5
c
Y
=]
o
[
—

[

Editorial Comment
Konstantin Nikolaou
Page 2

MAGNETOM Vida
First Results

Mike Notohamiprodjo
Page 8

Pediatric GOBrain
5-minute Protocol
Elka Miller

Page 14

Initial Experience with
MAGNETOM Terra
Arnd Doerfler

Page 38

ADC histogram

Not for distribution in the US

MET-RADS-P Imaging
Response System
Anwar Padhani

Page 64

CS-VIBE in Dynamic
Breast MRI

Ritse M. Mann

Page 84

Pioneers of
Connectome Gradients
Ralph Kimmlingen
Page 122

1500 pm?/s

500 1000 1500 2000 ZéOO
ADC [um?/s]

syngo.via Frontier MR Total Tumor Load Baseline == Follow-up

Issue Number 68, 2/2017

siemens.com/magnetom-world

SIEMENS



2

Editorial

Professor
Konstantin
Nikolaou

MAGNETOM Flash (68) 2/2017
www.siemens.com/magnetom-world

Konstantin Nikolaou is Chairman of the Department of Diagnostic and
Interventional Radiology in the Department of Radiology at the Eberhard-
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Precision Medicine and Adaptive
Technologies in Medical Imaging

Dear colleagues, dear readers,

| feel honored and excited to be invited to write an editorial
for MAGNETOM Flash on the topic of ‘precision medicine’ —
a term that might seem overused these days. Whilst this
term is not new — medicine always wants to deliver the
right treatment to the right patient at the right time — our
understanding of correlations between genome, habits,
and diseases is evolving rapidly and exponentially.

It feels like there is a need to re-imagine and re-organize
health services.

All fields of medicine are adapting to an increasing and
increasingly complex demand of phenotyping and
genotyping our patients, identifying precise cohorts, and
optimizing health care. To us as radiologists, it may seem
obvious, that radiology should certainly play a key role in
phenotyping these sub-populations by means of dedicated
imaging strategies [1]. This should be complementary, and
not compete with other ways of phenotyping, including, for
example, advanced laboratory tests, histo-pathology, and
immuno-pathology. To integrate our radiological imaging
data and reports in a phenotyping system that categorizes
patients into well-defined prognostic and therapeutic
categories, we will have to learn and adapt to a rising
demand of ‘imaging biomarkers’, ‘reproducible parameters’
and ‘standardized’ as well as ‘structured’ reporting.

| am sure our readers are optimistic as I am that we will be
able to successfully master these challenges. However, at
the same time, we are facing new opportunities and threats,

in terms of increasing economic pressure and increasing
workload, ‘value-based’ healthcare, introducing artificial
intelligence in clinical routine, and commoditization of
imaging procedures and radiological reports [2, 3].

We need clear and concerted strategies to handle these
challenges and these include,

A) accepting and taking on a stronger role of radiologists,
as clinical partners and information specialists,

B) setting new standards in quality and workflows, and

C) finding answers to an increasing demand of
personalization and parametrization in our daily routine.

In this volume of MAGNETOM Flash, exciting views and
reports on advancements in MR technologies, enabling us to
improve quality, workflows, flexibility, and standardization,
clearly reflect these trends and endeavors — in a way that

| find very convincing.

1. A new role for radiologists?

Radiologists will have to adapt. And we will have to adapt
quickly, to both an increasing economic pressure and to

the ‘fourth industrial revolution’, i.e., a rapidly improving
process automatization on the basis of big data and
artificial intelligence (Al) [4, 5]. The first challenge will be
to adapt and re-invent our ever more complex imaging
procedures and skills in the era of ‘value-based healthcare'.
Since ‘value’ is defined as health or patient outcomes, or
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costs, we should therefore be measured on the results

and quality of our care and not on the volumes of service
delivered. However, if we agree to enter this circle of
optimizing our workflows and outcome-centered care, will
we be degraded to delivering standardized services and
reports within a (short) given time, i.e., will medical imaging
become a commodity? The strength of radiology is not

only in the delivery of (automated) results from using
sophisticated technologies, but even more by providing an
optimized diagnostic process and data integration, provided
by dedicated, highly skilled, specialized and communicating
colleagues in our field, i.e., radiologists and technicians.

Radiology’s value chain has to be high-quality, patient-
centered, and results-oriented at the same time. This will
enable us to develop from volume-based imaging to
value-based imaging, demonstrating the added value of
imaging in each phase of patient care and transforming
imaging results into measurable metrics (e.g., quantitative
imaging results, or cost effectiveness). The primary objective
is to maintain and improve our visibility and demonstrating
our capabilities as radiologists, imaging experts and highly
trained specialists to our clinical partners and patients in
daily practice, in our conferences, tumor boards, telephone
calls, patient interactions, and interven-tional procedures.
Optimizing our workflows and constant quality-control of
our daily work (scheduling, protocols, procedures, reporting,
distribution, and communication) is the foundation, basis,
and pre-requisite for this, and should be self-evident, but
how our report affects therapeutic decisions will directly
influence patient outcome and costs of healthcare.

Will this process include an increasing automatization of
our reports, at least in parts? Maybe yes. Is this detrimental
or dangerous for our field? No, not, if we lead the way and
use these new tools to our and our patients’ advantage.
Even the best trained colleague will not be able to stay
perfectly up-to-date with all medical advancements. At

the same time, age distribution in our western societies is
changing drastically and imaging volumes are steadily

Tiibingen, Germany

increasing and will continue to do so. Thus, should we not
embrace help from technology, rather than to fear it?

There are a number of ways how we could profit from Al.
Besides the problem of data, image and information
overflow, we will need Al for rare diseases, complex
syndromes, or for decision-support systems, to face the
growing complexity of our multi-disciplinary, multi-modal,
and multi-scale clinical work, combining information from
imaging, -omics, lab test, clinical history, and physical
exams. The risk is not in the automatization, even of routine
reports on frequent imaging procedures such as chest
X-rays, mammograms, or CT angiographies to exclude
pulmonary embolism. The crucial question will be: Who is
in the driver’s seat, for technical implementation of these
new Al techniques, and for the final decisions. We will have
to take action and patrticipate in these developments rather
than ignore them, and — if we do it right — we will be able to
improve our services and quality. In this process radiologists
will transform to information specialists, implementing
innovative forms of data handling and data presentation,
and focusing on image-guided personalization of our own
interventional measures and procedures.

2. New quality standards of radiological services

Multimodal, molecular, and functional imaging is
becoming increasingly important in the context of
personalized medicine. Our non-invasive diagnostic

and imaging procedures are increasingly used to support
and complement the data of advanced molecular
diagnostics. Complementary qualitative and quantitative
imaging parameters play a major role in the assessment
of our patients’ individual prognosis, the prediction of
treatment success and in the monitoring of the therapy
effectiveness and outcome, as shown in several articles in
the Oncological Imaging chapter of this issue. With -omics’
technologies reaching maturity, these will be more and
more implemented in clinical practice. Prospective and,
where necessary, randomized clinical studies will be
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“With recent advances in MR technology, we will

optimize workflow and scanning efficiency, while
providing consistent, high-quality personalized
examination results at the same time, entering

a new era in precision medicine.”?

Professor Konstantin Nikolaou

needed to validate novel imaging biomarkers, imaging
phenotypes, and imaging signatures.

High quality collections of biological samples procured

in a standardized manner from age- and disease-stratified
collections coupled to omics- and imaging-based phenotype
information are required for the purpose of identification
and validation of new, ideally quantitative, imaging bio-
markers. By implementing these reproducible, quantitative,
and standardized imaging biomarkers, multimodal image
information can be integrated with patient-specific data

for the development of individualized and predictive
disease models.

To reach this goal, examination protocols and image
acquisition must be standardized and homogenized

as far as possible, in order to achieve a comparability

and transferability of results from the various imaging
modalities and between different sites. In addition,
strategies for a systematic structuring of our reports and
findings will have to be implemented, in order to replace
the traditional, descriptive reporting of findings. Structured
reporting will lead to the possibility of systematic data
extraction from our reports, making them more accessible
to statistical correlative analyses and bioinformatics. The
term ‘structured analysis and reporting’ thus describes the
establishment of objective, quantitative, extractable, and
reproducible standards, e.g., in the context of tumor-specific
diagnostic criteria and follow-up. This results in complete
and comprehensive reports and considerably increases the
objectivity and comparability between different investigators
and sites and at the same time creates the possibility to

Llink these image data with those from molecular diagnostics
and to scientifically evaluate them or integrate them in com-
plex disease models. The implementation of standardized
vocabularies and reporting rules, supported by radiological
Lexicons and glossaries, established and disseminated by
national and international radiological societies, will further
harmonize the use or radiological terms and expressions
and will enable optimized indexing of our reports.

3. Adaptive imaging technologies in the era of
precision medicine

So how, we may ask, do recent MR developments anticipate
these challenges and react to the growing demands
described above? Due to high Llevels of exam complexity,
patient properties, and user variability, MRl is still
considered to be one of the most complex medical imaging
modalities. Innovative MR scanner technology should
therefore be able to automatically or semi-automatically
address anatomical and physiological differences among
individual patients, thus, a wider range of routine scanning
procedures as well as complex protocols will be applicable
to a larger extent of patients, even those formerly not eligible
for MRI examinations, delivering more robust and more
consistent results. Also, in times of economic pressure,

MR scanning will have to be more cost-effective, by greater
robustness and acquisition speed, reducing re-scans and
increasing productivity.

To provide our patients with individualized and personalized
diagnostic strategies and tailored therapies, we need robust,
standardized, and reproducible acquisition techniques that
are constantly delivering high and comparable quality. Only
then we can compare results and link them with additional
information, such as data from laboratory medicine or
genetic analyses. Recent technologies will allow us to access
new and growing clinical fields — for instance, enabling
scans in patients with cardiac arrhythmias, excess weight,
or other health problems that prevent them from actively
supporting the scan.

An impressive array of various innovative MR technologies
will be discussed in this present edition of MAGNETOM Flash.
For example, dedicated acceleration techniques implementing
Compressed Sensing (GRASP-VIBE?) enable dynamic, free-
breathing liver examinations in one comprehensive scan

by the push of button and for every patient, making breath-
holds and complex timing of several dynamic contrast
phases unnecessary. Optimized shimming technologies
based on new hardware and transmit technologies, such as
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CoilShim?, one of the BioMatrix Tuners, homogenize the
static magnetic field and significantly improve fat saturation
and signal exploitation, e.g., in diffusion-weighted imaging
(DWI) of body regions difficult to image, such as the neck.
Slice-specific shimming (SliceAdjust?) is introduced with
MAGNETOM Vida' as an effective method to reduce
susceptibility effects in whole-body DWI at 3T. Automatization
of whole-body MR examinations, e.g. the Whole-Body Dot
Engine?, will significantly reduce overall imaging time, increase
patient comfort and will potentially change our use of MRI,
e.g., for an increased implementation of whole-body tumor
staging. In cardiac imaging, implementation of highly
accelerated real-time sequences will preserve diagnostic
image quality even in challenging scenarios, such as

in arrhythmic patients. Finally, complete free-breathing
cardiac examinations® will become possible.

The challenges in our field are increasing and may be
greater than ever; our clinical and scientific working
environment is getting more complex and more demanding.
Only if we understand the challenges and take our chances,
we will stay in the driver’s seat, developing radiology to
play an even more central role in clinical care. With recent
advances in MR technology, we will optimize workflow

and scanning efficiency, while providing consistent, high-
quality personalized examination results at the same time,
entering a new era in precision medicine.

{ L

Konstantin Nikolaou
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First Experiences with the World’s First

MAGNETOM Vida

Mike Notohamiprodjo, M.D.

Associate Chair and Section Chief MRI, Department of Diagnostic and Interventional Radiology,

University Hospital Tibingen, Germany

The Department of Clinical and Interventional Radiology

at the University Hospital Tibingen had the rare opportunity
to host the world's very first installation of the MAGNETOM
Vida, the first BioMatrix equipped scanner, incorporating the
Latest advances in MR technology.

Current demands for biometrical imaging and
personalized medicine

One of the current trends in medicine is the acquisition
and analysis of so-called ‘big data’, to improve disease
management and patient outcome.

The University Hospital Tubingen has dedicated itself to
this approach and founded the “Center for Personalized
Medicine”, incorporating all activities in this rapidly
developing field. One of the central tasks is a universal
database for quantitative data, so that imaging data, for
example, can be correlated to histopathology, molecular
biology, or clinical outcome.

The Department of Radiology is also part of this inter-
disciplinary center, giving us the exciting chance to perform
‘Radiomics’ on a greater scale by evaluating image pheno-
types as a potential biomarker, for example, to predict and
assess therapy response and outcome. However, the
fundamental requirement for quantitative or at least
structured data is robust and reproducible image acquisition
(Fig. 1). Up-to-date Computed Tomography is the mainstay
of Radiomics since it is highly standardized and
accomplishable in most patients. Magnetic Resonance
imaging, by contrast, provides more detailed data due to its
superior soft-tissue contrast and offers complex functional
quantitative methods such as DCE-MRI and diffusion-
weighted imaging. However its robustness and reproducibility
is often limited due to long acquisition times and the
sensitiveness to respiratory and gross motion. One of the
focuses of our MR research group is to develop and establish
methods for clinical routine to overcome these constraints
to acquire robust results in every patient. We have a long-
standing experience with advanced parallel imaging
methods, free-breathing examinations, compressed sensing,
and novel multi-channel coils. Thus, we were very excited

to be the first to work with the 3T MAGNETOM Vida® and
BioMatrix?, bringing all together work-in-progress- and
prototype technology, incorporating and uniting technical
and sequence advances.

Our MAGNETOM Vida

Our Magnetic Resonance Department is equipped i.a.

with the 1.5T MAGNETOM Espree, Avantof, and Aera
scanners; the 3T MAGNETOM Skyra and Prismaftscanners,
and the MR-PET scanner Biograph mMR. The focus of our
daily clinical work is on oncological, musculoskeletal, and
neuro-imaging. We have experienced a steady increase in
demand particularly in multiparametric prostate MRI

and functional brain MRI. We have also noticed a steady

Quantitative Data

Image Acquisition

Patient

Figure 1: The pyramid of imaging in personalized medicine.
Personalized medicine starts with the patient. Only if the patient
is feeling comfortable can sufficient data be obtained. Image
acquisition should be of high quality, robust and reproducible.
The images are then read in PACS; functional imaging is
analyzed with postprocessing software. Quantitative or

at any rate structured data should then be derived from the
analysis. Based on this data individualized therapy can be
induced. Therapy response and/or outcome should be monitored
and in the best-case scenario predicted by the imaging data
acquired before. Optimized scanner hardware, such as BioMatrix
and MAGNETOM Vida, help to optimize the fundament of this
pyramid. Only if the patient is comfortable and image
acquisition optimized can further data analysis and processing
be performed.
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increase in multi-region oncologic imaging, corresponding
to the rapidly growing number of anticancer therapeutics,
such as immune or antibody therapy. The latter examina-
tions in particular are repeatedly performed in prospective
studies and require a fast and highly reproducible
acquisition to reliably assess therapy response.

During the first months of our early installation we
performed the initial mandatory conformity marking
(CE-certificate), a so-called '"MPG-(medicine devices act)-
study’. This means that we had to examine a particular
number of patients on both the new scanner and a routine
3T scanner (in our case MAGNETOM Skyra, Prismaf®, and
Biograph mMR) and compare image quality.

In short the MAGNETOM Vida features a 70 cm bore,

strong 60/200 XT gradients, and a very homogeneous large
field-of-view (55 x 55 x 50 cm) (Fig. 2). We believe that it
combines the magnet homogeneity of a MAGNETOM Avanto
and the performance of a MAGNETOM Prisma, but features
the similar comfort of the wider 70 cm bore MAGNETOM
Skyra. Furthermore, it features 128 receive channels
enabling state-of-the-art coil technology, such as a
72-channel Spine coil, 30-channel Body coils, a 64-channel
or a tiltable 20-channel Head coil. The high number of
channels is particularly useful for achieving higher parallel
imaging acceleration factors, significantly shortening
acquisition time while maintaining adequate signal-to-noise
ratio (SNR). From our experience, the combination of the
72-channel Spine coil and the 30-channel Body coil delivers
up to 30% increase in SNR, particularly at high PAT-factors.

The new scanner also features a novel fully-motorized
dockable table concept with an integrated respiratory

Figure 2: Professor Notohamiprodjo and Professor Nikolaou
in front of their MAGNETOM Vida, the world's first clinical
installation.

Whole-body Imaging Clinical

sensor as well as an updated software with a user interface
combining the well-known syngo MR E11-software with
syngo.via functionality for viewing and postprocessing.

First experiences with the user interface

The new user interface and scanner software is now
presented on two large 24-inch screens, one for acquisition
and one for postprocessing. Thus, the technical staff can
view the images and perform postprocessing, without
switching the task cards, always keeping acquisition under
supervision (Fig. 3).

While the new software looks quite different at first glance,
the syngo MR E11-functionality is still maintained and

only a few minor changes were obvious. We found that all
technical staff could operate the scanner after only a short
(<5 minutes) basic training. The syngo.via-interface was
already familiar to our physicians, but the technical staff
were also quickly able to perform basic postprocessing, such
as composing and advanced postprocessing, e.g. perfusion
assessment with Tissue4D was also quite quickly doable.

One of the central aspects of MAGNETOM Vida is to
provide optimal reproducibility of MR studies, so that
high image and data quality is guaranteed. Several

Dot engines enable semi-automated acquisition of e.g.
the brain, joints, or the cardiovascular system with a
focus on either speed, resolution or, robustness. We were
particularly interested in the new Whole-Body Dot Engine,
allowing the rapid planning and acquisition of multi-region
examinations, giving MRI-acquisition a feeling similar to
CT, automatically adjusting the field-of-view, number of
stacks, and slices (Fig. 4).

Figure 3: To ease the work of the MR technologist, the new
syngo MR XA10 software operates on a dual monitor scanning
workplace with two large 24-inch monitors.

9
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Figure 4: Whole-Body Dot Engine.

The Whole-Body Dot Engine enables
fast and robust multi-region imaging
with reproducible results. Images show
a whole-body STIR-HASTE and coronal
multi-planar reconstructions (MPRs)
of a diffusion-weighted and a VIBE
sequence.

Figure 5: 38-year-old patient with hepatic adenoma. (5A) T2-weighted fast BLADE sequence: A hyperintense 2 cm sized mass in the
Coinaud-segment VII. The acquisition with optimized radial spokes makes the sequence robust against respiratory motion and reduces
typical star and hook artifacts. Furthermore, phase-encodiung artifacts caused, for example, by pulsation, do not occur due to the radial
acquisition. (5B) Diffusion-weighted sequence with b-value 800 s/mm? with SliceAdjust: The lesion shows diffusion restriction. The strong
60/200 XT gradients provide high signal even at high b-values. Slice selective shimming with SliceAdjust reduces distortion artifacts.
(5C) Dixon-VIBE sequence with PAT6: The lesion shows some uptake of the hepatocyte specific contrast agent Eovist (Bayer, Berlin,
Germany). High acceleration factors are possible with the combination of the 72-channel Spine coil and the 30-channel Body coil.

Breath-hold duration is only 8 seconds, still delivering high image quality.
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First experiences with the hardware

Our technical staff were very happy with the fully
motorized table, making it possible to maneuver even with
obese patients with ease. The respiratory sensor enables
respiratory triggering even for sequences without navigator.
We think that the sensor is particularly useful to monitor

if a patient correctly performs the breath-hold maneuvers,
so that the duration of sequences can be individually
adapted to the patient's respiratory capacity.

The two tablet-like touchscreens at the gantry were also
quite popular, giving full control of the room parameters
such as ventilation and volume levels. Automated coil
position recognition also accelerates the workflow, as
positioning of the coil center is not required anymore.
The basic coil design was already known and compatible
to Tim4G scanners, however many coils feature more
elements such as the 72-channel Spine coil, 30-channel
Body coil, or 18-channel Knee coil, while others provide
more patient comfort, such as the flexible Shoulder

coil or the tiltable 20-channel Head/Neck coil, allowing
for more comfort in the case of cervical kyphosis.

First clinical experiences

Of course, of greatest interest to us was image quality. The
multi-channel coils, particularly the combination of the

Whole-body Imaging Clinical

above mentioned 72-channel Spine coil and a 30-channel
Body coil, allow for application of high PAT-factors, such as
R = 6 for CAIPIRINHA-imaging (Fig. 5).

We noticed a high diagnostic image quality even for very
fast examinations such as a 5 minutes brain (T2, FLAIR,
T1, Diffusion) (Fig. 6) or a 6 minutes knee examination

(PD fsin 3 planes and T1). Simultaneous Multi-Slice accel-
eration is also available for diffusion-weighted imaging
enabling acquisition of a complete body region in only

2 minutes, so that diffusion-weighted imaging of the chest-
abdomen-pelvis can be performed in under 7 minutes.

The whole-body-protocol can be further accelerated with a
free-breathing or multi-breath-hold STIR-HASTE-sequence,
which can also be acquired much faster but with similar
image quality than a conventional TSE-STIR (Fig. 4).

We currently aim at a 30-minute time slot for a complete
whole-body-protocol, allowing for a potential dramatic
increase of patient comfort and throughput.

We were also very excited to test the first commercially avail-
able version of radial GRASP?* (Golden Angle Radial Sparse
Parallel MRI), enabling continuous free-breathing radial
T1-acquisition with a temporal resolution of <2 seconds.
The resulting images are of diagnostic quality, similar to
breath-hold sequences, while the image reconstruction time
(seconds per phase) was considerably faster than the first
prototypes, due to the two integrated GPUs.

Figure 6: 72-year-old patient with Glioma
examined with a 5-minute protocol.
Images were acquired with the tiltable
20-channel Head/Neck coil and
integrated CoilShim. An ultrafast protocol
was acquired with (6A) T2-weighted
HASTE, (6B) Quiet FLAIR, (5C) DWI

with b-values 0 and 1000 s/mm? and
(6D) two FLASH 2D-sequences showing
edema and contrast uptake of the right
frontal lobe. The patient’s comfort was
improved thanks to the short acquisition
time, while diagnostic image quality is
maintained.
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Clinical Whole-body Imaging

Figure 7: 27-year-old patient with Hughes-Stovinson-Syndrom and M. Behget with a ventricular
thrombus. (7A) Single slice short-axis cine sequence acquired during one breath-hold (8 s) at a
3T MAGNETOM Prismaft. (7B) Whole-heart cine sequences accelerated with compressed sensing
acquired during one breath-hold (18 s) at the 3T MAGNETOM Vida.

Figure 8: 57-year-old patient with parotid cancer. Diffusion-weighted images (b-value 800 s/mm?) acquired with the tiltable 20-channel
Head/Neck coil. (8A) The standard shim shows heavy distortions and almost no anatomical structures. (8B) SliceAdjust decreases
distortions, however image quality is still impaired. (8C) The combination of SliceAdjust and an integrated CoilShim provide good image
quality without distortion even of the lower neck, allowing optimal delineation of the cervical lymph nodes.
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Other applications profiting from compressed sensing
include, for example, cardiovascular examinations. We

were able to obtain a complete short axis scan of the whole
heart during only a single breath-hold, using Compressed
Sensing Cardiac Cine. The diagnostic image quality is similar
to that of classic single-slice acquisition requiring multiple
breath-holds, so that examinations are significantly
shortened, improving patient comfort and workflow (Fig. 7).

The strong gradients and homogenous magnetic field
also allow for examination of obese patients, advanced
diffusion applications, such as high b-value imaging and
high-resolution 3D-imaging. Furthermore slice selective
and dedicated coil-shims allow to decrease distortion
artifacts e.g. of diffusion-weighted imaging, particularly
at problematic body areas, such as the neck (Fig. 8).

Altogether we experienced an image quality, very similar

to that of a MAGNETOM Prisma, which however comes with
a 60 cm bore. The multi-channel coils may allow further
acceleration, making it possible to shorten examination
time, so that robust imaging data can be derived from every
patient.

Where do we see the MAGNETOM Vida

As the MAGNETOM Vida brings together many advanced
hardware and software solutions, we plan to use the
scanner for clinical applications related to biometrical
disease assessment. In the framework of our ‘Center for
Personalized Medicine’ we will perform multiparametric
assessment of primary tumors such as ENT-tumors,
sarcoma, glioma, or prostate cancer to gain further

Embrace human nature

with

BioMatrix Technology

Patients have unique, individual characteristics.

Different physiologies and anatomies — but also the way
we interact with them and technology — cause unwanted
variability. These unique human characteristics, or
biovariabilities, present a challenge and a source of error,
rescans, and inefficiency when it comes to MR imaging.

This intrinsic patient variability needs to be addressed
in order to truly personalize MRI, and pave the way
towards precision medicine. To turn this challenge into
an opportunity, we must think differently. Instead of
adapting human variability to technology, we adapt
technology to humans. We do this by embracing their
individual nature — with BioMatrix Technology.

Whole-body Imaging Clinical

insight into tumor biology and predict outcome and therapy
response. Highly standardized multi-region examinations

to objectify therapy effects will also be performed at

this scanner. We also seek to quantify these effects and
study tissue and tumor microcirculation and -structure

with GRASP and advanced diffusion-weighted imaging.

The rapid and free-breathing imaging possibilities allow us
to quickly examine children? or patients with limited general
condition or respiratory status and to obtain adequate
image quality in the shortest possible acquisition time.

In summary, the MAGNETOM Vida will enable us to acquire
robust and reproducible imaging data in almost all patients,
forming the groundwork for biometric MR-imaging,
personalized medicine and individually tailored therapies.

Professor Mike Notohamiprodjo, M.D.
Diagnostic and Interventional Radiology
University Hospital Tubingen

Hoppe-Seyler-Str. 3

72076 Tubingen

Germany

Phone: +49 (0)7071 29-86676
mike.notohamiprodjo@uni-tuebingen.de

Anticipate challenges before they happen
with BioMaltrix Sensors.

S
\
o

Adapt to all patients, even critical ones
with BioMatrix Tuners.

Accelerate workflows, while increasing
quality of care with BioMatrix Interfaces.
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Case Series: Pediatric GOBrain-5-Minute Protocol
MR Imaging at 3 Tesla

Elka Miller, M.D., FRCPC?; Barry Smith, MRT (MR)?

! Chief and Research Director, ?MRI Supervisor, Medical Imaging Department, Children’s Hospital of Eastern Ontario (CHEO),
Ottawa, ON, Canada

Background Half-Fourier Acquisition Single-shot Turbo Spin Echo

. L . . (HASTE) [7], Single Shot Fast Spin Echo (SSFSE) [6, 8],
Fast-brain MRI was first introduced for children® with shunt and Periodically Rotated Overlapping Parallel lines with
dependent hydrocephalus [1-3] who frequently undertake enhanced reconstruction (PROP) FSE [2]. These protocols
§erial imaging s.tudi.es through life. The image studi.es often often use a single type of pulse sequence which carries
include a combination of both CT and MRI depending on potential pitfalls. Our previous study [9] demonstrated
the child’s age, study time, and availability of equipment. undetected findings in 7/50 (14%) pediatric fast brain MRI
CT scans involve exposure to radiation, which has including venous sinus thrombosis (one patient), subdural
potentially harmful effects, especially for young children [4].  pemqgtoma (three), failure to differentiate blood products
The alternative to a CT scan is MRI, but brain MRl is time (two), and limited evaluation of extra-axial collections
consuming and sensitive to motion artifacts. In young (one). This limitation was seen to be due to the lack of other
patients, MRI studies might require sedation or general pulse sequences to further characterize tissue and fluid.
anesthesia, which have their own risks of complications [5]. Consequently, there is a known need to improve image
Therefore, fast MRI sequences can avoid the need for quality using fast MR protocols for all clinically relevant
sedation or anesthesia, and are thus particularly useful sequences; this is Likely to occur when different pulse

for young and uncooperative patients. Recently, fast MRI sequences and planes are used for evaluation of the brain
sequences have become more popular and these are tissues and fluids.

increasingly being used for non-hydrocephalic indications

such as macrocephaly, intracranial cysts, screening for GOBrain [10, 11] was developed as a 5-minute diagnostic
some structural congenital and non-congenital anomalies, ~ brain exam and was clinically validated to be diagnostically
and postoperative follow-up [6].

A number Or ’f(]st MRI’ protoco[s have been used; the most MR scanning has not been established as safe for imaging fetuses and infants

. . . . . Lless than two years of age. The responsible physician must evaluate the benefits o
popular are modifications of T2-weighted MR, including ) years of og P physician r , fits of
ne MR examination compared to those of other imaging procedures.

TE FOV  Phase Slices Slice Gap Matrix Phase iPAT b-values Directions TA

(ms) (mm) FOV (%) (mm) directions factor (no) (mins)
AutoAlign | 5| 515 | 137 | 260 | 100 | 128 | 16 20 | 160 AP 3 NA NA | 014
Head Scout
T1GRE
FLASH Sag 240 2.46 220 100 35 4.0 20 256 A-P 2 NA NA 0:41
T2TSE Axial 6200 78 220 87.5 25 5.0 20 256 R-L 3 NA NA 1:02
12 TSE. Axial = 8000 119 220 87.5 25 5.0 20 256 R-L 2 NA NA 1:52
DarkFluid
ep2d .
. . Axial | 4200 72 240 100 31 5.0 12 160 A-P 2 0,800 12 1:16
Diffusion
ep2d T2*W Axial 6120 30 220 100 25 5.0 20 128 A-P 1 NA NA 0:06
Total exam time | 5:11

Table 1: Acquisition parameters and scan time for 5-minute GOBrain MRI protocols on the MAGNETOM Skyra with the Head/Neck 20 coil.
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equivalent to the longer, conventional exam. The 5-minute
examination provides the basic clinical sequences including
sagittal T1-weighted, axial T2-weighted, axial T2 TSE Dark
Fluid (FLAIR), axial diffusion-weighted (DWI), and axial
T2*-weighted sequences. Several factors, like parallel
imaging with higher acceleration factors, gradient T1-
weighted and EPI-GRE T2*-weighted acquisitions, have made
it possible to shorten the scan time but have also alleviated
EPI-related susceptibility artifacts and image distortions

by reducing the EPI-factors and shortened the inter-echo
spacing. The hope is that the 5-minute protocol will reach
high diagnostic concordance for the diagnosis of clinically
relevant findings compared to the conventional protocol,
and therefore become useful in a selected group of pediatric
patients that are more prone to motion and the need for
anesthesia.

Materials and methods

All images in this case series were acquired on a 3T
MAGNETOM Skyra scanner (Siemens Healthcare, Erlangen,

Case 1

Pediatric Imaging Clinical

Germany). The MRI protocol typically included the routine
scan as per the radiologist’s request and the additional
GOBrain-5-minute sequence appended to the end of the
examination (Table 1).

Conclusion

Pediatric fast imaging techniques can shorten scan times,
decrease motion-related artifacts, and more importantly

in children reduce the need for sedation [1]. In addition,
they have the potential to reach diagnostic concordance

of clinically relevant findings compared to the conventional
protocol and therefore become useful in a selected group
of pediatric patients that are more prone for motion

and need of anesthesia. Improved patient throughput
which decreases wait time can also be an advantage of

this protocol.
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Figure 1: 9-year-old female, congenital hydrocephaly with multiple shunt revisions. Top row GOBrain (1A—C: Sagittal T1w, axial T2 TSE,
axial T2 TSE FLAIR). Bottom row, conventional fast sequences (1D-F: Sagittal T2w, axial T2 HASTE, axial T1 FLASH 2D). No interval change
in the asymmetric size of the ventricular system or position of the shunt catheter (arrow). The studies are comparable, adding a T2 FLAIR
(1C) sequence has the potential to further characterize fluid and brain findings.
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Case 2

Figure 2: 10-year-old female with severe traumatic brain injury. Top row GOBrain (2A-D: Sagittal T1w, axial T2 TSE, axial T2 FSE FLAIR,
and axial T2*) obtained 3 days after the conventional MRI. Bottom row, routine sequences (2E-H: Sagittal T1w, axial T2w, axial FLAIR,

and susceptibility-weighted imaging (SWI)). Findings consistent with brain contusion in the posterior parieto-occipital cerebral hemispheres
and subdural bleed along the Left tentorium (arrow). There is comparable conspicuity of the contusion and blood products with the routine
and the GOBrain-5-minute protocol.

Case 3

Figure 3: 14-year-old male, complicated left frontal sinusitis with a left parasagittal extra-axial collection (arrow) resulting in meningitis.
Top row GOBrain (3A-D: axial T2 TSE, axial T2 TSE FLAIR, axial DWI, and axial ADC) obtained the same day as conventional MRI.
Bottom row, routine sequences (3E-H: axial T2w, axial FLAIR, axial DWI, and axial ADC). Diffusion restriction was appreciated in

the Left frontal sinus (not shown), in the left parasagittal collection (arrowhead). The cortical sulci in the Left frontal and parietal

lobe demonstrate mild effacement. The images exemplify the comparable image quality in the GOBrain-5-minute protocol (top row),
compared to the conventional protocol (bottom row).
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Case 4

Figure 4: 7-year-old female, suprasellar germinoma treated with chemotherapy and radiation. 4A, B: baseline images before treatment.
Top row GOBrain (4C, D: axial T2 TSE, and axial T2 TSE FLAIR). Bottom row, routine sequences (4E, F: axial T2w, and axial FLAIR) follow-up
2 years after treatment. The follow-up images exemplify the comparable image quality of the suprasellar residual lesion in the GOBrain-
5-minute protocol (top row), compared to the conventional protocol (bottom row). Follow-up images using GOBrain and conventional
protocols were obtained the same day.

Case 5

Figure 5: 10-year-old male, 2 week history of morning headaches, waking up at night. History of anxiety. Suspected radiological

isolated demyelinating type lesions. Top row GOBrain (5A, B: axial T2 TSE, and axial T2 TSE FLAIR). Bottom row, conventional sequences
(5C, D: axial T2w, and axial FLAIR). The images exemplify the same number and size of white matter lesions (arrows) in the GOBrain-
5-minute protocol (top row), compared to the conventional protocol (bottom row).
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Download GOBrain & GOBrain+ Protocols

Heightened attention to healthcare costs and value based outcomes in
medicine are driving revolutionary changes in the MR industry. Siemens MR
and Massachusetts General Hospital (MGH) in Boston collaborate on strategies
to develop fast and clinically validated examinations in MR.

GOBrain is a diagnostic brain exam which takes 5 minutes. It consists of five
diagnostically-important MR brain protocols acquired with optimized pulse
sequences. Integrated with individual anatomical landmark-based AutoAlign
technology providing automatic slice positioning, this push-button exam
requires minimal interaction from the technologist. The included sequences
are a sagittal T1-weighted, axial T2-weighted, axial T2-weighted DarkFluid,
axial diffusion-weighted and an axial T2*-weighted contrast.

GOBrain+ expands GOBrain to additionally support brain imaging with
contrast medium. New optimized sequences include an axial T1-weighted
sequence administred pre- and post-contrast and a post-contrast MPRAGE.

To download the .exar1 files for 1.5T with Head/Neck 20 and
for 3T with Head/Neck 20, Head 32 or Head/Neck 64 visit us at

wwuw.siemens.com/GOBrainPlus

* Achieved on a MAGNETOM Skyra with the Head 32 coil. Total examination time can take up to 6 minutes depending on system field strength and coil density.
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Abstract

Our clinical center, with a neuro-oncologic field of expertise,
has recently started using Simultaneous Multi-Slice (SMS)
diffusion-weighted imaging for the pre-operative assessment
of brain tumors. In our first evaluation, SMS was used to
reduce the scan duration of our diffusion tensor imaging
sequence. In our second evaluation, SMS was invested in
improved data quality by going from a diffusion protocol
with a 30% slice gap to a protocol with no slice gap. We
indeed found that SMS not only provides a time benefit, but
also an improvement to the data quality of our diffusion
tensor imaging.

Introduction

Once the initial diagnosis of a brain tumor is made,
neurosurgeons are nowadays looking, in addition to

Case 1

the usual clinical investigations, for a thorough imaging
evaluation to assess the tumor’s location, its extension, and
its relation with surrounding white matter, in order to plan
their intervention. The paradigm in neuro-oncology is
different than in other oncologic fields, as it is not suitable
to take wide margins around the tumor; the mass excision
has to be balanced with the functional impairment that
would result from it, which has to be minimized. Thus,
knowing the exact location of functional areas and their
connecting white matter tracts is deemed essential when
carefully planning the operation; whether the tumor pushes
back the tracts or infiltrates them, and the margins (or
distance) between the tumor and functionally-important
tracts, are important considerations. With that in mind, after
acquiring the basic anatomical imaging data, we therefore
go further with functional and tractographic data. These
supplementary acquisitions, however, raise some issues,

Figure 1: We imaged five patients with glial brain tumors, using both non-SMS and SMS imaging. The average examination time was
10 minutes 41 seconds for non-SMS imaging, as opposed to 6 minutes 42 seconds for SMS imaging, a 37% decrease in scan time, while
having an average of 223% increase in the number of fibers, representing a significant data quality enhancement.

1A-B: In this patient, we found a Left frontal glial tumor, which is
seen in this Tlw sequence as a hypointense lesion. The dark blue
area is the superimposed fMRI data, showing the right hand motor
area, that will then be used to draw ROIs and seed tracts. It also
allows the evaluation of the close relationship between the tumor
and functional areas.

1C-D: 1C shows the functional area used as a starting point

(dark blue) and display the white matter tracts (as orange fibers),
but without SMS imaging. On 1D, the same ROI allows the seeding
of the white matter tracts (green fibers), this time with SMS imaging.
If in both cases, we identify the corticospinal tract of the right hand,
qualitatively, we can see that the green tracts are more numerous
and denser, more precise than the orange ones. Quantitatively,

this is in line with the results that show for this patient 216 fibers
with no-SMS and 957 fibers with SMS.
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mainly about time and quality. First, it requires increased
time spent by the patients in the machine, stretching their
tolerance even more than in a standard MRI acquisition.
Second, it slows down considerably the workflow, raising
concerns about delays and waiting lists. And third, in
order to keep its relevance to clinicians, there can be no
compromise on the quality of the data, even if we try to
reduce the exam time.

It is in this particular context that Simultaneous Multi-Slice
(SMS) imaging was seen as a promising tool in our clinical
setting, and we started using it in July 2016. SMS was
designed to increase the temporal efficiency [1] of MRI
acquisitions, whether to reduce the exam duration or to
improve the quality of imaging, for example, using more
directions in diffusion imaging to reduce noise and improve
tractographic data. With the progress made in parallel
imaging and reconstruction algorithms [2], it is now possible
to acquire several imaging slices concurrently, without
affecting the signal-to-noise ratio [1], for significantly
reduced exam durations.

If diffusion tensor imaging has different clinical uses,

the one of interest here is the study of white matter tracts
through tractographic reconstructions. To do so, we acquire
through multiple directions for the whole brain voxel-wise
data about diffusivity (as a vector with its strength and
directionality, as well as a scalar value). If diffusion tensor
imaging (DTI) has been used extensively in the last few years
[4], high-angular resolution diffusion imaging (HARDI) is
the promising new way to bring further the study of white
maltter, as it more robustly addresses the issue of crossing
fibres [5], paving the way to more valid tractography.

Case 2
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However, diffusion imaging is time consuming to acquire;
the conventional sequence used in our practice takes around
10 minutes. With SMS, it would become possible for us to
reduce this time or acquire images of higher quality in the
same acquisition time.

Together with SMS, we use functional magnetic resonance
imaging (fMRI), coupled with Blood-oxygen-level dependent
(BOLD) contrast imaging, to display and locate functional
brain areas, as activated following certain tasks, for
example, soliciting hand mobility or Language [3].

Our clinical setting is part of the CHU de Québec —
Université Laval, one of the three largest medical centers
in Canada. Our teaching hospital has a specialty axis

in neuroscience, including expertise in neuro-oncology.

For the implementation of this project, our team includes
four neurosurgeons, a neuro-radiologist, a radiology
resident, and a biomedical engineer, in addition to a neuro-
psychologist for fMRI tasks.

Case-based presentation

In our center, when a patient is referred by neurosurgeons
for a pre-operative evaluation of a brain tumor, we start
by a conventional MRI acquisition, using a 3T MAGNETOM
Skyra, with 32-channel head coil (Siemens Healthcare,
Erlangen, Germany). Our routine exam includes a 3D
MPRAGE T1-weighted (pre- and post-gadolinium), T2-
weighted FLAIR and SWI sequences. This allows us to do
an anatomical description, to locate the lesion precisely,
and describe its extension and impact on surrounding
structures (cf. Figures).

Figure 2: We imaged five other patients, again with and without SMS, but this time, not using SMS to reduce exam duration, but to go from
a 30% gap protocol with 50 slices to a no-gap protocol with 60 slices, without changing other parameters (as TR for example). We found
that by doing so, in an equivalent time, we observed an average of 94% increase in the number of fibers, improving data quality significantLly.

2A-B: In this patient, we found a right parietal glial tumor, with
important surrounding infiltration, as shown here with hyper-
intensities on a T2 sequence. The dark blue areas are superimposed
fMRI data, displaying the relationship between the tumor (and

its infiltration) and the functional areas (here the left hand motor
area).

2C-D: On these images, we see the same fMRI areas (dark blue)
used to draw ROIs and seed the tracts. On 2C, we see the cortico-
spinal left hand tracts found using the «gap» protocol (224 orange
fibers). On 2D, we see the same tracts, but this time using the
«no-gap» protocol (516 fibers). The no-gap protocol is therefore
numerically superior and qualitatively easier to interpret with
thicker, denser, more precise tracts.
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We then proceed to perform the BOLD fMRI data acquisition.
A neuropsychologist in our center thoroughly evaluates
each patient to determine which paradigms are most
adapted to his/her condition and consequently chooses the
appropriate series of tasks, for example to define specifically
the motor areas of hand, foot and mouth, and the language
areas. While resting in the scan, the patient is therefore
asked to perform these various tasks to activate these
functionally-important areas (cf. Figures). In addition to

the clinically-relevant data they give by themselves, these
activated zones shown on fMRI sequences will then be used
in the next step to draw regions-of-interest (ROI) to seed
white matter tracts.

For the DTI, we acquire diffusion tractography data

(64 directions, b-value = 1500 s/mm?), using high-angular
resolution diffusion imaging (HARDI). This gives us
numerical values for fractional anisotropy (FA), a scalar
value which can be used to assess the integrity of the fibers
(as FA is known to be a proxy of microstructural damage in
white matter tracts, indicating the directionality of diffusion
in axons [4]), but also gives us vector values which are
then processed to extract tractographic data. Our data
post-processing involves the use of FSL 5.0.9 [6], MRtrix [7],
Mi-brain by Imeka [8] softwares to make the brain
extraction, segmentation, statistics, reformatting and to
draw ROlIs to seed tracts (cf. Figures).

The combination of anatomical, functional, and tracto-
graphic data can now finally be interpreted as a whole to
craft the surgical approach.

Conclusion

When we first started using Simultaneous Multi-Slice
imaging, we compared our data, with and without SMS

(cf. Figure 1), mainly to save acquisition time; lately, we have
focused on optimizing the quality of data, using SMS to
improve acquisition of diffusion data, comparing protocols
with and without gaps (cf. Figure 2).

