease.

Bl radial 30 ViBE.

Case 2

7-year-old female presented with abdominal mass. Initial CT performed on admission demonstrated
Paraspinal Ganglioneuroma, MRI was obtained to determine the extent of intra-spinal extension and tumor
planes for surgical excision.

. Transverse T2-weighted SPAIR using navigator. . 3D VIBE Dixon breath-hold.

. 3D VIBE Dixon breath-hold water image post-contrast. . 3D Radial VIBE SPAIR post-contrast.
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Clinical Abdominal Imaging

Case 3

Adolescent female presented with lower pelvic pain, refused full examination and decided to follow alternate natural
pathway. Presented 2 weeks later with increasing pain. Palpable superficial enlarged lymph nodes biopsied showing
disseminated disease. Due to social circumstances MRI was the initial diagnostic pathway. Post MRI biopsy

Rhabdomyosarcoma.

. Transverse T2-weighted SPAIR breath-hold sequence.

Transverse multi b-value DWI, inverted ADC demonstrating
infiltrative tumor and lymph nodes.

. Sagittal SPAIR breath-hold
T2-weighted TSE sequence.

. 3D VIBE Dixon post-contrast.

. 3D Radial VIBE SPAIR
post-contrast.
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Case 4

Abdominal Imaging Clinical

7-month-old* male transferred from peripheral hospital with enlarging abdominal mass. CT on presentation
demonstrated large enhancing mass. MRI was performed as part of staging prior to resection.

. Navigator free breathing transverse SPAIR T2w TSE sequence.

B8 Multi b-value DWI, ADC inverted.

B8 30 Dixon VIBE breath-hold.

BB 3D sPAIR Radial VIBE.

. 3D Dixon VIBE breath-hold post-contrast.

B 30 sPAIR Radial VIBE post-contrast.
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Clinical Abdominal Imaging

Case 5

Patient transferred from interstate with
incomplete scan showing intra-thoracic
mass with probable intra-thecal extension,
probably neuroblastoma. Comprehensive
MRI under anesthesia demonstrated
metastatic neuroblastoma.

. Transverse T2w TSE images of the thoracic spine.

BB Transverse T2w SPAIR BLADE.

. Transverse 3D SPAIR Radial VIBE.

Case 6

Hepatoblastoma — pre chemotherapy staging.

Abdominal Imaging Clinical

. Transverse T2w SPAIR BLADE navigator.

[BB coronal T2 SPAIR BLADE navigator.

. Transverse 3D Dixon VIBE post-contrast.

BB Transverse SPAIR 3D Radial VIBE.

. Transverse 3D Radial VIBE chest demonstrating tumor
enhancement with no vascular or cardiac related artifacts.

. Transverse 3D Radial VIBE post-contrast.
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Clinical Abdominal Imaging

Case 7 Case 8

Metastatic Neuroblastoma. Metastatic vaginal adenocarcinoma.

. Transverse T2w SPAIR free breathing. . Transverse T2w SPAIR.

. 3D Dixon VIBE breath-hold post-contrast.

[f8 Breath-hold 3D Dixon VIBE.

. Composed sagittal T2w FS spine demonstrating
multiple metastasis.

8 30 sPAIR Radial VIBE.

B8 30 sPAIR Radial VIBE post-contrast.

12 MAGNETOM Flash | 2/2014 | www.siemens.com/magnetom-world

Abdominal Imaging Clinical

Further reading

Chandarana H, Block KT, Rosenkrantz AB,

Lim RP, Kim D, Mossa DJ, Babb JS,

Kiefer B, Lee VS. Free-breathing radial 3D

fat-suppressed T1-weighted gradient

echo sequence: a viable alternative for
contrast-enhanced liver imaging in
patients unable to suspend respiration.

Invest Radiology 46(10):64853, 2011.

2 Chandarana H, Block KT, Winfeld JM,
Lala SV, Mazori D, Giuffrida E, Babb JS,
Milla S. Free-breathing contrast enhanced
T1 weighted gradient-echo imaging with
radial k-space sampling for paediatric
abdominopelvic MRI. European Radiology,
September 2013.

3 Block KT. Improving the robustness of
clinical T1-weighted MR imaging using
Radial VIBE. MAGNETOM Flash, (5);
6-12, 2013.
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Quiet Sequences for Pediatric Patients:
T1-PETRA and Quiet SWI

Department of Radiology, Kanagawa Children’s Medical Center, Yokohama, Japan

In conventional MRI examinations,
fast gradient switching leads to high
acoustic noise. High acoustic noise
from MRI sequences may disturb
sedated pediatric patients* and is
one of the main reasons for patient
restlessness. Not a few children who
undergo an MR study without seda-
tion say that the loud noise from

MRl is dreadful, and they may hesi-
tate to undergo an examination or to
continue one until completion.

We had an opportunity to perform

a pediatric clinical trial of two quiet
sequences: A T1-weighted prototype
PETRA (T1-PETRA) sequence**, and
a prototype quiet Susceptibility-

weighted imaging (qSWI) sequence**.

For pediatric patients who underwent
routine brain MRI under sedation, we
attempted to run T1-PETRA and qSWI
without applying additional sedative
drugs after examinations that included
MPRAGE and conventional SWI (cSWI).
Our Institutional Review Board approved
this prospective study, and written
consent was obtained from parents.

All studies were performed on a 3T
clinical scanner (MAGNETOM Verio,
Siemens, Erlangen) using a 32-channel
head coil.

Here we introduce our protocols and
demonstrate the image quality of
quiet sequences by showing their
images.

The PETRA sequence [1] only requires
very limited gradient activity and
allows for inaudible scanning. How-
ever, contrast in PETRA is limited
unless pre-pulses are used. In the
T1-PETRA sequence, the timing of
inversion pulses has been optimized
for T1-weighted head scanning [2].
The k-space center is measured after
the very first inversion pulse. Since
the brains of developing infants have
a longer T1 value than those of older
patients, a longer first Tl was used

for them (measured brain T1 value

x 0.7). In our trial, the scan time of
T1-PETRA was adjusted to be as short
as possible while maintaining suffi-
cient spatial resolution. Our routine
MPRAGE and T1-PETRA protocols

are shown in Table 1. We measured
the acoustic noise levels of each
sequence in the MR examination
room. The mean acoustic noise levels
of MPRAGE and PETRA were, respec-
tively, 34.0 dB, and 4.8 dB, higher than
the baseline noise level of 53.4 dBy;
i.e., the noise levels without subtract-
ing the baseline were 87.4 dB, and
58.2 dB, at a distance of 2.5 m from
the front panel of the magnet.

We were able to perform both
T1-PETRA and MPRAGE imaging in
about 60 children, from neonates*
to 14 years of age. Although each
sequence had different effective
spatial resolutions, we were able to

judge the degree of myelination

on T1-PETRA images with accuracy
equivalent to that of MPRAGE, and we
believe PETRA provides T1-weighted
images of sufficient quality for rou-
tine diagnostic use in pediatric neuro-
radiology as shown in Figures 1 and 2.

The acoustic noise of PETRA was only
4.8 dB, above the background and
was nearly silent, in contrast with
MPRAGE which had a noise level that
was 34.8 dBa above the background.
Children seldom woke up during the
PETRA sequence.

Images of a 9-day-old neonate*. (1A-C) T1-PETRA, (1D-F) MPRAGE.

Images of a 27-month-old girl*. (2A-C) T1-PETRA, 2(D-F) MPRAGE.
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Orientation

FOV (mm)

Tl (ms)

TR (ms)

TE (ms)

Echo space

Slice thickness (mm)
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Slice oversampling
Slice per slab

Flip angle (degrees)
Matrix
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Scan time (min:sec)

Transverse Transverse Transverse Sagittal
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800 800 800 700
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5.2 5.2 5.2 3.75
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128 176 192 352
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3:27 3:05 3:05 4:20
cSWI qsSwi cSWI qsSwi cSWI qsSwi
38 39 38 39 38 39
30 30 30 30 30 30
1.5 1.5 1.5 1.5 1.5 1.5
87.5% 87.5% 87.5% 87.5% 87.5% 87.5%
14.3% 14.3% 22.2% 22.2% 22.2% 22.2%
56 56 72 72 72 72
15 15 15 15 15 15
168 x 256 168 x 256 235x 320 235x 320 258 x 320 258 x 320
3 3 4 4 4 4
3:09 3:14 4:53 5:01 4:50 5:20

Recently SWI has become widely
used in brain MRI, even for pediatric
patients [3, 4]. However, the continu-
ously high acoustic noise from con-
ventional SWI (cSWI) over several
minutes may disturb sedated pediat-
ric patients. A prototype qSWI
sequence with optimized gradients
was used in order to reduce acoustic
noise. The parameters of qSWI and
cSWI were nearly identical. Within the
qSWI sequence, an automated algo-
rithm optimized the gradient objects
to allow for the lowest possible slew

rates. Our routine cSWI and gSWI
protocols are shown in Table 2.

We measured the acoustic noise
levels of each sequence in the MR
examination room. The mean acous-
tic noise levels of cSWIand qSWI were,
respectively, 30.7 dBy and 21.9 dB,
higher than the baseline noise level
of 53.4 dB,; i.e., the noise levels with-
out subtracting the baseline were
84.1 dB, and 75.3 dB,, respectively,
at a distance of 2.5 m from the

front panel of the magnet.

We were able to perform both cSWI
and qSWI scans in over 50 children,
from neonates to 18 years of age. All
cSWI and qSWI images were of suffi-
cient quality for radiological interpre-
tation, and it was difficult to differenti-
ate between cSWI and gSWI images

as shown in Figure 3.

Furthermore, qSWI with a setting of
‘fast mode’ for RF pulses resulted in
about 5 dBA lower acoustic noise than
that of ‘normal mode’ which was used
for gSWI in this study, and provided

Images of a 5-month-old boy*. (3A, B) qSWI, (3C, D) cSWI.

Images of a 3-year-old boy. (4A) cSWI, (4B) qSWI with RF fast mode, (4C) gSWI with RF normal mode.

gSWI of an 8-year-old girl acquired on a 1.5T MAGNETOM Avanto.
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almost identical image quality (Fig. 4).
Therefore, following the study reported
here, we decided to use fast mode for
gSWI in our routine brain MRI, result-
ing in about 14 dB, lower acoustic noise
than that of cSWI. Moreover, qSWI

can be used on a 1.5T clinical scanner
(MAGNETOM Avanto, Siemens,
Erlangen) with a 12-channel head coil,
and may be substituted for cSWI in
clinical diagnostic use at 1.5T in order
to reduce acoustic noise (Fig. 5). On
MAGNETOM Avanto, the mean acous-
tic noise levels of cSWI and qSWI were,
respectively, 24.8 dB,and 11.2 dBa
higher than the baseline noise level of
49.6 dB,; i.e., the noise levels without
subtracting the baseline were 74.4 dB,
and 60.8 dB,, respectively, at a dis-
tance of 2.5 m from the front panel

of the magnet.

*Siemens disclaimer: MR scanning has not
been established as safe for imaging
fetuses and infants under two years of age.
The responsible physician must evaluate
the benefit of the MRI examination in
comparison to other imaging procedures.

**WIP, the product is currently under
development and is not for sale in
the US and other countries. Its future
availability cannot be ensured.
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Quiet sequences are therefore a use-
ful way to avoid disturbing sedated
pediatric patients, and also to pro-
vide more comfortable scans to chil-
dren who undergo MR examinations
without sedation. An 8-year-old boy
who was included in our study refused
to undergo MR examination without
sedation because of the loud acoustic
noise. After he awoke, we ran cSWI,
gSWI and T1-PETRA scans for a few
seconds each, and we asked him about
the acoustic noise of each sequence.
He answered that he could not bear
the acoustic noise of cSWI, so we
stopped the scan immediately. Next
he said that the qSWI scan noise
was better though he did not like it.
Finally, he commented that the
acoustic noise of T1-PETRA caused

no problem for him.

We conclude that T1-weighted PETRA

is almost silent and can be a reliable
substitute for MPRAGE, since it is a
much gentler experience to pediatric
patients with or without sedation,

even though the scan time is approxi-

mately one minute longer. The qSWI

sequence produced less acoustic noise

by using slightly more scan time, and

can be substituted for cSWI on both 3T

and 1.5T scanners in order to provide
gentler scans to pediatric patients.

Grodzki DM, Jakob PM, Heismann B. Ultra-

short echo time imaging using pointwise

encoding time reduction with radial acqui-

sition (PETRA). Magn Reson Med. 2012
Feb; 67(2):510-8.

Grodzki et al. Proceedings. ISMRM 2013.
Tong KA, Ashwal S, Obenaus A, et al.

Susceptibility-weighted imaging: a review

of clinical application in children. AJNR
2008; 29:9-17.

Niwa T, Aida N, Kawaguchi H, et al.
Anatomic dependency of phase shifts in
the cerebral venous system of neonates

at susceptibility-weighted MRI. JMRI 2011;

34:1031-6.
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June 12-15, 2014, Heythrop Park, Oxfordshire, UK

The MAGNETOM World Summit is an excellent
platform to establish personal contacts,
exchange valuable information, learn from
the experience of other users and to share
your own expertise.

Lectures and presentations from experts in
the field will allow you to be exposed to new
ideas and alternative clinical approaches that
might help you to improve your clinical and
financial outcomes.

The 8" MAGNETOM World Summit in Paris
was such a fantastic experience and I learnt so
much and enjoyed the time there immensely.
I have made some great professional contacts
that will be incredibly useful in furthering
some projects at Peter MacCallum. I would
never have had the opportunity to form these
contacts had it not been for this summit.

It was one of the best organized conferences
I have been to and the calibre of the
presentations was astounding.

Noelene Bergen, Peter MacCallum Cancer Centre,
Melbourne, Australia

For details on the agenda and registration, please contact your local Siemens Representative.



Using Diffusion MRI and Quantitative

Tractography to Investigate Gender Specific
Effects on the Development of White Matter
after Preterm Birth at 3T

Mark E. Bastin'; Devasuda Anblagan?; Sarah Sparrow?; Emma Moore?; Rozi Pataky?; Chinthika Piyasena¥
Graham Wilkinson®; Thorsten Feiweiers; Scott I. K. Semple*?; James P. Boardman?

'Centre for Clinical Brain Sciences, University of Edinburgh, UK
2MRC Centre for Reproductive Health, University of Edinburgh, UK

3NHS Lothian, UK

“Centre for Cardiovascular Sciences, University of Edinburgh, UK
>Department of Paediatric Radiology, NHS Lothian, UK

¢Siemens Healthcare, Erlangen, Germany

’Clinical Research Imaging Centre, University of Edinburgh, UK

Preterm birth is a leading cause of
cognitive impairment in childhood
and is associated with alterations in
brain development that are apparent
in the neonatal period. Brain struc-
tural changes associated with pre-
term birth include enlargement of

the ventricular system, reduced corti-
cal complexity and diffuse white mat-
ter signal abnormalities on structural
MRI (see Figure 1 and Reference [2]).
However, some of the adverse neuro-
developmental sequelae of preterm

birth are gender-specific, with pre-

term males having a worse neurode-
velopmental outcome than preterm
females [6, 7, 9] and some neuropro-
tective strategies appearing to have
gender specific effects [10]. Connec-
tivity of developing white matter tracts
is altered in association with preterm

T2-weighted axial images at the level of the lateral ventricles from: (1A) A healthy infant* born at 39! weeks with images
acquired at 41+ weeks post menstrual age (PMA); (1B) An infant born at 25 weeks with image acquisition at 42+ weeks PMA;
and (1C) An infant born at 26+° weeks, with images acquired at 393 weeks PMA. Figure 1B shows features that are common
among preterm infants at term equivalent age including enlargement of the ventricular system and extra cerebral space reduced
cortical complexity and diffuse excessive high signal intensity in the white mattter (arrows) compared with (1A). Figure 1C
shows areas of cystic periventricular leucomalacia (long arrows) distinct from the lateral ventricles (short arrows).
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birth but the neural basis for differen-
tial gender effects is unknown.
Diffusion MRI (dMRI) and tractography
may provide further insights into the
cerebral microstructural changes that
accompany preterm birth by supplying
quantitative biomarkers of white mat-
ter integrity in specific tracts of interest
(see Figures 2 and 3, and Reference
[1]). We therefore present the first
application of an automatic single seed
point tractography-based segmenta-
tion method, probabilistic neighbour-
hood tractography (PNT) [3-5], to
study gender specific effects in devel-
oping white matter tracts in preterm
infants*. PNT, which can segment the
same fasciculus across groups of sub-
jects and provide quantitative measures
of tract integrity and shape, works by
placing seed points in a neighbour-
hood surrounding a seed point trans-
ferred from standard space, with the
tract that best matches a predefined
reference tract in terms of length and
shape chosen from this group of ‘can-
didate’ tracts [4].

