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Professor Dr. med. Michael Uder graduated from Saarland University
in 1992. He trained in radiology and subsequently became Professor
of Radiology at Friedrich-Alexander-University Erlangen-Nürnberg,
Germany. Since 2009, Professor Uder has led the Institute of Radiology.
Professor Dr. Frederik Laun and Professor Dr. Armin Nagel
both head MRI physics research groups at the Institute of Radiology.
Professor Laun has a strong research focus on diffusion-weighted
imaging and quantitative susceptibility-weighted imaging. The
research interests of Professor Nagel are predominantly in ultra-high
field and non-proton MRI.

Dear readers and colleagues,
We have been asked to introduce this RSNA edition of
MAGNETOM Flash by talking about the possibilities of
high-performance, 0.55 Tesla magnetic resonance imaging
(MRI). At first glance, a move to lower field strengths
seems to be counterintuitive, given the fact that there
have been tremendous efforts during the past decades to
design MRI systems with higher magnetic field strengths.
Undoubtedly, many diagnostic imaging applications clearly
benefit from high magnetic field strengths such as 3T or
even 7T. The latter has become a clinical field strength with
the clinical approval of the MAGNETOM Terra system in
2017. MRI at 7T enables unprecedented spatial resolution,
improved spectral resolution, and efficient detection of
non-proton nuclei such as sodium and phosphorous.
Therefore, a number of diagnostic applications – particularly neurological and musculoskeletal imaging – clearly
benefit from ultra-high-field MRI [1]. In addition, most
methodology-oriented MRI research is currently being
performed at field strengths ≥ 3T [2].
However, lower field strength MRI (< 1T) could potentially benefit from many of the technical developments
that have been achieved at higher field strengths [3].
Several articles in this edition cover a broad range of new
technical innovations that also enable high-performance
MRI at low field strengths. Here, advanced-design, lowfield systems and innovative magnet designs, as presented
by Val Runge and colleagues (page 11) and Simon Calvert
(page 44), will not only contribute to improved image qual-

ity, but will also facilitate installation and improve
accessibility and reach of MRI.
Sophisticated algorithms and artificial intelligence
(AI) are now aiding slice positioning, and as image reconstruction increasingly involves AI and deep learning, we
can expect to see more developments in the future that
will further mitigate concerns about reduced image quality
at lower field strengths. Alexis Vaussy et al. combined
parallel imaging acceleration with a modern iterative
denoising reconstruction algorithm (page 26). For 3D
neuroimaging, they achieved submillimeter spatial
resolution at 3T in clinically acceptable acquisition times,
this is usually only feasible at ultra-high magnetic field
strengths. In the future, these techniques will also help
to improve image quality at low field strengths. Adrienne
Campbell-Washburn and colleagues show the potential of
high-performance 0.55T MRI for cardiopulmonary imaging
(page 35). In addition, some MRI-guided interventions
might become possible at low field strength, largely due
to reduced device heating as compared to field strengths
≥ 1.5T [4].
Thus, imaging at higher field strengths is not always
advantageous (see also André Fischer on page 6).
Although 1.5T and 3T MRI systems have replaced older
low-field systems (< 1T) in most hospitals, low-field MRI
has regained popularity over the past few years [5]. At
higher field strengths, susceptibility artifacts increase,
imaging near implants is challenging or in some cases
even impossible, and last but not least, installation costs
increase with magnetic field strength. One benefit of low-
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In the future, 0.55T MRI will hopefully help
to increase accessibility to MRI examinations
for many patients and could potentially be used
for identifying patients that require dedicated
examinations in high- or ultra-high-field systems.
Therefore, MRI systems at all field strengths will
contribute to high-end imaging and optimal
patient care.

field systems is their cost-effectiveness: Compared with
conventional 1.5T, 3T, or 7T systems, the costs of
manufacturing, transporting, and operating the scanner
and its magnet are much lower. MRI is one of the most
advanced and versatile diagnostic imaging modalities
available today, yet this also renders it one of the most
expensive – both in terms of initial investment and the
lifetime running costs. This is partly due to the high
structural demands that accompany the installation of
an MRI system. In addition to needing a large amount of
space and very strong floors, hospitals also have to arrange
for the installation of major components such as quench
pipes. This limits access to MRI examinations not only in
developing countries, but also in smaller, poorly funded
hospitals.
Costs can be reduced by reducing hardware costs and
by simplifying infrastructure requirements. MAGNETOM
Free.Max benefits from the new DryCool magnet
technology, where the magnet is fully sealed and only
requires 0.7 liters of helium. This means, there is no need
for helium refills, and no quench pipe is required.
In addition to the accessibility issues mentioned,
access to MRI is also often limited by the availability of
qualified staff. This is true everywhere, including in
industrialized nations, where shortages of MRI technologists are a frequent problem. Thus, there is a need for true
push-button workflows based on sophisticated, intelligent
automation. As presented by Tanja Dütting et al. (page 40),
autopilot systems will allow users to perform what were
previously complex and error-prone MRI examinations at

the touch of a single button. At the same time, it is
important that there remains access to a state-of-the-art
user interface that enables advanced settings and a high
degree of flexibility for more experienced technologists.
Choosing the counterintuitive route and going lower
instead of higher will offer clinical benefits for many
applications: Longer T2* relaxation times will reduce
blurring artifacts for echo-planar imaging (EPI) readouts
(e.g., in diffusion scans), and will also enable improved
MRI of tissues and organs with short relaxation times, such
as tendons and the lung. The specific absorption rate (SAR)
can be much lower, which will also enable safer imaging of
implants. In addition, the reduction in susceptibility artifacts will enable improved passive metal implant imaging.
At University Hospital Erlangen, we operate MRI
systems with field strengths of 0.55T, 1.5T, 3T, and 7T.
We are convinced that – at least for large centers such as
university hospitals that have to cover the whole range of
diagnostic applications – there is not merely one “optimal”
magnetic field strength that fits best for all scenarios.
Some patients will benefit from imaging at 3T or even 7T.
However, for most patients, diagnostic quality at 1.5T or
0.55T will most likely be sufficient. For some applications
(e.g., lung imaging, imaging near implants, and interventions), low-field MRI might even enable improved image
quality. In the future, low-field MRI will hopefully help to
increase accessibility to MRI examinations for many
patients and could potentially be used for identifying
patients that require dedicated examinations in high- or
ultra-high-field systems. Therefore, MRI systems at all field
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strengths will contribute to high-end imaging and optimal
patient care. Furthermore, close collaboration between
radiologists, manufacturers, and basic scientists such as
MRI physicists and data scientists is crucial for further
expanding the diagnostic possibilities of MRI at all field
strengths.
We hope that the new 0.55T MAGNETOM Free.Max
platform will provide more people with access to MRI
examinations (e.g., in developing countries and emerging
markets). Even for industrialized countries, the factors
mentioned above can restrict the flexibility necessary
to provide MRI where it is needed – at the point of care
in emergency departments (see also, e.g., the work of
Vincent Dunet and associates (page 20), in rural
community hospitals, and in orthopedic practices and
the like.
We hope you enjoy reading this issue!

Michael Uder

Frederik B. Laun
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Revisiting the Physics behind MRI
and the Opportunities that Lower Field
Strengths Offer
André Fischer, Ph.D.
Global Segment Manager Neurology, Siemens Healthineers, Erlangen, Germany

This article outlines why moving to higher magnetic fields
may not always be advantageous in MRI. We focus on
phenomena that have a substantial impact on daily
routine, and aim to provide a solid insight into underlying
physical mechanisms. Some discussions have been
simplified in the interest of addressing a broad range
of readers.

Introduction
When MRI first transitioned from research into clinical
practice in the early 1980s, typical magnetic fields were
between 0.2 and 0.5T, mainly due to technical limitations.
The clinical MRI community quickly moved towards higher
fields, converging on 1.5T, which became the new standard. Later, around the turn of the millennium, 3T magnets
started to penetrate the market, fueled by the quest for
higher signal to noise ratio (SNR) with higher field
strength. Today, 1.5T and 3T are the clinical workhorses,
present in almost every large hospital radiology department. Lately, Siemens Healthineers have pushed for even
higher field, introducing the MAGNETOM Terra – the first
clinical 7T scanner with FDA clearance.
There was an immediate clinical advantage in moving
to higher field. It increases the magnetization available
for imaging, which improves SNR. The increased signal can
be invested into either higher spatial resolution or reduced
imaging time. For human MR imaging in general, SNR
increases linearly with the field [1]. However, in order to
maintain image quality, the chemical shift between different nuclei can be kept constant by adjusting the receiver
bandwidth, in which case SNR is proportional to the square
root of the field [1, 2]. Recent research in ultra-high-field
human brain MRI suggests faster than linear increase of
SNR with field [3].
Then again, there is no such thing as a free lunch.
Increasing the field increases radiofrequency absorption
in tissue, increases artifacts, and degrades imaging in
various other ways, through the physical phenomena
described below.
6
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Radiofrequency absorption
MRI scanners use high-power radiofrequency pulses to
manipulate nuclear spins. This RF energy would become
a health hazard if it were intense enough to overheat
tissue, so scans have to stick to safety limits.
Specific absorption rate (SAR) is the relevant measure
of RF absorption, in watts per kilogram of body tissue.
The International Electrotechnical Commission [4] sets
maximum SAR of 2 W/kg in normal mode, and of 4 W/kg
in first-level mode (both for whole-body SAR averaged
over 6 minutes).

1.5T

red: T2* decay

0.55T

rf
Slice
Phase
Read

1  During a typical EPI gradient echo readout, the later echoes suffer
from low signal intensity at 1.5T compared with 0.55T, and the
resulting images are blurred (see Figure 2). The red envelope in
the upper two sinusoids corresponds to the observed T2* decay
(neglecting gradient-induced dephasing).
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The absorbed energy depends on the square of the field,
so it increases by a factor of 4 when doubling the field.
Most clinicians and researchers have faced SAR
limitations, e.g., in SAR “heavy“ examinations such as
Cardio or MSK, especially with the advent of 3T scanners
in clinical routine. Operating in first-level mode is often
mandatory at 3T, but even then the SAR threshold limits
the use of clinically relevant sequences.
Using 0.55T instead of 1.5T or 3T reduces SAR by
a factor of 7.5 or 30, respectively. Consequently, many
SAR-intense sequences, e.g., TrueFISP or TSE, do not hit
the SAR limit at 0.55T. This can help increase SNR by
applying higher flip angles (e.g., 180° instead of lower
flip angles such as 150° at 3T for TSE imaging; 90° flip
angle for TrueFISP possible), or shortening radiofrequency
(RF) pulses to minimize echo time (TE) and TR.

Relaxation times
The relaxation of spins is the main mechanism for the
observed image contrast in MRI. In this section, we
will review the types of relaxation and their impact on
clinical routine.
T1 relaxation
The spin of a proton gives it a magnetic moment. Just as a
compass needle aligns with the magnetic field of the Earth,
the proton spin tends to align parallel to an external magnetic field B0; this is the lower energy state of the proton
spin, while the anti-parallel state is higher energy. In an
MRI, a radiofrequency pulse can be used to convert parallel
proton spins to their anti-parallel state; then spin-lattice
relaxation (also known as T1 relaxation) gradually brings
them back to their energetically preferred parallel state.
This is triggered by the random magnetic field fluctuations – sometimes referred to as “magnetic noise” – of
the surrounding magnetic moments caused by, e.g.,
protons, electrons, and various molecules. The energy
difference between the parallel and anti-parallel state
corresponds to a resonance frequency, proportional to
the field, and relaxation is triggered by “magnetic noise”
close to that frequency. Generally speaking, this “noise”
at lower frequencies is stronger than at higher frequencies
– so at lower field, relaxation is more efficient.
The time constant of this relaxation, T1, is defined
by [5]
Equation 1
T1 �

B0b
a

with constants a and b that must be determined by experiment. Recent investigations [6] across a range of clinical
fields (0.55T, 1.5T, 3T, 7T) revealed the following linear
dependency between T1 and B0:
Equation 2
T1 �

B0
12.2

with a = 12.2 and b = 1. This means that T1 gets shorter if
the field decreases.
How does this help us from a clinical point of view?
If T1 is shorter, the repetition time (TR) can be reduced,
resulting in decreased scan time. For example, T1 for gray
matter decreases from 1000–1300 ms at 1.5T down to
700–800 ms at 0.55T [7]. Due to this, TR can be reduced
by the same proportion, at least 25%.
We can address the loss of SNR by averaging. SNR
scales with the square root of the field [1, 2], so to have
SNR at 0.55T comparable to that at 1.5T, three averages
are necessary. Instead of tripling your imaging time,
it will only increase your scan time by a factor of 2.25
because TR could be selected 25% shorter than at 1.5T.
Physics comes in favorably from the T1 perspective at
lower field strength.
T2 relaxation
Spin-spin relaxation, commonly referred to as transverse
or T2 relaxation, does not show high dependency on field.
To observe T2 relaxation, a radiofrequency pulse first
flips proton spins so that their net magnetization is perpendicular to the external field. Magnetization then precesses
around the B0 direction at the Larmor frequency
Equation 3
ω = γ ∙ B0

where γ is the gyromagnetic ratio of the proton.
The RF pulse also puts proton spins in phase. Gradually, magnetic noise knocks some spins out of phase, which
decreases the net magnetization (the vector sum of all
spins). After time T2 magnetization decreases by a factor
of e, so after approximately 5T2 it has effectively vanished.
By this argument the strength of the field does not affect
T2 relaxation.
Nonetheless, empirical research shows that T2 increases slightly as the field falls. For gray matter, T2 values at
1.5T are 90–110 ms, while at 0.55T they are 110–120 ms
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[5]. This would allow turbo spin echo (TSE) imaging to
employ longer echo trains at 0.55T, reducing the number
of required readouts, potentially reducing the required
scan time compared with 1.5T – if the SNR penalty
is neglected.
T2* relaxation
Imaging the diffusion of water molecules is one
phenomenon that often relies on T2* contrast, and other
applications such as BOLD imaging and DSC neuro
perfusion suffer from T2* loss or blurring as well. All
gradient-echo readouts, such as echo planar imaging (EPI),
are modulated by T2* decay.
Several phenomena are affected by both regular T2
decay and another decay process known as T2’. T2’ is
caused by static inhomogeneities in the magnetic field,
such as susceptibility-induced magnetic field gradients,
which combine to form T2* relaxation.
The overall timescale is
Equation 4
T2* =

1
T2

+

1

EPI sampling at 0.55T, since the available echo signal
amplitude is relatively large for later echoes in the EPI
train (see Figure 1). A side effect is reduced blurring
(see Figure 2).

Susceptibility
Magnetic susceptibility measures how a material responds
to an external magnetic field. The induced magnetization
inside a material under external magnetic field strength
H is:
Equation 5
M = χH

where χ is magnetic susceptibility1.
The induced magnetization M and the external
magnetic field H result in the magnetic flux density B:

-1

Equation 6

T2’

B = μ0 H + M = (μ0 + χ)H
By employing TSE sequences, T2’ can be recovered and
true T2 decay can be observed.
Susceptibility-induced magnetic field gradients scale
with B0, so at high field T2* is shorter than at low field.
In gray matter, T2* at 1.5T is typically 70–80 ms, while at
0.55T it is 80–90 ms [5]. This allows more SNR-efficient

1.5T

1

where μ0 = 4π∙10-7 is the magnetic permeability of vacuum.
Eq. 6 tells us that as H increases, the change in B
depends on the value of χ. If χ > 0, B increases; if χ < 0,
B decreases; and if χ = 0, B doesn’t change.