We found that SMS imaging in a pre-operative evaluation
of a brain tumor is useful, with regards to time and quality.
By reducing acquisition time, it improves the patient’s
experience, spending less time in the device, sometimes
going as far as to make additional sequence acquisitions
possible in patients who would have otherwise asked to
stop the exam out of discomfort. Also, the quality of the
data was improved, possibly by reducing motion artifacts,
as the scanning time was reduced (and patient’s restlessness
concurrently) [9]. This improvement, paired with the
integration of a no-gap technique, allowed for improved
spatial resolution. This gave more precise and denser tracts,
a precious tool for neurosurgeons when planning their
intervention. By clearly drawing the thin line between
tumor and sane brain parenchyma, it optimizes the
balance between removing as much neoplasm as possible
and preserving brain functions; it may also make fully
anesthetized surgery possible (instead of the more
complicated and patient-displeasing awaken surgery),

Neurology Clinical

the full extent of functionally-relevant white matter tracts
close to the lesion being known.

Now that we have integrated SMS imaging to our routine
and used it to optimize our diffusion tractography data,

our next step is to compare the temporal benefit of going
from SMS-2 to SMS-3, while maintaining data quality. Then,
we will use SMS to try to improve our fMRI-BOLD technique,
by doubling acquired volumes to enhance data quality,

to further enhance our value-based approach to clinicians.
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Introduction

Since the initial study by Nakashima et al. [1] who
demonstrated that endolymphatic hydrops in patients
with Méniere’s disease can be visualized using MR imaging
following an intratympanic injection of gadolinium, this
topic has gained strong clinical interest internationally
[2-13]. The two most common sequences used in the
evaluation of endolymphatic hydrops are a 3D Fluid
Attenuated Inversion Recovery with variable flip angles
turbo spin echo sequence (3D SPACE FLAIR) and a

3D real inversion recovery sequence (3D real IR) [1-3].
However, the use of the two sequences varies across
different countries. The aim of this study was to compare
and contrast the two sequences in terms of the imaging
results to best determine their use in clinical practice.

Methods

Patients who have received a diagnosis of Méniére’s disease
or delayed endolymphatic hydrops from the otolaryn-
gologist (in the period October 2013 to May 2014) were
retrospectively identified and their MR images analyzed.
Méniere's disease was diagnosed according to the diagnostic
criteria established by the Chinese Society of Otolaryngology
of the Chinese Medical Association in 2006 [14] while
delayed endolymphatic hydrops was diagnosed according

to the criteria of Komatsuzaki et al. [15]. Patients must have
undergone MR imaging of their endolymphatic system with
no significant head movement during imaging and have no
history of otitis media or inner ear surgery. 40 patients were
identified; 26 males and 33 females ranging in age from

19 to 67 years (mean = 48 + 13 years), with 52 affected ears.
The main symptoms reported by the patients include
dizziness, hearing loss, tinnitus and ear stuffiness.

All patients underwent MR imaging 24 hours following

an injection of contrast media into the tympanum through
the tympanic membrane. An otology clinician with long
experience in auripuncture injected a Magnevist solution
(Bayer Healthcare, Berlin, Germany) that has been diluted
8-fold with saline into the tympanum through the tympanic
membrane of the patient. The injection was performed
using a 23-G needle with a 1 ml syringe and approximately
0.4-0.5 mm of the diluted solution was injected. Following
the injection, patients were advised to rest their head for an
hour, speak as little and swallow as little as possible. Patients
were imaged 24 hours later on a MAGNETOM Verio with a
32-channel Head coil (see Table 1 for sequence parameters).

The images were assessed for differences in signal-to-noise
ratio (SNR) and contrast-to-noise ratio (CNR) and also

for the ability to visualize the presence of endolymphatic
hydrops. Analyses for SNR and CNR were performed by

Repetition time (TR) (ms)
Echo time (TE) (ms)
Inversion time (TI) (ms)
Echo train length
Voxel resolution (mm)
Field-of-view (FOV) (mm)

Acquisition time (TA) (mins)

6000 9000
387 181
2100 1730
173 =
0.7x0.7x0.6 0.4x0.4x0.8
220 x 220 160 x 160
6:26 14:32

Table 1: Imaging parameters of the 3D SPACE FLAIR and 3D real IR sequences.
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first identifying the 3D real IR image where the vestibule

is clearly visible and a circle region-of-interest (ROI) of
0.02 cm? was drawn in the perilymph within the perilym-
phatic space. The ROI was replicated on the corresponding
3D SPACE FLAIR image and manually matched in location.
Similar ROIs were created in the cerebrospinal fluid

(0.1 cm?) within the cerebellopontine angle and in

the brainstem (0.5 cm?). SNR ratio was defined as:

(Svestibule - Scerebrospinal rluid)

Gbrainstem
vestibule = vestibular ROI average signal intensity

cerebrospinalfuid  — cerebrospinal fluid ROI average signal intensity

O rainstem = brainstem ROI signal intensity standard deviation

Evaluations for the presence of endolymphatic hydrops in
the inner ear, vestibule and the basal, middle and apical
turns of the cochlea of all affected ears were performed.
For each turn of the cochleq, the diagnosis was made
according to the standards proposed by Nakashima et al.
[16]. The absence of endolymphatic hydrops is defined by

Neurology Clinical

no displacement of Reissner’s membrane inside the cochlea
(Fig. 1). The presence of cochlear endolymphatic hydrops is
visualized by the significant expansion of the non-enhancing
endolymphatic space relative to the contrast-enhanced
perilymphatic area (Fig. 2). The vestibule is considered
normal if the area of low signal in the vestibule is confined
to a level above the horizontal semicircular canal; an exten-
sion of the low signal area downwards below the horizontal
semicircular canal is considered to be indicative of endo-
lymphatic hydrops [5]. When endolymphatic hydrops are
seen in either the cochlea or vestibule, a positive diagnosis
of endolymphatic hydrops is made for the inner ear.

Results

SNR of the 3D real IR (28.06 + 12.71) was significantly higher
than the 3D SPACE FLAIR (17.46 + 6.38; t = 6.37, p < 0.05).
CNR was likewise significantly higher for the 3D real IR
(33.79 + 13.52) compared to the 3D SPACE FLAIR

(15.40 + 6.04; t = 11.11, p < 0.05). In the 3D real IR images,
the endolymphatic space (low signal), the perilymphatic
space (high signal) and bone (intermediate signal) can

be differentiated (Fig. 2B, D). In comparison, with the 3D
SPACE FLAIR, it is more difficult to differentiate between the
endolymphatic space and the surrounding low-signal bone
(Fig. 2A, C).

Figure 1: 3D SPACE FLAIR (1A) and 3D real IR
(1B) imaging of a normal Left inner ear. There
are no indications of enlarged endolymphatic
spaces and displacement of Reissner’s
membrane.

Figure 2: 3D SPACE FLAIR (2A, C) and 3D real
IR (2B, D) imaging of the right ear of a patient
with Méniere's disease. The presence of endo-
lymphatic hydrops (marked by arrows) can be
visualized within the cochlea (2A and B) and
within the vestibule (2C and D). While the
presence of endolymphatic hydrops within

the cochlea is visible on the 3D SPACE FLAIR
image (2A), the 3D real IR image clearly shows
a severe presence at each turn of the cochlea
(2B). The presence of vestibular endolymphatic
hydrops is visible as an enlarged area of low
signal in the patient’s right vestibule on the

3D SPACE FLAIR (2C) and 3D real IR (2D).
Note that in the 3D real IR image, there is clear
differentiation between the endolymphatic
space (low signal), the perilymphatic space
(high signal) and the surrounding bone
(intermediate signal) while it is more difficult
to differentiate between the endolymphatic
space from the surrounding low-signal bone

in the 3D SPACE FLAIR image.
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Comparing the 3D real IR to the 3D SPACE FLAIR, the
detection rates of endolymphatic hydrops were identical

for the vestibule while significantly higher in all turns of the
cochlea for the 3D real IR (Table 2). In all cases, endolym-
phatic hydrops which could be detected in the 3D SPACE
FLAIR could also be visualized in the 3D real IR (Figs. 2A-D).
In addition, there were a significant number of cases where
milder cochlear endolymphatic hydrops were visible only in
the 3D real IR images (Figs. 3 and 4). In particular, detection
rate for endolymphatic hydrops at the apical turn of the
cochlea was much lower for the 3D SPACE FLAIR (19.2%)
images compared to the 3D real IR images (88.5%; Fig. 4).

Discussion and conclusions

The two most commonly used MR sequences for imaging
endolymphatic hydrops are the 3D SPACE FLAIR and 3D real
IR. The 3D SPACE FLAIR, using variable flip angles, achieves
high-resolution 3D imaging in relatively short scan times
and enables differentiation between the low-signal endo-
lLymphatic space and the high-signal perilymphatic space.
However, with this sequence, the endolymphatic space
cannot be distinguished from the surrounding low-signal

Affected side’s inner ear!

Vestibule 39
Basal turn of the cochlea 33
MiddLle turn of the cochlea 37
Apical turn of the cochlea 10

3D SPACE FLAIR
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bone (Figs. 3 and 4). The 3D real IR sequence is an inversion-
recovery turbo spin-echo (TSE) sequence with real
reconstruction [2, 3]. Information about the magnetization
polarity is preserved and the contrast reflects the real signal
value instead of the absolute value. With the appropriate

T1 (= 1700 ms for 3T), the endolympatic space will be hypo-
intense (negative value), the perilymphatic space will be
hyper-intense (positive value) while the surrounding bone
will be iso-intense (near 0), which enables differentiation
between these three structures with a single scan. In
addition, the higher resolution used for the 3D real IT may
help in the differentiation of finer structures in the inner ear
and have been adopted more in recent studies [2, 7, 9, 10].
To our knowledge, this is the first study, to date, which
reports a systematic comparison of the diagnostic quality
of these two sequences.

Significantly higher signal-to-noise and contrast-to-noise
ratios were found for the 3D real IR sequence compared to
the 3D SPACE FLAIR sequence. The higher contrast-to-noise
ratio reflects the difference in signals between the endolym-
phatic space and the perilymphatic space, with the 3D real
IR sequence being clearly superior.

Figure 3: A patient with
Méniére's disease of the right ear.
The endolymphatic hydrops were
not detected on the 3D SPACE
FLAIR image (3A) while they
were clearly visible at each turn
of the cochlea in the 3D real IR
image (3B; arrows).

Figure 4: Endolymphatic hydrops
in the cochlear and vestibule
were visible in the 3D SPACE
FLAIR (4A) image of this patient
with Méniére's disease. However,
hydrops at the apical turn of the
cochlea were only visible in the
3D real IR (4B) image (arrow).

L
Rate (%) Ear Rate (%)

78.8 49 94.2 0.008

75.0 39 75.0 1.000

63.5 46 88.5 0.000

71.2 46 88.5 0.004

19.2 46 88.5 0.000

Table 2: Detection rate for endolymphatic hydrops in the affected ears (n = 52).

*Noted as positive if endolymphatic hydrops were detected in any part of the inner ear.
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As endolymphatic hydrops occurs mainly in the cochlea and
balloon and less frequently in the utricle and semicircular
canal [17, 18], our assessment was limited to the cochlea
and the vestibule. A significantly higher detection rate for
endolymphatic hydrops in the cochlea, especially in the
apical turn, was achieved for the 3D real IR sequence
relative to the 3D SPACE FLAIR while detection rates were
the same in the vestibule.

The cochlear structure is small and highly detailed; there
are 2.50-2.75 turns, and the diameter of each turn is very
small (the diameter of the basal turn is about 1.4 mm)

[21]. In the early stage of Méniére's disease, endolymphatic
hydrops start in the apical turn of the cochlea and will grow
downward when the extent of the hydrops increases. For
the 3D SPACE FLAIR sequence, the detection rate of hydrops
was much lower in the apical turn (n = 10) compared to the
middle (n = 37) and basal (n = 33) turns, which is inconsis-
tent with the known clinical evolution of this disease. In
contrast, the detection for the 3D real IR sequence was
consistent across the three turns and better reflects the
evolution of the disease (Figs. 3 and 4).

There are two reasons as why it is more difficult to visualize
hydrops at the apical turn of the cochlea with the 3D SPACE
FLAIR sequence. First, the endolymphatic space is virtually
indistinguishable from surrounding bone which makes it
extremely difficult to visualize hydrops in small structures
such as the apical turn. Secondly, the signal-to-noise ratio
and the resolution of the sequence are lower, again making
it difficult to appreciate the smaller structures of the inner
ear.

The 3D-real IR sequence has a higher CNR and resolution
with a contrast that provides strong advantage in the
display of endolymphatic hydrops. However, the scan
time of the 3D real IR is significantly longer, generally
taking around 12 to 16 minutes, which has limited its use
on a wider clinical basis. With further optimization of the
sequence parameters and the development of new MR
hardware, this problem is expected to be resolved in the
near future.

In conclusion, the 3D real IR sequence is superior to the
3D-FLAIR-VFL sequence for the MR assessment of endo-
lymphatic hydrops and may help in the early diagnosis
of Méniére’s disease and other diseases of the inner ear.
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Abstract

MR susceptibility imaging (e.g., T2*, SWI, QSM) is a powerful ~ and no loss in diagngstic clarity. Qur gxperience at the NIH
tool for imaging blood vessels, hemorrhage, calcifications, across th.e.rgnge of field strengths indicates that the 3D
and iron deposition in the normal and diseased brain with EPI acquisition may be used to obtain very short scan times
exquisite detail. To obtain such images at high resolution, (1-3 min) at standard image resolutions or to increase the

very long image acquisition times are typically needed when  resolution to obtain submillimeter isotropic images in scan
using the conventional 3D gradient-echo sequence. Usinga  times on the order of 5-6 minutes. The ability to perform
novel acquisition strategy called segmented (or multi-shot)

3D echo planar imaging (3D EPI)?, we have found that MR

susceptibility images can be produced with high resolution

-
r

RF

G

=
{

GP

« | VO

N
[~ Segment

-

»le .Ky (Segments)

z

X

Figure 1: 3D EPI sequence diagram and its corresponding k-space trajectory.
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rapid susceptibility imaging allows for its integration into
routine clinical imaging, reduces the Llikelihood of motion
artifact, and may be of particular benefit in the acute
clinical setting such as stroke or traumatic brain injury
where minimizing time in the scanner is paramount.
Furthermore, the new capability to perform submillimeter
isotropic imaging in clinically acceptable scan times opens
up new avenues of clinical research in demyelinating
diseases through the investigation of the relationship
between central veins and white matter lesions.

Introduction

MR susceptibility imaging has become an essential clinical
tool to visualize blood vessels, hemorrhage, calcifications,
and iron deposits in the brains of people with neurological
disorders. Susceptibility-based MR images can take
various forms, including T2* contrast, susceptibility-
weighted imaging (SWI), phase imaging, and quantitative
susceptibility mapping (QSM). Because the image
acquisition typically relies on a spoiled gradient echo (GRE)
sequence with a relatively long TE to allow for susceptibility
effects to influence contrast, scan time can be quite long,
particularly when whole brain coverage and/or high
resolution are required (e.g. > 15 min for 1 mm isotropic
whole brain). Long acquisition times are problematic in

a clinical setting, where subjects are likely to move during
the scan resulting in blurred or unusable images. Therefore,
slice thickness is usually limited to 2—4 mm while the field-
of-view (FOV) covers only the supratentorial brain in order
to maintain clinically compatible scan time.

To speed up the acquisition of MR susceptibility imaging, we
recently developed a prototype volumetric (3D) segmented
echo-planar imaging (EPI) sequence’ that allows rapid
imaging of the entire brain at submillimeter resolution. In a
manner analogous to the use of an echo train in turbo spin
echo to accelerate the acquisition of 3D spin echo, we use
an echo train in segmented EPI to accelerate the acquisition
of a 3D gradient echo. In this article, we describe this novel
approach and present acquisition protocols developed

S Y

1.5T MAGNETOM Area,

Head/Neck 20 ch

Ax 64 25 220
3T MAGNETOM Biograph mMR,

Head/Neck 16 ch

Sag 57 25 228
3T MAGNETOM Skyra, Head 32 ch &
3T MAGNETOM Prisma, Head32¢ch | 08 | &% | 35 | 230
7T research system,

Head 32 ch Ax 52 23 220

across the range of magnetic field strengths to illustrate
the application of this technique in different clinical and
research applications.

MRI technique

The 3D EPI approach was originally introduced for whole-
brain functional MRI with high-resolution at 7T [1]. It was
then demonstrated to be a viable solution for fast high-
resolution anatomical imaging of the brain at 7T when using
a segmented approach with relatively short EPI train lengths
in order to limit distortions and image blurring [2]. Through
a collaboration between different institutes at the National
Institutes of Health (NIH, Bethesda, MD) and Siemens MR,
we implemented a segmented 3D EPI technique as a WIP on
syngo MR E11A and as a prototype sequence on syngo MR
B17A, B20P, D13A/D (available as C2P from NIH) and tested
on a variety of Siemens scanners (1.5T MAGNETOM Aera,
3T Biograph mMR, 3T MAGNETOM Skyra, 3T MAGNETOM
Prisma, and 7T Research System, Siemens Healthcare,
Erlangen, Germany), all sited at the NIH Clinical Center.
The pulse sequence diagram of the 3D seg EPI and its
corresponding k-space trajectory are depicted in Figure 1.
The segmentation used a conventional interleaved k-space
trajectory along the primary phase encoding direction (K,),
while the secondary phase encoding (K,) was used to select
partitions. In order to reduce the artifacts due to B variation
and odd-even line discrepancy; which is typical in EPI,
state-of-the-art navigator approach (shown as “NAV” in
Figure 1) was integrated. The EPI factor was typically set to
15 which acquires 15 phase-encoded lines of k-space data
for each excitation as a compromise between improving
imaging efficiency while limiting the level of image
distortion and blurring. Different acquisition protocols were
setup according to the scanner field strength (Table 1) to
produce high isotropic resolution T2*-weighted (T2*w)
images of the brain under 6 min (Fig. 2). Despite a short TR,
T2*-weighting is the dominant contrast on the magnitude
images due to the use of prolonged TE and a low flip angle
which minimize the T1-weighting. Although no obvious

TEEEEER

FOV (%) (mm) direction (mins)
0.75 iso A>>P

78.1 72 0.5x0.5x2.0 448 R>>L 15 1:30

96.6 288 0.65 iso 352 A>>P 15 4:45

81.3 256 0.65 iso 384 A>>P 15 5:46

81.8 176 0.5iso 440 R>>L 15 3:40

Table 1: 3D EPI acquisition protocols running on different Siemens scanners at NIH.
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distortions could be detected on T2*w images, some
noticeable areas of signal loss could be observed in the
areas of poor B, field homogeneity (e.g. inferior frontal
and temporal lobes). The 3D EPI protocol allows for
reconstruction of magnitude, phase, SWI, and minimum
intensity projection images which well depict the cerebral
venous vasculature (Fig. 3). The phase images can

be used to generate QSM images to map out the local
magnetic susceptibility of brain tissues [3] (Fig. 3).

Application in multiple sclerosis

High-resolution T2*-weighted images are particularly
useful to research clinicians for the purpose of detecting
small veins inside cerebral white matter (WM) Llesions,
as this detection may aid with the diagnosis of multiple
sclerosis (MS) [4]. When searching for central veins in WM
lesions, whole-brain coverage is particularly important,
since MS lesions can be found anywhere in the brain.
Moreover, isotropic resolution is particularly useful to
reformat images in any desired plane, a feature that is
available on many radiology viewing platforms that
enables veins to be well visualized irrespective of their
orientation (Fig. 4).

Based on our experience with scanning 100+ MS patients
using the high-resolution 3D EPI protocols at different field
strengths, central veins are most conspicuous at 7T due to
the increased resolution and contrast (Fig. 5). While central
veins are visible at 1.5T and 3T, their detection can be
facilitated by injecting a gadolinium-based contrast agent
during the first minutes of the 3D EPI acquisition (Fig. 5).
This is straightforward to implement when the MRI protocol
already involves the use of contrast agent to detect newly
enhancing MS lesions on T1-weighted images. Because there
is usually a recommended 5-minute wait before running
post-contrast imaging [5], the 3D EPI acquisition can be
performed at that time, thus not prolonging the total scan
time of the MRI exam.

Unlike T2-weighted fluid-attenuated inversion recovery
(FLAIR) images, T2*-weighted and SWI images lack
cerebrospinal fluid suppression and are, therefore, less able
to demonstrate contrast between lesions and surrounding
tissues, making the detection of lesions more difficult for
the clinicians. To overcome these issues, our laboratory has
developed and routinely generates an MR combined contrast,
which we have called FLAIR* [6]. The FLAIR* approach uses
the Siemens product sequence (SPACE IR) to acquirea 1 mm
isotropic 3D FLAIR (for lesion detection) and our 3D EPI
prototype sequence for 0.65 mm isotropic T2*-weighting
(for vein detection); total acquisition time is <12 min.
FLAIR* images are generated using simple processing

steps: rigid co-registration, interpolation, and image multi-
plication (Fig. 6). Because of its close resemblance to

the conventional FLAIR images, 3T FLAIR* can be readily
interpreted by radiologists and neurologists.

Over the past couple of years, our fast, high-resolution
3D EPI protocols have been disseminated to a dozen
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3D EPI (1.5T)
0.75 mm iso

3D EPI (3T)
0.65 mm iso

3D EPI (7T)
0.5 mm iso

Figure 2: Representative 3D EPI images acquired on the

same healthy volunteer at three different field strengths (1.5T,
3T and 7T). Submillimeter voxel dimensions were used for all
scans (1.5T: 0.75 mm isotropic, 3T: 0.65 mm isotropic and 7T:
0.5 mm isotropic).

3D EPI (3T), 0.65 mm iso

mag SWI
SWI
minlP QsS™M

Figure 3: Different susceptibility-based contrasts obtained
with 3D EPI protocol at 3T. T2*w contrast corresponds to the
native magnitude images produced by the scanner. SWI and
SWI mIP contrasts can also be generated by the scanner when
using the WIP. QSM images are generated offline using the
QSM reconstruction algorithm from Langkammer et al.
(http://www.neuroimaging.at/pages/research/quantitative-
susceptibility-mapping.php).

MRI centers specialized in MS across the US and Europe,
resulting in several publications that illustrate its potential
clinical value in MS [7-10]. Recent guidelines on the use of
MRIin MS from the MAGNIMS group [5, 11] and the NAIMS
cooperative [4] also mentioned 3D EPI and its combined
FLAIR* contrast as promising MRI techniques for the clinical
evaluation of the central vein sign in MS diagnosis.
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Application in the acute clinical setting
(e.g. traumatic brain injury (TBI) and stroke)

One major limitation of MRI in the acute clinical evaluation
of traumatic brain injury and stroke is the simple fact that
the extended MRI exam can be quite long. Thus, despite the
additional information that may be gained by MRI relative
to CT for these indications [12], clinicians continue to rely on

3D EPI (3T), 0.65 mm iso

Neurology Clinical

Figure 4: 0.65 mm
isotropic 3D EPI
(magnitude) T2*w images
acquired at 3T in two
different MS patients.
Images can be reformatted
for multiplanar viewing,
thus allowing the
identification of small
parenchymal veins
running centrally through
MS Llesions (red arrows

in the magnified boxes).

Sagittal

CT to rule out intracranial hemorrhage and to rely on clinical
evaluations to guide therapy. Any rapid and comprehensive
MRI examination must be able to evaluate for intracranial
hemorrhage using gradient echo based techniques [13].

In the setting of TBI, SWI is preferred over GRE T2* [14]

due to its greater sensitivity for microhemorrhage and is
typically performed as an axial acquisition with 2.0 mm
slice thickness and in plane resolution of 0.5 to 1.0 mm.
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Coronal

Figure 5: 3D EPI
(magnitude) T2*w
images in the same
MS patient brain at
three different field
strengths (0.75 mm
isotropic at 1.5T,
0.65 mm isotropic
at 3T, and 0.5 mm
isotropic at 7T). The
same central vein
inside an MS Llesion
can be detected at
all field strengths
and on all imaging
planes (red arrows).
Note that at 1.5T
and 3T, images were
acquired during

the injection of
gadolinium-based
contrast agent (Gd+)
to enhance the
conspicuity of the
parenchymal veins.

3D EPI
1.5T (Gd")

3D EPI
3T (Gd")

3D EPI
T

3D FLAIR 3D EPI

source target

Rigid co-registration
+

Interpolation

1

Image
Multiplication

3D FLAIR®

Registered 3D FLAIR

Figure 6: Workflow of the 3T FLAIR* processing pipeline. Native 3D FLAIR (1 mm isotropic) images are co-registered (rigid, 6 degrees of
freedom) to native T2*w 3D EPI (0.65 mm isotropic) and interpolated (windowed sinc) to match the 3D EPI resolution. FLAIR* images are
then generated by multiplying the registered 3D FLAIR images to the native 3D EPI images. Because FLAIR* images retain the high-
isotropic-resolution from the native 3D EPI images, multiplanar reformatting (MPR) enables the reader to view FLAIR* images in any
desired orientation. Our FLAIR* pipeline is currently performed offline after downloading the DICOM images from the NIH Radiology PACS
system. Once the processing is completed, FLAIR* images are imported back into the PACS system to be read by NIH clinicians. Note that
FLAIR* processing could also be done using the MR Arithmetics prototype® available under syngo.via Frontier.
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magnitude SWI

3D EPI 1:30
0.5x0.5x2.0 mm

3D GRE 9:45
0.5x0.5x2.0 mm

For the characterization of TBI associated microhemorrhage,
consensus imaging protocols prefer GRE based SWI over

the conventional 2D GRE T2*-weighted methods, but
acknowledge, even using iPAT, that this demands imaging
times on the order of 5-10 minutes for whole brain coverage
[15]. With 3D EPI, equivalent or higher resolution is easily
obtained in 1.5-3 minutes. Figure 7 compares 3D GRE based
SWI to that of the 3D EPI SWI performed with identical in-
plane resolution (0.5 x 0.5 mm) and slice thickness (2.0 mm)
with imaging times of 9:45 and 1:30 respectively on a 3T
Biograph mMR platform. Qualitatively, the images are quite
similar, and, despite the somewhat lower SNR of the rapid
SWI scan, the SNR is more than sufficient to detect and
characterize small microhemorrhages and also to generate
phase data and subsequent SWI processing.

Alternatively, one can spend more time imaging and

obtain higher (e.g. 0.65 mm isotropic) resolution to allow

for characterization of microhemorrhage in any plane of
interest (Fig. 8) allowing for demonstration of the curvilinear
microhemorrhages characteristic of traumatic axonal injury.
In addition, such high resolution imaging can demonstrate
other hemorrhagic pathologies such as subarachnoid
hemorrhage, cortical contusion, and superficial siderosis.

Conclusions

In summary, we present a novel approach to acquire
susceptibility-based MR images using a segmented 3D EPI
prototype sequence. Our experience at the NIH has shown
that this method can be used either to reduce the imaging
time of standard resolution 3D GRE/SWI images, or to
increase the resolution to acquire submillimeter isotropic
images of the whole brain at a variety of field strengths,
as low as 1.5T. One current limitation of our prototype
sequence is the lack of parallel imaging capability acqui-
sition (e.g., GRAPPA, CAIPIRINHA), which was recently
demonstrated to be feasible at 7T [16]. Clinically, we believe

minlP

Neurology Clinical

phase

Figure 7: An ~ 1%2-minute 3D EPI
sequence compares favorably
with an ~ 10-minute 3D GRE
sequence for the depiction and
characterization of traumatic
axonal injury characterized by
clustered curvilinear and
punctate microhemorrhages
scattered throughout the frontal
Lobes bilaterally. Identical image
resolution and echo time (TE =
25 ms). 3D GRE was performed
using iPAT2 and a TR of 40 ms
and 6/8 partial phase encode.
3D EPI was performed with an
EPI of 15 and a TR of 64 ms for

a net ~ 6 fold acceleration. Mini-
mum intensity projection (minlIP)
used a 10 mm slab thickness.

3D EPI
0.65 mm iso

3D GRE
0.5x0.5x2.0 mm

axial
minlP

sagittal
minlP

Figure 8: Comparison of microhemorrhage characterization
using isotropic 0.65 mm 3D EPI vs. traditional 0.5 x 0.5 x 2.0 mm
3D GRE. Axial minimum intensity projections are comparable
but the projections in the sagittal plane demonstrate the
superiority of isotropic acquisition. Acquisition time for 3D EPI
was 4:45 min and for GRE was 9:45 min.

the 3D EPI approach is a promising tool for MS diagnosis,
but it could have many other applications in variety of
neurological disorders, such as detecting microhemorrhage
in neurovascular disease or traumatic brain injury, or
assessing iron deposition in the substantia nigra in
Parkinson's disease [17].
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Appendix

Currently, the 3D EPI prototype sequence’ is available

for syngo MR D13A/D through C2P exchange with NIH
(Please contact Dr. Pascal Sati, satip@ninds.nih.gov).

It is also available for syngo MR E11A as a WIP

through Siemens (Please contact Dr. Sunil Patil,
patil-sunil@siemens-healthineers.com). The collaborative
work between the National Institute of Neurological
Disorders and Stroke, the National Institute of Mental
Health, and Siemens Healthcare USA was conducted under
a Cooperative Research and Development Agreement.
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Introduction Methodology

Brain morphometry from routine structural MR images is
useful to detect abnormal regional brain volumes that may
be indicative of a disease [1]. For instance, hippocampus
atrophy is known to be associated with memory impairment
commonly experienced by individuals with dementia [2].
When combined with other volumetric measurements such
as frontal lobe atrophy and white matter Llesions, it may n

Image processing

MorphoBox implements a processing pipeline consisting

of several steps, as outlined in Figure 1. After the incoming
MR scan has been checked for protocol compliance with

a widely accepted standard for MPRAGE sequences [3], it is

help diagnose a particular form of dementia (Alzheimer's
disease, fronto-temporal or vascular dementia among
others).

The MorphoBox algorithm® was developed by the Advanced
Clinical Imaging Technology group in Lausanne in close
collaboration with the University Hospital's Radiology
Department. As an integral part of a Siemens prototype
sequence, it automatically estimates a number of brain
volumes from a single T1-weighted MR image acquired with
the MPRAGE sequence, and compares these volumes with
normative ranges adjusted for head size, age, and sex. The
results are presented to the user in the form of a DICOM
report, where brain structures that are found to be abnor-
mally small (or abnormally large, e.g. for ventricular
structures) are indicated with an asterisk.

Owing to its full incorporation into the MRI system,
MorphoBox runs during image reconstruction. Results can
be read with the syngo standard viewers or sent to the PACS
system in order to seamlessly integrate into the radiological
workflow. As of early 2016, more than 10,000 patients had
benefited from this prototype worldwide.

Image Acquisition (MPRAGE protocol)

it

Protocol compliance check

v

Overall image quality control

v

Prescan-Normalize

v

3D Gradient Distortion Correction

v

Bias Field Correction

.

Skull-Stripping
v

Tissue Classification

v

Key neuro structures segmentation

v

Comparison to normative data

!

Report

Pre-Processing

Post-Processing

Figure 1: Flow diagram of the MorphoBox image processing
algorithm.
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Figure 2: Screenshots of MorphoBox results on the syngo
viewer for an Alzeimer’s Disease patient. (2A) an MRI coronal
slice, (2B) the corresponding deviation map, and (2C) three
pages from the report.

hdale

submitted to different image quality checks based on both
signal-to-noise ratio and contrast-to-noise ratio assessments
as well as motion-/aliasing-related artifact detection [4].
Subsequently, the images are corrected for gradient
distortion [5] and radio-frequency field inhomogeneity [6, 7].
A tissue classification algorithm [8] is applied to the cor-
rected image, the results of which are combined with a
deformed anatomical template to segment various brain
structures in the image [9], including: lobe-wise gray and
white matter, insula, cingulate, hippocampi, central nuclei,
subcortical white matter, corpus callosum, ventricular
system, cerebellum, and different brainstem structures.
Volumes are computed for each segmented structure.

Normative range analysis

A cohort of 437 subjects with balanced sex and age ranging
from 19 to 91 years was used to construct normative ranges
for each brain volume measure output by MorphoBox.
Specifically, the volumes produced by MorphoBox on the
normative cohort were divided by the corresponding total
intra-cranial volume, also estimated by MorphoBox, and
regressed against age and sex using a log-linear model [9].
The normative ranges were then defined depending on age
and sex by the regression prediction intervals corresponding,
respectively, to the 10" and 90" percentiles of the TIV-
normalized volume distribution, as seen in Figures 2—7

for various brain structures.
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Right

Birain Morpho

GM volume (% TIV)

Figure 3: (3A) Axial slice
of a 77-year-old woman
with chronic vascular
atrophy. Structures of
interest segmented by
MorphoBox and overlaid
in color are the insula,
putamen, pallidum,
caudate nucleus,
thalamus, lateral

and third ventricles.

In yellow are detected
white matter lesions.
(3B—C) Display of
normative ranges for women as a function of age, respectively
for the total normalized gray matter volume (3B) and the total
normalized cerebrospinal fluid volume (3C). The red dots
indicate the volumes assessed by MorphoBox.
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Figure 4: (4A) Coronal view of a 62-year-old

woman with suspected Alzheimer’s disease.
The segmented hippocampi are shown in
green. Other colored structures are the
insula, putamen, pallidum, caudate
nucleus, thalamus, lateral and third
ventricles, mesencephalon, and pons.
(4B-D) Display of normative ranges

of TIV-normalized volumes for women

as a function of age, (4B) for the left

&
()
S
B

hippocampus, (4C) the right hippocampus
and (4D) the total white matter,
respectively.
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Creation of report and deviation map

Finally, a report in form of a DICOM image is created
containing patient identification, the result of the performed
image quality assessment as well as a list of evaluated
volumes, divided by hemispheres. Beside the absolute
volumes, the TIV-normalized measures are reported and
displayed in relation to the normative ranges. Detected
deviations from the normative ranges are indicated with

an asterisk (see Fig. 2). In addition, MorphoBox produces an
image called “deviation map” displaying abnormal regions
in hot colors (orange to red depending on the severity of
deviation from normality). Since this information is stored
as a DICOM image, it can be exported to the PACS like any
other image and is available in other viewing software along
with the imaging data.

Clinical examples

In the following examples, all brain MR slices are displayed
in radiological convention (with the left hemisphere shown
on the right of the image).

Results of applying MorphoBox on a 77-year-old female
patient with chronic vascular atrophy are depicted in
Figure 3A. Both global gray matter atrophy and global
cerebrospinal fluid expansion, which are clearly visible

in the MR scan, are appropriately detected by MorphoBox,
as reflected in the normative range plots in Figure 3B. Other
smaller structures are indicated as out-of-range in the
MorphoBox report, including the ventricles, the frontal,
temporal, parietal lobes, and the insula, in both hemi-
spheres. Figure 4 shows the case of a 62-year-old woman

65 70 75 80

Age (years)

with suspected Alzheimer’s disease. Abnormal hippocampi
are detected in both hemispheres, suggesting hippocampal
atrophy. The total white matter volume is also flagged as
abnormally low, which is common in early-age-of-onset
Alzheimer’s disease [10]. This case is in contrast with that
of a 78-year-old woman with suspected early mild cognitive
impairment, where the hippocampi like most brain
structures are found normal, although insula atrophy is
detected mainly on the Lleft, see Figure 5.

As another example, the case of an 88-year-old man with
probable cognitive disorder is shown in Figure 6A, for which
cortical atrophy can be suspected from visual inspection

of the MR scan. Quantitative analysis using MorphoBox

(Fig. 6B) reveals that both frontal lobes are small, yet within
the bounds of normality, and that both temporal lobes are
clearly out-of-range, although the right hippocampus is
normal and the left hippocampus is only slightly below

the 10 percentile.

MorphoBox can also provide clinically relevant quantitative
information on young patients, such as the 20-year-old
woman with brain stem disorder shown in Figure 7A. The
pons and medulla oblongata are found abnormal by
MorphoBox, while the mesencephalon is borderline within
normal range, as illustrated in Figure 7B.
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Figure 5: (5A) Coronal view of a 78-year-old
woman with suspected MCI. The hippocampi
(highlighted in green) are normal contrary
to the left and right insulae (in Llight blue).
Other structures shown in color (the central
nuclei, ventricles, and brain stem) are
normal. (5B-E) Display of normative ranges
of TIV-normalized volumes for women as

a function of age, (5B) for the left
hippocampus, (5C) the right hippocampus,
(5D) the Left insula, and (5E) the right insula,
respectively.

Figure 6: (6A) Sagittal view of an
88-year-old man with suspected cognitive
disorder (left hemisphere). (6B—E) Display
of normative ranges of TIV-normalized
volumes for men as a function of age,
(6B) for the Left frontal lobe gray matter,
(6C) the right frontal lobe gray matter,
(6D) the left temporal lobe gray matter,
and (6E) the right temporal lobe gray
maltter, respectively.
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Figure 7: (TA) Coronal slice of a 20-year-old
woman with brain stem disorder. The three
brain stem substructures (mesencephalon,
pons, medulla oblongata) are shown with
distinct colors. (7B-D) Display of normative
ranges of TIV-normalized volumes for
women as a function of age, (7B) for the
mesencephalon, (7C) the pons, and the
medulla oblongata, (7D) respectively.
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in this article, and it is fully integrated in a clinical workflow.
Our current objective is to further develop MorphoBox

as a decision support tool for differential diagnosis of

brain diseases.
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Initial Experience with the MAGNETOM Terra 7T System.
Focus on Neuroradiology and Knee Imaging
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Clinical MRI scanners with a magnetic field strength up

to 3T have become the state-of-the-art imaging modality
for clinical neuroimaging and for most musculoskeletal
applications and contribute significantly to patient care.
Continuous progression in the development of scanner
technology has led to remarkable progress in gradient and
radiofrequency performance, magnet coil design and field
strength. After the initial demonstration of feasibility at a
few academic institutions, MR systems with magnetic field
strengths of 7T are now at the forefront of MR research
[1-8]. Especially for neuroimaging, 7T research has
significantly improved the potential for high-resolution
morphologic and functional imaging. The main advantages
of ultra high-field (UHF) MRI scanners are a higher signal-
to-noise ratio (SNR) and a higher contrast-to-noise ratio
(CNR). Some applications benefit from both effects, such
as susceptibility-weighted imaging (SWI) or time-of-flight
angiography (TOF). The inherent higher SNR at 7T allows
for submillimeter spatial resolution that gives accurate
anatomical insight to reveal valuable diagnostic informa-
tion for clinical applications. However, before 7T can be

used in clinical routine, it is necessary to demonstrate the

equivalence of a 7T scanner for clinical use compared to a
clinical 3T scanner. In this article, we show the first 3T/7T

comparison of patient data acquired on the new Siemens

7T MRI scanner MAGNETOM Terra.

In April 2015, the first MAGNETOM Terra was installed at the
University Campus in Erlangen, Germany. This generation of
7T scanners will be the first generation of UHF MRI scanners
to apply for European CE certification and FDA clearance for
neuro and musculoskeletal (MSK) applications.

After an initial implementation period with technical testing
and volunteer scanning, patient scanning was started at

the beginning of 2017 for planned CE and FDA clearance in
close cooperation with Siemens Healthcare. More than

60 patients were examined — including patients with brain
tumors, multiple sclerosis, epilepsy, and neurodegenerative
diseases such as Parkinson’s disease, glaucoma, and spastic

! 510(k) pending. The product is not commercially available. Future availability
cannot be guaranteed.

Sequence TR/TE [ms] Number Acceleration| Scan time
of slices factor [min:sec]

2D FLAIR 10000/66 280 x 280 400 x 400

MP2RAGE 4500/2.27 240 x 225 320 x 320 208 0.75 3 9:15
Neuro

Swi 27/15 230x 173 640 X 640 96 1.2 3 5:38
TSE 5940/120 235x 235 608 x 608 34 3 2 5:46
TSE tra 4200/36 160 x 160 432 x 410 40 2.5 2 3:15
MSK TSE sag 4200/36 160 x 160 432 x 410 31 2.5 2 3:15
DESS 8.67/2.54 160 x 160 320 x 320 224 0.5 3 3:43

Table 1: Sequences and parameters MAGNETOM Terra 7T.
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Sequence TR/TE [ms] Number of Acceleration| Scan time
slices factor [min:sec]

3D FLAIR 5000/253 250 x 250 256 x 256 11:42
MPRAGE 1900/2.38 250 x 250 256 x 256 176 1 4:29

Neuro
sSwi 28/20 230 x 230 384 x 384 120 1.2 7:50
TSE 6420/91 220 x 220 512 x 512 35 3 4:25
TSE tra 6050/30 150 x 150 384 x 307 40 2.5 4:40

MSK
TSE sag 3760/26 150 x 150 448 x 358 32 2.5 4:40

Table 2: Sequences and parameters MAGNETOM Trio 3T.

paraplegia as well as traumatic and degenerative lesions
of the knee joint. The protocol of this prospective study was
approved by the Clinical Investigation Ethics Committee of
the University of Erlangen-Nuremberg and all examinations
were performed in accordance with the Declaration of
Helsinki. ALl participants gave written informed consent
prior to all measurements. Exclusion criteria included
implants in general, claustrophobia, and the inability to

Llie motionless during the scan time.

In this early phase we focused on — and we continue to focus
on — the implementation and optimization of sequences
and clinical protocols by fully exploiting the advantages of
ultra high-field imaging with special regard to neuroimaging
and musculoskeletal applications. In parallel with the

7T exams, 3T exams were performed for all patients on a
MAGNETOM Trio (Siemens Healthcare, Erlangen, Germany).
For neuroimaging, 32-channel receive (Rx) array head coils
were used on both scanners (7T: 32 Rx/1 Tx RF coil, Nova
Medical, Wilmington, MA, USA; 3T: Siemens Healthcare,
Erlangen, Germany). For MSK applications, at 7T, a
28-channel receive (1 Tx) knee coil and at 3T, a 15-channel
receive (1 Tx) knee coil were used (both RF coils: Quality
Electrodynamics, Mayfield Village, OH, USA). Protocol
parameters with the corresponding sequences are
summarized in Tables 1 and 2 for 7T and 3T, respectively.

Compared to 3T, regarding T1-weighted imaging the high-
resolution MP2RAGE showed a similarly stable and in
general equally high image quality with ultra-fine anato-
mical resolution in a reasonable scan time. MP2RAGE had
an improved gray/white matter contrast at 7T, which might
be exploited to allow for better delineation of cortical
malformations such as focal cortical dysplasia. This may
be especially of benefit in the diagnostic work-up of patients
suffering from medically refractory focal epilepsy.

Ultra high-field MRI shows higher sensitivity to magnetic
susceptibility differences. By taking advantage of the

susceptibility difference between deoxyhemoglobin and
tissue, microvasculature as small as 200 um can be
depicted. As expected, SWI naturally benefited from the
inherent strengths of 7T and showed greater CNR as well
as greater SNR. Even very small structures such as tiny
cortical veins (diameter 200-500 um) were identified. In
contrast, these structures could not be identified at 3T. This
may be useful in diagnostic imaging, as SWI can visualize
the formation of perivascular inflammatory lesions in
multiple sclerosis. A clinical application might be imaging
in inflammatory central nervous system (CNS) diseases.
Multiple sclerosis lesions are frequently associated with
vascular pathology and are located in the perivascular
tissue, typically adjacent to a central vein [9, 10]. Visualiza-
tion of small (cortical) lesions may thus be improved and
a 7T scan may help to make the diagnosis in patients with
so-called ‘clinically isolated syndrome’. These patients
clinically show features of an inflammatory CNS disease,
but standard neuroimaging fails to confirm (post-)
inflammatory lesions [11]. Here, 7T MRI might be more
effective for detection of small lesions.