Following ethics committee approval,
49 preterm infants born at post-men-
strual age (PMA) of 29 + 6 weeks were
scanned on a MAGNETOM Verio 3T
clinical scanner (Siemens Healthcare,
Erlangen, Germany) at term equivalent
age (PMA 40 = 3 weeks) without seda-
tion. All infants were scanned axially
using a dMRI protocol consisting of

11 T2- and 64 diffusion-weighted

(b =750 simm?) single-shot, spin-echo,
echo planar imaging volumes acquired
with 2 mm isotropic voxels (field-of-
view 256 x 256 mm, imaging matrix
128 x 128, 50 contiguous interleaved
slices with 2 mm thickness) using

the ‘Works-in-Progress Package for
Advanced EPI Diffusion Imaging

(WIP 511 E)"**. To reduce eddy current
induced artefacts and shimming errors
to @ minimum, the bipolar+ gradient
pulse scheme was selected, with man-
ual shimming and shim box covering

a region extending from the top of the
head to several centimetres below the
chin.

Ten fasciculi-of-interest (FOI) were
identified using PNT from the dMRI
data (http://www.tractor-mri.org.uk):
Genu and splenium of corpus callo-

Sagittal view of whole brain white matter obtained using dMRI

from a healthy neonate.

sum, right and left projections of

the arcuate, cingulum cingulate gyri
(CCQG), corticospinal tract and inferior
longitudinal fasciculi. Usinga 7x7x7
neighbourhood of seed voxels, the
seed point that produced the best
matching tract to the reference
(defined in Montreal Neurological
Institute standard space;
http://lwww.mni.mcgill.ca) was deter-
mined using tract shape models pro-
duced from a group of adult volunteers
aged 25-65 years [3]. Streamlines
that did not resemble the median
path of the best-matched tract were
pruned automatically [5]. An experi-
enced rater then visually assessed all
best matched tracts and subjects
with aberrant or truncated pathways
that were not anatomically plausible
representations of the FOI were
excluded from further analysis. For
anatomically acceptable tracts, the
resulting tractography masks were
applied to each subject’s mean diffu-
sivity (MD) and fractional anistropy
(FA) maps to provide tract-averaged
measures of these biomarkers for
the 10 FOI.

Figure 3 shows an example of the tract
segmentation for a subset of 12 sub-
jects for genu and splenium of corpus
callosum, and indicates the close spa-
tial correspondence of the segmented
pathways for these two tracts.

The gender effect for tract-averaged
FA and MD for the 10 FOI in each
subject were assessed using an inde-
pendent samples t-test. Tract-averaged
FA values of the left CCG were signifi-
cantly increased in male infants

(p = 0.05), while MD of the left CCG
were significantly increased in female
infants (p < 0.04). To assess the effect
of PMA at birth and PMA at scanning
on these dMRI biomarkers, a general
linear univariate model based on one
between-subject variable was per-
formed for FA and MD in the 10 FOL.
Two important covariates were
included in all analyses: PMA at birth
and PMA at scanning. Track averaged
MD of the left CCG was significantly
increased (p < 0.03) in female infants
(1551 + 285 pm?/s) compared to
male infants (1397 + 858 uym3/s).
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These pilot data show for the first
time that quantitative measurements
of dMRI biomarkers can be made in
the preterm brain from high angular
resolution dMRI data using PNT at 3T.
These values are comparable to other
studies using tractography methods,
and demonstrate increased MD and
reduced FA in the CCG of female pre-
term infants compared with male
equivalents. Of particular interest is
the fact that the method is able to
identify successfully a range of fas-
ciculi using reference tracts obtained
from the adult brain. This approach
may be useful for studying sexual
dimorphism early in human develop-
ment. We are currently investigating
whether the use of reference tracts
from infants further improves this
study, and whether the tract shape
parameter R (the absolute goodness-
of-fit of the best match tract to the
reference) provides additional useful
information about brain structure
that can be used to assess cerebral
development in preterm birth and
potential therapeutic interventions.

This work was funded by Theirworld
and was carried out in collaboration
with Siemens Healthcare. The
authors would like to thank Craig
Buckley for his valuable participation
and support.

*Siemens disclaimer: MR scanning
has not been established as safe for
imaging fetuses and infants less than
two years of age. The responsible
physician must evaluate the benefits
of the MR examination compared to
those of other imaging procedures.
This disclaimer does not represent the
view of the authors, nor the view of
the guest editor of this issue. It is solely
for regulatory reasons.

**WIP, the product is currently under
development and is not for sale in
the US and other countries. Its future

availability cannot be ensured.
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Group maps of (3A) genu and (3B) splenium generated by transforming
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Tuberous Sclerosis Complex (TSC) is
a genetic neurocutaneous syndrome
with an incidence of about 1:6000,
and more than one million people
affected worldwide. It is associated
with significant comorbidity as benign
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lesions called hamartomas can develop
in multiple organ systems including
the kidneys, lungs, heart, brain and
eyes. Neurologically, the presentation
of TSC is highly variable, and mani-
fests with intellectual disability,

behavioral problems, autism spectrum
disorder, and often-intractable epilepsy
[1]. These symptoms are particularly
burdensome as they frequently occur
early in life, and impact development
and long-term neurological outcome.

Conventional MR imaging
findings in Tuberous
Sclerosis Complex. All
images are in the axial
plane. (1A) Fluid-Attenu-
ation Inversion Recovery
(FLAIR) image reveals
multiple hyperintense
subcortical tubers (arrows).
Some follow the gyral
pattern (arrowhead). (1B)
FLAIR image with posterior
tubers (arrows) and a
subependymal nodule
(SEN; arrowhead). (1C)
T1-weighted MPRAGE image
with gadolinium contrast
reveals a partially enhancing
subependymal giant cell
astrocytoma (SEGA) close
to the foramen of Monro,
posing a hydrocephalus risk.
(1D) FLAIR image with
linear T2-hyperintensities
traveling from cortex
towards the ventricle,
reflecting radial migration
lines (RML; arrow).

The correlation between genotype and
phenotype is limited, and on an indi-
vidual level does not allow for predict-
ing neurological prognosis. Clinical
determinants of neurological and cog-
nitive outcome are the presence of sei-
zures in early life (specifically, infantile
spasms), age at onset and severity of
epilepsy [2, 3]. While there is emerg-
ing evidence that seizure control in
early life may lead to better neurological
outcome [4, 5], there are no clinical

or genetic early predictors of neurologi-
cal outcome.

Neuroimaging reveals several
abnormalities, and brain imaging** is
routinely used for both diagnosis and
monitoring of the disorder (Fig. 1).
Tubers are juxtacortical cerebral and
cerebellar hamartomas, which consist
of abnormally differentiated and
migrated cells. Subependymal nodules
(SEN) line the ventricular ependyma,
and when larger than 1 cm are
referred to as subependymal giant cell
astrocytoma (SEGA). Finally, radial
migration lines (RML) represent gliosis
and aberrant centrifugal migration of
glia and neurons en route to the
cortex. Quantification (and perhaps
localization) of each of these lesions
reflects to some extent the cerebral
burden of the disease [6], but the
correlation with overall outcome is
not sufficient on an individual level to
prognosticate. In short, there is no
robust imaging biomarker for reliably
predicting neurological outcome in
TSC patients. And, conventional MRI
cannot be used for early institution or
monitoring of therapeutic interventions
regarding autism spectrum disorder,
epilepsy and cognitive impairment
related to TSC.

Diffusion Tensor Imaging (DTI) offers
the possibility of a putative biomarker
for neurological outcome in TSC, essen-
tially through modeling the underlying
microstructural neuropathology of
TSC. In this article, we will review DTI
and the TSC phenotype, the limitations
of the single tensor model, and the
promise of novel diffusion acquisition
and modeling techniques. The basics
of diffusion-weighted imaging and
detailed conventional imaging and clin-
ical aspects of tuberous sclerosis com-
plex can be found in a prior review by
this group [7].

The TSC1 and TSC2 genes encode the
proteins TSC1 (hamartin) and TSC2
(tuberin), respectively. TSC1 and TSC2
form a heterodimer, and regulate the
mammalian target of rapamycin
(mTOR), to form a protein complex
responsible for protein synthesis, cell
proliferation, and cell size regulation.
In patients with TSC, the inhibition
of the mTOR signaling pathway fails
and uncontrolled growth occurs on
multiple cellular levels [1].

Several rodent models of TSC exist,
and are reviewed elsewhere [8]. Of
importance, while none of the rodent
models is able to replicate SEN, SEGA,
RML or tubers, phenotypically they
can have cognitive impairment and
deficiencies in learning, behavioral
and social deficits, seizures and early
mortality. This suggests a role for
non-tuber pathology in the patho-
genesis of neurological symptoms in
TSC, and the structural correlate of
neurological deficits in animal models
of TSC may lie in the microstructural
neuroanatomy. Indeed, microstruc-
turally, TSC knockout mice have been
shown to have deficits in myelination,
and in neuronal connectivity — specif-
ically neuronal polarity, axon forma-
tion and guidance [9-11].

Indirectly, several lines of evidence
suggest a similar abnormal neural
connectivity in human patients with
TSC. Cytoarchitectural abnormalities
have been reported throughout the
cerebral cortex, outside of the classic
lesions, suggesting widespread micro-
structural pathology [12]. Through
the use of depth electrodes in patients
with TSC undergoing epilepsy sur-
gery, epileptic activity adjacent to the
conventionally described tubers has
been found [13, 14]. Anecdotally,
TSC patients without tubers can have
epilepsy and conversely, patients
with tuber pathology can have (near-)
normal intelligence. Finally, in non-
syndromic (idiopathic) autism,
decreased cortico-cortical connectiv-
ity has been described using various
conventional, diffusion and functional
imaging modalities [15]. The high
prevalence of (syndromic) autism in
TSC may also reflect abnormal neuro-

nal connectivity, which would be
consistent with the current view of
autism as a disconnection syndrome
[15, 16].

The first reports of abnormal diffu-
sion in TSC, starting in 2001, focused
on tubers, which appear as areas of
decreased FA and increased MD, con-
sistent with pathological findings of
poorly organized collections of dys-
plastic and abnormally enlarged cells
[17]. While tubers appear discrete
and well-delineated on fluid attenua-
tion inversion recovery (FLAIR), diffu-
sion imaging revealed an abnormal
perituber white matter and a more
gradual transition to the white mat-
ter, suggesting that pathology is more
widespread than the tubers alone.
Moreover, even the white matter
only appears normal, as a growing
body of work describes increased MD
and decreased FA, compared to con-
trols, in the conventionally normal
appearing white matter (NAWM) —
summarized in [18]. Thus, diffusion
tensor imaging supports diffusely
present deficits in migration, myelin-
ation and differentiation beyond
tuber and perituber regions.

Both in imaging and in pathological
studies patches of truly normal white
matter have been described, resulting
in a scientific debate about whether
abnormalities in connectivity are
omnipresent (TSC as a connectopathy)
or multifocal (TSC as a cortical dys-
plasia syndrome) [6]. Different imag-
ing parameters and analysis tech-
niques have hampered comparison
across different institutions, but now
a large, NIH-funded multicenter
Autism Center of Excellence (ACE)
study is acquiring prospective imag-
ing and neuropsychological data in a
goal sample of 150 patients with
TSCin 5 US centers (clinicaltrials.gov:
NCT01780441).

**Siemens disclaimer: MR scanning has
not been established as safe for imaging
fetuses and infants less than two years
of age. The responsible physician must
evaluate the benefits of the MR examina-
tion compared to those of other imaging
procedures.
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Example of the relationship between diffusion measures and neurological phenotype in Tuberous Sclerosis Complex.
Three-dimensional projections of the corpus callosum are superimposed on sagittal T1-weighted MPRAGE images in three
5-year-old subjects: control (2A) FA 0.53; tuberous sclerosis without autism (2B) FA 0.54; tuberous sclerosis with autism

(2C) FA 0.34. Images adapted from [18].

Early studies were limited by small
sample size, poor magnet strength,
or few diffusion directions, and were
able to make comparisons between
TSC patients and controls only in cer-
tain 2D defined areas of interest. Our
group was the first to study a popula-
tion sufficiently large enough to
allow for correlation with neurologi-
cal phenotype [18]. Using a 3T mag-
net, and 35 diffusion directions, with
a stochastic tractography algorithm
developed in-house, we analyzed

40 patients with TSC and 29 age-
matched controls. The corpus callo-
sum was analyzed, as it represents

a major white matter tract and has
been implicated in autism. To include
all tracts of the 3-dimensional white
matter structure, we introduced a
novel analysis methods that adjusts
for partial volume averaging in the
calculation of DTI measures. On a
group level, patients with TSC and
autism had a higher MD and lower FA
in the corpus callosum, as compared
to patients with TSC without autism
and as compared to controls (Fig. 2).
This difference was seen early in the
course of the developmental trajec-
tory of white matter maturation.

An extension of this work revealed
that language pathways also differ

in TSC patients with autism [19].
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The relation between aberrant con-
nectivity and the neurological and
behavioral phenotype of TSC has also
been demonstrated with other modal-
ities. A globally reduced EEG connec-
tivity was found in 42 patients with
TSC, and network analysis showed an
increased resilience to network dis-
ruption in patients with TSC and
autism. The same was found in autism
without TSC, suggesting a common
mechanism, or at least validating the
use of TSC as a model for autism
spectrum disorders [20].

Epilepsy is refractory in over a third
of patients with TSC, and infantile
spasms or early onset refractory sei-
zures may predict poor neurological
outcome in TSC. In TSC, epilepto-
genic tubers have an increased MD
and decreased FA as compared to
silent tubers [21]. Whether this diffu-
sion change is secondary to focal
seizures (excitotoxic edema, axonal
injury, maladaptive developmental
changes, etc.) or represents the pri-
mary deficit in microstructural orga-
nization responsible for increased
epileptogenicity is not yet clear. A rela-
tionship has been described between
poorly controlled epilepsy and the
predominance of poorly organized
tubers. The study based tuber classi-
fication on conventional imaging
findings, but an additional analysis

of ADC values of the dominant tuber type
was also performed. This showed differ-
ences in ADC values of the dominant
tubers between the three epilepsy severity
subgroups [22]. The prospective collection
of serial imaging and EEG recordings com-
bined with epilepsy and neuropsychologi-
cal variables (ACE/P20-study) will provide
an opportunity to further elucidate the
relation between EEG markers, DTl mea-
sures and clinical epilepsy (clinicaltrials.
gov: NCT01780441; NCT01767779).

Finally, everolimus and sirolimus are phar-
macological inhibitors of the mTOR path-
way, and almost directly target the molecu-
lar deficit of TSC. These drugs have
demonstrated efficacy for multiple compli-
cations of TSC related lesions, including
pulmonary lymphangioleiomyomatosis
[23], renal angiomyolipoma [24], and
SEGAs [25]. The imaging data from the
SEGA study revealed a compelling improve-
ment of NAWM in patients treated with
mTOR inhibitors [26]. Preclinical data, case
reports, and secondary outcome measures
regarding seizures, cognition and behavior
suggested beneficial effects of mTOR inhib-
itors, and have led to prospective, random-
ized, double blind and placebo controlled
trials of the use of these drugs to improve
epilepsy (EXIST-Il and Ill) and neurocog-

SWIP, the product is currently under develop-
ment and is not for sale in the US and other
countries. Its future availability cannot be
ensured.

nition (NCT01289912). Given the rela-
tion between NAWM integrity and
autism, and the report of improved
NAWM DTI measures with the use of
mTOR inhibitors, DTl can be considered
a candidate biomarker in TSC. It will be
critical to investigate whether DTI mea-
sures parallel the anticipated clinical
changes in the abovementioned trials.
If DTl indeed becomes a robust and
biologically plausible biomarker, it will
facilitate future trials through early
patient stratification and quantitative
assessment of treatment response.

The diffusion tensor model relies

on the assumption that the water mole-
cules in one voxel all follow the same
diffusion process, and are equally
constrained by the brain tissues. Each
voxel, however, is subjected to the
presence of heterogeneous fascicle ori-
entations and partial volumes of differ-
ent tissues [27]. In this section, we
discuss these fundamental limitations
of the diffusion tensor model to repre-
sent the brain microstructure.

Heterogeneous Fascicle Orientations
The DTI model assumes that, at each
voxel, the diffusion is Gaussian with
either no preferential direction (isotro-
pic diffusion) or one preferential direc-
tion. This assumption is reasonable
only when all axons in the voxel are
aligned together and contained in one
fascicle with a specific orientation.
However, owing to the presence of
complex fascicle organizations, hetero-
geneous fascicle orientations can be
present in one voxel. In the corona
radiata, for instance, corticospinal tracts
(vertical tracts connecting the cortex
to the spinal cord) cross fascicles of
the corpus callosum (horizontal tracts
connecting the left and right hemi-
spheres) and the superior longitudinal
fasciculus [27]. Recent studies esti-
mate the prevalence of those heteroge-
neities to range between 60% and 90%
of voxels in the white matter at typical
DWI resolution [28]. When fascicles
are crossing, interpretation of the DTI-
based measures (MD and FA) is unre-
liable [29]. For instance, in the pres-
ence of two crossing fascicles, a single
overly wide tensor would be estimated
resulting in decreased FA. This

decreased FA is not related to a prop-
erty of the fascicle and, if interpreted
this way and without knowledge of
the underlying neuroanatomy, may
incorrectly lead to the assumption
that the myelination or microstruc-
ture is altered for that fascicle [30].

