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Boldly Going Where No One Has
Gone Before – The Roadmap
to 10-fold Accelerated Routine
Musculoskeletal MRI Exams
“One man cannot summon the future.”
– Lt. Cmdr. S'chn T'gai Spock
“But one man can change the present!”
– Capt. James Tiberius Kirk
Have you ever wondered about the excitement that
Captain James T. Kirk, Kathryn Janeway, Jonathan Archer,
Jean-Luc Picard, and their crews felt onboard a brand-new
starship equipped with disruptive new technologies, ready
to embark on a pioneering mission to boldly go where no
one has gone before?
The Star Trek saga is built on quantum-leap-type
technological advances that symbolize gatekeepers and
door openers to new horizons in space and time. With
every technological advancement, such as fusion reactor
plasma-driven impulse engine, spacetime continuumdistorting warp-field drive, or organic displacementactivated mycelial spore network propulsion – Starfleet
and the United Federation of Planets overcame boundaries,
crossed distant frontiers, and reached new horizons.
The evolution of MRI has notable similarities. Multiple
significant technological advancements have overcome
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technological boundaries and have successfully translated into clinical MRI applications that have continuously
improved patient care. In terms of hardware, these
advances include 3T field strength, high-gain receiver
chains, high-performance gradients, fast radiofrequency
pulse techniques, multi-channel technology, and highdensity surface coil technologies [1]. In terms of pulse
sequences, they include fast and turbo spin-echo acquisition
techniques [2], parallel imaging acceleration [3], and
simultaneous multi-slice acquisition [4].
While time and the time-space continuum are
constants for us, a deep dive into the building blocks of
the value of MRI identifies scan efficiency as central to
almost every value component. MRI efficiency is a cornerstone for growing the availability and accessibility of
MRI worldwide, improving the tolerability for patients
undergoing MRI scans, limiting degrading motion artifacts
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on MR images, reducing the need for sedation and
anesthesia in pediatric patients1, decreasing contact and
patient dwell times during the COVID-19 pandemic, and
augmenting throughput for busy academic institutions
and private centers [5].
At the dawn of this new decade image reconstruction
and post-processing techniques artificial intelligence (AI)
and machine learning mark the next technological breakthrough and affect almost every aspect of MRI [6] (Fig. 1).
Particularly machine-learning-based image reconstruction and post-processing technologies will permit neverbefore-seen gains in scan-time efficiency and image-quality
enhancements and further potentiate synergies with
existing acceleration strategies, including echo-train
compaction, parallel imaging, and simultaneous multi-slice
acquisitions [5, 7].
Musculoskeletal MRI has achieved extraordinary gains
in efficiency and image quality over the past decade with
substantial contributions coming from the now widely
used 3T field strength, high-performance surface coils,
and the combined use of advanced acceleration techniques
with fast and turbo spin-echo pulse sequences, which are
essentially part of every musculoskeletal MRI protocol [1].
Effective and optimized use of these technologies
is fundamental to maximizing the gains of machinelearning-based MRI.
For example, the optimized combined use of parallel
imaging and simultaneous multi-slice now permits clinically

Denoising

g-factor
Correction
Artificial
Intelligencebased Image
Reconstruction
Artifact
Suppression
SuperResolution

1  Deep neural networks for artificial intelligence-based image
reconstructions can include various components based on their
training and intended use.
1

available 4-fold accelerated musculoskeletal turbo spinecho MRI in any contrast variation [4, 8]. This includes
T1-weighted, proton density-, intermediate-, and
T2-weighted tissue contrast, and multiple fat suppression
techniques, including spectral, Dixon, and inversionrecovery fat suppression. Combining the above techniques
with machine-learning-based image reconstruction will
unlock multiple synergies, with 8-fold and even 10-fold
accelerated turbo spin-echo pulse sequences in stellar
image quality as the next breachable frontier – which could
reduce 20-minute MRI exams to under 3 minutes (Table 1).
Imaging scientists and radiologists alike have already
embarked on a momentous journey to new horizons in
musculoskeletal MRI with unprecedented MRI efficiencies
and acquisition speeds. It is my distinct honor to be a crew
member on this journey – and even more so to editorialize
this fine RSNA edition of MAGNETOM Flash. In addition
to shining a spotlight on what is ahead, the purpose of
this editorial is to highlight key components for the journey
to 10-fold accelerated musculoskeletal turbo spin-echo
pulse sequences and to sub-5-minute musculoskeletal
MRI exams.

So, in the spirit of Captain
Jean-Luc Picard: “Engage!”

Acceleration Factor

Protocol Time
[mm:ss]

Pulse-Sequence
Time [mm:ss]

unaccelerated

20:00

04:00

2-fold

10:00

02:00

3-fold

06:40

01:20

4-fold

05:00

01:00

5-fold

04:00

00:48

6-fold

03:20

00:40

7-fold

02:51

00:34

8-fold

02:30

00:30

9-fold

02:13

00:27

10-fold

02:00

00:24

Table 1: Effect of acceleration factor on the acquisition times
of MRI protocols and pulse sequences.

 R 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
M
MR examination compared to those of other imaging procedures.
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Resistance is futile: Artificial intelligencedriven image reconstruction
Deep neural networks used for artificial intelligence-based
image reconstruction can include various components
based on their training and intended use, such as denoising capabilities and g-factor corrections to increase the
signal-to-noise ratio, artifact suppression techniques to
correct aliasing artifacts of parallel imaging and interslice
leakage of simultaneous multi-slice acquisition, as well
as super-resolution techniques to increase image detail
(Fig. 1) [9].

Make it so: Preparing pulse sequences
for new frontiers
Regardless of whether one employs conventional or
advanced acquisition schemes, image reconstruction techniques, or post-processing methods, using optimally
designed pulse sequences for a specific application (such
as a knee MRI protocol) remains fundamental to achieving
the fastest scan times (Fig. 2).
2A

Echo #1

Echo #2

In fact, pulse-sequence optimization before applying
advanced techniques becomes even more important and
rewarding as time savings arising from an optimally played
pulse sequence multiply and could even potentiate when
applying and combining higher-level acceleration techniques, such as parallel imaging, simultaneous multi-slice
acquisition, elliptical scanning, and compressed-sensingbased undersampling. For example, a 10-second time
saving achieved through careful optimization of the echo
train could multiply to 80 seconds with subsequent 8-fold
acceleration.
For musculoskeletal MRI, turbo spin-echo pulsesequence techniques may be considered the Bird of Prey,
as their versatility, technical performance, and diagnostic
accuracy are unrivaled. Turbo spin-echo pulse sequences
are a perfect target for next-generation acceleration because
of their ability to generate true T1- and T2-weighted contrasts, and to combine favorably with many techniques,
such as 2D and 3D acquisition schemes [10, 11], spectral,
Dixon, and short-tau inversion recovery (STIR) fat suppression [12], high-bandwidth, view-angle-tilting (VAT), and
SEMAC metal artifact suppression2 [13], as well as accelerEcho #3

Echo #4

Echo #5

Turbo spin-echo pulse sequence with echo-train length of 5
2B

Echo #1

Echo #2

Echo #3

Echo #4

Echo #5

Echo #6

Echo #7

Echo #8

Echo #9

Echo #10

Optimized turbo spin-echo pulse sequence with echo-train length of 10
2C

Echo #1

Echo #2

Echo #3

Echo #4

Echo #5

Echo #6

Echo #7

Echo #8

Echo #9

Echo #10

Optimized turbo spin-echo pulse sequence with echo-train length of 10 and deep learning-based image reconstruction

2  Effects of echo-train compaction of a turbo spin-echo pulse sequence and deep learning-based image reconstruction.
(2A) Turbo spin-echo pulse sequence with an echo-train length of five, acquiring five signals for every repetition time.
(2B) Optimized turbo spin-echo pulse sequence via echo-train compaction with fast radiofrequency pulses, high-performance gradients, and
high receiver bandwidth permits acquiring ten signals for the same echo-train duration, which constitutes a factor two acceleration compared
to the top row sequence.
(2C) The application of deep learning-based image reconstruction effectively results in higher visible signal gains, simplified here
as relative gains of echo amplitudes.
2

 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.
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ation methods including parallel imaging, simultaneous
multi-slice acquisition [4], and compressed sensing-based
sampling [11, 14].
Proton density and intermediate-(PD)-weighted turbo
pulse sequences with and without fat suppression are
frequently used in musculoskeletal MRI due to their ability
to maximize signal gain, to display fluid brightly for reliable
detection of edema, inflammation, and collections, and
to achieve high-contrast differentiation of ligaments,
tendons, and articular and fibrocartilage, which naturally
have lower concentrations of protons, and long T1 and
short T2 constants.
Creating compact echo trains is crucial for optimal
turbo spin-echo pulse sequences. Echo-train compaction
describes a concept based on optimizing pulse-sequence
parameters so that the maximum number of refocusing
echoes can be applied in the shortest length of time needed

to complete the echo train, resulting in the sampling
of higher signal echoes and minimizing the introduction
of image blur (Fig. 2).
The shorter the time between neighboring echoes
(echo spacing), the more echoes can be sampled per time
unit and within a certain length of time of an echo train.
Shortening echo spacing will permit sampling of more
echoes in the same length of time, or of the same number
of echoes in a shorter time.
The three most important parameters for compacting
echo trains are a fast radiofrequency pulse, maximum
gradient performance, and high receiver bandwidth. All
three factors substantially affect the baseline acquisition
time, although they might not be specifically mentioned
in commonly used pulse-sequence time equations.
Modern scanners allow users to choose how fast
radiofrequency pulses will be executed within a turbo spin-

4-fold Parallel-Imaging-Accelerated Turbo Spin-Echo MRI
PAT 4
Conventional
Image Reconstruction

PAT 4
Deep Learning-Based
Image Reconstruction

SAG T2 FS

SAG PD

PAT 2
Conventional
Image Reconstruction

3  3-Tesla MRI of the knee with echo-train-compacted turbo spin-echo pulse sequences using 2-fold and 4-fold parallel imaging acceleration
(PAT) and conventional and deep learning-based image reconstructions. Application of deep learning-based image reconstruction using
an algorithm developed by Facebook AI Research (FAIR) and NYU Langone Health [17] achieves similar or better image quality with
4-fold parallel-imaging-accelerated datasets than 2-fold parallel-imaging-accelerated datasets using conventional image reconstruction.
The sagittal PD MR images show a partially torn anterior cruciate ligament. The sagittal fat-suppressed T2-weighted MR images show a torn
anterior meniscus segment and high-grade articular cartilage loss of the central femoral condyle. The MR images were obtained with a 3 Tesla
MAGNETOM Skyra MRI system and a 1-transmit-channel-15-receiver-channel knee coil. PD = proton density weighting, T2 FS = fat-suppressed
T2-weighting, PAT= parallel acquisition technique using GRAPPA (GeneRalized Autocalibrating Partial Parallel Acquisition)
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echo pulse sequence. Radiofrequency pulses with shorter
durations occupy less time, shorten echo spacing, and
result in faster sampling. Compared to slower modes,
faster radiofrequency pulses may impart more energy
and increase the specific absorption rate (SAR).
The quality of a gradient system is indicated by the
gradient speed (slew rate, [T/m/s]) and gradient strength
[mT/m], which indicate how quickly and how powerfully
gradient effects can be achieved [15]. Modern clinical MRI
scanners with slew rates of 150–200 T/m/s and gradient
strengths of 35–80 mT/m permit executing turbo spinecho pulse sequences much faster than previous generations. Gradients have no direct effects on the SAR but may
induce nerve-stimulating effects, which are usually well
tolerated during musculoskeletal MRI. The “performance”
gradient mode now gives users access to the highest gradient performance.

High receiver bandwidths enable faster sampling of
MR signals and can therefore substantially contribute to
short echo spacing and echo trains. Additional effects
that are especially favorable to musculoskeletal MRI and
the detection of small abnormalities are reduced chemical
shift artifacts and improved sharpness of MR images.
High receiver bandwidth results in overall lower strength
of the MR signal and reduced SNR. However, the associated
shortening of echo spacing leads to an earlier sampling
of stronger MR signals, limiting signal losses.
The combined use of high-performance gradients,
fast radiofrequency pulses, and high receiver bandwidth
can substantially shorten the echo spacing of turbo spinecho pulse sequences. Short acquisition times translate to
shorter possible minimum required repetition times and
higher possible echo-train lengths, which lays the foundation for multiplying and potentiating gains with advanced

2-fold Parallel-Imaging-Accelerated Turbo Spin-Echo MRI
Deep Resolve
Gain

Deep Resolve
Sharp

Deep Resolve
Gain + Sharp

Sagittal T2 FS
01:50 min

Coronal PD
01:14 min

Axial PD FS
01:38 min

Conventional Image
Reconstruction

4  3-Tesla MRI of the knee with echo-train-compacted turbo spin-echo pulse sequences using 2-fold parallel imaging acceleration (PAT) and
conventional and Deep Resolve image reconstructions. Application of Deep Resolve Gain reduces perceived image noise. Deep Resolve Sharp
increases image detail. The MR images show a patellar cartilage fissure and complex meniscus tear. The MR images were obtained with
a 3T MAGNETOM Skyra MRI system and a 1-transmit-channel-15-receiver-channel knee coil. Parallel imaging acquisition was performed with
GRAPPA (GeneRalized Autocalibrating Partial Parallel Acquisition). PD = proton density weighting, PD FS = fat-suppressed proton density
weighting, T2 FS = fat-suppressed T2 weighting
8
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techniques. Carefully optimized turbo spin-echo pulse
sequences that employ echo-train compaction can often
yield a 2-fold acceleration factor.

Live long and prosper: Artificial
intelligence-driven parallel imaging
Parallel imaging has proven to be one of the most effective
and easy-to-use methods of accelerating turbo spin-echo
pulse sequences. Based on sensitivity profile encoding of
multi-element receiver coils, parallel imaging permits the
undersampling of time-consuming phase-encoding steps.
Effectively, parallel imaging saves acquisition time by
sampling only every second (2-fold acceleration), third
(3-fold acceleration), or even fourth (4-fold acceleration)
phase-encoding step while keeping the field-of-view,
matrix size, and spatial resolution unchanged. The number
of omitted phase-encoding steps is proportional to the
acceleration factor and will directly reduce the acquisition
time (Table 1).
The SNR of an MR image will reduce proportionally
to the square root of the acceleration factor. Hence, with
conventional image reconstruction, acceleration factors
above two often result in a detrimental increase in image
noise and additional aliasing artifacts depending on the
coil geometry (Fig. 3). Considering g-factor-related effects,
2-fold, 3-fold, and 4-fold parallel imaging accelerations
result in approximately 29–36%, 41–48%, and 50–58%
less SNR in musculoskeletal structures, respectively [7].
Deep Resolve is an artificial intelligence-based
reconstruction method that combines targeted denoising
and deep learning-based image reconstruction by incorporating noise maps acquired with the original data in a
time-neutral fashion [16]. Deep Resolve Gain applies
advanced denoising by extracting individually heterogeneous noise distributions, regaining SNR to better
advantage than conventional denoising techniques. Deep
Resolve Sharp utilizes a deep neural network to increase
the sharpness of the reconstructed image (Fig. 4).
As a rule of thumb, aliasing artifacts and visible
heterogenous noise enhancement are expected to occur
when the acceleration factor exceeds the number of coil
elements across the phase-encoding direction of the pulse
sequence. For example, a parallel imaging acceleration
factor of four will likely overwhelm the geometry of an
18-channel knee coil consisting of three rings in headto-foot direction, and will therefore result in additional
aliasing artifacts (Fig. 3).
Deep learning-based image reconstruction techniques
that combine intelligent denoising and aliasing correction
can reconstruct 4-fold accelerated MR image datasets with
higher quality than achieved by conventional image reconstruction algorithms reconstructing 2-fold parallel-imagingaccelerated datasets [17] (Fig. 3).

Beam me up, Scotty: Artificial intelligencedriven simultaneous multi-slice acceleration
Simultaneous multi-slice acquisition of turbo spin-echo
pulse sequences is a key technology for achieving artificial
intelligence-based ultrafast musculoskeletal MRI as it favorably combines with parallel imaging acceleration and elliptical scanning, thereby multiplying acceleration factors [4].
While conventional turbo spin-echo pulse sequences
obtain slice signals one after the other, simultaneous
multi-slice acquisition techniques can acquire signals from
multiple slices at the same time. Sharing some similarities
with parallel imaging, dedicated deconvolution algorithms
such as CAIPIRINHA [18] separate the mixed MR signals
from the originating slices, using coil-sensitivity profiles,
field-of-view shifts, and gradient encoding.
Simultaneous multi-slice acquisition effectively
reduces the total repetition time of a multi-slice turbo
spin-echo pulse sequence, which translates into direct and
indirect time savings, including shorter possible repetition
times, obviating concatenations and permitting longer
echo trains, simultaneous acquisition of in-phase and
opposed-phase echoes within Dixon-based acquisitions,
as well as time-neutral use of a higher number of slices
or reduction of interslice gaps, and repetition of time-consuming SPAIR fat suppression.
Simultaneous multi-slice acquisition synergizes favorably with parallel imaging acceleration [4]. In contrast
to parallel imaging acceleration, simultaneous multi-slice
acquisition is linked only to g-factor-associated signal
loss, which is a fraction of the SNR loss of parallel imaging.
On the other hand, SMS may result in higher SAR values
because of the sum of simultaneously imparted radio
frequency pulses. However, dedicated radiofrequency
pulse designs, flip angles of 125–150 degrees, and
local transmit coils can substantially reduce SAR levels
in peripheral joints.
When used in combination, the acceleration factors
contributed by each technique multiply. For example,
the combined use of simultaneous multi-slice acquisition
and parallel imaging acceleration enables artifact-free,
4-fold accelerated turbo spin-echo acceleration for rapid
5-sequence knee MRI at 1.5T (Fig. 5 and Table 2), and
at 3T (Fig. 6 and Table 3) with a much higher average SNR
than 4-fold accelerated parallel imaging [8]. Combining
deep learning-based image reconstruction with 4-fold
accelerated simultaneous multi-slice acquisition and parallel imaging results in substantial SNR gains (Figs. 5, 6)3.
Since deep neural networks have already been shown
to reconstruct 4-fold parallel-imaging-accelerated datasets
with image quality exceeding a conventionally recon

3

 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.
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1.5T 4-fold SMS2-PAT2 Accelerated Turbo Spin-Echo MRI
Coronal PD
01:16

Coronal PD FS
01:24

Sagittal PD
01:17

Sagittal T2 FS
01:23

Super Resolution
Image Reconstruction

Deep Learning
Image Reconstruction

Conventional
Image Reconstruction

Axial T2 FS
01:00

5  1.5-Tesla MRI of the knee with echo-train-compacted turbo spin-echo pulse sequences using combined 2-fold parallel imaging and 2-fold
simultaneous multi-slice acquisition acceleration and conventional and deep learning image reconstructions3. Application of deep learning-
based image and super-resolution reconstruction substantially decreases image noise, increases perceived signal and contrast, and increases
image detail. The MR images show a patellar cartilage defect and lateral meniscus tear with a displaced fragment in the inferior meniscosynovial recess. The MR images were obtained with a 1.5T MAGNETOM Sola MRI system and a 1-transmit-channel-18-receiver-channel knee coil.
The MRI protocol is given in Table 2. PD = proton density weighting, PD FS = fat-suppressed proton density weighting, T2 FS = fat-suppressed
T2 weighting
Parameter

Ax T2 FS

Cor PD

Cor PD FS

Sag PD

Sag T2 FS

4000/54

4000/37

3500/31

4000/37

4000/53

2

2

2

2

2

SMS / FOV shift

2/2

2/2

2/2

2/2

2/2

Echo-train length

14

11

11

15

14

Bandwidth (Hz/px)

159

200

159

200

159

Echo spacing [ms]

10.8

9.31

10.3

9.31

10.6

160 × 160

160 × 160

160 × 160

160 × 160

160 × 160

0.55 × 0.69 × 3.0

0.45 × 0.56 × 3.0

0.56 × 0.69 × 3.0

0.45 × 0.56 × 3.0

0.56 × 0.69 × 3.0

Slices

40

40

40

36

36

Concatenations

1

1

1

1

1

Phase direction

right-to-left

right-to-left

head-to-foot

head-to-foot

head-to-foot

00:58

00:55

01:18

01:18

01:11

Repetition/echo time [ms]
PI

FOV [mm]
Voxel size [mm]

Acquisition time [mm:ss]

Table 2: NYU 1.5-Tesla 4-fold SMS2-PAT2 accelerated knee MRI protocol.
Ax = axial, Cor = coronal, sag = sagittal, PD = proton density weighted, FS = fat suppression, PI = parallel imaging acceleration factor,
SMS = simultaneous multislice acquisition acceleration factor, TSE = turbo spin-echo, FOV = field-of-view
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3T 4-fold SMS2-PAT2 Accelerated Turbo Spin-Echo MRI
Coronal PD
01:16

Coronal PD FS
01:24

Sagittal PD
01:17

Sagittal T2 FS
01:23

Super Resolution

Deep Learning

Conventional

Axial T2 FS
01:00

6  3-Tesla MRI of the knee with echo-train compacted turbo spin echo pulse sequences using combined 2-fold parallel imaging and 2-fold
simultaneous multi-slice acquisition acceleration and conventional and deep learning image reconstructions3. Application of deep learningbased image and super-resolution reconstruction substantially decreases image noise, increases perceived signal and contrast, and increases
image detail. The MR images show intact patellar articular cartilage and a nondisplaced horizontal medial meniscus tear. The MR images
were obtained with a 3 Tesla MAGNETOM Vida MRI system and 1-transmit-channel-18-receiver-channel knee coil. The MRI protocol is given
in Table 3. PD = proton density weighting, PD FS = fat-suppressed proton density weighting, T2 FS = fat-suppressed T2 weighting

Parameter

Ax T2 FS

Cor PD

Cor PD FS

Sag PD

Sag T2 FS

3600/57

4000/23

4000/35

4000/23

3700/56

2

2

2

2

2

SMS / FOV shift

2/2

2/4

2/4

2/4

2/4

Echo-train length

11

11

11

11

9

Bandwidth (Hz/px)

296

354

301

354

301

Echo spacing [ms]

7.51

7.05

8.03

7.05

8.03

140 × 140

140 × 140

140 × 140

140 × 140

140 × 140

0.5 × 0.6 × 3.0

0.4 × 0.5 × 3.0

0.5 × 0.6 × 3.0

0.4 × 0.5 × 3.0

0.5 × 0.6 × 3.0

Slices

38

36

36

38

38

Concatenations

1

1

1

1

1

Phase direction

right-to-left

right-to-left

head-to-foot

head-to-foot

head-to-foot

01:00

01:16

01:24

01:17

01:23

Repetition/echo time [ms]
PI

FOV [mm]
Voxel size [mm]

Acquisition time [mm:ss]

Table 3: NYU 3-Tesla 4-fold SMS2-PAT2 accelerated knee MRI protocol.
Ax = axial, Cor = coronal, sag = sagittal, PD = proton density weighted, FS = fat suppression, PI = parallel imaging acceleration factor,
SMS = simultaneous multislice acquisition acceleration factor, TSE = turbo spin-echo, FOV = field-of-view
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structed 2-fold parallel-imaging-accelerated dataset [17],
the door is now open to teaching deep neural networks
to reconstruct SMS2-PAT3, SMS3-PAT3, SMS2-PAT4, and
SMS3-PAT4, which may exceed a total acceleration factor
of 10 (Fig. 9)3.