Ultra-fine SWI may also be useful in patients with brain
tumors to help differentiate high grade glioma from primary
CNS lymphoma [12]. 7T SWI offers improved evaluation

of intratumoral susceptibility signals, thus intratumoral
hemorrhage and microbleeds as well as tumor microvessels
can be reliably detected. High resolution SWI can facilitate
the diagnosis, as these lesions are uncommon in lymphoma.

Furthermore, 7T SWI may deliver insight into iron accumula-
tion in the smallest anatomical structures in neuro-
degeneration such as Parkinson’s disease. Nigrosome-1,

a small defined cell cluster in the substantia nigra, returns
a high signal on SWI and can be directly visualized with high
resolution SWI [13]. Its degradation leads to a hypointense
signal and in consequence to the absence of the typical
swallow-tail appearance of the healthy substantia nigra,
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possibly making 7T SWI a screening tool for early diagnosis
of Parkinson’s disease.

T2-weighted turbo spin echo sequences generally showed
stable results with high diagnostic image quality. Even small
anatomical structures such as pontocerebellar fibers in

the brainstem were noticeable and the high SNR helped
visualize the microstructure and exact localization of post-
inflammatory multiple sclerosis plaques. Detailed T2w
anatomical imaging of the hippocampus may be beneficial
for diagnosis of hippocampal sclerosis as well as for
visualization of early, subtle volume loss in subfields of the
hippocampus as sign of neuronal degradation in Alzheimer’s
disease [14].

3D-FLAIR SPACE imaging is prone to B1 inhomogeneities
which results in variable CNR over the whole image data.
Therefore, 3D SPACE sequences, which were used routinely
for comparative 3T imaging, were replaced with 2D FLAIR

Figure 1: (1A) 7T axial T2w TSE shows infratentorial multiple
sclerosis Lesion. (1B) Corresponding SWI confirms the
perivenular location.

Figure 3: (3A) 7T T2w TSE shows a left occipital mass confirmed
as secondary CNS lymphoma by histology. (3B) 7T SWI shows
absence of microbleeds and tumor microvessels.
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TSE sequences. Thus, we were able to achieve stable
diagnostic image quality when FLAIR contrast was required
or appropriate for diagnosis.

Higher gradient strengths and submillimeter spatial
resolution make clinically important structural diffusion-
weighted imaging promising at 7T. Diffusion tensor imaging
(DTI) at 7T resolves small tracts and allows for measure-
ment of diffusion indices in small anatomical structures
[15]. Together with the high anatomical resolution that
could be achieved with MP2RAGE sequences, preliminary
results of a cohort of 20 patients with glaucoma revealed
atrophy of the corpus geniculatum Llaterale (CGL), an
important relay station of the visual system. Due to the high
spatial resolution, we were able to perform direct volumetry
of the CGL and use it as seed point for tractography of the
optic tract and the optic radiation. This revealed marked
atrophy of the optic radiation in these patients.

Figure 2: (2A) 7T axial FLAIR (2D TSE) shows hyperintense MS
lesion with hypointense center. (2B) Corresponding T2w TSE.
(2C) High-resolution SWI shows typical central vein and
perivenular demyelination.

Figure 4: 7T SWI shows hyperintense signal of nigrosome-1 and
the swallow-tail sign of the healthy substantia nigra.
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In addition to optimized anatomical and structural
sequences for clinical applications, 7T high-field MR
imaging will facilitate metabolic imaging as metabolite
resonances increase with field strength. Spectroscopic
imaging might thus become more accurate for differential
diagnosis of various neurological disorders such as tumors
and tumefactive inflammatory lesions. Furthermore,
UHF-spectroscopy may improve the detection of onco-
metabolites (2-hydroxyglutarate) for grading and estimation
of prognosis of gliomas [16]. Imaging and spectroscopy of
non-proton nuclei such as sodium and phosphorus also
largely benefit from ultra-high magnetic field strengths

as the acquisition of reasonable voxel resolutions becomes
achievable within clinically acceptable scan times.

The sodium signal is increased in brain tumors and the
combination of total sodium images and relaxation-
weighted sodium images may be beneficial for tumor
grading [17]. Phosphorous spectroscopy might provide

Figure 5: (5A) 7T axial and coronar T2w TSE images show
diagnostic quality with high anatomic detail, even near the skull
base. (5B) Same patient, images acquired at 3T (2D T2w TSE).

Neurology Clinical

important insights into phospholipid metabolism and
phosphate energy metabolism [18].

In this early stage of clinical 7T imaging, a significant
potential for future improvements naturally exists.

Scan time was longer at 7T for most sequences compared
to the corresponding 3T examinations. Magnetic field
inhomogeneities, chemical shift displacement, and
inhomogeneous B1 field are still challenges. These inherent
Llimitations of ultra high-field imaging could be observed
especially in regions close to the skull base, i.e. the lower
parts of the temporal lobes and in the cerebellum and
brainstem. Necessary adjustments to overcome these
issues (TRT, flip angle!) were partly responsible for longer
acquisition times at 7T compared to 3T. Further improve-
ments of specialized pulse sequences and protocols as well
as new hardware solutions, i.e. implementation of advanced
parallel transmit technologies (pTx) will be addressed by

a multidisciplinary team of MR physicists, engineers, and

Figure 6: (6A) 7T axial SWI shows perivascular multiple sclerosis
lesions. (6B) Corresponding FLAIR (2D TSE).

Figure 7: (TA) 7T MP2RAGE shows normal appearance of the
corpus geniculatum Laterale. Superior visibility compared to
(7B) 3T MPRAGE of the same patient.

41
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Figure 8: Selective tractography of the optic tract and the optic
radiation using high resolution DTI fused with axial MP2RAGE.

technicians in close contact with clinical radiologists and
will further maximize the high-field gain in signal and
contrast.

As has been demonstrated in previous work, ultra high-field

MRI at 7T is capable to improve the diagnostic confidence
in routine MRI of the knee joint compared to examinations
acquired at 3T [3]. Our preliminary results obtained with
the new MAGNETOM Terra system are in line with these

observations as exemplified by several corresponding image

examples of 7T vs. 3T. Ongoing sequence optimization will
most Llikely result in further improved image quality in the
future, and additional evaluation comparing 3T and 7T in
regard to diagnostic performance using a surgical gold

standard is planned to eventually be able to fully appreciate

the potential added value of 7T in clinical knee imaging.

MAGNETOM Flash (68) 2/2017
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Figure 9: Retropatellar cartilage damage. (9A) 7T fat suppressed
proton density-weighted image shows superficial cartilage
fissure not reaching the subchondral bone in the lateral
patellar facet (Large arrow). In addition there is a high intensity
intrachondral signal change at the medial patella indicating
early cartilage degeneration without surface pathology

(small arrow). (9B) Corresponding 3T image does not visualize
cartilage fissure Laterally. Medial signal change is markedly less
pronounced.

Figure 10: Meniscal tear. (10A) Sagittal 7T proton density-
weighted fat suppressed image shows a degenerative horizontal-
oblique tear of the posterior horn of the medial meniscus. Tear
opens to the inferior meniscal surface anteriorly and near its
base posteriorly (arrows). (10B) Corresponding 3T image shows
intrameniscal high intensity signal change (arrows). Surface
involvement is not depicted.

Official clinical authorization of the MAGNETOM Terra
would strongly support the transition of 7T high-field MRI
into clinical application. In addition to research projects, the
community will then be able to start evaluation of clinical
benefits of 7T high-field imaging. To put it another way: as a
next step, we have to demonstrate that 7T not only provides
crisp images but that it also has the potential to signifi-
cantly improve the diagnostic workup and patient outcome.
This can only be accomplished within clearly defined
imaging protocols for defined larger patient cohorts, ideally
in a multicenter approach.

Overall, our preliminary results give a first impression of
what is already possible with clinical ultra high-field MRI
and what interesting clinical perspectives can be expected
for well-selected patients mainly in structural and
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Figure 11: Cartilage delamination at the femoral trochlea. (11A)
7T sagittal fat suppressed image shows cartilage delamination
of a focal cartilage lesion at the anterior lateral torchlea. There
is fluid equivalent signal at the interface between the deep
cartilage layer and the subchondral bone (small arrows). The
most anterior small arrow points to cartilage surface disruption
at the most superior aspect of lesion. In addition there is a
concomitant subchondral bone marrow Lesion, a finding
commonly associated with focal cartilage pathology (Large
arrows). (11B) Corresponding 3T image shows a signal change at
the same location subchondrally that is less pronounced and
cannot definitely be diagnosed as a delamination. Bone marrow
lesion is depicted in slightly larger fashion at 3T compared to 7T,
a finding that is likely due to decreased susceptibility at Lower
field strengths (arrows).

13A 4

Figure 13: Osteochondral fracture. (13A) 7T sagittal proton
density-weighted image shows an osteochondral fracture of
the posterior Lateral tibia with definite surface disruption of the
chondral articular surface and slight depression of the osteo-
chondral fragment (arrows). In addition, there is concomitant
traumatic bone marrow Llesion. (13B) Corresponding 3T MRI
shows osteochondral fracture but differentiation between
articular surface depression with a preserved chondral surface
from chondral surface disruption is not possible (arrow).

Bone marrow lesion appears more pronounced at 3T compared
to 7T MRI.

functional neuroimaging in the future. Improved imaging
methods may be applied to detect subtle anatomic,
functional, and metabolic abnormalities associated with
a wide range of neurologic disorders, including epilepsy,

brain tumors, multiple sclerosis, neurodegenerative disease,

and psychiatric conditions making the future of ultra high-
field imaging very exciting.

Musculoskeletal Imaging Clinical

Figure 12: Anterior cruciate ligament (ACL) reconstruction.

(12A) Sagittal proton density-weighted 7T MRI shows two

intact hypointense bundles of an ACL reconstruction performed
two years earlier (arrowheads). Note minor intraligamentous
hypointense spot-Like signal alterations representing minor
metallic surgical remnants (arrows). (12B) Corresponding 3T
image does not allow for differentiation of the two bundles as
shown in 12A. Intraligamentous susceptibility is less pronounced
at 3T compared to 7T.

Figure 14: High resolution morphologic 3D joint imaging at 7T.
(14A) Sagittal 3D dual echo at steady state (DESS) image at

7T MRI shows cartilage as high intensity tissue with marked
contrast between the cartilage Layer and subchondral bone.
Commonly DESS is used for cartilage quantification of thickness
and volume based on manual or automated segmentation
approaches. (14B) Sagittal 7T DESS image shows tibial nerve

as a multi-fasciculated structure posteriorly to the tibia (arrow).
Intraneural nerve bundles can clearly be differentiated at high
resolution 7T imaging.
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MAGNETOM Terra. The First Clinical 7T System
Submitted to 510(k) clearance and prepared for CE Marking

What do 510(k) and CE Marking stand for?

Section 510(k) of the Food, Drug, and Cosmetic Act requires device manufacturers
to notify the US Food and Drug Administration (FDA) of their intent to market a
medical device at least 90 days in advance. This premarket notification has been
submitted for MAGNETOM Terra.

CE Marking is a manufacturer's declaration that the product complies with the
essential requirements of the relevant European health, safety and environmental
legislation. MAGNETOM Terra is prepared for CE (Conformité Européene) Marking.
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How to Create a ‘True’ T1-weighted BLADE
Measurement for Musculoskeletal Imaging

Thomas Illigen

Application Specialist MR, Siemens Healthineers, Mannheim, Germany

Introduction

With the BLADE trajectory, Siemens Healthcare offers a
robust method to reduce 2D inplane movement artifacts.
In the Siemens tree you can find various dedicated default
protocols using the BLADE trajectory. Even though there
are T1-weighted dark-blood measurements with inversion
recovery (IR) pulses to gain a T1 contrast for brain
examinations, such IR measurements are not desired for
muscolosceletal imaging.

In this article I will describe how it is possible to create
a ‘true’ T1-weighted BLADE protocol that might be used,
for instance, for shoulder examinations which are very
often negatively influenced by patient movement and
the consequential artifacts.

What is meant by ‘true’ T1-weighted?

There are some definitions in literature of a ‘true’ T1-weighting
for a (T)SE based protocol.

For a BLADE trajectory | define it — based on my own
experience — as an effective echo time (TE) below 30 ms and
an echo train length (ETL) of below 50 ms with a repetition

Dot Cockpit - Explorer

TS # Hearbeflen

2 BLADE
*

Figure 1: Siemens library

time (TR) of between 400 and 700 ms for a 1.5T scanner or
between 500 and 800 ms for a 3T scanner.

Although they are open to debate, adhering to the above
values will guarantee an adequate T1 contrast — and by
refocusing on the intention of BLADE trajectories, acquisition
with a little longer TE is preferable to a (T)SE that is affected
by motion artifacts.

Protocol set-up

In order to create the T1-weighted BLADE protocol, you can
start with a default PD-weighted BLADE protocol (Fig. 1).

The T1-weighted BLADE protocols have to be designed
with iPAT mode GRAPPA — because herein lies the key to
implementing a shorter echo train length. Changing the
GRAPPA reference lines from 8 to 4, allows you to reduce
the turbo-factor (TF) from 9 to 7.

Routine  Konifrast = Aufiosung

Geometrie  System  Physio  Inline  Sequenz

Aligemein iPAT  Filter Bild Filter Rohdaten
PAT Modus  GRAPPA
Beschl. Faktor PE Referenzmessungsm.  Integriert

Ref. Zeilen PE

4
Ref Zeilen PE* 4

Figure 2: iPAT

Routine

Konirast ~ Auflosung ~ Geomelrie  System  Physio  Inline | Sequenz

Teil1  Tell2  Assistent
Definiere  Turbo Faktor HF-Puls-Typ  Schnell
Turbo Fakior = Gradientenmodus  Schnell
Echoziige pro Schicht 76
Hyperecho

WARP

Phasenkomekiur Automatisch Bewegungskorrekiur  Aus

Larmreduktion ' Keine Red. EC Sensitivitat

Turbo Faktor i 123

Figure 3: Turbo Factor (TF) 7
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Note that a BLADE protocol has no preferred phase-encoding
direction, due to the rotating trajectory, although during the

Figure 4: Planning

Routine ~ Kontrast | Auflosung  Geometrie  System  Physio  Inline  Sequenz

Aligemein  IPAT  Filter Bild  Filter Rohdaten

FoV Auslese 180 - Trajekiorie BLADE
FoV Phase
Schichidicke
Basis-Auflosung

BLADE Abdeckung

Interpolation

4
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Figure 5: Matrix
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planning of the measurement in the GSP, the following
may be suggested:

rtung Add-On  Optionen

Hilfe

These are the requirements for sufficient phase-oversampling
in all directions and/or sat-bands. The disadvantage of an
additional sat-band is a higher SAR deposition, which can
become a problem, especially at a 3T scanner. Therefor

| prefer a higher phase-oversampling. With 100% phase-
oversampling you can be sure that there will be no infolding,
because the maximum coil sensitivity will be below this.

In addition, you get a higher signal-to-noise ratio (SNR).

The field-of-view (FOV) has been enlarged from 160 mm to
180 mm, since the large 16-channel shoulder coil (SHL) can
capture this.

By adapting the acquisition matrix — maximum for BLADE
trajectories is 384, but it will work with lower matrices
anyway - you can change the bandwidth to minimize the
echo spacing (ES) at or below 7 ms, since TF x ES = ETL.

TA 547 PMFIX PAT: 2 Voxelgroke: 0.5x0.5x3.0mm Rel. SNR: 0.53

Routine | Kontrast ~ Auflosung ~Geometrie  System  Physio  Inline  Sequenz

Aligemein  Dynamisch

TR 30000 - ms Feftunterdr. = Keine

TE 25 ms

Wasserunterdr. ' Keine

Magn. Praparation ' Keine

Magn. wiederherst.

Flipwinkel
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Figure 9: The upper left image shows a coronal T1 TSE with good image quality and a scan time of 1.40 mins. The upper right image shows
the same measurement with artifacts caused by patient movement. The lower left image shows the ‘true’ T1-weighted BLADE with an
equal image quality and contrast as the TSE. Possible artifacts, caused by patient movement, are suppressed.

The lower right image shows a faster version of the BLADE with reduced BLADE coverage of 83.5% and reduced Phase-oversampling of
50%, leading to a scan time of 1.38 mins. Contrast was not affected and image quality is still convincing.

Images courtesy of Radiologiezentrum Bad Kreuznach, Germany.

Result [ contoct
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Case Report: Lisfranc/Tarsometatarsal Joint Injury

Richard C. Shin, M.D.; Charles P. Ho, Ph.D., M.D.
Steadman Philippon Research Institute, Vail, CO, USA

History of present illness

The patient is a 44-year-old female who has Left foot pain
and swelling following acute injury. She notes symptoms
following an episode where she was carrying her sick 8-year-
old son down the stairs when she missed the last step and
fell, twisting her Left foot and falling to the ground. She then
tried to stand up and put weight on her Lleft foot, but due to
severe pain she states she ‘passed out’ and fell again and
her husband found her at the bottom of the steps. She
presented at the local emergency department, where X-rays
were taken and she was told she bruised her foot. Due to
her pain and inability to bear weight fully, she spoke to her
orthopedic surgeon, who ordered an MRI and consultation
with a foot and ankle specialist. Prior to the fall, she was in
her normal state of health. In addition to her Left foot pain
and swelling and limited weight-bearing, she notes bruising
in the area. Review of symptoms was otherwise negative,
outside of exacerbation of her pre-existing left knee
symptoms.

Physical examination

She was noted on physical examination not to be able to
stand for alignment evaluation due to left foot pain. Left
knee was noted to have slight swelling. Tenderness to
palpation was noted at the pes anserinus. No MCL insertion
tenderness was noted. There was severe swelling throughout
the left foot. There was no ankle swelling. Tenderness to

palpation was noted over multiple areas of the dorsal
aspect of the Left foot, as well as plantar aspect of the
metatarsal heads. No tenderness to palpation was noted
over the lateral or medial malleolus.

Radiographs

Left foot radiographs obtained while in the emergency
department were reportedly negative for fracture.

Differential diagnosis for midfoot pain and swelling
+ Tarsometatarsal joint fracture/dislocation
+ Metatarsal fracture/stress fracture
» Tarsometatarsal osteochondral injury
+ Cuboid/navicular fracture and/or compression injury
+ Posterior tibial and peroneal tendon injury
+ Soft tissue injury/hematoma/fluid collection
+ Synovitis/arthritis
Neuropathic change

Plan

Following emergency department evaluation, the patient
was placed on crutches, and arrangements made for
orthopedic follow-up and MR imaging.

Figure 1: Coronal and sagittal proton density-weighted TSE FS (1A, B) and coronal proton density TSE (1C) images of the Left foot
demonstrate comminuted fracture and bone edema at the plantar aspect of the Lateral cuneiform with mild plantar displacement/
distraction (arrows).
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Figure 2: Sagittal proton density-weighted TSE FS (2A) and TSE
(2B) images of the left foot demonstrate fracture at the plantar
aspect of the second metatarsal base with intraarticular
extension and slight 1 mm displacement/distraction and
overlying chondral fracture (arrows).

Midfoot MRI protocol

. Sagittal Proton Density (PD) Turbo Spin Echo (TSE)
. Sagittal PD TSE Fat Saturation (FS)

. Coronal PD TSE

. Coronal PD TSE FS

. Axial T2 TSE

. Axial PD TSE FS

oAU N B

MR imaging findings

1. Comminuted fracture and bone edema at the plantar
aspect of the lateral cuneiform with mild plantar
displacement/distraction.

2. Fracture at the plantar aspect of the second metatarsal
base with intraarticular extension and slight 1 mm
displacement/distraction and overlying chondral fracture.

3. Multiple additional areas of contusion/mild impaction
fracture/injury with cortical and subcortical fracture lines
at the first, second, and fourth tarsometatarsal joints, as
well as at the cuboid, anterior calcaneus, and calcaneal
and navicular junction, with Little or no displacement.

4. Complete tear and stripping of Lisfranc's ligament with
possible avulsion from the second metatarsal base with
possible small thin curvilinear cortical avulsion fragment.
There is severe sprain and possible areas of tearing of tarsal,
tarsometatarsal, and intermetatarsal ligaments about the
tarsometarsal joint.

Discussion

Lisfranc's fracture was named after Jacques Lisfranc, a
field surgeon in Napoleon's army who described a fracture/
dislocation injury pattern at the tarsometatarsal articula-
tion in cavalry riders who fell from the saddle but were

Figure 3: Fourth metatarsal base (vertical arrow) and Llateral
cuboid (horizontal arrow) contusion/mild impaction injury/
fracture on axial proton density-weighted TSE FS (3A) and T2
TSE (3B) images.

Figure 4: Tear and stripping of Lisfranc’s ligament (horizontal
arrow) with possible avulsion fragment (vertical arrow) from
the second metatarsal base on axial proton density TSE FS (4A)
and T2 TSE (4B) images.

dragged with foot still in the stirrup [1]. The term has now
come to refer to any injury to the tarsometatarsal joint, with
the joint now bearing Lisfranc's name.

The tarsometatarsal joint is a complex structure comprising
the metatarsal bases with the three cuneiforms as well as
cuboid, with numerous associated supporting ligaments
including the eponymous Lisfranc's ligament which usually
bridges the proximal medial margin of the second
metatarsal with the distal lateral margin of medial
cuneiform. The joint has been classically divided into three
longitudinal columns, with the medial column composed
of the medial cuneiform and the base of the first
metatarsal, the middle column of the middle and lateral
cuneiforms and the second and third metatarsal bases,
and the lateral column of the cuboid and fourth and fifth
metatarsal bases [2].
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A classification system for Lisfranc injury has been
described, with homolateral injury having all 5 metatarsals
displaced in the same direction, isolated injury with one or
two metatarsals displaced from the others, and divergent
injury with metatarsals displaced and separated in sagittal
and coronal planes. The homolateral pattern has been
associated with cuboid fracture, and divergent injury with
intercuneiform extension and navicular fracture, although
multiple other complex injury patterns are also possible [3].

Lisfranc injuries can result from both indirect and direct
trauma. Direct injuries, including crush and other high-
energy mechanisms are frequently associated with
significant soft tissue trauma, and compartment syndrome
and vascular compromise are common sequela. Two classic
indirect trauma mechanisms, axial loading of the foot in

a fixed equinus position, as well as forced external rotation
have been described, the latter corresponding to Lisfranc's
originally-described injury mechanism [4].

On physical examination, pain and swelling of the midfoot,
with tenderness along Lisfranc's joint with passive
abduction and pronation of the forefoot with the hindfoot
held fixed is the classic finding. Plantar midfoot ecchymosis
and frank midfoot instability may be seen with more severe
injuries, and assessment for vascular compromise and
compartment syndrome should always be made with
tarsometatarsal trauma [5].

Imaging

Radiographs

Conventional radiographic findings may range from frank
fracture and dislocation with more severe injuries, but
findings may be more subtle or absent with Less severe
injuries. Stress radiographs and/or fluoroscopy as tolerated
may increase sensitivity.

Computed tomography

The superior bone demonstration capability of CT, in
combination with 2D and 3D reconstruction techniques may
be very helpful in the detection and characterization of
more subtle or complex fractures.

MR imaging

MRI soft tissue demonstration capability may be useful in
direct assessment for ligamentous injury, particularly when
there is a high clinical concern with routine radiographs
being inconclusive [6]. MRI is also helpful for suspected
more acute bone injury, with benefit of acute bone and
surrounding soft tissue edema and hemorrhage, when
radiographically occult.

Musculoskeletal Imaging Clinical

Treatment and prognosis

Non-displaced or slightly-displaced Lisfranc injury can
initially be treated conservatively, but continued instability
often necessitates subsequent surgery, particularly given
high rates of post-traumatic arthritis. Injuries with 2 mm
of displacement or more, or tarsometatarsal angulation of
15 degrees or more are treated primarily, with open/internal
fixation and arthrodesis being much preferred over closed
fixation, in the absence of contraindication such as skin
disruption. Recent meta-analysis suggests that ORIF and
arthrodesis yield “satisfactory and equivalent” results, with
perhaps a slight advantage to primary arthrodesis in terms
of clinical outcomes [7].
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High-resolution, Anatomically-accurate
Diffusion-weighted Imaging of Orbital
and Sinonasal Lesions with RESOLVE
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Diffusion-weighted imaging is a core sequence in clinical
routine imaging for many anatomical regions including the
brain, abdomen, breasts, and pelvis [1, 2]. Conventionally,
diffusion-weighted imaging is acquired using a single-shot
diffusion-weighted echo planar imaging (EPI) sequence with
the primary advantages of insensitivity to motion-induced
phase errors and relatively short acquisition times. However,
this sequence also suffers from lower spatial resolution as
well as susceptibility-based, geometric distortions in certain
regions (such as fluid/air interfaces). This has posed
challenges for high-quality, diffusion-weighted imaging

of the eyes, ears, nose, and throat.

TR (ms) 8000 4700
TE (ms) 88 66
Echo spacing (ms) 1.08 0.34
Fov 240 x 240 or 240 x 240 or
220 x 220 220 x 220
Matrix 154 x 192 or 154 x 192 or
164 x 164 192 x 192
Slice / Gap (mm) 40/0.6 4.0/0.6
b-values (s/mm?) 0, 1000 0, 1000
Averages 4 1
GRAPPA factor 2 2
Readout segments = 7
Total acquisition time 234 2:55

(min)

Table 1: Imaging parameters of the SS-EPI and RESOLVE
sequences as used in Zhao et al. (2016) [6].

RESOLVE (REadout Segmentation Of Long Variable Echo
trains) [3, 4] is a multi-shot, diffusion-weighted sequence
with a readout-segmented EPI sampling scheme. This
sequence includes a 2D non-Llinear correction for motion-
induced phase errors together with GRAPPA [5] function-
ality. The significantly shortened EPI echo spacing (as only
a subset of raw data points in the readout direction is
sampled with each shot) enables a significant reduction

in the level of susceptibility and blurring, making it possible
to acquire diffusion-weighted images of higher resolution.

In this paper, we review four of the recently published
studies from our Institution where RESOLVE was shown

to be clinically effective in the diffusion-weighted imaging
of sinonasal and optic pathologies. We additionally
demonstrate the clinical value that RESOLVE brings to
the detection and characterization of the diseases in
these regions.

RESOLVE in the imaging of sinonasal lesions

Our first evaluation of RESOLVE in the imaging of sinonasal
lesions involved a comprehensive comparison of image
quality relative to conventional single-shot EPI (SS-EPI)
(see Table 1 for the imaging parameters of these two
sequences) in 32 patients with sinonasal lesions [6]. Image
quality was evaluated qualitatively by two head and neck
radiologists with decisions made on consensus where there
is divergence. In addition, a quantitative evaluation of the
geometric distortion was also performed.

RESOLVE ADC maps had significantly higher ratings
compared to SS-EPI on the scales of image quality, Llesion
conspicuity, and image distortions (Table 2 and Fig. 1).
During the analyses, we also observed that RESOLVE was
capable of revealing the otitis media of five patients (e.g.,
via the effusion of mastoid cells) more clearly than SS-EPI.
RESOLVE also exhibited the orbit, skull base, and upper
neck with significantly reduced distortion, ghosts, and
blurring. The delicate structures of the orbit, such as the
globe, optic nerve, extraocular muscle, and lacrimal gland



MAGNETOM Flash (68) 2/2017
www.siemens.com/magnetom-world

Head-and-Neck Imaging Clinical

Figure 1: Contrast-enhanced T1 TSE (1A), RESOLVE b1000 (1B) and SS-EPI b1000 (1C) of a mass that involved the right nasal cavity,
maxillary sinus, pterygopalatine fossa and pterygospinous process. The RESOLVE b1000 image was relatively artifact free, enabling
detailed observation of the mass which was not possible in the SS-EPI b1000 image due to significant susceptibility artifacts [6].

e e

Image quality

Qualitative evaluation Lesion conspicuity 32
Distortion 32
ADC (x10° mm?/s)

Lesion 20
Brainstem 32

Quantitative evaluation SNR (b1000)
Lesion 20
Brainstem 32
CNR 20

2.36 £ 0.57 3.72+0.68 <.001
2.24 +0.83 4.00 + 0.87 <.001
2.20 £ 0.50 0.16 + 0.37 <.001
1.31+0.73 1.25+0.68 .001
0.74 £ 0.42 0.75 £ 0.44 .350
150.72 + 118.97 90.64 + 56.08 .002
108.42 + 32.74 81.58 + 31.21 <.001
2.46 £ 1.51 2.51+1.50 .798

Table 2: Results of the qualitative and quantitative evaluations of RESOLVE and SS-EPI images [6].

could be visualized with RESOLVE. The image qualities of
the nasopharynx and upper neck were also improved by
the introduction of RESOLVE, which resulted in significantly
reduced ghosts and distortions and enabled us to observe
nasopharynx disease and neck lymph nodes.

To evaluate extent of geometric distortions, key anatomical
landmarks (bilateral frontal-internal points, Lateral points,
and back points of the maxillary sinus, bilateral back
points, of the inferior nasal concha, and bilateral frontal-
Lateral points of the sphenoid sinus) were identified and
their coordinates were marked on the T2w TSE, T1w TSE,
and the B, images for SS-EPI and RESOLVE. The differences
in the coordinate locations (in mm) between the T2w and
the other images (T1w, SS-EPI, and RESOLVE) were measured
and compared. Our findings indicated that while some
minimal residual distortions remain with RESOLVE (relative

to the T1w images), the extent of the deviation from the T2w
images was, on average, 3 times higher for SS-EPI compared
to RESOLVE [6].

We also evaluated for differences in ADC as well as signal-
to-noise ratio (SNR) and contrast-to-noise ratio (CNR)
between RESOLVE and SS-EPI using regions-of-interest
(ROIs) carefully matched to the lesions together with ROls
placed in the brainstem. There were significantly lower

ADC values for RESOLVE compared to SS-EPI for the lesions
while the ADC values for the brainstem were similar (Table 2).
For us, the elevated lesion ADCs seen for SS-EPI is Llikely

the result of the more inhomogeneous ADC maps due to
susceptibility and ghosting artifacts which are prevalent

in conventional diffusion-weighted imaging of the nasal
cavity. This is bolstered by the finding of similar ADC values
in the brainstem.
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Figure 2: A 43-year-old man diagnosed with rhabdomyosarcoma. The Llesion is indicated by the thick arrow and ROI by the thin arrow.

2A: Axial T1-weighted with isointense mass in right nasal cavity and maxillary sinus; 2B: Axial fat-suppressed T2-weighted; 2C: Axial,
contrast-enhanced T1-weighted showing marked heterogeneous enhancement; 2D: b-value 1000 s/mm? RESOLVE with high signal intensity
in the lesion; 2E: ADC map with low signal intensity in the lesion and mean absolute ADC of 0.482 x 10 mm?/s within the ROI; 2F: DCE-MRI
time-signal intensity curve in this patient is categorized as type 3 with washout enhancement [8].

SNR was lower for RESOLVE compared to SS-EPI, however,
there were no significant differences for CNR. This finding is
not surprising as SS-EPI has more efficient k-space coverage
compared to RESOLVE [7] which necessitates the loss of the
advantage of a short acquisition time. However, the higher
SNR of SS-EPI does not translate to increased resolution

or image quality. In contrast, RESOLVE has the potential

to achieve higher resolution with reduced susceptibility
artifacts and T2* blurring compared to SS-EPI. Critically,
there is no difference in the CNR ratio, consistent with a
previous study on breast cancer [7].

Following our establishment of the improved image quality
provided by RESOLVE in sinonsal lesions, we sought to
investigate the clinical utility of RESOLVE; specifically

we tested if the addition of RESOLVE may improve the
differentiation of benign and malignant sinonasal lesions
over DCE-MRI [8].

This study involved 98 patients (61 females, mean age

47 years) who underwent RESOLVE and DCE-MRI examina-
tions. 58 patients had histologically-proven malignant
Lesions while the remaining 40 were established as benign
(see Fig. 2 for a case example). The images were post-
processed and the data analyzed by an experienced
radiologist who was blinded to the histopathological results
[8]. Parameters derived from DCE-MRI included several
parameters uptake characteristics (see [8] for more details).

Logistic regression and receiver operator characteristic
(ROC) curve analyses were performed, first with DCE-MRI
parameters alone, followed by DCE-MRI together with
RESOLVE ADC values. With DCE parameters alone, accuracy
of classification was 70.4 (ROC curve AUC: 0.69, sensitivity
57.5%, specificity 79.3%). When ADC was added to the
analysis, the diagnostic accuracy increased to 85.7 (AUC 0.87,
sensitivity 85.0%, specificity 86.2%).

RESOLVE in the imaging of optic neuritis

Acute optic neuritis (ON) is one the most common optic
neuropathology in young adulthood. It is often associated
with multiple sclerosis (MS) or neuromyelitis optica
(NMO) but can also occur in isolation [9]. The diagnosis
of ON is currently based solely on clinical and neuro-
ophthalmological examination [10]. However, MRl is also
used for the assessment of the inflammatory changes in
the optic nerve as well as to rule out structural lesions
and other compressive or inflammatory orbital lesions.

Diffusion-weighted imaging of the optic nerve in patients
with ON have been shown to predict clinical outcome [11, 12].
However, these studies were based on SS-EPI diffusion which
is more prone to susceptibility artifacts in the topic area
compared to RESOLVE (Fig. 3). We thus sought to evaluate
the role of RESOLVE in detecting acute ON relative to
fat-suppressed contrast-enhanced T1w TSE imaging [13].
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The final study population consisted of 42 patients with
ophthalmological symptoms who have undergone an
evaluation for ON by a neuro-ophthalmologist and an MRI
within 4 weeks of their acute presentation. 8 patients had
neither a clinical history nor positive findings of ON during
the ophthalmological examination while the remaining 34
were diagnosed as having left, right, or bilateral ON. Out of
the total of 84 optic nerves evaluated, 41 were considered
clinically positive and 43 negative.

The MRI examination included RESOLVE (TR 4700 ms,

TE 70 ms, slice thickness 2.9 mm, gap 10%, 25 slices,
bandwidth 723 Hz/px, matrix 192, FOV 220 mm, averages
1to 2, b-value 1000 s/mm?, diffusion directions 3,

TA 2.5-5.3 minutes) and post-contrast T1-weighted TSE
(CE-T1) in 3 orientations: axial (TR 643 ms, TE 12 ms,

slice 2 mm), oblique sagittal (TR 713 ms, TE 12 ms, slice 2 mm)
and coronal (TR 568 ms, TE 11 ms, slice 3 mm). The RESOLVE
and CE-T1images were reviewed separately by two
independent neuroradiologists who were blinded to the
clinical history and diagnosis by the neuro-ophthalmologist.
Each optic nerve was evaluated for optic neuritis and
marked as ‘positive’ (+), ‘negative’ (-) or indeterminate.

This study found, as expected, that the accuracy of fat
suppressed CE-T1 for acute optic neuritis was higher than
diffusion ADC. For the two readers, the sensitivity, specificity
and accuracy of CE-T1 for acute ON neuritis were
68.3/85.4%, 79.1/93.0% and 82.1/90.0%, respectively. For
RESOLVE, they were 82.9/82.9%, 81.4/83.7% and 82.1/83.3%,
respectively [13]. Nevertheless it should be noted that the
sensitivity and specificity of RESOLVE were high and helped

Head-and-Neck Imaging Clinical

in the resolution of a number of patient cases. In our study,
there were 3 cases of bilateral acute atypical ON with no
obvious enhancement on CE-T1 but with high signal on DWI
with decreased ADC values (Fig. 4). Moreover, for patients
contraindicated for contrast injection, DWI can inform on
molecular motion and thus play an important role in
diagnosis and patient management.

Beyond diagnosis of acute ON, it is also important to be
able to differentiate between different clinical types. Acute
ON usually precedes the onset of MS or NMO. While NMO
can be distinguished from MS at a biochemical level by the
presence of the antibody to the astrocyte water channel
protein aquaporin 4 (AQP4) [14], it can still commonly be
misdiagnosed as MS. As the treatment and prognosis for
NMO are distinct from MS [15], it is important to help
clinically differentiate between them. We evaluated the
possibility that diffusion MRI with RESOLVE may help
differentiate between MS- and NMO-related acute ON.

We also investigated if MR diffusion parameters may help
predict findings on optical coherence tomography (OCT)
at six months post the acute attack [16].

34 patients, 19 diagnosed with MS-ON and 15 with NMO-ON,
and 16 normal controls were studied (see [16] for more
information on patient selection criteria). RESOLVE was
acquired on all participants with the following parameters
(TR 4700 ms, TE 70 ms, slice thickness 2.9 mm, gap 10%,

25 slices, bandwidth 723 Hz/Px, matrix of 192, FOV 220 mm,
voxel size of 1.1 x 1.1 x 2.9 mm?, 2 averages, b-value of 0,
1000 s/mm?, 3 diffusion directions, 7 readout segments,

TA 5.3 minutes) (Fig. 5).

Figure 3: RESOLVE (3A: b1000, 3B: ADC) shows reduced
distortion and greater anatomical detail of the optic area
compared to SS-EPI (3C: b1000, 3D: ADC) [13].

Figure 4: 21-year-old male with bilateral optic neuritis and no
light perception. CE-T1 axial and coronal (4A, B) showed no
obvious contrast enhancement while RESOLVE b1000 and ADC
(4C, D) showed apparent diffusion restriction, bilaterally.
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RESOLVE ADC

Figure 5: CE-T1, RESOLVE b1000 and ADC maps of three patients. 5A-C: Patient with MS-ON with acute visual decrease in the right eye.
5D-F: NMO-ON patient with affected Left eye and positive serum AQP4-1gG. 5G-I: Bilateral NMO-ON patient with negative serum AQP4-I1gG
[16]. Mean ADC values were significantly higher for the controls ((1.025 + .067) x 10 mm?/s) compared to the two patient groups

(p <.0001); with significantly higher mean ADC for the MS-ON patients ((.879 + .144) x 10 mm?/s) compared to the NMO-ON patients
((.691 £ .195) x 102 mm?/s) (p = .013). ROC curve analysis to differentiate between MS-ON and NMO-ON patients indicated an AUC of 0.785.
A threshold value of 0.830 x 10 mm?/s had the best result with sensitivity 75%, specificity 78.3% and accuracy 76.7%. Significant
correlations were found between ADC values and optic nerve peripapillary retinal nerve fiber layer (RNFL) thickness (r = .44, p = .006) as
well as the macular ganglion complex (GCC; r = .526, p < .0001). These findings support the idea of different pathophysiology of MS and
NMO and that, unlike the acute demyelination of MS-ON, the infiltration and necrosis generated by the AQP4 antibodies may result in

more severe axonal damage.

Summary and conclusions

We reviewed four recent papers from our institution which
evaluated the role of RESOLVE in the imaging of lesions
within the sinonasal and optic regions. Compared to
conventional SS-EPI, RESOLVE is a breakthrough in terms of
achieving high-resolution, low distortion diffusion-weighted
imaging of these challenging regions. With RESOLVE, small
anatomical structures can be better visualized without the
marked susceptibility distortion typically present for
conventional diffusion in these areas [6].

With the improvement to diffusion imaging quality provided
by RESOLVE, this opens up opportunities to quantitatively
assess the role of diffusion in the clinical diagnoses of
orbital and sinonasal lesions. We have shown that RESOLVE
ADC values can improve the accuracy to differentiate
between malignant and benign sinonasal lesions over and

above CE-T1 [8]. For optic neuritis, the most common optic
neuropathology in young adults, RESOLVE ADCs have a high
accuracy in differentiating between normal and affected
optic nerves and complements T1-CE in the diagnostic
process. RESOLVE ADCs may also help differentiate between
multiple sclerosis related optic neuritis and neuromyelitis
optica related optic neuritis as well as predict optic nerve
atrophy [16]. This can help support better diagnosis of these
diseases and also help predict the prognosis of these patients.
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Background

Clinical management of prostate cancer is strongly
challenged by the triangle of very high prevalence [1],
heterogeneous and poorly understood tumor biology, and
significant side effects of established treatments [2]. In order
to contain the harms of therapy, we have to put great effort
into the difficult task of identifying, from a huge pool of
indolent prostate cancers, the patients that actually benefit
from treatment.

In recent years, multiparametric MR imaging of the prostate
(mpMRI) has evolved into a useful tool in the pursuit of
better prognostic stratification. On the one hand, quality
assured mpMRI has great potential for triage of patients
for biopsies [3], i.e. omitting unnecessary biopsies [4].

On the other hand, mpMRI targeted biopsies, instead of

or in addition to systematic biopsies, escalate the detection
rate of cancer that might need treatment [5] and increase
the likelihood and confidence of attaining optimally
representative biopsies, i.e. sampling tumor tissue that

can be expected to drive prognosis.

Diagnostic pathway

In the assessment for possible prostate cancer at our
prostate center, mpMRI is the first test for all patients. For
interpretation of the mpMRI we apply PI-RADS v2, but in
some cases deviate from the scoring guidelines. Based on

_ PI-RADS 1+2 PI-RADS 3 PI-RADS 4+5

Group size 43% 8% 49%

% cancer 1% 27% 91%

Gleason score 6 1% 20% 33%

Gleason score 7a 0 % 30%

Gleason score 7b 0 0 28%
or higher

Table 1: Performance of diagnostic mpMRI at our institute.
Retrospective data collected for quality assurance purposes
(189 patients). Numbers represent highest Gleason score found
during completed diagnostic workup or in prostatectomy
specimens.

recent literature [4] and internal results (Table 1), our group
refrains from biopsy in most patients with a negative mpMRI
(PI-RADS 1-2). Systematic biopsies despite negative mpMRI
are performed in selected patients on the basis of certain
clinical alarm signals, since it is clear that prostate cancers
can have growth patterns that make them more or less
MR-invisible. Patients with a positive mpMRI (PI-RADS 3-5)
are scheduled for either MR-guided inbore biopsy or TRUS-
biopsy, the preferred method depending on the targets
defined on the mpMR], in the following manner: Lesions
considered potentially deterministic for prognosis and
treatment choice are defined as biopsy targets, with a
maximum of three targets for practical reasons. In case

of heterogeneous intratumoral signal characteristics on
diffusion-weighted images (DWI) or dynamic contrast-
enhanced images (DCE), the area that is suspected to
correlate to highest tumor aggressiveness is defined as a
separate biopsy target. Only in the case of a high probability
of hitting all the defined targets is TRUS-biopsies considered
the preferred method. At our institute this currently generates
approximately 6 MR-guided biopsies weekly.

System and workflow

For the MR-guided biopsies we use a MAGNETOM Skyra 3T
system and Soteria’s Remote Controlled Manipulator (RCM)?,
a pneumatically driven robotic device that allows for precise
needle guide steering from the operator room (Fig. 1).

Oral antibiotic prophylaxis and an enema are the only
preparations for the biopsy procedure. For the procedure the
patient is placed in the prone position on the MR table and
a needle guide is inserted in the rectum and subsequently
connected to the RCM (Fig. 2). Image guidance is done with
TrueFISP, alternatively short T2w TSE, sequences and when
deemed beneficial, diffusion-weighted imaging (Case 3).
Images are send from the MR console to the RCM software,
which then allows for quick and easy calibration and
thereafter manipulation of the needle guide position (Fig. 3).
When the images show satisfactory needle guide positioning,
a biopsy needle is inserted into the needle guide at
appropriate depth and the biopsy taken.
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Figure 2: Patient and RCM positioning.