Partial Volume Effect

Voxels that are at the interface
between different tissues (gray and
white matter), between adjacent
fiber bundles or between a tissue
and cerebrospinal fluid (CSF) suffer
another problem called partial vol-
uming. The diffusion signal arising
from protons in the different com-
partments (CSF, gray or white mat-
ter) will be averaged into a single
value that is observed in DWI. Because
DTl assumes that the diffusion of
water molecules is either purely unre-
stricted or purely restricted within a
single fascicle in the voxel, influences
of different compartments will con-
flate, resulting in an inflated tensor
with a lower FA [31]. As with hetero-
geneous fascicle orientations, this
decreased FA may be misleadingly
interpreted as altered myelin.

Even in voxels that are not at the
interface between tissues, some frac-
tion of the water molecules will dif-
fuse in the extra-axonal space (either
within other cells or in the extracellu-
lar lattice). Their diffusion process

is different from the diffusion within
axons and results in a different diffu-
sion signal. The partial volume effect
therefore also applies within a fasci-
cle, between molecules inside and
outside axons [32]. The partial volume
effect is essentially a resolution
limitation.

The problems related to heteroge-
neous fascicle orientations and partial
voluming of other tissues may natu-
rally be solved by providing different
representations of the signal arising
from water molecules in different
compartments [31]. Such a represen-
tation is the gist of multi-fascicle

models. Multi-fascicle models focus
on modeling the signal arising from
each important compartment. In par-
ticular, the diffusion signal is mod-
eled as a mixture of sources of isotro-
pic diffusion, and sources of diffusion
in each fascicle, that are identified,
modeled and parameterized. We have
utilized a multi-fascicle model in which
isotropic diffusion of extra-axonal
water is modeled with one or more
isotropic diffusion tensors (that is,
diffusion tensors in which diffusion

is the same in all directions), and one
or more potentially anisotropic ten-
sors (with anisotropy determined by
the imaging data), modeling restricted
and hindered diffusion associated
with each fascicle.

Figure 3 illustrates the resolution of
two crossing tracts with the single ten-
sor model and a multi-fascicle model.

The estimation of a multi-fascicle
model from diffusion-weighted imag-
ing poses additional challenges.
When only DWI at a single non-zero
b-value are available, the problem

of estimating a multi-fascicle model
is mathematically ill-posed [31, 33].
This means that an infinite number
of models are equally compatible
with the DWI measurements and none
of these equivalent models can reli-
ably be selected.

To reliably estimate a multi-fascicle
model, diffusion-weighted imaging
must be acquired at multiple differ-
ent non-zero b-values to disambigu-
ate the overlapping diffusion decay
curves of each compartment. A pop-
ular acquisition to do so has been
the multi-shell HARDI, which provides
uniform angular coverage in g-space.
A multi-shell HARDI, however, requires
setting the nominal b-value to the
largest imaged b-value, leading to

a long duration echo time (TE) and
therefore a low SNR due to T2
relaxation.

By contrast, Cube and Sphere (CUSP)
imaging combines both spherical
and cubic sampling in g-space, lead-
ing to a large number of non-zero
b-values with short TE, high SNR and
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lllustration of crossing fibers in the single tensor DTI model and in a multiple fascicle model. (3A-C) The diffusion tensor
imaging (DTI) model assumes that at most one fascicle is present within each voxel. This assumption does not hold in regions
where fascicles cross, such as (3B) the corona radiata. In those regions, the DTI model results in abnormally inflated tensors that
conflates the signal from each fascicle, resulting in an artificially lower fractional anisotropy that may lead to misinterpretations.

In contrast, (3D-F) multi-fascicle models provide a separate representation for the signal arising from each fascicle and are,
therefore, able to characterize and resolve regions with crossing fascicles. Modified from [7], with permission.

TE =108 ms

b =1000s/mm?

r

b =3000 s/mm?

2-Shell HARDI
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b =3000 s/mm?
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TE=78ms
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b =1000 s/mm?

I

b =2500 s/mm?

CUbe and SPhere (CUSP) acquisition scheme. In the 2-shell HARDI acquisition,
DWI are acquired by setting gradients on two different spheres in g-space. In this
acquisition scheme, the TE is determined by the outermost sphere, which leads
to an overall decrease in SNR due to T2 decay. By contrast, in the CUSP acquisition
scheme, the TE is determined by the innermost sphere and multiple b-values

are achieved by setting extra gradients on the cube of constant TE, which achieve
b-values up to three times larger than the b-values obtained on the sphere.
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high angular coverage [31]. CUSP is
based on the modification of a 2-shell
HARDI. In contrast to a multi-shell
HARDI, the pulse duration and separa-
tion, & and A, of the PGSE sequence
are fixed to achieve the b-value of the
inner shell, which requires a shorter
TE and provides a significant SNR boost.
The gradients of the outer shell are
reduced in strength to lie on the cube
enclosing the inner shell. This cube is
a cube of constant TE in g-space. Since
the b-value is proportional to the
squared norm of the encoding gradi-
ent and since gradients in the corner
of the cube have a squared norm three
times that of the gradient lying on

the sphere, images with b-value up to
three times the original (nominal)
b-values can be achieved in CUSP,
without modifying the TE (Fig. 4), and
therefore without any cost in SNR.

Single-tensor DTl models
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Fascicle-Based Spatial Statistics (FBSS)
[34], enabling the identification of
abnormalities or group differences
that pertain to a particular fascicle.
The statistical power is increased,
allowing the detection of differences
not visible with the single-tensor
model (Fig. 5).

Improved detection of group
differences with the multi-
fascicle model.

(5A) The dorsal language
network is thought to connect
Broca’'s area in the frontal lobe,
Geschwind'’s territory and
Wernicke's area in the posterior
temporo-parietal areas. Stream-
lines were selected based on
passing through certain regions
of interest (inclusion regions-
of-interest (ROIs)), and excluded
when passing through other
regions (exclusion ROIs) using

a method that has been previ-
ously validated for perisylvian
language areas [36]. Rather
than gray matter areas to define
endpoints, we defined 3 regions
in the white matter adjacent to
Broca’s, Wernicke's and
Geswchind'’s territory as
described in our earlier work
[19].

(5B-D) Fascicle-based spatial
statistics (FBSS) of multi-fascicle
models reveal local differences
in the fascicle properties that
single tensor DTl cannot. Curves
show the mean FA along the
median tract of the dorsal
language circuit in each group.
Shaded areas along the curves
represent two standard errors.
Grey rectangles indicate regions
where the FA is significantly
different between the groups.
The top row investigates differ-
ences between patients with
tuberous sclerosis complex (TSC)
and healthy controls. The bottom
row further investigates differ-
ences between TSC patients with
(TSC+ASD) and without autism
(TSC-ASD).

Furthermore, the isotropic diffusion
of water molecules in the extra-axonal
space can be analyzed separately
using Isotropic Diffusion Analysis (IDA)
[34]. The latter method enables the
detection of an excess in the volume
of water molecules that are freely
diffusing, which is thought to indicate
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DTI
Tractography

Multi-Fascicle Model

Tractography

DTI tractography and multiple fascicle model of the geniculocalcarine tracts, using a common region-of-interest (ROI)
schema. This white matter pathway links the lateral geniculate nucleus (LGN) of the thalamus to the occipital lobe via the
stratum sagittal. The white matter adjacent to the LGN was used as a ROI for seeding tracts and the stratum sagittal waypoint
was used as a selection ROI [37]. DTl tractography (6A) produced asymmetric tracts, which failed to reach the occipital lobe in
the left hemisphere (posterior blue circles). Additionally, the fibers in the LGN are in an area of crossing fibers, resulting in tracts
that extend far forward of the expected termination site (anterior blue circles). Multi-fascicle model tractography (6B) exhibits
several key improvements. The tracts appear symmetric and reach the occipital lobe in both hemispheres. Though fibers in the
LGN still extend forward, there is a sizeable reduction in the number of spurious streamlines and a much smaller angle of
deviation between these fibers and those terminating in the LGN.

the presence of edema or neuro-
inflammation [35].

Figure 6 shows how the application
of multiple-fascicle models to trac-
tography can lead to the improved
identification of fascicles, consistent
with known anatomy.

Diffusion-weighted imaging allows
for non-invasive probing of micro-
structural tissue properties, and may
directly represent underlying neuro-
pathology in tuberous sclerosis com-
plex. Moreover, preliminary evidence
suggests diffusion abnormalities in
the normal appearing white matter
(NAWM) correspond to the neuro-
logical phenotype in TSC. Changes in
white matter diffusion have been
reported in patients treated with mTOR
inhibitors [26], but whether such
changes parallel clinical improvements
in cognition, autism and epilepsy
requires further study.
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Single tensor models are limited by
partial volume effects and cannot
resolve crossing fibers. Multi-fascicle
models address these limitations by
modeling isotropic and anisotropic
diffusion sources arising from each
fascicle present at each voxel. How-
ever, single shell HARDI provides
insufficient imaging data to identify
the signal from each fascicle. More
than two b-value diffusion images
must be acquired in order to find all
the parameters of a multi-fascicle
model. CUSP imaging provides multi-
ple non-zero b-values at high SNR.
As the multiple-fascicle model better
explains the diffusion signal, group
differences can be more reliably
detected and complex fiber stream-
lines modeled more accurately.

As white matter integrity in TSC may
parallel neurological symptoms, and
improves with treatment, the current
developments in multiple fascicle
models can further the potential for
diffusion imaging to become a reliable
biomarker in TSC.
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Children with autism spectrum disor-
der (ASD) typically present with a
number of symptoms, including poor
social skills, impaired communication
and language skills, and stereotypic
behaviors. There is no known struc-
tural, functional, or genetic abnormal-
ity that singularly causes autism.
However, there is increasing evidence
of alterations to the brain’s anatomy

and physiology which may be linked to
the symptoms of autism. In terms of
brain abnormalities, there is evidence
of altered white matter structure and
abnormal cortical activity [1, 2].
Specifically, delayed auditory evoked
cortical response latencies have been
observed with magnetoencephalog-
raphy (MEG) in ASD [3]. A primary goal
of our research center is to examine

HARDI probabalistic fiber tracking of the auditory radiation from the

auditory cortex (AC) to the thalamus. The fiber tracks are the red streamlines.
The underlying HARDI reconstructrions are shown. The inferior longitudinal
fasciculus (ILF) intersects the auditory radiation and is visible within the

HARDI reconstructions as green peaks.
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the auditory radiation and auditory
cortex, as functional and structural
abnormalities of the auditory system
are associated with autism spectrum
disorders (ASD). Given that there is not
a singular cause of ASD, it is advanta-
geous to assess multiple structural
and chemical biomarkers to better
understand the biological basis of
autism and dysfunction of the auditory
system.

Our laboratory uses diffusion-weighted
MRI and GABA MR spectroscopy to
examine the microstructure and chem-
ical environment in the auditory sys-
tem. The combination of diffusion and
spectroscopic MR provides a window
into the structural and neurochemical
abnormalities in ASD. This review will
outline our imaging methods, post
processing strategy, initial results and
future outlook.

Water in the brain undergoes constant
Brownian motion. Diffusion MR uses
this random motion of water as a probe
for the presence of barriers to mobility
of water. The 3D pattern of water dif-
fusion can be used to infer brain tissue
architecture, microstructure, and ori-
entation of coherent axonal bundles [4].
Diffusion fiber tracking can be used to
delineate specific white matter path-
ways in 3D by following the estimated
fiber orientation from voxel to voxel
[5]. Diffusion tensor imaging (DTI) has
become the clinical standard for acquir-
ing diffusion-weighted images and
modeling tissue microstructure. DTl can
be acquired with a minimum of 6 gra-
dient directions and DTI fiber tracking
is commercially available. A limitation,
however, is that the diffusion tensor
model fails to accurately represent the

Scout (localizer) 1 min

MPRAGE (1 mm isotropic) 8 min

HARDI (64 direction, b=3000 s/mm?, 2 mm isotropic resolution)

reconstruction using solid angle g-ball model, and probabilistic 16 min

tractography to reconstruct acoustic radiations

MEGA-PRESS —128 paired transients, TE 68 ms, 40 x30x 20 mm .
2x7 min

single voxel placed in right and left hemisphere STG

complex architecture of crossing white
matter fibers. For this reason, DTl fiber
tracking fails to accurately follow white
matter pathways through tract inter-
sections. One such pathway is the audi-
tory radiation, which intersects other
white matter tracts coursing anterior-
posterior. The auditory radiations are
an important sensory pathway which
relays acoustic information from the
medial geniculate nucleus of the thala-
mus to primary auditory cortex and

its conduction velocity could be hypoth-
esized to mediate in part cortical
response time. Although the auditory
radiation is a functionally important
sensory input pathway, it cannot be
reliably examined with DTI.

High angular resolution diffusion
imaging (HARDI) is capable of discrimi-
nating multiple fiber populations
crossing within the same voxel [6].
HARDI requires the acquisition of over
50 gradient directions at typically high
b-values, while DTl only requires 6
directions at lower b-values. The higher
angular resolution provides a more
accurate representation of the 3D pat-
tern of water diffusion within a voxel.
Fiber tracking with HARDI can follow
white matter tracts through regions of
crossing fibers whereas DTI fiber track-
ing would terminate or provide erro-
neous results in these same areas. This
project uses HARDI fiber tracking to
robustly delineate the complex archi-
tecture of the auditory radiation.

White matter structural abnormalities
are not the only potential mechanism
for auditory latency delays; latency
delays could be produced by synaptic
and/or local circuit dysfunction. The
concept of synaptic/local circuit dys-
function has been posited as a patho-

genic mechanism for ASD, arising
from an imbalance of excitation and
inhibition. Altered inhibitory cell
count, cell intrinsic excitability, net-
work excitability and lower seizure
thresholds have all been demonstrated
in animal models that recapitulate
key phenotypes of ASD. GABA is a neu-
rotransmitter with an inhibitory func-
tion which regulates the oscillatory
behavior of local circuitry comprising
inhibitory interneurons and excitatory
pyramidal neurons. Prior studies have
indicated GABAergic dysfunction in
autism [7]. Our center has used GABA
spectroscopy to examine chemical
abnormalities in the synapses of the
auditory system.

Proton magnetic resonance spectros-
copy (MRS) is capable of estimating
the concentrations of specific metab-
olites and neurotransmitters. MRS
can be performed within a defined
region-of-interest to provide spatially-
specific spectra. MEGA-PRESS is a
spectral editing technique which allows
GABA to be separated from overlap-
ping metabolites, particularly cre-
atine [8]. MEGA-PRESS subtracts two
spectra with different evolutions of
the J-coupled GABA CH2 resonance.

Platform

Imaging is performed on a 3T Siemens
MAGNETOM Verio (software version
syngo MR B17), dedicated to research,
using a 32-channel receive only head
RF coil. A 3D MPRAGE anatomic scan
is routinely obtained axially with

FOV 256 x 256 x 192 mm and matrix
256 x 256 x 192 to yield 1 mm isotropic
resolution, TR 1900 ms, TE 2.9 ms,

TI 1100 ms, flip angle 9°.

FA, MD, GFA, and eigenvalues
integrated along acoustic radiation

GABA+/Cr

Diffusion MR

HARDI acquisition includes 64 diffusion
gradient directions at b=3000 s/mm?,
TR16.9s, TE 110 ms, parallel acceler-
ation 2, voxel size 2x2x2 mm, and
acquisition time of approximately

16 min. This scan has proven feasible
in children 615 years old (success
rate >80%). For comparison, a stan-
dard DTl acquisition includes 30 gra-
dient directions at b=1000 s/mm?,

TR 14 s, TE 75 ms, and voxel size
2x2x2 mm. The DTl data is similar
to the diffusion sequence used rou-
tinely in clinical practice. Both acqui-
sitions use the 511C works in prog-
ress (WIP) spin-echo echo planar
sequence* with monopolar Stejskal-
Tanner diffusion encoding scheme
and a parallel acceleration factor of 2.
The solid angle g-ball reconstruction
is used with a probabilistic HARDI
fiber tracking algorithm. The g-ball
reconstruction of HARDI has been
chosen because it does not rely on

a model and the recently developed
solid angle correction provides an
accurate estimate of the orientation
distribution function (ODF). The fiber
tracking algorithm uses the residual
bootstrap to estimate the uncertainty
in the orientation distribution
function.

*Work in progress. The product is still under
development and not commercially avail-
able in the US and in other countries yet.
Its future availability cannot be ensured.

**Siemens disclaimer: MR scanning has
not been established as safe for imaging
fetuses and infants less than two years
of age. The responsible physician must
evaluate the benefits of the MR examina-
tion compared to those of other imaging
procedures.
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Num. Fiber Tracks

HARDI and DTI
fiber tracking
of the auditory
radiation are
shown in 3
subjects. DTI
fiber tracking
is not able to
robustly
delineate the
pathway from
the thalamus
to the auditory
cortex.