Set phasers to stun: Artificial intelligencedriven matrix interpolation and superresolution images
Acquiring MR images with higher spatial resolution to
resolve small musculoskeletal structures and abnormalities
with greater detail is a costly endeavor because of the
inverse square-root relationship between increasing spatial
resolution and SNR loss.
Hence, technologies that can accurately convert
MR images from an acquired lower resolution to calculate
or predict higher spatial resolutions could substantially
increase scan efficiency [5]. MRI datasets could then be
acquired with lower matrix resolution in shorter acquisition
times. Conversely, higher image quality could be achieved
without the need for longer scan times.

Various conventional k-space- and image-domain-based
matrix interpolation techniques have been applied
in the past, including adding empty data (zero filling) or
mathematically estimated data. While basic interpolation
techniques may not add information, improved edge
sharpness and reduced partial volume effects have been
achieved in some cases.
Deep Resolve Sharp is a super-resolution algorithm
based on deep neural networks that increases image detail
and sharpness of MR images acquired with various pulse
sequences and image contrast [16]. The algorithm
combines matrix expansion and accurately predicts higher
spatial resolution information based on its extensive training with many pairs of low-resolution and high-resolution
MRI datasets.
Deep Resolve Sharp can be combined with other deep
learning-based image reconstruction algorithms and acceleration techniques, such as combined parallel imaging and
simultaneous multi-slice acquisition with, indeed, stunning
increases in sharpness, detail, and overall image quality
(Figs. 7, 8).

1.5T 4-fold SMS2-PAT2 Accelerated Turbo Spin-Echo MRI
Axial T2 FS
00:58 min

Coronal PD FS
01:18 min

Sagittal PD
01:18 min

Conventional
Image Reconstruction

Super Resolution
Image Reconstruction

7  1.5-Tesla MRI of the knee with echo-train-compacted turbo spin-echo pulse sequences using combined 2-fold parallel imaging and 2-fold
simultaneous multi-slice acquisition acceleration and conventional and deep learning image reconstructions. The application of Deep Resolve
Sharp super-resolution reconstruction greatly increases the detail of the patellar cartilage defect and the displaced lateral meniscus tear. The
MR images were obtained with a 1.5T MAGNETOM Sola MRI system and a 1-transmit-channel-18-receiver-channel knee coil.
PD = proton density weighting, PD FS = fat-suppressed proton density weighting, T2 FS = fat-suppressed T2 weighting
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3T 4-fold SMS2-PAT2 Accelerated Turbo Spin-Echo MRI
Axial T2 FS
01:00 min

Coronal PD
01:16 min

Sagittal T2 FS
01:23 min

Conventional
Image Reconstruction

Super Resolution DL
Image Reconstruction

8  3-Tesla MRI of the knee with echo-train-compacted turbo spin-echo pulse sequences using combined 2-fold parallel imaging and 2-fold
simultaneous multi-slice acquisition acceleration and conventional and deep learning image reconstructions. The application of Deep Resolve
Sharp super-resolution reconstruction greatly increases the detail of the intact patellar articular cartilage and nondisplaced horizontal medial
meniscus tear. The MR images were obtained with a 3T MAGNETOM Vida MRI system and a 1-transmit-channel-18-receiver-channel knee coil.
PD = proton density weighting, PD FS = fat-suppressed proton density weighting, T2 FS = fat-suppressed T2 weighting
3T 6-fold SMS2-PAT3 Accelerated Turbo Spin-Echo MRI
Coronal T1
00:32 min

Coronal T2 FS
00:59 min

Sagittal PD
00:55 min

Sagittal T2 FS
00:59 min

Conventional
Image Reconstruction

Axial PD FS
00:44 min

Deep Learning
Image Reconstruction3

DL Image Reconstruction

9  3-Tesla MRI of the knee with echo-train-compacted turbo spin-echo pulse sequences using combined 2-fold simultaneous multi-slice
acquisition and 3-fold parallel imaging acceleration and conventional and deep learning image reconstructions3. The application of deep
learning image reconstruction permits artifact-free MR image reconstruction with high signal, low noise, and high anatomical detail.
The MR images were obtained with a 3T MAGNETOM Vida MRI system and a 1-transmit-channel-18-receiver-channel knee coil.
PD = proton density weighting, PD FS = fat-suppressed proton density weighting, T2 FS = fat-suppressed T2 weighting
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Things are only impossible until they’re not:
Conclusion
Driven by synergies of high-performance scanner technologies, advanced acceleration techniques, and artificial intelligence-based image and super-resolution reconstructions,
we are already well on our way to new horizons and to
crossing new musculoskeletal MRI frontiers with acceleration factors that no one believed were possible. Each
parsec of the journey will add a value component to MRI,
ultimately benefiting patients, institutions, and societies
in multiple ways. We are, indeed, boldly going where no
one has gone before!
Live long and prosper

,

Jan Fritz
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Automatic Knee Cartilage Segmentation
using MR Chondral Health
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Abstract
Osteoarthritis (OA) is a degenerative disease affecting
the articular cartilage characterized by slow cartilage loss
over time. Magnetic resonance imaging (MRI) provides a
noninvasive and sensitive tool for examining structures
involved in OA disease. Both morphological and quantitative
MRI techniques are helpful in the diagnosis and treatment
monitoring of OA patients. In MR imaging, cartilage
segmentation is an important evaluation step to define
cartilage loss in disease progression or cartilage volume
increase as a response to treatment. This step, however,
presents a significant and substantial burden in large
cohort trials. Here, we present our initial experience using
automated segmentation software, MR Chondral Health1,
which is capable of automatically segmenting the whole
knee cartilage on isotropic MRI scans.

Key points
1.

2.

3.

Automated cartilage segmentation is an essential
tool for improving the detection of early osteoarthritis
in patients at risk of OA and, in particular, in treatment
monitoring of newly developed cartilage regenerative
drugs.
MR Chondral Health1 provides robust and reproducible
automated knee cartilage segmentation that can
be performed on the most common 3D isotropic
MR sequences.
Automated quantitative MRI data extraction can
be added to the automated cartilage segmentation
as it provides valuable information about collagen
fibers and glycosaminoglycans.

of cartilage and the associated alterations in the underlying
bone. This leads to joint deformity, disability, and debilitating joint symptoms of all joint structures such as cartilage,
bone, menisci, ligaments, and tendons. Studies have
shown that the morphometric assessment of the cartilage
structure, such as volume and thickness, from MR images
provides an accurate measurement of OA progression
[2–4]. Although a number of quantitative MRI techniques
[5–8] have recently been developed for the detection of
early cartilage degeneration, one of the major hurdles for
clinical translation of these advanced quantitative techniques is the time-consuming and tedious task of manual
or semiautomatic cartilage segmentation. In addition,
manual segmentation is typically subject to relatively high
inter- and intra-reader variability. Over the years, a number
of different techniques for automated cartilage segmentation have been developed, including deformable models
[9], clustering [10], intensity and edge detection-based
[11, 12] approaches, and atlas-/graph-based methods [13].
The use of convolutional neural networks (CNNs) in knee
articular cartilage segmentation has become very popular
in recent years [14]. The model-based cartilage segmentation approach developed by Fripp et al. [15] has been
implemented in the MR Chondral Health application
(Siemens Healthcare, Erlangen, Germany) and provides

Background
Osteoarthritis (OA), the most common form of arthritis, is
a complex, multifactorial condition that causes disability in
the older population [1]. In terms of pathophysiology, OA
refers to disease of the entire joint including breakdown
1

1  The color codes of 21 cartilage regions automatically segmented
using MR Chondral Health.

 Work in progress. The product is still under development and not commercially available yet. Its future availability cannot be ensured.
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automated knee cartilage segmentation, which is further
divided into twenty-one subregions. Here we present
an overview of the basic features of MR Chondral Health
and our experience of its application in clinical trials.

Segmentation workflow
Knee cartilage was segmented using the prototype
MR Chondral Health software (version 2.1.0, Siemens
Healthcare, Erlangen, Germany), which uses a model-
based segmentation algorithm [15]. The basic scheme
consists of four stages: preprocessing (bone-cartilage
interface (BCI) determination), atlas alignment, bone
segmentation, and cartilage segmentation [15]. According
to anatomical landmarks introduced by Surowiec et al.,
knee cartilage is divided into six patellar, six tibial, and nine
femoral subregions [16]. These anatomical landmarks are
visible on MR images as well as during arthroscopy. The
color codes used are shown in Figure 1. Each segment can
be further divided into three layers defined as three-thirds
along the surface bone-cartilage interface (BCI) axis, if
needed. The software is also capable of calculating a global
and mean volume and thickness for each region – it is calculated as an average of the thickness values of the pixels
lying on the BCI through all slices of a certain cartilage
2A

region. If a quantitative MRI measurement is available,
it can be loaded into the software along with the morphological image, and after image registration, quantitative
MRI values can be automatically extracted. Any of the
3D morphological sequences can be used for automated
segmentation, preferably 3D-DESS (Double-Echo Steady
State), but we successfully segmented cartilage on 3D-GRE
(Gradient Echo), 3D-TrueFISP (Balanced Steady-State GRE),
3D-MERGE (Multiple Echo Recombined Gradient Echo),
and 3D-WAT images (T1-weighted gradient echo with
water-selective excitation). On average, a single knee
segmentation step takes approximately 5–15 minutes,
depending on the pixel resolution and number of slices
(tested on a standard workstation equipped with an Intel
Xeon W-2225 CPU @ 4.10 GHz with 4 cores, 16 GB of
physical memory and an AMD Radeon R7 450 graphical
unit). The example of automated cartilage segmentation
from 3D-DESS and 3D-GRE morphological images are
shown in Figure 2 and 3 respectively.
After coarse initial segmentation, the software allows
the user to edit the individual cartilage regions manually.
Two editing modes are available: paint mode, which uses
brushes of selectable size and shape and adds or removes
parts of the selected region, and nudge mode, which is
applied to the contours of the selected region, which can

2B

2C

2 (2A) Automated segmentation of the knee cartilage on 3D-DESS images (7-tesla MRI, echo time 2.55 ms, repetition time 8.68 ms,
acquisition matrix 320 x 320, pixel spacing 0.25 x 0.25 mm, slice thickness 0.5 mm). (2B) Three-layer representation of the segmentation
(deep, middle, and superficial cartilage zones), (2C) cartilage thickness map.

3A

3B

3C

3D

3 ( 3A, B) Automated segmentation of the medial condyle on 3D-GRE images (3-tesla MRI, echo time 4.92 ms, repetition time 16.3 ms,
acquisition matrix 320 x 320, pixel spacing 0.5 x 0.5 mm, slice thickness 0.7 mm). (3C, D) Automated segmentation of the lateral condyle
on 3D-GRE images of the same subject scanned with the same protocol.
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4A

4C

 egmentation post-editing in nudge mode – an inaccurately
4 S
segmented region can be selected (4A) and dragged as required
(4B), the white arrows point to the selected region. Alternatively,
post-editing in paint mode can be used; in this example, a circular
six-pixel diameter brush was selected (4C).

4B

5A

5B

5C

5D

5E

 39-year-old female
5 A
patient after ACI
procedure; (5A) 3D-DESS
image (7-tesla MRI, echo
time 2.55 ms, repetition
time 8.23 ms, acquisition matrix 384 x 384,
pixel spacing 0.22 x
0.22 mm, slice thickness
0.45 mm), arrows
indicate the donor site
from which the cartilage
was harvested. (5B)
Unedited automated
segmentation of the
corresponding slice;
(5C) Edited automated
segmentation of the
corresponding slice
using paint mode;
3D rendering of an
unedited (5D) and
edited (5E) automated
segmentation (donor
site in the white circle).
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be altered using a Bézier curve. An example of the editing
mode is shown in Figure 4. Typically, post-editing is not
necessary if high-quality DESS images are used. If lowresolution or low SNR images are used, editing takes
approximately 5 to 20 minutes.

Automated cartilage segmentation
in patients with autologous
chondrocyte implantation
Autologous chondrocyte implantation (ACI) is a surgical
procedure used to treat full-thickness articular cartilage
defects of the knee [17]. It is a two-stage procedure: In the
first stage, the surgeon harvests a small piece of articular
cartilage from the patient’s knee from which the chondrocytes are enzymatically isolated. In the second stage, open
surgery is performed in which a scaffold of a different type,
seeded with cells that have been harvested and cultivated,
is inserted into in the articular cartilage defect. The chondrocytes should induce matrix synthesis and, at best,
6A

produce hyaline cartilage repair tissue. The transplanted
part of cartilage typically fills the whole lesion and hence
does not cause any problems for automated segmentation.
The harvested part of the cartilage in a non-weight bearing
region leaves a full-thickness hole in the cartilage which
gradually fills up with fibrous tissue. Segmentation of the
cartilage subregion encompassing the donor site can be
used to indirectly assess refilling of the cartilage defect
over time. The software clearly identifies cartilage inter
ruption. However, the boundaries are not accurately
segmented. In the example shown in Figure 5, the donor
site was covered by approximately 15 slices, hence post-
editing took less than five minutes per case.

Automated segmentation in patients treated
with disease-modifying osteoarthritis drugs
The key potential of automated cartilage segmentation lies
in the evaluation of patients treated with newly developed
chondrotherapies, which can have a direct or indirect

6B

6C

 utomated knee cartilage segmentation of cadaver knees. If the patella (long arrow) has not substantially shifted (6A), the resulting
6 A
automated segmentation can be relatively easily edited (6B). However, if the patella has shifted several centimeters caudally (three short
arrows), further editing is needed (6C).
7A

7B

7C

7D

 D rendering of a manual (7A) and automated (7B) knee cartilage segmentation and example slices of manual (7C) and automated
7 3
(7D) segmentation overlaid on 3D-DESS images (7-tesla MRI, echo time 2.55 ms, repetition time 8.86 ms, acquisition matrix 320 x 320,
pixel spacing 0.25 x 0.25 mm, slice thickness 0.5 mm).
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Fully-automated cartilage segmentation
with post-editing

Fully-automated cartilage segmentation
Cartilage region

Jaccard

Dice

Jaccard

Dice

Patella

0.706

0.855

0.823

0.879

Lateral tibia

0.700

0.850

0.788

0.861

Medial tibia

0.702

0.825

0.832

0.828

Femur

0.722

0.882

0.845

0.895

All regions combined

0.710

0.834

0.822

0.866

Table 1: A comparison of automated and manual cartilage segmentation using the Jaccard coefficient and the Dice coefficient.
Both options, fully automated and fully automated with post-editing, are listed. Reproduced from [19].

Smallest detectable change
PATELLA
LatSup

LatCent

LatInf

MedSup

MedCent

MedInf

all combined

T2
(in ms)

2.62

2.42

2.35

4.11

2.26

2.60

2.73

Volume
(in mm3)

75.9

70.9

51.6

101.6

102.6

38.6

73.5

Thickness
(in mm)

0.14

0.22

0.26

0.17

0.25

0.12

0.19

MedAnt

MedCent

MedPost

LatAnt

LatCent

LatPost

all combined

T2
(in ms)

2.55

3.23

3.07

1.85

3.05

2.73

2.74

Volume
(in mm3)

47.66

68.14

39.43

64.18

63.00

96.07

63.08

Thickness
(in mm)

0.11

0.21

0.05

0.12

0.24

0.12

0.14

MedAnt

MedCent

MedPost

TrochLat

TrochMed

TrochCent

LatAnt

LatCent

LatPost

all combined

T2
(in ms)

3.28

1.92

1.89

0.81

1.67

1.56

1.53

1.96

2.47

1.90

Volume
(in mm3)

45.81

201.04

187.04

73.93

64.20

178.29

88.72

165.68

151.05

128.42

Thickness
(in mm)

0.18

0.20

0.21

0.09

0.12

0.09

0.21

0.22

0.18

0.16

TIBIA

FEMUR

Table 2: Test-retest of automated cartilage segmentation and automated 3D-TESS T2 extractions from baseline scan and scan repeated
after eight days. Reproduced from [19].
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effect on the cartilage volume. Therefore, the MR Chondral
Health (MRCH) software was employed for MRI knee
examinations (3-tesla) performed at baseline and at a few
follow-up timepoints over the course of one year after
treatment. The effect of the treatment was assessed in an
exploratory analysis of the additive volume within the
weight-bearing area of the medial femur [18]. The data
generated from the MRCH software in this study was found
to be potentially more sensitive than that obtained by the
manual segmentation approach.

Automated cartilage segmentation
of cadaver knees
MR Chondral Health was also tested on cadaver knees from
six donors. Automated segmentation of such knees can
be challenging for several reasons. First, the MRI image
contrast differs from in-vivo knees even when the same
MRI protocol is used because of post-mortem changes
of the soft tissue. Second, as the patellar tendon is typically
cut in cadaver knees, the patella slips caudally, which results in unusual knee anatomy. The example of automated
cartilage segmentation of cadaver knees with dislocated
patella is shown in Figure 6.

Validating segmentation
In order to evaluate the accuracy of automated knee
cartilage segmentation, the images of thirteen patients
with a grade I and grade II femoral cartilage defect in the
lateral or medial condyle (six females, 50.8 ± 4.4 years and
seven males, 50.2 ± 6.1 years) were manually segmented
by an experienced radiologist and automatically segmented using the MR Chondral Health application. To calculate
test-retest variability, the MRI examinations were performed twice: at baseline and after eight days. The
MRI protocol consisted of 3D-DESS, 3D-TESS T2 mapping
(triple-echo steady state) [19], and CPMG T2 mapping
(Carr-Purcell-Meiboom-Gill, i.e. multiecho spin-echo
sequence). Manual segmentation was performed for bulk
femoral, patellar, and tibial lateral and medial cartilage
rather than for all twenty-one cartilage subregions separately, since reproducing the exact perimeters of the
subregions defined automatically is a difficult task and
might introduce a significant bias (Fig. 7). While testing
for the similarity between the manual and automatic
datasets, a mean Jaccard coefficient of 0.709 ± 0.010 and
a mean Dice coefficient of 0.848 ± 0.025 were found
when using the unedited data from the automated
segmentation. When using data from the edited automated segmentation, the mean Jaccard and Dice coefficients
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increased to 0.822 ± 0.024 and 0.863 ± 0.027 respectively
[20]. Details of the Jaccard and Dice coefficients for individual cartilage regions are listed in Table 1. The test-retest
variability was also expressed as the smallest detectable
change individually for cartilage volume, thickness, and
T2 values (listed in Table 2).

Validating the accuracy of biochemical
image registration
When biochemical images (such as those acquired with
T2 mapping) are loaded into MR Chondral Health, the software registers the images, extracts the values, and displays
them in the final output table (Fig. 8). In order to validate
the accuracy of the registration, it was compared with
an algorithm developed in MATLAB (version 2019b,
The MathWorks, Inc, Natick, MA, USA). This algorithm uses
a multimodal co-registration method, which was applied
using spatial mapping of fixed images (DESS) and moving
images (T2-TESS and T2-CPMG). Affine transformation
with 12 degrees of freedom was used. Optimizer function
parameters were determined by a previous iterative
process, while a similarity index map was used as a quantitative co-registration quality marker (initial radius = 0.001;
epsilon = 1.5e-4; growth factor = 1.01; and maximum
iterations = 300). Two registering methods were compared
across the twenty-one subregions in seven subjects using
descriptive statistics and the Pearson correlation coefficient
(Fig. 9). In the case of 3D-TESS T2 mapping, there was a
high correlation between MR Chondral Health and MATLAB
registration. However, in the case of 3D-CPMG T2 mapping,
the correlation was substantially lower. In 3D-CPMG T2

 screenshot from MR Chondral Health depicting a 3D-DESS image
8 A
overlaid with a registered CMPG-T2 map.
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9A

Mean values of T2 acquired with CPMG

T2 [ms]

200 –
150 –
100 –

Conclusion and outlook

50 –
Custom MATLAB script
9B

MR Chondral Health

Correlation of mean T2 values acquired with CPMG
200

Linear regression line

MR Chondral Health

Line x = y
Correlation: 0.51

150

100

50

0

0

9C

20
40
60
Custom MATLAB script

80

T2 [ms]

References:

40 –
30 –
20 –
10 –
Custom MATLAB script

MR Chondral Health

Correlation of mean T2 values acquired with TESS
70

Linear regression line
Line x = y

60
MR Chondral Health

Fully automatic tissue segmentation is an essential step
toward applying quantitative MRI techniques in a clinical
setting. These advances in MR imaging may contribute
to the development and evaluation of effective therapeutic
strategies that target early structural changes. MR
Chondral Health provides robust and reproducible
automated segmentation of articular knee cartilage
images from wide range of 3D MRI sequences. Automated
extraction of quantitative MRI values is a promising feature
of the software, but the registration algorithm used in this
version still requires some improvement. (According to our
information, this issue has been resolved with MR Chondral
Health Version 2.2, which is to be released soon).
A remaining question still to be evaluated is the accuracy
of automated cartilage segmentation in late-stage OA,
which is manifested by cartilage thinning and forming
of osteophytes.

Mean values of T2 acquired with TESS
50 –

9D

mapping, MR Chondral Health slightly misregistered the
maps onto bone; this introduced some outliers resulting
in T2 overestimation. MR Chondral Health allows the user
to adjust registration manually; however, this tool is rather
cumbersome.

Correlation: 0.9

50
40
30
20
10
0

0

10
20
30
40
Custom MATLAB script

50

 he comparison of two biochemical image (T2 mapping)
9 T
registration methods: MR Chondral Health and custom-written
MATLAB script; mean values of T2 acquired with TESS (9A) and
CPMG (9C), and a correlation between these two methods of
CPMG-T2 (9B) and TESS-T2 (9D).
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Introduction

MRI technique

Magnetic resonance imaging (MRI) has become a modality
of choice for the diagnosis of several diseases and is currently indispensable in healthcare. One big disadvantage
of MRI is the long duration of the examination, usually
ranging between 20 and 60 minutes for body trunk
imaging. Long acquisition times come with downsides,
such as decreased image quality due to motion artifacts,
increased costs, and reduced patient throughput [1]. In
view of the limited availability of MRI scanners in general,
MRI remains a scarce and more expensive resource than
other imaging techniques with limited access to patients
in need.
In order to improve this situation, over the past
few decades, different acceleration strategies such as
compressed sensing (CS) and parallel imaging (PI) have
been proposed and established. Recently a revolutionary
development based on artificial intelligence has been
implemented to further accelerate the acquisition and
improve the image quality at the same time: Deep Learning
(DL) reconstruction has come to the fore and is gradually
being implemented in clinical routine [2‒4].
The aim of this report is to describe the first clinical
implementation of DL-accelerated, T2-weighted (T2w)
half-Fourier single-shot turbo spin echo (HASTE)1
sequences of the upper abdomen as well as T2w and
proton density (PD)-weighted turbo spin echo (TSE)
sequences for musculoskeletal imaging in routine daily
workflow. The novel DL-accelerated sequences are
evaluated in terms of feasibility and image quality
compared to standard sequences.

Acceleration strategies for Deep Learningreconstructed TSE and HASTE1
To accelerate the image acquisition, a conventional undersampling pattern known from parallel imaging is used for
both sequences [5, 6]. Besides the data acquisition for the
actual image data, calibration data for the coil-sensitivity
estimation need to be acquired. For the TSE sequence,
these data are acquired as part of the imaging scan.
For the HASTE sequence, these are separately acquired
using a second echo train covering only the region around
the k-space center. In both sequences, a fraction of the
k-space’s periphery is not acquired to further reduce the
acquisition time.
For TSE acquisitions, DL-reconstructed MRI can be
used to improve on a combination of image resolution,
acquisition time, and SNR, while maintaining the original
contrast. In contrast to this, for the HASTE sequence, the
improved DL reconstruction enables an improved image

1

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

Demographics
Total (male/female), n

20 (8/12)

Age, mean ± SD (range), y

59 ± 13 (27–79)

Sequence and body region, n

HASTE, upper abdomen, 10
PD TSE, knee, 5
PD TSE, shoulder, 5

Table 1: Demographics of participating individuals
SD indicates standard deviation; y, years; n, number; HASTE,
half-Fourier single-shot turbo spin echo; PD, proton density;
TSE, turbo spin echo.
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contrast. Specifically, with a higher acceleration factor
the duration of the echo train can be shortened and
therefore the effect of T2 decay can be reduced. As
an additional benefit, the specific absorption rate (SAR)
is reduced along with the number of refocusing pulses
required. This allows for further sequence optimizations
in the form of larger gaps between consecutively acquired
slices and reduced repetition time.

data, bias field correction, and coil sensitivity maps are
inserted into the variational network.
The reconstruction was trained using volunteer
acquisitions consisting of about 10,000 slices for
each sequence type using conventional HASTE and
TSE protocols acquired on various clinical 1.5T and
3T scanners (MAGNETOM scanners, Siemens Healthcare,
Erlangen, Germany).