Usage of an MR-compatible biopsy needle permits for image
documentation of the needle position. However, in our
experience the procedure allows for such accurate needle
positioning that this step is superfluous in most cases. By
routinely using ordinary biopsy needles we save both time
and money.

Procedure time varies with lesion size, location and
especially number. In the majority of our cases a door-to-
door time of 30 minutes is achieved, but since somewhat
longer procedures do occur quite regularly, we currently
schedule 40 minutes per patients.

Experiences

Patients generally tolerate the procedure very well. The prone
position can become somewhat uncomfortable for the
shoulders, but due to predominantly short procedure times
this rarely creates significant problems.

Learning to use the RCM system has been quite easy and
right from the start we have been able to perform accurate
biopsies. Obtaining short procedure times required some
experience for both radiologists and technologists, but was
achieved rather quickly.

All our targets have been reachable with the system. Biopsy
precision is logically dependent on the operator’s ability to

Men's Health Clinical 59

Figure 1: The RCM-system.

(1A) MRI-compatible robotic
device that holds and manipulates
the position of the needle guide.
(1B) Cart that is positioned outside
of the MRI-room and connected
to the robotic device by plastic
tubing, containing a steering unit,
compressor and vacuum pump.
The system includes a portable
Laptop with the control and
targeting software.

s g e “

e s v e [ s

Figure 3: Software interface.

correctly identify the target and readiness to aim accurately,
but the RCM enables the operator to achieve a very high
level of precision. In our experience, even the smallest of
targets, in all locations in the prostate, are consistently hit
(e.g. Case 1).

In approximately 85% of our biopsy cases cancer is found.

In the benign cases the mpMRI findings are usually equivocal
and the confident needle positioning routinely allows for
considering the benign histology to be representative.

In addition to high detection rates, we experience three
further important advantages of the high accuracy. First,
targeting of more than one lesion and precise targeting of
the tumor center or intratumoral areas suspicious of higher-
grade cancer regularly generates higher final Gleason scores
(Case 2). Second, the technique clarifies mpMRI findings,
which increases to total accuracy of the diagnostics. Third,
concise learning feedback to the diagnostic imaging is
generated, which is highly valuable given the evolving pivotal
role of mpMRl in clinical management of probable prostate
cancer.

Conclusions

The RCM facilitates targeted MR-guided biopsies of the
prostate with very high precision and confidence in a time-
efficient manner. Providing high-quality diagnostic mpMRI,
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Figure 4: 65-year-old patient with PSA level 4.4.

Diagnostic mpMRI showed a 3 mm highly tumor suspicious lesion in the peripheral zone of the right midgland and additionally typical
prostatitis changes anterolaterally mainly on the right side.

MR-guided biopsies revealed prostate cancer Gleason grade 4+3.

4A) Diagnostic mpMRI, transversal TSE T2w.

4B) Diagnostic mpMRI, transversal calculated b1500 images (RESOLVE diffusion).

4C) TrueFISP sagitally along the axis of the biopsy needle guide pointing at the target.

4D) TrueFISP transversally along the axis of the biopsy needle guide pointing at the target.

this allows for routine application of a one-stop, definitive [6, 7], combined with optimized biopsies, will lead to further
biopsy strategy that aims at accurately mapping prostate improvements in prognostication.

cancer. Our center performs RCM-biopsies whenever they

are expected to outperform TRUS-biopsies in the challenging  References
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Figure 5: 63-year-old patient with PSA level 6.0, referred to our center for MR-guided biopsies after negative MR-US Fusion-guided
biopsies at an external institute.

Diagnostic mpMRI showed a large prostate (estimated volume 128 ml) and apically bilateral relatively small, but highly tumor
suspicious lesions.

Both lesions were targeted with MR-guided biopsies. Histology revealed prostate cancer Gleason grade 4+3 on the left side and
Gleason grade 4+5 on the right side.

5A) Diagnostic mpMRI, transversal TSE T2w.

5B) Diagnostic mpMRI, transversal ADC map (RESOLVE diffusion).

5C) Diagnostic mpMRI, initial contrast uptake phase of transversal DCE (Twist VIBE).

5D) TrueFISP transversally along the axis of biopsy needle guide pointing at the target on the Left side.

5E) TrueFISP sagittaly along the axis of the biopsy needle guide pointing at the target on the right side.

5F) TrueFISP transversally along the axis of the biopsy needle guide pointing at the target on the right side.
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Figure 6: 63-year-old patient with PSA level 5.3.

Diagnostic mpMRI showed an 8 mm tumor suspicious lesion in the transitional zone of the right basal gland.

During the MR-guided biopsy procedure the lesion was hard to localize on TrueFISP and TSE T2 images, but possible to target confidently
with the use of diffusion-weighted images.

Histology revealed prostate cancer Gleason grade 3+4.

6A) Diagnostic mpMRI, transversal TSE T2w.
6B) Diagnostic mpMRI, transversal ADC map (RESOLVE diffusion).
6C) Diagnostic mpMRI, transversal calculated b3000 images (RESOLVE diffusion).

6D) Calculated b1500 images (RESOLVE diffusion) sagittaly along the axis of the biopsy needle guide pointing at the target.
6E) Calculated b1500 images (RESOLVE diffusion) transversally along the axis of the biopsy needle guide pointing at the target.
6F) TrueFISP transversally along the axis of the biopsy needle guide pointing at the target.
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Introduction

Whole-body MRI (WB-MRI) is an increasingly used,
radiation-free imaging method for assessing bone and soft
tissue pathology, and for evaluating response to therapy [1].
WB-MRI has been developed to overcome the limitations

of Bone Scintigraphy (BS) and Computed Tomography

(CT) for detection and therapeutic response assessments

in bone metastases [2]. Although increasingly used and
recommended by international guidelines for multiple
myeloma [3], WB-MRI usage has been confined mainly to
expert centers, causing some concerns about its broader
applicability. While WB-MRI can be performed on almost all
modern MRI scanners, inconsistencies in WB-MRI acquisition
protocols and reporting standards have prevented its
widespread testing and implementation, beyond the
indication for multiple myeloma.

Recently, a group of oncologic imaging specialists teamed
with a leading urologist and oncologist, to develop
recommendations on the minimum requirements for WB-
MRI acquisition protocol as well as standardized reporting
guidelines. They recognized that for this promising method
to become mainstream it is vital to enforce some uniformity
in acquisition, interpretation, and reporting. The authors
have named their formulation for metastatic disease
response and diagnostic system for prostate cancer as
MET-RADS-P (METastasis Reporting And Data System

for Prostate cancer) [4].

Why MET-RADS is needed

BS/CT scans are widely used and endorsed by international
guidelines as the standard imaging investigations in the
staging and follow-up of metastatic prostate cancer, thereby
affecting patient management [5, 6]. Howeuver, it is increasing
clear that currently used imaging methods are limited in
their effectiveness in directing therapy and may no longer

be relevant in the era of high-precision medicine, where an
increasing number of cytostatic and novel therapies are
becoming available [2]. For example, the accepted minimum
lymph node diameter (10 mm - short axis) on CT scan as
measure of involvement is only modestly correlated with

the presence of malignant disease, and CT cannot accurately
evaluate the presence or the therapeutic response in bone

metastases, the commonest metastatic site in prostate
cancer. Conversely, increased BS uptake in number and
extent of lesions can equally occur with the osteoblastic
healing (FLARE reaction) associated with tumor response
and with the osteoblastic progression associated with tumor
burden increase, thus creating confusion between response
and progression, when response to therapy is being assessed.
Next generation whole-body imaging tools such as PET

with targeted tracers and WB-MRI with diffusion-weighted
sequences are emerging as powerful alternatives; however,
the challenge remains in validating these newer imaging
approaches, so that their use can be justified in the clinical
routine.

An important step in this process is to ensure uniformity

in the acquisition, interpretation, and reporting of next
generation whole-body imaging methods, so that multicenter
trials leading to validation of these methods can be more
easily performed and evaluated. An important step for
WB-MRI is the new MET-RADS-P standard for use in patients
with advanced prostate cancer [4]. The standard establishes
minimum acceptable technical parameters for imaging
acquisitions built with sequences already available on

most modern scanners. Of the sequences recommended,

it is acknowledged that whole-body diffusion-weighted
sequences are the most challenging to implement across
imaging platforms. These sequences have been grouped to
enable fast, high-quality examinations for tumor detection
and response assessments (core and comprehensive
protocols respectively). Image quality control and quality
assurance procedures are also detailed by the standard.

The MET-RADS-P standard is designed to offer day-to-day
reporting guidance, paired with a detailed reporting tool that
describes the disease phenotype based on anatomic patterns
of metastatic spread thus, enabling systematic collection

of analyzable data for research purposes.

Comprehensive response criteria for bone and soft tissue
metastases and local disease have been proposed, with
the ability to summarize the likelihood of a response to
treatment, using a Likert-like 1-5 scale. It is important to
note that the summarized likelihood of response in bone,
uses newly developed MET-RADS criteria, but the response
in soft-tissues continues to be based on long established
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Figure 1: Updated MET-RADS-P template form and response criteria for bone and soft tissue disease.
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Figure 1A: Updated MET-RADS-P template form allocates the
presence of unequivocal identified disease to 14 predefined regions
of the body (primary disease, seven skeletal and three nodal
regions, lung, Liver and other soft tissue sites) at baseline and on
follow-up assessments. At each anatomical location, the presence
of disease is indicated (yes/no) together with the response assess-
ment categories (primary/secondary). The overall response of

the primary tumor, nodal and visceral disease are categorical

(no disease (ND), complete response (CR), partial response (PR),
stable disease (SD) and progressive disease (PD)). However, the
overall response of bone disease is on a scale of 1-5 indicating the
likely overall response category: (1) highly Llikely to be responding,
(2) likely to be responding, (3) stable, (4) Likely to be progressing
and (5) highly likely to be progressing.
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Figure 1B: Criteria for regional response assessment categories
(RACs) that summarize likelihood of response in bone disease
employ the newly developed MET-RADS criteria, but RACs for
response in soft-tissues uses established standards already
prescribed by RECIST v1.1 and PCWG guidance [7, 8]. Response
assessment is indicated on a 1-5 scale indicating the likely
RAC for each location, comparing to the baseline study (RAC-1,
indicates highly likely to be responding, up to RAC-5, indicating
highly likely to be progressing).
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Figure 2: Primary resistance to hormonal therapy
67-year-old male with metastatic castrate resistant prostate cancer (mCRPC).
WB-MRI examinations before and on androgen deprivation therapy (Abiraterone and Goserelin).

2A 29 April 16

Figure 2A: Marked disease progression can be seen on morphology T1-weighted and STIR sequences and on WB b900 MIP images
and confirmed by ADC measurements (see Fig. 2D also). Disease progression is seen in the prostate gland with extensive bladder
invasion together with rectal invasion. There is disease progression in pelvic and retroperitoneal lymph nodes with nodal
enlargement in the Lleft axilla also. There is bone disease progression throughout the spine with extra-osseous soft tissue disease
with new and enlarging deposits. No liver or lung disease is seen. The spinal stenosis at L3/l4 is degenerative in nature.
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Lumbosacral spine;
The intervertebral bony alignment remains nomal with no interval loss of venebral height. D i | Dorsal spine
spinal stenosis at LAL4 as noted on the previous occasion. Regrettably, there is maked disease Involved y Involved
progression in the lumbosacral spine since the previous study. AC RAC
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No skull vault deposits have emenged. Normal sinonasal airways. + -
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Nodes
The Iiver and spleen ane homogeneous. Mommal pancreas and adrenal glands. Both kidneys are w \/
unobsirucied with bilateral renal stents in situ, Small retroperitoneal ymph nodes are also detected. Mver " Viscera | P ji= = Pelvis
Exlensrve melastalic bane disease is present in the sacumn predominanlly on the lef side, nghl and et = l\J I 1/ ]
hemipelvis bone disease also, Invakved | Bones S Invohed
="l i — —_
Nodal disease in the comman iliac regions bilaterally, Right obturator region with extra nodal tumous RAC amiment RAC s/.)
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ghand wilh exteresive bladder mvasion. There is desease progression within pehic and retreperitoneal
Iymph nodes with extra nodal tumour spread. There is disease progression in the left avilla also. Bone RAL
disease progressicn additionally throughout the spine with extra-psseous soft fissue disease also visible,

Mo new visceral relapse of desaase

Flease see graphical MET-RADS-P report also,

progressing: 5 Highly Biely to be progressing. Single lesio

Figure 2B: Original text report for the follow-up examination that accompanies the MET-RADS-P template report.

Figure 2C: Completed MET-RADS-P template report indicating sites of disease and RACs at each anatomical location compared to the
baseline study. The presence of unequivocal identified disease is indicated together with primary and secondary RACs at each site using
the criteria set out in Figure 1B. Short relevant comments are included for clarification purposes where needed.
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Figure 2D: WB-tumor load
segmentation undertaken on
syngo.via Frontier MR Total Tumor
Load software (Siemens Healthcare;
released research prototype — not
part of the MET-RADS-P standard)
for illustrative purposes only.

MR Total Tumor Load 1.2.0

The whole-body b900 images are seg-
mented using computed high b-value
images of 1200 s/mm? and signal
intensity threshold of approximately
100 AU. Extraneous signals (such as

the brain, kidneys, bowel, gonads) are
removed to leave only recognizable
disease sites. The color the b900 MIP
images are overlaid with ADC value
classes using the thresholds indicated.
The green voxels are values 21500 um?/s
(representing voxels that are ‘highly
likely’ to be responding). The yellow
voxels are set to lie between the 95
centile ADC value of the pre-treatment
histogram (1295 pm?/s) and 1500 um?/s
thus representing voxels ‘likely’ to be
responding. Red-voxels represent mostly
untreated disease.

Oncological Imaging Clinical

TRl

43 mL of tumor are segmented before therapy and 472 mL on therapy. Note that there is no significant global increase in ADC values
(859 um?/s and 885 um?/s) on the corresponding absolute frequency histograms. There is also no increase in the standard deviation of the
histogram (247 and 249 um?/s). Note increased extent and volume of red-voxels consistent with disease progression (95% before therapy

and 94% after therapy).

standards, prescribed by RECIST v1.1 and PCWG, the Prostate
Cancer Working Group [7, 8) for clinical research. Discordant
responses in which progressing and responding lesions are
seen at same time point, are increasing seen with the use

of targeted therapies and are a recognized manifestation

of tumor heterogeneity. MET-RADS-P proposes methods

to record the presence, location and extent of discordant
responses between and within body parts. The use of
MET-RADS-P enables for the first time to categorize bone
disease response into 3 categories (progressive disease,
stable disease and response), rather than the clinically
recommended categories (progression/no progression) when
using BS/CT scans [8], thus mirroring response assessments
in soft tissues disease.

The benefits of using a standardized approach include
enhanced data collection for outcomes monitoring in clinical
trials and from patient registries, enhancing the education

of radiologists to reduce variability in imaging interpreta-
tions, and for improving communication with referring
clinicians. The MET-RADS-P authors state that the new way
of response categorization from 2 categories used currently,
to 3 categories when assessing bone disease response, could
lead to a paradigm shift from the current concept of treating
patients to documentable progression (when tumor volume
could be substantially greater than baseline), to being guided

by the presence or absence of benefit to therapy thus
introducing more nuanced delivery of patient care.

MET-RADS-P template form

Response assessment categories (RACs)

An updated MET-RADS-P template form can be found
in Figure 1 and is available as a pdf document at:
www.siemens.com/magnetom-world.

The use of MET-RADS-P system starts by allocating

the presence of unequivocal identified disease based

on morphology and signal characteristics on all acquired
images to 14 predefined regions of the body (primary disease,
seven skeletal and three nodal regions, lung, liver and other
soft tissue sites) at baseline and on follow-up assessments
(see page 1 of the MET-RADS-P template form Figure 1A).

For follow-up studies, a response assessment on a scale of
1-5 indicating the likely response assessment category (RAC)
for each location is recorded, comparing to the baseline
study (RAC-1, indicating highly likely to be responding,

up to RAC-5, indicating highly likely to be progressing).

The reporting guideline provides detailed explanations of
the imaging criteria to be used to classify the likelihood
of response in bones. Thus, RACs that summarize likelihood
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of response in bone disease employ the newly developed
MET-RADS criteria (Fig. 1B), but RACs for response in soft-
tissues continues to use established standards already
prescribed by RECIST v1.1 and PCWG guidance [7, 8].

For each region, only 2 RACs are needed to account for
heterogeneity of responses that may occur in different
anatomic areas. The primary RAC value (1-5) is based on
dominant pattern of response within the region (that is,
the response shown by more than half of the lesions within
the region). A secondary RAC value (1-5) is assigned to the
second most frequent pattern of response seen within the
region.

A tertiary RAC value (4-5) maybe assigned to the region to
illustrate progressing disease (i.e. RAC 4-5), if not already

captured by the primary or secondary RAC values but this
is not usually necessary in clinical practice.

When assessing a single lesion in a region, only the primary
number category is used. Regions with multiple lesions all
with the same pattern of response will have the same RAC
value assigned as both the primary and secondary RACs.
When equal numbers of lesions are category RAC 4/5
(progressing) as RAC 1/2/3 (responding & stable), then

the primary pattern allocation is reserved for RAC 4/5 (the
higher category). Similarly, when equal numbers of lesions
are category RAC 1/2 as RAC 3, then the primary pattern
allocation is reserved for RAC 3 (the higher category).

Overall response

The final response assessment consists of separately
assessing the status of the primary disease, bones, nodes,
and viscera without an overall patient response result. The
overall patient assessment should be summarized in the text
report which should accompany the MET-RADS-P template
report (Figs. 2B, C).

Unlike regional response assessments which allocate RACs,
the overall response for the primary tumor, nodal and
visceral disease should be categorical, thus following
established guidelines [7, 8], to improve communication

with clinicians who are already familiar with this format.
The following categories should be assigned: no disease (ND),
complete response (CR), partial response (PR), stable disease
(SD) and progressive disease (PD).

In contradistinction, the overall response of bone disease
should be categorized on a scale of 1-5 indicating the Likely
overall response category: (1) highly likely to be responding,
(2) likely to be responding, (3) stable, (4) likely to be
progressing and (5) highly likely to be progressing.

Discordance or mixed response indicates the presence of

progressing bone/soft tissue disease, not meeting definite
progression criteria in the primary category, that is, when
the majority of disease is stable or responding.

Discordant response should also be separately reported

for primary, nodal, viscera and bone; evaluation of regional
responses will enable the specific identification of the
anatomic sites of mixed responses.
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When discordant response is observed, the degree of
discordance should be indicated major or minor to indicate
in the evaluators opinion on whether alternative therapy
options should be considered.

ADC value measurements should be made using a region-
of-interest (ROI) technique on ADC images. Due to the lower
spatial resolution of WB-MRI compared to CT scans, a 1.5 cm
diameter threshold for bone lesions ROl is recommended for
ADC measurements.

ADC measurements in bone disease should only be obtained
from lesions that have sufficient signal intensity detected on
all b-value images (including b0); otherwise the ADC values
will be erroneous, reflecting only the noise in the images.
Note that the absence of tissue signal on highest b-value
images does not exclude tissues from ADC measurements
because signal maybe present at lower b-values (thus, low
or intermediate b-value images should be chosen instead
for ROI placements).

Research components

Because of the need to unequivocally identify disease and to
cope with the lower spatial resolution of WB-MRI compared
to CT scans, a 1.5 cm diameter threshold for lesion size
assessments is advised. Lesion size should be measured

on anatomic T1-weighted images where possible.

Note that progression assignments for soft tissues, if based
on measurements should be from baseline or the treatment
induced summed measurement nadir, whichever is lower as
per the RECIST v1.1 guidelines [7].

The type of progression (new disease versus growth of
existing lesions) should be separately recorded; the location
of progression can be accessible from the regional response
assessments.

RACs at each time point should be compared to the baseline
(pre-treatment) study for clinical use, but maybe referenced
to the immediate prior study for research purposes if needed.

Whole-body tumor segmentations and histogram analysis
are not part of the MET-RADS-P standard but can be used
as ancillary tools if available (and are used in this paper
for illustrative purposes only).

Worked up examples

An updated MET-RADS-P template form and detailed
bone response assessment criteria can be found

in Figure 1 and is available as a pdf document at
www.siemens.com/magnetom-world.

Figures 2—4 illustrate the use of the MET-RADS-P standard
in advanced, metastatic prostate cancer illustrated with
examples of disease progression, responding and discordant
responses.

The figures also demonstrate the utility of the WB-tumor
load segmentation which is undertaken with the MR Total
Tumor Load prototype, a released research software tool
available on syngo.via Frontier (Siemens Healthcare,
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Figure 3: Excellent response to chemotherapy
65-year-old male with metastatic castrate naive prostate cancer (mCNPC).
WB-MRI examinations before and after 4 cycles of docetaxel, goserelin and prednisolone therapy.

Figure 3A: There is improve- 22 July 12
ment in the spinal canal ¥ : / "/
narrowing in the mid-dorsal
and lumbar spine on the
T2W-FS images. The T1-
weighted images are essen-
tially unchanged or possibly
minimally worse. There is
also marked improved
appearances of the bone

and nodal disease on the
paired WB b900 MIP images
(inverted scale) and con-
firmed by significant increase
in ADC values (see Figure 3C)
of the bone lesions and
reduction in size of the nodes.

Figure 3B: Completed m N — 212l
MET-RADS-P template report e

indicating sites of disease _ = _
and RACs at each anatomical ue N
Llocation compared to the —
baseline study. Note how v Y
the overall response at the ;
primary tumor is indicated
as no disease (previous
radiotherapy). The overall
pelvic nodal and retroperi-

toneal disease is excellent B el B
indicated as partial response coiia N s T == R,
(PR). The bone disease ' il
response is indicated by =LY -
category 1 (highly likely to =" ey

be responding).

Figure 3C: WB-tumor load segmentation undertaken on syngo.via Frontier MR Total Tumor Load software (Siemens Healthcare; released research
prototype — not part of the MET-RADS-P standard) for illustrative purposes only.

The whole-body b900 images are segmented using computed high b-value images of 1000 s/mm? and signal intensity threshold of approximately
30 AU. Extraneous signals (such as the brain, kidneys, bowel, gonads) are removed to leave only recognizable disease sites. The thresholded
mask is overlaid with ADC value classes using the thresholds indicated and superimposed onto the b900 MIP images. The green voxels are values
21500 um?/s (representing voxels that are ‘highly likely’ to be responding). The yellow voxels are set to lie between the 95 centile ADC value of
the pre-treatment histogram (1067 um?/s) and 1500 um?/s thus representing voxels ‘likely’ to be responding. Red-voxels represent mostly
untreated disease.

1281 mL of bone marrow and retroperitoneal nodal disease were segmented before therapy and 430 mL on therapy. Note that there is marked
global increase in ADC values (705 pm?/s and 1635 um?/s) on the corresponding relative frequency histograms. There is a marked decrease in
excess kurtosis of the histograms (9.0 and -0.60). Note decreased extent and volume of red-voxels consistent with disease response (95% before
therapy and 17% after therapy). The residual red regions on the post therapy scan are presumed to represent residual disease with low ADC
values in the lower lLumbar spine and in the left proximal femur.
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Figure 4: Discordant response to Radium-223 therapy
55-year-old male with metastatic castrate resistant
prostate cancer (mCRPC). Previously failed treatments
include docetaxel chemotherapy and abiraterone.
Previously lumbar spinal radiotherapy. WB-MRI scans
were obtained before and after Radium-223 treatment.
Symptomatically the patient is worse with increasing
bone pain and has become blood transfusion depen-
dent; however PSA values are improved from 792 ng/mL
to 167 ng/mL thus creating diagnostic confusion on the
effectiveness of Radium-223 therapy.

Figure 4A: T1-weighted spine images show increased
abnormal signal in the cervical, dorsal and lumbo-
sacral spine suggestive of disease progression using the
criteria in Figure 1B. However, the STIR sequence shows
higher signal intensities in the cervical and dorsal spine
indicating increased tissue water. Note increase in size
of retro-peritoneal nodes (orange arrows).

Figure 4B: Responding disease in femora & dorsal spine,
new disease in lLumbar spine

Coronal b900 and ADC maps show decreased b900
signal intensities and increased ADC values in the
dorsal spine and proximal femora (orange arrows)
indicating responding disease (T1w-pseudo-progression
in the dorsal spine). However, the opposite is seen in the
lumbar spine where b900 signal intensity is increased
(red arrows) and with low ADC values indicating new
disease (true progression). Note some enlargement of
the primary prostate tumor also (vertical red arrows).

Figure 4C: Paired b900 MIP images (inverted scale) 10 Mar 15
showing new nodal disease in the left hemipelvis,
retroperitoneum and in the left supraclavicular fossa
(red arrows). On the other hand, the enlarged lymph
nodes in the right common iliac region is improved
(green arrow). There seems to be an increase in extent
of bone marrow signal intensity. The high signal
geographic lesion over the right thigh on the follow-up
examination is a dipper pad (*). Note lower signal
intensity of the brain on follow-up examination due

to the absence of the head coil.
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Figure 4D: Completed MET-RADS-P
template report indicating sites of oAl w(zlis
disease and RACs at each anatomical
location compared to the baseline

MET-RADS Prostate Report

study. Note how the RAC of response ':"i’:;';c Y
at the primary tumor is mostly stable RAC
with some progression (RAC 3/4). The BH'
RAC of the pelvic nodes is indicated as [ Pehic nodes [ Cervical spine
5/2 meaning that there is progression ol Lot |
in the majority of the nodes although sl 23
a single lymph node has responded e T
(see also Figure 4E). Overall the bone Invalved Invaived
3 ) ) RAC Y RAC Y
disease is scored as 2 (likely to be sl 2/3
responding in the majority of regions)
with major discordance due to Db e b
progression in lumbo-sacral spine and e y ) E— B T e Y
pelvis (both with RAC scores of 5/5). L’E;jk\& Primary i sls
Nodes \/
Liver Viscera i i i [ Pelvis
Involved N Bones \\\¥ 2 T '-‘-\;\?.‘_jt;—f. 'n\-olwd Y
RAC : k RAC 5{5_
= T”vaam W W edes -
i Veppamne. Cpambsp raaenbn D | ke
| dorsal. JPne Yok brwa | FS
imid” - ' Wasdpos it
RAC N 'Pm Lé"“{"% e :tAc y

Spone . sz

nt categories [RACK
; & Mighly lleely 10 be

abe

Figure 4E: WB-tumor load - RS
segmentation undertaken on

syngo.via Frontier MR Total Tumor MR TG Tk | w120
Load software (Siemens Healthineers; N
released research prototype — not part
of the MET-RADS-P standard) for
illustrative purposes only.

The whole-body b900 images are
segmented using computed high b-value
images of 1000 s/mm? and signal intensity
threshold of approximately 100 AU. Extra-
neous signals (such as the brain, kidneys,
bowel, gonads) are removed to leave only
recognizable disease sites. The color the
b900 MIP images are overlaid with ADC
value classes using the thresholds indicated.
The green voxels are values 21500 um?/s
(representing voxels that are ‘highly Llikely’
to be responding). The yellow voxels are set
to lie between the 95t centile ADC value of
the pre-treatment histogram (1208 um?/s)
and 1500 pm?/s thus representing voxels
‘likely’ to be responding. Red-voxels
represent mostly untreated disease.

570 mL of bone marrow and nodal disease are segmented before therapy and 538 mL on therapy. Note that there is moderate global increase
in ADC values (670 um?/s and 920 um?/s) on the corresponding relative frequency histograms. There is a decrease in excess kurtosis of the
histograms (2.2 and -0.05). Note decrease extent and volume of red-voxels consistent with disease response (95% before therapy and 76% after
therapy). Heterogeneity of response in the spine (more red voxels in the lumbar spine and more green voxels in the dorsal spine) and in the
pelvis is appreciable on these color projected images. This heterogeneity of response emphasizes the need to evaluate all the relevant WB-MRI
images and to apply regional responses using the MET-RADS-P criteria.
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Erlangen, Germany; released research prototype). Note

that tumor load and ADC histogram analysis is not part

of the MET-RADS-P standard, and is included for illustrative
and cross-correlations purposes only. Detailed working

of the syngo.via Frontier MR Total Tumor Load software is
described in an accompanying article by Robert Grimm and
Anwar R. Padhani in this issue of MAGNETOM Flash.

Conclusions and future developments

The MET-RADS-P system provides the minimum standards
for whole-body MR with DWI image acquisition, interpre-
tation, and reporting of both baseline and follow-up
monitoring examinations of men with advanced, metastatic
prostate cancer. MET-RADS-P is suitable for guiding patient
care in practice (using the regional and overall assessment
criteria), but can also be incorporated into clinical trials
when accurate lesion size and ADC measurements become
more important (thus, recording of measurements is not
mandated for clinical practice). MET-RADS-P enables

the evaluation of the benefits of continuing therapy to

be assessed, when there are signs that the disease is
progressing (discordant responses).

MET-RAD-P requires validation within clinical trials initially
in studies that assess the effects of known efficacious
treatments, such as those targeting the androgen axis,
cytotoxic chemotherapy, Radium-223 and PARP inhibitors.
METRADS-P measures should be correlated to other tumor
response biomarkers delineated by PCWG (such as PSA
declines), quality of Life measures, rates of skeletal events,
radiographic progression free survival and overall survival.
The Latter will be needed for the introduction of WB-MRI into
Llonger term follow-up studies that will allow objective
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assessments of whether WB-MRI is effective in supporting
patient care. Thus, we recommend that MET-RADS-P is now
evaluated in clinical care and trials, to assess its impact

on the clinical practice of advanced prostate cancer.
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Whole-body Diffusion-weighted MR Image Analysis
with syngo.via Frontier MR Total Tumor Load

Robert Grimm?, Anwar R. Padhani?
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2Paul Strickland Scanner Centre, Mount Vernon Hospital, Northwood, Middlesex, UK

Whole-body diffusion-weighted MRI has recently gained a This limitation was addressed by an efficient analysis
Lot of attention as a promising technique for the assessment  approach that has been proposed by Blackledge et al. [4],

of multifocal bone disease such as multiple myeloma and using a threshold-based segmentation on diffusion-weighted
bone metastases from breast and prostate cancer [1-3]. images to identify regions of disease. Based on this segmen-
Compared to other imaging techniques, diffusion-weighted tation, the overall tumor volume as well as histogram

MRI has a high sensitivity and specificity for disease metrics of the corresponding apparent diffusion coefficient
detection, without exposing the patient to ionizing radiation.  (ADC) maps are analyzed. Excellent inter- and intra-observer
Uniquely, diffusion imaging also enables therapy response agreement of this computed approach was demonstrated

to be evaluated, with particular application for bone recently in a pilot study [5].

disease. However, one challenge is the relatively large effort
in response interpretation, due to the number of images that
are generated and the lack of tools for efficient evaluation
for multifocal disease.

Input image Initial threshold Editing Final mask ADC analysis

Figure 1: Application workflow. A computed high b-value image (b = 800 s/mm?) serves as input. An initial segmentation of the multiple
myeloma lesions is obtained by thresholding and then edited to manually exclude regions from the analysis. In this case the brain, neck
nodes, salivary glands, kidneys, spleen, and pelvic bowel were removed. Furthermore, the lower lumbar spine was removed, because of
artifacts from a spine stabilization. Finally, back-mapping analysis reveals the ADC associated with each voxel, and provides detailed
ADC histogram metrics (see also Figure 2).
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Figure 2: Example result for a multiple myeloma patient before and after one cycle of ESHAP (etoposide, methylprednisolone, cytarabine
and cisplatin) therapy. The ADC back-mapping (2A) indicates reduced tumor burden and region based responses by yellow and green
overlays. The ADC histograms (2B) show a significant change due to the treatment. The ADC statistics show reduced active tumor volume,
increased mean and median ADC, and decreased ADC skewness and kurtosis. While 94.5% of the segmented volume were in the ADC range
associated with active tumor at baseline, only 13.8% of the volume at follow-up were in the same range (ADC < 1000 um?/s). Conversely,
the fraction of the data in the ADC range associated with tumor cell kill (ADC > 1500 pm?/s) has increased from 0.9% at baseline to 44.7%

on the follow-up study.

Quantitative whole-body diffusion MRl is implemented

in the syngo.via Frontier MR Total Tumor Load® released
research prototype: It uses diffusion-weighted images as
input and allows creation of a 3D mask on diffusion images,
for the analysis of the corresponding ADC maps. The
prototype supports evaluation of up to two time-points,
side-by-side and utilizes maximum intensity projections
(MIPs) to facilitate efficient visual assessment of the inter-
mediate result at each step. The workflow is structured in
three steps, as depicted in Figure 1. The example illustrates
the processing steps for a patient with multiple myeloma:

1. Initial segmentation: An initial mask is defined
interactively by applying a threshold to a computed high
b-value image (for example, b = 800 s/mm?).

An automatic outlier removal can be performed
to reduce false positive voxels due to artifacts or T2
shine-through.

2. Mask editing: The initial mask is edited by the user. The
user can perform volume punching in order to exclude
artifact regions and normal hyperintense organs such

as brain, kidneys, spleen, testes, salivary glands etc,

or users can choose to retain only a selected volume of
interest. Furthermore, a volumetric, semi-automatic
segmentation tool is available for manually adding false
negative regions to the mask if not already captured.

T T T

Volume [cm?3] 1298 978
ADC mean [um?/s] 653 1432
ADC median [pm?/s] 609 1437

ADC skewness 211 0.12

ADC e. kurtosis 8.21 0.07
% Low 94.5 13.8
% High 0.9 447

Table 1: Segmentation statistics. The tumor volume as well as
several histogram metrics have changed significantly during
treatment.



MAGNETOM Flash (68) 2/2017
www.siemens.com/magnetom-world

3. Analysis: The ADC histogram and corresponding statistics

are computed for the edited masked volume. Histogram
metrics include mask volume, mean, median, standard
deviation, skewness, excess kurtosis, and customizable

percentiles.

Regions of low, intermediate and high ADC values can
be inspected interactively by adjusting slider positions
on the histogram. Depending on the ADC chosen, the
colored back-mapping ADC overlays allow the visual
discrimination of regions with untreated disease
(typically associated with lower ADC values) compared
to disease regions that have been treated effectively
(high ADC values).

In the example shown in Figure 2, the 95" percentile of the
baseline examination, approximately 1000 um?/s, was used
as lower ADC threshold and 1500 um?/s was used as upper
threshold. The ADC back-mapping in Figure 2A shows a red
overlay for voxels with an ADC below 1000 um?/s, a yellow
overlay for voxels in the intermediate range, and a green
overlay for voxels above 1500 um?/s. The corresponding
histograms and Limits are shown in Figure 2B. The patient
shows changes consistent with a significant response to the
therapy, indicated by the emergence of mixed yellow and
green regions in the humeri, pelvis, and femur. However,
red regions continue to be seen indicating the continued
presence of untreated disease.

The histogram statistics, listed in Table 1, show a reduction
of the total diffusion volume, from 1298 cm? at baseline to

978 cm? at follow-up, and a radical change in the histogram

shape. The mean and median values have increased

from 653 (609) um?/s at baseline to 1432 (1437) um?/s

in the follow-up examination. The skewness decreased
from 2.11 to 0.12, while the excess kurtosis decreased from
8.21to 0.07.

Further examples obtained with the syngo.via Frontier MR
Total Tumor Load" released research prototype software
can be found in the article “Metastatic Prostate Cancer

in Practice — the MET-RADS-P Imaging Response System
Using Whole-body MRI” on page 64 and in the case study
“Observing Endocrine Therapy Resistance in Metastatic
Breast Cancer with Whole-body MRI“on page 80 of this
issue of MAGNETOM Flash.

To summarize, the syngo.via Frontier MR Total Tumor Load
released research prototype provides an efficient and
reproducible workflow with quantitative results for the
processing and analysis of whole-body diffusion-weighted
images in the response assessment setting. It is a promising
tool to support the standardization of whole-body MRI for

treatment response monitoring of bone disease in particular.

Extensions like a fully automatic bone segmentation
(as described in “"Whole-body MRI Reading and Bone

Product News

Assessment with syngo.via Frontier MR Bone Scan” on
page 76 in this issue), simultaneous consideration of other
MR parameters such as the normalized signal intensity,
fat fraction, or Gadolinium enhancement fraction [6, 7],
and integrated classification techniques to detect and
separate regions of discordant response [7], may further
add to the potential of the technique to promote high-
precision medicine.
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Whole-body MR Image Reading and Bone Assessment
with syngo.via Frontier MR Bone Scan

Matthias Fenchel*; Anwar R. Padhani?

! Siemens Healthineers, Erlangen, Germany
2Paul Strickland Scanner Centre, Mount Vernon Hospital, Northwood, Middlesex, UK

Whole-body MRI with diffusion imaging has gained a lot detection [4], without exposing patients to ionizing

of attention as a promising technique for the assessment radiation. However, one challenge is the relatively large
of multifocal bone disease, such as multiple myeloma and effort in image interpretation, due to the number of
bone metastases from breast and prostate cancer [1-3]. images that are generated, and the Lack of available
Diffusion-weighted MRI in combination with other MRI tools for efficient evaluation.

contrasts has a high sensitivity and specificity for disease
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Figure 1: The figure shows a snapshot of the bone reading step of the application with the cropping and the spine unrolling/flattening and
spine labeling features activated. The cursor is centered at the T11 vertebral body.
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Siemens has implemented a novel MR whole-body image
reading prototype with a specific focus on metastatic bone
disease. The vision behind this syngo.via Frontier MR Bone
Scan'is to leverage MR and MR-PET bone reading and make
it as efficient as in the syngo.CT Bone Reading application.
As a central feature, the application computes segmentations
of the axial skeleton based on Dixon input images, using an
atlas based algorithm [5].

The bone segmentations can be used in several ways:

1) Bone segmentations can be applied to remove all

2

3

4

—

~

=

other tissues on any given image contrast, thus directing
the reader’s attention directly to the bone and the bone
marrow. When this is done with high b-value images,
rotating maximum intensity projections (MIPs) can

be generated that provided a focused overview of

the state of the disease in the skeleton. This enables
assessments of abnormalities within the bones at a
single glance. The ability to automatically remove soft
tissues and other extraneous signals increases metastatic
conspicuity on inverted MIPs on the segmented volume.
This is of advantage in metastatic prostate cancer where
Lesion conspicuity may be obscured by surrounding tissue
signal.

The ability to isolate bones on multiple, registered
image sequences such as DWI, ADC maps, in- and
opposed phase Dixon, Fat Fraction and T1- and T2-
weighted images with combined MIP images, enables
focused, efficient multiparametric evaluations of the
bones without signals and artefacts from surrounding
soft tissues.

Bone segmentations can help to support visualizations
Llike unrolling bones into a plane to simplify the geometric
complexity for complete and easy assessment with few
scroll moves through a reduced number of slices. In
particular, the syngo.via Frontier MR Bone Scan allows
for projecting the spine to a plane, displaying all vertebra
at a single glance as a straightened flattened spine. All
other image contrasts can also be warped accordingly in
the unrolled spine mode.

Bone segmentations provide useful additional anatomic
orientations, which helps to facilitate reporting. The
vertebra of the segmented spine can be labelled, with
Labels presented to the user as overlays.

Bone segmentations from DWI independent image
contrasts could support unbiased, quantitative
multiparametric evaluation of the bone marrow also.
Co-registered bone segmentations of image contrasts

Product News

such as fat fraction, ADC, high b-value signals can enable
the separation of normal yellow marrow, mixed marrow,
viable tumor regions, microscopic necrosis, macroscopic
necrosis voxels. Co-registered voxels can be evaluated

in syngo.via Frontier Total Tumor Load and Scatter Plot
software for these purposes.

5

-

In addition, separate evaluations of the different bones
are supported. For instance, the pelvic bone and its voxels
can be isolated and evaluated. Quantitative values could
be evaluated independently thus enabling therapy
response assessment and evaluation of spatial
heterogeneity if required.

syngo.via Frontier MR Bone Scan supports standard tools
for reading and reporting such as automatic configuration
of hangings, automatic scrolling and synching of the
segments as well as measurement tools.

The workflow of the application is structured into two steps.

1) Bonereading step: Layout, hangings and tool
configuration are set up for the assessment of bone
metastases. The bone segmentation runs in the back-
ground and yields the bone mask that allows for the
usage of the advanced visualization tools mentioned
above to support the reading process.

2) Soft tissue reading: Layout, hangings and tool
configuration are set up to assess the status of soft
tissues including primary tumors, lymph node and
visceral organs.

3) In a final step, results and findings can be exported
in a report pdf sheet.

4) The computed bone mask can be stored back to the
patient image database and be made available for
secondary (quantitative) evaluation tools like syngo.via
Frontier Total Tumor Load as an independent bone mask.

Figure 1 shows a snapshot of syngo.via Frontier MR Bone
Scan.

The clinical case in Figure 2 shows a 70-year-old man with
castrate resistant prostate cancer who has failed hormonal
therapy and docetaxel chemotherapy, and is now under-
going a novel therapy that targets the prostate specific
membrane antigen (PSMA) receptor. Pre- and post-therapy
assessments were undertaken on a 3T MAGNETOM Prisma
scanner. Note that assessments of the bone status on

the whole-body inverted b800 MIP images is impaired due
to signals from soft tissues, including the swollen right leg
(new hip fracture on the post therapy), kidneys and bowel
on both studies. After automated cropping and removal of
the soft tissue signals, the response of the disease becomes
easier to evaluate.

[
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Figure 2:

2A: From Left to right axial
T2-weighted, fat fraction,
b-value 800 mm?/s, ADC
images through the sacrum
before therapy. Top row before
cropping and bottom row
after cropping. After cropping,
focused evaluations of the
bones can be undertaken.

2B: From Left to right axial
T2-weighted, fat fraction,
b-value 800 mm?/s, ADC
images through the sacrum
after therapy. Top row is
before cropping and bottom
row after cropping. Note
increased artifacts in the
anterior abdomen on the
b800 images related to bowel
motion. These artifacts are
removed by cropping, thus
allowing focused evaluations
of bone response. Note
decreases in b800 signal
intensity and extent, with
increasing ADC values are
consistent with therapy
response.

2C: Whole-body b800 MIP
images (inverted scale) of
the same patient as in 2A, B
before and after cropping —
frontal projection. Columns
1and 2 are pre-treatment.
Columns 3 and 4 after
treatment. Note improved
depiction of metastatic bone
disease status at both time
points when signals from
overlying soft tissues are
automatically removed.
The increased soft tissue
signal over the right hip
after therapy is due to a
new impacted hip fracture.

.