The region-
of-interest
over the
auditory
cortex for
MEGA-PRESS
magnetic
resonance
spectroscopy.

Spectroscopic imaging

Single voxel (40 x 30 x 20 mm) MRS

is obtained using the MEGA-PRESS
spectral editing sequence, with TE

68 ms (< 7 min). The Siemens work-
in-progress package (#529) is used*.
MRS voxels are centered on the supe-
rior temporal gyrus. In the coronal
plane, voxels are rotated to best match
adjacent scalp surface and avoid CSF/
bonelfat contamination. Local high-
order shimming provides FWHM line-
widths < 10 Hz for the unsuppressed
water peak. After Fourier transforma-
tion, phase correction is applied to
the unsubtracted creatine (Cr) reso-
nance. The integral under the GABA
resonance (at 3 ppm) is obtained by
spectral peak-fitting using a (pseudo-)
doublet Gaussian resonance. GABA
levels are estimated with respect to
the unsubtracted Cr resonance (aver-
aged over both raw transients) and
reported as GABA+/Cr. The measure-
ment is notated as ‘GABA+' to indicate
the known contributions from other
macromolecules in the MEGA-PRESS
experiment.

HARDI

Figure 1 shows an example set of
HARDI fiber tracks (red streamlines)
crossing the inferior longitudinal
fasciculus (ILF) and connecting the
auditory cortex (AC) to the thalamus.
The g-ball orientation density func-
tions show the crossing anterior-poste-
rior ILF (green peaks) and the smaller
left-right peaks representing the audi-
tory radiation. HARDI fiber tracking
successfully delineated the auditory
radiation at a rate of 98% which was
significantly higher than the 50% suc-
cess rate of DTI fiber tracking (p<0.001)°.
The success rate of 30-direction and
64-direction DTI fiber tracking were
not significantly different from each
other. The success rates of HARDI fiber
tracking for the left and right hemi-
sphere auditory radiations were not
significantly different. In contrast, the
left auditory radiation was successfully
delineated with DTI fiber tracking at

a higher rate than the right auditory
radiation (p < 0.03). The effect of hemi-
sphere on DTl fiber performance track-
ing indicates a possible difference in the
level of fiber crossings between the
left and right hemispheres.

The DTl cases classified as successful
often contained very few fiber trajec-
tories which did not accurately delin-
eate the entire volume of the acoustic
radiation. DTI fiber tracks tended to
emerge from Heschl’s gyrus and incor-
rectly follow the dominant anterior-
posterior coursing ILF. HARDI data can
reliably delineate the entire auditory
radiation and enables tract-specific
measurements not feasible with stan-
dard DTI techniques.

GABA

Regional alterations in GABA concen-
tration were detected in ASD using
single-voxel MEGA-PRESS magnetic
resonance spectroscopy (MRS)[10].
The study included 13 children with
ASD and 11 age matched typically
developing children. GABA+/Cr ratios
obtained from single voxels in the
superior temporal gyrus of children
with ASD are significantly reduced
compared to age-matched TD controls
(p<0.01). Significant deficiency of
GABA was also detected in the central
sulcus (motor) (p<0.05), but not the
visual cortex. The GABA levels in ASD
were 22% lower in the auditory system,
and 11% lower in the motor system.

Our advanced imaging results in ASD
demonstrate the feasibility of using
spectroscopic and diffusion MR to assess
the auditory system in ASD. Diffusion
methods such as HARDI enable reliable
quantitative measures of the auditory
radiation. HARDI can discriminate the
complex white matter pathways at the
junction of the auditory radiation and
the inferior longitudinal fasciculus.
Future studies in ASD will utilize HARDI
to perform a detailed assessment of
the auditory system’s microstructure
and geometry. The HARDI acquisition
is significantly longer than a conven-
tional DTl sequence. However, slice
accelerated single shot spin-echo echo-
planar sequences can significantly
decrease HARDI acquisition times,
enabling integration of HARDI into a
routine clinical sequence [11]. Figure 6
demonstrates the feasibility of using

a 9 minute slice-accelerated sequence
to perform HARDI tractography of the
auditory radiation.

GABA levels in the auditory system
were observed to be significantly

GABA+

ASD: Auditory Voxel

TD: Auditory Voxel

4 3

2 1

Frequency (ppm)

Stacked MEGA-PRESS spectra are shown for all Auditory ROl measures
(N=13 ASD, N =11 TD). The GABA peak at 3 ppm is within the gray bar.
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GABA+/Cr ratios
were significantly
reduced in the
Auditory ROl in
subjects with ASD
(p<0.01).
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lower in ASD. This alteration of the
brain’s chemistry may cause auditory
dysfunction in ASD, such as the
delayed auditory evoked response.
Over the last several months we have
worked to develop methods that pro-
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signal contamination from co-edited
macromolecules (MM). Future
technical developments may further
eliminate the contribution from these
macromolecules.

Functional and structural abnormalities
of the auditory system can be assessed
with MRS and diffusion MR. By exam-
ining anatomical and physiological
aspects of the auditory system, we seek
to expand our understanding of the
biological basis of autism. We also
anticipate that the methods described
in this review can also be applied to
other neuropsychiatric disorders.
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Diffusion-weighted imaging (DWI) related to susceptibility, pulsations, RESOLVE [1, 2] is a multi-shot, diffu-
is one of the most powerful imaging respiration, and motion [1]. This is sion-weighted sequence, which is
tools available to radiologists today. especially helpful when imaging chil-  based on the readout-segmented

DWI of the brain revolutionized neuro-  dren where the small size of their echo-planar imaging (rs-EPI) sampling

imaging when it was introduced in spine/cord, prominent CSF and arte- scheme [3]. The sequence incorpo-
the mid-1990s. Until recently, clini- rial pulsations, and higher pulse and rates a 2D non-linear correction for
cally useful DWI of the spine has not respiratory rates compared to adults motion-induced phase errors [4] and
been possible using standard single can pose significant limitations on supports iPAT using GRAPPA [5]. The

shot EPI techniques due to suscepti- the quality of the images obtained. rs-EPI method only samples a subset
bility artifacts and the need for higher ~ Motion artifacts that notoriously of raw data points in the readout direc-
spatial resolution. The novel 2D-navi-  plague every facet of pediatricimag-  tion, making it possible to use a very
gator-corrected readout-segmented ing are also reduced with RESOLVE. short EPI echo spacing with a typical
EPI sequence known as RESOLVE RESOLVE is proving to be a valuable value of 360 ps. This is significantly
(REadout Segmentation Of Long sequence for the evaluation of shorter than the echo spacing used for
Variable Echo trains) can obtain numerous pathological states of single-shot EPI (ss-EPI), which reduces
images with higher spatial resolution  the pediatric spine. the level of susceptibility and blurring
and reduced distortion of the spine

excitation refocusing refocusing

pulse pulse pulse Pulse diagram for the

RESOLVE sequence. The
figure shows radiofrequency
RF _(()] (RF) pulses and magnetic
field gradient pulses for
diffusion-encoding (Gp) and
J diffusion diffusion
encoding encoding
Go
Gs J—|_| t symbol have an amplitude
that is varied at each spin

for spatial encoding along

slice (Gs), readout (Gg) and
Gr excitation to control an offset

in the k, direction, so that a

phase-encoding (Ge) direc-
[T tions. The gradients with the

M |‘| different readout segment is
Ge sampled by the imaging echo
at each shot. In contrast, the
data s I [ navigator echo always samples
sampling

imaging echo navigator echo a fixed 2D region at the
time centre of k-space.
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artifacts and makes it possible to
acquire images with a higher spatial
resolution.

In general, multi-shot, diffusion-
weighted sequences are susceptible to
image artifacts that arise from motion
during the diffusion preparation,
resulting in shot-to-shot phase errors.
Navigator phase correction [6, 7]

can address this problem by sampling
data from the center of k-space at
each shot; these data are then used

to monitor and correct the phase varia-

2nd shot

1st shot

X : Phase-
tion between shots. CSF pulsation encoding
around the brain and spinal cord causes direction

(ky)

non-rigid-body motion, resulting in a
2D non-linear phase variation in image
space, which requires 2D navigator
data to perform a correction [4]. The
rs-EPI sampling scheme is particularly
well-suited to this type of correction
because, unlike the more commonly
used interleaved EPI sequence, the
Nyquist sampling condition is fulfilled
at each shot and there are no aliased
signal contributions in the image

4th shot

3rd shot 5th shot

readout direction (k,) ———»

Diagram showing the k-space sampling scheme used for the imaging echo in the
RESOLVE sequence. In this example, a five shot acquisition is used which divides
k-space into five segments along the readout direction. Within each shot, an EPI
readout is used to sample all phase-encoding (k,) points and a subset of readout
(ky) points. The second (navigator) echo is always used to sample the central
readout segment, providing 2D reference data from the center of k-space, which
are used to perform a non-linear phase correction.

domain to interfere with the phase
correction procedure.

As shown in figure 1, following a spin
excitation and diffusion preparation,
the RESOLVE sequence uses two EPI

readouts to acquire data from two spin
echoes respectively at each shot. The
first spin echo is used to sample a
region of k-space, known as a readout
segment, in which contiguous data
samples are collected for all phase-
encoding (k,) points and for a subset
of readout (k,) points. A variable pre-
phase gradient is applied along the
readout (x) axis before the EPI readout
to control an offset along k,, so that

a different readout segment is sampled
at each shot. As shown in the k-space
trajectory in figure 2, data from multiple
readout segments are combined to
provide full k-space coverage; typical
protocols require 5, 7 or 9 shots to
acquire the full data set, depending on
the spatial resolution. The second spin
echo shown in figure 1 is used to sam-
ple the central readout segment at
each shot, thereby providing data for
the 2D non-linear navigator correction.
This is performed as a complex multi-
plication in the image domain before
the data from the individual segments
are combined to form the final image.

To further reduce the effect of motion-
induced phase errors, the RESOLVE
sequence uses a reacquisition scheme
[8], which has been adapted to the
case of a 2D navigator [9]. This
ensures that readout segments with
severe phase errors, which cannot be
removed by the 2D navigator correc-
tion, are discarded and replaced by
reacquired data.

Currently useful applications:
1. Tumor
a. Intradural

i. Drop metastases

DWI of the brain has revolutionized
the sensitivity of MR in diagnosis,
staging, and follow-up of children
with central nervous system (CNS)
tumors [10]. Likewise DWI of the spine
is demonstrating the ability to reveal
spinal disease that may not be visible
on conventional MR sequences in
children with primary brain tumors [11]

(Figs. 3-5). Many of the primary

CNS tumors that metastasize to the
spine have a hypercellular tumor
matrix. Primitive neuro-ectodermal
tumors (PNETs) consist of small,
round cells with scanty cytoplasm
and have an extremely high cellular
density with a high nuclear-to-cyto-
plasmic index. The total water content
of these tumors is low, and their
densely packed cellular nature results
in restricted diffusion. The physical
characteristics of these tumors render
them sensitive to detection by DWI.
Due to their high grade and often high
degree of necrosis, they may not
exhibit enhancement on conventional
imaging sequences that currently

are the standard imaging method for
detection of drop metastasis.
Medulloblastoma, a PNET, is the sec-
ond most common neoplasm of the
CNS in children and has pathologic
features that make it optimal for
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2-year-old girl* with ataxia and vomiting found to have a large posterior fossa tumor that restricted diffusion and
demonstrated minimal enhancement, consistent with an atypical rhabdoid teratoid tumor (ATRT). Initial MRI scan of
the spine: Sagittal T1 post-contrast (3A), ADC map (3B), isotropic DWI (3C), sagital T2 (3D), and axial T1 post-contrast
image at the level of interest (3E) demonstrate the lack of any abnormal signal or enhancement (3A, D, E) at the
location of the nodular diffusion abnormality at the dorsal aspect of the thoracic cord (3B, C).

Follow up scan two months later. Sagittal T1 post-contrast (4A), ADC map (4B), isotropic DWI (4C), sagittal T2 (4D), and axial
T1 post-contrast image at the level of interest (4E) demonstrate interval increase in the size of the previously visualized nodular
diffusion abnormality, now also seen on the T2 image as well. Another nodular diffusion abnormality along the ventral aspect
of the lower thoracic cord is now clearly visible. Note the continued lack of conspicuity on the T1 post-contrast images (4A, E).

Images of the thoracolumbar spine from initial scan (5A-D) and follow-up scan two months later (5E-H). Initially negative T1
post-contrast (5A) and T2 image (5B) with possible tiny, nodular diffusion abnormality along the distal cauda equina on isotropic
DWI (5C) and ADC map (5D). Follow-up T1 post-contrast image demonstrates enhancement within the distal thecal sac (5E);

T2 image demonstrates nodularity along the cauda equina and within the distal thecal sac (5F); isotropic DWI (5G) and ADC map
(5H) demonstrate nodular and clumpy areas of restricted diffusion consistent with drop metastases.

evaluation with DWI. Other CNS tumors
that can restrict diffusion and spread to
the spine include other PNETs such as
atypical teratoid rhabdoid tumor (ATRT),
as well as ependymoma, glioblastoma
multiforme, germinoma, and choroid
plexus carcinoma.

ii. Primary cord tumor

Just as in the brain, DWI is helpful in
narrowing the differential diagnosis of
primary spinal tumors (Fig. 6). Diffu-

sion tensor imaging (DTI) can be
used to visualize ordered white
matter tracts of the spinal cord in an
effort to further characterize a mass.
It is helpful to determine whether
the lesion displaces the tracts or infil-
trates between them. Identification
of white matter tracts can ultimately
assist in surgical planning as well [12].

iii. Epidermoid

Restricted diffusion within a solitary
intradural cyst is essentially pathog-
nomonic for an epidermoid cyst
(Fig.7). The restricted diffusion within
these cysts is related to their squa-
mous epithelial contents. Epidermoids
are often congenital and can be
related to tethered cords, a common
indication for spine MRI in children.
Arachnoid cysts and epidermoid cysts
can be easily differentiated with

DWI [13].

2-year-old boy* with limping and back pain. Sagittal T1 post-contrast (6A) and axial T2 images (6B) demonstrate an
intramedullary mass involving the conus medullaris. There is mild enhancement of the lesion, and the mass is iso- to
hyperintense on T2. ADC map (6C) reveals isointensity of the mass with the normal cord, corresponding to an iso- to
hyperintense appearance on the isotropic DWI image (6D). This excludes a densely cellular lesion such as PNET, and
is consistent with a lower grade lesion such as a diffuse leptomeningeal neuroepithelial tumor (DLNT) as in this case.

10-year-old girl with back pain and
asymmetric reflexes. Sagittal T1 post-contrast
(7A), sagittal T2 (7B), axial T2 with fat
saturation (7C) demonstrate a round, non-
enhancing, T2 hyperintense, cystic-appearing
lesion at the tip of the conus medullaris.
Hypointensity on the ADC map (7D) and
hyperintensity on the isotropic DWI image
(7E) are classic for an epidermoid cyst.
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b. Extradural
i. Vertebrallparavertebral/
metastatic tumors

As previously discussed, spine DWI

is particularly well-suited to pediatric
oncologic imaging due to the high
frequency of densely cellular tumors
that occur in children. These tumors
can be found both intra- and extra-
durally within the spine. Pediatric
extradural tumors that lend them-
selves to DWI detection include neuro-
blastoma, leukemia, lymphoma,
rhabdomyosarcoma, and Ewing sar-
coma (Fig. 8). The unifying patho-
logic feature of these tumors is that
they are comprised of small, round,
blue cells. In the case of primary ver-
tebral Ewing sarcoma, DWI not only
assists with tumor detection but also
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in differentiation from other ver-
tebral lesions that can have a similar
appearance on conventional imaging
sequences such as eosinophilic
granuloma and chordoma (Fig. 9).

Diffusion-weighted imaging can also
be a useful tool for distinguishing
acute benign osteoporotic from malig-
nant vertebral compression fractures.
Increased water motion is typically
present in post-traumatic benign
compression fractures resulting in
low or iso-intense signal on DWI and
high ADC values on ADC maps [14].
In contrast, pathologic compression
fractures related to densely cellular
tumors such as lymphoma have
restricted diffusion with hyperinten-
sity on DWI and hypointensity on
ADC maps [15] (Fig. 10).