Deep Learning image reconstruction
For both sequences, the image reconstruction comprises
a fixed iterative reconstruction scheme or variational
network [6, 7], alternating between data consistency and
a Convolutional Neural Network (CNN)-based regularization. The regularization model’s architecture is based on
a novel hierarchical design of an iterative network that
repeatedly decreases and increases the resolution of the
feature maps, allowing for a more memory-efficient model
than conventional CNNs. Coil sensitivity maps are estimated from the calibration data in advance as a pre-processing
step. For the image reconstruction, undersampled k-space

Implementation of DL image reconstruction
in clinical workflow
To apply the DL reconstruction on clinically used MRI
scanners, the network was converted to a C++ implemented inference framework. For the CPU-only reconstruction,
inference needed about 2 seconds per slice for the protocol
settings used. As the reconstruction was triggered after
the end of the acquisition, the resulting perceived reconstruction time was 2–3 minutes including additional
pre and post-processing. A GPU-based reconstruction is
expected to reduce this duration to approximately
10 seconds, but was not available on the clinical
scanners used.

1A

1B

2A

1C

1D

2B

1  31-year-old female participant with MRI of the knee in coronal
(upper row) and sagittal (lower row) plane at 3T. Standard
reconstructed PD-weighted TSE (1A and 1C) show more noise
compared to Deep Learning-reconstructed PD-weighted TSE
(1B and 1D). The delineation and assessment of anatomic
structures, such as the anterior cruciate ligament, is comparable
in both reconstructions.
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2  20-year-old male participant with MRI of the liver in axial plane
at 1.5T. Image noise and edge sharpness of anatomical structures
are improved in Deep Learning-reconstructed HASTE (2B)
compared to standard reconstructed HASTE (2A). Furthermore,
the acquisition of the Deep Learning-reconstructed HASTE
is possible within just one breath-hold.
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Image quality analysis
Institutional review board approval was obtained for this
prospective monocentric study. All study procedures were
conducted in accordance with the ethical standards as laid
down in the 1964 Declaration of Helsinki and its later
amendments.
Accelerated MR images with DL reconstruction were
prospectively acquired along with standard MR images
on 1.5T and 3T MRI scanners (MAGNETOM Prismafit,
MAGNETOM Vida, MAGNETOM Skyra, MAGNETOM Avanto,
and MAGNETOM Aera, Siemens Healthcare, Erlangen,
Germany) and an exemplary sample of 20 participants
were included in this analysis (see Table 1). Two
radiologists with three to ten years of experience in MRI
who were blinded to participant information, acquisition
parameters, and image reconstruction rated in consensus
both standard MR images and accelerated MR images
with DL reconstruction by using a random order. Overall
image quality, artifacts, edge sharpness, and diagnostic
confidence ratings were performed on an ordinal 5-point
Likert scale ranging from one to five, with five being
best. Reading scores were considered sufficient when
reaching ≥ 3.
Image analysis was performed on a PACS workstation
(GE Healthcare Centricity™ PACS RA1000, Milwaukee,
WI, USA).
Statistical analysis was performed using SPSS
version 26 (IBM Corp, Armonk, NY, USA). Besides descriptive statistics, comprising median and interquartile range
(IQR), nonparametric paired Wilcoxon signed-rank tests

Sequence

were used to analyze Likert scores for image quality,
artifacts, edge sharpness, and diagnostic confidence
assessments. P-values less than 0.05 were considered
statistically significant.

Results
The aim of this report was to describe the implementation
of a DL image reconstruction in clinical workflow and
evaluate its obtainable image quality in daily clinical
routine. All sequences with DL image reconstruction
were successfully implemented in clinical workflow and
DL sequences were successfully acquired in all participants
in all body parts. Fat suppression could be applied successfully for the TSE and HASTE sequences implemented with
DL image reconstruction.
For TSE sequences, DL enabled a time saving of ≥ 50%.
As expected, SAR did not exceed normal levels. For HASTE
sequences, DL allowed for an acquisition time reduction
of > 50%. As a single-shot sequence with a long train
of refocusing pulses, HASTE is impaired by high power
deposition, which limits its use at high resolutions
and high field strengths, particularly if combined with
acceleration techniques such as PI [8]. The DL algorithm
used effectively reduced TA while staying within the
SAR limitations. An overview of exemplary acquisition
parameters is displayed in Table 2.
Radiologists rated the overall image quality of HASTE
and PD TSE with DL reconstruction as excellent (median 5,
IQR 4.25–5) and even superior to standard HASTE and

HASTE

PD TSE FS

standard

DL

standard

DL

upper abdomen

upper abdomen

knee

knee

Tesla

1.5T

1.5T

3T

3T

Orientation

axial

axial

coronal

coronal

TA, min

1:28–1:44

0:16

3:11

1:33

FOV, mm

293 × 360

293 × 360

150

150

1.13 × 1.13 × 6.0

1.13 × 1.13 × 6.0

0.2 × 0.2 × 3.0

0.2 × 0.2 × 3.0

TR, ms

1400

500

3790

3580

TE, ms

94

94

44

41

FA, degree

160

160

150

150

Body part

Voxel size, mm

Table 2: Exemplary acquisition parameters of standard and vv sequences
HASTE indicates half-Fourier single-shot turbo spin echo; PD, Proton Density; TSE, turbo spin echo; FS, fat saturation; DL, deep learning;
T, Tesla; TA, time of acquisition; FOV, field of view; TR, repetition time; TE, echo time; FA, flip angle.
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PD TSE sequences (median 4, IQR 4–5, p<0.05). No severe
artifacts occurred when using DL reconstruction as no
difference was found in the extent of artifacts between
standard (median 5, IQR 4–5) and DL-reconstructed
sequences (median 5, IQR 4.25–5, p=0.157). Edge
sharpness was improved with the DL reconstruction
(median 5, IQR 5–5) compared to standard sequences
(median 5, IQR 4–5, p<0.05). Diagnostic confidence
was rated as comparable between the sequences
(median 5, IQR 4.25–5. p=0.317). Image examples
are given in Figures 1–3.

3A

3B

3  35-year-old female participant with MRI of the shoulder in coronal
plane at 3T. Image noise and edge sharpness are improved in
Deep Learning-reconstructed PD-weighted TSE (3B) compared
to standard reconstructed PD-weighted TSE (3A).
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Discussion
Although MRI has evolved to become a modality of
choice for the diagnosis of several diseases, its availability
is still limited for reasons closely related to long examination times [1]. One promising approach to solve this
shortcoming is to use novel techniques, including artificial
intelligence (AI) and machine learning, to accelerate the
acquisition of MR images. AI is in the public focus more
than ever due to enormous innovations in the last decade,
especially in the field of radiology. Novel AI techniques
and new algorithms have not only been developed and
trained to detect pathologies, but also to improve and
accelerate image acquisition and reconstruction [9, 10].
Despite the rapid progress of all technological advances,
especially in radiology, there is still a lack of widespread
implementation in daily clinical routine. Therefore, the
aim of this report was to describe the implementation
of DL image reconstruction in daily routine and evaluate
the obtainable image quality.
Our investigation demonstrates the successful
implementation of DL reconstruction techniques in daily
clinical workflow with a substantial reduction of TA and
at the same time even higher image quality and improved
edge sharpness compared to standard sequences. Effects
of the implementation of these new techniques are
primarily based on the reduction of TA without compromising regarding the extent of artifacts and diagnostic
confidence. The reduction in TA of more than 50%,
in particular, yields enormous potential for workflow
optimization, increased availability of MRI, and improvement of healthcare.
One central issue in MRI has always been the shortage
of scanners. Drastic acceleration and reduction of examination times might provide one piece of the big puzzle
of how to enhance healthcare and balance the weight
of supply and demand. This is of particular interest in
low-income countries where there is only limited access
to high-quality diagnostic MRI. DL reconstructions are
mostly not very demanding regarding the technical
specifications and can therefore also be applied in
countries with less-developed technical infrastructures.
Another issue that merits consideration is the increasing
importance of MRI in standard of care diagnostic procedures. MRI has become increasingly important in many
pathologies for diagnosis, biopsy planning, therapy
surveillance, and follow-up [11-14].
One of the most challenging tasks in medicine has
always been finding a compromise between best medical
care and best economic outcome. As most healthcare
systems worldwide are insurance based, they all face
the same problem: shortage of money versus increase in
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demand due to development of new expensive therapies,
increased life expectancy, and new diagnostic possibilities.
Reduction in acquisition time might allow a higher number
of examinations per day.
As we successfully implemented DL sequences in
imaging of different body regions, this report is intended
to motivate radiologists to establish new AI techniques
in everyday clinical practice to further accelerate MRI and
improve access to MRI for more patients. For this report we
selected some illustrative examples of the DL examinations
conducted to provide a brief introduction into how DL
sequences are implemented in daily routine. Systematic
analyses of the different body regions are in progress
and will be outlined in separate studies.
To conclude, DL image reconstruction can be implemented in clinical workflow and enables accelerated image
acquisition while maintaining excellent image quality.
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Introduction
With its superb ability to detect, characterize, and differentiate focal lesions in the liver, magnetic resonance imaging
(MRI) has become the gold standard and problem-solving
modality in diagnostic abdominal imaging. Despite its
indisputable clinical value, however, MRI is not as robust
and reliable as other modalities, e.g., CT scans. This is
mainly due to breathing-induced motion during the
time-consuming data sampling process and the long
scan time of 25–30 minutes.

Triggered and breath-hold acquisitions
Different strategies to minimize the susceptibility to artifacts have been developed over the last decades. The most
routinely used ones are: (multiple-)breath-hold acquisitions; prospectively and retrospectively triggered acquisitions where only data in specific states of the respiratory
cycle is acquired or used for reconstruction; and data
sampling trajectories which are inherently less susceptible
to motion, such as radial or BLADE sampling. Each approach has certain advantages and disadvantages: With
triggered acquisitions, the data sampling rate over time is
low and scan times can easily exceed five minutes per acquisition, particularly in patients with irregular or shallow
breathing patterns. On the other hand, triggered acquisitions do not require major compromises in spatial resolution, as data sampling does not have to be “squeezed” into
a single or a few breath-holds. Non-Cartesian sampling
schemes such as radial trajectories are very robust because
they simply average out motion effects, but they may show
image blurring and streaking artifacts.
The advent and clinical adoption of MR acceleration
techniques that use “intelligent” k-space subsampling
and parallel data sampling – such as SENSE, GRAPPA,
CAIPIRINHA, SMS, and Compressed Sensing – have
drastically reduced breath-hold durations and data
sampling times for most of the relevant imaging contrasts
in abdominal MRI. However, they are only applicable
to certain contrast weightings and sequence types.
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One of the remaining weak points of a typical, routine liver
MRI protocol (with T2-weighted imaging, diffusion-weighted imaging, T1-weighted in- and opposed-phase imaging,
dynamic contrast-enhanced T1-weighted scanning, and
post-contrast T1-weighted scans) is the acquisition of
high-resolution, high-quality T2-weighted TSE images in a
short scan time. To achieve appropriate T2-weighting, long
TRs have to be chosen, which require several breath-holds
or long respiratory-triggered protocols to cover multiple
segments of the k-space and thereby achieve sufficient
k-space sampling to reconstruct high-resolution images.
Modified segmented Cartesian sampling schemes in which
several rotated, overlapping bundles of parallel k-space
lines are acquired and combined are available from all vendors (PROPELLER, MultiVane, BLADE) and have been shown
to improve robustness and SNR compared to conventional
TSE scanning. Scan times, however, remain a challenge for
both triggered and multiple-breath-hold acquisitions.

Single-shot acquisition
A more radical approach is to acquire data for a complete
imaging slice in a single shot, as implemented in the
half-Fourier acquisition single-shot turbo spin-echo
(HASTE) sequence. Since data acquisition requires just
fractions of a second, motion artifacts do not pose any
problem. Breath-holds or synchronization with breathing
are only required to achieve uniform slice coverage across
the abdomen. On the downside, reading out the entire
k-space in a single shot requires a compromise in spatial
resolution as the echo train length (which scales with
spatial resolution) makes HASTE prone to T2-decay-related
blurring and SNR reduction. Accordingly, HASTE images
are not typically considered adequate for high-resolution
T2-weighted imaging of the abdomen. They are mostly
used to provide a quick overview or to acquire “something”
in challenging cases, e.g., pediatric patients1.
1

 MR scanning has not been established as safe for imaging fetuses and infants
younger than two years of age. The responsible physician must evaluate the
benefits of the MR examination compared to those of other imaging procedures.
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1A

1B

 n 82-year-old female patient with hepatic angiomyolipoma.
1 A
(1A) T2-weighted FS BLADE TSE and (1B) T2-weighted FS DL HASTE. Similar lesion conspicuity with significantly reduced acquisition time for
DL HASTE, and higher SNR in the liver on DL HASTE images.

2A

2B

2C

2D

 31-year-old female patient with focal nodular hyperplasia.
2 A
(2A, B) T2-weighted FS BLADE TSE and (2C, D) T2-weighted FS DL HASTE. DL HASTE provides higher lesion-to-liver contrast and sharper
lesion delineation.
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3B

 49-year-old male patient with sarcoidosis nodules.
3 A
(3A) T2-weighted FS BLADE TSE and (3B) T2-weighted FS DL HASTE. There is higher lesion conspicuity and lesion-to-liver CNR of multiple
hypointense liver nodules on the DL HASTE images.

4A

4B

 72-year-old female patient with focal nodular hyperplasia.
4 A
(4A) T2-weighted FS BLADE TSE and (4B) T2-weighted FS DL HASTE. The lesion is not seen on the BLADE image (4A) but is individualized on
the DL HASTE image (4B).

5A

5B

 48-year-old male patient with atypical hemangioma.
5 A
(5A) T2-weighted FS BLADE TSE and (5B) T2-weighted FS DL HASTE. The DL HASTE image shows sharper lesion conspicuity and higher
liver SNR.
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Deep learning HASTE
The introduction of a novel image reconstruction method
usually referred to as deep learning reconstruction [2, 3]
can potentially overcome the abovementioned challenge in
HASTE imaging (and other MR imaging problems). Instead
of a conventional Fourier transformation of the acquired
k-space data, a deep neural network is used to translate
frequency information into the image domain as described
in detail elsewhere [4]. In short, high-quality HASTE raw
data and respective images were acquired as ground truth
information. A neural network was then trained to “associate” down-sampled raw data (achieved by retrospectively
removing k-space data, thereby simulating higher parallel
imaging factors) with high-quality output images. If the
trained network is then presented with highly undersampled input data, high-quality images can be reconstructed
while conventional reconstruction would result in artifacts
and low SNR. The main advantages of Deep Learning
HASTE are increased SNR, improved image contrast, and
reduced T2 blurring by shortening the echo train with
parallel imaging. Another advantage is the reduction in
the specific absorption rate (SAR often presents a challenge
in HASTE acquisitions, particularly at 3T), which allows
substantial reductions in TR and therefore acquisition time.

Materials and methods
At our institution, we had access to a prototypical
implementation of the DL HASTE sequence2. All
patients underwent a multiphase liver MRI examination
in a clinical 1.5T MR system (MAGNETOM Avantofit,
Siemens Healthcare, Erlangen, Germany) in supine
position with an 18-channel body array and a 32-channel
spine array. We used two sequences:
• Multiple-breath-hold, fat-suppressed Turbo Spin-Echo
T2-weighted (TSE BLADE) with an average acquisition
time of ~ 2.5 minutes
• Single-breath-hold, fat-suppressed Half-Fourier
Acquisition Single-shot Turbo Spin-Echo T2-weighted
sequence with deep learning reconstruction (DL HASTE),
with an average acquisition time of ~ 18 seconds
We present a series of clinical cases which show that
DL HASTE provides similar image quality and diagnostic
information as the longer conventional, triggered BLADE
acquisition, which is the clinical standard at our institution.
These results are also in line with the published literature,
which has reported remarkable time savings, as well as
comparable image quality and diagnostic confidence for
staging hepatic pathologies and characterizing hepatic
lesions [4].
2

 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.
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A usual and reasonable concern is that deep learning
reconstruction may result in loss of fine structures,
eradication of focal lesions, or hallucination of structures
that do not exist. Therefore, it is worth mentioning that
the reconstruction pipeline is set up in a similar way to
clinically accepted and well-established methods, such as
compressed sensing reconstruction: several iterations for
image improvement are performed within clear and strict
boundaries so as not to conflict with physical reality and
data integrity.
Both our cohort and the literature gave us confidence
that the DL HASTE method is not affected by the abovementioned issues and provides reliable, robust, and
high-quality image information in a single breath-hold.
We believe the method holds great potential for saving
valuable scan time in abdominal MRI studies and beyond.
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Full-scale vs. Abbreviated Sequences in
MR Mammography – the Best of Both Worlds
Clemens Kaiser, M.D.
Department of Radiology and Nuclear Medicine, University Medical Center Mannheim, Germany

Background
According to the current state of the literature,
MR Mammography detects breast cancer with the
highest accuracy of all imaging techniques. Since 1984,
when the first scientific results were published, more
than 15,000 publications have followed, proving the
diagnostic benefit of this method [1].
MRI offers unique soft-tissue contrast that can be
enhanced using contrast agents to reliably detect tumorangiogenic processes and carcinomas from a size of
2‒3 mm [2, 3]. A significant portion of carcinomas are
verifiable by MR Mammography only [4–6]. In addition,
this method enables the dependable detection of carcinomas in an early stage [6–8]. This can be prognostically
very important for patients.
Literature has shown that preoperative staging with
MR Mammography reduces the local rate of recurrence

and influences therapy decisions significantly [9–12].
In 3% of all cases, this led to detection of contra-lateral
carcinomas, too.
With a negative predictive value of 100% [13],
MR Mammography can, moreover, exclude invasive
carcinomas with certainty, impacting on biopsy rates
and leading to reduced patient stress due to a more
reliable diagnosis.

Screening women with dense breast tissue
Despite these well-known diagnostic benefits, only a few
patients get to profit from MR Mammography in Germany
(and many other countries) because the examination is
currently only indicated and reimbursed in a few exceptional indications, e.g., high-risk screening collectives [14].
At the same time, conventional breast cancer screening programs have not managed to decrease mortality

1A

1B

1C

1D

1 ( 1A) First minute post application of 1 mmol/kg Gd; (1B) First min subtraction, (1C) T2-weighted scan; (1D) ADC map. The scan reveals a
3 mm carcinoma in the upper inner quadrant. The lesion shows a type 3 curve, pos. Root Sign and hypointensity in T2. Due to its size and
the resolution it is not visible in the ADC map.
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rates from breast cancer significantly – neither nationally
nor internationally [15]. This could indicate a possible
new diagnostic role for MR Mammography, especially as
a screening tool for women of average risk of developing
breast cancer but with dense breast tissue, following the
experience of, for example, Dutch screening algorithms.
There has, however, been critical discussion in the
past of the financial aspects in particular, as these present
the main barriers to the acceptance of MR Mammography
as a screening tool.
In 2019, extensive new data on the screening of
women with dense breast tissue using MR Mammography
was published, indicating a significant reduction in
interval carcinomas [7, 8] and giving a first hint of
evidence of a reduction in mortality through the use of
MR Mammography as a screening tool with interval carcinomas as an accepted surrogate marker for mortality.

Cost-effective MR Mammography
In addition to delivering gratifying clinical results,
these data also enabled a cost-effectiveness analysis that
showed that MR Mammography is cost-effective [16].
Early detection of small carcinomas in the breast saves
on subsequent additional therapy costs. Especially for
women with breast tissue of high density, MR Mammography offers a cost-efficient and accurate screening tool.
That is why its role in prevention should be reconsidered.
An additional approach to reduce the costs of examination with MRI, is “abbreviated protocol magnetic
resonance imaging” (AB-MRI). The aim of AB-MRI is to
reduce scan time and thereby the costs of examinations
by omitting some sequences for better use in highthroughput screening settings.
As early as 2012, Fischer et al. proposed [17] that
acquiring just pre- and post-gadolinium (Gd) injection
T1-weighted sequences could reduce scan times and
costs significantly while at the same time benefiting from
the high negative predictive value of MR Mammography
as breast cancer could be excluded without evidence of
Gd enhancement. In cases when gadolinium enhancement
is visible, a full-scale examination, including T2-weighted
images and a complete dynamic series is required. This
results in additional costs and nevertheless a second
charge of contrast medium.
Further publications, for example by Kuhl et al. [18],
showed that such an approach represents a full-featured
alternative to conventional diagnostic mammography
and is at least equivalently cost-effective in comparison.
Over the last 10 years, more and more publications
have investigated various approaches to reducing costs
by applying different sets of selected sequences, sometimes relying on diffusion-weighted images only, and
have reported varying results.

Women’s Health Imaging · Clinical

Abbreviated vs. full-scale protocols
As of today, there is still a lack of definition of abbreviated
protocols. The major studies commonly agree on a precontrast and a post-contrast image as well as T2-weighted
images if the total length of the protocol does not exceed
10 minutes in total length [19].
While the study has impressively demonstrated
that AB-MRI allows to detect significantly more invasive
carcinomas at an earlier point in time than digital breast
tomosynthesis (DBT) in women with dense breast [19]
it remains unknown how the overall performance characteristics would have been improved with a full scale MR
Mammography protocol.
MR scanners from Siemens Healthineers with
NumarisX software now offer new acquisition techniques
that enable radiologists to perform a full-scale MR examination in under 10 minutes, the time frame of abbreviated
protocols and far below regular acquisition times of fullscale protocols.

The best of both worlds
At University Hospital Mannheim, a 1.5T MAGNETOM
Sola is being used for standard MR Mammography examinations. This scanner is equipped with the Turbo Suite
Excelerate package that includes the Simultaneous
Multi-Slice (SMS) acquisition technique.
With SMS, it is possible to excite and readout multiple
slices simultaneously, effecting a remarkable acceleration.
SMS can be used for TSE sequences as well as for diffusion-weighted imaging (DWI) and can also be combined
with iPAT.
MR Mammography for clinical diagnostic routine was
set up with the following protocols:
• 3 mm axial T2 TSE with iPAT 2 and SMS 2.
Inplane resolution: 0.8 × 0.8 mm², 56 slices,
TA: 1:36 min.
• 3 mm axial EPI Diffusion (b-values 50 s/mm² and
800 s/mm²) 3-scan trace with iPAT 2 and SMS 2.
Inplane resolution: 1.5 × 1.5 mm² (interpolated), 56 sl.,
TA: 1:46 min.
• 1.5 mm axial T1 fl3d as dynamic series
(1+5, 20s delay), with iPAT 3.
Inplane resolution: 0.9 × 0.9 mm², 112 sl., TA: 6:21 min.
The .exar1 protocol is available for download at:
www.siemens-healthineers.com/magnetom-world
> Clinical Corner > Protocols > Breast MRI
At our institution we are using an 18-channel BI Mammog
raphy coil; the program, however, may also be used with
other (high-channel) MR Mammography coils with very
similar or the same parameters.
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2  MR-guided wire localization before open surgical excision.
3A

3B

3  (3A) Excised specimen, (3B) excised specimen after coloring.
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4  Histopathological slice revealing an invasive ductal carcinoma,
3 mm.
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The full set of dynamic T1-weighted sequences (preinjection and 5 minutes post injection of 1 mmol/kg Gd)
with a time resolution of exactly 1 minute each is hereby
adopted from standing protocols as suggested in the
BIRADS Lexicon. The full dynamic set covering 6 minutes
enables the reader to evaluate kinetic details in depth,
a key requirement in optimizing the specificity of MR
Mammography. Depicting all 6 minutes has been considered most time-consuming in the formation of abbreviated
sequences and was therefore the main subject of protocol
abbreviation.
T2-weighted sequences – as they are indicated in
abbreviated as well as in full-scale protocols – are essential
in assessing morphological aspects of lesions as they
usually cover the field of view with a significantly higher
resolution. T2-weighted sequences also deliver highly
important diagnostic information, such as micro bleeding,
perifocal, or prepectoral edema [20, 21].
Diffusion-weighted imaging enables the assessment
of diffusibility and offers additional room to increase
specificity [22–25], although a certain resolution bias
makes assessing small and non-focal lesions difficult.
Both T2- and diffusion-weighted sequences can
be acquired without significant loss of image quality in
half the acquisition time using SMS [26], paving the way
to a full-scale protocol in under 10 minutes and making
screening women outside current indications feasible.