! .:! !

before therapy after therapy
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In summary, syngo.via Frontier MR Bone Scan is a promising
application for whole-body reading enabling unbiased
qualitative and quantitative assessments of bone marrow
and bone Llesions, with potential applications in therapy
monitoring. However, it should be noted that it is still an
evolving application, requiring optimizing the reading work-
flow for therapy response assessment in metastatic bone
disease. Future developments will include Llayouts and
tools for parallel evaluation of several time points. It is
also planned to include features for direct quantitative
evaluation as described in the Total Tumor Load (see article
by Grimm and Padhani in this issues of MAGNETOM Flash)
and seamless interactions with other syngo.via Frontier
oncology prototypes.
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Watch Cancer Develop Multidrug Resistance

In this video Professor Padhani shows how quantitative whole-body MRI is used to monitor
therapy response in metastatic breast cancer. Watch the video at

www.siemens.com/magnetom-world

Watching cancer
develop multidrug
resistance

Quantitative whole-body MR

to monitor therapy response in
metastatic breast cancer

Paul Stricklanc Scanner Centre,
Mount Vernon Hospital,
Marthwood, Middleses, UK
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Observing Endocrine Therapy Resistance in
Metastatic Breast Cancer with Whole-body MRI

Anwar R. Padhani

Paul Strickland Scanner Centre, Mount Vernon Hospital, Northwood, Middlesex, UK

Introduction

Approximately 70% of breast cancers are estrogen receptor
(ER) positive, and are, therefore, treated with endocrine
therapies. However, about 25% of patients with primary
disease and almost all patients with metastases will present
with or eventually develop endocrine resistance [1]. The
mechanisms underlying the development of resistance
remain largely unknown but in the last 2 years, several
studies have shown ER independent gain-of-function
mutations in ESR1, the gene that encodes the ER, in
approximately 20-30% of patients with metastatic ER-
positive disease who received endocrine therapies, such as
tamoxifen and aromatase inhibitors. These mutations lead
to ligand-independent ER activity that promotes tumor
growth, promoting resistance to endocrine therapy, and
potentially enhancing metastatic ability. The emergence of
endocrine therapy resistance via this mechanism suggests
that, under selective treatment pressure, clonal expansion
of rare mutant clones occurs, thus contributing to
resistance. Rationale-based novel therapeutic strategies
that target these ESR1 mutants have the potential to
improve treatment outcomes for patients. Fulvestrant

is a hormonal therapy that specifically targets the ESR1
mutation, that seems to work well in metastatic breast
cancer patients with endocrine resistance. Multiple studies
suggest greater therapy efficacy in those with bone disease.

In this case study, we demonstrate the potential of
quantitative whole-body MR imaging (WB-MRI) to monitor
response of breast cancer to hormonal therapy, showing
that (1) morphological response does not work as well as
diffusion MRI for monitoring response to therapy, (2) that
ADC histogram analyses can depict the emergence of
treatment resistance, and (3) that spatially discordant
response to targeted therapy can emerge when bone disease
is effectively treated.

Patient history

50-year-old woman with metastatic invasive breast cancer,
ER positive and HER-2 neu negative disease was initially
treated with first line hormonal therapy (Exemestane,
Goserelin) and bisphosphonates (Zoledronic acid) for

bone only metastatic disease. She was switched to 2" line
hormonal therapy with Fulvestrant and Zoledronic on bone
disease progression, with good response in her bone disease

-I_"I“{;-'}' A

Examination 5

Examindtion 4

Figure 1: Whole-spine T1-weighted images show diffuse bone marrow infiltration with some return of bone marrow fat on examinations 2
and 3 (arrows) with first-line hormonal therapy. The bone marrow fat disappears at therapy relapse on examination 4 and no further Tlw
changes are detected after therapy change to second-line on examinations 5 and 6. There is a hemangioma in T6.
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Figure 2: Whole-spine STIR show diffuse bone marrow infiltration with subtle increases in signal intensity with first-line therapy on
examinations 2 and 4, but signal intensity lowers by examination 4 at the time of disease relapse (relapse). The bone marrow signal
increases again after change to second-line hormonal therapy on examinations 5 and 6. These increases in bone marrow signal intensity
are consistent with alternations in tissue water associated with the cell kill mechanism of hormonal treatment (apoptosis).

: . | | ; 1

Figure 3: Whole-body b900 3D MIP (inverted scale). The bone marrow is diffusely involved with multiple small focal and confluent regions
of high-signal intensity in the axial skeleton and in the proximal limb bones. The primary right-sided breast cancer is in-situ with axillary
nodal disease visible also. Decreases in the signal intensity of bone marrow with first-line therapy can be seen to occur slowly, but there
are focal areas of persistent hyperintensities indicating the Llikely presence of active disease (examination 3). On examination 4, full-blown
relapse can be seen, indicated by increases in signal intensity extent in the bones (see article by Padhani & Tunariu on page 64 in this
MAGNETOM Flash for progression criteria for bone disease). On changing to second-line hormonal therapy, no response can be confidently
identified but there is increasing disease in the anterior ribs, on the left side of L2 and pubic symphysis (arrows).

only shown on quantitative diffusion imaging. Unfortu- 900 s/mm? were undertaken together with spinal
nately, she also developed liver and pancreas metastases T1-weighted and STIR sequences, to monitor response
needing further therapy change to chemotherapy. No to treatment. Six examinations were performed in total.
regional radiotherapy has been administered. Following the baseline examination, three further

examinations were done while on first-line hormonal
therapy and two examinations while on second-line
hormonal therapy.

Serial examinations with whole-body diffusion MRI were
undertaken using published protocols [2]. Whole-body
diffusion sequences using b-values of b50, b600 and
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Figure 4: WB-tumor load segmentations were undertaken on syngo.via Frontier MR Total Tumor Load software (Siemens Healthcare,
Erlangen, Germany; released research prototype). The whole-body b900 images are segmented using computed high b-value images of
1000-1200 s/mm?, setting a signal intensity threshold of approximately 100 AU. Extraneous signals (such as the brain, kidneys and bowel)
are removed, to leave only recognizable bone disease sites including the right breast and axilla. The color the b900 MIP images are
overlaid with ADC value classes using the following thresholds. The green voxels are values 21500 um?/s (representing voxels that are
‘highly Likely’ to be responding). The yellow voxels are set to lie between the 95" centile ADC value of the pre-treatment (examination 1

or examination 4) histograms (1256 and 1127 um?/s respectively) and 1500 pm?/s. Thus, yellow voxels represent regions ‘likely’ to be
responding. Red voxels represent mostly areas that are untreated disease or have no detected response.

Figure 4A: Histogram analysis of
examination 1 and 2.

384 ml of tumor was segmented
before therapy and 290 ml on
therapy. Note that there is a
significant global increase in ADC
values (704 pm?/s and 971 pm?/s)
1500 pm’/s and a decrease in kurtosis (4.2 and
0.6) on the corresponding relative
frequency histograms indicating
some response on a whole-body
basis. Note increasing numbers of
yellow and green voxels occurring
in patches (for example the Left
hip — note no radiotherapy has
been given). These appearances
taken with morphologic assess-
ments indicate a favourable
response overall with no evidence
of progression.

o1 507 . - 0.0 No R?( effect

Highly likely response

95|cent of Ex1

Figure 4B: Histogram analysis of
examination 3 and 4.

235 ml of tumor was segmented

on examination 3 and 698 ml on

95 dent of Ex1 examination 4 at disease relapse.
Note that on examination 3 there

is a flattened histogram (green
histogram) with a significant global
increase in ADC values (933 um?/s)
compared to baseline and a
marked decreased kurtosis (-0.7) on
the relative frequency histograms,
indicating a good response to
first-line hormonal therapy. Note
increasing numbers of yellow and
green voxels. These appearances
taken with morphologic assess-
ments indicate a good response
overall. However, note persistent
red voxels on examination 3 and

a corresponding peak on the
examination 3 histogram, indicating
areas of therapy resistance (vertical
white arrow). On examination 4,
the patient has relapsed with

a histogram that is identical to

the baseline pretherapy study
(examination 1).

No Rx effect

Highly likely response

1500 pm’/s

Examination 3 Examination 4
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Figure 4C: Histogram analysis of
examination 5 and 6.
il 617 ml of tumor was segmented

response

on examination 5 and 883 ml

on examination 6. Note that on
both examinations, the histograms
1500 pm?/s show significant global increases
in ADC values (956 and 904 um?/s)
compared to examination 4 (pre-
second-Lline treatment baseline)
indicting a good response to
second-line hormonal therapy.
The diffusion imaging
appearances indicate a good
response overall not observable
on the T1lw spine images. However,
note that there are persistent red
voxels on both examinations 5
and 6, indicating persistent areas
of therapy resistance in the bones.
Note also increased volume of
right axillary nodal disease.
Therapy was changed because
of new Lliver and pancreatic
metastases.

No Rx effect

Examination 5

Figure 4D: Axial b900 images
of the upper abdomen for
examinations 4 (pre-second-line
hormonal therapy) and 6 show
the emergence of new disease

in liver and pancreas (arrows),
resulting in a change to chemo-
therapy therapy. Right axillary
nodes are also enlarging.
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CS-VIBE - a Breakthrough in Ultrafast

Dynamic Breast MRI

Ritse M. Mann; Suzan Vreemann

Radboud University Medical Centre, Department of Radiology, Nijmegen, the Netherlands

Abstract

In this article we present a compressed sensing (CS) —
volume-interpolated breath-hold examination (VIBE)
sequence' as a new approach for ultrafast dynamic breast
MRI. Opposed to more common viewsharing techniques such
as time resolved angiography with stochastic trajectories
(TWIST), timepoints in CS-VIBE are independently obtained
and therefore resolve the temporal blurring that is inherent
to viewsharing techniques. The smart k-space filling of

the CS-VIBE sequence allows for creation of high spatial
resolution images from heavily undersampled data at an
excellent temporal resolution of less than 5 seconds per
volume obtained. As published previously [1] CS-VIBE allows
acquisition of images at a similar quality as those obtained
with TWIST at identical temporal resolution, but with a
spatial resolution of 0.8 x 0.8 x 1.6 mm, thus more than
halving the voxel size when compared to TWIST. This implies
that CS-VIBE allows multiplanar reconstruction and
assessment of morphologic lesion characteristics in multiple
planes, which was so far not possible with viewsharing
techniques.

Background

Lately, interest in ultrafast dynamic breast MRI has surged.
This is mainly due to the large improvements of MRI
hardware and software that enabled the creation of high
quality images at very high temporal resolution [2-5].
Already from studies in the early nineties it was evident
that dynamic analysis of the inflow phase was more
informative than late phase wash-out features [6]. However,
initial approaches were single slice techniques and could
therefore only be used to classify already known lesions

at known locations. Around the shift of the century whole-
breast acquisitions had become possible, albeit at spatial
resolutions that still prevented most radiologists from
actually looking at these images [7, 8]. Instead, the
generated data was used for pharmacokinetic modeling
using simple or more advanced iterations of the Tofts model
[9, 10]. The thus obtained quantitative parameters were
once again shown to yield more diagnostic information than

Key points

« CS-VIBE allows ultrafast dynamic breast MRI at
unprecedented spatial resolution

+ CS-VIBE overcomes temporal blurring in ultrafast
breast MRI

« Morphological lesion evaluation on CS-VIBE images
is virtually identical to morphological lesion
evaluation using conventional T1-weighted VIBE
Dixon images

wash-out features, and were complementary to morphologic
assessment of lesion characteristics using the Breast
Imaging Reporting and Data System (BIRADS) lexicon,

or similar classification systems [7, 8, 11]. Especially

Ktens the transfer constant from the intravascular to the
extravascular extracellular space proved to be a robust
predictor of malignancy, being much higher in malignant
than in benign Llesions, which can be explained by the
increased vascularization and the immaturity of these
new-formed vessels in which the endothelial lining is often
incomplete and sometimes even the basement membrane
is lacking [12].

Nonetheless, the so-called ‘quantitative’ parameters still
suffered from huge variation within patients and from site
to site, mainly due to difficulties with the determination of
a realistic arterial input function [13]. This is difficult due to
the simple fact that in breast MRI no representative vessels
that are large enough for measurements are present

within the field-of-view. The common solution is to use

a population based arterial input function, thus reducing
the variation, but also the true quantitative aspect of

the measurements. Alternative approaches make use of
reference tissues, such as the pectoral muscle, but are
likewise hampered by huge variations in the reference
tissue due to the physical properties of the patients imaged
[13, 14].

A further difficulty is that due to the limited spatial
resolution maps of these pharmacokinetic parameters were
not really sufficient for lesion detection, and use is therefore
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still Limited to classification of otherwise detected lesions
(and possible evaluation of the effects of primary systemic
therapies), although the prerequisite of knowledge of Lesion
location is lifted by the whole-breast approach [7, 8, 11].

This largely shifted when modern viewsharing sequences
became available that improved spatial and temporal
resolution well beyond the borders of what was obtainable
with keyhole based techniques [2-5]. In fact, it became
possible to generate images within 5 seconds that met the
international standards for diagnostic breast MRI, with a
spatial resolution in plane of 1 x 1 mm, and a slice thickness
of only 2.5 mm [5]. Suddenly it thus became possible to
actually detect lesions on ultrafast dynamic breast MRI
and perform classification based upon dynamic and
morphologic features using the same images. By generating
temporal maximum intensity projections (MIP), it has
become possible to create an actual movie of contrast
inflow; in general first highlighting the most suspicious
finding in the breast (‘the Light bulb effect’), as these tend
to enhance fastest.

In addition, a strong simplification of the interpretation

of the dynamic data obtained, abandoning the pharma-
cokinetic model, but just looking at the slope of the
enhancement curve, allows for much broader use of the
ultrafast dynamic data, hardly without loss of its classifying
properties [5, 15]. The rule of thumb is simple; the steeper
the curve, the more likely that a lesion is malignant. Hence
the maximum slope (MS) is an excellent tool for lesion
classification. Furthermore, in analogy to the previously
mentioned light bulb effect, the earlier a lesion enhances
relative to the enhancement of the descending aorta, the
more likely that it is malignant. This is captured in the ‘time
to enhancement’ (TTE) [16]. In general most malignant
lesions enhance within 15 seconds after aortic enhancement,
whereas benign lesions enhance commonly later.

The excellent classifying properties of these simple inflow
dynamics have since been confirmed by several studies
using both radiologists and machine learning techniques.

In one of the largest series to date, comparing 217 cancers
to 172 benign Llesions, Dalmis et al. reported that the overall
classifying property of the inflow enhancement curve

was 0.84, which compares favorably to most morphologic
characteristics [17]. Moreover, this was robust over all

types of malignant breast lesions, with only a slightly lower
performance in ductal carcinoma in situ (DCIS) (Table 1).

“ Classifying property of dynamic features

DCIS 38 0.7690 (0.6728-0.8469)
IDC 141 0.8459 (0.7969-0.8893)
ILC 38 0.8673 (0.8018-0.9161)

Table 1: Classifying capacity of inflow dynamics for different
types of malignant lesions. Adapted from Dalmis et al. [17].

Women's Health Clinical

Screening and abbreviated MRI

In the era of preventive and personalized medicine,
screening for disease that is better treatable in its
asymptomatic form is becoming more and more important.
This is particularly true for breast cancer, which has

an excellent prognosis when detected early [18].

Due to the excellent sensitivity of breast MRI for cancer
screening trials already commenced in the late nineties,
mainly in women at increased risk. Recent studies
repeatedly report a sensitivity of MRI of approximately

90%, more or less doubling the sensitivity of mammography
in the same populations [19, 20]. Also a stage shift of
detected breast cancers is observed, making them smaller
and thus easier to treat when detected by MRI [21].

Nonetheless, MRI screening, although internationally
supported for all women with a lifetime risk of more than
20-25% [22], is in many countries reserved for women with
hereditary breast cancer susceptibility genes or a history of
chest radiation during puberty. This is mainly due to the
inherent high costs of breast MRI, that have even increased
over recent years by our aim to improve the specificity of
the technique by adding sequences such as T2, diffusion and
even spectroscopy on top of the conventional T1-weighted
dynamic contrast-enhanced series.

This has led to the recent introduction of abbreviated scan
protocols, that are aimed at Llesion detection only, and
are not specifically tailored to obtaining the best possible
classification of eventual Llesions. In screening this seems
more than acceptable, as by far most of the scans are
normal.

The simplest form of an abbreviated protocol was presented
by Kuhl et al. in 2011 and suggested acquisition of only

two T1-weighted acquisitions; one before, and one after
contrast administration [23]. This acquisition protocol takes
about 3 minutes and hence largely reduces the scan time
needed for breast MRI that is in most practices at least a
quarter of an hour. Subsequent generation of subtraction
images and MIPs allowed for fast and accurate evaluation
of the MRI acquisitions and did not reduce either sensitivity
or specificity when compared to a full diagnostic protocol.

However, especially in screening women at somewhat
increased risk morphological features of cancers can
sometimes be deceptively benign. Hence abandoning
all dynamic information on top of the lack of T2 and
diffusion-weighted imaging (DWI) is unwanted if it is not
really necessary.

Ultrafast breast MRI performed during and shortly after
contrast examination might be used to overcome this issue.
In women without lesions it is obviously unnecessary, but
since it can be obtained without lengthening the protocol,
it provides additional classification tools in women with
breast lesions at no penalty in terms of acquisition time.

In fact, when only ultrafast breast MRl is performed

the acquisition time might be even further reduced to
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approximately 2 minutes [5]. In a study presented by van
Zelst et al. seven readers read 200 cases containing 31 MRI
screen detected breast lesions and 54 biopsied benign
lesions using only ultrafast breast MRI (TWIST) and using a
full diagnostic protocol (FDP) consisting of high-resolution
T1-weighted acquisitions before and after contrast admin-
istration, T2, and DWI [24]. Overall, sensitivity between

the two techniques was equal (84%, vs 86%, ns.), whereas
specificity was in fact higher using only TWIST than the
FDP (81% vs 76%, p<0.001). This unambiguously shows
that ultrafast breast MRI has high potential as screening
technique.

Still, rather than choosing either the simple abbreviated
approach or the ultrafast approach it is possible to combine
the techniques in a short hybrid protocol, interleaving a
number of ultrafast acquisitions in between the two high-
resolution T1-weighted series during contrast administration,
without lengthening the acquisition time of the simple
approach. Such a hybrid protocol allows for very fast

and simple evaluation in women without breast Lesions,

but enables both morphologic assessment and

dynamic analysis of the contrast inflow in women

with abnormalities.

Compressed sensing VIBE

The rationale for a hybrid protocol implies that there

are still shortcomings of the current ultrafast techniques
available. These are present both in the spatial and the
temporal domain. In terms of spatial resolution TWIST
might achieve a diagnostic level according to international

TR (ms) 4.47
TE (ms) 2.06
FA (°) 15
Field-of-view (mm?) 358.4 x 358.4
Matrix size 448 x 381
TWIST central region A (%) / )
Sampling density B (%)
Slice thickness (mm) 1.6
Voxel volume (mm?3) 1.024
Phase resolution (%) 85
Slice resolution (%) 70
Acceleration factor 20
Acceleration mode CS
Time resolution per volume (s) 4,55
Total acquisition time (min) 1:40

Table 2: Parameters of the prototype CS-VIBE sequence.
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standards; but the slice thickness of 2.5 mm still limits

the possibility of multiplanar reconstruction, and thus
assessment of morphological features and lesion extent

in other planes than the axial slices usually obtained. In
terms of temporal resolution viewsharing inherently causes
some temporal blurring and thus less reliable dynamic
information, despite the successes that have been achieved
so far.

By shifting the acquisition from a viewsharing approach

to compressed sensing several of these limitations are
overcome. CS VIBE incoherently subsamples the phase-
encoding plane with variable density, obeying a Gaussian
distribution in which the density is higher in the center of
k-space than at its borders. Despite the sparsity of the
sampling technique adequate images can be reconstructed
by optimization of a cost-function. Since volumes are
independently obtained per time point no temporal
blurring is present. Furthermore, a spatial resolution is
achieved of 0.8 x 0.8 x 1.6 mm. Parameters of the prototype
CS-VIBE sequence are presented in Table 2.

In a reader study by Vreemann et al. presented at this
years ISMRM [25], it was shown that image quality of the
CS-VIBE is equal to that of TWIST, despite the fact that

the voxel volumes are more than halved. Artifacts between
sequences are somewhat different. TWIST is particularly
known for infolding and ghosting artifacts, likely directly
caused by the viewsharing; CS-VIBE seems somewhat more
prone to pulsation artifacts from the heart, which are
particularly seen in the axillary region. The image quality
of CS-VIBE almost approaches that of the conventional
VIBE Dixon acquisitions with a spatial resolution of

0.9 x 0.9 x 1 mm, acquired in 91 seconds (Fig. 1).

Morphological lesion evaluation based on the CS-VIBE
was compared to evaluation of lesion morphology on
VIBE Dixon and results were virtually identical, showing
the excellent capability of morphological assessment

on CS-VIBE acquisitions alone, which is enabled by the
possibility to create multiplanar reconstructions of the
acquired volume. In addition it becomes possible to create
rotating MIPs; although these might not be very essential
for diagnostic practice, they certainly improve the clarity
of the scan when explaining the findings to treating
physicians, in particular surgeons (Fig. 2).

Currently, the implementation of CS-VIBE in clinical
practice is still somewhat limited by the required
reconstruction time of approximately 45 minutes on the
scanner. This implies that images cannot be generated
during the daily program, but instead image generation
has to be performed over night. While for screening this
might not be a real problem, in the sense that there is
in general no reason why scans could not be read one
day after acquisition. Howeuver, it still prevents the
technologists from controlling the quality of their work.
Future advances in the calculating capacity of work-
stations used for image generation will however Likely
resolve this issue.
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Figure 2: A maximum intensity projection image obtained from the first and Last
CS-VIBE acquisition, showing with high morphological detail a multifocal cancer
in the left breast with marked vascular asymmetry.

In conclusion, CS-VIBE is a major step forward in ultrafast breast MRI;
for the first time allowing high quality image generation at a spatial
resolution that enables multiplanar reformatting, without temporal
blurring and within 5 seconds. CS-VIBE therefore brings screening with

ultrafast breast MRI alone one step closer.

Women'’s Health Clinical

Figure 1: A comparison of image quality
between the CS-VIBE (1A) and VIBE Dixon (1B)
in multiple planes. Even though the VIBE
Dixon acquisition is still somewhat sharper,
morphological evaluation of structures within
the breast is almost identical in all directions.
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Whole-Body MRI Including DWI

David Hillier

MR Application Specialist, Siemens Healthineers Great Britain and Ireland (GB&l)

Background

National Institute for Health and Care Excellence

(NICE) guidance (NG35) published in February 2016 [1]
recommends to consider whole-body MRI (wbmri) as
first-line imaging for patients with suspected or newly
diagnosed Myeloma. The burden on the clinical MRI service
is significant as these examinations can take approximately
one hour and require special attention in order for favorable

image quality to be achieved. It is therefore important

to optimize the workflow for maximum efficiency. Before
embarking on wbmri, it is advisable to be familiar with
articles such as Padhani et al. [2] and Koh et al. [3] in

order to understand the aim of wbmri. The purpose of this
article is to explain the technique of performing wbmri
using particular features of the MR system and how to

build a robust program rather than discuss clinical opinions
or even to prescribe sequence parameters as these can be
agreed locally.

Equipment

This article is based on using a MAGNETOM Aera / Skyra
system with syngo MR E11 software. The following licenses
are not mandatory, but do make the workflow more
efficient: Tim Whole Body Suite (205 cm table movement),
Tim Planning Suite (Set-n-Go) and Inline Composing.

Preparation

The referring clinician should be aware that the patients
they send for this examination will be required to lie supine
for approximately one hour and they will be covered from
head to toe with receiver coils. It is not well tolerated by
patients who will feel uncomfortable lying for this length
of time or who may feel claustrophobic. It is also advisable
that the patient empties their bladder prior to the
examination.

Examination

The patient is positioned head first supine. If available,
Head/Neck 20, Spine 32, Body 18 (x2) and peripheral angio
36 coils are arranged on the patient. Centre to the chin and
move to isocentre.

It is helpful to use the Tim Planning User Interface (Ul)

(Top menu: View > Tim Planning Ul), coupled graphics and
Auto Coil Select (ACS). To ensure ACS is used, save each
sequence with this switched on in local settings (System >
Miscellaneous > Coil Select Mode ‘On-AutoCoilSelect’). The
imaging protocol will vary according to local agreements,
but typically consists of:

Localizer Whole body

Sagittal t2 Whole spine — 2 stations Fig. TA

Sagittal t1 Whole spine — 2 stations Fig. 7B

Coronal tirm Vertex to below knee joints Fig. 7D

Coronal t1 Vertex to below knee joints Fig. TE-G
Transverse DwI Vertex to mid femur Fig. 7C
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Localizer: Siemens > TimCT oncology > TimCT oncology > standard > FastView

FastView is preferred over multi step
trufi as it has a shorter acquisition
time and image quality is adequate to
plan subsequent steps in the program.
In Geometry > Tim CT (Fig. 1) the
‘Range start’ value of H 250 mm
ensures the acquisition starts above
the vertex when centred to the chin.

It is recommended to save this step
before starting the examination with
sufficient table movement in order

to cover the required anatomy on

the majority of patients. Suggested
value for ‘Total FoV H>>F"is 1700 mm.
Allow the sequence to complete rather
than stopping manually, otherwise it
will re-acquire in the F>>H direction.

....................................................................................................................................................................

These are acquired as a 2 subprotocol
set-n-go protocol. Begin by opening

a sagittal t2 and plan the cervical
and upper thoracic spine off the Multi
Planar Reconstruction (MPR) FastView
localizer images. A field-of-view (FOV)
of 400-420 mm for each subprotocol
is suggested as this allows coverage
of the whole spine, sacrum and coccyx
in most patients. The use of integrated
Parallel Acquisition Technique (iPAT)
in order to achieve a short scan time
is advisable. Once the upper sub-
protocol has been planned, add the
second subpro:ocol by either the

‘add sub-protocol’ button in the

Tim Planning Ul (Fig. 2), or go to
Geomelry > Tim Planning Suite and
tick ‘'Set-n-Go Protocol’ (Fig. 3). Also
tick ‘Inline composing’ at this stage.
Select composing function ‘adaptive’.
Go to Inline > composing and type
‘sag_t2" in series description for the
composed series to be more obvious
in the patient browser.

a

[ Step Properties %]

_1000 total in all trees » TIMCT oncology » TIMCT oncology » Standard » FastViewl ocalizer B 1 Identical [}

S| TAC 037 PM:ISO Voxel size: 5.0x5.0<5.0mm  Rel. SNR: 1.00 < fict

Protocol Parameters

Routine ~ Conirast ~ Resolution | Geomelry

AutoAlign

System  Sequence

Voice Commands

Common Tim Planning Suite  Tim €T

Execution

Tim CT mode  On
Image Management
Aulo Load Range start  H

Copy References _TulaJ Fov H>>F
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Slice thickness
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Perform CTM adjustments ¢

FoV phase Table Speed 46 mmis

Cancel

Figure 1: FastView parameter card: Geometry > Tim CT

Figure 2: Tim Planning Ul: ‘Add Subprotocol'CT

Routine  Conirast Resolution = Geomeilry System  Physio  Inline  Sequence

Common  Saturation  Navigator Tim Planning Suite  Tim CT
Set-n-Go Protocol v
Step

Table position F  ~

Table position memory

Inline Composing v

Normalize None

Composing Function Spine

Figure 3: Geomelry > Tim Planning Suite
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Sagittal t1 whole spine:
Siemens > c-spine > library > t1_tse_sag

Ensure the FOV is 400 to 420 mm (as per sagittal t2). Create
a copy reference to the t2_tse_sag of ‘slices and saturation
regions’, and tick the boxes ‘copy phase encoding direction’
and ‘steps’. Go to Geometry > Tim Planning Suite and tick
‘Inline composing’ Select composing function ‘adaptive’. Go
to Inline > composing and type ‘sag_t1" in series description.

Coronal tirm:
Siemens > whole body oncology > head to pelvis >
standard > headneck_t2_tirm_cor

(Or you can select a cor_tirm from the soft tissue neck
program in the user tree as this is likely to contain local
preferred parameters for tirm.)

Delete ‘headneck’ from the series description. Change
FOV to 500 mm in order to visualize as much anatomy
as possible in the X direction.

Prescribe as many slices as required in order to cover the
patient’s anatomy in the Y direction. It is accepted that the
maximum FOV in the Z direction on MAGNETOM Aera and
Skyra systems is 450 mm [5]. To avoid distortions being
evident at the superior and inferior margins of the FOV
(Fig. 4) degrading the original and composed images, it is
suggested that the phase encoding direction is F>>H and to
use 68.8% FOV phase. Subsequent subprotocols will then
be acquired with a smaller table movement. Use 70% phase
oversampling to avoid wrap. Position the first subprotocol
so that the superior margin of the FOV is above the vertex.
Add further subprotocols by using the ‘add subprotocol’

Figure 4: Z axis distortions represented by orange circles on
a 500 mm FOV image
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button in the Tim Planning Ul. This will position the next
subprotocol displaced inferiorly by a distance of the FOV
-50 mm i.e. 450 mm. With a 100% FOV phase, there would
be adequate overlap, but using 68.8% means that there is
a gap between the rectangular FOV’s. After adding sufficient
subprotocols to cover the anatomy, click on the first sub-
protocol in the Graphic Slice Position (GSP). It will appear
yellow. Click ‘Align FOV’ (Fig. 5). This will result in all
subprotocols being aligned and overlapping sufficiently.
Tick ‘Inline composing’ at this stage. Select composing
function ‘adaptive’. Go to Inline > composing and type
‘cor_tirm" in series description.

................................................................................

Coronal t1:
Siemens > abdomen > library > 3D > t1_vibe_dixon_cor

A turbo spin echo (TSE) pulse sequence could be considered
for this acquisition, however volume interpolated breath-
hold acquisition (VIBE) has some advantages. VIBE is faster
and this is important in an examination that is already
lengthy. It is possible to acquire on breath-hold (Dot
Cockpit: double click on sequence, or in the queue:

right mouse button > Edit Properties > Voice Commands)
which results in less movement artifact particularly on the
thorax and abdominal sub-protocols. The use of auto voice
commands results in a more efficient workflow. It is also
possible to re-construct up to 4 contrasts. Go to Contrast >
Common and click on the 3 dots next to Dixon. Ensure in
phase, out of phase, fat and water images boxes are ticked.

Change FOV to 500 mm and phase encoding direction F>>H.
68.8% FOV phase and 70% phase oversampling. Manipulate
slice thickness and number of slices to ensure adequate
coverage in the A-P direction. Create a copy reference to the
cor tirm of ‘centre of slice groups and saturation regions’,
and tick the boxes ‘copy phase encoding direction’ and
‘steps’. Go to Geometry > Tim Planning Suite and tick ‘Inline
composing’. Select composing function ‘adaptive’. Go to
Inline > composing and type ‘cor_t1" in series description.

................................................................................

Transverse DWI:
Siemens > whole body diffusion > general > standard >
ep2d_diff_stir

For robust nulling of fat signal over a large FOV, a short
tau inversion recovery (STIR) pulse is preferred over spectral
adiabatic inversion recovery (SPAIR). As there are multiple
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modifications to make, it is more efficient to do this to step 1
first and then add subprotocols rather than modifying every
subprotocol. Therefore, go to Geometry > Tim Planning Suite
and un-tick ‘Set-n-Go Protocol’ in order to reduce the
number of steps to 1. Change FOV to 500 mm. It is optional
to reduce the number of slices from 50 to 40. This results in
a 200 mm (assuming 5 mm slice thickness with 0% distance
factor) scan range in the Z direction per subprotocol result-
ingin the first and last slices being less distorted. Naturally,
more subprotocols will be required to cover the same range
in the slice direction, but this is offset by each subprotocol

..................................................................................

Routine ~ Contrast Resolution — Geometry

Body

System

Meuro

Diffusion mode 3-Scan Tr...

Diff. directions

Diffusion Scheme  Bipalar

Diff. weightings

b-Value Averages

50 °
900 *

MNoise level

In the Diff>Body card (Fig. 6), it is possible to define the
required number of diffusion weightings and b-values.

This is to be decided Locally, but typically 2 diffusion
weightings are acquired, for example b=50 and b=900 [7].
As the b-value increases, SNR is reduced. It is therefore
advantageous to employ more averages on higher b-value
images than lower b-value images. Ensure the boxes
‘Trace-weighted images’ and ‘ADC Maps’ are ticked. If a
calculated b-value is required, tick the ‘Calculated Image’
box. The default calculated b-value is 1400 s/mm? but up
to 1600 s/mm? can be calculated inline. Ensure ‘Invert Gray
Scale’ is ticked. This will allow you to produce inverted
MIP radial ranges from the composed high b-value images.

In resolution>filter image there is an option: dynamic field
correction. This can be selected using ‘direct’ mode (click on
the 3 dots next to the parameter option) in order to reduce
eddy current induced distortions in diffusion-weighted
images. There will be a small time penalty if this feature is
used.

How-I-do-it

containing fewer slices and a lower minimum TR possible
which reduces the acquisition time of each subprotocol.
Crucially, the Maximum Intensity Projection (MIP) of the
composed high b-value inverted window series will contain
less step artefact. A bipolar double refocused spin echo
diffusion encoding can be used rather than monopolar.
Although bipolar will lead to a higher minimum TE and
therefore lower signal-to-noise ratio (SNR) and longer TR
(therefore increased acquisition time) distortions will be
reduced [6].

..................................................................................

Figure 6:
Diff>Body

Physio | Diff Sequence

Composing

Diff. weighted images
Trace weighted images
ADC maps
Exponential ADC Maps
FA maps

7’

Invert Gray Scale v

Calculated Image v

1400

Calculated bValue SfmiT®

b\alue == 50 © simm?

After modifying the sequence parameters, position the first
subprotocol either above the vertex or at the level of the
eyes. Click ‘Add Subprotocol’. The subsequent subprotocol
is positioned with an inferior offset which corresponds to
the slice range -50 mm which ensures adequate overlap

in the slice direction. Continue to ‘Add Subprotocols’ until
the desired coverage has been achieved. Go to Geometry >
Tim Planning Suite and ensure that ‘Inline composing'’ is
ticked and composing function is set to ‘Diffusion’. Go to
Inline > composing and type ‘tra_DWI’ in series description.

A wbmri Dot program can then be saved in the user tree by
dragging and dropping the steps from the queue into a new
program in the Dot Cockpit. In the patient view go to Dot
Add-In Configurator > GSP and ensure GSP layout is set to
Tim Planning Ul and coupled graphics are on. This results
in these settings being default every time the wbmri Dot
program is used. The sequences should contain the required
number of subprotocols and ‘copy references’ applied where
appropriate. Although the initial program building can be
intensive, the workflow for future examinations should be
straightforward.
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Figure 7: Example images (images
are not all from the same patient):

(TA) Sagittal T2

(7B) Sagittal T1

(7C) MIP of composed high b-value
inverted transverse DWI

(D) Coronal TIRM

(TE) Coronal VIBE ‘in phase’ image

(7TF) Coronal VIBE ‘water’ image

(7G) Coronal VIBE ‘out of phase’ image
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Results and post processing

The source images as well as the Inline composed images
for all series must be available to the radiologist for
reporting.

Select the composed transverse high b-value images from
the patient browser or the viewing card. Load to 3D MIP
and select the transverse image. Use ‘radial ranges'’ to
reconstruct a MIP series of images rotating around the

Z axis. See Fig. 7C for example images.

The syngo.MR OncoCare package offers a histogram tool.

It is possible to define a region-of-interest (ROI) around the
spine. Then right click on the ROl and create the histogram.
A threshold can then be set of what is accepted as pathol-
ogy and what is accepted as normal tissue in order to
predict metastatic load. This can then be mapped as a color
overlay onto the tissue. This process can also be performed
with the gray-scale images from the morphology scans and
the ADC levels from the whole-body images.

Limitations

Some patients will be excluded on safety grounds e.g.
implanted devices.

A proportion of patients will be unable to tolerate the
procedure due to claustrophobia or discomfort.

It can be challenging to achieve adequate quality images
of the humeri due to these structures being situated outside
of the maximum 500 mm range in the X axis when the
patient is positioned. It is possible to position the patient’s
arms anterior to the chest so they are not out of range in the
X axis or to use an immobilisation device (e.g. velcro strap)
to ensure that the patient’s arms are as central as possible.
However, patient comfort must also be considered and
most examinations are performed with the patient in

a comfortable position that they can maintain for the
duration of the examination.

Conclusion

Inevitably whole-body MRI requests to the clinical MRI
department will increase and therefore so will the pressure
with regards to throughput. By building a wbmri program
which employs Tim Whole Body Suite, Tim Planning Suite,
Inline Composing and utilizing syngo.via for image reading
it is possible to create an effective workflow for every step
of the patient journey in order to maximize efficiency.

How-I-do-it
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Introduction

When MR was originally introduced
clinically, only single slice acquisition was
possible. Rapidly thereafter, 2D multislice
imaging was developed. This has remained a
clinical standard for the last 30 years, being
used in almost every patient exam. The term
multislice however is somewhat misleading,
since data for the individual slices is actually
acquired sequentially during each TR. True
simultaneous multislice (SMS) imaging was
only recently introduced [1-3], and can be
and is often combined with conventional 2D
multislice imaging. SMS is likely the most
significant technical development for clinical
MR imaging in the current decade, enabling
in its current implementation scan time to
be reduced by a factor of two to three.

The technique was originally introduced for
echo-planar imaging, but has subsequently
been expanded as well to turbo spin echo
(TSE) imaging. From a scientific point-of-view,
higher order acceleration is also possible,
with research currently focused in this area.
As with many such developments in MR over
the past decades, the application of the
technique should be viewed more generally,
for example in terms of providing higher
SNR/time, as opposed to simply enabling
scan time to be reduced. The higher SNR per
unit time can be used to either shorten scan
time (Fig. 1), acquire more slices in situations
where these are limited by TR (Fig. 2), and/or
to acquire high-resolution images (with
complete anatomic coverage) in a reasonable
scan time (Fig. 3).

no SMS
2:41 min
5mm

SMS2
1:38 min
5mm

SMS2

2:54 min
3mm
complete liver
(cc) coverage

Figure 1: SMS in liver diffusion imaging, general principles. As illustrated, SMS
in this instance can be used either to decrease scan time or to provide thinner
sections with near equivalent image quality in a similar scan time.
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ss-EPI, b800, 3T, 1:45 min

SMS2 with increased cc coverage, 1:54 min

Figure 2: Application of SMS in head and neck diffusion-weighted imaging to provide complete anatomic coverage.

Figure 3: For brain thin section
diffusion-weighted imaging, SMS
can make complete anatomic
coverage possible in a reasonable
scan time. 2D ss-EPI DWI thin
section scans are illustrated, with
the sagittal reformats (inserts)
revealing the anatomic coverage
achieved without and with SMS.

no SMS, 0.6 x 0.6 x 0.8 mm?, 5:03 vs

SMS would not have been possible without prior important
technological advances in both MR hardware and software,
including specifically multicoil arrays, CAIPIRINHA and
slice-GRAPPA reconstruction. It also can be, and typically
is, implemented clinically in combination with more
conventional parallel imaging. Its implementation in 2D
echo-planar imaging (EPI) sequences is possible because
diffusion encoding, which requires a significant portion of the
acquisition time, is performed for the whole imaging volume
with each single slice excitation. Because fewer total slice
excitations (with the simultaneous excitation of two or three
slices each time) are needed to cover the anatomic area of
interest, TR can be reduced and thus the scan accelerated.
SMS has been implemented for both single shot (ss) EPI and
readout segmented (rs) EPI [4]. The Latter implementation

is particularly important because of the longer scan time

SMS2, 5:15 (TA)

required for rs-EPI when compared to ss-EPI. Subsequent to
its implementation for EPI, SMS was extended to turbo spin
echo sequences. Here, like with EPI, if TR can be shortened,
SMS can be implemented in this way to accelerate the scan.
However, another perhaps more important application is for
TSE scans in which two or more concatenations are required
to obtain the necessary number of slices. In this instance,
SMS can be used to acquire the desired number slices in

a single concatenation, and thus a reduction in scan time.

Several important advances in pulse sequence design

were necessary to make SMS a clinical reality. Improved
unaliasing of the simultaneously acquired yet closely spaced
slices was required. This was made possible, for example for
single shot sequences, by the use of a blipped CAIPIRINHA
approach [5] which avoids the high g-factor (SNR) penalty
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and blurring associated with previous techniques.
Specialized reconstruction techniques are also used to
reduce signal contamination between the simultaneously
acquired slices. The multiband RF pulses, which allow for
simultaneous excitation and refocusing of multiple slices,
also increase specific absorption rate (SAR). Implementation
with low SAR variable-rate selective excitation (VERSE)
pulses provides adequate SAR reduction.

The applicability of SMS to routine clinical practice is broad
and includes almost every anatomic region [6, 7]. The scans
in this article were all acquired at 3T. In the head, SMS can
increase throughput by reducing scan times, at the same
time decreasing the impact of inadvertent patient motion
(Fig. 4). If the thin sections are desired through the entire
brain, whether with diffusion-weighted or T2-weighted scans,
SMS makes this clinically feasible, with reasonable scan
times (Fig. 5). In breast imaging, SMS reduces the scan time
needed for diffusion imaging, which is required today in

Figure 4: Thalamic infarct, (4A, B) T2-weighted TSE and

(4C, D) diffusion-weighted ss-EPI scans. (4A, C) Conventional
acquisition compared to (4B, D) SMS, the T2-weighted scan with
an acceleration factor of three and the DWI with a factor of two.
Note the ghosting and image degradation on the conventional
T2-weighted scan due to the longer acquisition time. The SMS
T2-weighted scan in this instance is superior and the SMS DWI
scan equivalent in terms of image quality to the scans acquired
in a conventional fashion.

MAGNETOM Flash (68) 2/2017
www.siemens.com/magnetom-world

evaluations for breast cancer (Fig. 6) [8]. In body imaging the
acquisition of axial diffusion-weighted scans is now routine,
for example in the liver, with SMS enabling a decrease in
scan time [9]. However, depending on the area of interest
and the required coverage in the z-dimension, both the
application of SMS to reduce slice thickness (yet maintain
coverage and image quality) as well as the application to
cover larger regions in the z-dimension are important (Fig. 7).
Not yet mentioned in regard to diffusion-weighted imaging,
the image quality of ADC maps is maintained with SMS,
being largely a reflection of SNR and potential artifacts

(Fig. 8). For musculoskeletal imaging, in many instances
high-resolution images are desired, with SMS permitting
their acquisition in a more reasonable scan time (Figs. 9, 10).
However, often there are time pressures, due to either the
condition of the patient or throughput needs, with the
application of SMS in this situation geared to making scans
faster (Fig. 11).

Figure 5: Multiple sclerosis, thin section high resolution 2D
ss-EPI DWI without (5A) and with SMS (5B). The specific
techniques used and scan times are similar to that of Figure 3.
Note that SMS permits complete coverage of the brain, as
illustrated by the reformatted coronal sections.
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Figure 6: Breast imaging, utilizing SMS for decreased scan time in the acquisition of diffusion-weighted images. A spiculated, hyperintense
lesion (6A, orange arrow) highly suspicious for malignancy is noted on the T2-weighted scan in the right breast. 6B, The conventional
single-shot DWI sequence acquired with a selective field-of-view (zoomed), for faster speed and decreased susceptibility artifacts as well
as geometric distortion, is compared with (6C) the SMS (acceleration factor of 2) rs-EPI diffusion-weighted scan. The tumor, with restricted
diffusion (high signal intensity) is similarly depicted, with scan time decreasing from 5:52 to 3:17 min. On the rs-EPI scan, the metastatic
lymph node in the right axilla (white arrow) can also be visualized, which is not depicted in 6B due to residual susceptibility issues/
geomeltric distortion.