2. Infarction

DWI is a powerful tool in the identifica-
tion of spinal cord infarction, some-
times revealing restricted diffusion in
the cord even before changes on the
T1 or T2-weighted images develop [16].
Spinal cord infarctions in children are
rare, but can occur in such settings as
spinal arteriovenous malformations
(AVMs) and fibrocartilaginous emboli.
The latter are caused by retrograde
migration of nucleus pulposis from the
intervertebral disk into the spinal micro-
circulation [17]. This is usually caused
by a minor physical trauma or a physi-
cal effort in conjunction with Valsalva
[16]. Acute spinal cord infarcts present
with severe pain followed by a rapidly
progressive paraplegialtetraplegia and
loss of reflexes. MR images reveal cord
swelling, increased T2 signal, and

6-year-old boy with intermittent fevers, bilateral leg pain, and
abdominal mass. Sagittal T1 post-contrast with fat saturation
(8A), sagittal T2 (8B), axial T1 post-contrast with fat-saturation
(80C), axial T2 with fat-saturation (8D), sagittal ADC map (8E) and
isotropic DWI (8F) images demonstrate a large paraspinal mass
invading the central spinal canal. Restricted diffusion within the
mass is consistent with neuroblastoma. Note the epidural
involvement at the dorsal aspect of T5, well delineated on the
isotropic DWI sequence. Extensive metastatic disease involving

the vertebral bodies is also apparent.

8-year-old boy with ataxia. Sagittal pre-contrast T1 (9A) and post-contrast T1 with fat saturation (9B), sagittal and axial T2
with fat saturation (9C, D), sagittal ADC (9E), isotropic DWI (9F), and color FA (fractional anisotropy) map (9G) reveal a large,
enhancing epidural mass involving the T6 vertebral body producing cord compression. Restricted diffusion in the mass (9E, F)
is typical for Ewing sarcoma.

10-year-old boy with back pain. Sagittal pre-contrast T1 (10A), post-contrast T1 with fat saturation (10B), sagittal and axial T2
with fat saturation (10C, D), ADC map (10E) and isotropic DWI (10F) images demonstrate multilevel compression fractures
with enhancement of the involved vertebral bodies, low signal on ADC maps, and marked hyperintensity on DWI. Findings are
consistent with leukemia/lymphoma. Chronic relapsing multifocal osteomyelitis is one differential consideration.

17-year-old girl with acute onset of neck pain followed by flaccid tetraparesis. Sagittal pre- and post-contrast T1
(11A, B) and sagittal and axial T2 (11C, D) images demonstrate intrinsic T2 hyperintensity within the cord from
the level of the cervicomedullary junction to the level of C4. There is corresponding hypointensity with minimal
enhancement on T1. Sagittal ADC map (11E) demonstrates marked hypointensity within the cord at these levels,
and isotropic DWI image (11F) demonstrates hyperintensity consistent with acute cord infarction.
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12-year-old girl with back pain, fever, and CSF pleocytosis. Sagittal and axial T1 post-contrast with fat
saturation (12A, B), sagittal T2 with fat saturation (12C), sagittal ADC map (12D), and isotropic DWI (12E)
images reveal an epidural collection with irregular enhancement with associated paraspinal soft tissue edema.
There is corresponding hypointensity on the ADC map with well-defined hyperintensity on isotropic DWI in
keeping with restricted diffusion in an abscess.

markedly restricted diffusion [18]
(Fig. 11). Spinal cord infarcts second-
ary to fibrocartilaginous emboli can
demonstrate loss of expected
T2-hyperintensity in the disk and
loss of disk height.

DWI can aid in the differentiation of
acute infarction from inflammatory
conditions such as transverse myelitis,
a condition not uncommon in chil-
dren. While restricted diffusion can
be seen with transverse myelitis once
vasogenic edema becomes cytotoxic,
the ADC values are typically not as
low as those seen with acute infarc-
tion. Further studies are needed to
evaluate these differences.

3. Infection

Infection involving the spine is
frequently encountered in children.
Osteomyelitis, diskitis, and epidural
abscesses are common ailments,
caused by hematological seeding of
bacteria and often manifested with
fever, pain, and/or limp. Abscesses
can be surgical emergencies due to
their potential for cord compression
that requires emergent surgical inter-
vention before permanent cord
damage ensues. Prompt and accurate
imaging detection is critical, and can
be assisted by the use of spine DWI.
Both osseous and epidural/intradural
abscesses restrict diffusion, appear-
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ing markedly hyperintense on isotro-
pic trace images and dark on ADC
maps [19]. Polymorphonuclear leuko-
cytes and necrotic debris in abscesses
restricts water motion, a characteristic
that can help differentiate abscesses
from simple or mildly proteinaceous
fluid collections. Abscess formation is
often more conspicuous on DWI than
on conventional images. DWI can
also identify the extent of the abscess
and assist in identifying multifocal
disease that may not otherwise be
apparent (Fig. 12).

DWI shows promise in the evaluation
of numerous pathological states of
the pediatric spine. More research is
needed in regards to demyelinating
disease such as multiple sclerosis and
spinal cord trauma such as SCIWORA
(Spinal Cord Injury Without Radio-
graphic Abnormality) in an effort to
improve lesion detection and contrib-
ute to a prompt and accurate
prognosis.

Several technical developments could
further improve the quality of spine
DWI images, specifically the use of
coils with larger numbers of elements
(which has improved diffusion imag-
ing of the brain in recent years) and
the use of multi-band to improve the

efficiency of the image acquisition
[20, 21]. Work also needs to be done
to determine the optimum b-values
for spine imaging as a range of values
has been used in the literature.

As RESOLVE becomes more readily
available in the community, it should
serve to revolutionize spine imaging
just as DWI did when it was introduced
into routine MR imaging of the brain.
DWI of the brain is currently standard-
of-care in MR imaging, and we expect
that DWI of the spine will become

part of the standard of care for spine
imaging in the near future.

RESOLVE DWI is a powerful imaging
tool for evaluation of spinal pathology.
Images presented in this article dem-
onstrate that this technique is exqui-
sitely helpful in the work-up of numer-
ous pathological conditions of the
spine affecting children, including
tumor, infarction, and infection.

*Siemens Disclaimer: MR scanning has
not been established as safe for imaging
fetuses and infants less than two years of
age. The responsible physician must evaluate
the benefits of the MR examination com-
pared to those of other imaging procedures.
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Magnetic Resonance Neurography
has proven to be an excellent tech-
nique for the evaluation of peripheral
neuropathies. However, its use in
pediatric age group has been less well
described. In this article, the authors
discuss the technical considerations,
various common causes of peripheral
neuropathies in children* and the
role of magnetic resonance neurog-
raphy in their diagnosis and
management.

A wide spectrum of peripheral nerve
pathologies are encountered in chil-
dren, including hereditary neuropathy,
traumatic birth injury and motor
vehicle accident, neoplasm, infection
and inflammation. Clinical features
in these cases are often nonspecific
and invasive electrodiagnostic tests,
such as nerve conduction studies are
usually uncomfortable and not feasi-
ble in the pediatric age group. Periph-
eral nerve imaging can therefore,

be very useful in small children with
strong clinical suspicion in whom
the diagnosis cannot be firmly estab-
lished. However, small size of the
nerves and the relative lack of specific
clinical features makes imaging of
the nerves challenging and requires
high technical skill for performance
and interpretation. There is a paucity
of literature describing the diagnostic
role of peripheral nerve imaging in
children [1-3]. Magnetic Resonance
Neurography (MRN) is a non-invasive
imaging technique, which enables
direct visualization of the anatomy
and pathology of the peripheral
nerves and regional muscles, thereby
aids in localizing the site of injury

or tumor. It can not only help in con-
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firming and localizing the neuropa-
thy, but also in ruling out neuropathy
by showing normal appearing nerves
and regional muscles. The authors
describe the MRN technique used in
pediatric age group and discuss a
spectrum of peripheral nerve pathol-
ogies that can be observed in chil-
dren using relevant case examples.

The currently available 3 Tesla scan-
ners (MAGNETOM Skyra, Verio and Trio,
Siemens Healthcare, Erlangen, Ger-
many) are preferred over 1.5T systems
(MAGNETOM Aera and Avanto) due

to higher signal-to-noise ratio (SNR) and
short imaging times on the higher
field scanners. Additionally 3D imaging
with fat suppression is better obtained

Normal LS plexus and sciatics in a young girl. MIP image from coronal 3D STIR
SPACE sequence shows normal symmetrical appearance of the LS plexus nerve
roots (short arrows) and bilateral sciatic nerves (long arrows).

on 3T scanners. 2D imaging can be
obtained similarly on both types of
scanners, although it takes a little
longer on 1.5T scanners, especially
when one tries to attain similar image
quality on thin section (2-3 mm)
scans. High resolution imaging with
combined 2D and 3D isotropic spin
echo type imaging is essential for
optimal assessment of small peripheral
nerves. The inability to stay still for
infants and small children makes
imaging more challenging, frequently
requiring sedation or general
anesthesia for adequate results and
to avoid repeat acquisition [1].

One should use dedicated coils as far
as possible. For MRN imaging around
the joints, use joint specific coils, such
as wrist, elbow, ankle etc. If a joint
specific coil is not available, use the
smallest possible flex coil to cover the
expected anatomy. For contiguous
imaging of the joint and extremity, e.g.
wrist and forearm, use wrist coil and
flex coil separately in the adolescent
child to avoid excess blank (air) space
around the extremity. In a child or
infant, a single flex coil can suffice for
such imaging due to the relatively small
size of the extremity. During plexus
imaging, use a combination of body
array on the front and spine elements
on the back to attain uniformity of
magnetic signal in the field-of-view.

High resolution 2D (dimensional)
axial T1-weighted (T1w) and T2 SPAIR
(Spectral Adiabatic Inversion Recovery)
sequences are useful for demonstrat-
ing regional anatomy of the nerve fas-
cicles. Fascicular architecture of nerves
is consistently seen with T2 SPAIR
images in larger branches, such as fem-
oral nerves and sciatic nerves, as well
as in smaller nerves that are affected
and enlarged due to neuropathy, such
as lateral femoral cutaneous and geni-
tofemoral nerves [4, 5]. Fluid sensitive
sequences such as STIR (short tau inver-
sion recovery) images have more uni-
form fat suppression and higher T2
contrast, especially in the presence

of metal or in off-center areas [6],
however STIR imaging is often marred
by low SNR, pulsation artifacts and
increased baseline nerve signal inten-
sity. SPAIR produces higher SNR images
and are less prone to blood flow arti-
facts than STIR imaging, which could be

disadvantageous as peripheral nerves
travel in neurovascular bundles.

Use a TRITE/TF of ~ 3800-4000/60—
65/15-25 for T2 SPAIR imaging.
Sagittal STIR imaging is particularly
useful in brachial plexus imaging to
obtain uniform fat suppression in a
difficult neck area and to tease out
asymmetrical or individual nerve sig-
nal intensity and caliber alterations.
Dixon type fat suppression is also
useful in generating uniform fat
suppression.

3D images complement information
generated from 2D imaging by show-
ing nerves in longitudinal planes. The
imaging can be obtained using iso-
tropic 3D SPACE (Sampling Perfection
with Application optimized Contrasts
using variable flip angle Evolutions)
technique. A variety of contrasts are
available on SPACE sequence, includ-
ing T1, T2, PD, STIR and SPAIR. Non-
fat suppressed T2 SPACE (TR/TE/TF ~
1500-1700/110-120/42-50) is used
for spine imaging, which is necessary
in plexus evaluation. One can rou-
tinely obtain 0.8—-0.9 mm isotropic
images through the cervical or lumbar
spine. In cases of suspected nerve
root avulsions, one should also obtain
3D CISS imaging focused at spine for
high resolution (0.6—-0.65 mm isotro-
pic) evaluation of preganglionic nerve
rootlets. For post ganglionic nerve
assessment in plexuses, fat suppressed
3D imaging using STIR SPACE (TR/TE/
TFISL ~ 2000-2200/70-80/50-60/
1.3-1.5 mm isotropic) is most useful.
There is virtually no pulsation artifact
on the 3D imaging and once thick
slab (8—15 mm) maximum intensity
projections (MIPs) are created, the
image looks smoothened and shows
the high intensity nerves along their
long axis or in any desired arbitrary
plane, e.g. oblique sagittal planes are
useful to depict femoral and sciatic
nerves along their long axes (Fig. 1).
SPAIR SPACE (0.9-1.0 mm isotropic)
is very useful in extremity imaging due
to higher SNR and similar uniform fat
suppression. The nerve perpendicular
plane shows cross-sectional appear-
ance of the fascicular anatomy of the
nerve. The longitudinal plane along
the long axis of the nerve shows focal
or diffuse nerve enlargement and mass
effect of regional perineural lesions
[1]. 3D imaging is helpful in localizing

the lesions along the axis of the nerve,
course deviations, focal neuroma,
neurotmesis, etc. and for better pre-
operative planning. In extremities,
another 3D imaging, i.e. 3D DW PSIF
(diffusion-weighted reversed steady
state in free precession) is extremely
useful to create nerve specific isotropic
images due to effective fat and vas-
cular suppression (TRITE/SL ~ 12/3/0.9,
b-value for diffusion~60-80 ms and
water selective fat suppression).
Additional coronal T1w, STIR/PD SPAIR
images aid in detection of lesions
along the long axis of the nerves as
well as allow assessment of regional
joints and musculotendinous struc-
tures. These also serve as fall back
sequences, in case the subject moves
during the scan or if there is failure
of 3D imaging for any reason. IV gad-
olinium contrast is not routinely used
in injury cases, however is useful for
differentiating types of neural hyper-
trophy such as suspected neoplasm,
infection, inflammation, diffuse poly-
neuropathy, neurocutaneous syn-
dromes, or post-operative complica-
tion [7, 8].

Normal peripheral nerves show isoin-
tense signal on T1w and T2w images.
On T2 SPAIR images, minimal hyper-
intensity is normal, especially where
the nerves curve around the joints.
On 3D STIR SPACE images, the nerves
appear uniformly hyperintense in
the plexuses due to increased sensitiv-
ity to the endoneurial fluid. Most
hyperintensity is seen at the dorsal
nerve root ganglion level and the
signal fades distally along the course
of the nerves. Pathological nerves
show one or a combination of find-
ings, such as increasing hyperintensity
approaching the signal of the regional
vessels and encompassing a long
segment of the nerve; focal or diffuse
caliber enlargement (more than adja-
cent regional nerves, contralateral
counterpart nerve or artery in the neu-
rovascular bundle); internal fascicular

*MR scanning has not been established as
safe for imaging fetuses and infants less
than two years of age. The responsible
physician must evaluate the benefits of
the MR examination compared to those
of other imaging procedures.
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Surgical failure. Axial T2 SPAIR (2A) image shows enlarged neuromatous common peroneal nerve (CPN) (arrow) following
placement of nerve tube to bridge the resected mass of the CPN. Axial T2 SPAIR image and T1w images (2B, C) distally show
edema like signal and fatty replacement of the muscles (arrows). Oblique sagittal 3D DW PSIF reconstructed image (2D)
shows the findings in the long axis with neuromatous proximal nerve (long arrow) and empty nerve tube (short arrow).

DTl tensor image (2E) and corresponding inverted scale MIP image (2F) show the normal continuous normal tibial nerve
(small arrows) and discontinuous CPN with end bulb neuromas (long arrows).

enlargement, effacement or atrophy;
intra-epineural fat deposition; epineu-
rial or perineurial thickening; perineu-
ral fibrosis with or without nerve
entanglement; nerve displacement
due to mass lesion; heterogeneous
nerve thickening suggesting a neu-
roma in continuity or end bulb neu-
roma from complete rupture or fail-
ure of nerve regeneration (Fig. 2);
and finally, regional muscle denerva-
tion changes, which by definition are
distal to the site of the entrapment
[2, 4-6].

Hereditary neuropathy is the most
common etiology in children. Acquired
cases can be seen due to infection,
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inflammation, neoplastic and trauma
causes. On the other hand, adults
usually suffer from neuropathies sec-
ondary to entrapment, toxic insult
or systemic disease, such as diabetes.
It is thus important to understand
the differing etiology in adults and
children in order to make a proper
diagnostic plan for evaluation of
peripheral neuropathies in pediatric
age group. MR Neurography is indi-
cated in children with suspected but
unclear underlying hereditary or
acquired pathology that may cause
neuropathy, known neuropathy with-
out any identifiable underlying cause,
and to characterize neuropathy in
cases of infection, inflammation

or trauma.

MRN is particularly useful in children
due to frequent inability of electrodi-
agnostic studies (EDS) to yield diag-
nostic information. Moreover, MRN is
not operator dependent and can local-
ize the exact site of nerve pathology.

It provides useful data for preoperative
planning and postoperative response
to surgical treatment even before clini-
cal and functional improvement is
noticeable [1]. The EDS give vital physi-
ologic information about the nerve
pathology by evaluating nerve conduc-
tion velocity or muscle action poten-
tials using electromyography [9]. On the
other hand, imaging studies primarily
evaluate the anatomy and results of
nerve pathology. Both these modalities

are used to complement information
gained from one another to reach a
correct diagnosis. Although ED tests
are good for systemic conditions caus-
ing peripheral neuropathies, they are
highly dependent on clinical and tech-
nical expertise of the examiner and
are not practical in infants or small chil-
dren, since patient cooperation is
imperative to their success [10]. Imag-
ing of the nerves as such is of vital
importance in children for evaluation
of neuropathies.