Conclusion
With SMS the need for abbreviated protocols may be overrated. You no longer need to decide between full-scale
or abbreviated protocols, because the measurement time
is now so short that you can confidently run a full-scale
protocol just as efficiently as an abbreviated one.
This should be a giant step towards a feasible solution
for screening women outside current indications.
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Introduction
Deep infiltrating endometriosis (DIE) is a common gyne
cological inflammatory disease that primarily affects
women of reproductive age, with a prevalence of 10% [1].
This pathology can be defined as functional ectopic endometrial tissue outside the uterine cavity. The most common
locations of DIE include the torus, uterosacral ligaments,
1A

Localizers

Sag T2 BLADE
2:36 min

rectosigmoid colon, and vagina [2]. According to the
European Society of Urogenital Radiology guidelines
(ESUR) [3], magnetic resonance imaging (MRI) is
considered one of the most effective techniques for
the evaluation of pelvic endometriosis with transvaginal
ultrasonography. Nowadays, the most commonly used

Axial T2 BLADE
3:01 min

Oblique 2.5 mm USL
2:06 min

3D T1 VIBE Dixon
2:40 min

T2 SPACE with ID
4:58 min
Axial reformat

USL reformat

3D T1 VIBE Dixon
2:40 min

Glucagen
Subcutanenous
injection 10 min
before
examination

1B
Localizers

Native acquisition

Glucagen
Subcutanenous
injection 10 min
before
examination

1 I llustration of the protocol strategy used for endometriosis assessment. (1A) First routine protocol used until 2019 for the assessment
of endometriosis (scan time = 10 min 23 sec). (1B) New optimized protocol from March 2020 using a T2 SPACE with ID reconstruction
(scan time = 7 min 38 sec).
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MRI protocol for endometriosis includes 2-dimensional
turbo spin echo (TSE) T2-weighted (2D T2) sequences
in addition to 2D T1-weighted sequences with and
without fat suppression. Additional 2.5 mm thin oblique
2D T2 slices can improve the assessment of uterosacral
ligaments (USL) and parametrial endometriosis locations
[4]. However, the spatial localization of USL is variable
and needs to be carefully adapted for each patient.
Furthermore, the visualization of small endometriosis
lesions remains limited by the thick slice thickness of 2D
imaging and the resulting partial volume effect.

T2 SPACE with ID

For that reason, 3-dimensional (3D) TSE sequences are
of high interest as they offer the possibility to reconstruct
any multiplanar view from a high-resolution isotropic
volume [5, 6]. However, the visualization of small endo
metriosis lesions would require a sub-millimetre voxel
size and complete coverage of the uterine cavity, which
would considerably lengthen the scan time. Furthermore,
the detection of subtle T2 contrast changes induced
by endometriosis lesions may be masked by the extended
echo train length used with the Sampling Perfection
with Application-optimized Contrasts using different flip
angle Evolutions (SPACE) technique [6]. Recently, a suc-

T2 SPACE without ID

2D-T2 sequences

2B

2C

2D

2E

2F

Oblique

Sagittal

2A

2  Representative images comparing T2 SPACE with/without ID reconstruction and conventional 2D T2 sequences. A 28-year-old patient
seen for follow-up of known moderate endometriosis after appearance of new symptoms (dyspareunia, dysuria, and dyschezia). Corresponding T2 SPACE acquisition with oblique reformatted plans (dotted line) with ID (2A, 2D) and without ID reconstructions (2B, 2E) and separately
acquired sagittal and oblique (full line) 2D T2 sequences (2C, 2F). From (2A) to (2C), an endometriosis location is visible on the vesico-uterine
pouch (blue arrow), while a digestive location is identified on rectosigmoid area (orange arrow) from (2D) to (2F). In both cases, the fibrous
endometriosis component is identified as an hyposignal intensity in close contact with anatomical structures. Both endometriosis locations
are better depicted with T2 SPACE with ID reconstruction, which displays a sharper image quality and lower partial volume effect. Additionally,
the identification of endometriotic cysts visible as hypersignal intensity between dotted lines in (2A) and (2B) is carried out more easily than
on the conventional 2D T2 sequence (2C).
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cessful combination of SPACE acquisition with Controlled
Aliasing In Parallel Imaging Results IN Higher Acceleration
(CAIPIRINHA) acceleration [8‒10], reconstructed with a
prototype iterative denoising (ID) algorithm [11], demonstrated tremendous results in several applications, such
as brain and musculoskeletal imaging [12, 13].
Very recently, the setup, optimization, and evaluation
of a 3D T2 SPACE accelerated with CAIPIRINHA parallel
imaging with prototypal ID reconstruction (T2 SPACE
with ID)1 was carried out at “Centre d’Imagerie du Landy”
by Florin et al. in close collaboration with MR application
developers and the local clinical scientist [14]. From

1

 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.

T2 SPACE with ID

December 2019 to March 2020, 90 female patients with
suspected endometriosis were prospectively enrolled.
We performed a systematic evaluation of the diagnostic
performance of the optimized T2 SPACE with ID against
conventional 2D T2 sequences. MRI was performed on
a 1.5T MAGNETOM Aera scanner (Siemens Healthcare,
Erlangen, Germany) using a 30-channel phased array coil
in combination with a 32-channel spine coil. In this study,
we demonstrated similar intra- and interobserver agreements between T2 SPACE with ID and conventional
2D T2 sequences with a scan time reduction of 36%.
In this article, we propose to share our workflow for
patient preparation, sequence parameter optimization,
and slab positioning. We also present several clinical cases
to demonstrate the diagnostic value of T2 SPACE with ID
in the context of deep infiltrating endometriosis.

T2 SPACE without ID

2D-T2 sequences

3B

3C

3D

3E

3F

Oblique

Sagittal

3A

 epresentative images comparing T2 SPACE with/without ID reconstruction and conventional 2D T2 sequences. A 47-year-old woman
3 R
presented with suspected endometriosis. Corresponding T2 SPACE acquisition with oblique reformatted plans (dotted line) with (3A, 3D) and
without ID reconstructions (3B, 3E) and separately acquired sagittal and oblique (full line) 2D T2 sequences (3C, 3F). From (3A) to (3C),
an endometriosis location is visible on rectosigmoid area (orange arrow), while another location is visible on the right USL from (3D) to (3F).
Of note, the thinner slice thickness of the T2 SPACE with ID offers a better delineation of the USL structures compared to the conventional
oblique 2D T2 sequence.
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High-resolution T2 SPACE for female pelvis
imaging: How we do it
2D vs. T2 SPACE strategies
The routine protocol used until 2019 for the assessment
of endometriosis integrated a manual positioning of
each 2D T2 sequences. It included two orthogonal
T2 BLADE sequences (sagittal and axial) for the whole
uterine cavity and a thin T2 section oblique to the cervix
for USL evaluation (total scan time of the three 2D T2
sequences: 7 minutes 43 seconds). However, the spatial
localization of USL is variable according to the pelvis
anatomy and needs to be carefully adapted for each
patient. A 3D gradient-echo T1-weighted sequence
with and without fat suppression using a two-point
Dixon technique was additionally performed at the end
of the examination for the diagnosis of endometriotic
cysts and blood identification. The whole protocol lasts
10 minutes 23 seconds (Fig. 1A).
Since March 2020, the new protocol, including the
optimized T2 SPACE with ID, has provided a real benefit
by allowing the acquisition of a unique set of volumetric
T2 images that could be reconstructed in any plane,
eliminating the possibility of a suboptimal plane [14].
Furthermore, the scan time of the T2 SPACE with
ID is 36% shorter than the separately acquired sagittal,
oblique, and axial 2D T2 sequences (Fig. 1B). Figures 2
and 3 present two relevant clinical cases to highlight the
advantages of the new T2 SPACE with ID for the assessment of DIE compared to conventional 2D T2 sequences.
3D T2 SPACE settings
The sequence parameters of the T2 SPACE with ID
sequence are presented in Table 1. The SPACE technique

4A

40

4B

siemens-healthineers.com/magnetom-world

is an optimized 3D TSE sequence, which allows increasing
the duration of the echo train (and thereby reducing
the acquisition time) by using short non-spatially selective
radiofrequency pulses and variable flip angle schemes.
In this study, the scan time of the T2 SPACE with ID
sequence was shortened using a 4-fold CAIPIRINHA
acceleration factor, while the g-factor penalty and
SNR drop were compensated with the ID prototype
algorithm. The sequence was set up to cover the whole
pelvis cavity using full Fourier sampling and a voxel
size of 0.8 × 0.8 × 0.9 mm3 to ensure the visualization
of fine anatomical details and multiplanar reconstruction
in any desirable reformats. Finally, the SPACE variable
flip angle mode was set to constant, while the echo
T2 SPACE with ID
Orientation

Sagittal

Field of view

256 × 256 × 176 mm

Matrix
Acquired voxel size
No. averages
TR/TE

320 × 320 pixels
0.8 × 0.8 × 1.0 mm3
1.4
1360/152 ms

Turbo factor

72

Bandwidth

679 Hz/pixel

Accelerator factor
Scan time

CAIPIRINHA 2 × 2
4:58 min

Table 1: T2 SPACE with ID reconstruction sequence

4  Sequence positioning on the MR
console. The volume (yellow box)
is positioned in sagittal orientation
to cover the whole pelvis cavity on
sagittal (4A) and coronal (4B)
localizers. The phase encoding
direction is set from head to feet to
reduce motion breathing artifacts.
Four saturation bands are placed
along the phase encoding direction
(manual positioning in front of the
activated coils) and slice direction
(automated positioning) to reduce
the fold-over artifact from the upper
abdomen, thumbs, and hips. The
automated coil selection is set to
“Minimize” to prevent any additional
risks of folding artifacts.
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train length was significantly reduced to 265 ms
using a low turbo factor of 72 and a high bandwidth
of 679 Hz/Px. This setting allowed to reproduce the
desired contrast of the conventional 2D T2 sequences.
While this may at first seem counterintuitive,
the phase encoding direction is set from head
to feet with a phase oversampling of only 20% to
maintain a clinically compatible scan time. This choice
is made to minimize artifacts caused by breathing and
to avoid the saturation band placement on the straight
muscle of the abdomen, which could hide an endome
triosis location. To reduce the fold-over artifact from the
upper abdomen and the thumbs, two saturation bands
are positioned in front of the activated coil elements
not covered by the phase oversampling (Fig. 4). Two

additional parallel sat bands are placed along the
slice direction. The automatic coil selection is set
to “Minimize” to prevent any additional risks of
folding artifacts.
Moreover, an easy adaptation of the phase
field of view parameter can be performed, depending
on patient anatomy and pathology context (Fig. 5),
without compromising voxel size and image quality,
at the cost of a slightly increased scan time.
Patient preparation
According to the latest ESUR guidelines, the use of antiperistaltic agent is recommended in the evaluation of DIE
to reduce bowel peristalsis [3]. However, there is currently
no performance recommendation regarding the best

5A

T2 SPACE with ID
FOV Phase: 100%
4:58 min

Axial reformat

T2 SPACE with ID
FOV Phase: 113.9%
5:28 min

Axial reformat

T2 SPACE with ID
FOV Phase: 100%
4:58 min

Axial reformat

T2 SPACE with ID
FOV Phase: 113.9%
5:28 min

Axial reformat

5B

5  Effect of the phase encoding direction to easily adapt the FOV according to patient anatomy and clinical indications. In (5A), due to
patient height, the FOV phase was increased from 100% to 113.9% to explore the complete pelvis cavity from iliac crest to the pyelo-calyceal
cavities in the context of endometriosis. In (5B), the head to feet coverage did not offer a complete visualization of the uterine fibrosis borders
(orange star), corrected with the increased FOV. Please note that this operation would slightly increase the scan time without any
impact on the acquired voxel size.
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administration procedure and timing. Figure 6 shows
the impact of the antispasmodic drugs on T2 SPACE
with ID image quality, compared to the reduced motion
sensitivity of the conventional T2 BLADE. For that reason,
precise timing is required between the antispasmodic
administration and the acquisition of the T2 SPACE with ID.
At our center, a single dose of antispasmodic subcutaneous
injection (Glucagen, 1 mg/mL, Novo Nordisk, Paris, France)
is administrated in the patient preparation room 10 minutes before MRI examination. Furthermore, before each
examination, patients are asked to perform an intestinal
toilette (Normacol). Patients are positioned in supine
position, arms along the body. An abdominal strapping
is used to reduce artifacts caused by respiratory
movement, as recommended by ESUR guidelines.
Future perspectives: fusion imaging between MRI
and ultrasound
MRI and ultrasound (US) complement each other in
the screening and diagnosis of DIE and are considered
the best non-invasive techniques for this indication.
While US is considered a first-line technique, owing to
its widespread availability and cost effectiveness, the
modality suffers from higher interobserver variability in
the diagnosis of pelvic endometriosis, and its performance
is highly dependent on the radiologist’s experience [15].
In contrast, MRI provides a visualization of the whole
pelvis, an excellent tissue contrast resolution [16], and
6A

T2 SPACE with ID

T2 SPACE without ID

Before
antispasmodic
administration

6B

After
antispasmodic
administration
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is also considered less biased and more reproducible than
US [17, 18]. Therefore, fusion imaging has great potential
in the assessment of endometriosis as it combines the
advantages of US and MRI modalities, and overcomes
their weaknesses by providing superior spatial, contrast,
and temporal resolution to that possible with each
modality technique alone. As a result, MRI can be
used to locate the targeted structures with US.
Despite the promising and encouraging results
of DIE assessment by fusion imaging [19], it was demonstrated that MRI-US fusion imaging could not be readily
implemented into daily practice as a routine evaluation
of DIE due to the lack of accuracy between both modalities’
datasets [20]. However, it must be noted that these
studies used standard 2D T2 sequences, and that the
sets of images needed to be synchronized manually
using only one anatomical plane and reference point.
The optimized T2 SPACE with ID proposed in this study
may bring useful anatomical information to obtain a
perfect fusion calibration independently of the desired
reformatted plan required for US exploration. Figure 7
shows some preliminary clinical cases where the T2 SPACE
with ID was used and fused with US in the context of DIE.
This additional value of the MRI and US fusion using
this novel MRI sequence will be further evaluated
in a dedicated study.

T2 BLADE

6  Illustration of the impact
of antispasmodic on image
quality for T2 SPACE with/
without ID and T2 BLADE
sequence. (6A) shows the
high peristaltic sensitivity
and reduced image quality
of T2 SPACE with/without
ID before antispasmodic
administration compared
to conventional T2 BLADE.
After antispasmodic
administration (6B),
the image quality of the
T2 SPACE with ID is similar
to conventional T2 BLADE,
while the image quality of
T2 SPACE without ID remains
unacceptable for clinical
examination.
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7A

7B

Conclusion
As outlined in this article, recent advances in 3D T2 SPACE
imaging technique have given clinicians powerful tools
to diagnose endometriosis pathologies. These tools can
range from better MRI identification of endometriosis
lesions to the most advanced perspectives, such as MRI
and US fusion imaging. In our study, the combination of
SPACE acquisition with a CAIPIRINHA sampling pattern
and ID reconstruction offered a 36% scan time reduction
compared to conventional 2D T2 sequences without

Women’s Health Imaging · Clinical

7  Simultaneous fusion
imaging between
magnetic resonance
imaging (MRI)
and transvaginal
ultrasonography (US).
Fusion imaging of
intestinal endometriosis
(7A, orange arrows) and
superficial endometriosis
(7B, blue arrows) with
simultaneous display
of corresponding planes
obtained by MRI (reformatted
T2 SPACE, first row) and
transvaginal ultrasonography
(US, second row). Intestinal
endometriosis appears as
a thickened structure
associated with hypointense
and hypoechogenic signals
on MRI and US images,
respectively. The same
structure identification
can be performed for
superficial endometriosis
facilitated by the additional
hyperintense signal
delineation offered
by 3D T1 VIBE Dixon
(7B, third row).

compromising image quality. According to the World
Health Organization, there is a need to improve early
diagnosis of endometriosis as almost 190 million repro
ductive age women may be affected by this disease.
We believe T2 SPACE with ID to be a promising tool
to handle the growing challenges of this pathology management by providing all relevant information in only
one sequence. Further investigations are needed to
validate these results on a larger scale and to confirm
the diagnostic performance of this sequence with
surgical findings.
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Introduction
Myocardial scar detection using cardiac magnetic resonance (CMR) imaging with late gadolinium enhancement
(LGE) facilitates diagnosis and clinical management in
various cardiac conditions. For instance, it can help
determine the etiology of heart failure and arrhythmias,
assess myocardial viability, differentiate among cardiomyopathies, and guide electrophysiological interventions
1A

1B

1C

1D

[1–4]. In patients with scar-related ventricular tachycardia
(VT), performing CMR imaging before radiofrequency
catheter ablation can help pre-procedural planning
and scar mapping [5]. However, many patients with an
indication for VT ablation already have an implantable
cardioverter defibrillator (ICD)1, and this may be a contraindication to a CMR examination. The population of patients
1E

1  (1A, B) Standard LGE images in 2-chamber (1A) and 4-chamber (1B) views with hyperintensity (black asterisk) and breathing (white
arrowheads) artifacts. (1C–E) Wideband LGE images in 2-chamber (1C), 4-chamber (1D), and short axis (1E) views with mid-myocardial
contrast enhancement in the basal and midventricular anterior, septal, and inferior segments (black arrowheads).
1

 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.
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with different cardiac implanted electronic devices (CIEDs)1
is growing. Because CIED patients with electrical abnormalities often have underlying structural heart disease, the
indications for CMR examinations are expanding in this
patient population.
In the past, CMR was contraindicated in patients
with CIEDs due to safety concerns. With the advent of
MR-conditional CIEDs and the establishment of appropriate
and strict safety protocols which allow CMR imaging in
patients with CIEDs [6, 7], the number of these examinations is growing. However, device- and lead-related
artifacts can limit image interpretability and the clinical
applicability of CMR in CIED patients, especially in the case
of ICDs and cardiac resynchronization therapy pacemakers
(CRT-Ps) or defibrillators (CRT-Ds) [8, 9]. There are two
basic device artifacts in late gadolinium enhancement
(LGE) imaging:
1) Hyperintense regions which were not inverted due
to the limited inversion bandwidth
2) Signal voids due to dephasing, caused by gradient
generally along the widest voxel dimension [10].
A high-bandwidth inversion recovery sequence uses
wideband (WB) techniques to reduce susceptibility
artifacts2. This extends the benefit of tissue characterization to device patients, enabling them to receive diagnostically robust imaging that visualizes myocardial injury.
Wideband LGE CMR techniques have been developed to
attenuate these image artifacts and enhance the
diagnostic value of CMR in CIED patients [10, 11].
At our institution we are using a 1.5T MR scanner
(MAGNETOM Aera, Siemens Healthcare, Erlangen,
Germany) and two types of WB protocols to reduce
susceptibility and off-resonance artifacts in examinations
with CIEDs. The spatial resolution is the same for both
protocols: 1.4 x 1.4 x 8.0 mm3. The first protocol is a
shorter single-shot breath-controlled sequence. The second
uses a single-shot data acquisition method in combination
with phase-sensitive inversion recovery (PSIR) and motion
correction (MoCo) for reconstruction, which allows
measurements to be taken under free-breathing conditions
[12]. Signal-to-noise ratio (SNR) loss from the accelerated
single-shot acquisition is offset by increasing the number
of averages. For ICD imaging with more severe artifacts,
we suggest at least 24 averages (with thinner slices –
e.g., 4 mm). For pacemakers – where the artifacts are
less intense – we can reduce the number of averages to
16. Free-breathing measurements take slightly longer,
but they provide more stable image quality without SNR
loss or device-related image artifacts.
The following two clinical cases demonstrate the
clinical impact of the high-bandwidth inversion recovery
sequence in everyday routine.

2
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Case 1
A 45-year-old male patient with a CRT-D was referred
for CMR imaging before VT ablation for scar mapping.
Patient history: In 2015, the patient had syncope.
An electrocardiogram (ECG) showed wide QRS and firstdegree AV block, and 24-hour Holter monitoring detected
polymorphic ventricular premature beats. The CMR
examination in 2015 showed dilated cardiomyopathy
with extended LGE with a non-ischemic pattern. During
the electrophysiological examination, sustained VT could
be induced. After radiofrequency catheter ablation, the VT
persisted with altered morphology, which indicated ICD
implantation. Over the years, appropriate ICD shocks were
detected on several occasions. Because of the progression
of heart failure, VT ablation was repeated in 2020 and
the ICD was upgraded to a CRT-D (St. Jude Quadra Assura
3371-40C).
The patient has since had repeated VTs, which
necessitated another VT ablation and a CMR examination
for scar mapping. Before CMR scanning, the patient – who
has a non-conditional CIED – underwent device interrogation. As the patient was pacemaker-dependent, the pacing
mode was programmed to DOO-RV-only asynchronous
bipolar pacing with high pacing energy (5.0 V/1.0 msec).
All tachyarrhythmia detection and therapies were switched
off. Protocols developed for safely performing CMR
imaging in patients with CIEDs were followed [13, 14].
Intraprocedural monitoring was performed with a continuous electrocardiogram, pulse oximetry, and non-invasive
blood pressure measurements. The specific absorption
rate was limited to 2.0 W/kg. No adverse events occurred.
Following completion of the CMR scan, the original device
settings were reinstated.
The CMR examination was performed in a 1.5T
scanner (MAGNETOM Aera, Siemens Healthcare, Erlangen,
Germany). After standard scout slices, spoiled gradient
echo imaging was performed to assess cardiac volumes
and function. An intravenous bolus of gadobutrol
(0.15 mmol/kg) was injected. Ten minutes after the
injection, standard LGE and free-breathing WB LGE images
were acquired in 2-, 3-, and 4-chamber views. WB LGE
images were acquired, as well as short-axis images with
full coverage of the left ventricle with free breathing and
the MoCo algorithm.
Hyperintensity artifacts in the anterior segments, as
well as breathing artifacts, limited the interpretability of
standard LGE images (Figs. 1A, B). No artifacts affected
the left ventricular segments on the WB LGE images, and
midmyocardial contrast enhancement was present in the
basal and midventricular anterior, septal, and inferior
segments (Figs. 1C–E). The WB LGE images were processed
with ADAS-3D software (Galgo Medical SL, Barcelona,

 High-bandwidth Inversion Recovery is a product with software version syngo MR XA 30/31. The sequence used in the article was a prototype.
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Spain) for channel detection. Following semiautomatic
endo- and epicardial contour detection, ten concentric surface layers were created automatically from endocardium
to epicardium. A 3D shell was created for each layer. Based
on signal intensities, scar core, border zone, and healthy
myocardium were identified. A conducting channel was
defined as a corridor in the border zone between two
scar-core areas [5].
After invasive electroanatomic mapping (EAM) –
supported by the CMR images – VT ablation was repeated
in the septal region. During a four-month clinical follow-up,
no ventricular arrhythmias were detected.