0.55T

2  Due to faster T2* decay at higher field
(see Figure 1), the apparent diffusion
coefficient map at 1.5T is slightly blurred
along the anterior-posterior direction. This
is particularly apparent in the hyperintense
gyri. Both images were acquired on the
same volunteer. Also, a slight geometric
distortion in the anterior brain region is
visible at 1.5T (see Susceptibility).

 There are different physical phenomena behind susceptibility. Diamagnetism is a universal property of any material which decreases the magnetic field inside it. It is
often “hidden” underneath the stronger phenomenon of paramagnetism, which increases the magnetic field. Both dia- and paramagnetism can only be observed when
an external magnetic field is present. As a side note, ferromagnetism is a property that is maintained even when the external magnetic field has been turned off.
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Susceptibility changes can be a valuable contrast source.
Susceptibility-weighted imaging (SWI) exploits slight
differences in χ to visualize veins in the brain, enabling
the diagnosis of cerebral hemorrhage, for example.
Quantitative susceptibility mapping (QSM) produces
a map of susceptibility that might constitute a new
biomarker [8–10].
At the same time, susceptibility is a source of artifacts.
Near the sinuses and auditory canal, for example, the
changes in susceptibility moving from air to tissue cause
geometric distortions in conventional EPI-based imaging,
including diffusion-weighted imaging (DWI) and functional
MRI (fMRI). Eq. 6 shows that reducing the external field
also reduces the absolute differences in local magnetic
fields, which makes susceptibility-induced artifacts much
less prominent. This can be seen in Figure 3, showing the
results of DWI scans on the same volunteer performed
on a 3T, a 1.5T, and a 0.55T system. While SNR clearly
decreases as field decreases, the geometric distortions
are significantly reduced as well.
Diffusion imaging of the optic nerves is also substantially improved at lower field (see Figure 4). A similar
behavior is to be expected for imaging of metallic implants
such as hip implants. This has been shown in the literature
[11–13] and might have a significant impact on clinical
practice in the aging societies of industrialized nations.

3T

1.5T

1.5T

B0 and B1 Homogeneity
B0 homogeneity is of utmost importance for image quality,
and less effort is required to guarantee this homogeneity
at lower B0 values.
B1 homogeneity is also crucial, to ensure homogenous
excitation of the desired slice or volume. B1 – or more
precisely B1+ – is the transmitted radiofrequency field that
excites the protons at their Larmor frequency. The flip
angle is directly related to B1 through:
Equation 7
α = γ ∙ B 1 ∙ tp

where α is the targeted flip angle of the applied RF pulse, γ
is the gyromagnetic ratio of the proton, B1 is the magnetic
field of the applied RF pulse, and tp is the pulse duration.
From this equation, it is clear that if B1 is not homogenous, the excited slice or volume will show varying flip
angle, leading to variations in contrast and SNR.
When the Larmor frequency ω increases, the associated wavelength λ decreases. At 3T, the wavelength within
the human body is approximately 25–30 cm [14], close to
the dimensions of a human torso. This results in construc-

0.55T

0.55T

3  Coronal EPI diffusion scans
(b = 1000 s/mm²) acquired on the same
volunteer with three different fields.
Moving to lower field typically comes with
a reduction in SNR; but at the same time
susceptibility artifacts near the temporal
lobe due to vicinity of the air-filled internal
auditory canal are substantially reduced.

4  Geometric distortions caused by the
air-filled sinuses and internal auditory
canal are substantially reduced at lower
field. In this example on the same
volunteer at 1.5 and 0.55T, the eyeballs
maintain their almost spherical shape, and
the optic nerves are clearly visible (ellipse);
the susceptibility artifacts near the
temporal lobes (arrows) are almost
invisible at 0.55T.
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tive and destructive interference within the body, leading
to inhomogeneous B1 excitation. This phenomenon has
triggered lots of research efforts to mitigate this problem
and can now be considered understood; countermeasures
such as B1 shimming are available, but come with
increased costs and hardware requirements.
Conversely, at lower field, the Larmor frequency is
lower, so the associated RF wavelength is longer. This
reduces or even eliminates the effect of interference.
For example, at 0.55T, the wavelength is approximately
130–140cm, much larger than typical body diameter. So
B1 will be more homogeneous at lower field, giving more
homogeneous contrast and SNR behavior.

Summary
For more than 20 years, the clinical standard for MR
imaging has been either 1.5T or 3T. While many of the
physical advantages of low field have been well known
in the scientific community, the push for higher SNR
favored higher fields. However, in the light of technical
improvements made over the last 20 years, other metrics
may be favored. Improvements in image reconstruction –
from parallel imaging [16,17] and compressed sensing
[18] to deep learning [19] – mean that clinicians can
make optimal use of the available signal while exploiting
the physical advantages of low-field MRI, such as
reduced artifacts.
If SNR is sufficient at two different fields, then the
focus may fall instead on diagnostic or financial value.
Scientific literature even back in the mid 1990s showed
no significant difference in diagnostic sensitivity or
specificity between 1.5T and lower-field systems [20, 21].
Low-field machines are also less expensive, which is
particularly relevant given the cost pressure in many
healthcare systems.
All these factors could help bring MRI to places it
has not been before – spreading into new geographical
and clinical areas. The future of low-field MRI looks bright.
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André Fischer, Ph.D.
Global Segment Manager Neurology
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The Next Generation –
Advanced Design Low-field MR Systems
Val M. Runge, M.D.; Johannes T. Heverhagen, M.D., Ph.D.
Department of Diagnostic, Interventional and Pediatric Radiology,
University Hospital of Bern, Inselspital, University of Bern, Switzerland

Low-field superconducting MR systems, operating between
0.35 and 0.6T, were only briefly evaluated for clinical use
in the 1980s before they were superseded by higher field
systems. An important question today is the potential
of such units, operating at a known sweet spot – 0.55T,
employing in design all the knowledge gained during the
interval decades. Looking at cost, flexibility, image quality,
and accessibility, there is a very bright future for advanced
design low-field MR units, which should expand markedly,
worldwide, the use and clinical value of MR.

A brief history of the evolution of
MR field strength for clinical systems
Paul Lauterbur and Peter Mansfield jointly shared the 2003
Nobel Prize in Physiology / Medicine for their fundamental
work in the 1970s in the field now known as MRI. Soon
thereafter, John Mallard introduced the first whole body
MRI system, which operated at a field strength of 0.014T.
The potential for improved SNR with higher field strength
was quickly recognized, resulting in a second prototype
operating at 0.028T, but still utilizing a resistive magnet.
The initial commercial development of clinical MR –
in the early 1980s – was led by two companies no
longer in existence, Diasonics and Technicare. Both
used superconducting magnets, with the first company
delivering 0.35T units, and the second company initially
0.5T units (Fig. 1) and subsequently 0.6T units. In the
mid 1980s Siemens’ first commercial units were delivered.
These operated at a field strength of 1.0T, a theoretical
optimum defended by many prominent scientists of
the day.
In the late 1980s, a marketing blitz by one major
manufacturer, who was yet to enter the field, led to all
of the major X-ray manufacturers developing 1.5T systems.
Standardizing on a field strength of 1.5T was a radical idea,
with no clinical systems having been delivered at that
time with such a high field strength. Much of the premise
for development of this field strength was based on the
possible clinical development and utility of techniques

MAGNETOM Free.Max is currently under development and is not for sale in the
U.S. and in other countries. Its future availability cannot be ensured.

that would be thus enabled, such as phosphorus spectroscopy. This premise later proved largely false. Nevertheless,
all the major vendors were forced to invest, largely due
to marketing pressure, in the development of clinical
1.5T units. By the 1990s, delivery of 1.5T units dominated
the industry.
Then in the 2000s, the debate began concerning 3T,
primarily on the basis of brain imaging, which was indeed
the only exam of sufficient quality for clinical diagnosis
that these early 3T whole body systems could acquire.
There were major challenges to make 3T an acceptable
scanner, not only for the brain but also for the spine,
musculoskeletal system, and body. The prolongation of
T1, in plane and through plane chemical shift, and perhaps
most prominently patient heating (SAR) all presented
major challenges to overcome in making 3T clinically
viable. Indeed, despite the very high quality of scans at
3T in many anatomic areas today, the debate continues
regarding 1.5T versus 3T. Cost is a major impediment,
being substantially greater for 3T in terms of the system
itself as well as installation. Reflecting this debate and
heavily these costs, today for new MRI units two 1.5T
systems are still sold for every 3T.
1A

1B

1  A historical comparison of low field brain imaging in (1A) 1984
(on a Technicare 0.5T scanner) versus (1B) the current 2020
standard. The scan time was reduced from 10 to 4 minutes,
accompanied by a marked improvement in SNR and spatial
resolution due to interval technologic advances using the
MAGNETOM Free.Max system.
siemens.com/magnetom-world
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What data exists regarding low-field
imaging from the 1980s and 1990s?
The development of 1.5T imaging in the late 1980s
occurred despite the lack of substantial evidence at that
time, supporting that field strength, for medical diagnosis
and sensitivity to disease. More specifically, few large-scale
clinical trials exist from that era comparing efficacy at
low-field to that at 1.5T. It is to be granted that results
today at 1.5T are indeed excellent, but let us turn to the
little data that was available comparing field strengths
during that era of rapid development.
From the scant scientific literature, two major
publications / clinical trials stand out for their comparison
of low and high field. These trials cover two important
anatomic areas of clinical utility for MR, the brain and the
musculoskeletal system. Both provide little evidence of an
advantage to 1.5T in terms of either diagnosis or sensitivity
to disease. In a large clinical trial involving patients with
suspected multiple sclerosis, no difference in accuracy,
sensitivity, or specificity was noted between 0.5 and 1.5T
studies [1]. A similar design large-scale clinical trial was
performed with patients referred for imaging of the knee
[2]. Evaluation for anterior or posterior cruciate ligament
and meniscal tears showed no advantage for the higher
field strength in terms of accuracy and diagnosis.
In comparing 0.5 and 1.5T, the hypothesis still stands
today as it did in 1996 “that applications that require very
fast imaging, very high resolution imaging, or detection
of very small image intensity changes may demonstrate
diagnostic advantages for high magnetic field” [3]. It is
important also to recall that some of the prominent arguments favoring 1.5T and above included techniques that
are little used clinically today, such as spectroscopy, fiber
tracking and functional MR. Also, making low-field much
more viable are the many, significant technologic advances
that occurred in the interval years. These are considered
in the sections that follow. For a moment, however, let us
consider the problem that we are confronted with, and
that is the reality of physics in terms of signal-to-noise ratio
(SNR) and contrast-to-noise ratio (CNR).
SNR increases linearly with field strength, with some
assumptions. One is that receiver bandwidth is held
constant. However, bandwidth for any particular scan
sequence is usually increased at higher fields to account
for chemical shift. When the pixel shift is held constant,
then SNR scales with the square root of field strength
(not linearly). CNR is a more complicated situation, in part
due to the increase of T1 with field strength. Taking these
factors into account, for T1-weighted scans the increase
in CNR from 0.5 to 1.5T is in the range of 20%, while it
can be more than 40% for scans with little T1 contribution.
One caveat to the consideration of the data from the
1980s and 90s is that Time-of-Flight (TOF) MR Angiogra-
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phy and contrast enhanced MRA were not evaluated. These
techniques had not yet been invented. Thus, it remains a
question – which is presently being answered – until next
generation low-field units are further along in development how far interim software and hardware advances
can close the gap in image quality for MRA between low
and high field (Fig. 2).

What opportunities exist today
for low-field MR?
The question is what opportunities exist for making MR
accessible to a broader patient population, and/or more
cost efficient [4]? The development of high field was
pushed due to the promise of increased SNR and thus
higher image quality. However, looking just at one area,
and that is the spine, the march from 0.5 to 1.5 to 3T has
not truly met one’s expectations. Chemical shift and CSF
motion created problems, some of which still exist today,
and slice thickness for routine scans only moved from
5 mm to 3–4 mm. Regardless, a modern low-field system
is expected to achieve comparable image quality, and thus
have sufficient SNR. Alternatively, for the installed site, the
number of applications demanding thin section imaging
need to be very low, to justify purchase of a system
without such capabilities. It should be kept in mind
however that thin section imaging in certain instances
can be achieved with longer scan times.
Along the way – in the development of higher field
units – new problems were encountered, due to – for
example – SAR, patient safety, tissue susceptibility, and
not to be forgotten, cost. In regard to the latter, the
specifications and infrastructure requirements of MRsystems have grown substantially over the years, keeping
MR an extremely expensive imaging modality, limiting
patient access and utilization.