Non-invasive imaging of nerves can

be done using ultrasonography (US)

or MRN. US is cost effective, portable
and allows dynamic assessment of the
extremity nerves. Large segments

of the nerves can be seen along their
entire course in the extremities. It
does require considerable technical
skill and cannot depict subtle changes
in signal intensity as with MRN in cases
with mild neuropathy without fascicu-
lar enlargement. Deep nerves are diffi-
cult to interrogate using US and mus-
cle denervation changes are not
apparent till late stage. MRN can evalu-
ate the nerves, their innervated mus-
cles and regional soft tissue structures.
With its combined 2D and 3D imaging
capabilities, it can illustrate neuromus-
cular anatomy and pathology in multi-
ple planes for better interpretation by
the radiologist and localize the pathol-
ogy for preoperative planning for the
referring physician.

The causes of neuropathies differ
between adults and children. More than
70% of neuropathies in children are
related to inherited causes, while most
cases of neuropathy in adults are
acquired (60%). Adults with acquired
neuropathy are mostly related to
trauma, entrapment or chronic injury
from sports or occupation. In children,
acquired neuropathies are more likely
secondary to infection and inflamma-
tion [11]. Clinically, neuropathy results
in numbness, pain, paresthesia and
weakness of the innervated muscles.
In small children these symptoms may
be less noticeable, and thus reflex test-
ing is of vital importance. Following

is a discussion of various common
causes of peripheral neuropathies.

Hereditary Neuropathies

Inherited Neuropathies are a hetero-
geneous group of pathologies in
which neuropathy is either the pri-
mary presentation of the disease
(such as Charcot Marie Tooth dis-
ease; CMT) or a part of a more gener-
alized or systemic disorder. The latter
group encompasses a large group of
rare disorders such as familial amy-
loid polyneuropathy (FAP), porphyria,
ataxia telangiectasia and many other
syndromes. The most common of
hereditary neuropathies is CMT, which
is classified into various types based
on pathogenesis — demyelination

or axonal degeneration. Clinical fea-
tures include muscle denervation
changes (weakness, atrophy), high
plantar arches, impaired sensation and
diminished deep tendon reflexes [12,
13]. The most common form of CMT
is autosomal dominant demyelinat-
ing CMT (CMT type 1A), which is seen
in 70% cases. MR imaging is a useful
adjunct to clinical and electrodiag-
nostic suspicion of the neuropathy.
One would see diffuse enlargement
of bilateral peripheral nerves with
abnormally increased signal intensity
and/or fascicular prominence in a
symmetric fashion. Most enlargement
is observed in CMT type 1A. No sig-
nificant enhancement is seen on post-
contrast imaging. Whole-body MR
Neurography (WBMRN) is likely to be
useful in future to assess the disease
burden in these diffuse polyneuropa-
thy cases [14]. Nerve biopsy is the
most accurate test to diagnose CMT,
however it is rarely necessary these
days.

Neoplastic

The most common peripheral nerve
sheath tumors (PNSTs) in children are
neurofibromas (NF) and schwanno-
mas [15]. These are benign tumors
arising from the Schwann cells, with
additional non-neoplastic cells includ-
ing neurons, perineurial cells and
endoneurial fibroblasts [16]. NFs may
be described as localized, diffuse or
plexiform. Most of NFs are of localized
variant seen as small (<« 5 cm) fusi-
form masses involving a superficial
or major peripheral nerve. Plexiform
NF, on the other hand, comprises pro-
liferation of cells in the nerve sheath

spreading along the length of the
nerve and involving multiple nerve
fascicles. They are more commonly
associated with neurofibromatosis
type 1 (NF-1; 90% cases) than local-
ized variants and have a higher pro-
pensity to develop malignant PNSTs
later in life. Schwannomas are com-
monly solitary slow-growing subcuta-
neous lesions < 5 cm in size. They
can occasionally be multiple and asso-
ciated with several hereditary neuro-
cutaneous syndromes, most well
defined of these being neurofibroma-
tosis type 2 (NF-2) and Schwannoma-
tosis [17].

On MR imaging, the lesions appear
isointense on T1w images and show
homogenous to heterogenous
increased signal intensity to muscle
on T2w images. PNSTs have classi-
cally been described using several
imaging signs on MRI. The ‘tail sign’
describes a tail forming at the supe-
rior and/or inferior margin of the
nerve lesion. The ‘target sign’ is central
hypointense tissue due to collage-
nous stroma with peripheral increased
signal intensity on T2w images due
to more myxomatous tissue. It is
observed in NF more commonly than
Schwannoma. The ‘split fat sign’
means prominent fat around the
slowly growing lesion. The ‘fascicular
sign’ depicts prominent fascicular neu-
rogenic appearance within the margin
of the lesion. The ‘bag of worms’ sign
is seen in superficial plexiform NFs
[17, 18]. While NF may show multi-
fascicular involvement of the nerves,
schwannoma shows one or two fas-
cicular continuity with the mass lesion.
It is difficult to differentiate between
benign and malignant PNSTs on con-
ventional MRI. Diffusion tensor imag-
ing showing low minimum apparent
diffusion coefficient (ADC) value

(< 1.1 x 103 mm?s) is useful to find
most cellular areas that may suggest
malignancy and can be directed for
biopsy. In underlying neurofibroma-
tosis, there is increased chance of
malignancy and it may develop at an
earlier age in life as compared to the
isolated forms of malignant periph-
eral nerve sheath tumors. New onset
of severe pain, neurologic deficit,
rapid increase in size, heterogeneous
appearance and low ADC value can
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serve as important signs of incipient
malignancy (Fig. 3). Perineurioma is
another classic benign tumor, seen in
young children in their adolescence
showing uniform fascicular thickening
and nerve thickening over a long seg-
ment, usually in a sciatic distribution.
Due to compact fascicular thickening,
it may show ADC values in the range
of 1.0-1.2 x 10 mm?/s, however, the
clinical symptoms of slow motor loss
and MRN imaging appearance are
classic findings (Fig. 4).

Trauma

Traumatic peripheral nerve injuries
are common in both children and
adults, albeit the causes are different.
About 80% peripheral nerve injuries
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in children occur in the upper extrem-
ity, and the most common causes
include obstetric lesions (46.78 %)
(Fig. 5) and iatrogenic (16.95 %), with
predominant involvement of the
brachial plexus and sciatic nerve [19].

Sunderland classified peripheral

nerve injuries into five grades of

increasing severity [20].
Neurapraxia (Sunderland Grade I) is
a mild form of neural insult leading
to temporary impulse conduction
block along the affected nerve seg-
ment. It is reversible and muscle
denervation changes do not occur.
Axonotmesis (Sunderland Grade Il)
is more severe than neuraplaxia
involving physical disruption of the

Young girl with NF
type | and MPNST. MIP
images from coronal
3D STIR SPACE (3A, B)
show numerous
peripheral nerve
sheath tumors and
nodular thickening of
the sciatic nerves
(arrows in 3A) and a
large heterogeneous
MPNST arising of the
right femoral nerve
(arrow in 3B) in this
known case of NF type I.
ADC image (3C) from
DTl shows a low value
of 0.7 x 10 mm?/s in
keeping with high
cellularity. Contrast fat
suppressed T1w VIBE
image shows hetero-
geneous nodular
enhancement with
central necrosis
(arrow).

axon with preservation of outer
covering layers of endoneurium,
perineurium and epineurium.
Wallerian degeneration follows such
an insult, which later results in regen-
eration of the axon along its original
course as the nerve coverings are
preserved. Although the duration and
severity of symptoms is worse, it
usually carries an excellent prognosis
similar to neurapraxia.

Neurotmesis (Sunderland Grade Ill)
refers to complete disruption of

the axon and supporting connective
tissue structures. There is loss of
continuity of the nerve fibers, and
the regenerating nerve fibers are no

longer confined to the endoneurium.

This complicates the regeneration
process and may lead to dysfunctional
distal end of the nerve.
Grade IV injury results in neuroma
-in-continuity (NIC), which encom-
passes perineurial disruption and
entangled disorganized mass of
regenerating nerve fibers.
Sunderland grade V injury leads to
end-bulb neuroma, also called stump
neuroma with underlying discontinu-
ity with the nerve (Sunderland
Grade V) [17, 21].
On MR imaging, NIC appears as a
heterogeneous mass with ‘tail sign’
which does not show enhancement on
contrast administration (differentiat-
ing it from neurogenic tumor, which
shows enhancement). Stump neuromas
are seen as fusiform masses with an
irregular outline showing decreased
signal intensity on T1w images and
increased signal intensity on T2w
images [21]. MRN can clearly show
abnormal nerve hyperintensity and/or
enlargement with otherwise underlying
nerve continuity in Grade I-lll injuries,
which undergo medical management,
except that one might release super-
imposed nerve entrapment. Grade IV
and Vinjuries show a focal neuroma
and these can also be distinguished
based on the presence of nerve conti-
nuity or discontinuity.

Infection / Inflammation

Infectious neuropathy may result from
direct nerve involvement or immuno-
logic response of the body towards the
infectious agent. The most common
and important of these is the Guillain-
Barre Syndrome (GBS), also known

as acute inflammatory demyelinating
polyneuropathy (AIDP). Various micro-
organisms have been implicated as
the trigger for the immune response

in GBS (Campylobacter jejuni, Cytomeg-
alovirus and Ebstein Barr virus, etc.).
GBS is a clinical diagnosis classically
presenting in the child after a recent
mild infection with weakness, sensory
loss, pain, and hypoflexia in the lower
extremities. MR imaging is usually
ordered in such cases to confirm the
diagnosis and more importantly to rule
out other spinal cord or nerve root
pathologies that mimic AIDP. MRI find-
ings may be normal in pediatric patients.
Hyperintensity and nerve thickening

Young girl with gradual left leg weakness caused by a Perineurioma. MIP images from
coronal and oblique sagittal reconstructed 3D STIR SPACE (4A, B) images show left
femoral nerve (small arrows) fusiform enlargement by a perineurioma (long arrows).

DTl images show ADC value of 1.1 x 10 mm?/sec.

Left C7 nerve root avulsion in an infant from birth injury. Sagittal T2w SPACE (5A)
image and MIP image from coronal 3D STIR SPACE (5B) show pseudomeningocele
of the left C6-7 neural foramen with left C7 nerve root avulsion (arrows).
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CIDP. Young boy with
left arm weakness and
mild sensory changes.
Axial T2w SPAIR (6A)
and T1w (6B) images
show multifocal thick-
ening and prominent
fascicular appearance
of all brachial plexus
peripheral branch
nerves (arrows).
Sagittal fs PDw (6C)
image shows most
thickening of median
nerve (long arrow)
and less pronounced
thickening of the
musculocutaneous
nerve (small arrow)
and axillary nerve
(medium arrow).

on MRN images may be seen in spinal
nerve roots as a result of the inflam-
matory process, showing enhancement
on contrast imaging. The anterior
nerve roots show enhancement more
frequently than posterior nerve roots,
which is suggestive of GBS [22, 23].

Chronic inflammatory demyelinating
polyneuropathy (CIDP) is also an
immune mediated condition which
presents similar to GBS and is differen-
tiated from GBS on basis of course of
the disease (progressive worsening

for more than 2 months, while GBS is
self-limiting, lower limb involvement

> upper limbs and high CSF protein).
MR imaging findings in CIDP are non-
specific showing mild to moderate dif-
fuse enlargement with increased cross
sectional area of the nerve, as with
other hereditary neuropathies such as
CMT. However, family history is gener-
ally insignificant, the lesions may be
asymmetrical or unilateral (Fig. 6) as
compared to CMT type IA [4, 24].
Multifocal motor neuropathy is another
condition that affects the motor func-
tion predominantly and is more com-
mon in upper limbs as compared to the
lower limbs. Multiple conduction blocks
are noted on electrodiagnostic exami-
nations and MRN of the extremity or
plexus shows diffuse nerve thickening
and/or enlargement, not limited to

the entrapment sites. There is generally
good response to IVIG treatment or
cyclophosphamide therapy.

Imaging of nerves in children is chal-
lenging due to their small size and
comparative rarity of neuropathies
affecting them. MR Neurography is
a powerful diagnostic tool even in
pediatric population. With proper
communication between the referring
physician and the radiologist, the
diagnostic value of MRN is enhanced
leading to early diagnosis and proper
patient care.
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3T MR Imaging of the Pediatric Cartilage
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Hyaline cartilage development is
essential in pediatric musculoskeletal
growth. Although in an adult patient,
we focus solely on the articular
cartilage, in the pediatric population,
the articular, epiphysial and physial
cartilage play an important role in
skeletal maturation. The epiphysial
and physial cartilage participate in
enchondral ossification and contrib-
ute to a child’s longitudinal growth
while the articular cartilage buffers
and transmits forces across joints.
Although functionally and anatomi-
cally different, the three different
types of cartilage in the pediatric
population are histologically alike.

Magnetic resonance imaging (MRI)
is the ideal modality for the assess-
ment of pediatric* cartilage due to its
lack of ionizing radiation and inher-
ent excellent soft tissue contrast [1].

J

An optimal MRI sequence designed
specifically for imaging hyaline carti-
lage should be able to accurately
detect cartilage thickness and volume,
characterize subtle morphological
alterations as well as assess the adja-
cent bone. Three-dimensional (3D)
MRI with isotropic, high resolution
voxels is suitable for the pediatric
population because it enables the
radiologist to perform multiplanar
reformats after a single sequence
acquisition. This approach will also
reduce scan time, which enhances
the child’s compliance.

3T MR scanners with multichannel
dedicated coils allow obtaining
image data with high signal-to-noise
ratio (SNR) and contrast-to-noise
ratio (CNR) [2]. Conventional spin
echo and turbo spin echo sequences
(T1, T2, and intermediate-weighted

Proton Density sequences with or
without fat suppression) as well as
gradient echo techniques (incoherent
GRE sequence, such as FLASH and
coherent or steady state sequence,
such as DESS) have been used for
many years in cartilage imaging.

In this article, we will discuss the
technical considerations as well as
various clinical applications of Dual
Echo Steady State (DESS) in imaging of
the pediatric articular, epiphysial and
physial cartilage on the 3T MAGNETOM
Verio (Siemens Healthcare, Erlangen,
Germany).

*Siemens disclaimer: MR scanning has not
been established as safe for imaging fetuses
and infants less than two years of age.

The responsible physician must evaluate the
benefits of the MR examination compared to

those of other imaging procedures.

8-year-old boy with normal physial (short arrow), epiphysial (medium arrow) and articular cartilage (long arrow) on DESS
images (TR 12.8 ms, TE 4.7 ms, SL 0.5 mm, FOV 9.4 x 9.4 cm, matrix 320 x 320, FA 45 degrees, acquisition time 6 minutes
18 seconds). Note the intermediate signal of the hyaline cartilage relative to the bright signal of the synovial fluid. Single 3D
volumetric acquisition allows for multiplanar reformats for more convenient viewing of complex anatomical surfaces.
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Dual Echo Steady State (DESS) is a

3D coherent (steady state) gradient
echo sequence. Steady state sequences
(FISP, TrueFISP, DESS, PSIF, CISS) share
two major characteristics. Firstly,

a short repetition time (TR) prevents
transverse magnetization to decay
before the next radiofrequency (RF)
pulse is applied. Secondly, the slice

or slab selective RF pulse is evenly
spaced. When phase-coherent RF
pulses with the same flip angle are
applied with a constant TR that is
shorter than the T2 of the tissue,

a dynamic equilibrium is achieved
between transverse magnetization
(TM) and longitudinal magnetization
(LM) [3]. Once this equilibrium is
reached, two types of echoes and
therefore two types of MR images are
produced. The first type is post excita-
tion signal (S+ or FISP (fast imaging
steady state precession)) that consists
of free induction decay (FID) arising
from the most recent RF pulse. The
second type is an echo reformation
that occurs prior to excitation (S— or
PSIF (reversed FISP)) and results when
residual echo is refocused at the time
of the subsequent RF pulse [4, 5].
DESS combines S+ and S- signals into
one. High T2 contrast is obtained

due to the PSIF contribution; whereas,
morphological images are obtained
by the FISP contribution. The variable
T2-weightings of both echoes allow
the calculation of quantitative T2.
Therefore, the DESS sequence com-

bines morphological and functional
analysis from the same data set with
high resolution in a relatively short
imaging time [6].

In DESS, two or more gradient echoes
are acquired. Each of these group of
echoes are separated by a refocusing
pulse and the combined data results
in higher T2*-weighting, creating
high signal in cartilage and synovial
fluid [7]. The most important param-
eter which needs to be kept in mind
while acquiring a DESS is the flip angle
(FA). According to Hardy et al. [8],
the appropriate flip angle for the 3D
DESS sequence is 60 degrees which
allows for high SNR and CNR.

Although hyaline cartilage is inter-
mediate signal intensity and synovial
fluid is high signal intensity in both
2D fat suppressed turbo spin echo
proton density and 3D DESS, slice
thickness is thinner in 3D DESS sug-
gesting that this technique may
detect smaller cartilage defects than
the 2D technique (Fig. 1). Water
excited or fat suppressed 3D gradient
echo imaging is recommended for
measuring the exact cartilage thick-
ness without partial volume artifacts,
even though the contrast-to-noise
ratio between cartilage and bone
marrow is relatively poor [9]. Chemi-
cal shift artifact can affect the carti-
lage-bone interface and fat suppres-
sion helps to reduce this, of particular
importance in the physial cartilage.