Case 2
A 64-year-old male patient with prior myocardial infarction
and ICD (Biotronic Itrevia 5 VR-T DX) implantation was
referred for CMR imaging. The patient had an ST-elevated
myocardial infarction in 2016, and a percutaneous
coronary intervention with stent implantation in the
right coronary artery was performed. Six months later,
monomorphic VT occurred. Coronary angiography showed
in-stent restenosis, which required reintervention with
stent implantation. As the VT recurred, VT ablation and
ICD implantation were performed in 2016. In 2020 and
2021, appropriate ICD therapies occurred several times,
which indicated a repeated VT ablation.

2A

2B

2C

2D

Prior to the VT ablation, CMR for scar mapping was
performed with the same protocol described in our first
case report. As the patient was not pacemaker-dependent,
the MR-conditional ICD was turned off during the CMR
examination.
Taking into account the proximity of the ICD, we detected large susceptibility and off-resonance artifacts at the
left ventricular anterior and anterolateral segments on the
standard LGE images (Figs. 2A, B). Such artifacts would
make the correct diagnosis impossible. However, the
high-bandwidth inversion recovery sequence allowed
us to completely diminish both the off-resonance and
susceptibility artifacts, and to detect transmural contrast
enhancement in the inferior and inferolateral segments
corresponding to the previous myocardial infarction
(Figs. 2C–E). Potentially arrhythmogenic conducting
channels were identified using the ADAS 3D software
(Fig. 3).
Using the EAM and CMR images, extended epi- and
endocardial ablation was performed in the inferior region.
During a five-month clinical follow-up, no VT was detected
by the ICD.

Discussion
LGE-CMR can accurately identify fibrotic myocardium and
the potential arrhythmogenic substrate. It is therefore a

2E

2  (2A, B) Standard LGE images in 2-chamber (2A) and 4-chamber (2B) views with hyperintensity off-resonance artifacts (black asterisk) in the
anterior and anterolateral segments, and susceptibility artifacts (white asterisk) in the anterior segments. (2C–E) Wideband LGE images in
2-chamber (2C), 4-chamber (2D), and short axis (2E) views with transmural contrast enhancement in the inferior and inferolateral segments
(black arrowheads).
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CHANNEL 6

CHANNEL 5

CHANNEL 7

CHANNEL 2

3  Detection of scar in red, border zones in yellow, and normal tissue
in blue using ADAS 3D software. Conducting channels were
identified as a corridor in the border zone between two core areas.

widely used technique for planning ablation procedures
[15, 16]. Previous data demonstrated that CMR-aided VT
ablation was associated with a lower need for radiofrequency delivery, lower VT inducibility after substrate ablation, and lower VT recurrence rate [5]. Nevertheless, most
patients referred to VT ablation already have a CIED. With
conventional CMR, the quality of LGE images is usually
poor due to metal-induced artifacts, especially in the left
ventricular anterior segments [9]. The device generator
causes off-resonance hyperintensity artifacts within the
myocardium. These artifacts appear similar to the LGE of
scar tissue, which can lead to false diagnoses.
In this report, we presented two patient cases: one
with a non-MR-conditional CRT-D, and one with an
MR-conditional ICD. The safety protocols were followed
and no adverse events occurred. We found that using WB
LGE increased the image quality independently of the type
of device. Do et al. investigated the safety of CMR and the
interpretability of images using WB LGE in 111 patients
with a non-MR-conditional CIED, using a self-developed
wideband pulse sequence. In 87% of the study population,
the WB technique yielded artifact-free images; just 3% of
cases had significant artifacts that limited or undermined
interpretation of the study [17].
In the CMR studies presented here, free-breathing
WB LGE was performed. Previous data suggest that
free-breathing WB single-shot LGE and WB-segmented
LGE produce similarly improved image quality compared
to standard LGE. Schwartz et al. found that the percentage
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of diagnostically interpretable myocardial segments was
72% for standard LGE, 89% for WB-segmented LGE, and
94% for free-breathing WB single-shot LGE [18]. According
to our experiences, CIED patients may have difficulties
with breath-holds because of underlying heart disease.
The high-bandwidth inversion recovery application
can diminish both the device-related artifacts and the
breathing artifacts. However, acquisition times are longer
in the free-breathing WB sequence than in a single-shot
breath-controlled sequence.
Several studies have demonstrated the clinical benefit
of using WB LGE in CIED patients. Bhuva et al. found that
WB LGE resulted in changed clinical management in 75%
of ICD patients and 19% of pacemaker patients when
compared to imaging with standard LGE sequences, based
on 136 CMR studies [10]. Singh et al. investigated the
agreement between LGE images (standard and WB) and
invasive EAM in 27 patients with ICD who underwent VT
ablation. With standard LGE, the presence and location of
LGE agreed with at least one focus of scar on EAM in 10
out of the 27 cases. In contrast, agreement with EAM was
noted in 21 of the 27 cases when WB LGE was used [19].
In another study, conducting channels were identified
using ADAS 3D software before VT ablation, based on WB
LGE images in 13 ICD patients and on standard LGE images
in 26 patients without CIED. The two groups were matched
according to the type of cardiomyopathy, scar location, and
age. The agreement between CMR and EAM was 85.1%
and 92.2% in the WB group and the standard LGE group,
respectively. The researchers found no differences in
false-positive rates or false-negative rates between the
two groups [20].

Conclusion
In this report, we presented our experience with the
new high-bandwidth inversion recovery sequence in
CIED patients. By reporting on the cases of two patients –
one with non-ischemic and one with ischemic cardiac
disease – we demonstrated that WB LGE sequences have
a substantial impact on diagnosis and treatment in CIED
patients.
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Abstract

Introduction

Coronary magnetic resonance angiography (CMRA) could
potentially offer a safe, non-invasive alternative for the
anatomical assessment of coronary artery disease (CAD),
which is free of ionizing radiation and iodinated contrast
agents. However, image acquisition with conventional
free-breathing CMRA frameworks is limited by long and
unpredictable scan times, whilst image degradation due
to respiratory motion remains a challenge. Here we outline
a CMRA framework, that aims to overcome some of
these challenges by incorporating a highly undersampled
Cartesian acquisition with a two-dimensional (2D) image
navigator to enable 100% respiratory scan efficiency,
2D translational motion correction, and three-dimensional
(3D) non-rigid motion estimation, which is then fully
reconstructed using a 3D patch-based low-rank regularization framework (PROST)1. We recently validated this framework against coronary computed tomography angiography
(CCTA) in a single-center trial of 50 patients with suspected
CAD. Diagnostic image quality was obtained in 95% of
all coronary segments. The sensitivity, specificity, and
negative predictive value were as follows: per-patient,
100%, 74%, and 100%; per-vessel, 81%, 88%, and 97%;
and per-segment, 76%, 95%, and 99%, respectively. These
findings emphasize the growing potential of this CMRA
framework as a viable alternative to CCTA and invasive
X-ray angiography for the anatomical assessment of CAD.

Cardiovascular disease is the leading cause of mortality
worldwide [1]. Among all causes of cardiovascular
disease, atherosclerotic coronary artery disease (CAD)
accounts for approximately half of all cases [1]. The
early detection and long-term monitoring of CAD enable
targeted risk stratification and prophylactic treatment of
patients most at risk of progressing toward acute coronary
syndromes. Invasive X-ray coronary angiography and
non-invasive coronary computed tomography angiography
(CCTA) are the gold standard imaging modalities for the
assessment of CAD [2–7]. Despite being highly diagnostic,
X-ray coronary angiography is limited by invasive complications (e.g., death, stroke, myocardial and vascular injury,
pain, and bleeding), whilst both X-ray coronary angiography and CCTA are limited by the risks from ionizing
radiation and contrast-mediated nephropathy. There is
therefore a clear need for an alternative imaging modality
for the early detection and long-term monitoring of CAD,
which is free of the risks associated with X-ray coronary
angiography and CCTA.

1

Coronary magnetic resonance angiography
Cardiovascular magnetic resonance (CMR) could be a safe,
non-invasive alternative for the imaging of coronary artery
stenosis without ionizing radiation or iodinated contrast

 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.
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1  Schematic overview of the proposed accelerated free-breathing 3D CMRA acquisition with sub-millimeter isotropic resolution, 100% scan
efficiency, and non-rigid motion-compensated PROST reconstruction. (1A) CMRA acquisition is performed with an undersampled 3D variable
density spiral-like Cartesian trajectory with golden angle between spiral-like interleaves (VD-CASPR), preceded by 2D image navigators (iNAV)
to allow for 100% scan efficiency, and beat-to-beat translational respiratory-induced motion correction of the heart. (1B) Foot-head respiratory signal is estimated from the 2D iNAVs and used to assign the acquired data to 5 respiratory bins and translation-corrected respiratory bins.
Subsequent reconstruction of each bin is performed using soft-gated SENSE, and 3D non-rigid motion fields are then estimated from the
5 reconstructed datasets. (1C) The final 3D whole-heart motion-corrected CMRA image is obtained using the proposed 3D patch-based
(PROST) non-rigid motion-compensated reconstruction.
Abbreviations: CMRA = coronary magnetic resonance angiography; PROST = patch-based undersampled reconstruction;
ADMM = alternating direction method of multipliers.
Adapted and reproduced with permission from Bustin et al. [22].
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agent. Large multi-center studies have demonstrated the
clinical potential of coronary magnetic resonance angiography (CMRA) against X-ray coronary angiography for the
anatomical assessment of CAD with per-patient sensitivity,
specificity, and negative predictive value of up 94%, 82%,
and 92% respectively [8–10]. However, widespread clinical
implementation of CMRA is currently limited to suspected
anomalous coronary arteries, suspected coronary artery
aneurysms (e.g., Kawasaki's disease), coronary artery graft
patency assessment, assessment of the proximal coronary
arteries, and patients with renal impairment who are
unable to receive iodinated contrast [11–13]. The very
limited and specific clinical use of CMRA is due to long and
unpredictable acquisition times, cumbersome scan planning, lower spatial resolution (usually 1–2 mm anisotropic), and motion-related (cardiac, respiratory, and patient)
degradation of image quality.
In a similar fashion to CCTA, CMRA overcomes cardiac
motion artifacts by using prospective electrocardiographic
(ECG) gating to acquire data during the quiescent phase
of the cardiac cycle when coronary artery motion is
minimal [11], usually in mid-to-late diastole. In cases
of cardiac arrhythmias and variable heart rates, which
disproportionately impact the diastolic phase of the
cardiac cycle, systolic imaging is the preferred option [11].
An alternative retrospective ECG gating approach is to
continuously acquire data throughout the cardiac cycle
and then reconstruct multiple cardiac phases and select
the phase with the sharpest images or fewest motion
artefacts [14, 15].
To compensate for the respiratory motion artifacts
during free-breathing acquisitions, conventional CMRA
estimates the respiratory displacement and deformation
of the heart and surrounding tissues using the diaphragmatic 1D navigator approach [11, 16–18]. Here the liverdiaphragm interface lends itself for motion tracking,
with the increased signal-to-noise ratio (SNR) of the
right hemi diaphragm used as a surrogate to track the
superior-inferior motion of the heart during the respiratory
cycle, and with respiratory gating enabled to obtain image
data at the quiescent phase of end of expiration [16, 19,
20, 17]. However, there is a non-linear relationship
between the displacement of the diaphragm and the
heart, requiring a patient-specific correction factor, which
is usually set at 0.6 (population average) when gating is
combined with respiratory motion correction [16]. Furthermore, only data within a small (end-expiration) respiratory
gating window is accepted, significantly reducing scan
efficiency and leading to prolonged and unpredictable
acquisition times [21]. Moreover, prospective or retrospective translational motion compensation can only be applied
in the superior-inferior direction [21]. Finally, this approach
1
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adds complexity as detailed scan planning and defining
separate imaging parameters for the navigator acquisition
are required, further increasing scan time and costs [16]. In
addition, a fully sampled 3D whole-heart CMRA acquisition
at high spatial resolution is associated with long acquisition
times (up to 30 minutes), regardless of cardiac and respiratory motion gating, which leads to patient discomfort and
patient-related motion artifacts.
To overcome these limitations, we have leveraged
recent advances in CMR technology including trajectory
design, motion correction, and undersampled reconstruction techniques – to propose a novel, highly accelerated,
high-spatial-resolution (sub-1 mm3), free-breathing,
non-contrast, 3D whole-heart CMRA framework in a
clinically feasible and 100% predictable acquisition time.

Proposed coronary magnetic resonance
angiography framework
The proposed CMRA framework was developed on a
1.5T CMR scanner (MAGNETOM Aera, Siemens Healthcare,
Erlangen, Germany) with a dedicated 32-channel spine
coil and an 18-channel body coil. It combines a highly
undersampled variable-density Cartesian acquisition
with an image navigator (iNAV) to enable model-free
2D translational and 3D non-rigid motion estimation,
and finally deploys a motion-corrected 3D patch-based
low-rank image reconstruction (PROST) algorithm1 to
reconstruct the undersampled acquisition. These steps
are outlined in more detail in the following sections and
in the article by Bustin et al. [22].
Accelerated CMRA acquisition
An undersampled (3- to 4-fold) free-breathing 3D wholeheart, balanced steady-state free-precession (bSSFP)
sequence with a 3D variable-density spiral-like Cartesian
trajectory (VD-CASPR) with golden-angle step was
employed as previously proposed [23] (Fig. 1). A lowresolution 2D iNAV preceded each spiral-like interleave
to allow 100% scan efficiency, predictable scan time,
and 2D translational motion estimation of the heart
on a beat-to-beat basis. The 2D iNAVs were obtained
by spatially encoding the startup profiles of the bSSFP
sequence [24]. A spectrally selective SPIR (Spectral
Presaturation with Inversion Recovery) fat saturation
pulse with a constant flip angle (FA) of 130° was used
to improve coronary depiction and minimize fat-related
aliasing artifacts. An adiabatic T2 preparation pulse [25,
26] was played at each heartbeat in order to enhance
the contrast between blood and cardiac muscle and to
avoid the use of extracellular contrast agents.

 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.
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Beat-to-beat 2D translational motion estimation
Beat-to-beat 2D translational motion correction was
performed as previously proposed in [27, 28]. Briefly,
foot-head (FH) and right-left (RL) translational respiratory
motion of the heart was extracted from the iNAVs using
a template-matching algorithm with normalized crosscorrelation as similarity measure [24]. The reference
template was manually selected during scan planning
on a region encompassing the subject’s heart. The FH
respiratory signal was used to sort the acquired data into
five respiratory states or bins. Intra-bin 2D translational
motion estimation was performed by correcting the data
for each bin to the same respiratory position (taken as
the bin center) (Fig. 1). This correction was implemented
by modulating the k-space data with a linear phase
shift according to the previously estimated respiratory
motion [27].

rank decomposition and singular value thresholding. The
proposed non-rigid PROST framework combines 3D PROST
with the matrix formalism for non-rigid motion correction,
and can be formulated as the unconstrained optimization
(found at the bottom of the page), where X is the nonrigid motion-corrected 3D CMRA volume (or “motion-free”
image), K is the 2D translational motion-corrected k-space
data, E is the encoding operator composed of: Ab the
sampling matrix for bin b, F the 3D Fourier transform,
Sc the coil sensitivities for coil c, Ub the estimated 3D
non-rigid motion fields for bin b and Nbins the number of
respiratory bins. ||.||F and ||.||* denote the Frobenius and
nuclear norms respectively, Pp(.) is the patch-selection
operator at voxel p. Equation (1) can be efficiently solved
by operator-splitting via alternating direction method of
multipliers (ADMM).

Results from a single-center clinical study

Bin-to-bin non-rigid motion estimation
In this framework, the acquired 3D CMRA data is undersampled (3- to 4-fold), with the resulting binned k-spaces
being highly accelerated (~15- to 20-fold). Soft-gating
iterative sensitivity encoding reconstruction [27] was
employed to reconstruct each respiratory bin. Bin-to-bin
3D non-rigid motion estimation was subsequently
performed using spline-based free-form deformation
[29], considering the end-expiration bin as reference
image (Fig. 1).

The proposed CMRA framework was assessed in a cohort
of patients with suspected CAD at Guy’s and St Thomas’
Hospitals, London, UK. The full results of this clinical study
are described in the article by Hajhosseiny et al. [32]. In
summary, 50 consecutive patients between 35 and 77
years of age who were referred for a clinically indicated
CTCA were invited to undergo a CMRA within the proposed
framework. In the absence of contraindications, each
patient was treated with intravenous metoprolol in 5 mg
increments with a maximum dose of 30 mg, aiming for a
target heart rate (HR) < 65 bpm in order to maximize the
diastolic acquisition window, reduce HR variability and
cardiac motion artefacts. All patients were given 800 mg
of sublingual glyceryl trinitrate to promote coronary
vasodilation. To assess diagnostic performance, significant
coronary stenosis was visually defined as luminal narrowing of ≥ 50% in each of the coronary segments using an
intention-to-read approach. The image quality of CMRA
images (3D whole-heart dataset and individual vessels)
was evaluated using the following scale: 0, non-diagnostic;
1, poor (limited coronary vessel visibility or noisy image);
2, average (coronary vessel visible but diagnostic confidence low); 3, good (coronary artery adequately visualized
and diagnostic quality image); and 4, excellent (coronary
artery clearly depicted).
All CMRA acquisitions were successfully completed in
an imaging time of 10.7 ± 1.4 min (range 8.0–13.3 min),
with 100% respiratory scan efficiency. All CMRA acquisi-

3D patch-based non-rigid motion-compensated
reconstruction (non-rigid PROST)
Following this step, the estimated 3D non-rigid motion
fields are then directly incorporated into a general matrix
description reconstruction framework [30, 31]. In contrast
to previous CMRA studies where the data are acquired
either fully sampled [27] or with modest undersampling
factors [28], our proposed high-resolution (0.9 mm3)
CMRA framework exploits higher undersampling factors
(3- to 4-fold) to reach approximately 10-minute acquisition
time. 3D patch-based low-rank undersampled reconstruction (3D PROST) has been proposed to highly accelerate
sub‑mm CMRA imaging with translational motion correction only [23]. 3D PROST reconstruction exploits the
inherent redundancies of the complex 3D anatomy of
the coronary arteries on a local (i.e., within a patch)
and non-local (i.e., between similar patches within a
neighborhood) basis, through an efficient iterative low-

µ

1

LNR-PROST (X,T,Y): = argmin || EX – K ||F + λ ∑p || Tp ||* + 2 ∑p || Tp – Pp(X) –

2

E = ∑b bins AbFScUb

2

X,Tp,Y

Yp
µ

||F
2

N
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tions were performed in diastole with an average acquisition window of 88 ± 8 ms (range 81–111 ms). Mean age
was 55 ± 9 years, 33/50 (66%) were male, and 12/50 (24%)
had significant CAD on CTCA.
In total, 95% of CMRA segments were deemed diagnostic, while all left main stem segments were diagnostic
on CMRA. Furthermore, 97%, 96%, and 87% of right
coronary artery, left anterior descending artery, and left
circumflex artery segments were diagnostic on CMRA.
Finally, 97%, 97%, and 90% of proximal, middle, and distal
CMRA segments were of diagnostic quality.
The sensitivity, specificity, positive predictive value,
negative predictive value, and diagnostic accuracy of CMRA
for detecting significant CAD were as follows:
• per-patient
100% (95% CI: 76–100%), 74% (95% CI: 58–85%),
55% (95% CI: 35–73%), 100% (95% CI: 88–100%), and
80% (95% CI: 67–89%) respectively;

MAGNETOM Flash (79) 2/2021

• per-vessel
81% (95% CI: 57–93%), 88% (95% CI: 82–93%),
46% (95% CI: 30–64%), 97% (95% CI: 93–99%), and
88% (95% CI: 81–92%) respectively;
• per-segment
76% (95% CI: 55–89%), 95% (95% CI: 92–97%),
44% (95% CI: 30–60%), 99% (95% CI: 97–99%), and
94% (95% CI: 91–96%) respectively.
Example images from selected patients with suspected
CAD are shown in Figures 2–8.
The proposed CMRA framework (without PROST
regularization) has been implemented in-line in the
scanner software, providing non-rigid motion corrected
reconstructions in ~2–5 min (CPU).

Coronary MR
Angiography

Coronary CT
Angiography

2  Non-contrast whole-heart sub-millimeter isotropic CMRA images of a 53-year-old male patient with normal coronary arteries.
Accelerated free-breathing CMRA images acquired and reconstructed with the proposed framework are shown in the top row, revealing the
LAD, RCA, and LCX territories. The corresponding reformatted images obtained with contrast-enhanced CCTA are shown in the bottom row.
3D volume-rendered images for both modalities are shown in the right-hand column.
Abbreviations: CMRA = coronary magnetic resonance angiography; CCTA = coronary computed tomography angiography;
LAD = left anterior descending artery; RCA = right coronary artery; LCX =left circumflex artery; PDA = posterior descending artery;
PA = pulmonary artery; Ao = aorta.
Adapted and reproduced with permission from Bustin et al. [22].
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Coronary MR Angiography

Coronary CT Angiography

3  Reformatted non-contrast whole-heart sub-millimeter isotropic CMRA (left) and contrast-enhanced CCTA (right)
images along the LCX (top) and RCA (bottom) are shown for a 54-year-old male patient. The CCTA images demonstrate mild (< 50%) disease with a calcified plaque within the proximal RCA, severe disease (> 50%) with a partially
calcified plaque in the mid-segment of the RCA (red arrows), and mild (< 50%) disease with calcified plaque in the
mid-segment of the LCX. Luminal narrowing is seen on the cross-sectional views at the sites of coronary plaque on
the CMRA images (yellow arrows).
Abbreviations: CMRA = coronary magnetic resonance angiography; CCTA = coronary computed tomography
angiography; LAD = left anterior descending artery; RCA = right coronary artery; LCX = left circumflex artery;
Ao = aorta.
Adapted and reproduced with permission from Bustin et al. [22].
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Coronary MR
Angiography

Coronary CT
Angiography

4  Non-contrast whole-heart sub-millimeter isotropic CMRA images of a 35-year-old male patient with normal coronary arteries.
The CMRA images acquired and reconstructed with the proposed framework are shown in the top row, revealing the LAD and RCA.
The corresponding reformatted images obtained with contrast-enhanced CCTA are shown in the bottom row. The 3D volume-rendered
images are shown in the right-hand column, which were both correctly visualized on the CMRA images.
Abbreviations: CMRA = coronary magnetic resonance angiography; CCTA = coronary computed tomography angiography;
LAD = left anterior descending artery; RCA = right coronary artery; LCX = left circumflex artery; LM = left main stem;
PDA = posterior descending artery; PA = pulmonary artery; Ao = aorta.
Adapted and reproduced with permission from Bustin et al. [22].
RCA

LAD

D1

LCX

3D Volume-Rendered

CMRA

CCTA

5  Curved multiplanar reformat and 3D volume-rendered non-contrast CMRA and contrast-enhanced CCTA in a 54-year-old male with
no significant stenosis.
Abbreviations: CMRA = coronary magnetic resonance angiography; CCTA = coronary computed tomography angiography;
RCA = right coronary artery; LAD = left anterior descending artery; D1 = first diagonal artery; LCX = left circumflex artery.
Adapted and reproduced with permission from Hajhosseiny et al. [32].
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RCA

LAD

LCX

3D Volume-Rendered

CMRA

CCTA

6  Curved multiplanar reformat and 3D volume-rendered non-contrast CMRA and contrast-enhanced CCTA in a 44-year-old male with > 50%
non-calcified stenosis in the ostial RCA (red arrows). This can also be seen in the 3D volume-rendered images (white arrows). The yellow
arrows represent a > 50% stenosis in the proximal/mid LCX.
Abbreviations: CMRA = coronary magnetic resonance angiography; CCTA = coronary computed tomography angiography;
RCA = right coronary artery; LAD = left anterior descending artery; LCX = left circumflex artery.
Adapted and reproduced with permission from Hajhosseiny et al. [32].