2A

2B

2  Time-of-flight MRA was not developed until relatively late for MR,
and thus the question remained – answered with this figure –
about the diagnostic potential at 0.55T. TOF MRA performs well,
comparable to 1.5T, with, as anticipated, a slight reduction in SNR.
Thick axial MIP reformats are presented from scans at (2A) 0.55T
and (2B) 1.5T with voxel dimensions of 0.5 x 0.5 x 0.5 mm3 in
each instance and approximately the same scan time.
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Today there is tremendous economic pressure on
healthcare systems worldwide. Thus, the following
questions seem worth revisiting. Is it possible to reduce
the cost of the most expensive part of an MR system,
the magnet, as well as the next most expensive part, the
gradients, and still achieve excellent image quality? Is it
thus possible to add new diagnostic value, by making MR
more accessible both in developed countries and in less
developed areas, as well as for niche applications (such
as interventional MR)? Is there a missed opportunity in
the road that clinical MR and the research community have
taken since the advent of this technology in the 1980s?
Intrinsic advantages for low-field systems include
shorter tissue T1 and longer T2* (allowing more time
efficient scan acquisitions), reduced susceptibility effects,
and reduced specific absorption rate (tissue heating).
Reduced SAR lessens scan parameter constraints (flip
angle, TR, number of slices) and diminishes heating of
metal devices and implants. Low-field technology was
last explored in depth in the 1980s, long before the development of many current acquisition and post-processing
strategies, including spiral acquisition, parallel imaging,
iterative reconstruction and most recently deep learning
reconstruction.
A new look at low-field technology today is highly
recommended, holding the potential for development
of advanced, next generation MR systems with markedly
lower cost yet excellent image quality. Such a development
could lead to a wide range of new scanners, from basic
systems destined for small clinics or developing nations to
higher end niche systems including dedicated emergency
room, intraoperative, and interventional units.
Magnet and receiver coil technology
Bore size is an important consideration in design of an
advanced, next generation low-field system. The early,
whole body, superconducting MR clinical units had a 60 cm
width bore, although the bore was even slightly smaller in
several designs that were generally not successful.
The first wide bore (70 cm) unit, the MAGNETOM
Espree (which operated at a field strength of 1.5T), was
launched in 2004. This design at the time was highly
innovative, and the unit subsequently dominated the sales
market, largely due to patient comfort and the increasing
weight of patients worldwide. Since that time, wide bore
high field (3T) units have also become available. In terms
of the design of a next generation low-field system,
the comparatively small amount of superconducting wire
needed makes viable, cost wise, ultra-wide-bore systems,
with bore dimensions in the range of 80–90 cm.
A huge barrier, both from a practical point of view and
cost, is the siting of a unit, for example in operating rooms,
remote clinical sites, and developing world clinics. A zero
boiloff magnet, with elimination of the quench pipe and a

markedly reduced foot print (including the 5 gauss line),
are possible in the near future and offer great promise for
dissemination of MR technology world-wide.
In terms of receiver coil technology, there have also
been major advances since the 1980s that can be applied
to next generation low-field systems. In the early years
of MR, receiver coils were far from optimized, with for
example head coils both larger in diameter and longer
than needed. For body imaging, RF reception was
3A

3B

3C

3D

3  Sagittal (3A) T1- and (3B) T2-weighted 2D fast spin echo scans
at 0.55T of the cervical spine. The slice thickness was 4 mm and
3 mm, respectively. Scan times were 3 minutes 10 seconds and
4 minutes 4 seconds. There is a mild retrolisthesis of C5 on C6.
There is a disk-osteophyte complex at C5–6 with loss of disk space
substance and mild endplate degenerative changes (arrow). The
disk space at C4–5 is small (arrowhead), and given the appearance
of the C4 and C5 vertebrae on the sagittal images, this likely
represents a congenital block vertebral body (C4–5). The thoracic
and lumbar spine that are displayed in the sagittal (3C) T1and (3D) T2-weighted full spine images are essentially normal.
The slice thickness in (3C) and (3D) was 4 mm. Scan times for
the whole-spine scans were (3C) 9 minutes 30 seconds and
(3D) 8 minutes 48 seconds.
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performed using the body coil – placed far away from
the patient and thus with relatively poor SNR. The
advances we take for granted today – that have led to
major improvements in SNR and paid into the capability
for acquisition acceleration, such as multichannel,
multielement coils, flexible coils, and specific contoured
coils for body regions (for example the shoulder, knee,
wrist, ankle, and neck) were in the 1980s and 1990s still
decades away from development. Spine, musculoskeletal,
and liver imaging at 0.55T will all benefit greatly from
these technologic advances (Figs. 3–7).
Gradient performance
The gradient system is the second largest cost, following
the magnet, for an MR unit. Over the years, there have
been many advances regarding the magnetic field gradients, although today the slew-rate for whole body-systems
is constrained not by technological limits but by physiology
and specifically nerve stimulation. Research applications,
for example high resolution DTI, however have primarily
driven the quest for very high gradient amplitudes. There
are cost issues here, due to manufacturing and design
complexity, as well as increased power consumption and
cooling requirements.

4A

4C

5A

5B

5C

5D

4B

4D

4  Coronal 2D fast spin echo (4A) T1-weighted images of the
knee, and coronal, sagittal, and axial (4B, C, D) 2D proton
density-weighted images with fat saturation, all images obtained
at 0.55T in a normal volunteer. The slice thickness in each
instance was 4 mm. Scan times were (4A) 4 minutes 4 seconds,
(4B) 5 minutes 2 seconds, and (4C, D) 5 minutes 22 seconds,
respectively.
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However, much like cars, one does not always need a
Ferrari, a BMW will do. One cannot always drive oneʼs car
at 200 kilometers an hour, and most Ferraris spend very
little of their life doing such speeds. Thus, the question is,
for MR, for daily, routine clinical use which techniques
require peak amplitude of the gradients, how often are
they used, and are there other ways to reach such
requirements?
One of the techniques that drives the gradients the
hardest is diffusion-weighted imaging (DWI). If one simply
uses an older gradient system, with lower specifications,
then the change required for high end DWI will be to

siemens.com/magnetom-world

5  Coronal 2D fast spin echo proton density-weighted images of the
upper ankle (5A) without and (5B) with fat saturation, obtained
at 0.55T. Voxel dimensions were (5A) 0.5 x 0.4 x 3.0 mm3 and
(5B) 0.6 x 0.5 x 3.0 mm3, with scan times of 3 minutes 47 seconds
and 3 minutes 46 seconds.
Axial 2D fast spin echo T2-weighted images of the upper ankle
(5C) without and (5D) with fat saturation, obtained at 0.55T.
Slice thickness of the T2-weighted images was 3 mm, scan time
was 3 minutes 37 seconds and 3 minutes 19 seconds.
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6A

6E

6B

6F

6C

6G

6D

6H

7A

7B

6  Coronal (6A) respiratory triggered 2D
T2-weighted images of the abdomen,
using a BLADE acquisition technique. Scan
time was 2 minutes 26 seconds. Axial (6E)
respiratory triggered 2D T2-weighted fat
saturated images of the abdomen, using a
BLADE fast spin echo acquisition. Scan
time was 2 minutes 50 seconds. Images
are presented from a normal volunteer
at 0.55T and show two small liver
hemangiomas with characteristic
hyperintensity on T2w and hyperintensity
on DWI and ADC. The b = 50 s/mm2 (6B, F)
and b = 800 s/mm2 (6C,G) diffusion-weighted scans were obtained with
single-shot echoplanar technique, the
respective ADC-maps (6D, H) are also
presented. Scan time for the coronal
diffusion-weighted scans was 2 minutes
10 seconds, scan time for the axial
diffusion-weighted scans was 3 minutes
26 seconds. The slice thickness was
6 mm in every instance.

7  Coronal breath-hold 3D T1 VIBE Dixon
water images (7A) of the abdomen with
a slice thickness of 3 mm. The scan time
was 19 seconds.
MRCP (7B): MIP reformat from a
respiratory-triggered 3D T2 SPACE
acquisition, displaying the right and left
hepatic duct, the common hepatic duct,
the common bile duct, and the pancreatic
duct. Voxel dimensions were
1.1 x 1.0 x 1.0 mm3, with a scan time
of 4 minutes 19 seconds (CS factor 10).
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increase the TE on the order of 10–15 msec. At high field,
this is actually a very substantial change. There, TE and
echo spacing are kept as short as possible to minimize susceptibility and maximize SNR. However, at low-field, T2*
decay and susceptibility are much less of an issue, with
longer echo spacing acceptable and the SNR issue of
longer TEs compensated with lower readout bandwidths
(Fig. 8). This example illustrates the need to think outside
the box for the design of low-field gradient systems.
Balancing imaging parameters is an optimization problem
with different boundary conditions at low-fields. By careful
8A

8B

9B

9C

9D

9E

9F
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Image contrast
It is important to note that T1, T2, and T2* all change with
magnetic field. Depending upon the specifics, this could
be an advantage or a disadvantage for low-field (Fig. 9).
T1 shortens by 1/3rd at low-field when compared to 1.5T,
8  2D single shot epi DWI (b = 1000 s/mm2)
at (8A) 0.55T and (8B) 1.5T, acquired with
the same slice thickness (5 mm) and pixel
dimensions. Known problems at higher
field can be seen, for example the image
distortion anteriorly (due to susceptibility
effects from the frontal sinus), mild image
blurring, and slight image foreshortening
– which are not present on the 0.55T
image. Due to doubling of the number
of averages, the scan time at 0.55T was
about twice that at 1.5T.

9A

16

design, the potential disadvantages of a low cost gradient
system can be mitigated with a non-traditional approach.
High image quality can be achieved, with the lower cost
of the magnet and gradients offering major advantages
in terms of broadening access to MRI.

9  2D TSE (9A, D) T1-weighted, (9B, E)
T2-weighted, and (9C, F) FLAIR images of
the brain at (9A–C) 0.55T and (9D–F) 1.5T.
To be noted is the mildly improved T1
contrast at 0.55T, due to the increase in
T1 with field strength. The slice thickness
was 5 mm. Scan times ranged from
approximately equal for the two fields to
about twice, depending upon technique.
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which is advantageous for T1-weighted scans. Other
advantages, specifically for echo-planar and spiral acquisitions, include that T2 is longer by a 4th, and T2* longer
by almost half. Low-field may have as well applications
for lung imaging, where the situation is unique, with T2*
prolonged more than 3-fold [5].
Spiral imaging
Improved signal sampling efficiency can be achieved at
low-field due to the prolongation of T2*. Using a spiral out
acquisition (as opposed to Cartesian sampling), balanced
steady-state free precession and spin echo techniques can
achieve nearly double the SNR [5]. The rationale for high
field imaging was the gain in SNR, in theory (although
with many caveats) being linear with the increase in field
strength. A spiral out acquisition at 0.5T can offer a gain
of two times in SNR, largely negating the three times
higher (in theory) SNR at 1.5T.
Simultaneous multi-slice technique
Simultaneous multi-slice (SMS) technique is not restricted
to high field imaging, and is easily applied as well at low-

10A

10B

10C

10D

11A

11B

11C

field. As shown in many clinical applications, SMS can be
used to reduce scan time as well as to increase the number
of acquired slices within a given scan time [6]. Its primary
application at low-field will likely be to improve SNR, while
maintaining scan time. This technique is easily applicable
to both single shot EPI (for diffusion-weighted scans)
and turbo spin echo technique (for T1-, T2-, and proton
density-weighted scans).
Iterative denoising
Iterative denoising is a relatively new technique that can
be applied to improve image quality for low SNR scans [7].
The technique could thus be of particular value for lowfield scans. Iterative denoising can be applied to almost all
routine 2D and 3D MR acquisitions. It has the potential to
increase SNR by 25%, or alternatively to reduce scan time
by 30% (while maintaining SNR).
A short explanation of iterative denoising follows.
Complex-valued image data is exported prior to interpolation and magnitude reconstruction, together with
additional information regarding image normalization,
k-space filtering, and noise calibration used. This data

10  (10A, C) b-value 0 and (10B, D)
1000 s/mm2 single shot EPI DWI scans
at (10A, B) 0.55T and (10C, D) 1.5T of
the orbit. The increased magnetic
susceptibility at 1.5T leads to marked
distortion of the globes, poor depiction
of the optic nerves, and prominent
susceptibility artifact from the sphenoid
sinus. Sequence specifics were similar for
the two field strengths, with signal
averages doubled for 0.55T.

11  Coronal (11A) T2 TIRM and axial
(11B) 2D BLADE fast spin echo proton
density weighted images and axial (11C)
2D T2-weighted BLADE images of the
thorax.
All images were obtained with respiratory
triggering in a healthy volunteer at 0.55T.
Slice thickness was 6 mm.
Scan times were 6 minutes 8 seconds,
7 minutes 22 seconds and 5 minutes
44 seconds, respectively.
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is then iteratively denoised by thresholding – spatially
adapted to the local noise level – using orthogonal wavelet
transforms. The data is re-imported to the reconstruction
pipeline and magnitude images calculated. An important
point is that the process is automatic, with the algorithm
adapting to changes in acquisition and scan conditions.
Deep learning reconstruction
Another highly promising, yet very new approach is to
utilize deep neural networks either in the direct transformation of raw data into images or to optimize the quality
of otherwise non-diagnostic images. Consider for the
moment the simple example of a fast, low resolution
scan acquired at low field. If a neural network is trained
with high-resolution images – from either the same field
strength or higher, the network can establish “neural connections” to associate features in the lower quality image
with those in the higher quality image. After training on
a few thousand images, the network can then apply its
“knowledge” to improve the resolution of the images. This
approach is commonly termed superresolution processing.
Beyond such image optimization strategies, deep learning
might also be beneficial to limit the impact of artifact
patterns, such as streaking in radial imaging.
Image degradation due to susceptibility
The differing susceptibility of tissues causes, at their
interface, both geometric distortion and artifactual areas
of high and low signal intensity in MR images. Susceptibility is substantially less at low-field, being proportional
to magnetic field strength. Prominent susceptibility
artifacts, interfering with clinical diagnosis, are well
known in the orbits, internal auditory canal, skull base,
lungs, bowel, and close to metal implants. Considering
this issue by itself, image quality will thus be substantially
improved in these areas at low-field (Fig. 10). Lung imaging in particular will benefit, with MR of course offering
potential clinical value over CT due to its soft tissue
contrast and in particular the ability for spatially resolved
assessment of lung function (Fig. 11). Recent clinical
images from a 0.55T prototype show great potential
for the imaging of parenchymal lung disease [5]. A
particular advantage for MR in this application would also
be the elimination of the high radiation dose otherwise
necessary over a patient’s lifetime for the evaluation
by CT of chronic diseases, in particular those that occur
in the pediatric population, for example cystic fibrosis.
The imaging of metal implants is another area expected
to benefit greatly from low-field, due to less severe
susceptibility artifacts.
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Acoustic noise
The noise in MR, during scanning, comes from the gradient
coils. If everything else is held constant, doubling the
magnetic field increases the acoustic noise (which is
measured on a logarithmic scale) by 6 dB(L) [8]. To put
this in perspective, normal conversation is at 60 dB, a
vacuum cleaner 75 dB, sounds above 85 dB harmful, and
for a subway 90–95 dB. Many sound deadening designs
for the gradients have been introduced over the history
of MR, with all applicable regardless of field strength. In
a comparison of a low-field and a 1.5T unit (performed
in the early 2000s), acoustic noise ranged from 77 dB at
low-field (with the lowest noise scan) to 98 dB at high
field (with the highest noise sequence). With all else equal,
and a scan that produces moderate noise, changing from
a 1.5 to a 0.5T MR could reduce the noise of the gradients
for example from that of a subway to that of a door bell.
Interventional MR
There are many special requirements for interventional MR.
RF heating can be a concern, due to the use of biopsy needles and guidewires. Heating in MR generally scales with
Larmor frequency, and thus the operating field strength.
Low-field consequently offers major advantages over high
field. This is particularly true for cardiac catheterization.
A recent study at 0.55T demonstrated that heating, with
a subset of currently available devices, did not represent
a restriction, and specifically did not exceed 1°C during
2 minutes of continuous imaging [5]. For an interventional
system, improved bore access (due to greater bore dimension) would also be a marked advantage.
The lower price of a low-field system (with the real
cost including the system itself, installation, and service /
cryogens) would make much more practical dedicated
installations for interventional work. Patient monitoring
should be simpler, due to the lower field strength, with
fewer problems caused by the magnetic field (for example
with monitoring equipment) and the 5 gauss line much
closer to the unit. The lower cost and ease of installation
could lead to dedicated systems not previously possible
in many departments, like what evolved historically with
CT as well.
A substantially lower main magnetic field also reduces
susceptibility artifacts, specifically the artifacts from catheters and needles. TrueFISP, the pulse sequence of choice
for interventional guidance, also performs better at lower
fields. SAR limits are less of a constraint, and other image
artifacts (such as bending) are also less. Overall, low-field
offers a major advantage when compared to higher fields
such as 1.5T for interventional work.
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Summary
Next generation low-field MR units will greatly benefit by
the knowledge gained in system development over the
last 35 years. High image quality is dependent on magnet
homogeneity, fast gradients with minimal eddy currents,
multichannel receiver coils and advanced image reconstruction (including compressed sensing), all achievable
on a low cost, low-field system today. Developing in
addition an advanced design ultrawide-bore magnet would
offer unrivaled patient comfort and ease of patient monitoring, sedation, and interventions. The reduced acoustic
noise inherent to low-field offers a further improvement in
patient comfort, as well as that for associated personnel.
Low-field MRI is inherently more cost-effective due
to reduced magnet, gradient, RF transmitter, and siting
costs. Installation and infrastructure (weight, size) requirements are substantially reduced. The need for helium
refills, and even the quench pipe, could be eliminated
with an advanced magnet design, further reducing costs.
These all have important implications for technology
dissemination – both in developed economies and in
underdeveloped areas [4], and access to care.
Not to be neglected are the specific imaging advantages that come with low-field. Lower susceptibility leads
to improved sequence performance, as well as improved
image quality in many anatomic areas. Lower SAR adds
scan sequence flexibility and diminishes the difficulties
with metal implants and interventional techniques.
Advanced readout strategies with increased SNR,
such as spiral imaging, are possible. SNR-efficient long
readout strategies can be employed, due to reduced T2*,
providing the benefit as well of reduced image distortion
and blurring.
Newly designed, advanced generation low-field MR
imaging systems will radically increase access to disease
diagnosis and surveillance both in developed countries
and worldwide. MR systems operating in the range of 0.5T
were briefly evaluated in the mid-1980s, in the early days
of MR. Considering the subsequent hardware and software
developments over the interval 35 years, those units were
quite primitive and did not reflect the image quality that
can be achieved today. The potential impact of new, low
cost, advanced generation MR imaging systems is extremely high. These will lead to further dissemination of health
care – both in the G20 nations and in developing countries.