Figure 7: 2D ss-EPI DWI SMS in the liver for shorter scan acquisition or alternatively thinner sections. DWI scan times were (7A) 2:41 min
(non-SMS), (7B) 1:38 min, and (7C) 2:54 min (both SMS with a 2 fold acceleration). The slice thickness in 7A and B was equivalent

(5 mm), with 7C performed using a thinner slice (3 mm), and complete liver coverage with all scans. A small HCC with restricted diffusion
(arrow) is noted. The Llesion is also well seen on delayed imaging after gadoxetic acid administration, in (7D) a non-breath-hold 2-minute
acquisition radial VIBE scan.
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SMS can be applied today to both DWI and TSE techniques, Acknowledgment
with great utility. Immediate applications include brain, axial
spine, breast, abdomen, whole body and musculoskeletal
imaging. An important decision tree in terms of its specific
use in any patient is whether to employ the technique to
decrease scan time, or to provide high-resolution images
without significantly prolonging scan time, or to enable a
Larger number of slices to be acquired.

Portions of this article are excerpted with permission

from “The Physics of Clinical MR Taught Through Images”,
4t edition, 2018, Thieme. Figures 6—7 and 9-10 are reprinted
with permission, together with some excerpted text, from
Runge VM, Richter JK, Heverhagen JT. Speed in Clinical
Magnetic Resonance. Invest Radiol. 2017;52(1):1-17.

Figure 8:

Small hepatic
cysts. Liver DWI,
(8A, C) no SMS

in comparison

to (8B, D) SMS 2,
b-value 800 s/mm?
top, ADC bottom.
Scan times were
4:14 vs 2:31 min,
with the same
anatomic coverage
(number of slices)
for both scans

and complete

Lliver coverage
(using a 4 mm
slice thickness).

Figure 9: Sagittal proton density-weighted images of the knee Figure 10: Axial TSE T2-weighted scans of the knee at 3T
demonstrate a horizontal tear of the posterior horn of the depicting patellar cartilage damage, in a patient with prior
medial meniscus on high resolution images (9A) without and medial collateral ligament and anterior cruciate ligament
(9B) with SMS (2 fold acceleration). Image quality and SNR surgery, on images (10A) without and (10B) with SMS

are essentially equivalent, with a reduction in scan time from (2 acceleration). Image quality is equivalent, with SMS
6:36 to 3:27 min. allowing a reduction in scan time from 7:14 to 3:48 min.

In plane resolution is 0.4 x 0.4 mm?.
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Figure 11: The use of SMS for short scan times in a trauma patient. A ruptured anterior cruciate ligament (arrow) is seen on (11A and B)
sagittal proton density-weighted images acquired at 3T, together with (11C and D) bone marrow edema (asterisks) of the distal femur,
Lateral femoral condyle, and posterolateral tibial plateau. Depiction is essentially equivalent on the scans (11A and C) without and
(11B and D) with SMS. The SMS scan, due to use of 2 accelerations, required only 1:34 min for acquisition, approximately half that for
the non-SMS scan.
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Chest MRI: Morphological Imaging and Beyond
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Chest MRI for morphological imaging in
cystic fibrosis

Chest MRI is intrinsically limited by several technical factors
which affect image quality [1]. These limitations make
comparison with computed tomography (CT) regarding
morphological imaging somewhat biased. CT has
undoubtedly higher spatial resolution than MRI and shorter
acquisition times, which makes it the first choice for thoracic
imaging [2]. In addition the long track record of chest CT has
made it the current gold standard in clinical practice both
as diagnostic and monitoring tool [3-5].

Conversely, chest MRI has been in development for only
two decades, after the introduction of new techniques,
which have allowed to obtain reasonable image quality in
acceptable scan time [6]. The major driving force to develop
chest MRl is its application for lung diseases requiring
repeated imaging and where cumulative radiation dose
related to the use of chest CT is considered an important
Limitation [7, 8]. One of these lung diseases is cystic fibrosis
(CF), the most common hereditary disorder in Caucasians
[9]. Patients with CF suffer of chronic lung infection and
inflammation that starts in early childhood [10]. Repeated
imaging is needed to efficiently monitor and to direct
therapy in CF lung disease [11]. Several studies have shown
that CT is more sensitive than pulmonary function tests

to detect disease progression in CF [12]. At the same time,
it is clear that, although small, the risk related to repeated
scans cannot be ignored [8]. Some studies in large cohort
populations have shown an increased incidence of
radiation-induced cancers related to the use of CT imaging
[13]. Even though the range of radiation dose registered

in these cohort studies is clearly higher than those used

in chest CT imaging for CF, the risk cannot be totally
eliminated by reducing the dose, due to the stochastic
nature of the damage caused by ionizing radiation [8].
Moreover, this risk is even higher in young children?,

who have higher radiation sensitivity than adults [14].

For these reasons, almost ten years ago the first studies
were conducted comparing image quality of chest MRI to
CT. In a cross sectional study of Puderbach et al., an MRI
protocol using Half-Fourier single-shot turbo spin-echo
(HASTE, Siemens Healthcare, Erlangen, Germany) sequence

showed good comparability with CT to detect specific

CF lung disease related to morphological findings, such

as bronchiectasis, mucus plugging, bullae/cysts, and
collapse/consolidation [15]. However, HASTE showed lower
ability to correctly classify the severity of bronchiectasis,
bronchial wall thickening and trapped air [15]. In a second
study conducted by Failo et al. using a steady state free
precession (SSFP, General Electric, Boston, MA, USA) MRI
protocol, similar results were shown [16]. In particular it
became clear that there was a systematic underestimation
of the severity of lung damage by MRI relative to CT due

to poor visualization of peripheral bronchiectasis [16].
Similarly MRI was Less sensitive to detect trapped air
relative to CT [16]. Rajaram et al. showed that SSFP MRI
was inferior to CT in imaging parenchymal lung disease [17].
One limitation of these studies was the conventional
Cartesian k-space acquisition scheme used [18]. The
Cartesian geometry is inherently prone to motion-induced
phase distortions, thus is more sensitive to breathing and
cardiac artifacts than non-Cartesian (i.e. helicoidal, radial,
etc.) acquisition [19]. Non-Cartesian k-space sequences,
such as radial (StarVIBE, Siemens Healthcare) and helical
(BLADE, Siemens Healthcare) are characterized by greatly
reduced sensitivity to motion compared to previous fast
spin-echo and gradient-echo sequences [20].

Figure 1:

Normal lung:
comparison of
conventional
contrast-enhanced
TSE (1A) and
StarVIBE (1B). The
radial acquisition
of k-space is able
to greatly reduce
the respiratory
artifacts even in

a free-breathing
acquisition.
(Images courtesy of
H. Chandarana,
NYU)
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To test if this new type of sequences are superior to
conventional MRI sequences, we conducted a study

where we compared the PROPELLER (Periodically Rotated
Overlapping ParallEL Lines with Enhanced Reconstruction,
General Electric; BLADE, Siemens Healthcare) sequence to
CT [21]. PROPELLER is a free-breathing Turbo Spin-Echo
sequence with non-Cartesian k-space acquisition scheme
(radial) [22]. The main finding of our study was that despite
this lower sensitivity to motion, PROPELLER MRI was still
inferior to CT [23]. In particular, we found that compared to
CT, PROPELLR MRI tended to underestimate CF findings for
mild CF disease and to overestimate for severe CF disease
[23]. A second important positive finding of our study was
the high specificity of MRI for CF findings, which justifies its
use for short or long term monitoring of specific CF lung
disease alteration. [23] (Fig. 2).

Recently a study using a multi-sequence MRI protocol -
including HASTE, BLADE, volumetric interpolated breath-
hold examination (VIBE) and time-resolved angiography
with stochastic trajectories (TWIST) — showed good
agreement with CT, although scoring was performed in
consensus, and therefore intra- and inter-reader variability
were not assessed [24].

To date all the sequences tested so far for CF lung imaging
were limited by low signal-to-noise ratio (SNR) because
of long echo times (TE) [1]. To overcome this limitation,
ultra-short or zero-TE (UTE/ZTE) sequences (microseconds
"us" instead of milliseconds "ms") have been recently
developed and tested in CF disease, showing better

results compared to conventional sequences [25, 26].
Unfortunately, these UTE/ZTE sequences require long
acquisitions times, because they are performed under
free-breathing conditions; hence reproducibility is affected
by patient performance.

Thoracic Imaging Clinical

It is important to note that, all the aforementioned studies
were based on a single center experience. The primary

and most obvious Limitation of single-center studies is

their potentially limited external validity. Especially the
clinical value of MRI single center studies is limited as
standardization across MRI vendors and centers is difficult
[27]. This lack of standardization still remains the main
Llimitation in the implementation of chest MRI as a tool for
routine clinical care [28]. To date no multi-vendor studies
have been published, mostly because of the Large variability
in MRI performance among vendors or even between similar
scanners of the same vendor. In a recent study presented at
the International Society of Magnetic Resonance in Medicine
(ISMRM), variation up to 40% were registered in SNR for the
same sequence (same scan parameters) performed in
different scanners [29].

Beyond morphological imaging

One of the major advantages of MRI over CT is its
multi-parametric imaging capability and superior tissue
characterization. For instance T2-weighted sequences are
important to identify fluid-containing structures, such as
cysts or pleural effusions, while PD-weighted sequences are
appropriate for airway imaging and trapped air assessment
[1]. Moreover, while it is quite clear that MRI will not be able
to obtain the same performance of CT in morphological
imaging, MRI has high potential in functional imaging of
the lung. Several MRI techniques can be used to obtain
functional information about Ventilation, Inflammation,
Perfusion, and Structure (VIPS) [21].

Assessment of inflammation in CF

In a cross-sectional study in patients with CF, we used
diffusion-weighted MRI to assess inflammation [30].
Inflammation is a major component of CF lung disease

Figure 2:

CF patient. (2A) Axial end-
inspiratory CT, (2B) axial end-
expiratory navigator-triggered
BLADE T1-weighted, (2C) axial
end-expiratory navigator-
triggered BLADE T2-weighted
and (2D) axial end-expiratory
navigator-triggered BLADE
PD-weighted.

Please note the bronchiectasis
with mucus plugging and
peribronchial consolidation in
RUL (arrow in 2A) clearly
detected in all three MRI scans
(arrows in 2B-D). Interestingly,
bronchial wall thickening
(arrowhead in 2A) is better
depicted in the T2-weighted scan
(arrowhead in 2C).
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leading to progressive damage of lung structure [31].

The vicious cycle of infection, inflammation and damage
determines those structural changes (i.e. bronchiectasis),
which facilitate chronicity of infection [32]. CF patients
face a state of chronic inflammation that increases during
respiratory tract exacerbation (RTE). Different methods

to assess lung inflammation have been evaluated so far.
Several blood markers have been proposed, but they

have shown Llow sensitivity and low clinical utility. Among
pulmonary function tests, Lung Clearance Index (LCI) and
Fractional exhaled Nitric Oxide (FeNO) have been used to
assess inflammation [33, 34]. However both LCI and FeNO
showed high variability and limited ability to provide
regional information on inflammation [35, 36]. Regarding
imaging, PET-CT has been also used to show persistent foci
of inflammation in patients with CF, but its use is restricted
by high radiation exposure [37]. Therefore, to date no
radiation-free techniques were available to quantify and
localize lung inflammation.

For the first time, we proposed DW-MRI as feasible
technique to localize and quantify inflammation in patient
with CF [30]. The major finding of this cross-sectional study
performed in a group of stable patients with CF was that
DW-MRI showed foci of high signal intensity (‘hotspots’)
which only in part overlapped with structural lung changes
on morphological CT or MRI [30]. We also observed that
DW-MRI had a strong correlation with radiological and
clinical parameters indicating CF lung disease severity [30].
In addition, there were significant differences in pulmonary
function testing (PFT) parameters between patients with
and without DW-MRI hotspots [30].

Based on these results, we decided to validate DW-MRI

in a cohort of CF patients with and without respiratory
tract exacerbations (RTE) (unpublished data). The most
interesting observation of this study was that DW-MRI
could track inflammatory changes over the course of RTE
treatment. In patients with RTE, DWI signal at high b-values
showed an overall significant reduction following antibiotic
treatment (Fig. 3), while in the control group no significant
differences in DWI signal between baseline and follow-up
were observed. Interestingly, the morphological score (CF-
MRI) was significantly different between the RTE and control
groups both at baseline and follow-up. Therefore CF-MRI
score was not able to detect patients with RTE. The other
important finding was the fair to good accuracy of DW-MRI
to differentiate patients with CF treated for a RTE. The final
important finding of this study was the low intra- and
inter-observer variability of DW-MRI, which supports the
robustness of this method in clinical trials focused on RTE
treatment.

Assessment of perfusion in CF

It is well known that structural changes affecting lung
ventilation determine a reduction of lung perfusion
according to the hypoxic-vasoconstriction reflex. This
principle was demonstrated a decade ago by Eichinger et al.,
showing that areas of hypoperfusion (HP) matched areas of
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structural changes using contrast-enhanced MRI (CEMRI).
Despite this study, CEMRI was not widely introduced in
clinical practice. This likely happened because the technique
at that time was not robust. Large variability between
observers was a common problem, and only highly trained
radiologists could provide reproducible results. Moreover

no automated software tools for lung segmentation or
perfusion quantification were available.

A recent study renewed interest on CEMRI. Wielpitz et al.
showed that HP is a common entity in mild CF disease, and
that it can be reversed after treatment for RTE exacerbation
[38]. The findings of this study supported the use of CEMRI
as an imaging biomarker in CF patients. Recently we
conducted a study using CEMRI, where we aimed to study
the relationship between HP and trapped air (TA). In
addition we evaluated the relation between TA assessed by
CEMRI and CT and PFT. The main finding of our study was
that HP was more frequent and severe than TA in patients
with early CF disease. We also confirmed that expiratory
CT detects more TA than expiratory MRI. From our study

it became clear that the term TA is a misnomer, and that
hypodense regions on CT and hypo-intense regions on MRI
would be better described by the terms low-density region
(LDR) and low-intensity region (LIR) respectively [39].

Pre antibiatic

v

Figure 3: CF patient with pulmonary exacerbation, MRI pre

(Left column) and post (right column) intravenous antibiotic
treatment. (3A, D) axial BLADE PD-weighted end-expiratory
navigator triggered; (3B, E) axial DWI b=800 and (3C, F) FUSION
image (DWI superimposed to BLADE). Note that between first
and second MRI scan there is not only a reduction of the Left
lower lobe consolidation but also a consensual reduction of
DWI signal (arrows in 3C, F).
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The higher prevalence of HP compared to TA in CF patients
suggests that other factors play a role in addition to the
hypoxic-vasoconstriction reflex. One of these factors might
be inflammation, as suggested by the findings of Wielpitz
et al., that lung perfusion improved after RTE treatment
[38]. It would be also interesting to investigate whether

Figure 4: 17-year-old female CF patient. (4A) BLADE: a severe
involvement of the upper right lobe is appreciable, with Large
bronchiectasis. With time-resolved MR Angiography (MRA) a
large area of hypoperfusion (*) can be appreciated in the upper
right lobe in the pulmonary phase (4B), where an hypertrophic
bronchial artery can be appreciated, better in the maximum
intensity projection (MIP) in the early (4C) and late (4D) arterial
phase (arrow in 4C). With partial volume rendering
reconstruction in the Late arterial phase (4E), the upper right
Lobe shows a persistence of contrast medium from bronchial
artery.
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reversibility of TA/HP is restricted only to mild CF patients
or it would occur in more advanced disease as well.

Moreover, in many chronic lung diseases, pulmonary circu-
Lation is reduced or occluded at the level of the pulmonary
arterioles because of hypoxic vasoconstriction, intravascular
thrombosis, and vasculitis [40]. As a result, bronchial
arteries proliferate and enlarge to replace the pulmonary
circulation. The enlarged bronchial vessels, which exist in

an area of active or chronic inflammation, may be ruptured
due to erosion by a bacterial agent or due to elevated
regional blood pressure. The arterial blood under systemic
arterial pressure subsequently leaks into the respiratory tree,
resulting in massive hemoptysis. Thus, the ability of CEMRI
to appreciate the hypertrophy of bronchial circulation in the
affected lung, can significantly improve the management of
these patients (Fig. 4).

Finally other non-contrast techniques such as Fourier
Decomposition (FD)? or Arterial Spin Labeling (ASL) might
be further developed in order to obtain information about
perfusion without contrast administration [41, 42].

Assessment of ventilation

Ventilation imaging with MR can be performed with several
techniques. The most studied technique for ventilation
imaging is that with hyperpolarized gas MRI [43].
Hyperpolarized gas MRI uses gaseous contrasts based on
helium (3He) and xenon (129Xe) to provide high resolution
images of pulmonary ventilation, microstructure and gas
exchange [43]. Despite the great potential of this technique,
its high complexity and cost of the noble gasses and the
need of dedicated hardware limits its application in clinical
practice [44]. A more feasible and promising technique is
oxygen-enhanced MRI, which uses the paramagnetic effect
of oxygen to shorten T1 relaxation times obtaining maps

of the oxygen distribution in the lung [45, 46]. Oxygen-
enhanced MRI has been already used and tested in patients
with asthma and chronic obstructive pulmonary disease
[46, 47]. Even though the technique is cheaper and more
available than hyperpolarized gases MRI, it has been

not yet transferred in clinical practice because of its long
acquisition times (5-30 min) [43]. The most promising
technique for ventilation MRI is a non-contrast SSFP-based
sequence that provides ventilation and perfusion maps [48].
This technique for ventilation MR imaging technique is FD,
a free-breathing technique that does not use gaseous or
intravenous contrast agents. FD has been already validated
in healthy volunteers and patient with CF [41, 49] (Fig. 5).

MRI to assess central airways mechanics

We have developed an MRI protocol to assess central
airways dynamics [52]. Central airways are routinely
assessed with bronchoscopy, but this technique has some
disadvantages [53]. Bronchoscopy in children usually
requires anesthesia, therefore relevant breathing maneuvers
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Figure 5: (5A, C) Coronal PD-weighted BLADE end-expiratory
navigator-triggered, (5B) ventilation map Fourier
Decomposition? and (5D) perfusion map Fourier Decomposition.
Note large area of bronchiectasis, mucus plugging and
consolidation in right upper lobe (arrows in 5A, C). This region
also appears not properly ventilated (arrow in 5B) and perfused
(arrow in 5D) in corresponding Fourier Decomposition
ventilation and perfusion maps.

(i.e. forced expiration and coughing) cannot be performed
and exact measurements of airway dimensions are difficult
[53]. Dynamic evaluation can be performed using CT, but
MRI has the advantage to avoid ionizing radiation, which is
particularly important for pediatric? patients or for those
patients who require repeated imaging studies [54].

In our study, we showed that cine-MRlI is a feasible
technique in pediatric patients [52]. By using an MR
compatible spirometer we were able to perform specific
breathing maneuvers, such as peak flow or coughing that
helped to diagnose tracheomalacia [52], thus giving to
spirometer controlled cine-MRI a great potential to replace
bronchoscopy or cine-CT.

MRI to assess diaphragm mechanics

Assessment of the function of the diaphragm is highly
relevant for several diseases [55, 56]. Neurological diseases,
such as muscular dystrophy or metabolic degenerative
disease, can affect diaphragmatic function [56, 57] and
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can hence lead to respiratory insufficiency [57]. To date, the
gold standard to assess diaphragmatic motion has been
Llung function tests, which — as previously mentioned — are
Llimited by low sensitivity and high variability [58]. Regarding
imaging, ultrasound (US) has been the most used technique
to assess diaphragmatic motion [59]. In fact compared to
MRI, US is cheaper and faster, although it Lacks cross-
sectional capabilities and it has Large variability due to the
operator dependency [56, 59]. MRI has a great potential to
provide a sensitive imaging biomarker of diaphragm motility
[60, 61].

In our study, we applied a spirometry controlled cine-MRI
protocol to assess diaphragm motility in patients with
Pompe disease and in a group of healthy volunteers [55].
Pompe disease is a hereditary genetic metabolic disorder,
characterized by accumulation of glycogen in the muscles
and nerves [62]. This results in progressive muscle weakness,
hypotonia, recurrent chest infections and eventually
respiratory insufficiency [62]. The enzyme replacement
therapy for this disease costs approx. 23,000 € per month
[63]. PFT can be indicative of diaphragmatic weakness by
showing a difference between forced vital capacity (FVC)

in sitting and supine position or by a decreased mean
inspiratory pressure (MIP), but it provides only indirect
information on diaphragm mechanics. In our study,

we showed that MRI could be a sensitive tool to assess
diaphragm mechanics [55]. We demonstrate that the
diaphragmatic displacement can be severely impaired

in patients with Pompe disease [55]. Moreover, Pompe
patients could be stratified according the displacement of
the diaphragm, which was extremely impaired in some of
the patients, while in others some residual function of the
diaphragm in supine position was measurable [55]. The
main advantage of MRI compared to ultrasound is the
superior detailed anatomical information in 3D that can
be obtained in dynamic and static conditions as well as

the repeatability of the technique. Our MRI protocol has
also the advantage that it is combined with the use of the
spirometer, enabling to correlate pulmonary function with
MRI parameters related to the diaphragm. Combining these
parameters may provide new insights in the disease process
and on its response to therapy. This method has been
recently improved by automated software tools analyzing
the motion of the diaphragm and other respiratory muscles
[64].

When validated, this technique is likely to become an
important diagnostic tool for other diseases, such as
congenital diaphragmatic hernia, diaphragm paralysis
and other causes of limb-girdle weakness.

Other directions for future research

There are several opportunities to further improve the
role of thoracic MRI as diagnostic and monitoring tool.

MRI protocol standardization

As discussed previously, the main reason of the Limited
use of chest MRl in the clinic is the lack of standardization
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among MRI vendors and hospitals. Few centers have
acquired sufficient experience to routinely introduce chest
MRI in clinical practice [28]. Most pulmonologists are not
aware of chest MRI capabilities, and they prefer to rely

on CT. Even radiologists find chest MRI difficult and time
consuming, mostly because they are not familiar with the
technique.

However, with the technological advances achieved over
the last decade, chest MRI is now mature to be translated
in clinical practice [7, 65]. Through an international
collaboration, we aim to develop a VIPS chest MRI protocol
that will supply information about Ventilation, Inflamma-
tion, Perfusion and Structure in one session of maximal
half an hour [21]. This protocol will be harmonized among
the main MRI vendors (General Electric, Philips and Siemens
Healthcare). This VIPS platform will be firstly tested for
monitoring CF lung disease during a pulmonary exacerba-
tion and Later for other chronic lung diseases.

Other applications of lung MRI in pediatrics

Different chronic lung diseases are suitable to be assessed
with thoracic MRI. Bronchopulmonary dysplasia (BPD) is

a severe chronic lung condition associated with long-term
respiratory sequelae [66]. Chest CT has been used to assess
and monitor structural lung changes in BPD [67]. Despite
low or ultra-low dose CT protocols developed for BPD, the
young age of these patients and the need for repeated
imaging are a matter of concern regarding the risk of
radiation-induced cancer. MRI as radiation-free technique
would allow repeated imaging in BPD patients [68].
Moreover MRI will allow to obtain information about
structural lung changes, but also about ventilation and
perfusion. This functional information might be relevant to
understand pathophysiology of BPD and why some patients
evolve to severe obstructive airways disease.

Other diseases that might be studied with MRI are Chronic
Obstructive Pulmonary Disease (COPD) and asthma. For
parenchymal visualization, ultrashort (UTE) and zero echo-
time (ZTE) sequences showed better spatial resolution,
signal-to-noise (SNR) and contrast-to-noise ratio (CNR) than
conventional sequences [69, 70]. Using these sequences,
patients with COPD can be differentiated from healthy
subjects and classified according disease severity [70]. In
fact, with increased COPD grade, the parenchymal signal
intensity distribution shifts toward lower signal intensities,
so UTE signal can be used to quantify parenchymal tissue
destruction and inflammation [70]. These measurements
are highly reproducible and usable for longitudinal studies.

Several studies have shown the utility of ventilation imaging
with MRI for COPD and asthma [47, 71-73]. For example
oxygen-enhanced MRI showed higher correlation to PFT and
clinical parameters of COPD than CT, with higher potential
for more accurate clinical stage classification [72]. Similar
results were shown in patients with asthma [74].
Interestingly, to date Fourier Decomposition has not been
tested in COPD patients. This technique would have the
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advantage to supply information about ventilation and
perfusion in a single free-breathing scan without contrast
administration. Perfusion biomarkers might become
relevant for clinical trials and using Fourier Decomposition
would avoid Gadolinium administration, which has been
recently debated after evidence of brain Gd deposition [75].

Lung perfusion in COPD and asthma has been extensively
investigated with MRI [76—82]. Multiple quantitative and
semi quantitative perfusion-derived parameters have been
described to classify COPD severity [76—78]. Interestingly MRI
appears to be more sensitive than CT in identifying early
perfusion abnormalities among controls and mild COPD
subjects [78]. Full quantitative analysis of pulmonary
microvascular perfusion seems time-consuming and not
needed [76]. There is indeed a close correlation between
quantitative and semi quantitative perfusion parameters,
therefore semi quantitative values may be useful as
surrogate markers for regional pulmonary blood flow (PBF)
in clinical practice and for follow-up examinations [76].

Development of software tools for thoracic MRI

Another important limiting factor for the use of MRl in
clinical practice has been the lack of dedicated software
tools for automatic analysis of thoracic MRI. To date there is
no commercially available automatic segmentation
software for lung and airways on MR images. These tools
are indispensable to move from qualitative to quantitative
imaging. Physicians need to extract meaningful numbers out
of the images that can help them to objectively determine
disease progression, stability or improvement. Our group is
aiming to develop scoring systems for several lung diseases
that can be ultimately automated. The biomarkers derived
from these software tools will be integrated in the report
that accompanies the radiological examination.

Summary

In this essay we have shown the multiple capabilities of
MRI for lung imaging. Chest MRI is ready to be converted
in a unique single session imaging tool that can provide
structural and functional information. Several chronic
obstructive lung diseases might benefit from the
development of the VIPS MRI platform, which will allow
new clinical diagnostic scenarios and interventional
clinical trials.
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Abbreviations List

CMR  Cardiac Magnetic Resonance
DT Diffusion Tensor
E1 Primary diffusion tensor eigenvector
E1A E1Angle
E1IAR E1Angle Range
E2 Secondary diffusion tensor eigenvector
E2A  E2Angle
SA Sheetlet Angle
HA Helix Angle
HAR  Helix Angle Range
Lv Left Ventricle
LAX Long Axis
SAX  Short Axis
Introduction

Left ventricular contraction entails both longitudinal and
circumferential shortening of the ventricle (~10-25%,
depending on direction and depth) accompanied by radial
wall thickening (>35%), together with twisting of the apex
relative to the base [1]. The primary helical organisation of

cardiomyocytes through the depth of the LV wall [2, 3] can
be quantified by the helix angle (HA), [4, 5] (Fig. 1). However,
cardiomyocytes only individually shorten by ~15% and
thicken by ~8% during systole [1], meaning that the known
conformational changes in cardiomyocytes in a helical
arrangement alone are insufficient to explain the observed
magnitude of systolic wall thickening [1]. The secondary
arrangement of cardiomyocytes consists of laminar
microstructures, 5-10 cardiomyocytes thick, termed sheetlets
(Fig. 1) [4, 6]. Sheetlet reorientation [7, 8], quantified by
changes in sheetlet angle (SA), is the predominant
mechanism associated with macroscopic LV wall thickening
in vivo [9-11].

Cardiomyopathies are disorders of myocardium affecting
both structure and function in the absence of coronary
artery disease or abnormal loading conditions [12]. Both
hypertrophic and dilated cardiomyopathies (HCM, DCM)
are relatively common with a prevalence of 1:500 and up

to 1:250 respectively [13, 14] each being associated with a
significant Llikelihood of cardiac events [15-17]. Phenotyping
the myocardium is important for diagnosing and managing
cardiomyopathies, particularly for identifying the sub-
population at high risk of sudden cardiac death.

Diffusion tensor CMR (DT-CMR) potentially provides a novel
approach for phenotyping through non-invasive interrogation
of the 3D heart microarchitecture [18-36]. In previous work
we implemented robust quantitative in vivo DT-CMR and
confirmed its reproducibility in normals [37] and HCM [38].
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Figure 1: ILllustration of the dynamics of myocardial helical and sheetlet microstructures of the Left-ventricular (LV) myocardium during
cardiac contraction. Multi-slice tractogram obtained from ex vivo DT-CMR, depicting the primary diffusion eigenvector (E1) direction color-
coded according to the helix angle (HA) (1A). Schematic diagram of the helical structure of cardiomyocytes with zoom (1B). Left-handed
helices in the epicardium are blue, circumferential alignments in the mid-myocardium are yellow, and right-handed helices in the endo-
cardium are red. Schematic diagram of myocardial sheetlet microstructures in relaxed (1F) and contracted (1J) states. Mid-myocardial
zooms of histology sections cut perpendicular to the local cardiomyocytes, acquired in this study from relaxed (1C) and contracted (1G)

ex vivo heart samples. In them, the yellow ellipse surrounds a single sheetlet comprised of closely packed cardiomyocytes bounded by

the pale cracks of shear Layers. Its cardiomyocytes are represented in 3D by yellow cylinders in (1D) and (1H) which, for clarity, are then
simplified to a single array in (1E) and (11), and depicted together with more endocardial and epicardial sheetlets in their systolic (1F) and
diastolic (1J) contractile states and orientations. The grey planes represent intervening cracks or shear layers. For clarity, no secondary,
counter-oriented sheetlet populations have been represented although, like those illustrated, their orientations would also be expected to
swivel towards more wall-perpendicular in systole or more wall-parallel in diastole. The sheetlet angle (SA) is also shown, and it is defined
as the angle between the sheetlet and the local epicardial LV wall. In this illustration, SA varies from a low value (SA ~15°) in diastole (1D)
to a high value (SA ~60°) in systole (1H). This represents the microstructural dynamic basis of the longitudinal and circumferential wall

shortening that together deliver proportional wall thickening far greater than that of any single cardiomyocyte. Figure from reference 40.
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Figure 2: E2A changes substantially throughout the cardiac cycle; the increase in E2A from diastole to systole is consistently observed in
vivo, in situ, and ex vivo, and corresponds well to changes in sheetlet angle (SA) in histology. Example in vivo E2A maps at multiple points
of the cardiac cycle, together with a plot of E2A throughout the entire cardiac cycle for all in vivo experiments (2A). The inset in Figure 2A
illustrates E2A changes from diastole to systole. Oblique views of in vivo short-axis images with detail views of the lateral wall, depicting
the measured planes defined by E1 and E2, color-coded according to absolute E2A. As these planes swivel from diastole to systole, E2A
increases and their color changes from blue to red. Example in situ E2A maps, ~10 minutes and ~50 minutes after injection, with plots of
the E2A over a period of ~60 minutes after injection of KCL and BaCl, for all hearts (2B). Example ex vivo E2A maps at 3 mid-ventricular
slices and plot of E2A in all ex vivo relaxed and contracted hearts (2C). Example long axis histological cuts with mesocardial Layer details
demonstrating sheetlets in relaxed and contracted heart tissue samples, with their corresponding angular histograms, demonstrating

the sheetlet and cleavage plane reorientation (2D). Plots of absolute SA derived from the relaxed and contracted histological data (2D).

Figure from reference 40.
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We reported E2A changes from systole to diastole in HCM
consistent with exaggerated systolic contraction and
attenuated diastolic relaxation [24]. In this work we
comprehensively validated in vivo DT-CMR measures' of
cardiac microstructure against histology, analysed the
influence of cyclic tissue deformation on the diffusion
measurements [1, 24, 26, 39], characterized microstructural
dynamics associated with myocardial wall thickening in
the loaded beating heart in vivo, and characterized altered
microstructural dynamics in HCM and DCM.

Methods

Detailed methods are described elsewhere [40]. Animal
procedures? were approved by the NHLBI Animal Care and
Use Committee. In brief, in vivo DT-CMR was acquired
throughout the cardiac cycle in healthy swine, followed

by in situ and ex vivo DT-CMR and validated against co-
registered histology (Fig. 2). Cardiac arrest induced by BaCl,
[30] slowed cardiac contraction by three orders of magnitude
(from ~300 ms in vivo to ~5 minutes in situ) allowing DT-
CMR during myocardial thickening in the absence of cyclical
strain effects. The National Research Ethics Committee
approved the clinical study. DCM and HCM were diagnosed
in accordance with guidelines [41]. In vivo DT-CMR

was performed both at late-diastole and end-systole in

19 healthy controls, 19 DCM patients, and 13 HCM patients.

Results and discussion

The results of the preclinical study demonstrate that both
helical and sheetlet microstructural dynamics can be
effectively interrogated in vivo in the beating heart with

90
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DT-CMR. Limited changes in helical microstructure,
measured as E1A and HA by DT-CMR and histology, between
different contractile states were observed. By contrast, E2A
increased substantially over the cardiac cycle. Changes in
E2A with contraction were consistently observed under all
experimental conditions and closely agreed with SA changes
measured histologically (Fig. 2). These data confirm in vivo
E1A as an index of helix angle and E2A as an index of
sheetlet angle and support the hypothesis that reorientations
of secondary laminar microstructures underlie myocardial
thickening, and can be measured by DT-CMR.

In healthy human controls, E2A was greater in systole (65°)
than diastole (18°, p < 0.001), with an E2A mobility of 45°.
HCM patients showed significantly greater E2A in diastole
than controls (48°, p < 0.001) with impaired E2A mobility
(23°, p < 0.001). In DCM, E2A was similar to controls in
diastole (23°, p = 1.0), but systolic values were markedly
lower (40°, p < 0.001) with impaired E2A mobility (20°, p <
0.001) (Figs. 3, 4). Thus we show for the first time, a unique
pattern of sheetlet behavior in DCM patients with persistence
of near-diastolic conformation of sheetlets in systole. The
opposite pattern was observed in HCM, with persistence of
near-systolic sheetlet orientation was observed in diastole.
These observations provide new insight into aberrant
dynamics of laminar microstructures in cardiomyopathies
and identify distinct mechanisms underlying reduced strain
development. These mechanistic findings have potential to
be useful for assessment of effective new drug therapies.

We also compared in vivo, in situ, and ex vivo data to assess
the influence of strain on in vivo DT-CMR data [1, 24, 26, 39,
42]. The correspondence between in vivo, in situ, and ex vivo
E2A changes indicates that the in vivo E2A observations
originate predominantly from phasic changes of micro-
structural orientation. This is further supported by our
model of slowed myocardial thickening over several minutes

Figure 3: Plots of median

r p < 0.001
—p=0 E2A at diastole and
p < 0.001 .
80 systole in healthy
volunteers, HCM and
70 DCM patients. In all plots
} the median and IQR are
60 also shown. In HCM,
5 diastolic E2A is markedly
Q 5o : higher than in controls,
5y /) while systolic E2A values
= 40 are similar. In DCM,
3 7 4, diastolic E2A values
= 30 are similar to controls,
7 while systolic E2A values
20 l 1 are markedly reduced.
: Figure from reference 40.
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Figure 4: Example b-value = 0 images, E1A maps, E2A maps and E2A glyphs in controls, HCM and DCM. The E1A maps show similar E1A
distributions in all populations and contractile states. The E2A maps and glyphs are color coded according to absolute E2 angle (low E2A

in blue for wall parallel sheetlets; high E2A in red for wall perpendicular sheetlets). E2A changes are from blue in diastole to red in systole

in healthy controls. The HCM example takes a healthy systolic conformation (wall perpendicular sheetlets) but an incomplete diastolic
conformation (mix of wall parallel and wall perpendicular sheetlets). The DCM example takes a healthy diastolic conformation (wall parallel
sheetlets) but an incomplete systolic conformation (mix of wall parallel and wall perpendicular sheetlets). Figure from reference 40.
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induced by BaCl, administration [43, 44], which occurs in
the absence of cyclical strain effects, and yet demonstrates
remarkably similar behaviour of E1A and E2A to that
observed during in vivo experiments. Comparisons of the
relationships between AE2A and AWT in vivo and with BaCl,
in situ provide an estimate of the maximum potential
influence of cyclical strain to in vivo E2A of ~17%. This may
be an overestimate, since the different loading conditions
between in vivo and BaCl, in situ experiments might also
account for some of the differences observed experimentally.
The changes in E2A shown in DCM and HCM greatly exceed
this potential confounder. Furthermore, the differences

in the diastolic and systolic conformations of E2A in HCM
and DCM occur in the context of similarly impaired strains,
further supporting E2A mobility as a robust and clinically
relevant measure.

In vivo DT-CMR may provide new mechanistic insights

into altered ventricular mechanics, adverse remodeling and
the substrate for arrhythmogenesis in a variety of clinical
conditions including post-MI, valvular heart disease as
well as inherited and congenital cardiac diseases. Other
applications include identifying the potential for LV
contractile recovery, reverse remodeling, and as a new
monitoring marker for interventions to improve contractile
function.

Conclusion

We show that myocardial sheetlet reorientation in the
loaded and beating heart in vivo is the predominant
mechanism associated with systolic LV wall thickening,

and that primary and secondary microstructures in the
myocardium and their dynamic reorientations during cardiac
contraction can be studied non-invasively by in vivo DT-CMR.
In DCM, DT-CMR shows reduced sheetlet mobility and a
diastolic conformation, which contrasts with the reduced
mobility and systolic conformation seen in HCM, despite
similarly reduced systolic myocardial strain. In general terms
at the microstructural level, this indicates a failure of systolic
sheetlet rotation in DCM and a failure of relaxation of
sheetlets in HCM. These results provide the rationale for
further study of the microstructural dynamics of cardiac
contraction and myocardial dysfunction using in vivo
DT-CMR to provide new diagnostic and prognostic
information in human cardiac disease.
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Researchers have attempted to compensate for patient
motion in the scanner for two decades. Several research
studies have demonstrated the advantages of using an
in-bore optical tracking system in conjunction with custo-
mized software interface to perform real-time motion
correction [1-9].

Clinical adoption of prospective motion correction (PMC)
will require seamless integration into the MR clinical
workflow and acceptable patient comfort levels with
fiduciary markers, as well as consistent and significant
improvements in MR image quality. This article highlights
efforts made by KinetiCor Inc. (Honolulu, HI, USA) and its
world-wide scientific collaboration network to elevate
in-bore optical tracking based PMC technology into clinical
applications specific to neuroimaging.

Introduction

Motion artifacts caused by patient motion remain one of the
Last unsolved challenges to improving quality and reliability
of MR imaging. As MR scanners reach higher levels of
resolution, the need for motion correction becomes even
more apparent. Unfortunately, those patient populations

in the greatest need of a clear scan are often unable to
obtain diagnostic quality images due to uncontrolled
motion caused by pain, trauma, neurological disorders,

or age. The costs of repeating scans, rescheduling appoint-
ments, and sedating patients are high. A recent study by
Andre et al. [10] estimates the annual operational cost
impact per scanner at $98,697.

_ Motion Artifacts Diagnostic Quality

MPRAGE None Diagnostic

FLAIR None Diagnostic

Table 1: Radiologist ratings.

How it works

KinetiCor motion correction technology® includes an in-bore
retrofit motion tracking system (Fig. 1A) and software to
update sequence parameters in real-time with actual head
position. This allows the scanner to determine where the
head precisely is at any given moment.

The motion tracking works by tracking a small fiducial
marker that can be affixed to forehead, nose (Fig. 1B), or
upper jaw. The translations and rotations of head are
transmitted to the customized software, LibXPACE, that
resides on the real-time controller of the MR scanner.

Figure 1: (1A) KinetiCor quad camera retrofit system mounted
inside a MAGNETOM Skyra 3T MR scanner (Siemens Healthcare,
Erlangen, Germany) and (1B) dual-marker nose bridge mount
with markers.
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Benefits of KinetiCor system

Some of the major challenges to in-bore optical tracking
include marker visibility as head coils may vary from
scanner to scanner. KinetiCor has solved this problem by
designing a 4-camera system that is optimized for various
head coil geometries. The system can simultaneously track
5 markers at the rate of 60 frames/s.

KinetiCor’s prospective motion correction system does not
consume any scanner bandwidth and therefore does not
increase the scan time. This allows for clearer images and

Figure 2: MPRAGE data from one of the study volunteers showing
a slice from the MPRAGE (2A) and the motion traces (2B).
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actually improves efficiency because time doesn’t need

to be wasted repeating sequences that were compromised
by motion. The tracking information can be used to correct
both in-plane and through-plane motion and it can be
incorporated into pulse sequences easily.

In addition, KinetiCor and its academic partners at Freiburg
are developing the ability to remove motion correction
post-scanning to view uncorrected images [11]. The KinetiCor
system and associated research sequences are currently for
investigational use only.
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Figure 3: FLAIR data from one of the study volunteers showing

a slice from the FLAIR images (3A). The motion traces (3B)
indicate that the participant shifted head position during the scan.
The maximum rotation is approximately 1 degree.
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Clinical study overview

To understand the impact of PMC technology in a clinical
workflow, KinetiCor is currently running a multi-center
clinical study. Two of the study centers are conducting the
study on MAGNETOM Skyra scanners and one site is using
a 3T MAGNETOM Prisma (Siemens Healthcare, Erlangen,
Germany). The study is IRB (institutional review board)
approved and informed consents were obtained from all
the participants. The goals of the study are to:

1) Characterize the prevalence of motion in a clinical setting

2) Evaluate the use of KinetiCor PMC enabled research
sequences (MPRAGE, FLAIR) that have been added to
the clinical protocol.

3) Obtain feedback from MR technologists and patients
on the time required to affix markers, as well as overall
comfort levels for patients.

Two markers were mounted on the bridge of the nose
through a 3D printed marker mount fabricated in-house.
The marker mount with markers is shown in Figure 1B.

Preliminary evaluation outcomes

The images obtained in the study were evaluated by a board
certified Radiologist who was blinded to the motion traces.
Acquired motion data was processed to calculate the total
translation (norm of translation) and total rotation.

Figures 2 and 3 show the results from one study participant.
Figure 2 shows the motion traces and an image from motion
corrected MPRAGE and Figure 3 shows the motion traces
and an image from the FLAIR sequence. The comments from
the Radiologist for the participant for both images are shown
in Table 1. The images from both sequences were rated to be
of diagnostic quality. Of the initial 15 datasets reviewed by
the radiologist, none of the MPRAGE or FLAIR images were
rated as non diagnostic.

MR technicians reported that markers were easily affixed in
under one minute, including the time required to prepare the
area with an alcohol wipe, for 29 of the 30 subjects studied
(in the remaining case it took between one and two minutes).
Of interest, it took Lless time to affix the tracking marker than
it took to affix earplugs on the subjects.

Patient comfort levels with wearing and removing the
marker were also studied. Initial study results revealed
that 29 subjects indicated favorable comfort levels with
the marker, with one subject not providing any input.