12-year-old boy with
prior history of Salter
Harris Il fracture of the
distal tibia with DESS
sequence (TR 12.8 ms,
TE 4.7 ms, SL 0.5 mm,
FOV 9.4 x 10 cm, matrix
320 x 320, Flip angle
45 degrees, acquisition
time 7 minutes

30 seconds). Note the
central loss of physial
cartilage and devel-
opment of physial bar
(arrow).

The disadvantages of 3D gradient echo
imaging techniques are relatively
long scan time. In addition, fat sup-
pressed turbo spin echo proton den-
sity is superior for intra-articular and
periarticular structures and is obtained
in short imaging time, but it has the
previously mentioned disadvantage
of partial volume effects.

3D DESS allows quantitative assess-
ment of cartilage thickness and vol-
ume with good accuracy and preci-
sion [10]. Although there have been
longitudinal studies in adults regard-
ing accuracy of DESS sequence in
assessing the articular cartilage, there
are no large comparative studies in
the pediatric population [11]. We will
discuss the potential applications of
the DESS technique in assessment

of pediatric epiphsyial, physial and
articular hyaline cartilage.

Congenital: Skeletal dysplasias affect
the normal epiphysial cartilage zonal
architecture [12, 13] and may mani-
fest on MRI as disruptions in the zone
of provisional calcification. Neonates
with cartilage abnormalities, such as
achondrogenesis and type Il hypo-
chondrogenesis, have shown a signif-
icant increase in the number and size
of the epiphysial vascular channels
[14,15].
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In the setting of tarsal coalition,
DESS can potentially be useful in dis-
tinguishing fibrous from cartilaginous
fusion. In addition the volumetric
3D acquisition allows for multiplanar
reformats which can be useful in
assessment of complex subtalar joint
morphology.

Metabolic: Metabolic disturbances,
such as rickets and scurvy, can result
in abnormal epiphysial cartilage
development.

Trauma: The physis is a relatively
weak region and is easily damaged
by trauma, infection, tumor invasion,
ischemia, radiation, metabolic and
hematologic disorders, electrical and
thermal burns, and frostbite [11, 12,
16-22]. Traumatic physial injuries
may be seen in the various types of
Salter-Harris fractures [22]. Generally,
the frequency of growth arrest is
directly proportional to the increasing
Salter-Harris number [17]. Angular
deformity such as in Blount disease,
altered joint mechanics, leg-length
discrepancy, and long-term disability
can also result from injury to the
physis at weight-bearing sites, such
as the knees [16, 17].

Vertical physial injuries crossing
growth plates can result in trans-
physial vascular communication.

This communication can lead to the
formation of bony bridges (Fig. 2).
The DESS is ideal for assessment

of physial bridges due to isotropic
acquisition which can be used to
generate multiplanar reformations
and axial maximum-intensity-projec-
tion maps of the physial plate, all

of which show high-signal cartilage
interrupted by a low-intensity physial
bridge [16-18]. Metaphysial vascular
injury can result in the arrest of endo-
chondral ossification and thickening
of the injured physes (as in gymnast’s
wrist) [17].

Osteochondritis dissecans (OCD) is
an acquired disorder of bone in which
there is fragmentation of the sub-
chondral bone with varying degrees
of articular cartilage involvement.
The etiology is likely related to indi-
rect trauma in most cases. The most
common locations for OCD are the
femoral condyles, talar dome and
capitellum. In the growing child, irreg-
ular but normal epiphysial cartilage
ossification must be distinguished from
an OCD. The variants will have normal

overlying cartilage and no associated
marrow edema and are commonly
located in the posterior lateral femoral
condyle. Capitellar OCD is frequently
found in young teenagers, particularly
pitchers and gymnasts. OCD usually
occurs in the anterolateral portion and
must be distinguished from the normal
pseudodefect in the posterior capitel-
lum. Fluid signal at the bone-osteo-
chondral lesion interface as well as a
loose intra-articular body herald lesion
instability.

Idiopathic: Legg Calve Perthes disease
(LCP) is an idiopathic cause of hip pain
and limp in preadolescent children due
to osteonecrosis (or osteochondrosis)
of the femoral epiphysis. In the avas-
cular phase, DESS can be used to assess
acetabular cartilage and labral hyper-
trophy (Fig. 3). In the revascularization
and reparative phase, findings that
suggest possible physial involvement
by LCP disease include increased undu-
lation of the growth plate (W- or
M-shaped), deepening of the growth
plate or ‘cupping’, epiphysial-meta-
physeal osseous fusion (bone bridge
or bar formation across the physis), or
physial cystic change [23].

7-year-old boy with left hip Leff Calve Perthes disease with coronal and sagittal DESS images (TR 12.9 ms, TE 5 ms, SL 0.75 mm,
FOV 24 x 24 cm, matrix 256 x 240, flip angle 25 degrees, acquisition time 4 minutes 20 seconds). Although there is coxa magna
and plana, there is also formation of fibrocartilage (arrow) within the central femoral articular cartilage. The sagittal FSPD
sequence (TR5171 ms, TE 36 ms, SL 3.0 mm /3.3 sp, FOV 18 x 19 cm) does not demonstrate the cartilage signal heterogeneity

to the same advantage.

56

19-year-old young woman
with remote history of septic
arthritis on DESS sequence
(TR12.8 ms, TE 4.69 ms,

SL 0.5 mm, FOV 9.4 x 10 cm,
FA 45 degrees, acquisition
time 6 minutes 18 seconds).
The entire tibiotalar hyaline
cartilage demonstrates
diffuse intermediate grade
thinning with large central
lateral talar dome subchndral
cyst (arrow).

16-year-old girl with high
grade defect in the right
central medial femoral condyle
(arrow) on the preoperative
MRI with DESS sequence
(TR14.1 ms, TE 5 ms,

SL 0.6 mm, FA 25 degrees,
FOV 15 x 15 cm, matrix

512 x 512, acquisition time

3 minutes 36 seconds). The
patient underwent autologous
chondrocyte implantation of
the high grade defect in the
central medial femoral condyle.
Postoperative MRI with DESS
(TR14.1 ms, TE 5 ms,

SL 0.6 mm, FA 25 degrees,
FOV 15 x 15 cm, matrix

512 x 512, acquisition time

3 minutes 36 seconds) shows
repair cartilage tissue that is
homogeneous in signal
intensity and flush with native
cartilage with small focus of
hypointense fibrocartilage
formation (arrow). Note
normal subchondral bone
plate and interval resolution
of minimal subchondral
edema noted on the preoper-
ative MRI.



Inflammation/Infection: Hyaline
cartilage damage can also result from
inflammatory conditions such as
juvenile idiopathic arthritis as well as
infection (Fig. 4). Sequelae of osteo-
chondral injury include total-thick-
ness loss of articular and epiphysial
cartilage, cartilage contour irregularity,
and intrinsic signal heterogeneity.

Post-operative: MRl is also used to
follow cartilage repair procedures,
such as microfracture, osteochondral
autografts and allografts, and auto-
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Children are not small adults — they suffer from different types of
disease than adults, they demonstrate a different physiology as well
as behaviour. This has a direct impact on the way we image them.

To support the care of your youngest patients renowned experts in
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MR scanning has not been established as safe for imaging fetuses and infants less than two years of age.
The responsible physician must evaluate the benefits of the MR examination compared to those of other imaging procedures.



Time-Resolved MR Angiography
using TWIST for Evaluation of Peripheral
Vascular Malformations in Children
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Vascular anomalies are classified into
vascular tumors (infantile hemangi-
oma) and vascular malformations.
Vascular malformations are divided
into slow flow and high flow subtypes.
Magnetic resonance imaging (MRI)
and contrast-enhanced dynamic mag-
netic resonance angiography (MRA)
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both help in classification and the
assessment of extent and distribu-
tion. Nevertheless, digital subtraction
angiography (DSA) remains the gold
standard and is pivotal in the assess-
ment of fine vascular details and
treatment planning.

Most patients with vascular anomalies
are asymptomatic and do not require
therapy. Nevertheless, a significant
number do suffer from pain, swelling,
functional impairment, or cosmetically
severe deformity reducing quality

of life.

14-year-old male
with arteriovenous
malformation in the
plantar soft tissues
of the left lateral
forefoot. Coronal
STIR (1A) and
T1-weighted (1B)
images demonstrate
a large number of
prominent arteries
and arterioles in the
subcutaneous layer
with fat interspersed
within the lesion.
Dynamic time-
resolved MR angiog-
raphy provides
excellent depiction
of hemodynamics of
this vascular malfor-
mation (1C, D). Note
the early enhancing
pattern as well as
presence of dilated
or early draining
veins (as a conse-
quence of arterio-
venous shunting) on
time-resolved MR
angiography.

Vascular anomalies can present as

a tiny lesion involving only the skin or
the subcutaneous layer, or as a large
lesion that involves deeper layers,
including muscles, bones and even
multiple other organs. Over the past
decades, nomenclatures for vascular
anomalies continued to cause confu-
sion and create obstacles between
the various medical subspecialities
involved in the management of these
patients (pediatricians, dermatolo-
gists, surgeons, interventional radiolo
gists, angiologists, pathologists, etc.)
potentially leading to an inaccurate
diagnosis and mismanagement.

The understanding of vascular malfor-
mations was revolutionized in 1982,
when Mulliken and Glowacki intro-
duced a classification system for vas-
cular malformations based on the
biologic and pathologic features [2].
In 1996, the International Society for
the Study of Vascular Anomalies (ISSVA)
anticipated a classification that would
encompass the clinical, histological
and pathophysiological characteristics
of vascular anomalies: Hemangiomas
and vascular malformations. Hemangi-
omas are benign vascular tumors of
infancy and childhood characterized
by an initial rapid growth of endothelial
cells and subsequent slow involution.
By contrast, vascular malformations
(VMs) delineate congenital lesions
formed of dysplastic vascular channels
without any endothelial proliferation
or spontaneous regression. VMs are
usually caused by an arrest of normal
vascular development and failure of
resorption of the embryologic primi-
tive vascular elements.

Compared to hemangiomas, VMs
present with a lower overall prevalence
of 1.5% in the general population [1].
They can occur in every part of the
body, but the most common anatomic
locations — beside the craniofacial
manifestations, where 60% of the
lesions are found — are the pelvis and
the extremities (flexor muscle of the
forearm and the quadriceps muscle).
VMs are already present at birth and
usually grow proportionally to the child.
They were further subdivided either
within their origin (consisting of capil-
lary, venous, arterial, lymphatic and
fistulous networks) or within their

flow patterns. In general, capillary,

lymphatic and venous malformations
or mixed lesions are classified as
low-flow malformations, whereas
any malformation with arterial com-
ponent is classified as high-flow
malformation, including congenital
arteriovenous malformations (AVMs),
arteriovenous fistula (AVF) and
acquired vascular lesions [2]. Several
genetic defects responsible for the
inherited forms of vascular anomalies
and associated syndromes have been
identified over the last decade [3].

An accurate classification of the vas-
cular anomalies and the evaluation
of the full anatomical extent are criti-
cal since the treatment options and
morbidity are significantly different
for the various groups of vascular
malformations.

MRI and ultrasonography (US) are
the non-invasive techniques of choice
for the evaluation of vascular anoma-
lies. US, including Doppler Imaging,
is primarily used as the initial diag-
nostic tool. It identifies the flow pat-
tern of these vascular anomalies and
divides them into slow- or high-flow
lesions. US does not require any seda-
tion of the patient. Because of the
lack of radiation, high soft-tissue con-
trast, and the capability of dynamic
contrast-enhanced images to reflect
the hemodynamic of the anomalies,
MRI and dynamic contrast-enhanced
MR-Angiography (MRA) are, along
with the clinical history and a physical
examination, decisive in the evalua-
tion of vascular anomalies, especially
in children. Dynamic MRA enables
the identification of the extent of
involvement and provides a pre-pro-
cedural road map. Recent advances
such as phased-array coils and paral-
lel imaging techniques have made
faster scanning with high temporal
resolution possible. T1-weighted turbo
spin echo (TSE) sequences define
anatomic location, T2-weighted TSE
sequences show the flow voids and
vascular structures, and short tau
inversion recovery (STIR) sequences
are very useful in detecting the extent
of the lesion over a dark background
of surrounding structures. Further-
more, MRI can be used to distinguish
vascular tumors from cystic lesions.

In general, evaluation of vascular
anomalies requires delineation of its
components:

(1) Localization, size and tissue
involvement;

(2) Origin, orientation and course
of feeding arteries; and

(3) Origin, size and course of
draining veins.

Within the last few years continuous
improvement in hard- and software,
particularly time-resolved MRA, has
led to increased acceptance as a prac-
tical alternative to DSA for the diag-
nosis and determination of appropriate
treatment of vascular anomalies.
Time-resolved MRA can be used accu-
rately to distinguish between the dif-
ferent types of vascular anomalies [4].

Patients with suspected or known
vascular anomalies were studied using
a 3D time-resolved MRA, incorporat-
ing Generalized Autocalibrating Par-
tially Parallel Acquisitions (GRAPPA)
and echo sharing schemes, Time
Resolved Imaging with Stochastic
Trajectories (TWIST). Examinations
were performed on a 1.5T MR imag-
ing system (MAGNETOM Avanto,
Siemens Healthcare, Erlangen, Ger-
many). For signal reception we used
either a multi-channel phased-array
surface coil or dedicated flex extrem-
ity coils.

For morphological imaging, all scans
consisted of T1-weighted as well as
fat-suppressed T2-weighted images.
Axial images were obtained by using
3—-6 mm section thickness, -2 mm
intersection spacing, and variable
fields-of-view depending on the
region-of-interest. After intravenous
administration of single dose Gado-
butrol (Gadovist®, Bayer HealthCare,
Germany), post-contrast images were
performed in axial and sagittal and/or
coronal plane.

The TWIST sequence divides the
k-space into two regions. The central
region A (low frequencies) defines
the contrast in the image and the
peripheral region B (high frequen-
cies) adds detail information in the
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9-year-old girl with
recurred clinical
symptoms caused by
a hemangioma of the
left proximal thigh.
She underwent prior
sclerotherapy several
years before. She
currently suffers from
local pain and limited
exercise tolerance. On
MR images there is no
involvement of the
skin or subcutaneous
tissues. Coronal and
axial T1-weighted
(2A, C) and
T2-weighted STIR
(2B, D) images show
a well-defined
lobulated mass within
the quadratus femoris
as well as the gluteus
maximus muscle. No
perilesional edema is
identified. On time-
resolved MR angio-
graphy (2E, F) neither
early enhancement
nor arteriovenous
shunting can be seen.

3-year-old boy with macrocystic lymphatic malformation in the right head and neck area. Images show well-defined, multilobu-
lated and septated lesion predominantly involving the subcutaneous tissue. The increased signal intensity in T1-weighted images
is most likely related to high proteinaceous component. The lesion is highly hyperintense on STIR images; internal fluid-fluid
levels due to hemorrhage in some of the cysts can be found. Contrast-enhanced images reveal rim and septal enhancement and
lack of filling of lymph-filled spaces. There was no enhancement on arterial or early venous contrast-enhanced MR angiography
(not shown).

images. While region A is completely
sampled in every measurement itera-
tion, region B is undersampled by a fac-
tor of n (which can be varied by the
operator). Due to a larger under-sam-
pling factor the time difference for two
subsequent acquisitions of the central
region become smaller, which results
in a higher temporal resolution in A.
The k-space trajectory within region B
follows a spiral pattern in the ky-k,
plain with every trajectory in B slightly

different, depending on the under-
sampling factor n. During reconstruc-
tion, the missing data points in
region B for a particular time frame

t; will be copied from the correspond-
ing k-space trajectories in other time
frames. The following sequence
parameters were used: repetition
time (TR) 2.3-3.5 ms, echo-time (TE)
0.8-1.3 ms (depending on patient
adjustment), flip angle (FA) 25°, in-
plane resolution 1.1 x 0.8 mm?, slice

thickness 1-3 mm. In our study we
used a value of 15% for size A, and
an under-sampling factor of 25% for
region B.

Recently, time-resolved MRA has been
observed to perform better than con-
ventional MRA in classifying VMs and
visualization of arterial feeders and
draining veins [5]. Time-resolved MRA
may potentially be employed as an
initial diagnostic modality for these
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Diffuse arteriovenous malformation
of the right hand soft tissue in a
9-year-old girl. Clinical photograph
shows a mass with the cutaneous
aspect of a vascular anomaly (4A).
Coronal T2 STIR, T1-weighted as
well as contrast-enhanced
T1-weighted images with fat
suppression (4B) show septated
mass involving the subcutaneous
tissue, the muscles and bones of the
right thumb as well as forefinger.
Early and late arterial phases during
dynamic time-resolved MR angiog-
raphy (4C: temp. resolution 2 sec)
show multiple small prominent
arteries with a few arterial
aneurysms.

lesions. It also appears to be helpful
in guiding treatment of these lesions
by determining their extent. The
drawback of time-resolved MRA is an
under-estimation of shunt volumes
in vascular malformations, which can
be confidently evaluated on DSA.