The low system cost, low installation cost, ease of maintenance, and ability to operate even with electrical power
issues, combined with high image quality, all predict a
bright future for this development.
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1

Introduction
While computed tomography (CT) is generally used as a
first-line investigation method in emergency departments,
magnetic resonance imaging (MRI) is the reference method
to accurately detect and characterize cerebral involvement
and investigate subtle pathophysiological alterations in
most brain diseases, including stroke, seizure, brain tumors, and infections.
Magnetic resonance (MR) investigation for patients
referred to emergency departments remains challenging,
as scanners are not always available 24/7 and patients are
often unstable. Also, as longer acquisition times are needed compared to CT imaging, a strict selection of indications
that could benefit from MRI without unnecessarily prolonging the patient workup is mandatory in order to optimize
time-to-treatment.
A 3T MAGNETOM Vida scanner (Siemens Healthcare,
Erlangen, Germany) was installed in the Emergency
Radiological Unit of the Department of Diagnostic and
Interventional Radiology of the University Hospital of
Lausanne at the end of December 2017 (Fig. 1). To date,
this is the first MR scanner located directly within an
emergency department in Switzerland. We present brain
MR workflow implementation and current brain MR guidelines in the emergency setting. We also report on the
activity during the first year of use and results after the
first 1,000 brain MR cases.

1A

1B

 T MAGNETOM Vida scanner and cameras
1 3
The 3T MAGNETOM Vida scanner (1A) was installed in the
Emergency Radiological Unit and was equipped with three
cameras: one at the top of the bore and four mounted into
the bore (1B) to allow monitoring of patients’ face and motion
on screens in the control room.
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MR workflow implementation
MR activity started on January 1, 2018, with 12-hour daily
availability until the end of March, followed by 24/7 availability from April 2018. On May 1, 2018 (week 18), we
also started using MRI in the 24/7 acute stroke workflow.
Emergency department collaborators, including nurses and
physicians, were given MR safety information and guidelines on implementing brain MRI both for daily emergency
practice as well as for the acute stroke workflow. We also
developed a harmonized multi-disciplinary list of indications.
From the beginning, our MR activity was not limited to
brain imaging, but also included body imaging for urgent
indications for which MRI remains the reference standard,
such as the search for bile duct stones.
MR safety
The use of MRI in an emergency setting is a challenge
for patient safety and management, so it was necessary to
prepare the Emergency Department and Neurology teams.
From December 2017 to March 2018, 100 nurses and
physicians were given 20 teaching sessions that covered
MR setup, safety rules in the MR environment, and MR
safety checklists (one for employees, one for patients).
Teaching also included stroke-like workflow simulations, with a volunteer simulating a stroke complicated
by an acute seizure that occurred in the MR scanner. Each
simulation involved a neuroradiologist, a neurologist, a
physician from the Emergency Department, two MR technologists, and two nurses, all blinded for volunteer behavior. Each step was timed, and the availability of materials

and respect of MR safety rules were checked by a separate
team consisting of one neuroradiologist, one MR technologist, one neurologist, and one physician from the Emergency Department. A debriefing meeting for all participants followed. A second simulation was then conducted
to ensure that performance had improved, before making
MR available for acute stroke 24/7.
To ensure patient safety during MRI acquisition,
EKG, arterial blood pressure, respiratory rate, and oxygen
saturation index were continuously monitored on repetition screens in the control room. Furthermore, position,
and patients’ faces were monitored via dedicated cameras
inside the tunnel (Fig. 1).
MR indications and contraindications
A complete switch from CT imaging to MRI is not feasible in
an Emergency Department due to the difference in acquisition time, as well as frequent hemodynamic instability and
restlessness of admitted patients. It is therefore crucial to
determine indications and contraindications in patients
that could benefit from a brain MRI.
After multi-disciplinary meetings with the responsible
physicians at the Emergency Department (emergency and
intensive care physicians, anesthesiologists, neurologists,
neurosurgeons), we defined a list of indications for access
to MRI within reasonable delay times (Table 1). We also set
MR contraindications, including high level of restlessness,
hemodynamic or respiratory instability, vomiting, severe
claustrophobia, and implanted devices (pacemaker, neurostimulator, cochlear implant, or any fixed head or neck
device).

Brain MRI indications and delay
MRI within 30 min

MRI within 3 h

Acute stroke ≤8h with potential IVT or EVT
Acute stroke >8h with potential late EVT

Acute coma
Meningo-encephalitis
Pituitary apoplexia before emergency surgery
Brain tumor before emergency decompressive surgery

MRI within 6 h

No indication for MRI within 6 h

TIA or acute stroke without IVT or EVT
Isolated acute vertigo without any peripheral cause
Seizure and refractory status epilepticus
Multiple sclerosis and RBON
Intracranial hypotension

Any MRI contraindication (CT)
Meningitis without focal deficit (CT)
Initial workup of an extracerebral tumor without symptoms
Acute hemorrhage (angio-CT)
Isolated acute headache (angio-CT)
Acute brain trauma (CT)
Brain tumor with no need for emergency surgery

Table 1: Summary indications for emergency brain MRI and delay.
Abbreviations:
EVT: endovascular thrombectomy
IVT:
intravenous thrombolysis
RBON: retrobulbar optical neuritis
TIA:
transient ischemic attack
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Some patients may have implanted devices but are not
able to communicate in emergency situations, for example
because of aphasia or cognition problems, so it was decided to perform a chest X-ray before MRI for any unresponsive patient admitted to the Emergency Department
without recent documentation in our picture archiving
and communication system. This is important especially
for patients referred within the context of the acute stroke
workflow. The initial evaluation by neurologists includes
filling in the patient’s safety checklist to decide between
CT and MR imaging.
MR protocols
For most emergency cases, MRI is performed with a
64-channel array coil using standard MR protocols, as
set up for outpatients; but MR acquisitions in cases of
suspected stroke deserve special attention.
Although the choice of CT imaging or MRI does not
influence the outcome of patients with acute stroke due
to large vessel occlusion [1], MRI is superior to CT imaging
for the diagnosis of small ischemic lesions and stroke
mimickers [2–4]. However, the use of MRI delays patient
management due to longer patient positioning and acquisition time [1], so MR protocols must be optimized. Fast
MR sequences reduce acquisition time and the potential

impact of patient motion. It is, however, important not to
inconsistently reduce the number of MR sequences, and
consequently image quality, in order to take advantage
of using MRI rather than CT imaging. Given that “time is
brain” in a suspected acute stroke, the implementation
of MRI needs cautious protocol optimization in order to
reduce the “time to therapy”. Therapy being intravenous
thrombolysis (IVT) and/or endovascular thrombectomy
(EVT).
Starting with MR protocols previously used in our institution, we optimized our MR stroke protocol by adapting
the number and duration of sequences while keeping
optimal spatial resolution (Table 2). The choice following
multi-disciplinary discussions was for the “short protocol
with 3 mm thick slices and CS-TOF”, which represents the
best compromise between high image quality, resolution
and sequence duration. This protocol was designed for
all MRIs performed for suspected acute stroke that could
potentially benefit from IVT and/or EVT. Neither the ultrashort protocol nor the short protocol with 5 mm thick slices
were chosen because arterial intracranial TOF is necessary
for EVT planification, and because thin slices are more
suitable for the detection of small infarcts, respectively.
Figure 2 summarizes the current workflow for any suspected acute stroke case that may benefit from IVT and EVT.

Sequences

Full protocol

Protocol without
suspicion of cervical
dissection

Short protocol
3 mm thick slices
with CS-TOF

Short protocol
5 mm thick slices
with CS-TOF

Ultra-short protocol
3 mm thick slices
without TOF

T1_fl2d_sag

1’10

1’10

1’10

0’53

1’10

ep2d_diff_AVC*

1’54

1’54

1’54

1’46

1’54

T2_tse_FLAIR_tra

2’24

2’24

2’24

1’47

2’24

T2_gre_tra_hemo

2’08

2’08

2’08

1’24

2’08

Tof_fl3d_tra_art

6’12

6’12

—

—

—

CS_Tof_fl3d_tra_art

—

—

3’06

3’06

—

T1_space_cor_spair

4’53

—

—

—

—

Angio_fl3d_cor_pre

0’23

0’23

0’23

0’23

0’23

Care_bolus_cor

1’30

1’30

1’30

1’30

1’30

Angio_fl3d_cor_post

0’23

0’23

0’23

0’23

0’23

T1_fl2d_tra

1’05

1’05

1’05

1’05

1’05

ep2d_perf_p3HR

1’45

1’45

1’45

1’45

1’45

23’47

18’54

15’48

14‘02

12’42

Total duration

Table 2: Optimization of brain MRI protocols for acute stroke evaluation.
Abbreviations: CS, Compressed Sensing; FLAIR, fluid attenuated inversion recovery; TOF, time-of-flight.
* Diffusion-weighted imaging is acquired using Simultaneous Multi-Slice acceleration technology.
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2  Acute stroke workflow
Abbreviations:
CS: compressed sensing
DWI: diffusion-weighted imaging
EVT: endovascular thrombectomy
IVT: intravenous thrombolysis
PWI: perfusion weighted imaging
TOF: time-of-flight

Suspected stroke eligible for IVT and/or EVT

Call “Team Stroke“
Neurologist
Neuroradiologist / MR Technologist
Interventional Neuroradiologist
Anesthesiologist

Color points represent practitioners
involved in the step:
– green for neurologist
– navy blue for neuroradiologist
– cyan for MR technologist
– red for interventional neuroradiologist
– Multiple points are displayed when a
multidisciplinary decision is needed.

Initial evaluation ± Chest X-ray
Patient checklist
: MRI contraindication?
e.g., implanted device on X-ray
NO

YES

Angio-MRI

Angio-CT

T1 S
T2GE T
DWI T
CS-TOF
2D FLAIR T
STOP
IVT contraindication?
e.g., hemorrhage

YES

No IVT

NO

IVT bolus

YES

EVT

NO

Continue IVT

Continue
Cervical angio-bolus
Gado T1 T
PWI

Criteria for EVT?

3  Emergency MRI activity over the first year.

4  Number of brain MRI scans recorded in the Acute Stroke Registry
and Analysis of Lausanne.
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Experience in the first year
Activity in the first year
Overall, 4,127 MRI exams were performed during the first
year. Of these, 3,107 (75%) were brain MRIs. The weekly
median number of brain MRIs was 66 (Interquartile range:
55–75, min-max range 16–87). This increased during the
first few months from 45 (Interquartile range: 41–51,
min-max range 23–56) before week 18, to 70 in the
following months (Interquartile range: 65-76, min-max
range 16–87). A plateau of 74 was reached at week 35
(i.e. last week of August, median number of brain MRI:
74 per week, interquartile range: 70–77, min-max range
16–87, Fig. 3). This corresponds to a prediction of up to
5,000 MRI scans per year with 24/7 MR scanner availability.
According to the Acute Stroke Registry and Analysis of
Lausanne (ASTRAL), the number of patients who underwent a brain MRI at the acute phase of a stroke increased
from a median of 1 case per week before week 18 (when
the 24/7 acute stroke MRI workflow began) to 7 patients
per week thereafter (Fig. 4).

5A

5B

5C

5D

5E

5F

The first 1,000 brain MR examinations:
indications, protocols, and results
During the first five months, a total of 1,397 MR examinations were performed, including 1,000 brain MRIs. Of those
1,000 patients, 461 were female and 539 were male, with
a median age of 57.2 years (95% interval 42–75 years;
range 0–95 years).
Out of these first 1,000 brain MR examinations,
564 were for suspected stroke, 111 for other suspected
vascular disease, 51 for seizure, 49 for suspected infection,
177 for known or suspected tumors, 31 for new psychological symptoms, and 17 miscellaneous. A total of 676
included the arterial TOF sequence, and 356 included both
the arterial TOF and the cervical angio-bolus sequences.
Overall, 380 brain MRI scans (38%) were determined
to be normal. The pathological results were stroke (Fig. 5)
in 253 patients (25.3%), other vascular diseases (e.g.,
aneurysm, venous thrombosis) in 85, acute infection in 60,
cerebral tumors in 173, and other miscellaneous diagnoses
in 47 patients. MRI acquisition had to be stopped due to
intractable nervousness in just two cases. We recorded
no major adverse events due to MRI, or side effects after
intravenous gadolinium contrast media injection.