3D Volume-Rendered

CMRA

CCTA

CMRA

CCTA

7  Curved multiplanar reformat and 3D volume-rendered non-contrast CMRA and contrast-enhanced CCTA in a 60-year-old male with > 50%
partially calcified stenosis in the proximal-to-mid LAD on either side of the first diagonal artery (yellow arrows). The red arrows point to a focal
calcified < 50% stenosis just distal to the second diagonal artery.
Abbreviations: CMRA = coronary magnetic resonance angiography; CCTA = coronary computed tomography angiography;
LAD = left anterior descending artery. Adapted and reproduced with permission from Hajhosseiny et al. [32].
siemens-healthineers.com/magnetom-world
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CMRA

CCTA

CMRA

8  Curved multiplanar reformat non-contrast CMRA and contrast-enhanced CCTA in a 57-year-old male with > 50% partially calcified stenosis
in the proximal LAD (yellow arrows). The red arrows point to focal < 50% stenosis in the proximal and distal ramus intermedius artery.
Abbreviations: CMRA = coronary magnetic resonance angiography; CCTA = coronary computed tomography angiography;
LAD = left anterior descending artery; IM = ramus intermedius artery. Adapted and reproduced with permission from Hajhosseiny et al. [32].

Conclusions
In this initial single-center clinical study, we have introduced a robust, contrast-free, sub-millimeter CMRA framework with predictable and clinically feasible scan times of
approximately 10 minutes, achieving highly diagnostic
image quality and diagnostic accuracy for excluding significant disease in patients with suspected CAD. This is the
first clinical study to assess the diagnostic performance of
a 3D contrast-free CMRA approach that enables a predictable scan time of approximately 10 minutes for 0.9 mm3
spatial-resolution. This was achieved by employing a robust
motion corrected free-breathing acquisition with 100%
respiratory scan efficiency, using image navigation for
2D translational motion estimation and respiratory data
binning combined with 3D non-rigid motion compensated
undersampled reconstruction employing a 3- to 4-fold
undersampled Cartesian acquisition and a patched-based
low-rank reconstruction. Future work will focus on multicenter clinical assessment of this novel framework to
determine its clinical applicability in a larger cohort of
patients with a wider spectrum of CAD.
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Abstract

Introduction

Intracranial artery stenosis is one of the common
causes of ischemic stroke in Asia. Advances in vessel
wall imaging techniques now make it possible to
directly visualize the intracranial vessel wall. Several
single-center studies have suggested that intracranial
vessel wall magnetic resonance imaging (VW-MRI)
may provide insights into stroke etiology, vascular
pathogenesis, and the risk of recurrent stroke.
However, the robustness of intracranial VW-MRI
as a valuable tool for the assessment of various
cerebrovascular diseases still needs to be validated
in a large-scale multicenter study. Thus, our research
group initiated a multicenter study in China on
February 1, 2017. This study aimed to investigate
the clinical utility of whole-brain intracranial VW-MRI
in assessing the etiologies in patients with ischemic
stroke.

Stroke is one of the most common causes of death and
disability in the world, which usually causes an abrupt
onset of a neurological deficit [1, 2]. Intracranial artery
stenosis has been considered a major cause of ischemic
stroke, especially in Asia [3]. Traditionally, intracranial
vascular diseases have been evaluated with invasive
luminal imaging techniques, such as catheter angiography
or non-invasive luminal imaging techniques (MR angiography or CT angiography). However, these techniques
indirectly visualize vessel wall abnormalities, and many
cerebral vasculopathies may have similar luminal
narrowing. VW-MRI has been applied as the only noninvasive technique to directly assess the intracranial vessel
wall structure [4, 5]. It can provide derived vessel wall
characteristics to help clinicians determine stroke etiology,
estimate atherosclerotic plaque burden or vasculitis
activity, as well as future cerebrovascular events [6].

1  Curved-planar reformation of three-dimensional vessel wall magnetic resonance imaging (VW-MRI).
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Field strength and pulse sequences
Currently, VW-MRI for intracranial arteries is performed
on 3T MRI systems at most centers. Considering the small
caliber of intracranial arteries, ultra-high ﬁeld MRI (7T) may
provide an additional value for evaluating intracranial
atherosclerotic plaques, as it allows for a high signal-tonoise ratio (SNR), spatial resolution, and contrast-to-noise
ratio. Although the feasibility of intracranial VW-MRI at 7T
has been demonstrated in several in-vivo and ex-vivo
studies [7, 8], more evidence of additional clinical value
of 7T MRI is needed before being used in routine clinical
practice. The selection of pulse sequences and protocols
remains variable across sites and vendors. To clearly depict
the inner and outer boundaries of vessel walls, adequate
spatial resolution, as well as excellent blood and
cerebrospinal fluid (CSF) suppression are essential
for intracranial vessel wall imaging techniques. A twodimensional (2D) sequence can provide a better in-plane
spatial resolution (a voxel size of 0.4 × 0.4 × 2.0 mm3)
for targeted vessel wall lesions. However, it is unable to
achieve a more global depiction of multiple vessels and
detect lesions without luminal stenosis. Literature shows
a shift from 2D to 3D volumetric acquisitions. 3D isotropic
imaging with a larger coverage of whole-brain vessels
makes it possible to perform multi-planar and curvedplanar reformations, as well as assess plaque burden and
distribution of major intracranial arteries from various
perspectives (Fig. 1) [9]. There are numerous technical
developments for VW-MRI pulse sequences aimed to
reduce blood and CSF flow artifacts.
2A

2C

2B

Vascular pathologies and
their depiction with VW-MRI
The most important recommendation for intracranial
VW-MRI in clinical practice is to assess and differentiate
intracranial vasculopathies, such as intracranial
atherosclerotic plaque, vasculitis, reversible cerebral
vasoconstriction syndrome, arterial dissection, and
other causes of intracranial arterial narrowing. Diagnosis
of cerebrovascular disease has relied on luminal imaging.
However, different vasculopathies usually have similar
morphological features on luminal imaging. The advent
of VW-MRI offers insights into the pathogenesis of cerebrovascular disease. Furthermore, high diagnostic accuracy of
VW-MRI for distinguishing a range of vasculopathies has
been presented in several studies [4, 10].

Atherosclerotic plaque
VW-MRI of intracranial atherosclerotic plaque typically
demonstrates arterial wall thickening, which eccentrically
(nonuniformly) involves the circumference of the arterial
wall. Intraplaque hemorrhage (IPH), fissured fibrous cap,
lipid-rich necrotic core, neovascularization, and inflammation are considered common features of vulnerable
plaques and symptomatic lesions. Identification of plaque
components with VW-MRI has the potential to identify
vulnerable plaque and predict the risk of rupture and
events (Fig. 2). For intracranial atherosclerosis, MRIpathology correlation was explored in limited studies of
postmortem artery specimens. Chen et al. reported that
2  70-year-old male patient.
(2A) Diffusion-weighted
imaging (DWI) showed
disseminated spotty high
signal intensity lesions in
the left cortico-subcortical
area of the MCA territory;
(2B) time-of-flight magnetic
resonance angiography
(TOF-MRA) showed severe
stenosis on the relevant
MCA (arrow); (2C) curved
multiplanar reconstruction of
pre-contrast VW-MRI showed
hyperintense plaque (arrow
and arrowhead) on the MCA.
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3B

3C

3D

3  A 35-year-old female patient with cervicocranial artery dissection with lateral dorsal medulla syndrome.
(3A) Digital subtraction angiography showed a severe stenosis and occlusion of the V3-V4 segment
of the right vertebral artery; (3B) curved planar reformation of VW-MRI demonstrated intramural
hematoma (white line) in the vessel wall of the V3 segment of right vertebral artery; (3C) axial VW-MRI
detected a distal intraluminal thrombus (arrows) without contrast enhancement of the right vertebral
artery; (3D) DWI showed a single infarction in the right part of the medulla oblongata (arrowhead).

4A

T2WI

4B

TOF-MRA

4C

MiniIP

4  A 21-year-old female moyamoya disease patient with right intraventricular hemorrhage. (4A) T2-weighted imaging (T2WI) demonstrated
that the origin of hemorrhage was in the right periventricular area (yellow arrow); (4B) TOF-MRA detected occlusion of bilateral MCAs;
(4C) minimum intensity projection (MinIP) of VW-MRI revealed an anastomosis (yellow arrow) between the LSAs (red arrowheads) and
the medullary arteries (white arrowheads).
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high signal on T1-weighted images in specimens at 1.5T
was IPH as pathologically-verified in a postmortem case
of a Chinese adult [11]. The correlation between the lipid
core assessed on histology and low signal on T1-weighted
fat-suppressed images within intracranial vessel walls has
also been explored [12].
A postmortem study demonstrated that neovasculature can be found in middle cerebral artery (MCA) atherosclerotic plaque and that it was associated with ipsilateral
infarction [13]. Gadolinium enhancement of carotid
plaques was proven to be associated with vulnerable
plaque, neovascularization, macrophages, and loose
fibrosis correlating with histopathology [14]. Using
VW-MRI, intracranial plaque enhancement can be
evaluated and the relationship between plaque enhancement and recent infarction has been established [15].

Arterial dissection
Intracranial arterial dissection most often occurs as an
extension of a cervical artery dissection. Simultaneous
high-resolution 3D carotid and intracranial imaging has the
potential to identify dissected vessels in the head and neck.
VW-MRI features of intracranial arterial dissection include a
curvilinear hyperintensity on T2-weighted images (intimal
flap), separating the true lumen from the false lumen, and
crescent-shaped arterial wall thickening with the signal
characteristics of blood (intramural hematoma). Early
detection of high-risk imaging characteristics of
cervicocranial artery dissection may be useful to aid in
the preventive treatment of patients with cervicocranial
artery dissection without stroke but at higher risk. In a
previous study, we investigated the imaging features
that are associated with ischemic stroke in patients with
cervicocranial artery dissection. We found that the
presence of irregular surface and intraluminal thrombus
were related to stroke occurrence in these patients (Fig. 3).
Integrated head/neck VW-MRI might give insights into
the pathogenesis of ischemic stroke in cervicocranial artery
dissection. It may be useful for individual prediction of
ischemic stroke early in cervicocranial artery dissection [16].

Vasculitis and reversible cerebral
vasoconstriction syndrome
VW-MRI often demonstrates smooth and concentric arterial
wall thickening and enhancement in patients with central
nervous system vasculitis, in comparison with the typical
eccentric wall thickening of atherosclerotic plaque.
Reversible cerebral vasoconstriction syndrome (RCVS)
can also result in concentric arterial wall thickening, but
the vessel wall in RCVS is typically nonenhancing (or
mildly enhancing) compared with the typical intense wall
enhancement in active vasculitis [10]. Early differentiation

between vasculitis and RCVS is important: RCVS is treated
with observation or calcium channel blockers, whereas
vasculitis is treated with steroids and immunosuppressive
drugs.

Moyamoya disease
VW-MRI holds significant value in differentiating moyamoya
disease and atherosclerotic moyamoya syndrome,
which have a significant overlap in luminal morphological
patterns. Focal eccentric wall thickening or enhancement
was observed in the involved arteries in atherosclerotic
moyamoya syndrome, which was different from concentric
wall thickening or enhancement in moyamoya disease.
Intracranial hemorrhage is one of the most severe complications in patients with moyamoya disease. Moyamoya
vessels are the dilated and proliferative perforating arteries
serving as collateral circulation, which are more prone to
rupture and might be closely associated with intracranial
hemorrhage. In a previous study, we investigated the association between dilation, proliferation, and anastomosis
of perforating arteries, and intracranial hemorrhage in
moyamoya disease patients using VW-MRI. We found that
choroidal anastomosis is a valuable imaging biomarker
for predicting hemorrhagic events in adult patients with
moyamoya disease (Fig. 4). Whole-brain VW-MRI can
visualize not only the abnormal collateral vessels but
also the anatomy of the parenchymal structure, which
may facilitate risk estimates of bleeding in moyamoya
disease [17].

Lenticulostriate artery imaging
The lenticulostriate artery (LSA) supplies blood to the
basal ganglia and its vicinity in the brain. Impairment of
the LSA is associated with ischemic stroke and smallvessel disease. Visualization of the LSA is essential for
understanding the mechanisms of microvascular pathologies and potential guiding therapeutic intervention.
Using the T1 VW-MRI technique, we have obtained detailed
black-blood angiographic delineation of the LSAs [18].
Single subcortical infarctions with a nonstenotic middle
cerebral artery have been considered to be caused by
lipohyalinosis and fibrinoid degeneration in small-vessel
disease, commonly called lacunar strokes. However,
large-artery atherothrombosis that blocks the orifice of the
perforating artery may also be an important cause of single
subcortical infarctions. Jiang et al. used VW-MRI to quantitatively evaluate the associations between the distribution
and characteristics of middle cerebral artery plaque and
morphological changes to LSAs in the symptomatic and
asymptomatic sides of single subcortical infarction
patients. They found that superiorly distributed middle
cerebral artery plaques at the LSA origin are closely
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5A

DWI

5B

TOF-MRA

5C

MiniIP

5D

Pre-Contrast VW-MRI

5E

Pre-Contrast VW-MRI

5F

Post-Contrast VW-MRI

5  A 68-year-old male patient with right limb weakness. (5A) DWI showed a single subcortical infarction in the left LSA territory; (5B) TOF-MRA
showed mild stenosis on the relevant MCA; (5C) coronal minimum intensity projection (MinIP) revealed shorter lengths of left lenticulostriate
arteries (LSAs) compared with the right side; (5D) the cross-section view of pre-contrast VW-MRI demonstrated a superiorly located plaque
(arrow) of MCA; (5E, F) curved multiplanar reconstruction of pre- and post-contrast VW-MRI showed an isointensity plaque with contrast
enhancement (arrow).

associated with morphological changes to the LSA in
symptomatic middle cerebral arteries, suggesting that
the distribution, rather than the inherent features of
plaques, determines the occurrence of single subcortical
infarctions (Fig. 5) [19].

Setup of our multicenter study
VW-MRI holds promise of improving our pathological
understanding of intracranial artery stenotic disease.
The robustness of this technique as a valuable tool for
the assessment of various cerebrovascular diseases still
needs to be validated in a large-scale multicenter study.
We also used the sequence successfully in a multicenter
study comprising nine hospitals in China that was initiated
by Professor Qi Yang in February 2017. The aim of this
study was to accurately classify the etiology of stroke
through the scientific research cooperation of various partners, and at the same time carry out early screening and
accurate diagnosis of high-risk plaques, thereby providing
a new imaging method for the clinical diagnosis and treatment of stroke. The imaging technique used in this project
is whole-brain VW-MRI based on sampling perfection with
application-optimized contrast using different flip angle
evolutions (SPACE) combined with nonselective excitation
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and a trailing magnetization flip-down module [20, 21].
This imaging technique in combination with a uniform
protocol setting on 3T scanners (MAGNETOM Prisma,
MAGNETOM Skyra, Siemens Healthcare, Erlangen, Germany)
can perform high-resolution imaging of the intracranial
vessel wall, clearly depicting the morphology of the vessel
wall and distinguishing high-risk vulnerable plaques. In
this multi-center study, each participating site carried out
imaging studies ranging from intracranial large arterial to
perforating arteriole lesions, focusing on cerebrovascular
diseases of different etiologies. Several results of this
research have been published [22–26].

Outlook
The technology of whole-brain VW-MRI has become a new
method for stroke classification. The research performed
by our group and other groups presents a first step in
designing focused trials on individualized treatment and
prevention strategies of intracranial stenosis. Further
studies are required to investigate the use of selected
biomarkers in randomized control trials of secondary
prevention and treatment of intracranial artery stenotic
disease.
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1

2

MR imaging (MRI) is an integral part of the diagnosis
and treatment planning of various neurological diseases.
However, the long scan time of brain MRI is a major factor
that limits its effectiveness, especially in patients who are
prone to motion and frequently require sedation. Thus,
fast brain MRI protocols with acceptable diagnostic
image quality are desired to enable wider clinical applica-

tion of MRI [1, 2]. There is an ongoing clinical need to
reduce the scan time of brain MRI, especially for uncooperative or motion-prone patients, and patients with diseases
requiring rapid diagnosis such as stroke.
Various efforts have been made to achieve ultrafast
MRI for brain imaging by using pulse sequences that rapily
acquire images. One well-known approach is to use

T1

T2

T2*

FLAIR

DWI

2:12

1:19

2:24

2:08

1:58

00:23

00:25

00:00

00:57

00:21

Clinical
Reference

msEPI

1  Illustrative example on the comparison of the motion-degraded exam of a 10-minute clinical reference protocol to the proposed 2-minute
msEPI protocol in a 73-year-old female with no pathologic findings.

66

siemens-healthineers.com/magnetom-world

Neurologic Imaging · Clinical

MAGNETOM Flash (79) 2/2021

single-shot echo-planar imaging (ssEPI), which acquires
k-space data for an entire 2D image in a single, long
readout (shot), following a single RF-excitation pulse
[3, 4]. The number of k-space lines (echoes) collected in a
single shot is called the "EPI factor". The technical advances
in the design of echo-planar imaging have made ultrafast
brain MRI protocols, including a combination of anatomic
and functional sequences, possible [5, 6]. ssEPI methods
have recently been used to create rapid screening exams
with total durations of 1–2 minutes. However, these rapid
ssEPI approaches come at the cost of significant geometric
distortion, low signal-to-noise ratio (SNR), and reduced
tissue contrast [6–8]. In addition, these approaches offer
limited flexibility to acquire in different image orientations
or to repeat individual contrasts.
Multi-shot EPI (msEPI) acquisitions have been exploited
to address these shortcomings. In a msEPI acquisition,
data from multiple highly-undersampled shots are
combined together. This approach results in reduced
geometric distortion, but at the cost of slightly longer scan
times. Higher acceleration factors can be used to compensate for this, but can lead to increased g-factor noise and
residual aliasing [9–11]. Recent advancement in artificial
intelligence (AI)-powered reconstruction algorithms have
proved successful in denoising accelerated MRI data. Deep
learning (DL) models, can be applied to reduce noise and
residual aliasing during reconstruction [12].
In this article we show preliminary results from a clinical translational study being performed at Massachusetts
General Hospital (MGH) for validating the feasibility of prototype DL-accelerated msEPI-based rapid brain protocols1 in
a high-volume emergency and inpatient care setting. The
rapid imaging technique combines a novel deep learning
algorithm to limit g-factor noise amplification, magnetization transfer preparation to improve brain tissue contrast,
and high per-shot EPI undersampling factors to minimize
geometric distortion [12, 13]. A multidisciplinary team of
neuroradiologists, MR physicists, and Siemens Healthineers
engineers at MGH have developed and optimized acquisition parameters for each of these prototype msEPI-based
MRI protocols. Following the optimization of sequence
parameters and DL-based reconstruction, an Institutional
Review Board approved study was executed. The validation
approach comprised prospective comparative studies
of emergency and inpatient examinations with a variety
of indications. The imaging protocol included T1-, T2-,
T2*-weighted, T2-FLAIR, and DW imaging sequences
from the prototype msEPI protocol and the clinical reference standard. Imaging was performed on 3T MRI scanners
(MAGNETOM Skyra and MAGNETOM Prisma, Siemens
Healthcare, Erlangen, Germany) using a 20-channel
1

head coil. Fully sampled msEPI training data were acquired
with two averages and eight shots across 16 healthy subjects (8 men, 8 women, aged 19–67). A single FLASH auto
calibration scan, acquired at the start of each acquisition,
allowed for the calculation of coil sensitivity maps,
GRAPPA and/or SMS kernels. The data were split into
training and validation datasets with 12 and 4 subjects,
respectively. The use of fully sampled data allowed
networks to be trained for different acceleration factors
through retrospective undersampling.
Two board-certified neuroradiologists, blinded to
the clinical history and the imaging protocols, evaluated
the head-to-head image quality, scan time, and diagnostic
performance of DL-accelerated msEPI-based MRI protocols
against the respective clinical standard protocols. For
diagnostic performance, they assessed six clinically
relevant imaging findings in each protocol (intracranial
mass-like lesion, intracranial hemorrhage, white matter
hyperintensities, subarachnoid FLAIR hyperintensities,
diffusion restriction, and hydrocephalus). For image
quality, the raters used a 3-point score to evaluate image
degradation by noise and artifacts. Qualitative assessment
was compared using Wilcoxon signed-rank tests, and
the intraclass correlation coefficients (ICCs) were used
to test interobserver reproducibility on the diagnostic
concordance between two readers.

Initial clinical experience
The prototype msEPI protocols (T1-, T2-, T2*-weighted,
T2-FLAIR, and DWI) required only 2 minutes of scan time
(not including adjustments), while the rapid reference
protocols (turbo spin-echo (TSE)-based acquisitions)
took 10 minutes for the same number of image contrasts.
A total of 26 patients (Male:Female 12:14, mean age
58 ± 19 years old) were included in this preliminary study.
Two board-certified neuroradiologists performed an
initial clinical subjective evaluation of the DL-accelerated
msEPI-based images. Aside from noticeable mild distortion
of soft facial tissues, the msEPI images contained only very
minimal distortion of the pons and temporal lobes – areas
which are critical for diagnosis. The limited artifacts we
observed were most prevalent in the longer echo-time
T2* data and corresponded to cases where patient motion
could be identified. Figure 1 illustrates how shorter scan
time allows for lower motion artifacts.
Interobserver agreement was ‘almost perfect’ for
the evaluation of intracranial masses (ICC = 1), WM hyperintensities (ICC = 0.83), diffusion restrictions (ICC = 0.83),
and hydrocephalus (ICC = 1); and ‘substantial’ for intracranial hemorrhage (ICC = 0.76) and subarachnoid FLAIR

 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.
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hyperintensities (ICC = 0.65). Head-to-head comparisons of
image quality showed increased noise on the msEPI exams
for T1, FLAIR, and DWI (p < 0.05) and increased artifacts
on T2, T2*, and FLAIR (p < 0.05), without compromising
the detection of the imaging findings.
Figures 2–6 demonstrate examples of the msEPI
images and the corresponding clinical reference images
for each image contrast, highlighting the clinical findings
in each. As these cases illustrate, the 2-minute DL-accelerated msEPI prototype sequences can offer high clinical
efficacy at a significantly shorter acquisition time.

Clinical Reference (1:19)

msEPI (0:25)

2A

T2
Sequence

Conclusion
We have successfully used a DL-accelerated 2-minute msEPI
protocol to enable rapid, comprehensive brain MRI evaluation of emergency department and hospitalized patients.
In this preliminary study we found high interobserver
agreement for major brain MRI findings, similar to that
of a 10-minute conventional protocol. The DL-accelerated
2-minute msEPI protocol provided clear depiction of
pathologic intracranial findings and comparable tissue
contrast to that observed with the five-fold slower clinical
reference exam. The msEPI technique is currently being
evaluated in a larger clinical study of inpatient and
emergency department patients at our institution, which
Acquisition
Time (m:s)

Resolution
(mm3)

TR (ms)

TE (ms)

PAT Factor

No. shots

Echo
spacing
(ms)

TSE

1:19

0.9×0.9×5.0

7060

85

2

–

9.42

msEPI

0:25

1.0×1.0×4.0

4500

86

2

4

1.2

2 (2A) Large complex hemorrhagic mass-like lesion within the right occipital
lobe that is better seen on msEPI exam. The clinical reference exam that
was performed with > 3-fold increase in scan time demonstrates intense
motion artifacts.
(2B) Post-surgical changes from right frontal craniotomy with right frontal
lobe encephalomalacia.