Conclusions and outlook

At present the technical issues related to the previous
prototype implementations of the PMC technology are
Largely resolved: the current solution occupies very little
bore space and is compatible with routine operations at the
scanner. The handling of the marker and patient comfort
has also improved substantially. In particular, the present
solution addresses the hygiene aspects by introducing

Technology 121

single-use markers and mounts as required for the future
clinical use. The initial evaluation of the imaging outcomes
reveals a favorable performance of the PMC system.
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Pioneers of Connectome Gradients
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Abstract

A typical human brain contains 100 billion neurons
which have about 10,000 individual connections with
their neighbors. Being able to map structural and
functional connectivity of an individual brain could be
a first step on a new way of understanding and
diagnosing mental illnesses. Continuous
improvements on noninvasive magnetic resonance
imaging (MRI) methods like functional MRI, resting-
state MRI, and diffusion MRI enable this information
(connectomics) to be obtained for the first time on a
Large human databasis. A key parameter is the
available gradient field strength for diffusion-sensitive
MRI sequences [1-3]. Siemens MR has developed two
powerful prototype gradient systems for this purpose,
which have been employed at five different locations
in the US and Europe since 2011 (Fig. 1).

- J

Up to today, the nervous system circuit diagram
(‘Connectome’) of few creatures is known. Back in the early
1980s the Little roundworm called C. elegans was discovered
to have a nervous system of roughly 300 neurons showing

a total of about 7,000 connections [4, 5]. Using invasive
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anatomical and neural-tracing techniques, mammalian
brains like that of mice or primates are still under
investigation. These methods are capable of an in-plane
resolution of 40 um [6, 7].

New non-invasive imaging methods which enable the
study of brain connectivity of living humans have been
developed since the beginning of this century. They are
known as MR Imaging of anisotropic diffusion of water
in the brain, and resting state fMRI [8-10]. The related
advances in imaging technologies and data evaluation
are empowering us today to study the human brain as an
entire organ.

A group known as ‘Blueprint for Neuroscience Research’,

a collaboration among 15 National Institutes of Health
(NIH) in Bethesda, Maryland, USA, decided in 2009 to fund
a five-year initiative for mapping the brain’s long-distance
communications network. The goal of the so called Human
Connectome Project (HCP) was set to construct a map of
the structural and functional neural connections in vivo
within and across individuals. The HCP was funded

with $40 million and comprised two research efforts:

the first, a five-year project at the Center for Magnetic
Resonance Research (CMRR) in Minneapolis, Minnesota,
in collaboration with Washington University, St. Louis,

CUBRIC, Cardiff, UK
300 mT/m (2016)

MPI, Leipzig, Germany
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Figure 1: MAGNETOM Connectom scanners by Siemens Healthcare have been employed at five different locations since 2011.
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Figure 2: Gradient history of MRI systems.
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Missouri, and the second a 3-year project at the Massa-
chusetts General Hospital's (MGH) Martinos Center in
cooperation with the University of California, Los Angeles.
A comprehensive description for the HCP can be found in
a 2012 Nature article [11].

In order to map the human connectomics, the Washington
University & the University of Minnesota (WashU-Minn)
consortium, utilized resting state fMRI and high angular
resolution diffusion imaging (HARDI) — a special diffusion
imaging technique. However, Diffusion Spectrum Imaging
(DSI) — a general form of Diffusion Tensor Imaging that was
pioneered in 2005 at the Massachusetts General Hospital
(MGH) — was the method of choice for the MGH/University
of California at Los Angeles (UCLA) consortium. To pursue
this challenging task, both of these consortiums approached
Siemens Healthineers to propose working together in
hardware technology, more specifically in special gradient
systems, which will enable the demanding diffusion
imaging.

More recently, two European research centers have joined
the exclusive club of Connectome gradient users. In 2016,
the Cardiff University Brain Research Imaging Centre

! MAGNETOM Connectom and MAGNETOM 7T is ongoing research.
All data shown are acquired using a non-commercial system under institutional
review board permission. Siemens does not intend to commercialize the system.

(CUBRIC), equipped with a 300 mT/m MAGNETOM Connectom,
two 3T MAGNETOM Prisma and a MAGNETOM 7T system?,
was inaugurated by Queen Elizabeth II. At the end of 2016,
the Max Planck Institute for Human Cognitive and Brain
Sciences, Leipzig, Germany, also installed a MAGNETOM
Connectom 3T MRI system™.

Gradient technology

Siemens Healthcare introduced the first MAGNETOM 0.35T
whole-body scanner in 1983 and has continuously extended
the product portfolio with higher magnet and gradient field
strengths. Starting with a peak amplitude (G, ) of 3 milli-
Tesla per meter (mT/m) and a slew rate (SR) of 2 T/m/s in

the early 1980s, today’s (2017) clinical high-end 3T scanner
MAGNETOM Prisma achieves a G__ of 80 mT/m and a SR of
200 T/m/s (see Fig. 2). Gradient system performance depends
on many opposing factors including G__, SR, linearity volume
(LV) and available patient bore diameter. Highest performance
demands are created by diffusion-weighted sequences which
expect fast gradient switching for the readout pulses, highest
peak amplitude / duty cycle for the diffusion pulses, and
excellent shielding of eddy fields. As a consequence, gradient
coils optimized for whole-body applications with a large
linearity volume and inductance require high-voltage/-current
power supplies. Starting with the first applications of the EPI
imaging method in the early 1990s [12], especially gradient
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Figure 3: Improved gradient performance parameters (maximum gradient amplitude (G__) or slew rate (SR)) can be achieved by
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either increasing gradient amplifier (GPA) power (via maximum voltage U_ ) and adjusting the coil design (via field efficiency (N) or
inductance (L)) or by a reduction of the coil radius (r) and adjustments to the RF body coil and/or the patient bore diameter.
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Figure 4: History of gradient coil design methods.

1In 1991, PNS (peripheral nerve stimulation) proves to limit gradient performance (predicted by T. Budinger 1979);
2R. Turner, Gradient Coil Design, A Review of Methods, MRM 11:903 (1993)
g J

slew rate became a challenge for gradient system design. or by reducing the inductance of the coil. Besides using more
First attempts to reduce the rise time of EPI readout gradients  than a single amplifier and coil-set [17], the third alternative
involved additional resonant circuits, so-called ‘EPI boosters’  for higher SR is to reduce the inner radius of the coil system
[13, 14]. (Fig. 3). The strong (5% order) dependence of the SR from

the coil radius leads to about a factor of two increase when
changing from 70 cm to 60 cm patient bore. Thus, this
parameter is a crucial part of the MR system concept
definition. It emphasizes the importance of efficient use

With conventional gradient design methods [15, 16], SR
increase (at otherwise constant parameters) can be achieved
by either increasing the voltage of the power amplifier (GPA)
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of radial space inside the magnet bore. The best gradient
performance is achieved by using only the necessary number
of windings driven by the highest available current. In
practice, the maximum current is mainly limited by power
amplifier technology, forces on gradient connectors, wire
cross section, and cooling efficiency. Additional design
targets like shielding efficiency, force/torque compensation,

shield layers

water cooling

electrical shims

passive
shim pockets

primary layers ——— >

*

RFscreen ——>

Figure 5: Layer breakdown of a cylindrical gradient coil system
including passive iron shim.

and acceptable nonlinearities of the linear gradient field
tend to increase the required number of windings, making up
the challenge to the coil designer (Fig. 4).

Cylindrical symmetry dominates today’s gradient coils. Coil
geometry mostly follows the boundary conditions set by

the main magnet design. Insert gradients could be designed
without following the basic symmetry of the main magnet,
but hardly do so. Due to the non-ideal nature of magnet and
gradient fields (e.g. concomitant fields, forces, and torques),
it is always advantageous to keep as many symmetries as
possible. Dedicated insert gradients for different body parts
are known (for example spine or knee [18]), but have not
been successful in replacing their big brothers. Electrical
and mechanical design aspects of non-cylindrical geometries
are not very different from the standard configurations.

For example, the target field method could be applied to
calculate the primary and the shields’ current density on

a circular plane. The wire pattern and axial connections

are generated by extracting the contour lines of their stream
function. The same method can be applied to generate the
wire pattern for the electrical shim coils. The gradient system
thus consists of a variety of complex subcomponents, each
forming a subsystem of its own (Fig. 6). The coil system

(Fig. 5) comprises the linear field coils (X, Y, Z) including
their shielding coils, higher-order shim coils, cooling Layers,
temperature sensors, RF screen, current and water
connectors, the coil support structure, and its suspension.

Magnetic field generation with high amplitudes and Large
volumes is a difficult task. Considering that the natural

analog I(t)

analog I(t)

digital I(t) and

Coil

—

| GPA/GC supervision

el

Temperature

Sensors

F water hoses

Digital shim currents

control system as part of the MR control system.

&

Figure 6: The gradient system consists of a coil system, a cooling system, a gradient power amplifier (GPA), a shim amplifier, and a gradient

J
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Figure 7: Control system of a typical MR scanner and its interface to the gradient controller. The gradient controller and the PNS safety
watchdog are fed with logical gradient shapes (G ) and gradient-coil-specific Llimits for peripheral nerve stimulation. The logical shapes
are converted to physical shapes (Gphys) and modified by filter functions for eddy current and cross-term compensation (ECC and CTC)
before being fed to the gradient amplifier’s final stages (Amp X, Y, Z). The current in the gradient circuit with the coil impedance L is
measured by high precision current probes and fed to the gradient safety watchdog unit. In case the PNS Llimit is exceeded, a safety
switch-off signal is sent to the gradient and MR controller.
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Figure 8: Limitations of gradient system performance for human use. The main limitation is given by the peripheral nerve stimulation
threshold (PNS Llimit). If the technical performance of the gradient system is not adapted to this Limit, a significant part of the parameter
space is not applicable to human subjects.
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(earth) magnetic field is about 50 uT in amplitude, the first
whole-body gradient coils had to exceed this by two orders
of magnitude. In one embodiment, wooden structures

were used to support the race-track-like windings (Fig. 2).
Furthermore, rapid gradient switching leads to strong
vibrations due to the Lorentz forces of the conductors within
the main magnetic field. This can be counteracted by
increased stiffness of the support structures (e.g. with glass-
fiber-reinforced plastic) and linking of all layers to a single
body (e.g. with epoxy resin). In addition, dielectric strength
of all gradient layers is required at minimal (<2 mm) radial
distance of the conductors. Hence, today’s gradient coils
mainly consist of epoxy resin with excellent dielectric
strength at low cost and high geometric flexibility. The
challenge in the fabrication process is to ensure that all
Llayers and subcomponents of the coil system are
impregnated 100%. This can only be achieved with a complex
vacuum potting procedure. Every step of this procedure needs
to be defined and controlled thoroughly [19]. Process and
material parameters like temperature profile, filling
material, and filling percentage as well as curing time need
to be adjusted to the geometry and inner structure of the
gradient coil main body. A successful potting procedure is
usually validated with a high voltage or electrical discharge
test. This step ensures that the dielectric strength is good
enough to withstand amplifier voltages of up to several
kilovolts for an MR system’s Lifetime.

The control system of an MR scanner synchronizes and
drives the activities of all hardware components (Fig. 7).
The interface of the MR controller to a logical hardware
component usually requires a sub control system of its own.
The gradient controller and the Peripheral Nerve Stimulation
(PNS [20]) safety watchdog are fed with logical gradient
shapes (read, phase, slice) and gradient-coil-specific Limits
for PNS, respectively. Static correction data acquired during
the first startup phase of the MR scanner (‘Tune-up data’)

is transferred to the gradient controller and GPA before the
start of the measurement sequence.

After the start of a gradient pulse sequence, the logical
gradient shapes are converted into physical gradient shapes.
In order to minimize eddy current effects, additional filters
based on tune-up data may be applied to the gradient
circuit current I(t) before transfer to the gradient amplifier
component (e.g. eddy current pre-emphasis). The output of
the gradient amplifier circuit is monitored by high-precision
current sensors. Their signal is used for control and
supervision of the gradient amplifier cabinet including PNS.
The Limits for human exposure to time-varying magnetic
fields are defined by the IEC norm and need to be ensured
based on calculations and measurements (Fig. 8).

Ultra-high gradient strength

The first decade of the new millennium brought the benefits
of parallel imaging methods from research machines to
clinical MRI scanners. Today (2017), most sequences make
use of acquisition methods with measurement time reduction
(or, in case of EPI, readout time reduction). Although the
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Figure 9: Gradient insert ‘AC88". (9A) Test of the handling device
at a 3T scanner. (9B) Reduced size of patient bore after
installation of the coil.

demand for high gradient amplitudes for diffusion imaging
techniques is still unbowed, the advantage of ultra-high
gradient slew rates now has a serious competitor.

Implementation of ultra-high gradient amplitudes with
head-sized gradients inside a whole-body magnet bore is
one approach to tackle the problem [21]. The advantage of
simultaneous ultra-high slew rate and gradient amplitude is
counteracted by the limited space inside the coil (Fig. 9). It is
difficult to design a combined transmit/receive RF coil with
>8 receive channels, good intra-channel decoupling, and
high SNR due to the close proximity to the copper windings
of the gradient coil. Separating the transmit coil is even more
challenging, as this requires additional radial space for the
RF return flux. In addition, patient handling is difficult. It is
not easy to find volunteers who are willing to expose them-
selves to the near-claustrophobic conditions of such an
experimental device. Even with asymmetric gradient design,
the limited size of the shoulder cutouts will exclude part of
the normal population from being scanned.

In diffusion imaging of the brain, long-lasting diffusion
weighting gradient lobes are applied. The highest possible
gradient amplitude is applied in the shortest possible

time, combined with an echo-planar imaging (EPI) pulse
sequence to encode diffusion and minimize head motion

at the shortest possible echo time (TE). Typical TEs for

b =1,000 s/mm? on a 3T whole-body scanner are around
70-80 ms when Stejskal-Tanner encoding is applied without
additional parallel imaging techniques. Higher b-values can
only be achieved with a penalty in SNR, as TE increases with
the duration of the diffusion lobe. Studies on mammals have
indicated that much higher gradient strength than 40 mT/m
would be required to produce sharp diffusion images of an
adult human brain’s wiring patterns [22]. Typical small-bore
(about 100 mm) NMR scanners can apply 150-300 mT/m.
Owing to the nonlinear increase of gradient strength with
reduction of the inner diameter, even 1,000 mT/m (at 60 mm
bore) are not uncommon. This reopened the question
whether ultra-high gradient strength (>100 mT/m) may

be achievable with a whole-body gradient design.



128

Technology MAGNETOM Flash (68) 2/2017

www.siemens.com/magnetom-world
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Figure 10: Control system concept for the 300 mT/m gradient. The MR control system (host computer HOST, image reconstruction
computer MRIR) was extended to drive four sets of gradient amplifiers independently. The new architecture allows storing the calibration
data for each of the 12 final stages driving the gradient coil segments.

&

J

The design target for a whole-body gradient was set to high
gradient amplitudes with the linearity volume (LV) being
Limited to the brain volume (thus achieving less restrictive
PNS thresholds). Two versions of this gradient design were
designed and built. Version 1 (SC72) supportsa G of

100 mT/m at SR 200 T/m/s with a single GPA cabinet (2 kV,
1kA). It was designed to match forces and stray field of a
3T magnet and provide space for passive iron shims. It has
a length of 158 cm, and an inner diameter of 64 cm. This
yielded a robust, easy-to-use diffusion engine [23].

Version 2 (AS302) represents a quantum leap in whole-body
gradient performance, i.e. G _of 300 mT/m at SR 200 T/m/s.
Design studies with reduced linearity constraints showed that
up to 150 mT/m could be reached with a single gradient
power amplifier. A further increase of gradient strength
within conventional design constraints would have imposed
duty cycle limitations, which are not favorable for diffusion
applications. Due to the large volume of the coil body, the
number of current density layers and thus the gradient
strength could be doubled to 300 mT/m. As a consequence
of the mutual coupling of the four primary and secondary
Layers per axis, coil inductance increased by more than a
factor of two. To drive this high inductance at the SR 200
T/m/s needed for EPI readout, a new gradient system concept
involving multiple gradient amplifiers was developed. In
order to achieve the target slew rate, each of the three axes
X, Y, Z was split into four independently driven segments

(Fig. 10). Stray field and forces were matched to the 3T
magnet used. The MR control system was extended to drive
four sets of gradient amplifiers independently. The new
architecture allows storing the calibration data for each

of the 12 final stages driving the gradient coil segments. The
gradient waveform is logically split and fed to four individual
gradient controllers. This architecture also allows generating
arbitrary field characteristics for each gradient coil axis,

used to optimize eddy current compensation.

The GPA regulator architecture was extended to account

for the dynamic differential control (D) of the driving signal.
This allows counteracting the induced voltages in each
segment coil due to mutual coupling. A new RF body coil

was developed (capable of TrueForm excitation) which

allows the use of the existing clinical patient table with minor

Gradient connectors
(1-GPAGr 4.GPA)

 GCAS302 or5€72

L_m_ut;mir bodycoll

| IETarm. Lomparalie 1E sryra)

Figure 11: Modified MAGNETOM Skyra system. Dimensions of
the RF body coil, patient table and cover were adjusted to the
size requirements of both Connectom gradient coils.
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Figure 12: (12A) Minimum TE for a Skeskjal Tanner diffusion sequence (2 mm isotropic, FOV 200 mm). (12B) Measured SNR of the brightest
sections of in vivo human white matter with 64-channel brain array coil (b = 10,000 s/mm? and 20,000 s/mm?).

mechanical modifications. The covers were modified
accordingly (Fig. 11). Three cooling cabinets, four GPAs and

a second filter panel were installed in the equipment room,
before the first phantom images could be acquired in May
2011. Measurements of acoustic noise and vibrations showed
lower amplitudes than typical 3T scanners, which is in line
with the larger mass of the gradient coil body and the related
higher net precision of torque and force balancing methods.
The PNS studies performed on the AS302 and SC72 coils
confirmed that it is possible to use high EPI readout
amplitudes without PNS effects. Long rise times at high-
amplitude pulses are limited by the regulatory-required
cardiac monitor which was implemented in hardware.

Research in the US

Achieving the current state of connectomics has required

a huge increase in MRI sensitivity, as well as much higher
processing speeds to cope with the large amount of spatial
data from water molecules. Unlike the BOLD effect which
experiences enhanced contrast as field strength is increased,
the diffusion contrast is set only by the displacement of the
water and the applied field gradient and is thus independent
of B,. On the other hand, a more than two-fold sensitivity
increase at 7T field strength would offer the opportunity

to increase resolution for whole-brain studies towards
one-millimeter isotropic voxel size. As the available
methodologies in 2011 were not up to routinely coping

with shorter T2 and T2* relaxation times, increased B,(+)
inhomogeneity and increased power deposition (SAR) at

>7T field strength, both WU-Minn and MGH-UCLA teams

set their main focus on 3T.

The MGH-UCLA consortium decided to re-engineer their
scanner from the ground up to optimize diffusion imaging.
Their efforts went into ultra-high gradient strength,
sequence design and reconstruction, and high-channel
receive coils. The gradient system with 300 mT/m was

a major focus since gradient amplitude is central for

the parameters diffusion contrast, T2 signal loss, and
probability density function (PDF) of water. A field-of-view
(FOV) shifting approach to Simultaneous Multi-Slice (SMS)
EPI [25-27] was chosen to enable whole-brain coverage
with low TR and TE. The group developed a 64-channel
brain array coil showing a relative SNR gain of at least 40%
compared to a sized-matched 32-channel brain array within
the peripheral brain ROI [28]. The achieved efficiency gain

is more than a factor of eight for high-b-value diffusion

(3.5 x from shorter TE, 1.7 x from the slice acceleration factor
of 3 from SMS, and 1.4 x from the RF coil) [29]. Average
scan time for whole-brain diffusion was shown to be
reduced from about one hour to 15 minutes (combined

with compressed sensing, scan time was <5 minutes).

Increasing the gradient strength to the highest value ever
attempted for human imaging also has significant impact
on the concomitant field terms. In comparison to a
conventional 45 mT/m scanner at 3T, the maximum field
pertubation increases by a factor of ~(300/45)? = 44. The
MGH-UCLA group successfully tackled this problem with
the implementation of a fully refocusing Stejskal-Tanner
scheme [1] and accompanying pre-processing eddy current
correction. An unanticipated finding was that the increased
gradient strength could induce magneto-phosphenes in the
subjects’ eye retina. Lowering the head coil vertically and

129
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Figure 13: Micro-structural resolution with 40 mT/m (13A) and 300 mT/m (13B) gradients. dMRI data was aquired with a b-value of
5,000 s/mm? and 15,000 s/mm? respectively. Fiber pathways were computed with deterministic streamline integration and show a higher
level of detail with a b-value of 15,000 s/mm?. Images courtesy of MGH, Boston, USA.

positioning the eyes at isocenter in z was found to eliminate
the induction of magneto-phosphenes within volunteer
studies.

Subject 1

The ultra-high gradients yielded substantial and immediate
gains in the sensitivity through reduction of TE while
improved signal detection (Fig. 12) and increased efficiency
of the DSI or HARDI acquisition, accuracy and resolution
of diffusion tractography were illustrated (Fig. 13).
Comparisons were performed across b-values based on
g-ball orientation distribution function (ODF) metrics to
investigate whether high-b-value dMRI (up to 10 k s/mm?)
can improve resolving complex white-matter structures.
The g-ball ODF features became sharper as the b-value
increased. Crossing structures were detected in an
increasingly Larger fraction of white-matter voxels, and

the spatial distribution of two-way and three-way crossing
structures was found Largely consistent with known
anatomy (Fig. 14). Results indicate that dMRI with high
diffusion encoding is a promising tool to characterize and
understand the underlying structural organization and

topological paths (motifs) in the human brain [30]. Figure 14: Spatial distribution of the number of fibers per voxel
within the brain of three subjects (blue = 1, red = 2, yellow = 3 or
more fibers). The orientation distribution function (ODF) peak

Subject 2

"
T
-
=)
3
Il

3 fibers

Relationships of adjacency and crossing between cerebral

fiber pathways in humans and in nonhuman primate species threshold was selected to be two times the standard deviation
are a major focus of the Connectomics department at above the mean of the noise peaks. A higher percentage of white
the MGH. Whole-brain diffusion spectrum MRI was matter voxels was identified as containing crossing fibers as
acquired with the 300 mT/m scanner in vivo in subjects b-value increased from 1,000 to 10,000 s/mm®.

(515 directions; pathways were computed with deterministic
streamline integration, see Figs. 15-17) and ex vivo.
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Figure 15: In vivo diffusion spectrum imaging (DSI') of the human brain. Reconstructed nerve fibers show the grid of corona radiata
and SLF. Resolution 1.5 mm? max b-value 15,000 s/mm?, TA 20 min. Image courtesy of V. Wedeen, MGH, Boston, USA.

Figure 16: Diffusion spectrum imaging (DSI) of the human central sulcus U-fibers. (16A) Ex vivo data (b-value 40,000 s/mm?,
voxel size 0.5 mm? isotropic, TA 12 h). (16B) /n vivo data (b-value 15,000 s/mm?, voxel size 2 mm? isotropic, TA 20 min).
Images courtesy of V. Wedeen, MGH, Boston, USA.
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The cerebral fiber pathways were seen to form a rectilinear
three-dimensional grid continuous with the three principal
axes of early development. Cortico-cortical pathways were
observed to form parallel sheets of interwoven paths in
the longitudinal and medio-lateral axes, in which major
pathways were local condensations. Details are covered

by a Science publication from 2012 [31].
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Beyond the immediate scope of the HCP, further appli-
cations like brain recovery after traumatic coma, axon
diameter distributions [32, 33], and post-mortem diffusion
tractography were explored. It could be shown that ultra-
strong gradients enable human applications of techniques
that were previously possible only in small-bore scanners.
Detailed research results were published by Neuroimage

Figure 17: In vivo diffusion spectrum imaging (DSI) of the human gyri, and its continuity with deep white matter.
(b-value 15,000 s/mm?, voxel size 1.5 mm? isotropic, TA 20 min). Image courtesy of V. Wedeen, MGH, Boston, USA.

Figure 18: Interactive composite dataset of the human brain (180 areas per hemisphere). Red and yellow sections are based on data
from resting state functional MRI, whereas the multicolored fibers were generated using probabilistic streamline tractography based
on diffusion MRI. Images courtesy of Washington University — University of Minnesota — Oxford University Human Connectome Project.
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[34] in 2013. More than 60 subjects were scanned with
the 300 mT/m system by the MGH-UCLA consortium.
The resulting reference data base was made publically
available on the HCP internet homepage in 2016 [35].

The WU-Minn consortium focused on mapping long-
distance brain connections [36] and their variability within
healthy adults (twins and their non-twin siblings [37]). Three
complementary methods were used, namely resting state
functional MRI (rfMRI) which uses correlations in the
temporal fluctuations in an fMRI time series to derive
‘functional connectivity’; diffusion imaging (dMRI), which
provides the input for axonal fiber tractography; and task-
based fMRI (tfMRI), which is used together with T1- and
T2-weighted imaging to identify functional parcellation

in the human brain [38]. Improvements and optimization
of these methods (Multiband/Simultaneous Multi-Slice
Imaging) resulted in a whole-brain coverage with 2 mm
isotropic resolution in 0.7 seconds for fMRI, yielding a

data acquisition speed-up factor of up to nine. Applied to
1.25 mm isotropic dMRI data, a three-fold reduction in total
data acquisition time was achieved. Using the HARDI [10]
approach, diffusion encoding was performed with 270
g-points distributed over three shells of b = 1,000, 2,000,
and 3,000 s/mm? (Fig. 20). Due to the targeted high number
of subjects, the robust and easy-to-handle 100 mT/m
gradient system was chosen.

The first half of the 5-year project focused on refining
methods for data acquisition and processing [39] and
resulted in robust fast pulse sequences and pre-processing
pipelines providing substantial improvements for each

of the MRI modalities [40]. The first pipeline provides
correction algorithms for MRI raw data (e.g. eddy current
and spatial distortion correction, reduction of temporal
artifacts. The second pipeline involves mapping the data
to cortical surfaces and subcortical gray-matter domains
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(Fig. 18), as understanding the human cerebral cortex
requires a map (or parcellation) of its major subdivisions.
Based on a pilot study of 10 healthy adults, an interactive
composite dataset of the left and right cerebral hemispheres
was created (Fig. 19). Red and yellow sections are strongly
related to the seed location (black dot). The correlation
factor is based on data from resting state functional MRI.
This methodology could take research to a different level,
considering that mental illnesses like autism might be
related to abnormal brain circuits showing up a reduced
functional connectivity in rsMRI scans.

Using multi-modal MRI images, 180 areas per hemisphere
were delineated, bound by changes in cortical architecture,
function, connectivity, and/or topography in a group average
of 210 healthy adults. It has been possible to characterize
97 new areas and 83 previously reported areas. Automated
delineation and identification of these areas was supported
by a machine-learning classifier. This classifier detected

the presence of >95% of the cortical areas in new subjects,
replicated the group parcellation, and could correctly locate
areas in individuals with atypical parcellations. These tools
and datasets are part of the ‘Connectome Workbench’and
‘ConnectomeDB’database and were made available to the
public [41].

After finalizing the HCP protocols in 2012, data was
acquired using multiple imaging modalities, including
customized 3T MRI (1,200 subjects) and 7T MRI

(200 subjects) plus combined magneto- and electro-
encephalography (MEG-248-channel/EEG-64-channel,
100 subjects). Technical optimizations in 7T image
acquisitions for the HCP allowed to obtain high-quality,
high-resolution whole-brain in-vivo dMRI data (Fig. 20).
This data shows spatial details typically seen in ex-vivo
studies and complement already very high-quality 3T HCP
data in the same subjects [42]. More recently [43], it could

Correlation

[
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Group average, HCP Pilot-1 dataset (10 subjects, 14 scans), MB = 4, TR = 1.4 s, 2 mm voxels

Figure 19: Interactive composite dataset of the left and right cerebral hemispheres of the human brain (group average of 10 subjects).
Red and yellow sections are strongly related to the seed location (black dot). The correlation factor is based on data from resting state
functional MRI. Images courtesy of Washington University — University of Minnesota — Oxford University Human Connectome Project.
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b = 1,000 s/mm?

MB3, 100 mT/m, 1.25 mm isotropic
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b = 2,000 s/mm?

FA map (3 shell HARDI, 270 directions)

Figure 20: Representative examples of diffusion MRI with the finalized 3T HCP protocol (100 mT/m, MB3, 1.25 mm? isotropic). Anatomical
detail in comparison to a conventional 3T protocol (2 mm? isotropic, not shown here) is significantly improved. (20A) Image intensities
are presented in arbitrary units after distortion correction and averaging across paired phase encoding directions. (20B) Color fractional
anisotropy (FA) maps. Colors depict the principal fiber orientation and gray scale intensities are defined by FA.

Images courtesy of Washington University — University of Minnesota — Oxford University Human Connectome Project.

iPAT3, MB2, 70 mT/m,
1.05 mm isotropic

MB3, 100 mT/m,
1.25 mm isotropic

be demonstrated that high-resolution images acquired at

7T provide increased functional contrast-to-noise ratios with
significantly less partial-volume effects and more distinct
spatial features (Figs. 21, 22). Studies of structural and
functional brain connectivity were paired with behavioral
and heritability measures. A detailed summary of the 5-year
project result was published in Nature Neuroscience [44].

Research in Europe

The scientific success of the Connectome gradients has
recently persuaded two major European research centers to
extend their instruments parks with a 300 mT/m machine.
The Max Planck Institute for Human Cognitive and Brain
Sciences, Leipzig, Germany, plans to develop MRI methods
to reliably characterize the detailed functional and
anatomical micro- structure of the human brain. Their
strategy is to combine the best data from 7T and the 3T
Connectom scanner. They plan for imaging the intracortical

Figure 21: Zoomed-in coronal view of DTI principal direction of
diffusion (PDD) maps overlaid on corresponding fractional
anisotropy (FA) maps. HCP 3T (21A). 7T (21B). Due to the higher
resolution and reduced partial volume effects, the 7T data
recovers gray matter regions of Low FA (yellow circles).

Images courtesy of Washington University — University of
Minnesota — Oxford University Human Connectome Project.

microstructure, such as myeloarchitecture and intracortical
connectomics, and fine structure in the white matter.

The ultimate goal is to understand the structure-function
relationship in the human brain, pathological changes in
neurodegeneration (e.g. amyloid plaques in Alzheimer’s
disease) and provide early biomarkers. A first step in
methodology development will comprise high-fidelity field
mapping, optical prospective motion correction and new
pulse sequences, in order to achieve a spatial resolution of
600 um or higher combined with high diffusion-weighting
factors.

The Cardiff University Brain Research Imaging Centre
(CUBRIC), Cardiff, UK plans to develop MRI methods

for quantifying tissue structure at the microscopic scale.
The principal approach looks at how fine tissue structure
impedes the movement of water. Current MRI hardware

(i.e. gradient strength) restricts measurement to relatively
Large molecular displacements and from tissue components
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Figure 22: Exemplary composite dataset of the left and right cerebral hemispheres of the human brain (3T vs. 7T). Red and yellow sections
are strongly related to the seed location in occipital parietal cortex (white dot). The correlation factor is based on data from resting state
functional MRI. While the 3T data shows detailed connectivity / correlation throughout the brain, the correlation factor of 7T data is even
more pronounced. Images courtesy of Washington University — University of Minnesota — Oxford University Human Connectome Project.

with a relatively strong and long-Llived signal, prohibiting
quantification of individual cell dimensions, or packing of
nerve fibers. Once achieved with the new 300 mT/m machine,

Institute for Human Cognitive and Brain Sciences, Leipzig.
It remains to be seen in the future, which further methodical
and instrumental steps need to be taken until the level of

faster acquisition and access to newly-visible signal

understanding of the human brain approaches that

components will enable new mathematical models of of C. elegans.

microstructure on finer length-scales. This will help to
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Gadgetron: Open Source Image Reconstruction

Michael S. Hansen; Hui Xue; Peter Kellman

Laboratory of Imaging Technology, National Heart, Lung, and Blood Institute, National Institutes of Health, Bethesda, MD, USA

Introduction

Image reconstruction plays a critical role in modern MRI
methodology. Recent gains in imaging speed and quality
have been driven by techniques such as parallel imaging
[1-3] and compressed sensing [4]. Although there have
been numerous innovations in image reconstruction,

there are many new reconstruction techniques published

in scientific journals that are not evaluated on a large
scale and therefore never make it into clinical use. This is
caused by challenges presented by the current development
environments and paradigms. This paper reviews the
development and deployment paradigm introduced by the
Gadgetron [5] reconstruction framework as it has been used
on the Siemens Healthcare platform. The concepts and
information presented in this paper are based on research
and are not commercially available.

While the field of image reconstruction continues to be
very active, access to vendor reconstruction code has been
Llimited. The Siemens Healthcare platform has traditionally
provided a wide image reconstruction programming
window through the Image Calculation Environment (ICE).
This environment has enabled developers to use existing
Siemens Healthcare reconstruction modules (Functors)

as black box modules, but access to the source code of

the full reconstruction pipeline has been limited. Modern
reconstruction algorithms consist of several critical steps
that form an image reconstruction pipeline [6], and when
new reconstruction algorithms are developed, they must be

Command
Line Client

Clinical
MRI system

r
= 2

TCP/IP

Gadgetron
as Client

compared to existing methodology to identify and analyze
advantages and disadvantages. In many cases it is
challenging to reproduce results from published papers on
image reconstruction techniques. There are several reasons
for this, but one important obstacle is the lack of access to
the underlying source code used to produce the images. It is
critical for researchers to be able to examine and reproduce
each algorithmic step of previously developed methodology
and consequently they have to attempt to replicate existing
reconstruction methods from the descriptions in the
publications. Given the cursory treatment that the actual
implementation is frequently given in such publications,

it can be a formidable challenge to produce a high quality,
high performance implementation of existing algorithms.
This makes any subsequent comparisons much less
meaningful. Open access to source code of reference
implementations will play an important role in advancing
the field of MRI in general and MRI reconstruction in
particular.

In addition to reproducibility problems, current MRI
reconstruction development has also been hampered by
the logistical and regulatory problems associated with
deploying prototype reconstruction algorithms in a clinical
environment. New techniques are often implemented in
scripting environments such as MATLAB (MathWorks,
Natick, MA, USA) or Python (Python Software Foundation,
Wilmington, DE, USA) and they are not easily connected to
clinical scanners. When researchers evaluate novel
reconstruction algorithms, the workflow often involves

Figure 1: The Gadgetron uses
a client-server architecture,
where the server is the
Gadgetron reconstruction
engine. Clients make
connections to the Gadgetron
to send data and receive
reconstructed images.
Clients can be command line,
stand-alone clients, imaging
systems, or other Gadgetron
instances.

Gadgetron Server
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transferring raw data for offline reconstruction and
subsequent evaluation and comparison against existing
techniques. This decouples the evaluation of reconstruction
techniques from existing clinical workflows. The lack of
tight scanner integration also creates a barrier for adoption
and large scale testing of new techniques; the offline
reconstruction workflow is manageable in small research
settings where expert help is available, but it is not easily
transferred to other sites. Ideally, images reconstructed with
novel techniques should be available online on the scanner
such that they can be used in the clinical analysis tools and
immediate comparisons and evaluations become possible.

It is important to consider why developers use offline
environment. One reason is that they need access to
development tools and infrastructure that vendor
environments such as ICE do not provide. The access to
rapid prototyping scripting languages such as Python,

MATLAB, or Julia (NumFocus, Austin, TX, USA) are examples

of such tools, but more generally vendor reconstruction
environments are relatively restrictive in terms of the
hardware and software that they provide. As an example,
the use of Graphical Processing Units (GPUs) was proposed
[7—9] several years before such hardware became available
on commercial MRI systems. Even today with the
availability of the GPU hardware on commercial MRI
systems, it is often older generation hardware and drivers
that are not compatible with the latest development tools;
the slow development cycles of commercial systems and
the need to maintain backwards compatibility makes it
challenging for commercial vendors to keep up with the
rapidly changing field of computational hardware and
software. There is a need for image reconstruction
environments that can be deployed on platforms where
developers can control the available hardware and the
associated software components.

The Gadgetron was developed to provide solutions to

the challenges outlined above. It is an open source, freely
available image reconstruction server engine, which can be
deployed as a stand-alone tool on a developers desktop
computer or it can be connected directly and transparently
to commercial Siemens Healthcare MRI systems. When
connecting to a clinical MRI system, it can be deployed in
several configurations:

a) directly on the available vendor hardware,
b) on a separate workstation connected to the scanner, or

c) on remote computer systems, which may provide cloud
computing resources.

The framework enables developers to use the hardware and
software platform of their choice. It is also modular and
enables the users to use scripting languages for all or part
of their image reconstruction pipeline. The following
sections outline the architecture of Gadgetron and describe
how it is connected to Siemens Healthcare MRI systems.

A number of use cases and example applications are also
provided.
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Key points

« Reproducible research relies on Open Source
software.

« Vendor reconstruction environments do not
provide access to source code.

« Itis challenging to deploy and test prototype
reconstruction in a clinical environment.

« The Gadgetron is an Open Source image recon-
struction framework which provides access to
algorithm code, rapid prototyping, and transparent
deployment on Siemens Healthcare MRI systems.

« Source code and documentation:
https://gadgetron.github.io

Gadgetron architecture

The Gadgetron uses a client-server architecture as outlined
in Figure 1. The reconstruction engine is the server and
different types of clients can connect to the reconstruction
server. Figure 1illustrates three common scenarios. When
the Gadgetron is used as a stand-alone reconstruction tool,
the client would be a command line tool that reads a file
with raw data and sends it to the Gadgetron. The Gadgetron
instance can be local to the machine where the client is
executing or it can be located on a remote server. Recon-
structed images are returned to the client and written to an
output file. When processing MRI datasets, the Gadgetron
uses the ISMRM Raw Data (ISMRMRD) [10] format. The
ISMRMRD format is a vendor neutral format for MR

raw datasets and converters from most commonly used
commercial vendors are available. Consequently, the
ISMRMRD command line client, which is supplied with the
Gadgetron source code, can be used to send data from any
vendor to the Gadgetron engine for reconstruction after
appropriate data conversion. The command line client is
useful during reconstruction development and when
processing datasets offline, but in a clinical setting, data
must be sent directly by the scanner to the Gadgetron and
images should be returned to the scanner host database
for viewing and planning purposes. To facilitate this, an
ICE based Gadgetron client (IceGadgetron) is available.
The integration with Siemens Healthcare MRI systems is
described in the Siemens Healthcare Scanner Integration
section below. The Gadgetron engine itself can also act as
a client. This use case is encountered when the Gadgetron
is deployed in cloud computing platforms where multiple
Gadgetron instances can collaborate on a reconstruction
task. Some of these instances will be clients and some will
be servers. This is discussed further in the Deployment
Strategies below.

The reconstruction server engine is a pipeline architecture
as shown in Figure 2. Each reconstruction program in the
Gadgetron is a pipeline assembled from multiple modules
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Figure 2: The Gadgetron pipeline architecture. The client connects to the Gadgetron reconstruction engine with a TCP/IP socket connection.
The configurable input/output interface is responsible to deserializing incoming data and serializing outgoing data. Once data has been
received, it is passed through a set of modules or Gadgets, which perform reconstruction steps. These Gadgets use a number of toolbox

functions to perform the data processing.

that are assembled and configured at runtime. The data
processing is modeled as a set of modules or Gadgets. As
the data passes from Gadget to Gadget, it is modified and
transformed until the final images are ready to be returned
to the client. A configurable input/output interface is
responsible for receiving data from the TCP/IP connection
and transmitting reconstruction products back to the client.
The configuration of this interface is done at runtime by
assembling a set of modules that can handle the reading
(deserialization) and writing (serialization) of particular
datatypes. The Gadgetron framework does not put any
restrictions on the type of data that can be sent and
received, and as such it can be used to reconstruct any

kind of imaging data. It can also receive and send data that
it not related to the imaging experiment. Examples of such
data could be physiological waveforms or other telemetry
(such as subject motion data) that can be used in the
reconstruction. To support a new data type, developers
must implement the required reader/writer modules to
deserialize/serialize the data.

The pipeline specification is provided to the Gadetron engine
in the form of an XML document. This XML description Lists
the readers, writers, and Gadgets to include in the processing
pipeline. The Gadgetron comes with a set of predefined
reconstruction pipelines and the client can simply request
which one to load. Alternatively, the client can transmit the
XML description of the pipeline and assuming the requested
Gadgets are available on the server, the pipeline will be
loaded and raw data will be passed down the pipeline.

The Gadget modules are typically implemented in C/C++,
but the framework also allows for modules to be

implemented in scripting languages such as Python or
MATLAB. The MATLAB integration requires that a MATLAB
installation is available on the server that is running

the Gadgetron engine. This MATLAB installation must

be equipped with an appropriate license or access to a
license server. The license requirements along with some
performance issues associated with starting a MATLAB
instance when MATLAB Gadgets load makes the MATLAB
integration less attractive than the Python integration, but
it is available as a prototyping tool. The scripting Gadgets
provide a fast way to deploy existing prototype code on a
clinical scanner. Subsequent development cycles can then
be used to improve performance by moving critical pieces of
the reconstruction to C/C++ Gadgets.

A set of C/C++ toolboxes are available as part of the
Gadgetron framework. These toolboxes contain common
components that are reused in several Gadgets. This
includes data structures for storing and managing the
acquisition data, filters, transforms (Fourier, wavelet, etc.),
numerical solvers (conjugate gradient, nonlinear conjugate
gradient, etc.), and other utilities. Much effort has been
spent on tunings the computational efficiency and the use
of parallel computing in these core components. The
toolboxes can be used in stand-alone applications that do
not use the Gadget pipeline architecture. The source code
repository includes several such stand-alone applications
that serve as examples of how to use key toolbox
components. Of special note are several toolboxes that
implement performance critical code on Graphical
Processing Units (GPUs). One example is the non-Cartesian
Fourier transform [7]. The GPU code uses NVIDIAs CUDA
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framework [11]. The GPU based non-Cartesian FFT along
with other key toolbox components (such as GPU solvers)
form the basis for several high performance (real-time)
implementations of non-Cartesian parallel imaging.

Siemens Healthcare scanner integration

The Gadgetron can be integrated with any commercial
scanner platform, which allows sockets to be opened from
the reconstruction pipeline in order to transmit data to the
Gadgetron. The connection to the Gadgetron is achieved
through a specialized ICE program called IceGadgetron.
This ICE program is shared on the IDEA discussion board
(https://www.mr-idea.com), where updated versions of
binaries and source code are uploaded at regular intervals.
The IceGadgetron package is known to work on syngo MR B,
syngo MR D, and syngo MR E software versions.

The IceGadgetron package provides two key ICE Functors:

1) GadgetronEmitterFunctor (Emitter), and

2) GadgetroninjectorFunctor (Injector).

The role of these two Functors is illustrated in Figure 3. The
Emitter is inserted into an existing ICE pipeline at the point
where the developer would like the raw data (or images) to
be transmitted to the Gadgetron and the Injector is inserted
where the returned reconstruction products (usually images)
are to be inserted back into the ICE pipeline. The location of
the Emitter and the Injector can be controlled with a confi-
guration file. In practice, each ICE reconstruction program
that calls the IceGadgetron configurator is accompanied by
a configuration document (in XML format) that specifies

— Functor1
ad
"J Emiter —W-} Gaiget 1
Functor 2 Gadget 2
v ad
Functor 3 Gadget 3
v v
Functor 4 Gadget 4
4 v
Functor 5 Gadget 5
Injettor 4—ﬂ— Gadget 6
v
Functor 6
v
) ¢——  Functor 7
|

Figure 3: Schematic outline of the IceGadgetron package

and connection to the Gadgetron. The IceGadgetron package
provides two functors: The GadgetronEmitter, which translates
the raw data to ISMRMRD format and sends it to the Gadgetron
and the GadgetronlInjector, which receives reconstructed images
from the Gadgetron and injects them back into the ICE pipeline.
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where the IceGadgetron Functors are to be inserted
and other key configuration parameters such as which
Gadgetron reconstruction program should be loaded.
This allows the IceGadgetron program to be applied as
an add-on to any existing reconstruction chain.