5G

5  Acute stroke on MRI
An early acute stroke of the left middle cerebral artery (MCA) is seen as a bright area on the diffusion-weighted image (5A); as an area
with low ADC value (5B); and as a faint hyperintense area on FLAIR (5C). The thrombus located within the left MCA appears dark on the
T2 gradient echo image (5D, arrow) and CS-TOF confirmed vessel occlusion (5E). On perfusion-weighted images, the Tmax map (5F) shows
a large area of penumbra surrounding the infarct. The patient consequently underwent intravenous thrombolysis followed by endovascular
thrombectomy, with subsequent complete recanalization of the left MCA as seen on end-procedure digital subtraction angiography
(5G, arrow head).
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Discussion
The clinical integration of an MR scanner into an emergency department is feasible. It requires prior teaching of
adequate safety rules, multidisciplinary meetings to define
the exact indications, and optimization of MR acquisition
protocols. When these preliminary conditions are fulfilled,
as was achieved in our institution, MRI use could quickly
increase up to 5,000 cases per year.
While stroke is the top diagnosis in pathological examinations, we found that 38% of patients admitted to the
emergency department with an indication for brain MRI
had a normal result. Although the impact on the time of
patient discharge from hospital has not yet been assessed,
the use of MR in an emergency department could shorten
the duration of hospitalization for patients with a normal
brain or other MRI.
The true conversion rate from CT imaging to MR examinations should also be evaluated in our institution and in
others. Unlike other countries and cities in Switzerland, our
department has centralized management of all radiological
emergency prescriptions, and a single general radiologist
who decides on the imaging modality based on our guidelines. MR activity and conversion from CT imaging to MRI
might therefore differ if modalities are managed by multiple practitioners, as is the case in Germany.
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Introduction
emerged in the late 90‘s with SENSE [1] and GRAPPA [2]
techniques. These pioneering works demonstrated that
spatial diversity information from coil sensitivity maps have
additional information that can be exploited to speed-up
signal acquisition. The data redundancy in Fourier encoding of 2D or 3D spaces can be used to reduce the required
sampling rate, in other words, without the need to satisfy
Nyquist sampling criteria to avoid aliasing artifacts.
The penalty for acquiring fewer signals is a loss of
signal-to-noise ratio (SNR) in the final image by a factor
of the square root of the acceleration factor (√R) due to
reduced signal averaging [3]. Additionally, PI reconstruc-

Magnetic Resonance Imaging (MRI) is an inherently slow
imaging modality, since it acquires multi-dimensional
k-space data through 1-dimensional (1D) free induction
decay or echo signals. This can limit the use of long acquisition time sequences in clinical practice, especially for
high-resolution or dynamic imaging. For that reason, one
of the main aims over the past three decades has been
to focus research and development activities on various
acceleration techniques. Parallel imaging (PI) is the most
commonly used acceleration technique. PI allows to reduce
the number of k-space lines needed and to reconstruct the
final images without aliasing artifacts. Parallel imaging has

1A

2D Standard
2x2

1B 2D CAIPIRINHA
2x2

1C 2D (1D) Standard
1x5

1D 2D CAIPIRINHA
5x1

1  In vivo 3D FLASH brain imaging using
different acceleration schemes with
a 20-channels Head&Neck coil:
(1A) Standard 2D-GRAPPA 2 x 2.
(1B) 2D-CAIPIRINHA 2 x 2.
(1C) Standard 5 x 1.
(1D) 2D-CAIPIRINHA 1 x 5.
Displayed are central slices in the
sagittal, coronal, and axial view.
In addition, the corresponding
GRAPPA g-factor maps are shown.
Reproduced with permission from [6].
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tions result in spatially varying noise amplification in the
final images, characterized by the so-called g-factor, which
depends on the specific geometry of the radiofrequency
(RF) coil array used for signal reception.
More recently, Controlled Aliasing in Parallel Imaging
Results in Higher Acceleration (CAIPIRINHA) was first
introduced for 2D multi-slice imaging [4] and then for
volumetric 3D imaging (known as 2D CAIPIRHINHA) [5].
This concept in PI modifies the appearance of aliasing
artifacts during data acquisition in order to improve the
subsequent PI reconstruction procedure by reducing the
g-factor for a certain coil geometry and a certain imaging
protocol. CAIPIRINHA applied to 3D imaging has been
shown to be superior to more standard 2D SENSE/GRAPPA
schemes in terms of signal loss and image quality [6],
especially in the central part of the field of view (Fig. 1).
This acceleration technique has been successfully
implemented as a product solution unique to Siemens
Healthineers, initially in the FLASH 3D Volumetric Interpolated Breath-hold Examination (fl3d_vibe) sequence for
body applications, and later in the Sampling Perfection
with Application-optimized Contrasts using a different flip
angle Evolutions (SPACE) sequence for spin-echo based
3D acquisitions throughout the human body.
The common theme in these approaches is that the
data redundancy can be exploited to reduce the required
sampling rate. Since redundant data can be compactly r
epresented in some transform domains, it is also closely
related to the concept of ‘sparsity‘. Ever since the introduction of the Compressed Sensing (CS) theory [7] and
the first demonstration of CS MRI by Lustig et al. [8],
CS has become the essential tool in modern MR imaging
research by exploiting image sparsity to reduce scan time
and/or improve image quality.
The three key components of CS are
• the incoherent subsampling of the Fourier space,
• the transformation of the image into a sparse
representation, e.g., Wavelet transformation, and
• the non-linear iterative reconstruction to balance
between enforcing sparsity and ensuring data
consistency.
A comprehensive overview of the CS theory, applications,
and limitations can be found in [9] and [10]. CS was
first integrated into product sequences on MR systems
from Siemens Healthineers for cardiac cine applications,
exploiting the 2D+t data redundancy of the beating heart,
and for post-gadolinium 3D+t liver dynamics by the aim
of Golden-Angle Radial Sparse Parallel (GRASP) MRI
acquisition. CS was then integrated into additional sparse
applications such as Time-Of-Flight MR angiography

Neurology · Clinical

(CS TOF), MR cholangiopancreatography using 3D SPACE
readout (CS SPACE), and Slice Encoding for Metal Artifact
Correction (CS SEMAC) for musculoskeletal applications in
the presence of medical implants.1

Limitation of CS for non-sparse images
MRI is all about tradeoffs. The time available for acquiring
the data for an MR image can be deployed in three quite
different strategies: SNR, contrast, and spatial resolution.
Due to their inherently low sparsity, some applications offer little acceleration potential with CS, these include 2D
multi-slice imaging or static morphological 3D sequences
where high spatial resolution is essential to analyze fine
structures.
For 2D multi-slice imaging, the Simultaneous MultiSlice (SMS) acceleration technique has been implemented
and has already shown great potential to drastically
reduce scan time without compromising image quality
in MRI diffusion [11]. SMS consists of the simultaneous
excitation of multiple slices by means of multiband RF pulses, combined with a slice-GRAPPA reconstruction algorithm
to disentangle the simultaneously excited slices prior to
standard 2D reconstruction. While this approach is best
suited for 2D sequences, it can also be adapted to 3D
multi-slab applications. However, it is not applicable for
single-slab 3D static morphological scans.
Another potential pitfall of CS for 3D static morphological imaging is the presence of ‘not so common‘ artifacts
such as image blurring and a ‘global ringing‘ similar in appearance to motion ghosting. These can have deleterious
effects even at a two-fold acceleration [12] and have been
described for MR neuroimaging [13]. While the presence
of artifacts in any accelerated image is an expected
phenomenon, the unfamiliar and unpredictable nature
of these artifacts means that radiologists or technologists
may not be able to troubleshoot or even recognize them
which can limit the usage of modern CS applications in
clinical routine. For this reason, recent studies performed
on 3D static morphological neuroimaging usually do not
exceed three to four acceleration rates [14, 15].
In this work, we propose to investigate the use of high
acceleration factors using standard CAIPIRINHA acceleration for cartesian trajectories, in combination with a
modern iterative denoising (ID) reconstruction algorithm.
Applied to the 3D SPACE sequence for neurological imaging, we demonstrate that capturing the high frequencies
of the Fourier space helps to maintain image sharpness,
while the denoising reconstruction maintains a high SNR
in the final 3D volumes.

The MRI restrictions (if any) of the metal implant must be considered prior to patient undergoing MRI exam. MR imaging of patients with metallic implants brings
specific risks. However, certain implants are approved by the governing regulatory bodies to be MR conditionally safe. For such implants, the previously mentioned
warning may not be applicable. Please contact the implant manufacturer for the specific conditional information. The conditions for MR safety are the responsibility of
the implant manufacturer, not of Siemens Healthineers.

1

siemens.com/magnetom-world

27

Clinical · Neurology

Optimized SPACE CAIPIRINHA
and Iterative Denoising
Turbo Spin Echo (TSE) based sequences are the workhorse
of modern neuro imaging. While 2D TSE is commonly used
in clinical routine for its acquisition speed and robustness,
3D TSE using variable refocusing pulses [16], known as
SPACE, tends to replace 2D TSE imaging in clinical practice.
Some imperfections have however been reported that limit
its widespread use as a clinical standard in neuroimaging.
These include the following:
• The increased scan time and its inherent sensitivity
to patient motion.
• The resulting contrast that can be less marked than
for 2D TSE due to the hybrid T1/T2 weighting in the
readout train.
• The natural black-blood effect of TSE that can be
limited for slow or turbulent flow using a thick
excitation slab or non-selective RF-pulses.
• The presence of ‘FID‘ artifacts caused by the variable
refocusing pulses that create stimulated echoes along
the readout.

Contrast optimization
T2 preparation applied to T2w SPACE FLAIR
and DIR contrasts
3D Fluid-Attenuated Inversion Recovery (FLAIR) and
Double Inversion Recovery (DIR) are well-established
sequences in neuro examinations to improve brain lesion
conspicuity. FLAIR uses an inversion preparation pulse
combined with a long inversion time (TI) to suppress
Cerebro-Spinal Fluid (CSF) magnetization. DIR uses
two inversion pulses for suppressing white matter (WM)
and CSF. However, it remains challenging to acquire
whole-brain high-resolution 3D FLAIR/DIR in a clinically
compatible scan time without compromising image
quality, contrast, or SNR.
It is well established that 3T field strength is highly
desirable over conventional 1.5T to improve lesion conspicuity in clinical neuroimaging. However, the consequence
of a higher field strength is the lengthening of the T1
relaxation time of gray and white matter (GM and WM),
while the T1 of CSF remains unchanged. As a result, the
longitudinal magnetization recovery of GM and WM for
a fixed repetition time is progressively reduced at higher
field strengths, decreasing the lesion detectability due
to increased T1 weighting. Furthermore, this incomplete
magnetization recovery also compromises the theoretical
SNR gain of a higher field strength.
An elegant way of addressing this issue is to use a T2
preparation module prior to the inversion pulse to mitigate
the unwanted T1 weighting [17]. This preparation includes
a 90° excitation RF pulse followed by a variable number
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of 180° refocusing pulses and finally a -90° flip-back
RF pulse [18]. Specific timing is required so that the transversal magnetization of GM and WM (with comparatively
short T2 relaxation times) significantly decays while
CSF transversal magnetization is nearly unaffected before
the flip-back pulse. After inversion, CSF experiences an
inversion recovery (as without T2 preparation module),
while GM and WM experience a saturation recovery. This
results in more complete recovery of GM and WM during
the TI period and hence less unwanted T1-weighting than
without a T2 preparation module.
DANTE preparation applied to T1w SPACE
The 3D T1w SPACE sequence has been increasingly used
in clinical routine since the development of the variable flip
angle technique with non-selective refocusing pulses and
short echo spacing [19]. 3D T1w SPACE is now proposed
as an alternative to the 3D Magnetization Prepared Rapid
Gradient Echo (MPRAGE) sequence due to its inherent
reduction of artifacts from static field inhomogeneity and
its better sensitivity for the detection of brain lesions or
metastases. The advantages of 3D T1w SPACE over 3D T1w
MPRAGE have been demonstrated for several applications,
such as brain metastases [20] and multiple sclerosis [21]
indications. The use of long echo train length (ETL) is
mandatory to achieve a scan time compatible with clinical
routine and allows for more effective flow suppression
without compromising image quality and sensitivity. Long
ETL also have the advantage to provide inherent blackblood effect.
However, residual slow blood signal may persist and
mimic atherosclerotic plaque or vessel wall disease. This
issue is especially present after gadolinium contrast agent
injection, as the blood suppression efficiency is reduced by
the shortened T1. Several techniques have been proposed
to reduce residual blood flow effects, such as DIR preparations for cardiac imaging and a flow sensitive gradient
technique called Motion Sensitized Driven Equilibrium
(MSDE) for neuro imaging.
The use of DIR preparation provides an effective
blood signal suppression but is limited to 2D imaging
and is not easily adaptable to 3D imaging due to a larger
outflow volume. MSDE provides several advantages,
such as cancelling blood flow signals in any direction
without impacting the scan time. This technique has been
demonstrated to reduce plaque-mimicking flow artifacts
in the carotid bifurcation, an area where the blood signal
suppression is frequently imperfect [22]. However, the
MSDE technique tends to introduce T2 decay and diffusion
attenuation, leading to an overall SNR and contrast drop
across the image. This signal attenuation can restrict the
use of MSDE for high-resolution vascular imaging where
SNR is already low, even at 3T.
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An improved black-blood technique called Delay Alternating with Nutation for Tailored Excitation (DANTE)2 has
recently been proposed [23] as an alternative to MSDE,
providing less SNR and T2 weighting loss without any
impact on the acquisition time. This technique has the
advantage of being independent of the 3D volume size,
without being sensitive to inflow or outflow effects.
It uses a train of low-flip-angle pulses interleaved with
dephasing gradients to suppress flowing spins. The DANTE
blood flow suppression efficiency has been demonstrated
for several applications, such as carotid arteries and vessel
wall imaging [24, 25] evaluations.
Removal of FID artifacts by simple averaging
The SPACE sequence uses variable-ﬂip-angle refocusing RF
pulses for extending the echo-train duration and reducing
power deposition. However, like many things in MRI, the
advantages of variable-ﬂip-angle refocusing RF pulses also
come with a potential problem – free-induction-decay (FID)
artifacts [16]. An RF pulse with an intermediate ﬂip-angle
value plays three roles: excitation (to generate transverse
magnetization), refocusing (to generate a spin-echo), and
store/recall (to generate a stimulated echo). Therefore, if
the ﬂip angles of the refocusing RF pulses are not equal to
180°, longitudinal magnetization that regrows due to T1
relaxation during the time period between the excitation
and ﬁrst refocusing RF pulses, or between successive refocusing RF pulses, will be converted to transverse magnetization by the next refocusing RF pulse that is applied, and
will thereby create an FID signal. While FID artifacts can be
minimized by using fat saturation, or by increasing the
readout crusher gradients at the expense of the echo-spacing, they can only be completely eliminated by simple signal averaging, alternating the phase of the refocusing RF
pulses by 180° between averages. Scantime increase can
be remedied by using higher acceleration factors, but at
the expense of SNR due to the g-factor.

Iterative Denoising
A prototype iterative denoising algorithm2, which
consists of an inner core of multiwavelet thresholding
as a regularizer, was integrated into the scanner reconstruction pipeline [26]. During the iterations, the current
regularized image was optimally combined with the original image and the previous image estimate, according to
Stein‘s unbiased risk estimator [27]. The algorithm works
on complex-valued 3D volumes after channel combination,
considering the spatially varying noise level in the image,
the g-factor from parallel imaging, and k-space filter
functions. Patient-specific noise distribution was measured
via a pre-scan by the system and was used as a quantitative
input during reconstruction. Where appropriate, some
edge enhancement was applied after the denoising stage
to compensate for perceived loss in sharpness.
The denoising strength can be adapted by the user
according to the physician‘s needs, as shown in Figure 2.
It is important to mention, though, that the iterative
denoising algorithm automatically adapts to changes in
the acquisition and reconstruction settings, including RF
coil properties, via the noise measurements. Therefore, the
denoising strength should not require application-specific
manual tuning.
To our knowledge, the ID algorithm has not been
evaluated in combination with SPACE readout for neurological diseases. In this work we propose
• to optimize signal and contrast for different image
weightings by means of the above mentioned preparation schemes (T2 preparation and DANTE) and
• to propose a well-designed use of moderate-to-high
CAIPIRINHA acceleration factors in combination with
the iterative denoising reconstruction algorithm.

Work in progress: the application is currently under development and is not for
sale in the U.S. and in other countries. Its future availability cannot be ensured.