2B

Clinical Reference (2:24)

msEPI (0:00)

3A

T2*
Sequence

Acquisition
Time (m:s)

Resolution
(mm3)

TR (ms)

TE (ms)

PAT Factor

No. shots

Echo
spacing
(ms)

GRE

2:24

0.9×0.9×5.0

694

20

1

–

–

msEPI

0:002

1.0×1.0×4.0

4500

21.2

2

4

1.2

3 (3A) Right parietal lobe intraparenchymal hematoma with dependent T2*
hypointense blood products.
(3B) Non-enhancing cystic lesion in the right aspect of the pineal gland.
2

3B
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Clinical Reference (2:08)

msEPI (0:57)

4A

FLAIR
Sequence

Acquisition
Time (m:s)

Resolution
(mm3)

TR (ms)

TE (ms)

PAT Factor

No. shots

Echo
spacing
(ms)

TSE

2:08

0.9×0.9×5.0

9000

85

2

–

7.49

msEPI

0:57

1.0×1.0×4.0

9000

86

2

2

1.19

4 (4A) Left frontal high-grade glioma.
(4B) Subacute left temporal lobe infarct (left middle cerebral artery territory).
4B

Clinical Reference (1:58)

SMS-ssEPI (0:21)

5A

DWI
Sequence

Acquisition
Time (m:s)

Resolution
(mm3)

TR (ms)

TE (ms)

PAT Factor

No. shots

Echo
spacing
(ms)

ssEPI

1:58

1.4×1.4×5.0

3800

72

2

1

0.72

SMS-ssEPI

0:21

1.4×1.4×4.0

2000

63

2

2

0.93

b-value 1000 s/mm2
5 (5A) Subacute infarct involving left frontal lobe and insula.
(5B) Multiple infarcts involving left cerebral hemisphere.

5B

Clinical Reference (2:12)
6A

6B

msEPI (0:23)

T1
Sequence

Acquisition
Time (m:s)

TR (ms)

Resolution
(mm3)

TE (ms)

PAT Factor

No. shots

Echo
spacing
(ms)

SE

2:12

0.9×0.9×4.0

400

8.4

1

–

–

msEPI

0:23

1.0×1.0×4.0

1670

12

2

4

1.18

6 (6A) Hemorrhagic neoplastic lesion in the right occipital lobe.
(6B) Right parietal lobe intraparenchymal hematoma.
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will provide further insight into the advantages and
trade-offs of ultrafast, high-quality brain imaging in this
patient population. We envision this protocol could be
an effective rapid screening tool for acute intracranial
pathology in these often difficult to image and neurologically unstable patients.
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A Comparison of Post-Contrast 3D T1 SPACE,
3D SPACE FLAIR, and 3D T1 MPRAGE
Sequences in Various Brain Parenchymal
and Meningeal Pathologies at 3T MRI
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Introduction
Contrast-enhanced magnetic resonance imaging (MRI) is
well-suited for diagnosing meningeal and brain parenchymal abnormalities at an early stage, and this increases the
survival rate of patients [1].
Intravenous magnetic resonance contrast agents
are used to detect and characterize central nervous system
disorders. The commonly used MR contrast agent gado
linium shortens both the T1 and T2 relaxation times
of the tissues in which it has accumulated.
Mechanisms of contrast enhancement vary depending
on the site of the lesion: With intra-axial brain lesions,
disruption of the blood–brain barrier causes gadolinium
to enter the extracellular space; with extra-axial lesions,
enhancement occurs due to the relatively high vascularity;
and in leptomeningeal regions, contrast leaks from the
vessels into the cerebrospinal fluid (CSF).
While in the past, 2D imaging was common practice and
protocols have been highly optimized for contrast-enhanced
imaging. Nowadays, 3D imaging is becoming more and
more popular, multiple 3D sequences are available, and
protocols vary between institutions. The choice of 3D
sequence can be tailored according to individual needs.

Objectives
We compare post-contrast 3D T1 SPACE,
3D SPACE FLAIR, and 3D MPRAGE sequences
in various brain parenchymal and meningeal
pathologies.

It is possible to acquire high-spatial-resolution 3D
T1-weighted data of the brain in a convenient time with
spin-echo contrast rather than gradient echo contrast.
Variable flip angle refocusing pulses in SPACE reduce the
specific absorption rate. In some studies, 3D T1 SPACE
images identified a high number of discrete enhancing
small lesions, which the MPRAGE sequence missed [3].
Many clinical studies have shown that the post-contrast 3D SPACE FLAIR sequence offers more information
than a post-contrast 3D T1 SPACE sequence alone. Thanks
to suppression of the CSF signal, no or minimal enhancement of blood vessels, reduction of phase shift artifacts
derived from enhanced blood vessels or dural sinuses, and
better detection of peritumoral edema, lesions are more
conspicuous in 3D SPACE FLAIR sequences [4–6].
However, in post-contrast 3D SPACE FLAIR imaging
alone, the observed hyperintense lesion may be less conspicuous due to either T2 lengthening or T1 shortening.
This limits the usefulness of the FLAIR sequences, which
should therefore be performed with both pre-contrast and
post-contrast scans.

Specifically, we
• evaluate different meningeal enhancement
patterns such as pachymeningeal enhancement,
leptomeningeal enhancement, gyral enhancement,
folial enhancement, and cisternal enhancement
• identify which MRI sequence is best for detecting
conglomerate ring-enhancing lesions, scolices,
and multiple lesions
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Literature review
Post-contrast 3D T1 SPACE sequences
3D T1 SPACE (Sampling Perfection with Application
optimized Contrast using different flip-angle Evolutions)
sequence is a single-slab 3D TSE sequence with a slabselective, variable excitation pulse. Enhancing vessels may
mimic meningeal enhancement in MPRAGE sequences,
which makes differentiation difficult. T1 SPACE is a 3D fast
spin echo sequence in which refocusing of the transverse
magnetization is done by radiofrequency pulse. It is the
least affected by magnetic field inhomogeneities and
shows the absence of flow-related signal from vessels
[9, 10]. The magnetization effect produced by the pulses
provides better delineation of lesions by suppressing white
matter signal intensity [11, 12].
Post-contrast 3D SPACE FLAIR sequences
FLAIR MRI techniques were first described by
Hajnal et al. [13]. Long T2 relaxation times improve
conspicuity of brain lesions on FLAIR images [14–16].
The usefulness of gadolinium-enhanced FLAIR MRI in
revealing enhancement of brain lesions has recently
been investigated.
Post-contrast 3D SPACE FLAIR imaging adds significantly more information than post-contrast MPRAGE
imaging: The study by Fukuoka et al. [17] showed that
3D SPACE FLAIR was more sensitive to low gadolinium
concentrations and less sensitive to high gadolinium
concentrations than MPRAGE.
The abnormal enhancement also depends on the
amount of contrast given. An intravenous injection of
gadolinium at a dose of 0.1 mmol kg−1 can detect brain
lesions effectively. The maximum concentration of gadolinium in the blood after 10 to 60 seconds of intravenous
injection of gadolinium at 0.1 mmol kg−1 of body weight
is 2.0 ± 1.2 mmol L−1 for the aorta and 0.6 ± 0.3 mmol L−1
for the inferior vena cava. Therefore, administration of
contrast at a dose of 0.1 mmol kg−1 is ideal [18].
Since many cases showed abnormalities on both precontrast and post-contrast 3D SPACE FLAIR images, only
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those that showed up on subtraction images were taken as
evidence of abnormal post-contrast FLAIR enhancement.

Materials and methods
In the period from January to December 2019, a total
of 82 patients with high suspicion of brain parenchymal
and meningeal abnormalities (excluding cerebrovascular
accident and trauma) were evaluated. The study was
carried out in Rajiv Gandhi Government General Hospital,
Madras Medical College, Chennai, Tamil Nadu, India. Approval was obtained from the institute’s ethics committee.
Prior informed consent was obtained from the patients
who underwent MRI. 60 patients fulfilled the inclusion
criteria and underwent pre-contrast and post-contrast
3D T1 SPACE, 3D SPACE FLAIR, and 3D T1 MPRAGE
imaging. The images from the three different contrast
sequences were evaluated in parallel and a final decision
was reached on which sequence showed which lesions
most conspicuously.

Inclusion criteria
All patients with high clinical suspicion of new-onset
neurological symptoms and either criteria (a) or (b):
a) Multiple parenchymal lesions with abnormal CSF
findings or known history of primary tumor
b) Suspicious meningeal abnormalities with abnormal
CSF findings or known history of primary tumor

Exclusion criteria
1.
2.
3.

All patients with a previous history of neurological
disease
Patients with a previous history of brain surgery
Patients with diffusion abnormalities corresponding
to vascular territory
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Imaging technique
All studies were performed using a 3T MRI system
(MAGNETOM Skyra, Siemens Healthcare, Erlangen,
Germany). Gadolinium was administered intravenously
at a dose of 0.1 mmol/kg. The MR studies were started

1A

1B

about 60–120 seconds after contrast injection. The
post-contrast 3D T1 MPRAGE sequence was performed
first, followed by the post-contrast 3D T1 SPACE and
the 3D SPACE FLAIR.

1C

 odular enhancing discrete lesion
1 N
(1A) Post-contrast 3D T1 SPACE image showing a heterogeneously enhancing nodule (arrow) in the right occipital lobe; lesions are less
conspicuous in the (1B) post-contrast 3D SPACE FLAIR image and (1C) post-contrast 3D T1 MPRAGE image.

2A

2B

2C

2 TB meningitis
(2A) Post-contrast 3D T1 SPACE; (2B) post-contrast 3D SPACE FLAIR and (2C) post-contrast 3D T1 MPRAGE; vessel enhancement particularly
in the perisylvian region can be mistaken for meningeal enhancement in MPRAGE, but the 3D T1 SPACE image shows flow voids (red arrow).
A nodular enhancing lesion (orange arrow) is visible in the left occipital lobe on 3D T1 SPACE, but not on the other sequences.

3A

3B

3C

3 Neurocysticercosis
(3A) Post-contrast 3D T1 SPACE; (3B) post-contrast 3D SPACE FLAIR and (3C) post-contrast 3D T1 MPRAGE; the eccentric scolex is better seen
on the 3D SPACE FLAIR image (orange arrow).
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4B

4C

4 Tuberculoma
(4A) Post-contrast 3D T1 SPACE; (4B) post-contrast 3D SPACE FLAIR and (4C) post-contrast 3D T1 MPRAGE; tandem lesions better seen
on the 3D T1 SPACE image (orange arrow).

5A

5B

5C

5 Demyelination
(5A) Post-contrast 3D T1 SPACE; (5B) post-contrast 3D SPACE FLAIR and (5C) post-contrast 3D T1 MPRAGE; enhancing lesions better seen
on the 3D T1 SPACE and 3D SPACE FLAIR images (orange arrows).

6A

6B

6C

6 Herpes encephalitis
(6A) Post-contrast 3D T1 SPACE; (6B) post-contrast 3D SPACE FLAIR and (6C) post-contrast 3D T1 MPRAGE; gyriform enhancement in the left
sylvian fissure better seen on the 3D T1 SPACE image (orange arrow).
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7A

7B

7C

7 Bacterial meningitis
(7A) Post-contrast 3D T1 SPACE; (7B) post-contrast 3D SPACE FLAIR and (7C) post-contrast 3D T1 MPRAGE; basal cistern meningeal
enhancement better seen on the 3D T1 SPACE image (orange arrow).

8A

8B

8C

 uberculoma with meningoencephalitis
8 T
(8A) Post-contrast 3D T1 SPACE; (8B) post-contrast 3D SPACE FLAIR and (8C) post-contrast 3D T1 MPRAGE; superior cerebellar folia
enhancement better seen on the 3D SPACE FLAIR image, while ring-enhancing lesions are better seen with 3D T1 SPACE and 3D SPACE FLAIR
(orange arrows).

9A

9B

9C

9 TB meningitis
(9A) Post-contrast 3D T1 SPACE; (9B) post-contrast 3D SPACE FLAIR and (9C) post-contrast 3D T1 MPRAGE; thickening with enhancement
of meninges in the left medial temporal region adjacent to the left middle cerebral artery is well seen on both, the 3D T1 SPACE and the
3D MPRAGE images; with MPRAGE the vessels could not be separately delineated, but with SPACE the vessels are seen as signal voids.
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10A

10B

10C

10 Hypertrophic pachymeningitis
(10A) Post-contrast 3D T1 SPACE; (10B) post-contrast 3D SPACE FLAIR and (10C) post-contrast 3D T1 MPRAGE. Meningeal enhancement is
seen in both SPACE and MPRAGE images, but the right sigmoid sinus could be separately delineated with 3D T1 SPACE.

Standard MRI protocols used on the 3T MAGNETOM Skyra at Barnard Institute of Radiology (BIR)
and at Rajiv Gandhi General Hospital (RGGH)
Parameters

3D T1 SPACE

3D SPACE FLAIR

3D T1 MPRAGE

Repetition time (TR)

700 ms

5000 ms

1800 ms

Effective echo time (TE eff)

11.0 ms

388 ms

2.32 ms

2000 ms

900 ms

Inversion time
Imaging time

5:07 min

4:47 min

3:34 min

Field of view

250 x 250 mm

250 x 250 mm

240 x 240 mm

0.9 mm thick sections

0.9 mm thick sections

0.9 mm thick sections

Thickness

The images were evaluated by two senior radiologists, who looked for brain parenchymal lesions and meningeal
enhancement, and characterized lesions.
Results
The ideal sequences for the different brain and meningeal pathologies are given in tables 1–4.
Parenchymal abnormalities
3D T1 SPACE

3D SPACE FLAIR

3D T1 MPRAGE

Rad 1

Rad 2

Rad 1

Rad 2

Rad 1

Rad 2

< 1 cm

29

28

18

15

20

19

1–3 cm

84

83

65

63

78

76

> 3 cm

35

35

35

35

35

34

Table 1: Number of discrete lesions identified.
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For detecting discrete lesions, the overall sensitivity of 3D
T1 SPACE was highest (99.3%), followed by 3D T1 MPRAGE
(88.5%), and 3D SPACE FLAIR (78%). 3D T1 SPACE performed well even for lesions < 1 cm (sensitivity: 98.3%),
whereas the sensitivity was less for 3D SPACE FLAIR
(56.9%) and 3D T1 MPRAGE (70.7%). All three sequences
showed sensitivity above 98% for lesions > 3 cm.
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3D T1 SPACE

3D SPACE FLAIR

3D T1 MPRAGE

Distribution of abnormalities:

Rad 1

Rad 2

Rad 1

Rad 2

Rad 1

Rad 2

Tuberculosis

25%

Viral meningitis

10%

20

18

36

34

21

19

Metastases

13.33%

Demyelination

6.66%

Neurocysticercosis

10%

Neurosarcoidosis

3.33%

Bacterial meningitis

23.33%

Brain abscess

8.33%

Table 2: Number of lesions with scolex.

For detecting lesions with scolex, the sensitivity of 3D
SPACE FLAIR was higher (97.2%) than both 3D T1 MPRAGE
(55.5%) and 3D T1 SPACE (52.8%).
3D T1 SPACE

3D SPACE FLAIR

3D T1 MPRAGE

Rad 1

Rad 2

Rad 1

Rad 2

Rad 1

Rad 2

< 1 cm

23

24

15

14

18

18

1–3 cm

16

15

13

14

14

13

> 3 cm

6

6

6

6

6

6

Table 3: Number of conglomerate ring-enhancing lesions.

For detecting conglomerate ring-enhancing lesions,
the overall sensitivity of 3D T1 SPACE was highest (98.5 %),
followed by 3D T1 MPRAGE (83.3%) and 3D SPACE FLAIR
(79.7%). 3D T1 SPACE performed well even for lesions
< 1 cm (sensitivity 97.9%), while the sensitivity was less
for 3D SPACE FLAIR (60.4%) and 3D T1 MPRAGE (75%).
All three sequences showed 100% sensitivity for lesions
> 3 cm.
3D T1 SPACE

3D SPACE FLAIR 3D T1 MPRAGE

Rad 1

Rad 2

Rad 1

Rad 2

Rad 1

Rad 2

Pachymeningeal
enhancement

12

12

10

9

6

7

Leptomeningeal
enhancement

25

24

22

23

18

15

Gyral
enhancement

6

6

6

5

3

3

Supratentorial

Discussion
The results of our study show that both 3D T1 SPACE
and 3D SPACE FLAIR provide significantly more information
than a routine post-contrast 3D T1 MPRAGE sequence
alone. 3D T1 SPACE (black blood) offers several benefits.
In brain tumors, it can differentiate vessel from tumor
enhancement after contrast perfusion imaging, and
can therefore better differentiate true from spurious
enhancement. 3D T1 SPACE is also preferable in cases
of meningitis, as are neuronavigation protocols for the
same reason. 3D SPACE FLAIR is better able to demonstrate
scolices.
Conglomerate lesions, typically seen in tuberculosis,
were better delineated by 3D T1 SPACE than by 3D SPACE
FLAIR and MPRAGE. Pachymeningeal enhancement is
seen in, for instance, transient postoperative changes,
spontaneous intracranial hypotension, granulomatous
disease, and neoplasms such as meningiomas, metastatic
disease, and secondary CNS lymphoma. In our study,
we found that post-contrast 3D T1 SPACE is much better
for demonstrating pachymeningeal involvement than
3D SPACE FLAIR and 3D T1 MPRAGE.

Conclusion
Multiple 3D sequences are available and protocols vary
between institutions. The choice of a particular 3D
sequence can be tailored according to individual needs.
We found that 3D T1 SPACE (black blood) was more robust
and offered several benefits compared to 3D T1 MPRAGE
and in many cases also compared to 3D SPACE FLAIR.
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9
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For detecting meningeal abnormalities, the sensitivity of
3D T1 SPACE was highest (98.7%), followed by 3D SPACE
FLAIR (87.8%) and 3D T1 MPRAGE (59.6%).
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Introduction
We describe a new type of steady-state magnetic resonance imaging (MRI) pulse sequence, called T1 relaxationenhanced steady-state (T1RESS)1 [1], that overcomes
limitations of standard-of-care post-contrast neuroimaging
techniques. It considerably improves the visibility of brain
tumors and other enhancing lesions while reducing scan
1A
FS

CMα

RF

+α/2

-α

TE

TR

CMα TR
+α
-α

+α

Gss
Gpe
Gro
ADC
1B

FS CMα
RF

α

TE

TR

CMα TR
α

time through a novel pulse sequence architecture based on
a steady-state free precession (SSFP) readout and periodic
contrast-modifying radiofrequency (RF) pulses (Fig. 1).
T1RESS provides a flexible degree of T1 weighting
while maintaining excellent signal-to-noise ratio (SNR)
efficiency by repeatedly applying non-spatially selective

-α/2

FS CMα

1  T1RESS sequence. Comparison of
balanced (1A) and unbalanced (1B)
steady-state readouts.
α represents the imaging RF pulse,
and FS denotes a fat saturation RF pulse.
A non-spatially selective contrast-modifying RF pulse (CMα) is applied periodically
over the entire duration of the echo train
to introduce a flexible amount of T1
weighting (adapted from reference 1).

FS CMα

α

Gss
Gpe
Gro
ADC

1

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.
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contrast-modifying (CMα) RF pulses throughout the
duration of the echo train. The CMα RF pulses can be
adjusted independently of the imaging RF pulses. The
amount of T1 weighting can be altered as needed by
varying the values for the CMα flip angle and repetition
time (TR), with larger flip angles and shorter TR resulting
in more T1 weighting. For contrast-enhanced MRI of
brain tumors, typical values for the CMα flip angle and
TR are 75–90° and ≈ 400 milliseconds, respectively.
This sequence design has two main benefits:
1. It provides flexible control over T1 weighting,
so that sensitivity to the T1 shortening effects of
paramagnetic contrast agents can be optimized
for specific clinical indications.
2. It substantially reduces the signal intensity of nonenhancing background tissues, thereby improving
the visibility of those enhancing lesions.
The high degree of background signal suppression results
from several factors:
1. T1 weighting from the repeatedly applied CMα
RF pulses;
2. the low T2/T1 ratio of healthy tissue, which in combination with the SSFP readout results in a substantially
diminished signal intensity relative to a fast low-angleshot (FLASH)-based acquisition;
3. magnetization transfer effects, which are much
greater with T1RESS than FLASH due to the frequent
application of short-duration, high-flip-angle imaging,
and CMα RF pulses [2].

2A

2B

MPRAGE

80

Two main versions of T1RESS have been implemented
to date. One version, which we call “balanced” T1RESS
(bT1RESS), uses a fully balanced SSFP readout and thus
has native bright-blood contrast. A second “unbalanced”
version (uT1RESS) uses an unbalanced SSFP readout, thus
suppressing blood vessel signal based on flow-dependent
dephasing. To test the diagnostic performance of T1RESS
for brain tumors, we performed a proof-of-concept study
that was approved by the hospital institutional review
board. Contrast-enhanced MRI of the brain was performed
at 3 Tesla (MAGNETOM Skyra and MAGNETOM Skyrafit,
Siemens Healthcare, Erlangen, Germany) in 54 adult subjects with suspected or known brain tumors. 0.1 mmol/kg
of gadobutrol (Bayer, Berlin, Germany) was administered
intravenously followed by standard-of-care sequences,
after which additional post-contrast scans were obtained
consisting of balanced and unbalanced T1RESS as well as
3D FLASH and/or magnetization-prepared rapid acquisition
gradient echo (MPRAGE). For both bT1RESS and uT1RESS,
data were acquired using a Cartesian 3D k-space trajectory
as a single shot along the phase-encoding direction,
whereas the acquisition was segmented along the 3D
partition-encoding direction.
For both versions of T1RESS, the periodic application
of contrast-modifying RF pulses was essential for generating T1 contrast and to suppress the signal intensity of
cerebrospinal fluid and soft-tissue edema. Bright-blood
bT1RESS dramatically outperformed 3D FLASH and
MPRAGE in creating angiographic renderings of the
intracranial vessels during the equilibrium phase of
contrast enhancement (Fig. 2), while with uT1RESS the
blood vessels appeared dark.
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2  Post-contrast vascular
imaging. 47 mm thick
maximum intensity
projections from MPRAGE
(2A) and bT1RESS (2B).
Note that small branch
vessels are much better seen
with bT1RESS because of
the improved SNR and
greater background tissue
suppression.

T1RESS
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With uT1RESS, enhancing tumors appear particularly
conspicuous against a background in which blood vessels
and non-enhancing tissues all appear relatively dark.
We found that this method could unambiguously identify
even small metastatic tumor deposits that were difficult
to distinguish from blood vessels on 3D FLASH or MPRAGE
images (Fig. 3).
We also compared uT1RESS with the dark-blood
T1-weighted sampling perfection with application-optimized contrasts using different flip angle evolution (SPACE)
technique, which has been shown to have superior performance compared with MPRAGE for detecting small brain
metastases [3]. We found that brain tumors appeared
3A

significantly more conspicuous with uT1RESS than
T1 SPACE (Fig. 4). Comparing uT1RESS with T1 SPACE
using matched spatial resolution and scan time to evaluate
32 tumors in 14 patients, the respective values for mean
tumor-to-brain contrast-to-noise ratios (CNR) were
180.32 ± 92.34 vs. 60.34 ± 54.88, p = 8.75 x 10-7. The
values for mean tumor-to-brain contrast were 1.76 ± 0.76
vs. 0.89 ± 0.43, p = 7.95 x 10-7. Moreover, uT1RESS does
not suffer from the same limitations as the T1 SPACE technique, which include sensitivity to B1 field inhomogeneity,
blurring related to T2 decay over the lengthy fast spin-echo
train, and the need for additional flow dephasing gradients
to achieve uniform suppression of the blood-pool signal.