The Emitter plays multiple roles. Before sending any data
from the current acquisition to the Gadgetron, it checks to
see if there are any dependent measurements (such as noise
measurements) for the current measurement and if so they
are converted to ISMRMRD format and transmitted to the
Gadgetron. It then converts the Siemens Healthcare specific
raw data protocol (the sequences parameters) to an
ISMRMRD header, which is transmitted to the Gadgetron.
Finally, it does an on-the-fly conversion of each acquired
raw data readout to ISMRMRD and transmits to the
Gadgetron. Data is converted as it is acquired and trans-
mitted to the Gadgetron immediately and consequently
data processing on the Gadgetron starts immediately when
data is available. This immediate transmission of data
provides the Gadgetron framework with some performance
advantages in a clinical setting compared to other proto-
typing environments that start data transmission when the
acquisition is complete.

The Injector serves to receive images as they are returned
to the Gadgetron. Once the images are back in the ICE
environment, an appropriate header is attached to the
images such that image numbering, timing information,
etc., are attached to the image when they are inserted into
the image database. After attaching a header to the images,
they are passed down any remaining Functors in the ICE
pipeline. This allows for post processing steps such as
gradient distortion correction to be applied in the ICE
environment where appropriate calibration information is
available.

The Functors between the Emitter and the Injector are
bypassed by default as indicated by the dotted outline in
Figure 3, but it is also possible to operate IceGadgetron in
such a way that the data is sent through both the Gadgetron
and ICE pipelines. This may be useful for debugging and
comparisons. However, since the Gadgetron is often used to
deploy prototype reconstructions for which there may be no
meaningful alternative in ICE, passing data through both
pipelines is not always possible.

It is important to note that since conversion to DICOM
images is done after the images return to the ICE
environment, there is no need for patient identifying
information (PII) to be sent to the Gadgetron. The ISMRMRD
format defines header sections for PlI (e.g., patient name),
but when using the Gadgetron in conjunction with
IceGadgetron, these header sections are not needed and are
simply omitted. Consequently, the communication between
the scanner and the Gadgetron is an anonymized stream of
data. This is critical when considering deployment strategies
where the Gadgetron engine is located outside the hospital
firewalls. Such configuration options are discussed in more
detail below.
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Deployment strategies

The only requirement to connect a clinical MRI system to

a Gadgetron instance is that the MRI system can open a
TCP/IP network socket to either a local or remote Gadgetron
instance. Some of the possible deployment topologies are
outlined in Figure 4. The Siemens Healthcare reconstruction
computer (the MRIR or MARS computer depending on
software and hardware version) is equipped with a network
interface, which is used to connect the ICE environment with
the host. This network connection is configured with a local
network IP address that only allows it to connect to the
host, but there are two ways to utilize this network interface
to provide access to a Gadgetron instance. A network switch
can be inserted in the network between the MARS and the
host computer. It should be noted that while such a switch
used to be available syngo MR B line scanners, the newer
syngo MR D and E systems do not ship with the switch

since it is no longer needed. Inserting the switch is a modi-
fication of the system, which is not officially supported by
Siemens Healthcare and may lead to loose the CE mark.
Once the host and the reconstruction computer is connected
via a switch, a Gadgetron reconstruction computer can be
connected directly to this switch and given an IP address

on the local network. This will allow the ICE environment

to communicate directly with the Gadgetron computer.
Alternatively, a Secure Shell (SSH) tunnel can be opened
from the host computer and the ICE environment can
connect to a remote Gadgetron through this tunnel; the

TCP/IP
“— MARS 4—> Gadgetron
b ¥
+“— MARS Gadgetron
b ¥
TCP/IP
“— MARS 4—> Gadgetron

SSH
b ¥

Figure 4: Gadgetron deployment topologies. The most
straightforward way to connect the Gadgetron is with direct
TCP/IP connection from the MARS to the Gadgetron (4A). This
requires a switch to be available on the local scanner network.
Alternatively the Gadgetron may be deployed as a container
directly on the MARS hardware (4B). This enables Gadgetron
operation without the installation of additional hardware.
Finally the Gadgetron may be located on a remote system (4C).
When connecting to a remote system a Secure Shell (SSH)
tunnel is opened from the host and the connection to the remote
system is forwarded through this tunnel.

Technology

connection will be made to the host, which will forward

the connection. The ability to open a tunnel is built into

the IceGadgetron package. Using a configuration file, the
tunneling details can be specified such that the tunnel is
automatically available in a way that is transparent to

the user. When using a tunnel to connect to the Gadgetron,
it is possible to use a Gadgetron server that is not directly
connected to the MARS. This Gadgetron instance could be
located somewhere else on network or it could be located
at a remote location, e.g., in the cloud. Once a connection is
made to cloud computing data center, it is possible to use
Gadgetron topologies where multiple instances collaborate
on the reconstruction thus reducing the reconstruction time
of sophisticated algorithms to clinically acceptable
reconstruction times [12].

It is also possible to deploy the Gadgetron on Siemens
Healthcare systems without installing any additional
hardware. The Gadgetron development and deployment
strategy (see Figure 4) makes heavy use of containers using
either Docker [13] or chroot (https://en.wikipedia.org/wiki/
Chroot) to manage application dependencies. It is possible
to deploy such a container directly on the MARS computer
and the IceGadgetron program can start and stop a
Gadgetron instance automatically if configured to do so.
This deployment strategy is a convenient way to deploy
novel reconstruction algorithms directly on existing
hardware. The Gadgetron containers can make full use of
CPU and GPU hardware available on the MARS but the
performance will ultimately be constrained by the hardware
performance of the MARS. It should also be mentioned that
ICE employs a proprietary memory management strategy
that in general means that memory will not be released
from the ICE environment once it has been allocated.

On syngo MR E systems, IceGadgetron makes use of a
mechanism to force the ICE environment to release reserved
memory in order to make the memory available to the
Gadgetron, but such a mechanism is not available on
syngo MR D software releases. The deployment of the
Gadgetron on the MARS system is only recommended for
syngo MR E systems.

Development model

Open source software principles are key to the Gadgetron
development model. The source code for the Gadgetron
and ISMRMRD projects is freely available on Github
(https://github.com). Changes to the source code are
managed and reviewed through the online collaborative
tools made available at that site. Changes are proposed as
source code pull requests and after discussion and revision,
they are merged into the source code. The development
workflow is outlined in Figure 5. Modifications to the
Gadgetron (or a dependency) triggers an automated build
system to start compiling the source code on Windows,
Linux, and Mac computers. If the code compiles, it is
automatically tested. The test suite consists of a collection
of unit tests for toolbox level components and a number of
integration tests. The integration tests convert real raw data
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sets to ISMRMRD format and reconstructs images with
different image reconstruction pipelines. The reconstruction
results are compared to a database with reconstruction
results to detect any changes in reconstruction results. If
all tests pass, the tested version of the Gadgetron with all
dependencies is immediately released as a Docker image
on Docker Hub (https://hub.docker.com/r/gadgetron).

The build system tests multiple configuration options. In
particular, multiple versions of NVIDIA CUDA are tested
and Docker images based on different versions are released.

The Docker containers can be deployed immediately

on any computer with the Docker engine installed. The
containers will run natively on Linux and using a hypervisor
on Windows and Mac computers. Consequently, it is
relatively easy to install and run the Gadgetron, even for
users with Little or no experience in building software. The
Gadgetron also comes with a script that allows the user
to turn the Docker images into a chroot image that can

be deployed directly on the Siemens Healthcare MARS
computer as explained above. The conversion to chroot
image is necessary at the moment because the MARS
system does not have the required Docker engine installed.

Example applications

The Gadgetron supports a wide range of applications.
Several of these applications are in the real-time imaging
and cardiac imaging area due to the early developers of
the Gadgetron, but as the community around the framework
has grown, the applications have grown to be more generic
and broadly applicable. The following sections describe
four different use cases for the Gadgetron. Firstly, a generic,
high performance parallel imaging reconstruction pipeline
is discussed. It forms the backbone of several image
reconstruction chains and provides image reconstruction
performance metrics (such as g-factor maps from
accelerated parallel imaging) in addition to high quality
reconstructions. Secondly, interactive real-time imaging
used in interventional image guidance is demonstrated.

— # — chroot
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Figure 5: The Gadgetron
development pipeline.
Collaboration and code
management is done using
Github (https://github.com/
gadgetron). Once code
modifications are merged,
the software is automatically
built and tested on Windows,
Linux, and Mac computers.
Docker containers with all
dependencies are generated
and tested and the container
images can be deployed
directly on the Siemens
Healthcare MARS computer.

docker MARS

Thirdly, motion corrected, phase sensitive, inversion recovery
reconstruction is highlighted as an application where the
Gadgetron can be used to improve clinical workflow. Finally,
retrospective respiratory motion correction for free breathing
cardiac cine imaging is shown as an example of using the
Gadgetron in the cloud.

Generic parallel imaging reconstruction pipeline

A multi-purpose, Cartesian parallel imaging pipeline forms
the backbone of many clinical and research applications
supported by the Gadgetron. The reconstruction algorithm is
based on the GRAPPA algorithm [3], but the k-space kernels
are Fourier transformed to image space and applied as coil
combining coefficients in image space [14]. Based on the

coil combining coefficients, parallel imaging related noise
amplification is directly estimated in the form of g-maps.
The reconstruction uses information about the receiver noise
covariance matrix to maintain unit noise scaling throughout
the image reconstruction pipeline and consequently, it can
produce images that are reconstructed in signal-to-noise
ratio (SNR) units [15, 16].

Figure 6 shows the Gadgets involved in this SNR scaled
parallel imaging pipeline. Many of these Gadgets are
reused in other reconstruction pipelines, which illustrates
the modularity of the framework. Most Gadgetron
reconstruction pipelines include the NoiseAdjust Gadget,
which is responsible for noise prewhitening either based on
noise samples acquired in a previous scan or inline noise
measurements included with the data. After removing
oversampling in the readout direction and partial Fourier
(assymetric echo) adjustment, the data hits two commonly
used Gadgets, the accumulation-and-triggering Gadget

and the bucket-to-buffer Gadget. These two work in tandem
to organize the incoming data before reconstruction.

The accumulate-and-trigger Gadget simply stores the

data while it waits for some trigger to occur. An example of
such a trigger could be that the repetition number increases.
Once the trigger occurs, the accumulated data (stored in
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unorganized buckets) is passed on to the bucket to

buffer mechanism, which will assemble the data in buffer
structures that in the case of Cartesian imaging simply
are k-spaces buffers. The buffers then pass into the
reconstruction part of the pipeline where reference data is
used to generate coil combining coefficients. After the image
reconstruction there are multiple post-production steps
that ready the images for return to the scanner. In this
specialized reconstruction pipeline, there are also some
additional Gadgets that output image and coil statistics,
which are useful for evaluating reconstruction results.

NoiseAdjust

v

AsymmetricEcho

v

RemoveOversampling

v

AccumulateTrigger
A 4
BucketToBuffer
A 4

PrepareReference

v

Reconstruct

v

PartialFourier

4

KSpaceFilter

v

FOVAdjust

v

StdMap

v

Scaling
v
ImageArraySplit
v

NoiseVariancePlot

v

ComplexToFloat

v

FloatToShort

4

ImageFinish

Figure 6: Generic parallel imaging reconstruction pipeline.
Unit noise variance is established by the NoiseAdjust Gadget
and maintained throughout the pipeline. The pipeline can
produce images reconstructed in units of signal-to-noise ratio
(SNR) [15].
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Figure 7 shows example images from the generic parallel
imaging reconstruction chain. The example is a rate 4
parallel imaging, real-time cine acquisition of a four-
chamber view of the heart. The top image shows one frame
of the real-time imaging series. The middle image is the
g-map, which is produced by the reconstruction chain

and the bottom image is the SNR scaled reconstruction.
The SNR scaling feature of the Gadgetron reconstruction
chain enables on-the-fly evaluation of reconstruction
results and comparisons between patients and coils.
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Figure 7: Example images from generic parallel imaging
reconstruction pipeline. Data is from a real-time (acceleration
rate 4) cardiac cine acquisition showing the heart in a four-
chamber view. Top image (7A) is the magnitude image, middle
image (7B) is the g-map, and bottom image (7C) is the image
displayed in units of SNR. Notice how the SNR is higher closer
to the coils on the chest.
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Figure 8: Noise standard deviation plot produced by the generic
parallel imaging reconstruction chain. The plot shows the noise
level in each employed channel and can be used to pinpoint
faulty coil elements.

Figure 8 shows another output from the generic recon-
struction chain, which is a plot of the standard deviation of
the noise in each channel used in the current reconstruction.
This plot is useful in evaluating the performance of the
currently used receive chain components. In the example
plot, the coil elements have noise standard deviations in the
same range, but faulty coil elements are quickly identified
as having very high noise level or no noise at all. Users of
the Gadgetron have found it useful to run at least one scan
in each study, which outputs such an image. It can then

be reviewed later as part of standard quality assurance
procedures where it can help pinpoint faulty equipment.

Real-time interventional image guidance

One of the original motivations for creating the Gadgetron
was to provide a high-performance environment in which to
perform real-time reconstruction on the GPU. One of the
driving applications for this was interventional MRI [17, 18].
For this application, real-time images must be reconstructed
and displayed with low latency to allow the operator to
manipulate instrumentation in the patient under MRI
guidance. Figure 9 shows images from a diagnostic
catheterization performed under MRI guidance. The top
row shows example real-time guidance images and the
bottom images show how the operator in the scanner room
can use these images for navigating the catheters inside the
patient. Typically one to three real-time slices are imaged
simultaneously and the operator can manipulate the
Llocation of these slices interactively. Clinicians have also
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Figure 9: Real-time interventional MRI using the Gadgetron.
The top row of images shows example real-time frames used to
guide a passive catheter in the patient. The tip of the catheter
is equipped with a balloon filled with a Gadolinium based
contrast agent. An interactively controlled saturation pulse is
used to provide contrast between balloon and surrounding
tissue. Bottom row of images shows the interventional
cardiologists using the real-time images for navigation.

found it useful to be able to change imaging parameters
such as parallel imaging acceleration factor on-the-fly.

This enables interactive trade-off between SNR and imaging
speed. The Gadgetron comes with a real-time reconstruction
chain that can adapt when parallel imaging factor changes.

Siemens Healthcare has released a WIP for interventional
MRI based on the BEAT_IRTTT sequence’. This sequence can
be used with the Siemens Healthcare Interactive Front End
(IFE) for interventional MRI. The distributed WIP does not
ship with the Gadgetron, but the sequence has the required
functionality to communicate with a Gadgetron installation
running on either the MARS or an external workstation or
server as described above.

Motion corrected, Phase Sensitive Inversion Recovery

Imaging of Late Gadolinium Enhancement (LGE) is the
gold standard for assessing myocardial viability [19, 20].
The assessment has traditionally been done with a
segmented, Inversion Recovery (IR) sequence acquired
during a breath-hold [21]. It is possible to use a magnitude
based reconstruction or Phase Sensitive Inversion Recovery
(PSIR) [22]. The breath-holding technique can suffer from
motion artifacts and thus motion corrected, free-breathing
techniques [23] are gaining popularity. More recently,

LGE imaging has also been combined with dark blood
pre-paration to improve the blood to scar contrast [24].
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Figure 10: Example LGE stacks reconstructed with the motion corrected, PSIR reconstruction included in the Gadgetron. Stacks of 9 short-
axis images can be acquired and reconstructed in approximately 2.5 minutes.

The Gadgetron incorporates reconstruction pipelines for all
the popular LGE imaging options including non-rigid motion
correction. The reconstruction has been implemented in such
a way that multi-slice acquisitions can be reconstructed
on-the-fly as they are acquired. While this is a small
modification compared to current product pipelines, it has
significant impact on workflow. Stacks of LGE images take a
substantial amount of time to reconstruct when including
motion correction. If this reconstruction does not start until
the acquisition is done, it slows down the clinical workflow.
Figure 10 shows example LGE short axis stacks, which have
been acquired during free breathing and reconstructed using
the Gadgetron. Acquisition time for a full stack of slices is
on the order of 2.5 minutes. The reconstruction is complete
approximately 5 seconds after the end of the scan.

Free-breathing, motion corrected cine imagine of the heart

Cardiac MRI is the gold standard for evaluating cardiac
motion and function [25]. Traditionally, this evaluation has
been done with a stack of short axis slices acquired during
breath-holding. Typically 1-2 slices are acquired in a breath-
hold and 9-13 slices are acquired to cover the ventricles.
Multiple breath-holds are a significant challenge for cardiac
patients in general and it represents a real impediment

in pediatric? patients. Alternatively, a stack of real-time
acquisitions can be prescribed, but the compromised spatial
and/or temporal resolution makes it a less attractive option.

To overcome these problems, it was proposed that a series
of real-time images acquired over multiple heart beats
could be motion corrected, and the motion corrected data
could be reassembled (also known as rebinning) with better
temporal resolution [26, 27]. The techniques have been
improved to use less data [28] and methods that handle
non-Cartesian sampling have also been proposed [29].
Figure 11 shows example short axis images acquired with
the free-breathing, motion corrected binning technique.
The results are compared to breath-hold imaging and free-
breathing with multiple averages. The motion correction
algorithms increase the reconstruction time. It can be on
the order of 1-2 minutes per slice, which is not tolerable
clinically. The Gadgetron comes with an implementation
of motion corrected binning, and it has been demonstrated
that cloud computing can be used in conjunction with
motion corrected binning [30]. With this approach,
multiple instances of the Gadgetron collaborate on a

given reconstruction, effectively assigning an independent
computational node to each acquired slice. Since recon-
struction of a given imaging slice can start as soon as the
acquisition of that slice is complete, the reconstruction cost
can be hidden by the acquisition such that the final images
are reconstructed and back on the host computer within

a minute of the acquisition finishing. Using the binning
technique, the acquisition time of each slice is slightly
longer than a breath-hold, typically 16—20 seconds, but it
is acquired during free-breathing and no pause is needed
between slices for the patient to catch their breath. The net
result is an overall faster workflow and improved patient
comfort.
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Discussion and conclusions

The Gadgetron is an open source image reconstruction
engine, which has been used extensively for MRI recon-
struction. It is a client-server architecture that can be used
as a stand-alone desktop image reconstruction system or
it can be connected directly to clinical MRI systems by
letting the vendor reconstruction act as a Gadgetron client.
The internal MRI data format is the open ISMRM Raw Data
standard and with converters being available for most
major vendors, it can be used as a cross vendor image
reconstruction platform. The framework is also cross-
platform in the sense that it builds and runs on Windows,
Linux, and Mac, which gives researchers flexibility to
integrate it into existing work flows and infrastructure.
Through the open development model, community
contributions are encouraged and merged changes are
continuously compiled, tested, and released for the
community to use. The Gadgetron build systems produce
containerized distributions that come with all necessary
dependencies and can be deployed easily.

When used with Siemens Healthcare MRI scanners, a
dedicated ICE program (IceGadgetron) can be used to

add Gadgetron connectivity to any existing ICE program.
The IceGadgetron program manages Gadgetron connection
and measurement dependencies in a transparent way

and the Gadgetron can be used in a clinical workflow
without the need for expert research staff on site. This
facilitates deployment of novel reconstruction algorithms
in a clinical setting.
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Figure 11: Example cardiac
function images comparing
three acquisition techniques:
(11A) breath-hold (BH)
segmented, (11B) free-
breathing, multiple averages
(AVE), (11C) free-breathing
motion corrected (MOC)
binning. Frames are shown
for End Diastole (ED) and
End Systole (ES).

The Gadgetron is distributed with a wide range of ready-to-
use reconstruction pipelines. These include generic parallel
image reconstruction pipelines that support a wide range of
parallel imaging strategies, including several commonly
used strategies for acquiring calibration data. There are
also several specialized reconstruction applications ranging
from real-time non-Cartesian parallel imaging using

GPU acceleration to cardiac imaging using free-breathing,
motion correction strategies.

One of the main aims of the Gadgetron project is to provide
the research community with access to completely open
source implementations of robust, production quality
reconstruction pipelines. The reconstruction components are
a good place to start for new researches in the field and they
provide a relevant reference point for reconstruction quality
comparisons in scientific publications. Community partici-
pation is very much encouraged and software patches, bug
fixes, and suggestions are welcomed by the growing group

of people developing Gadgetron source code. The modularity
of the Gadgetron also invites researchers to use it as a
deployment vehicle for their own algorithms. The Gadgetron
pipeline in combination with the IceGadgetron programs

is a practical platform for deploying novel reconstruction
algorithms in a clinical environment. External algorithms
can be supplied as C/C++, Python, or Matlab code.

In conclusion, the Gadgetron aims to overcome some of
the main limitations in current image reconstruction
research; it provides open access to algorithm source code,
is a rapid prototyping environment, and facilitates clinical
deployment for rigorous testing.
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Introduction

UK Biobank is a Large prospective cohort study designed to
understand the causes of common chronic disease with the
aim of improving the prevention, diagnosis, and treatment
of a wide range of serious and life-threatening illnesses —
including cancer, heart diseases, stroke, diabetes, arthritis,
osteoporosis, eye disorders, depression, and forms of
dementia. UK Biobank recruited 500,000 people aged
between 40-69 years in 2006—2010 from across Great Britain
to take part in this project. They have undergone a range of
physical measures, provided detailed information about
themselves, and have given blood, urine, and saliva samples
for future analysis. Also, participants agreed to have their
health followed throughout their lives through linkage to
their medical records. This will help scientists clarify why
some people develop particular diseases and others do not.

In 2012, a proposal for an imaging enhancement in
100,000 participants was made to quantify detailed pheno-
types that may be associated with disease and enhance

the power to detect associations with incident health out-
comes. The simultaneous imaging of brain, heart, arteries,
abdomen, and bone in each individual participating in

the imaging enhancement and the combination of these
data would provide a dataset that is uniquely able to
allow questions to be addressed regarding the relationships
between phenotypes across organ systems and allowing
assessment of pathophysiological mechanisms operating
at a systemic Llevel. For example, the relationships between
obesity and aging-related macrostructural brain changes
with Later-life cognitive dysfunction [1] may suggest specific
mechanisms and associations with incident disease and
need further exploration in much larger datasets. Such
correlations, which are based on prevalent disease, also
need to be extended to studies of the associations of pre-
symptomatic measures of body phenotype (e.g. body MRI
and dual-energy X-ray absorptiometry (DXA)) with future
brain health outcomes. The potential to relate longer term
clinical and cognitive dysfunction outcomes to sensitive
brain structural and functional markers, cardiac and body
composition phenotypes (as well as to information on blood
markers, lifestyle, and clinical history) would allow new
depths of exploration of risk and pathogenic mechanisms,
and the generation of new hypotheses regarding possible
modifying factors. In the shorter term, value of the imaging

enhancements in UK Biobank can be realised through
cross-sectional case-control studies, e.g., relating brain
imaging differences to prevalent brain disease or to
independent phenotypic measures.

The pilot phase of imaging 5,500 participants was
completed in September 2015. Further funding allowed
for the main phase to start in 2016. In total, over
14,000 participants have already been scanned and
imaging data from 10,000 subjects has been released
for use by the international research community
(http://www.ukbiobank.ac.uk/2017/02/new-data-
from-brain-imaging-and-on-heart-attacks-and-strokes-
available/). As many as 100 research groups are
accessing the imaging data for their research.

The imaging methods employed are: magnetic resonance
imaging (MRI), carotid ultrasound, and dual-energy X-ray
absorptiometry. For MRI, three specific areas of interest were
identified: brain, heart, and body imaging. The specifics of
each MR application are described in the following sections.

Figure 1: fMRI time point with simultaneous excitation of 8 slices.
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MR imaging

To meet the temporal, financial, and geographic constraints
of scanning 100,000 participants, the measurements

are made in three different locations each fitted with

two scanners (one 3T MAGNETOM Skyra and one 1.5T
MAGNETOM Aera). Scanning sites were selected to

allow maximize volunteer recruitment from UK Biobank
participants across the UK. Currently, the primary site in
Stockport, near Manchester, UK, is running with an average
of 17 participants scanned per day (strictly within 12 h)

on 7 days per week. The second site in Newcastle, UK, will
be operational in April 2017 using the identical software
and protocols. A third site in Reading, UK, will receive
participants at the end of 2017. The brain program runs

for about 30 minutes exclusively on the 3T systems, while
an integrated body and cardiac program is measured

on the 1.5T scanners for 10 and 20 minutes, respectively.

Major challenges, as one might expect, centre on the
selection of the specific applications within each body
region, the choice of measurement techniques, and the
setting of protocol parameters. The need for data
harmonization means that these decisions, which were
made based on experience in the pilot phase, will be applied
for all data acquisition in the next phase of development
of the resource. Many developers and subject matter
experts worldwide have contributed to the selection and
optimization of the final imaging sequences and data
management. An externally chaired imaging working group
(constituted from leading UK academic researchers in
relevant areas) has been responsible for the design of

the imaging enhancements. Pre-piloting the feasibility of
the proposed imaging protocols for each of the separate
elements of the imaging assessment visit informed the
final program further. There has also been careful
consideration and consultation on the issue of providing
feedback on incidental findings from imaging, including
the implementation of a prospective study of unexpected
findings of potential medical significance and both their
clinical consequences and impact on lives of the volunteers
affected.

Considerable effort within and outside Biobank is devoted
to data transfer and security. This includes the encoding
and separation of personal information to allow complete
DICOM streams to be provided.

Along with the protocol for examinations, a quality
assurance procedure was developed. There are three
different quality aspects to consider over time: the status
of the scanners, the actual scanning of participants,

and the evaluation of data. The first aspect is realized by
a regular high resolution phantom scan which detects

B, and B, variations of the hardware as early as possible.
Close cooperation with the service department is important
in order to resolve potential issues as fast as possible
and the proactive effort of the service employees is much
appreciated. The second aspect requires the active
participation of radiographers in an unconventional way.

Spotlight

The scan protocol must change as little as possible while
the circumstances and constancy of parameters must be
checked as often as possible. While the orientation and
position of an oblique protocol is slightly adjusted to the tilt
of the head, none of the other scan parameters are modified.
This also means, for example, that exactly 6 stages for the
complete body are scanned irrespective of the height of the
participant. This is a consequence of the decisions to keep
both the measurement and acquisition time fixed. Hence,
one must not underestimate the role of education and

the challenges of an environment where the creative
optimization and adjustment of protocols to the subject are
neither desirable nor permitted. Tools are currently being
developed to provide automatic checks against constancy of
relevant parameters. The third aspect requires an evaluation
of the resulting scans via the review of a number of defined
image parameters. This depends on the evaluation chain

of developers and it is important to establish a close
feedback process.

Brain imaging

The brain MRI protocol will provide researchers with data
concerning both brain structure and function from a single,
short examination, including data to reconstruct the

major white matter connection pathways. Each participant
undergoes a 32-minute brain MRI protocol using a 3 Tesla
MAGNETOM Skyra. This provides T1- and T2-weighted
FLAIR structural 3D MRI, functional MRI during rest and
task performance, whole-brain diffusion tensor imaging,
susceptibility-weighted imaging (SWI), and arterial spin
Llabeling (ASL).

The brain program comprises the following protocols:
+ AutoAlign Scout images
» T1l-weighted structural morphology MPRAGE with iPAT 2

« fMRI resting state protocol with simultaneous excitation
of 8 slices

+ fMRI task performance protocol with simultaneous
excitation of 8 slices

+ T2-weighted 3D FLAIR with iPAT 2

+ Diffusion AP b =0, b = 2 ms/um? with 6 directions and
simultaneous excitation of 3 slices

« Diffusion PA b = 0, 104 directions in total distributed over
two shells with b = 1 and 2 ms/um? with simultaneous
excitation of 3 slices

. 3D SWIIPAT 2
- 3D pcASL

Highly efficient scanning protocols are needed to allow
the full range of imaging and other phenotype measures
to be obtained on each volunteer. To perform this imaging
program within the limited time allocated, the use of
acceleration techniques, in particular the simultaneous
excitation of multiple slices, is required. It is also apparent
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Spotlight

that the acquisition of data is tuned to the minimum
required while the data quality and contrast aims to be
the best per unit time of acquisition.

Cardiac imaging

Cardiovascular MRI is considered the most versatile and
precise technique for simultaneous assessment of multiple
cardiac parameters. Its reproducibility and non-invasiveness
are key advantages for large-scale population studies

over other imaging modalities such as echocardiography.
An additional attractive feature for large scale population
studies is that volunteers are not subjected to any potentially
harmful radiation (as with cardiac CT). A major strength

of CMR is the ability to obtain multi-parametric images in
one imaging session related to both structure and function
of the heart. A 20-minute protocol using a 1.5 Tesla scanner
provides time-dependent heart chamber volumes, cardiac
wall thickness and mass, tissue motion using tagging,

and aortic size and compliance. In addition, the aortic flow
quantitation is performed and the myocardial T1is
estimated.

The cardiovascular program consists of the following
protocols:

 Cine scanning of the Left ventricular long and short
axis views

+ Cine scan of the left ventricular outflow tract with
ascending aorta

 Cine tagging of 3 short axis planes around the middle
of the Left ventricle

« Cine cross section of ascending aorta and proximal
descending aorta

+ Through-plane flow measurement of ascending aorta

« T1mapping of mid-ventricular slice
Body imaging

There are a number of methods for estimating body fat
content (such as the BMI, waist-hip circumference, and
bio-impedance measures already included in UK Biobank).
However, such estimates are imprecise (although still have
predictive power) and cannot be used to assess adipose
tissue distribution, which is both an individually distinctive
phenotype and a determinant of relative disease risk. MRI
can provide much more accurate information on fat content
and distribution, muscle mass, and organ volume. A wide
variation has been found between individuals in the amount
of visceral, muscle, and liver fat for any given body mass
index (BMI), waist-to-hip ratio (WHR), and total amount of
body fat [5]. There is increasing evidence to suggest that

fat distribution, rather than amount of fat, is important

for determining an individual's risk of future disease [2, 3].
Body MRI provides an opportunity to examine the predictive
importance of particular fat deposits (visceral, liver and
pancreas) and the relative distribution of fat for the
development of particular conditions (e.g. vascular disease,

MAGNETOM Flash (68) 2/2017
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diabetes, and certain types of cancer). The 10-minute
protocol on a 1.5 Tesla scanner provides quantitative
information on subcutaneous-abdominal and visceral
adipose tissue volumes and distribution and on intra-
hepatocellular and intra-pancreatic lipid.

The body program comprises the following protocols:

« Dixon imaging of 6 contiguous stages beginning from
neck downwards to the knees

+ T1l-weighted VIBE of pancreas

Figure 2: Computed T1 maps of heart and pancreas after
acquisition of shMOLLI.
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« T1mapping of mid-Lliver axial cross-section of funders provide a sound backbone of the activities of

the many different departments of UK Biobank; MR images

are now an exciting part of the growing data set within the

« T1-mapping of pancreas cross-section UK Biobank data repository. We would like to thank and

acknowledge the many contributors to this work inside and

outside of UK Biobank. Specifically the use of the multiband

implementation from CMRR (University of Minnesota)

Summary and the pcASL sequence from Fraunhofer MEVIS are
acknowledged.

+ T2*-weighted multi-echo imaging of liver cross-section

+ T2*-weighted multi-echo imaging of pancreas
cross-section

The multi-modal imaging enhancement of 100,000 UK
Biobank participants is well underway. This brief article References
presents an overview of the measurements within 1 hour
of scan time with excellent quality. This, however, requires
a strict regime of timing and scheduling to be performed

1 Stanek HM. Grieve SM, Brickman AM, et al. Obesity is associated
with reduced white matter integrity in otherwise healthy adults.
Obesity 2011; 19: 500-4.

successfully. U.K Biobank solved a V?'ri?ty of chotlepges 2 Goldstone AP, Thomas EL, Brynes AE, et al. Elevated fasting
related to the infrastructure and logistics of the daily plasma ghrelin in Prader-Willi syndrome adults is not solely
throughput. We would like to further stimulate the interest explained by their reduced visceral adiposity and insulin resistance.
of researchers in using the unique dataset for research for J Clin Endocrinol Metab 2004; 89: 1718-26.
many years to come. It is our hope that the community 3 Thomas EL, Parkinson JR, Frost G, et al. The missing risk: MRI and
finds the data (depth, breadth, and quality) useful in MRS phenotyping of abdominal adiposity and ectopic fat. Obesity
answering a range of research questions. 2012; 20: 76-87.

4 Thomas EL, Hamilton G, Patel N, et al. Hepatic triglyceride content
The data and information UK Biobank presents is the and its relation to body adiposity: a magnetic resonance imaging and
result of the work of many people. The developers who proton magnetic resonance spectroscopy study. Gut 2005; 54: 122-7.
programmed the sequences and those who provided 5 Thomas EL, Bell JD. Influence of undersampling on magnetic
the programming environment in the first place are as resonance imaging measurements of intra-abdominal adipose
important as the final authors of the research publications tissue. Int J Obes Relat Metab Disord 2003; 27: 211-8.

that make use of the measurements. The insight and vision

Further information

A primary portal for information on UK Biobank and how www.ukbiobank.ac.uk/
to access the data, which is available for all researchers, is:

In 2016, several milestones were achieved. Together, these www.ukbiobank.ac.uk/2016/11/scanning-study-launched/
describe the developing resource well: www.ukbiobank.ac.uk/2016/09/brain-imaging-results-from-5000-subjects/
www.ukbiobank.ac.uk/2016/03/uk-biobank-looking-at-the-whole-person

Reports presented in annual UK Biobank meeting (2016) www.ukbiobank.ac.uk/listen-again-annual-meetings/
can be accessed through:

The actual publications can be found easily with a www.ukbiobank.ac.uk/published-papers/?tps=cardiac&tps_button=Search
specific search term, for example, the cardiac, abdominal, www.ukbiobank.ac.uk/published-papers/?tps=body&tps_button=Search
and neuro publications, respectively, are listed here: www.ukbiobank.ac.uk/published-papers/?tps=neuro&tps_button=Search
Information on how to access the DICOM data and www.ukbiobank.ac.uk/register-apply/

how to apply for downloading keys can be found at:

Contact

Niels Oesingmann, Ph.D.
MR Physicist
UK Biobank

Professor Paul M. Matthews OBE, MD, DPhil, FRCP, FMedSci
Head of the Imaging Working Group

Imperial College London, Faculty of Medicine

Edmond and Lily Safra Chair

Head of Brain Sciences Division

Units 1-4 Spectrum Way, Adswood
Stockport, Cheshire, SK3 0SA, UK
Phone: +44 (0)161.475 5360

Direct: +44 (0)161.475 1423

Mobile: +1 347.443 4328

Fax: +44 (0)161 475 5361
Niels.Oesingmann@ukbiobank.ac.uk

E515 London SW7 2AZ, UK
Burlington Danes Phone: +44 (0)20 7594 2855
Hammersmith Campus  P.Matthews@imperial.ac.uk
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Erlangen, Germany

Meet Siemens Healthineers

Our brand name Siemens Healthineers embodies our pioneering spirit
and engineering expertise in the healthcare industry. The people working
for Siemens Healthineers are highly passionate about the technology
and the company they work for and their engineering capabilities and
pioneering spirit are unique in this industry. In this section we introduce
colleagues from all over the world to you — people who put their hearts
into what they do.

Edgar Miiller graduated in physics from the University of Stuttgart,
Germany in 1983. Straight after, he joined Siemens in Erlangen to
participate in the development of first-generation MRI systems. In the
early years, up to 1991, he developed the first Siemens local coil

(breast coil) and the first sequences for flow quantification. Later
Edgar headed a neuro-functional MR team that developed fMRI and DTI
sequences and post-processing software. This period also saw the
strengthening of a huge cooperational network. Between 2005 and 2016
Edgar headed global cardiovascular MRI Applications development.
Highlights of this period included the initiation of workflow prototypes,
leading to the development of Dot engines.

Since November 2016 Edgar has been Head of the Siemens MR Technology
and Innovation Management Team that encompasses MR innovation and
IP management, the MR technology incubator and the key expert network.
Besides being responsible for the MR innovation process across all clinical
imaging and technology fields, Edgar and his team establish and manage
large-scale strategic collaborations that focus on the development and
validation of hardware innovations or groundbreaking new applications
such as Compressed Sensing or MR Fingerprinting.

How did you first come in contact with MRI?

While completing my master thesis in physics, | heard about a fascinating new possi-
bility to obtain images from the human body with a new method based on magnetic
resonance. At that time Siemens had launched a huge program to develop MRl and |
successfully applied for a job in Erlangen at the age of 26 years. | have had the privilege
of being involved from the very first Siemens product operating at 0.35 Tesla in 1983
through many generations of MRI scanners to the present system portfolio.

What is most motivating about your job?

If you compare MRI to other imaging modalities, there is a fundamental difference:
while other modalities rely on more or less one physics observable (e.g. attenuation
of X-rays) MRl images are influenced by many independent physics observables:
human tissue differs in relaxation times T1, T2, diffusion properties, chemical shift,
magnetization transfer, velocity behavior, magnetic susceptibility, to name just a few
important ones. This allows us to design pulse sequences, which can create virtually
every desired imaging contrast between different tissues. There is a brilliant physics
and technology behind MRI which is hugely fascinating not only for me, but for many
colleagues | have had the privilege to work alongside.
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But what has most motivated at a personal level is the outstanding friendships

I have forged with people working with the same spirit of innovation over decades:
within Siemens as well as at many institutions worldwide, where we were able to
brainstorm and realize things that people could scarcely have contemplated just
a few years earlier.

What do you think are the most important developments in MRI?

The current reality is that more than 90% of all MRI procedures are covered by inno-
vations from the 1980's, like affordable high-field superconducting magnets including
high-quality gradient and RF hardware, accompanied by inventions of fast imaging
sequences like Turbo Spin Echo and FISP/FLASH.

What we experienced then was a race in magnetic field strength, followed by a decade
of gradient power and then a decade of RF channel density. However, | sense that we
are now at the dawn of a new age in MRI, which will be driven by the use of artificial
intelligence, deep learning methods, cloud computing, etc. This will guide us to MRI
scanners that are really simple to use, robust, and fast.

What would you do, if you could do for one month whatever you wanted?

There is nothing | could wish for, since | have always had the freedom to do just what
| wanted to do in my professional life. For example, in October 1991 | heard about
fascinating experiments going on in both the USA and in the UK with regard to fMRI.
What started out as a hobby became my official profession at Siemens MR in 1992.
What followed where the most wonderful ten years of my professional life. | was able
to ramp up a research team under the guidance of former Siemens Healthcare CEO
Hermann Requardt and we had total freedom in what we developed, with successful
outcomes. When we came up with first ideas about Compressed Sensing, my former
boss Christoph Zindel realized the potential immediately and again | could do for years
exactly what | wanted to do.

My private life is a completely different world. At home there is a wonderful woman to
whom | have been married for more than 35 years, six children — three girls and three
boys aged between 16 and 35. AllL the interaction with them and with their partners
keeps me busy and young. And there are hobbies, which | wish | could devote more time
to: I like hiking and skiing in the mountains, having grown up close to the Austrian Alps;
listening to pop music by bands such as Dire Straits; and still occasionally playing the
piano, which had been a big hobby in my youth. And, last but not least, playing chess
and reading good books such as Astrid Lindgren's "Karlsson on the Roof".

....................................................................................................................

Aurélien Stalder is from Geneva, in the French-speaking part of
Switzerland and has joint French and Swiss citizenship. He graduated in
micro-engineering from EPFL in Lausanne, Swiltzerland in 2005. He then
studied for his Ph.D. in the field of 4D Flow MRI at the University of
Freiburg, Germany. In 2009, he was awarded an EU Science and Technology
Fellowship to undertake a two-year post-doctoral research program at the
Xuanwu Hospital in Beijing, China. Aurélien joined Siemens in 2011, as
application developer in Erlangen and participated in the predevelopment
of some new key technologies such as quiet MRI or compressed sensing
MRA. Based on his extensive knowledge of the MRI research and of the
academic world in China, he took over the lead of the Siemens Healthineers
MR Collaboration team for Greater China in 2015.

Aurélien
Stalder
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How did you first come in contact with MRI?

Following my master’s thesis in image processing, | was looking for a Ph.D. position
in biomedical imaging. Michael Markl introduced me to the exciting research work
on 4D Flow MRI that he was leading in Freiburg within the Jirgen Hennig group.

| was captivated by the possibilities offered by MR and delighted to join their team.

What fascinates you most about MRI?

The incredible quantity of information and imaging contrasts that MR can produce
both for anatomy and function. The possibilities seem endless, and the research
community keeps working to improve existing MR contrast mechanisms and discover
new ones. For me, this really makes MRI stand out among all other imaging modalities.

What do you think are the most important developments in Healthcare?

We are moving toward the integration of all possible sources of patient data and
information to provide the best patient screening, diagnostic, and treatment. Artificial
intelligence will play a key role in helping radiologists and doctors integrate this
growing quantity of information. | believe that MRI will play a central role here due

to the vast range of image contrasts and the quantitative information it can produce,
while being non-invasive and radiation-free.

What motivates you most about your job?

Each day | meet people that share the same passion for MRI. My heart is with MRI so |
may be biased, but | see no other modality where people share such a strong fascination
for the technology they use. It is a passion that crosses many borders, shared by
clinicians, engineers, technicians, and physicists. The commitment that | see from our
collaboration partners in China is incredible. Some are still developing their research
experience, but they work hard — often alongside the collaboration scientists in my
team — to bring MRI to the next step!

What are the biggest challenges in your job?

First and foremost, communications! And here | also include intercultural aspects.
Everyone — no matter what their mother tongue is — express themselves differently due
to our cultural differences, which is important to understand and respect. The role of
my team is to act as the interface between MR research sites in greater China, Siemens
Healthcare in China, and the predevelopment and R&D teams in our headquarter in
Erlangen, Germany. For our projects it is very important that, for example, a developer in
Germany understands the goals of a Chinese doctor and vice-versa. | have lived in China
for over 3 years now (2 years for my post-doc, 1.5 years in my current role) and speak
decent Chinese; this helps me a lot to understand what our Chinese partners expect.

What would you do, if you could do for one month whatever you wanted?

Like every Healthineer, | would like to spend time in a clinical setting. Learning more
about the daily clinical routine and the important clinical challenges. Although | visit
customers almost every week, | feel that there is always more to learn.

However, if | had this free time now, | would probably travel through Europe with my
fiancé. | would love to have the time to travel by bike and visit our friends all over
Europe. | Llike very much traveling and | have been to many countries already. When
I lived in Switzerland or Germany, | often travelled to exotic destinations, such as
China. Now, living in China, where everything moves at an incredible pace, it would
be a great contrast to take the time to travel at a slower pace through Europe.

Siemens Healthineers — We have the brains to
jointly transform the way healthcare is delivered
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