2

Acc SPACE FLAIR Denoised
1 x 1 x 1.13 mm

2  Impact of the denoising strength
effect on image quality and appearance. For clinical examination,
a value of 72% has been chosen
at Lariboisiere Hospital for the
Accelerated SPACE FLAIR protocol.

Original

52%
denoising level

72%
denoising level

92%
denoising level
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Clinical experience with Iterative Denoising
applied to the SPACE CAIPIRINHA sequence
in Neurology
All patient images were obtained using a 3T MR scanner
(MAGNETOM Skyra or Prisma, Siemens Healthcare, Erlangen, Germany) with a 64-channel Head&Neck coil. The
prototype sequence consisted of a 3D SPACE CAIPIRINHA
product implementation, combined with investigational
magnetization preparation schemes and an inline iterative
denoising reconstruction giving access to native image
reconstruction and iteratively denoised image series.
As the presented results were obtained at different
clinical sites, only spatial resolution and scan time are
reported in Table 1 for the different applications and
contrasts. For more information about the sequence
parameters, please contact the corresponding authors.
All FLAIR and DIR images were acquired using a short T2
preparation duration of 125 ms, followed by standard
non-selective inversion pulses with specific inversion times
to null the CSF, or two non-selective inversion pulses to
suppress CSF and WM.

Accelerated SPACE FLAIR in brain tumor
FLAIR is considered the most important sequence in
brain examinations as it provides an excellent lesion
visualization. Blood flow artifacts and partial volume
effects of 2D imaging can be addressed with a 3D volume
dataset acquisition. The use of a non-selective inversion
pulse in 3D imaging avoids flow related CSF artifacts
(e.g., in the subarachnoid space and ventricles) that commonly occur in 2D-based methods. However, the use of
3D in clinical routine is limited by its longer acquisition
time over 2D imaging.
Figure 3 shows an example of a 68-year-old woman
who was referred for follow-up exam of a cavernoma.
A standard transversal 3D SPACE FLAIR of about 5 minutes
scan time was acquired for comparison. Here, the use of a

Sequence & Site

highly accelerated 3D SPACE FLAIR reconstructed with ID
maintains a high image quality and a voxel size close to
1 mm3 with a scan time reduction of 37%. At Lariboisière
neuroradiology department, approximately 110 patients
undergo brain screening MRI sequences per week. This
means that an additional scan time of 3 hours per week
is provided only by integrating ID on 3D FLAIR sequences.

Improved spatial resolution and contrast
in multiple sclerosis
In multiple sclerosis (MS) and other inflammatory
neurological disorders, FLAIR is also considered the most
important contrast for lesion assessment and follow-up.
3D imaging with isotropic voxel size is essential to limit
partial volume effect, especially as there is an increasing
interest in cortical and juxta-cortical abnormalities in MS.
Detection of WM and GM lesions requires high spatial
resolution and excellent contrast and SNR. By combining
T2 magnetization preparation to improve the lesion‘s contrast with the ID reconstruction technique, it is possible to
achieve a 0.8 mm isotropic 3D SPACE FLAIR in a clinically
acceptable imaging time of about 5 minutes (Fig. 4). Until
now, this spatial resolution for FLAIR imaging has only
been reported at higher field strengths such as 7 Tesla.
Double-Inversion Recovery sequences have been
shown to be more sensitive for the assessment of MS
lesion or optic neuritis. However, the DIR preparation
strongly reduces the remaining MR signal for the readout
module, which makes this technique highly challenging
and unstable for use in clinical practice. Indeed, standard
reported 3D SPACE DIR sequences usually necessitate a
scan time of more than 6 minutes for decent image quality.
A strongly accelerated high-resolution SPACE DIR acquired
in 3 minutes and 40 seconds on an MS patient is presented
in Figure 5. This figure also presents the high-resolution
coronal and transversal FLAIR reformats, with a scan time
reduction of around 40% for both sequences.

Spatial Resolution (mm)

CAIPIRINHA Acceleration Factor

Scan Time

Standard Space_FLAIR_Lariboisiere

1 x 1 x 1.13

3 x 2 (2 avg)

4 min 47 s

Accelerated Space_FLAIR_Lariboisiere

1 x 1 x 1.13

3 x 3 (2 avg)

2 min 50 s

High-resolution Space_FLAIR_Montpellier

0.8 x 0.8 x 0.8

4 x 3 (2 avg)

5 min 20 s

High-resolution Space_DIR_Montpellier

0.9 x 0.9 x 1.2

3x2

3 min 40 s

High-resolution_Space_T1/T1 DANTE _CHNO

0.8 x 0.8 x 0.8

3 x 2 (2 avg)

4 min 34 s

Table 1: Principal sequence parameters for the different sites and applications.
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SPACE FLAIR
1 x 1 x 1.13 mm

Acc SPACE FLAIR Native
1 x 1 x 1.13 mm

Acc SPACE FLAIR Denoised
1 x 1 x 1.13 mm

R=3x2
TA 4 min 47 s

R=3x3
TA 2 min 50 s

R=3x3
TA 2 min 50 s

 68-year-old male with suspected
4 A
autoimmune encephalitis was referred
to Montpellier University Hospital.
High resolution T2-prepared SPACE
FLAIR images were acquired with
an isotropic voxel of 0.8 mm.
Conventional reconstructions are
shown on the upper row with a
SNR reduction that impedes clinical
diagnosis. Iterative denoising (lower
row) allows the same high spatial
resolution with an enhanced SNR.

Denoised

Native

High-resolution SPACE FLAIR
0.8 x 0.8 x 0.8 mm

3  A 68-year-old woman was referred
for follow-up of a cavernoma to
Lariboisiere University Hospital Center
(Paris, France). A standard Axial 3D
SPACE FLAIR was acquired with an
in-plane resolution of 1 mm in
4 min 47 s (left). The use of a higher
acceleration factor dramatically
decreases the SNR level especially
in the image center (middle).
After reconstruction with ID,
the accelerated 3D SPACE FLAIR
highlights a similar image quality
as the conventional sequence with
a decreased scan time of 37%.
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High-resolution SPACE DIR
0.9 x 0.9 x 1.2 mm

R = 4 x 3, NA = 2
TA 5 min 20 s

R = 3 x 2, NA = 1
TA 3 min 40 s

Denoised

Native

High-resolution SPACE FLAIR
0.8 x 0.8 x 0.8 mm

SPACE T1
0.8 x 0.8 x 0.8 mm

SPACE T1 DANTE Native
0.8 x 0.8 x 0.8 mm

SPACE T1 DANTE Denoised
0.8 x 0.8 x 0.8 mm

R=3x2
TA 4 min 34 s

R=3x2
TA 4 min 34 s

R=3x2
TA 4 min 34 s

5  A 58-year-old female with multiple
sclerosis was referred to Montpellier
University Hospital. High resolution
T2-prepared SPACE FLAIR and DIR
images were acquired. Coronal and
transversal reformat are shown with
and without ID. Thanks to ID, FLAIR,
and DIR are both acquired with a high
spatial resolution, a high SNR and an
acquisition time remaining compatible
with clinical routine.

6  A 37-year-old woman was referred for
follow-up of multiple brain metastases
to the Centre Hospitalier National
d‘Ophtalmologie des Quinze-Vingts
(Paris, France). A conventional post
contrast SPACE T1 sequence acquired
with a spatial resolution of 0.8 mm3
(left) exhibits flow related artifacts
enhancement in the carotid aera and
the right sinus as well as a high SNR
drop. With DANTE preparation
(middle), both flow related artifacts
are corrected. The additional ID
reconstruction (right) highlights
a much sharper image quality and
compensate the low SNR level of
the native sequence.

Improved spatial resolution and contrast
in brain metastasis
In vascular neuro MR, wall-thickening and mural-enhancement evaluations are challenging because of the tortuous
course and small dimensions of the intracranial arterial
vessels. The use of a high resolution and isotropic 3D
SPACE T1 black-blood imaging is mandatory to reformat
and analyze their whole courses; this therefore provides
a larger and better imaging coverage than conventional
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2D sequences. Moreover, the combination of an additional
DANTE preparation can suppress residual blood flow and
improves brain metastasis conspicuity [28]. The combination of a DANTE preparation with an ID reconstruction
is proposed as an efficient method to provide a 0.8 mm
isotropic sequence while maintaining scan time below
5 minutes, as shown in Figure 6.
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Acquisition speed … what for?
Despite the development of new acceleration techniques
over the past decades, fast brain MR examinations remain
an ongoing topic to improve patient comfort, exam reproducibility, and the cost effectiveness of the MRI unit. Indeed, motion-related artifacts and image blurring
hamper diagnostic quality, especially with uncooperative
patients or in pediatric3 populations. Several developments
have already been proposed, such as the GOBrain protocol
[29] that include fast and individual 2D sequence optimizations to provide an accurate diagnosis in less than
5 minutes. However, the advantage of 3D over 2D imaging
has already been largely described for neurological diseases: providing thinner and contiguous slices, overcoming
partial volume effect, and allowing for multiplanar image
reconstruction with a high sensitivity in lesion detection.
The longer acquisition time of 3D compared to 2D remains
the major drawback that limits its general usage.
The use of CS to address this issue remains limited
by the relatively low acceleration rates achievable, which
does not exceed 3 to 4-fold for 3D static neuro imaging.
CS is also limited by its extended reconstruction time,
which increases with the number of coil elements, especially during whole-brain acquisition with a 64-channel
head coil. The reconstruction time can be reduced with the
use of Graphic Process Unit but not all clinical MR scanners
are currently equipped with one, and the widespread
use of CS sequences remains limited. While CS iterates
on multi-channel under-sampled k-space data, the ID
algorithm iterates on images after coil combination, i.e.,
a reduced amount of data. For that reason, it can be
performed on conventional computers without noticeable
reconstruction time increase. Finally, the use of a quantitative noise map acquired during the framework adjustment
is particularly suited to limit the g-factor penalty associated
with high acceleration rates. As a result, the final images
after ID do not suffer from central SNR drop and ensure a
near perfect receive-B1 image homogeneity.
In this work, a novel iterative denoising technique
was successfully evaluated for 3D brain imaging in different clinical questions. Combined with the SPACE sequence,
the ID algorithm ensures excellent image quality regardless
of the image contrast. Furthermore, its application on
conventional Cartesian datasets allows the use of 6- to
12-fold acceleration rates without compromising image
quality. Several optimizations were proposed for different
pathologies and clinical needs. For instance, tumor
follow-up exams can be performed with a fast millimetric
3D scan, improving the overall patient throughput. On the
other hand, small MS lesions can only be depicted with
MR scanning has not been established as safe for imaging fetuses and infants
less than two years of age. The responsible physician must evaluate the benefits
of the MR examination compared to those of other imaging procedures.

3

sub-millimetric 3D scans, that are usually not possible on
3T systems. Similarly, as intra-cranial blood vessels range
from a few millimeters to capillaries, the higher the spatial
resolution is, the more sensitive the scan will be. Improving
spatial resolution while keeping the scan time under 5 minutes will not only maintain a constant total exam time, but
will also help to move toward precision medicine and
dedicated high-resolution scans when needed for the patient. The gain in acquisition speed can also be invested in
acquiring additional scans that are beneficial for the patient, such as an additional DIR contrast as presented here,
or quantitative T1 and T2 maps that can then be compared
to a normative database.
In order to validate the use of ID in clinical routine,
future work will focus on the quantitative evaluation of
these contrast-optimized and highly accelerated sequences
in patient cohorts. The acceleration capabilities could be
further expanded by combining the iterative denoising
reconstruction algorithm with more advanced Cartesian
3D acceleration such as the recently proposed Wave-CAIPI
[30, 31]. The combination of both techniques would push
the acceleration capabilities of the SPACE sequence even
further, without SNR penalty.
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Cardiopulmonary Imaging Using
a High-Performance 0.55T MRI System
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NHLBI 0.55T ramped-down MRI system

Cardiac catheterization device heating

New generations of lower field MRI system, equipped with
modern hardware and contemporary imaging capabilities,
have garnered interest within the MRI community in recent
years [1]. Research has focused on improving MRI accessibility in low-resource settings, engineering new hardware
solutions, making MRI more portable, and developing new
clinical applications [2–6].
The National Heart, Lung, and Blood Institute
(NHLBI, National Institutes of Health) have developed highperformance lower field MRI technology, with particular
interest in cardiac imaging, pulmonary imaging, and
MRI-guided catheterization procedures [7]. We were
motivated to improve catheter device safety, and aimed
to leverage modern imaging methods to retain image
quality and imaging speed at the lower magnetic field
strength. We collaborated with Siemens Healthineers to
ramp down the 1.5T MAGNETOM Aera system located in
the NHLBI catheterization laboratory from 1.5T to 0.55T.
Here, we will describe our ongoing work on this system.