The TWIST technique provides infor-
mation on the hemodynamics of vas-
cular malformations, demonstrating the
early filling of the lesion during the
arterial phase of the acquisition as well
as — if existing — the feeding artery.
The use of parallel imaging techniques
in association to the variable rate
k-space sampling allows a reduction

of acquisition time, improving the
temporal resolution while maintaining
and even improving the spatial resolu-
tion. In our study protocol the tempo-
ral resolution varied from 1.4 to

4.8 sec/frame and the spatial resolu-
tion ranged from 1.1 x 0.8 x 1.0 mm
to 1.1 x 1.1 x 3.0 mm.

We used a high acceleration factor of
3 for parallel imaging in most applica-
tions. Thus, we have been able to
achieve detailed anatomical and hemo-
dynamic information similar not only
to conventional high-spatial resolution
MRA but also to that achieved with DSA,
but without the risks associated with
ionizing radiation exposure, iodizing
contrast agents, or catheterization itself.

Historically, diagnosis, treatment plan-
ning and follow up of VMs were based
on ultrasound examination and inva-
sive DSA for confirmation and inter-
ventional guidance. In the last decade
MRI has become the modality of choice

for the assessment and precise
classification [6]. Time-resolved MRA
allows characterization between VMs
and their subtypes as well as extent
of the lesion, tissue involvement and
flow characteristics.

Vascular anomalies can show a vari-
ety of clinical manifestations. There-
fore it is very important to categorize
these lesions and to determine their
extent. MRl and DSA are pivotal in
the imaging of vascular anomalies.
The primary role of MRl is to assess the
extent, distribution and subtype,
whereas DSA shows promise in delin-
eating the vascular details of com-
plex lesions and in decision-making
regarding feasibility of sclerotherapy
or embolization therapy. The under-
standing of clinical behavior and imag-
ing features of vascular anomalies is
essential in their accurate distinction,
which might have a direct impact on
their clinical management. In our
experience, MR imaging and espe-
cially time-resolved MRA is a highly
accurate tool for the evaluation of
vascular anomalies prior to therapy
decisions and a reasonable alterna-
tive to more invasive DSA.
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Fetal Cardiovascular MRI
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Intrauterine growth restriction (IUGR)
is associated with changes in fetal
cerebral, peripheral and placental
vascular resistance resulting in circu-
latory redistribution commonly
referred to as ‘brain-sparing physiol-
ogy’ [1]. This is routinely identified
through detection of velocity wave-
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form changes in the cerebral and
umbilical arteries using Doppler ultra-
sound [2]. However, animal studies
suggest that chronic fetal hypoxia
results in a reduction in fetal oxygen
consumption (VO,) that tends to nor-
malize blood flow distribution, but
which is nevertheless associated with
delayed fetal growth and develop-
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ment [3, 4]. The detection of chronic
IUGR might therefore be improved by
the identification of reduced fetal VO,
in the setting of normal Doppler find-
ings. This could be particularly useful
towards the end of the pregnancy,
when the potential benefits of delivery
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identified as the
reconstruction with
the least image
artifact.

[5]. Late onset IUGR is currently
difficult to detect because the typical
Doppler changes seen in early onset
intra-uterine growth restriction are
frequently absent [6], and late gesta-
tion ultrasound measurements of
fetal growth are less accurate.

Fetal VO, can be calculated when the
oxygen content of blood in the umbili-
cal artery and vein, and placental blood
flow are known [7]. This has been
achieved in human fetuses using inva-
sive cordocentesis and ultrasound [8].
However, ultrasound measurements
of vessel flow are prone to inaccuracy
[9], and the risks associated with
direct cordocentesis make it unsuitable
for routine clinical use. We sought to
develop cardiovascular magnetic reso-
nance (CMR) techniques to assess
fundamental elements of fetal cardio-
vascular physiology including oxygen
delivery (DO>), oxygen consumption
(VO,), and the distribution of blood
flow and oxygen content in the major
vessels of the fetal circulation. We pres-
ent here our preliminary findings in the
normal human fetal circulation.

Techniques for measuring blood flow
using phase-contrast (PC) MRI [10]
and oxygen content using quantitative
T2 MRI [11, 12] are well established,
but imaging fetal* vessels requires
modification of the existing techniques.
Specific challenges include the small
size of the vessels, the virtually con-
stant movement of the fetus, and diffi-
culty detecting the fetal electrocardio-
gram for cardiac triggering.

The latter can be overcome with alter-
natives to ECG gating such as self-gat-
ing [13] and cardiotocographic gating
[14], which have both been shown

to be feasible in fetal animal models.
Alternatively, a retrospective technique
can be used that acquires temporally
oversampled data and then iteratively
sorts the data using hypothetical ECG
trigger times until artifact in the asso-
ciated images is minimized [15]. This
approach, which is illustrated in Figure
1, is termed metric optimized gating
(MOG) and has been used successfully
for PC MRI and steady state free pre-
cession (SSFP) cine imaging [16, 17].

Regarding fetal oximetry, a novel
approach to myocardial T2 mapping
with non-rigid motion correction has
been developed by Giri et al., which
holds promise for improving fetal MR
oximetry in the presence of small
fetal movements [18, 19]. This
approach, currently available as a
work-in-progress from Siemens**,
may improve T2 accuracy by aligning
target vessels across images used to
construct a T2 map.

For fetal MRI, short scan times are
essential to reduce artifact from
gross fetal motion. As a result, there
is a practical limit to the spatial reso-
lution and signal-to-noise ratio that
can be achieved. However, in our
experience PC MR and T2 mapping
techniques perform well in the major-
ity of late gestation fetuses, whose
vessel sizes are similar to neonates
and whose body motion is partly
restricted by the uterine walls.

Assuming a normal hematocrit, the PC
MRI and T2 data may be used to calcu-
late fetal DO, and VO, [7]. This
requires calculation of the oxygen
content, C, of umbilical venous (UV)
blood, which is given by the equation:

CU\/= [Hb] X 136 X YUV

where Yy is the oxygen saturation of
blood in the UV, and 1.36 is the
amount of oxygen (ml at 1 atm)
bound per gram of hemoglobin.

Fetal DO, can then be calculated
from the product of UV flow (Qu)
and Cy. To calculate fetal VO,, the
arterio-venous difference in oxygen
content (AC) between the UV and
umbilical artery (UA) must be calcu-
lated, as follows:

Fetal VO, = Quv x ACuv.ua

Because of the small size of the UA,
the T2 in the descending aorta (DAo)
is used for this calculation.

If it is assumed that the majority of
the flow in the superior vena cava
(SVQ) is venous return from the brain
then fetal cerebral VO, can also be
approximated:

Fetal cerebral VO, = Qsyc x ACano-svc

Safety — The American College of
Radiologists recommends fetal MRI
only be used when alternative imag-
ing techniques, namely ultrasound,
are considered inadequate by the
responsible imaging physician [20].
Contrast agents should be avoided
due to the risk of toxicity to the fetus
and where possible fetal MRI should
be avoided in the first trimester. We
follow the Siemens recommendation
to limit the specific absorbtion rate
(SAR) to 2 watts per kilogram (‘nor-
mal mode’). A recent review reports
that there is no evidence that MRI
poses any risk to the mother or fetus
[21].

Field strength — Fetal cardiovascular
MRI can be performed on 1.5T and
3T systems. 1.5T systems are less
prone to SSFP banding artifacts from
field inhomogeneity. However, the
increased SNR available at 3T makes
PC imaging more robust, and facili-
tates MOG reconstruction. An impor-
tant consideration is the effect of
field strength on the relationship
between T2 and blood oxygenation,
with shorter T2 values encountered
at 3T [22].

Patient positioning and coil selec-
tion — A body-matrix coil placed on
the maternal abdomen, as close to
the fetal thorax as possible, provides
the best signal for fetal imaging. The
addition of a second coil may help to
improve signal across the whole
field-of-view, particularly if the
mother is in a lateral decubitus posi-
tion, which many women find most
comfortable in later on in pregnancy.

Gating — For MOG, an artificial
gating trace is used in place of the
actual fetal waveform. On Siemens
systems this may be controlled using
the IDEA command tool menu to
define an R-R interval. For most fetuses
an R-R interval of 545 ms, which cor-
responds to a heart rate of 110 beats
per minute, will ensure that every
heartbeat is oversampled.

Sequences — With the exception of
the T2 mapping WIP**, the sequence
parameters shown in Table 1 are based
on commercially available Siemens
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cardiac MRI sequences, and represent
a possible approach to fetal CMR at
1.5T. For PC vessel flow quantifica-
tion, we use a minimum of eight vox-
els over the vessel area and a tempo-
ral resolution of 50 ms. Adequate
spatial resolution is also required for
T2 measurements to avoid partial
volume artifacts [23]. We use an
interval of ~4 seconds (8 cardiac
cycles) between T2 preparation pulses
for T2 mapping to ensure adequate
recovery of magnetization. Figure 1
shows how we orient the PC and T2
acquisitions for the target vessels.

Maternal hyperoxygenation — Inves-
tigators have used a trial of maternal
hyperoxygenation (MH) to enhance
fetal hemodynamic assessment, and
maternal oxygen therapy has been

proposed as a treatment for cardiac
ventricular hypoplasia and IUGR. MH
does not appear to be associated with
any risk to the fetus or mother. One
approach is to use a non-rebreather
mask with 12 L/Imin of oxygen to
administer an FiO, of 60—70%. Previ-
ous studies suggest oxygen should be
given for 5-10 minutes prior to and
during imaging [24].

Flow — The MOG technique currently
requires transfer of the raw data from
the MRI to a computer for offline
reconstruction using stand-alone
software developed at our institution
(MATLAB, Mathworks, USA). This
software is available from our labora-
tory upon request. To quantify flow

Ascending
Aorta
(AAD)

Ductus
Arteriosus
(DA)

from the resulting PC MRI reconstruc-
tions, commercially available software
is used (Q-flow, Medis, Netherlands).

Fetal weight — Flows are indexed to
fetal weight based on a high-resolu-
tion 3D SSFP breath-hold acquisition
covering the whole fetus to calculate
the fetal volume. We use a combina-
tion of thresholding and other tools
in Mimics (Materialise, Belgium) to
segment the fetus. Fetal volume is
converted to fetal weight using the
conversion proposed by Baker (fetal
weight (g) = 120 + fetal volume (ml)
x 1.03) [25]. The same 3D SSFP
acquisition can be used to calculate
the volume and weight of individual
fetal organs including the fetal brain,
where brain weight (g) = brain volume
x 1.04 [26].

Slice prescriptions for fetal cardiovascular MRI. Orientation of slices for phase contrast and T2 mapping of the major fetal vessels
based on 3-plane static SSFP survey of the fetal thorax showing representative flow curves and T2 maps.
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Table 2:

Mean flow 471 270
(ml/min/kg)

95t % Cl (376,595) (174,376)

Modeled 57
mean flow
(% CVO)

Y (%) 58

187 138 187 90

(120,261) (82,200) (97,205) (18,182)

29 41 16

48

254 136 120

(181,338) (97,205) (9,255)

52 29 27

57 82

Mean flows and oxygen saturations (Y) in each of the major vessels in the human late gestation fetal circulation by MRI.

CVO: combined ventricular output, MPA: main pulmonary artery, AAO: ascending aorta, SVC: superior vena cava,
DA: ductus arteriosus, PBF: pulmonary blood flow, DAO: descending aorta, UV: umbilical vein, FO: foramen ovale.

Table 3
Mean 20.4
SD 3.5

T2 mapping — Regions- of-interest
covering the central 50% of the ves-
sel area are used for measuring T2.
We currently convert the T2 values
to saturations using the relationship
described by Wright et al. for adult
blood [11]. The accurate conversion
of the T2 of blood to oxygen satura-
tion is dependent on hemoglobin
concentration [Hb]. We assume a fetal
[Hb] of 15g/dL at 36-37 weeks [27].

Results

Tables 2 and 3 show the mean
vessel flows and ranges of flows in
30 subjects (mean gestational age —
37 weeks, SD 1.2) by phase contrast
MRI. We also present preliminary
mean oxygen saturations, fetal DO,
and VO, for eight subjects based on
our preliminary experience with fetal
vessel T2 mapping. Figure 3 repre-
sents the mean flows and oxygen
saturations across the circulation.
The findings are in keeping with pre-
vious estimations made regarding
the human fetal circulation based on
results of invasive measurements

in fetal lambs and human ultrasound
and cordocentesis results [7, 8].

6.4 3.6
1.7 0.8
Discussion

Interpretation of fetal cardiovascular
MRI is currently limited to a few pre-
liminary observations. Understand-
ing the findings requires knowledge
of normal fetal cardiovascular physi-
ology. The normal fetal circulation
operates in parallel with shunts at the
foramen ovale and ductus arteriosus
resulting in blood bypassing the fetal
lungs. This is tolerated in the fetal
circulation because gaseous exchange
occurs at the placenta. The fetus
exists in a relatively low oxygen envi-
ronment, but also has lower oxygen
consumption than the newborn due
to lower demands for thermoregula-
tion [7].

In fetal lambs, the oxygen saturation
of blood in the left side of the fetal
heart is approximately 10% higher
than the right due to a remarkable
streaming mechanism where oxygen-
ated blood returning from the pla-
centa is preferentially directed across
the foramen ovale via the left liver
and ductus venosus. This is presum-
ably to ensure a reliable source of
oxygen to the developing brain and
coronary circulation. The less well-
oxygenated blood returning from the
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Mean fetal oxygen delivery (DO,), oxygen
consumption (VO,) and cerebral oxygen
consumption (CVO,) in the late gestation
human fetus by MRI (ml/min/kg).

SVC and lower body is preferentially
routed towards the tricuspid valve and
then on to the ductus arteriosus and
pulmonary circulation. As pulmonary
vascular resistance in the third trimes-
ter is inversely proportional to the
oxygen content of the blood in the
pulmonary arteries, a high pulmonary
vascular resistance is maintained in
the fetal lamb. Pulmonary vascular
resistance is also high in the human
fetus, although there is higher pulmo-
nary blood flow compared with lambs
[7]. There is also higher flow in the
SVCin the human, likely reflecting the
larger brain size, and lower flow in the
umbilical vein, probably made possible
by the higher hematocrit present in
human fetuses. In fetal lambs exposed
to chronic hypoxia there is an adaptive
response where a 20% increase in
hematocrit increases the oxygen carry-
ing capacity of fetal blood [4]. Inter-
estingly, T2 is inversely proportional
to hematocrit, so that chronic hypoxia
may result in a further reduction in
the T2 of blood resulting from poly-
cythemia [28].

The term ‘brain-sparing’ refers to an
important mechanism in fetal circula-
tory physiology. This acute response to
fetal hypoxia has been well studied in

85
80
75
70
65
60
55
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45

40

Mean Sa0, (%)

Mean flow (% of CVO)

How-I-do-it

Mean flow (mL/min/kg)

Mean flows and oxygen saturations in the late gestation human fetus by MRI. Flows as % of the combined ventricular output

(3A) and in ml/min/kg (3B).

AAo: ascending aorta, DA: ductus arteriosus, MPA: main pulmonary artery, RV: right ventricle, LV: left ventricle,
SVC: superior vena cava, FO: foramen ovale, LA: left atrium, PBF: pulmonary blood flow, RA: right atrium, UV: umbilical vein,
UA: umbilical vein, DAo: descending aorta.

animal models and observed in human
fetuses and is characterized by a reduc-
tion in the vascular resistance of cere-
bral and coronary vessels and increase
in peripheral and pulmonary vascular
resistance [1]. The result is a dramatic
increase in cerebral and coronary
blood flow, so that oxygen delivery

to the brain and heart is maintained
despite a fall in the oxygen content of
the blood supplied to those organs.
We have noted SVC flows greater than
250 ml/min/kg, or 50% of the CVO in
fetuses with antenatal and postnatal
evidence of placental insufficiency
[29].

Limitations of this work include the
absence of any attempt as yet to vali-
date this T2 mapping technique for
fetal blood in fetal vessels and our cur-
rent dependence on an estimation of
fetal hematocrit. Fetal hemoglobin
may differ from adult hemoglobin in
terms of its magnetic properties, and
the small size of the fetal vessels of

interest may render our T2 measure-
ments subject to partial volume
artifacts. With further investigation
and a larger sample size we aim to
gain a better understanding of these
factors and show that oximetry can
be successfully combined with the
more established flow quantification.

Conclusion

We have speculated about the clinical
significance of our preliminary obser-
vations regarding the distribution of
flow in fetuses with CHD and IUGR
[26, 30, 29], and hope that with more
experience and development, fetal
CMR may gain acceptance amongst
clinicians as an additional tool to
help guide obstetric management in
these and other fetal conditions.
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imaging procedures.
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