Despite years of development, clinical adoption of
MRI-guided cardiovascular catheterization procedures
remains limited [8]. Cardiac catheterization procedures
can be diagnostic, for example diagnostic pressure
measurements or endomyocardial biopsy, or they
can be therapeutic, for example myocardial ablation
procedures. Typically, these procedures are performed
under fluoroscopic or electroanatomic guidance; whereas
MRI offers the advantage of improved tissue contrast
and the accurate assessment of cardiac function and
physiology during a procedure.
MRI-guided procedures rely on real-time imaging
for navigation of devices within the vasculature and chambers of the heart. Conventionally, we use a multiplanar
Cartesian bSSFP acquisition, with interactive adjustment
of image contrast, slice planes, acceleration rate, and other
imaging parameters. In addition, rapid acquisition and
low latency reconstruction of standard image contrasts
are used to provide diagnostic data to operators during
the procedure.
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1  (1A) Real time bSSFP imaging with partial saturation magnetization preparation pulse used to navigate gadolinium filled balloon (red arrow)
to cardiac chambers. Multiplanar imaging (three planes) is used to visualize the balloon in the main pulmonary artery. (1B) Temperature
measured at the tip of a fully insulated guidewire (Glidewire, 180 cm x 0.035”, Terumo) during real-time bSSFP imaging (TR = 2.5 ms,
flip angle = 60°). Measurements are made in an ASTM2182-compliant gel phantom to generate “worst case scenario” heating [16].
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Catheterization procedures rely on long metallic devices
that have been carefully engineered to impart mechanical
properties suitable for navigation in complex anatomy
and tortuous vasculature, and with imaging properties
optimized for fluoroscopy. The catheter designs are
uniquely ill-suited for application in MRI due to poor
visualization and RF-induced heating risking thermal
injury. Nevertheless, NHLBI and other investigators have
performed diagnostic catheterization procedures using
polymer catheters in several hundred patients, with MRI
offering invaluable diagnostic data [9–12].
To reduce concerns of RF-induced heating of
devices, non-metallic devices have been proposed [13].
Unfortunately, most non-metallic alternatives have proven
to be mechanically inadequate. Segmented metallic
designs have also been developed to maintain mechanical
properties while eliminating RF-induced heating to good
effect [14]. A handful of manufacturers are developing
MRI-specific devices. Still, the limited availability of
MRI-safe devices remains unappealing to interventional
cardiologists, who are accustomed to having numerous
device options to address the idiosyncrasies of a given
procedure in an individual patient.
Balancing tolerable device heating against reduced
image quality, we settled on approximately 0.5T as a field
strength for this application. RF power is proportional to
B02, meaning that for identical scan parameters, device
heating is reduced by 7.5-fold at 0.55T compared with
1.5T. In addition, the standing waves that generate heating
on long conductive devices have a 2.7-fold longer wavelength at 0.55T than 1.5T.
At 0.55T, we use commercially available metallic
guidewires and catheters for MRI-guided diagnostic
catheterization in patients, paired with standard real-time
bSSFP imaging. Importantly, not all devices are inherently
safe at 0.55T, and diligent safety testing is still critical.
Specifically, shorter devices and devices without insulation
discontinuities tend to be safer [15]. Figure 1 provides
example real-time imaging during device navigation and
measurements of device heating in a standard guidewire
at 0.55T and 1.5T.
A more common concern during routine clinical
imaging is heating of electrical leads in devices such
as pacemakers, defibrillators, deep brain stimulators,
and other active implants. RF-induced heating of these
devices may also be reduced at lower field strength,
but heating depends strongly on lead length, insulation,
other properties, and additional safety testing is required
to assess heating in these active implant devices.
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Imaging methods for 0.55T
We sought to maintain image quality at 0.55T, even
though conventional wisdom suggests SNR and associated
imaging speed would be less favorable. Contemporary MRI
technology is well equipped for this challenge. Clinical MRI
systems use modern superconductive magnet design with
excellent B0 field homogeneity; high-performance and
high-fidelity gradient subsystems; phased array coils and
modern receive-chain architecture. On the other hand,
both older low field MRI systems and current open-bore
low field systems tend to use suboptimal magnet and
gradient designs, and therefore do not benefit from
these more recent hardware implementations [1].
Moreover, modern imaging methods, such as nonCartesian data sampling, constrained reconstructions,
and artificial intelligence can offer boosts in image quality
that have not been applied to most low field MRI systems.
To improve image SNR, we have focused on SNRefficient spiral and echo-planar imaging (EPI), which are
amenable to lower field, as well as compressed sensing
image reconstructions. Spiral and EPI imaging rely on B0
field homogeneity and long T2 or T2* for distortion-free
imaging with high SNR without increased scan time.
Figure 2 provides simulations of relative SNR for T1weighted spin echo, T2-weighted turbo spin echo, and
spoiled gradient echo (without blood inflow) contrasts.
These simulations assume that the sampling efficiency
(ratio of data sampling time to imaging time) can increase
linearly with decreasing field strength. Polarization alone
predicts SNR at 0.55T is 37% of 1.5T, however both relative
signal intensity and contrast are increased by using SNRefficient readouts and optimized sequence parameters.
Using our high-performance 0.55T MRI system, we
implemented spiral bSSFP for cardiac imaging with a long
readout (6.5 ms) and long TR (8 ms) that would not be
possible at higher field strength where B0 inhomogeneities
cause banding artifacts [18]. For identical scan time and
spatiotemporal resolution, we were able to achieve
69±14% of the SNR measured at 1.5T, instead of 37%
predicted by polarization alone. Figure 3 provides example
images.
Compressed sensing, and other constrained image
reconstruction methods, can also be applied to improve
image quality and SNR with their inherent denoising
properties [6]. These methods are computationally costly,
however computational power is becoming steadily more
affordable and accessible, including through cloud resources in regions with stable internet connectivity. At 0.55T,
we have applied ℓ1-SPIRiT image reconstruction for cardiac
imaging. This image reconstruction is implemented
using Gadgetron image reconstruction framework
(https://github.com/gadgetron) [19] deployed on the
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Microsoft Azure Cloud, such that reconstruction can be
parallelized over multiple nodes [20]. Figure 4 demonstrates this method at 0.55T and 1.5T on the same patient
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myocardium signal resulting in different image contrast,
otherwise the two images are nearly indistinguishable.
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2  Bloch equation simulations of relative signal (top row) and relative contrast (bottom row) across field strengths for T1-weighted spin echo
neuroimaging, T2-weighted turbo spin echo neuroimaging, and spoiled gradient echo cardiac imaging. T1 and T2 values were approximated
using Bottomley et al. [17]. Blood inflow was not simulated here, which alters contrast, especially in spoiled gradient echo imaging. Both
relative signal intensity and contrast are higher than expected from polarization alone.

3  Spiral bSSFP cine imaging displayed during multiple frames of the cardiac cycle. Spiral bSSFP was implemented at 0.55T to exploit the uniform
B0 field (spiral readout = 6.5 ms, TR = 8 ms) for improved SNR.
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Pulmonary imaging at 0.55T
Lung parenchyma imaging had been largely ineffective at
1.5T because of air-tissue interfaces causing susceptibility
gradient artifacts. However, high-performance low
field MRI enables high quality pulmonary imaging and
combined cardiopulmonary assessment in the MRIcatheterization environment. By virtue of the improved
B0, using the contemporary magnet design employed
in our prototype system, proton imaging of the lung
parenchyma is possible. Figure 5 provides example
T2-weighted MRI images compared with CT. MRI uses
lower spatial resolution, but provides comparable
information content in the lung parenchyma.
The primary benefit of MR imaging for pulmonary
applications is measurement of regional function and
0.55T

MAGNETOM Free.Max special issue

tissue characterization information, which are beyond the
scope of a clinical CT scanner [22]. Serendipitously, oxygen
exhibits increased relaxivity at lower field strengths, and
may enable functional oxygen-enhanced pulmonary
imaging [23]. Fourier-decomposition techniques and
hyperpolarized gas methods are also of interest. In
addition, tissue characterization via the flexible image
contrast of MRI is feasible at 0.55T where parenchymal
imaging is possible.
The importance of structural and functional lung
imaging has been emphasized during the recent COVID-19
pandemic, and we hope that MRI systems optimized for
pulmonary imaging will be valuable for this application
in the future.

Summary
With mature MRI hardware and sophisticated imaging
methods, it is timely to revisit what is possible at lower
field, both for existing clinical applications, and for new
clinical applications. Contrast agent performance, image
acquisition methods, image reconstruction methods,
integration of new AI technology, applications in highsusceptibility regions, dynamic imaging applications,
MRI-guided interventional procedures, and more, are
ripe for exploration.

Disclaimer
The views and opinions of Drs. Campbell, Lederman, and
Balaban expressed in this publication are based on research
performed under a Cooperative Research and Development
1.5T

4  Free-breathing motion corrected re-binned cardiac cine imaging
acquired in the same patient at 0.55T and 1.5T. Image reconstruction is performed using compressed sensing. Image quality is
recovered via the compressed sensing reconstruction such that
imaging from two field strengths is nearly indistinguishable.
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5  Comparison of CT images (2 mm slices, 0.8 x 0.8 mm in-plane
resolution) to T2-weighted TSE MRI (6 mm slices, 1.2 x 1.2 mm
in-plane resolution) in a patient with bronchiectasis, tree-in-bud
and reticular opacities. Two difference slices are displayed.
Lung parenchymal well visualized by using high-performance
0.55T MRI.
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Experience of Using a New Autopilot
Assistance System for Easy Scanning
in Brain and Knee MRI Examinations
Tanja Dütting, M.D.; Stephan Clasen, M.D.
Institute for Diagnostic and Interventional Radiology, Kreiskliniken Reutlingen, Germany

Context
The number of diagnostic MRI examinations is rising at
a time when cost pressure is high in radiology. As a result,
workloads are increasing. Imaging providers are therefore
looking for new solutions that will deliver high quality care
at optimized, low costs (= productivity) and enable more
employees to carry out the examinations. Since qualified
staff is expensive and, in some places, hard to find, technological advancements could become the key to success for
reproducible magnetic resonance imaging.

New scanning assistance systems are needed if radiologists
and imaging providers are to cope with the increasing
demand and the high expectations of quality while only
having a limited workforce.
We report on our initial experiences with a new
technology, myExam Autopilot, to describe the possibilities
offered by the novel solution. The focus was on standard
brain and knee MRI examinations, which account for a
large share of routine examinations.

1  Screenshot of the myExam Autopilot prototype showing the simplified and more intuitive user interface for a brain scan.
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Aims
• To evaluate the scope for enabling low-skilled and
inexperienced radiology technologists to perform
reproducible, standardized MRI examinations of the
brain and knee with no specific training and no
individual support
• To evaluate whether the automation gives experienced
users more time for other tasks

myExam Autopilot: Background
New automated scanner software has recently been
developed and will be tested for brain and knee MRI
examinations: myExam Autopilot for the brain and knee
offers fast, reproducible, and standardized MRI examinations. It supports multiple exam strategies (e.g., standard,
fast, standard with contrast agent) so that the strategy
can be adapted to the local situation. The aim is to use
the advanced workflow automation for standardized
scan volume positioning, tilting, and coverage in
order to achieve a high degree of consistency between
examinations and to provide better support for inexperienced users.
Consequently, myExam Autopilot completely
removes the need for individual users to manually adjust

the protocols. It also features a greatly simplified and
therefore more intuitive user interface. The system guides
users through an automated workflow that allows them
to scan intuitively, while artificial intelligence helps set
the slice position, tilt, number of slices, and the individual
examination steps: After entering the patient data, the
preselected exam card opens automatically. The AutoAlign
Localizer starts at the touch of a button. It provides landmarks and orientation for automatic positioning of the
slices in a standardized way independent of the operator.
AutoCoverage ensures the anatomy under examination
is covered consistently throughout the entire examination.
The myExam Autopilot program uses this information
to automatically plan the preprogrammed sequences
and then allows them to run. Overall, the user has to
do very little.

Method
We evaluated myExam Autopilot in a test phase from June
to August 2020. We investigated 24 routine examinations
of the brain and eight examinations of the knee joint
using standard MRI that was pre-configured with fixed
sequences. The examinations were performed by six
different users, three of whom were inexperienced.

Dot Engine vs. myExam Autopilot
myExam Autopilot provides user assistance and automation beyond the current Dot technology.

Dot Engine:
• Automatic planning powered by AI
• Standardized examination protocols,
adaptable to institutional needs
• Possibility to set-up scan strategies
and decisions

myExam Autopilot adds further functionalities:
• MRI at the click of a button
• Automated protocol without the need for
manual adjustment
• Drastically simplified user interface
(touch screen supported)
• Visual user guidance text, e.g., for image QA
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The inexperienced group included users of different
modalities, e.g., CT, who are rarely involved in performing
MRI examinations.
The standard sequences were as follows:
• Brain: transverse Dark Fluid, transverse T2-TSE,
transverse DWI, transverse T1-SE, transverse T2-GRE,
sagittal T2-TSE, sagittal DWI, TOF angiography of the
circle of Willis.
• Knee: sagittal PD FS-TSE, sagittal PD-TSE, coronal
and transverse PD FS-TSE, coronal T1-TSE.

MAGNETOM Free.Max special issue

Results
All users had a positive initial impression of myExam
Autopilot and were confident using it. They needed just a
brief introduction to be able to use the software, and were
familiar with its operation after using it just once or twice.
The three inexperienced users liked the user-friendliness
and felt that the workflow was easier and required less
effort. They were able to use the program after a brief
introduction and no extra training. As their uncertainty
regarding the complexity of conventional scan protocols
was no longer an issue, they also saved time during the
examination.

2  Screenshot of the prototype showing integrated guidance text in the workflow. Further support is provided by automatic planning
from AutoAlign and AutoCoverage for consistent slice or volume coverage and orientation.

3  A brain MRI examination with myExam Autopilot performed by an inexperienced user.
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For the three experienced users, the new workflow was
unfamiliar and offered less scope for making manual
adjustments. For them, it was helpful and important
to be able to switch to the conventional user interface
(myExam Assist) so that they could change or supplement
sequences, if required for the individual case. As a result,
the experienced users spent similar time on scanning and
system operations as the unexperienced group. Additional
myExam Autopilot exam strategies could reduce individual
adjustments so that experienced users could also benefit
from time savings. This remains to be evaluated further.
Both user groups were able to achieve high quality
diagnostic results which were evaluated by the radiologists
involved in this study. The diagnostic results of the new
program provided the same quality as the original Dot
Engine software.
The automation of the myExam Autopilot software
worked reliably and delivered consistent results in both
groups. The slice groups were correctly positioned in all
examinations. The sequences ran without error and image
reconstruction occurred promptly.
One issue that the experienced users felt should be
addressed was that inexperienced users were less critical
of the automated exam and accepted it without checking
it or, if necessary, supplementing it or repeating blurred
sequences. This issue could be resolved by raising awareness through training.

Discussion
Given the aims of the evaluation, the following conclusions
can be drawn:
• myExam Autopilot helps less experienced users to
carry out MRI scans with consistently high image
quality.
• myExam Autopilot is an intelligent solution that
addresses the increasing global demand for MRI
examinations.
It is a very stable, reliable method for performing routine
exams of the brain or the knee. The automatic positioning
is very robust and almost entirely unsusceptible to errors.
Performing a standard exam is easy to learn and requires
just a few steps and minimal interaction. myExam
Autopilot makes particular sense in scenarios such as
occupational medical examinations performed by technologists who do not normally use MRI workstations, and
standard MRI examinations that are carried out in regions
with limited access to MRI and no access to staff with
specific MRI training. myExam Autopilot is currently being
expanded to include spine MRI exams, which are also
increasingly in demand. This will be a welcome addition
to the technology.
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MAGNETOM Free.Max:
from Concept to Product, a Brief History
of the DryCool Magnet Development
Simon Calvert, CEng FIMechE
Head of Product Innovation & Chief Technology Officer, Siemens Healthineers, Oxford, UK

Introduction
Our new DryCool magnet is a key enabling element
of our ground-breaking MAGNETOM Free.Max MRI system.
The development and production program for the new
generation magnet has lasted four years but was preceded
by a research program lasting seven years, focussed on
completely transforming our superconducting MRI magnet
technologies. The program included developing new

magnet coil technology and structural concepts as well
as realising a dramatic reduction in our dependency on
increasingly expensive, and sometimes scarce, liquid
helium coolant. The highly innovative technologies used
in the DryCool magnet are complimentary, and deliver
a robust, reliable, and lightweight “plug and play” magnet
solution to you.

1A

1B

Multi-legged, gravity
driven thermosyphon

Vapour return to
re-condensing coldhead

Liquid applied to manifold
at base of thermosyphon

Heat applied, e.g., from
coils, to the mid-section

1  1.5 Tesla demonstrator showing the cryogenic concept and the superconducting magnet structure. (1B) 4K mass during build.

MAGNETOM Free.Max is currently under development and is not for sale in the U.S. and in other countries. Its future availability cannot be ensured.
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1.5T Minimum Helium Inventory (MHI)
research program (2008–2015)

Simplification and focus
on manufacturability

In 2008 we started a program to transform our magnet
technology and to reduce our dependency on helium.
A key requirement for conduction-cooled superconducting
magnets is to minimize the mass of the cold parts of
the structure. Our focus was to use only the magnet‘s
own refrigerator to cool down to operating temperature,
thus avoiding the requirement for complex installation
procedures.
The focus of the research program was to realize
a 1.5T “Minimum Helium Inventory” magnet, which could
later be integrated into an MRI system for imaging trials.
Half scale, pipe-cooled magnets were developed and
tested to prove the various technical concepts which
were to be used in the 1.5T demonstrator. All tests were
successful, and these technologies were then incorporated
into the full-size magnet. The demonstrator was not
intended to lead directly to a product but was a testbed
to evaluate our new ground-breaking technologies.
The magnet worked reliably and was also extensively
tested in a MAGNETOM Aera MRI system in 2014 where
it performed as well as the conventional “wet” magnet.
New magnet electronics and software concepts were
also developed and evaluated as part of the 1.5T MHI
demonstrator program.

A great deal was learnt from the 1.5T research program,
including how to develop a “dry” magnet which was
optimized for cost and manufacturability. Much was also
learnt about how conduction-cooled magnets interact with
the MRI system and, in particular, the gradient system.

2A

DryCool magnet development program
(2016–2020)
It was decided to focus the magnet development program
on a 0.55T magnet. This lower field also enabled the first
80 cm patient bore in the market without a substantial
impact on the product cost. The lower field also keeps
the mass low and so enables a short cool-down time. The
very low mass of the magnet also reduces the installation
cost and enables siting in non-traditional locations.
The lower field also results in better compatibility with
implants and interventional devices such as catheters.

2B

2  1.5 Tesla demonstrator during magnet testing and MRI system testing in 2014. (2A) Magnet tests in Oxford. (2B) System tests in Erlangen.
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3A

3B

3  Prototype DryCool 0.554 Tesla magnet with close-up of electronics and cryogenic package. MPS & RDL (orange arrow). MSCU (white arrow).

DryCool magnet specification
• Field strength:

0.554 Tesla

• Field temporal stability:

< 0.1 ppm/hour

• 5 gauss contours (from isocentre):

Axial 3.82 m, Radial 2.3 m

• Homogeneity:

See table 1

• Magnet length:

1.48 m

• Magnet warm bore:

1.060 m

• Magnet mass (installed):

1620 kg

• Total helium inventory:

0.87 liquid litres equivalent

• Liquid helium inventory:

0.73 litres (under normal operation)

• Helium system pressure when warm:

~ 10.6 bar (gauge)

• Pressure under normal operation:

~ 0.3 bar (gauge)

• Helium boil-off rate:

Zero (under all imaging conditions)

• Cryogenic system:

Sealed helium system, no quench line

• Magnet operating temperature:

~ 3.6 Kelvin (-269.6 degrees Celsius)

• Cooldown time from warm:

< 14 days (using the magnet’s refrigerator)

• Designed acceleration limits:

5g vertical, 2g lateral

• Magnet current leads:

Fixed leads with HTS elements

• Automatic ramp-down:

Yes, if refrigeration is off for a period.

• Auto ramp-up:

Yes. Controlled by the magnet supervisory.

• Remote monitoring of the magnet:

Yes. Diagnostics on magnet and refrigerator.
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Homogeneity Vrms
(based on highly accurate 24 plane,
20 point plot)

Guaranteed

10 cm DSV

0.02 ppm

20 cm DSV

0.075 ppm

30 cm DSV

0.3 ppm

40 cm DSV

1.4 ppm

50 x 50 x 45 cm DEV

5.0 ppm

Table 1

DryCool magnet features
Advanced superconducting magnet structure
with very low mass
The new superconducting magnet structure, at around
4 Kelvin (-269 degrees Celsius), has a mass of approximately 300 kg. To achieve this exceptionally low mass in a large
bore, the actively shielded magnet required the use of
several new and innovative technologies. A completely
new structural concept was used for the coils and supporting structure which, while very robust, allowed the use
of very thin, yet stiff, structures. Since the volume of
superconductor in the coil is low, a new ultra-fast quench
propagation system was also developed to ensure that the
magnet was not damaged if the Emergency Run Down Unit
(ERDU) button was pressed. New superconducting joints,
superconducting switches and other components
were also developed. These components are no longer
immersed in liquid helium and so need to be cooled
by conduction only. Another key aspect of the magnet
structure was to ensure that the coils had very low heating
due to interaction with the gradient coil. New and innovative technologies were adopted to ensure that gradient
coil-induced heating of the coils was minimized, and
subsequent testing showed that the approach adopted
was highly effective.
Simplified, manufacturable, and robust DryCool
cryogenic system
The 1.5 Tesla demonstrator magnet had a cryogenic
system which used pipes encircling the superconducting
structure. While quite effective, such a system is complex
to manufacture with many joints in the helium system.
For the DryCool magnet, we adopted a simpler and more

robust approach which was suitable for manufacture
in high volumes. The cryogenic package is a separate
sub-system which is integrated into the superconducting
magnet structure by use of an innovative and highly optimized thermal connection system. This system efficiently
removes heat from the coils and supporting structure
giving a fast cool-down time, a low base temperature,
and excellent tolerance of gradient coil interaction.
Even with the most challenging imaging sequences,
there is minimal heating of the magnet coils. The cryogenic package contains the equivalent of 0.87 liquid litres
of helium and is sealed, and so requires no quench pipe.
Charging of the helium system is by high pressure gas
only and no liquid helium is required. Once charged, and
provided with power, the magnet will automatically cool
down to operating temperature in less than 14 days. If the
magnet arrives at the installation site partially cold, as will
often be the case, the cool down time will be shortened.
DryCool magnet cryostat
The magnet cryostat is the sub-system that keeps the
magnet coils cold and well protected. It has been highly
optimized to minimize weight, minimize heat input to
the superconducting magnet, and to ensure a high level
of robustness during shipment, installation, or in seismic
events when on site. Since we intend the DryCool magnet
to be shipped to a wide range of locations across the globe,
we have designed the cryostat to meet the same specifications as our wet magnets. The magnet can withstand
sustained loads of 5g in the vertical direction and 2g
in both lateral directions. This very robust specification
ensures that the magnet is well protected during shipment
to site.
Magnet electronics package and software
Since the DryCool magnet has a small inventory of
helium and the heat capacity of most materials at
4 Kelvin is negligible, the tolerance of loss of refrigeration
is less than a conventional “wet” magnet. Conventional
superconducting magnets typically contain hundreds
of litres of liquid helium and this gives a tolerance of
refrigeration failure measured in days before magnet
ramp-down is required. For the DryCool magnet, we
have developed a sophisticated electronics and software
system which monitors the magnet and refrigeration
system and makes decisions about when to ramp the
magnet down to avoid a quench. If the refrigeration
system is off for a significant time period, the Magnet
Supervisory and Control Unit (MSCU) will execute a
magnet ramp down to avoid dissipating the magnet stored
energy in the cold mass. The magnet energy is instead
dissipated in a passive Run Down Load (RDL). Once the
magnet has been run down, and the power and cooling
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water is available again, the RDL is actively cooled to
reduce the temperature so that the magnet can be ramped
back to field. The MSCU also monitors many other magnet
parameters to determine when the magnet can be
automatically ramped back to field. The magnet has an
integrated Magnet Power Supply (MPS) which is used to
automatically ramp the magnet to its precise current for
field, before putting the magnet into persistent mode.
The MSCU also monitors many magnet and refrigeration
parameters which can be monitored remotely by our
service organisation. This allows preventative maintenance
to be planned to ensure maximum “uptime” for the magnet
and MRI system.

system to be sited in non-traditional locations such as
ER departments and clinics. The lack of a quench pipe
further reduces the installation costs and enables the
magnet to be sited in locations where quench pipe runs
would be too long, or very difficult and expensive to
install. The lack of a large helium inventory reduces the
magnet purchase price and reduces the servicing costs
for the customer. Since the magnet has its own magnet
power supply, the customer can, in most cases, ramp the
magnet up and down when required without a service visit
being required.

Product Life Cycle (PLC) and
Total Cost of Ownership (TCO) savings
One key focus of the development of the DryCool magnet
was to minimize Product Lifecycle Cost and Total Cost
of Ownership for the customer. The very low magnet
mass reduces the shipping costs, and reduces the logistics
carbon footprint as, in many cases, sea or road shipments
can be used rather than air freight. The low mass also
reduces installation costs and allows the magnet to be
sited on upper floors. The low mass and small size of
the magnet also allows the MAGNETOM Free.Max MRI

The DryCool magnet is a highly innovative development
which incorporates many new technologies and concepts.
The magnet delivers the first 80 cm patient bore in the
industry and is a key enabler for the ground-breaking
MAGNETOM Free.Max 0.554 Tesla MRI scanner. The
magnet minimizes PLC and TCO and virtually eliminates
the complex superconducting magnet servicing procedures
which have been in place for several decades. The magnet
is enabled for siting outside of traditional imaging suites
and will undoubtably be used for many new applications
in the future.

Contact
Simon Calvert
Siemens HC Ltd. MR Magnet Technology
SHS DI MR R&D MD
Wharf Road
OX29 4BP Oxford
United Kingdom
simon.calvert@siemens-healthineers.com
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Meet Siemens Healthineers
Siemens Healthineers: Our brand name embodies the pioneering spirit and
engineering expertise that is unique in the healthcare industry. The people working
for Siemens Healthineers are totally committed to the company they work for, and
are passionate about their technology. In this section we introduce you to colleagues
from all over the world – people who put their hearts into what they do.
Aurelien Monnet
I started my career after studying chemistry and spectroscopy.
I graduated from Pierre and Marie Curie University in Paris,
France. My first job was as an MR engineer at the Institute of
Myology at Pitié-Salpêtrière Hospital, also in Paris. I then joined
the neuroradiology department at Lille University Hospital
for two and a half years where I was responsible for research
protocols. In 2012, I had the opportunity to join Siemens
Healthineers as an MR application specialist. I also spent a
year in the U.S. in 2016 working as an application specialist.

How did you first come into contact with MRI?
My first contact with MRI was during my first job in Paris.
I used to do MR spectroscopy during my studies but I didn’t
have much idea about imaging. I learned about in vivo
imaging on the job and was able to apply my experience
of heteronuclear spectroscopy. We scanned not only
patients with neuromuscular diseases, but also animals
such as mice and dogs with a 4T MRI system. It was
possible to do practically anything with the system; it
was a great way to learn.
What do you find most fascinating about MRI?
What is fascinating about MRI is the never-ending
possibilities of improving and bringing new techniques
to life. It’s a very versatile technology.
What role do you play in MRI development?
In the ACQ team, we all have various expertise in bringing
ready-to-use protocols and products to customers. Due
to my previous experience, especially in neuro imaging,
I’m responsible for the brain protocols. I particularly like
working on new projects, translating research into clinical
practice.

Erlangen, Germany

How does protocol optimization work, particularly
in the context of such a novel platform as
MAGNETOM Free.Max?
Protocol optimization – especially on MAGNETOM Free.Max
– was, to be absolutely honest, quite challenging. We had
to throw out everything we already knew and start afresh,
if I can put it like that. The greatest challenge was, of
course, SNR. Fortunately, we have shared responsibilities
with our colleagues at Siemens Shenzhen Magnetic Resonance Ltd. (SSMR) in Shenzhen, so mutual development
across body regions was made a little easier and faster.
We had weekly meetings on image quality with our Chinese and U.S. colleagues so that everybody could share
comments, ideas, and concerns. It was truly a team effort.
If you could do anything you wanted for a month
(at work and privately) what would it be?
During my spare time, I like climbing and hiking, especially
in Austria. I am also a qualified pilot and sometimes fly
around Bavaria with friends and colleagues. If I could do
anything for a month, I’d just fly as much as possible and
also get new qualifications because you can never stop
learning.

MAGNETOM Free.Max is currently under development and is not for sale in the U.S. and in other countries. Its future availability cannot be ensured.
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Zhang Le, Ph.D.
My name is Zhang Le, and I’m a protocol developer with Siemens
Shenzhen Magnetic Resonance Ltd. (SSMR). I gained a bachelor’s
degree in clinical medicine in 2003 and completed my doctorate
in biomedical engineering five years later, in 2008. Then, I spent
two years as a resident at the First Affiliated Hospital of Zhengzhou
University, which might be the biggest hospital worldwide with diverse
patient resources. Since 2010, I have been working for SSMR as a
protocol developer.

How did you first come into contact with MRI?
My first exposure to MRI can be traced back to my internship in the first year of my bachelor’s degree at medical
school in 1998. The freshmen were required to visit each
department in the teaching hospital to learn about clinical
routine. It was the first time that I observed so many
detailed anatomical structures in the human body on a
scan, and I noticed that all the images of good quality were
from the Siemens 1.0T system. I was so deeply impressed
by MRI and Siemens that they have stuck in my mind ever
since. Of course, more than 20 years later, the current
performance of MRI systems from Siemens Healthineers is
much more impressive than at that time, including our
0.55T MAGNETOM Free.Max system. :-)
What do you find most fascinating about MRI?
I’m always impressed by the wonderful ability of MRI
to visualize anatomical structures. However, the most
fascinating thing is the cooperation in a multidisciplinary
working environment. MRI development is, without a
doubt, a huge interdisciplinary project. From hardware
components to software and application, from factory to
customer sites in global marketing, the work of numerous
colleagues makes it all possible. I enjoy the sparks of
inspiration that come from the different thoughts of
people with differing educational backgrounds. Thanks
to all of you, I have learned a lot from our cooperation,
and I believe I can learn more in the future.
What role do you play in MRI development,
and how does application development work,
particularly in the context of such a novel platform
as MAGNETOM Free.Max?
As a protocol developer, from my point of view, I take
the customer’s perspective and play the part of a bridge
between the customers and developers. That’s the
importance of my role in MRI development. Thanks to my
experience at medical school and working at a teaching
hospital, I am able to communicate easily and effectively
with all kinds of medical staff. I understand their real
needs. Thanks to my experience during my Ph.D. research
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and from almost 10 years’ working in the Siemens
Healthineers family, I know how to work together with
colleagues from multidisciplinary backgrounds efficiently.
Certainly, protocol optimization is a very useful tool or
even an essential skill in my work. I usually have to
integrate all types of knowledge, tools, and skills, to
evaluate whether the system will meet our customer’s
requirements. At the same time, I also need to try my
best to overcome all kinds of potential problems and/or
limitations. The final output of my job is well-balanced
protocol parameters and workflows for each project and
product. I always hope that this output provides a good
starting point and a platform for our application specialists
and customers to explore the beauty of MRI. MRI is also
far more accessible now than it was before. I believe our
MAGNETOM Free.Max system will accelerate this process
significantly thanks to the novel platform.
What do you find most motivating about your job?
As I mentioned before, working in a multidisciplinary
environment is the most motivating thing about my job.
At the same time, the Siemens Healthineers family gives
me the sense of belonging, which also drives me to do
my best to make my work better and better. Of course,
the great sense of accomplishment when one project is
finished is another reward of my job.
If you could do anything you wanted for a month
(at work and privately) what would it be?
A road trip to explore the high mountains of Tibet
would be my number one choice if I really could take a
one-month vacation. Similarly, I’d also enjoy visiting the
Alps. I love mountains and cannot help thinking about
our high-quality MR images when I look at the curves and
outlines of mountains. They share the beauties of lines
and anatomies, both of which are so awesome. It would
be perfect if I could enjoy this wonderful time with my
wife and young son. They love and support me all the time.
Since my wife is a busy gynecologist, a long vacation
would be something really precious. I’m sure she would
really enjoy it!
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