3B

MPRAGE
4A

3  Patient with small right
frontal brain metastasis
from renal cell carcinoma.
Comparison of axial
multiplanar reconstruction
from uT1RESS (3B) and
MPRAGE (3A); while MPRAGE
makes it difficult to distinguish the bright signal of the
metastasis (red arrow) from
that of a nearby blood vessel
(green arrow), uT1RESS
makes the metastasis more
conspicuous due to the
suppression of vascular
signal in combination with
the lower signal intensity
of normal brain tissue.

T1RESS
4B

T1 SPACE

4  Patient with large right
occipital brain metastasis.
(4A) T1 SPACE, (4B) uT1RESS.
While both techniques
demonstrate the enhancing
mass and suppress vascular
signal, the tumor-to-brain
contrast is much higher with
uT1RESS.

T1RESS
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Discussion
In this study of brain tumors at 3T using post-contrast
scans, uT1RESS provided a more than twofold improvement in tumor visibility compared with either MPRAGE
or T1 SPACE, which are both widely used neuroimaging
techniques. For oncological applications, enhancing blood
vessels distract from, and could potentially be confused
with, enhancing tumors [4]. uT1RESS renders blood vessels
dark by using an unbalanced steady-state gradient-echo
readout in which the phase-encoding gradients are
rewound and the frequency-encoding gradient is unbalanced [5–7]. The resultant suppression of intravascular
signals is a consequence of flow- and diffusion-related
phase dispersion that gradually accumulates with each
sequence repetition [8]. Because the 3D uT1RESS acquisition utilizes a very large number (≈ 40,000) of sequence
repetitions, intravascular phase dispersion is complete,
resulting in marked suppression of intravascular signal
regardless of vessel orientation. Unbalanced steady-state
sequences are reported to be more motion-sensitive than
balanced SSFP or FLASH [9]. However, we found that
bulk motion artifacts were minimal or absent despite
the effective suppression of the blood-pool signal. This
is partly due to the fact that uT1RESS uses a very weak
dephasing gradient – which, along with the large number
of sequence repetitions, ensures that the phase dispersion
is gradual and consistently applied in every sequence
repetition.
Another interesting feature of uT1RESS is its high
SNR efficiency. For instance, the default scan time on
our 3T scanners for a whole-brain MPRAGE or T1 SPACE
acquisition with 1 mm slice thickness is typically on
the order of four to seven minutes. By comparison, using
uT1RESS, we have implemented an accelerated version
of the technique that allows us to complete a whole-brain
scan with 1 mm slice thickness in less than one minute.
Other potentially useful versions of the technique are also
feasible. For instance, we can obtain water-only and fatonly images using a two-echo Dixon implementation of
uT1RESS. The uT1RESS and bT1RESS techniques can also
be applied at 1.5T.
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While our initial work has focused on the imaging of
brain tumors, the methodology can be applied to a broad
range of clinical applications. Future efforts will include
using dark-blood uT1RESS to evaluate tumors in the breast,
liver, and pancreas, for breath-hold 3D imaging of cardiac
morphology and of late gadolinium enhancement in the
myocardium, and for the improved depiction and characterization of plaque in the carotid and peripheral arteries.
With regard to bright-blood bT1RESS, this technique has
the potential to significantly improve image quality and
vessel conspicuity for contrast-enhanced MR angiography
of the head and neck and other vascular regions.
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Introduction
A cholesteatoma is a hyperproliferative disease of
keratinocytes characterized by mass formation due to
the accumulation of continuous desquamation of keratin,
leading to local invasive destruction of surrounding tissues
in the middle ear [1]. It can be caused by a birth defect,
but it is mostly caused by repeated middle-ear infections.
A cholesteatoma often develops as a cyst that sheds layers
of old skin. As these dead skin cells accumulate, the growth
can increase in size and destroy the delicate bones of
the middle ear. This may affect hearing, balance, and
the functioning of facial muscles.
Cholesteatomas are managed surgically, generally
by a complete excision of the lesion via tympanoplasty
or radical or modified radical mastoidectomy. This is often
followed by a second-look procedure performed to check
for residual or recurrent disease. This second-look is
conducted 6‒18 months after the initial operation
because most cholesteatomas recur within the first two
postoperative years, with 60% occurring in the first year
after surgery [2]. The second-look surgery is mainly to
assess residual or recurrent disease because both cannot
adequately be diagnosed solely by clinical examination [3].
Cholesteatomas are visualized either by computed
tomography (CT) or magnetic resonance imaging (MRI).
CT imaging is still the method of choice for detecting
and assessing the exact location, the extent, and possible
complications prior to surgery. MRI with diffusionweighted imaging (DWI) is, however, a powerful tool
for initial evaluation and diagnosis or to detect local
recurrence or residual cholesteatoma [4].
To date, various different DWI-techniques have been
used: These can essentially be divided into echo-planar
imaging (EPI)-based and non-EPI-based techniques.
The choice of the technique is mainly influenced by the
fact that imaging must be performed near the skull base

where problems due to different artifacts (e.g., field
inhomogeneities, motion) can occur. Several reviews have
compared both approaches [4, 5]: Non-EPI MRI has
become established as the modality of choice in detecting
and localizing post-operative, middle-ear cholesteatoma
at 1.5T [6, 7].
Half-Fourier acquisition single-shot turbo spin-echo
(HASTE) DWI is a non-EPI technique that has been used for
many years to detect cholesteatomas at 1.5T. HASTE DWI
has the advantage of providing a very clear hyperintensity
at the location of the cholesteatoma, with no artifactual
hyperintensities at the air-bone interface of the temporal
bone [8]. In addition, due to the higher spatial resolution,
reduced slice thickness, and artifacts, HASTE DWI has been
shown to be superior to single-shot EPI-based DWI for
small sized cholesteatoma (< 5 mm) [6] and is therefore
considered as the gold standard for detecting cholesteatomas using MRI.
Advanced neurological investigations are now
performed predominantly on 3T clinical MRI scanners [9]
as they have become more accessible over the last two
decades. Thus, there is also a role for 3T MRI in investigating patients with cholesteatomas.
HASTE DWI applied at 3T has already been reported
on older MAGNETOM scanners [10] but it has been challenging in the past due to interference patterns emerging
from various possible sources (slice cross-talk, undesired
coherence pathways, and violation of CPMG conditions).
Readout segmented EPI, also referred to as RESOLVE [11],
has been proposed as a better alternative to single-shot
echo-planar DWI [12]. Although RESOLVE is a segmented
EPI-based imaging technique with shortened readout
reducing susceptibility artifacts, coronal images are still
prone to image artifacts. This is because signal hyperintensities due to these inhomogeneities can overlap
with cholesteatoma locations, therefore resulting in
potential misdiagnosis. However, this particular study
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did not compare RESOLVE with non-EPI DWI techniques,
in particular with HASTE DWI.
Due to newer hardware and improved B0 homogeneity
of the newer MR systems, the use of the HASTE DWI
sequence at 3T for cholesteatoma has been revisited again.
This article presents several representative cases from two
hospitals and with different 3T MRI scanners to demonstrate the feasibility of HASTE DWI at 3T for patients with
suspected cholesteatomas.

Case reports
1. Experience from Lund, Sweden:
Comparison between 1.5T and 3T
Four patients (ranging in age from 27 to 74 years, mean
age 49 years) underwent an MRI examination at 1.5T
and at 3T because of suspected cholesteatomas on
a MAGNETOM Aera and MAGNETOM Prisma (Siemens
Healthcare, Erlangen, Germany), respectively. Written
informed consent was obtained for all participants.
At 1.5T, the MR exam consisted, among other acquisitions, of two HASTE DWI acquisitions each with different
b-values which had the following parameters:
TE/TR = 103 ms / 2000 ms, flip angle 150°, 3.5 mm slice
thickness, in-plane resolution 0.6 × 0.6 mm² after interpo1A

HASTE DWI at 1.5T

1B

HASTE DWI at 3T

1C

1D

1E

1F

1G

1H

1I
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lation, FOV 220 × 220 mm², iPAT factor 2 and 10 averages
for each diffusion acquisition with b = 0 s/mm² and
b = 1000 s/mm² in 3-dimensional (3D) diagonal diffusion
mode. The total acquisition time for 18 slices was 5 minutes for each b-value acquisition.
The protocols for the prototype HASTE DWI acquisition
at 3T1 were essentially identical, apart from TE, which
was 105 ms.
Among other MR acquisitions at 3T, RESOLVE acquisitions were performed which had the following parameters:
TE/TR = 42 ms / 2150 ms, flip angle 180°, 3.5 mm slice
thickness, in-plane resolution 1.1 × 1.1 mm² after interpolation, FOV 220 × 220 mm², 2 and 5 averages for the
diffusion-weighted acquisition with b = 0 s/mm² and
b = 1000 s/mm² in 3D diagonal diffusion mode, respectively, and iPAT factor 3. The total acquisition time was
3.5 minutes for 15 slices.
RESOLVE and HASTE diffusion-weighted images
acquired with b = 1000 s/mm² from three of the four
cases are shown in Figure 1. In the top and middle rows
of Figure 1, the cholesteatoma lesion is visible as a bright
spot (orange arrow) and easy to detect in the HASTE diffusion-weighted images at both field strengths. The lesions
1

 The sequence used in the article was a prototype.

RESOLVE at 3T

1  Comparison of HASTE DWI at 1.5T
(left-hand column, MAGNETOM Aera)
and 3T (middle column, MAGNETOM
Prisma) for a 28-year-old,
a 74-year-old, and a 27-year-old
patient in the top, middle and
bottom rows, respectively.
RESOLVE at 3T from the same
slice as in the middle column is
depicted in the right-hand column.
In all cases, diffsion-weighted images
with b = 1000 s/mm² are shown.
Orange and white arrows point
to the position of the cholesteatoma
and image artifacts, respectively.
Images courtesy of Skåne University
Hospital, Lund, Sweden.
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are also visible on the RESOLVE images (Figs. 1C and F)
but have the same contrast as the healthy brain tissue next
to it. In Figure 1F, a region with signal hyperintensity is visible above the right middle-ear cavity. Dark band artifacts
are visible in the neck in Figures 1 A-E, and within the
brain in Figures 1A and E (white arrows). In the last row,
a patient with a small hyperintense region is visible on
HASTE DWI at 3T (Fig. 1H) but hardly distinguishable on
HASTE DWI at 1.5T (Fig. 1G) or RESOLVE at 3T (Fig. 1I).
The presence of a small cholesteatoma was confirmed
later by surgery. The fourth patient (images not shown
here) did not show a cholesteatoma.
2. Experience from Nantes, France:
Diagnostic validation with CT and surgery
A robust clinical protocol has been defined in the radiology
department of the Private Hospital of Confluent, Nantes,
France, and consisted of transversal and coronal HASTE
DWI image series, in combination with transversal or
coronal T1-weighted and T2-weighted TSE sequences.
The 3T HASTE DWI sequence1 was acquired using the
exact same protocol as in Lund, except that only 15 slices
and 8 averages were acquired for a total scan time
of 4 minutes. No b = 0 s/mm² images were acquired.
All images were obtained on a 3T MAGNETOM Lumina
(Siemens Healthcare, Erlangen, Germany).

2A

Figure 2 presents a case of a 29-year-old male patient with
possible recurrent cholesteatoma in the right middle-ear
cavity after primary mastoidectomy and tympanoplasty
performed ten years ago. Clinical recurrence was suspected
based on otoscopy and audiometry: right hearing loss and
tinnitus were observed, but without any facial nerve
palsy. Recurrent cholesteatoma was confirmed from the
3T images, and a second-look surgery was indicated.
Histological analysis confirmed the collection of keratinous
debris lined by stratified squamous epithelium trapped in
the right ear.
A second case of a 16-year-old woman with possible
recurrent cholesteatoma in the left middle-ear cavity after
primary tympanoplasty including ossiculoplasty is presented in Figure 3. Clinical recurrence was suspected with
the patient complaining about worsening of her hearing.
The ENT doctor noticed an otorrhea and an uncontrollable
retraction pocket. Following the MR exam, a second-look
surgery was indicated, with new ossiculoplasty.
A third case is presented in Figure 4 of a 42-year-old
woman previously treated in 2005 for a right cholesteatoma. The patient presented an attic retraction pocket
poorly tolerated and was suffering from severe conductive
hearing loss.

2B

2D

2C

2E

2  Clinical case of a 29-year-old male patient with possible recurrent cholesteatoma in the right middle-ear cavity after primary mastoidectomy
and tympanoplasty performed ten years ago.
Imaging findings: (2A) Transverse reconstruction of the CT scan showed a convex lesion located at the anterior epitympanic recess with
tegmen erosion. Proximity to a geniculate ganglion and secondary tympanic part of the facial nerve was observed. (2B) Transverse T1-weighted image showed a lesion of iso signal intensity, which was observed as a moderate hyperintense lesion on the coronal T2-weighted image
(2C). Close contact to the basi-temporal meninge was depicted (2D, E). At this location, two little spots with increased DW signal intensity
were visible on the transverse and coronal HASTE diffusion-weighted images, suggesting a cholesteatoma.
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3B

3D

3C

3E

3  Clinical case of a 16-year-old female with possible recurrent cholesteatoma in the left middle-ear cavity after primary tympanoplasty including
ossiculoplasty.
Imaging findings: (3A) Transverse reconstruction of the CT scan showed a nodular lesion within the tympanic cavity adjacent to the ossicular
prosthesis that appeared to be dislocated. 3T images revealed a recurrent cholesteatoma at this location. (3B) Transverse spin-echo T2-weighted image showed a middle-ear lesion with high signal intensity, which was barely visible on the coronal spin-echo T1-weighted image (3C).
(3D, E) At this location, increased DW signal intensity (5 mm in size) was observed on both transversal and coronal HASTE diffusion-weighted
images, indicative of cholesteatoma. This was not a false negative case despite the potential prosthetic artifact. One can note that the filling
of the mastoidectomy cavity appeared as a scar or granulation tissue as no DW hyperintensity was observed.

4A

4B

4D

4C

4E

4  Clinical case of a 42-year-old woman previously treated in 2005 for a right cholesteatoma.
Imaging findings: (4A) Transverse reconstruction of the CT scan showed a non-specific complete filling of right middle-ear cavity and of
additus ad antrum. 3T images confirmed a small recurrent cholesteatoma within this filling. The transverse and coronal HASTE diffusion-weighted images (4D, E) presented a very small (size < 3 mm) hyperintensity located anteriorly in the middle-ear cavity that could be
correlated with small hyperintense signal intensity on the transverse spin-echo T2-weighted image (4B), and low signal on spin-echo
T1-weighted image (4C), suggesting a cholesteatoma. Close contact to the basi-temporal meninge was noticed.
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Discussion

Conclusion

A comparison study and case reports from two sites have
been summarized both at 1.5T and 3T and on different
MRI scanners.
In the comparison study examining HASTE DWI at 1.5T
and 3T, HASTE diffusion-weighted images at both field
strengths allowed the detection of cholesteatoma lesions.
This was not always the case with RESOLVE as illustrated
in the case of the third patient (last row in Fig. 1). RESOLVE
acquisitions can indeed suffer from some residual geometric distortions and artifacts, especially in the region of the
ear cavity, where the susceptibility differences between air,
soft tissue, and bone induce very strong local spatial
magnetic field variations. The improved signal-to-noise
ratio of the 3T examination as compared with 1.5T
was beneficial in detecting a small cholesteatoma using
HASTE DWI (Fig. 1, bottom row).
As presented in the case reports, HASTE DWI was
included in the examination on clinical 3T MRI scanners
to investigate the presence of cholesteatomas in the
clinical workflow and allowing successful treatment of
patients. HASTE DWI has some limitations of which the
most obvious is the low signal-to-noise ratio and low
contrast in the other regions visible within the field of
view. The latter is probably only a minor drawback in most
scenarios because other contrasts are acquired by default,
as is the case at the French and Swedish institutions.
The sequence still requires considerable acquisition time,
in particular if both b =0 s/mm² and b = 1000 s/mm² are
acquired, for example to estimate the apparent diffusion
coefficient (ADC), or when both coronal and axial acquisitions are needed. This can be partly mitigated by acquiring
just the high b-value image where the cholesteatoma is
clearly visible; if surgery is to be performed, a CT scan is
acquired for planning. This is the strategy adopted by the
French institution. In some cases artifacts are visible on
the HASTE DWI, for example reduced signal intensities.
They originate from the violation of the CPMG conditions
and are more predominant at some distance from the
isocenter. An axial rather than a coronal acquisition
centered around the isocenter can therefore be used
to avoid regions distant from the isocenter. An alternative
method to avoid these artifacts is to apply a phase insensitive preparation [13] after the diffusion-encoding block.
This would, however, lead to even larger echo times
and therefore a further reduction in SNR.
This article provides case reports and experiences from
a limited number of sites and patients. It is, however, not
a state-of-the-art, large-scale clinical study to investigate
the image quality qualitatively and quantitively of HASTE
DWI for detecting cholesteatomas at 3T. This will therefore
be part of a future study.

In conclusion, cholesteatoma findings with HASTE DWI
were always in agreement between 1.5T and 3T in the
cases presented. It was shown that the RESOLVE technique
may not depict a cholesteatoma in every case, because
of local susceptibility variations induced by magnetic
field inhomogeneities, resulting in artifacts or signal
cancellation making the diagnosis sometimes difficult.
HASTE DWI is intrinsically less sensitive to susceptibility
variations and is therefore a well-suited method for the
detection of pathologies in regions with large magnetic
susceptibility variations on a clinical 3T scanner.
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Magnetic Resonance Fingerprinting –
The Future of Quantitative MR Neuroimaging
Gregor Kasprian, M.D.; Victor Schmidbauer, M.D.
Division of Neuroradiology, Department of Biomedical Imaging and Image-guided Therapy,
Medical University of Vienna, Austria

By providing the possibility to acquire a variety of unique
tissue contrasts, magnetic resonance imaging (MRI)
is the gold standard for diagnostic brain imaging.
However, current MRI strategies are compromised by
time-consuming image data acquisitions, limitations in
the comparability of quantitative imaging data, artifacts,
and inter-scanner variability.
Improvements in quantitative imaging techniques will
guide us toward a new era in diagnostic neuroradiology.
The possibility to complement the subjective assessment
of non-invasive brain imaging by quantitative data will
lead to better, more reliable, and objectifiable diagnoses
of diseases of the central nervous system. Moreover,
robust quantitative data will serve as ideal input for artificial intelligence-based algorithms, which ‒ in combination
with radiological expertise ‒ will improve diagnostic and
prognostic precision and thereby optimize personalized
treatment for many patients. To date, quantitative MR
techniques have been time consuming and complex in
data post-processing, and thus limited to research.
To achieve clinical practicability and feasibility, these
traditional approaches had to be reinvented.

MR signals translated into
tissue-specific fingerprints
Magnetic Resonance Fingerprinting (MRF)1 is a pioneering
approach in the field of MR technology. MRF relies on the
principle that each tissue examined evolves its own unique
signal ‒ fingerprint ‒ after the application of a technically
appropriate stimulus [1]. In contrast to conventional MRI,
MRF is characterized by variation of the technical parameters, e.g., repetition time, and radiofrequency excitation
angle, throughout the sequence acquisition to generate
the evolution of the tissue’s fingerprint [2]. Initially, this
tissue fingerprint appears as complex and abstract data,
which needs to be translated into an image. As for any

1

translation, a pre-existing standard of reference or dictionary is required. A dictionary-based recognition process
connects the acquired signal-derived information to quantitative MR metrics ‒ such as, but not limited to, relaxation
parameters and diffusion properties ‒ in a voxel-wise
manner [1, 2]. The MRF dictionary contains a collection
of simulated fingerprints to represent all tissue-specific
properties within the physiological range [3]. Since MRF
pattern recognition takes a variety of different parameters
into account, the tissue characterization process is
considered highly accurate and robust [2]. In summary,
three hallmarks characterize the entire MRF process.
The first step ‒ signal evolution and acquisition ‒
is MR scanner and sequence dependent. The second
and third steps are characterized by automatized data
processing: dictionary-based pattern recognition and
tissue-specific, property-based visualization [2, 3].

Quantitative MRI and multiple image
contrasts in less than eight minutes
Based on a single sequence acquisition of less than
eight minutes, MRF provides a variety of multiparametric
imaging information for qualitative and quantitative
non-invasive neuro MR diagnostics. By choosing physical
MR properties as the bedrock of the technical concept, MRF
demonstrates excellent inter-scanner reproducibility [4].
This approach allows a robust and objective method
to detect, characterize, and quantify physiological and
pathological changes of the central nervous system [5, 6].
Furthermore, MRF is regarded as a highly promising
technique for eliminating artifacts in MR imaging [2, 7],
as each voxel is subjected to the pattern recognition
process individually. Overall, MRF is leading the way
into the future of MRI, providing structural diagnostic,
quantitative, robust, less artifact prone imaging data
in a short imaging time.

 MR Fingerprinting is not commercially available in some countries. Due to regulatory reasons its future availability cannot be ensured.

siemens-healthineers.com/magnetom-world

89

Clinical · Neurologic Imaging

Clinical experiences in MRF
Clinical experiences using this novel approach are
still scarce. At the same time, as MRF technology is
continuously improving, specific areas of interest in
the neuroradiological application of this technology are
currently being identified. MRF will be particularly valuable
in diagnosing diseases that were previously difficult to
assess and evaluate based on the subjective impression
of individual radiologists. As MRF is sensitive to multiple
MR parameters at once, it offers a variety of in-depth MR
imaging markers of pathologically altered brain parenchyma. Pathological brain tissue, which so far might have
been categorized as “normal-appearing” brain parenchyma
by traditional subjective visual radiological assessment,
could be detected more sensitively using MRF. This
will allow better quantification and evaluation of the
burden of disease in individual patients and will help
better understand the current status and progress in
a variety of neurological disorders. As a consequence,
MRF can help monitor the effect of treatment more
reliably than ever before.
Furthermore, time-saving, in-depth multiparametric
characterization of pathologically altered brain tissue ‒
after acquisition of a single MRF sequence ‒ may further
improve the diagnostic specificity of MRI, allowing to
optimize the differentiation of similar-appearing signal
changes into specific pathological entities. Ultimately,
the resulting reduction in overall MR scan time may also
grant easier and faster access to high-end MR diagnostics
to the benefit of many patients.
Here, we would like to demonstrate some initial
clinicoradiological experiences with MRF in different
areas of diagnostic neuroimaging.
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Basic MRF findings in normal subjects
MRF allows characterization of the fingerprint of specific
brain compartments. Figure 1 shows the MR images
of a 45-year-old normal subject. The upper row depicts
sequentially acquired conventional T1-weighted (1A)
and fluid-attenuated T2-weighted 3D sequences at
3 Tesla (MAGNETOM Vida, Siemens Healthcare, Erlangen,
Germany) totaling an imaging time of up to 8 minutes.
The results of a single acquisition using MRF (7 minutes
acquisition time) are shown in Figure 1. A T1 map (1C) and
a T2 map can be visualized with color coding according to
the local T1 and T2 values. Advanced quantitative analysis
using the MR Robust Quantitative Tool (MR RoQT) allows
characterization of specific gray (dark colors) and white
matter (bright colors) compartments, which can be
distinguished from each other on the scatterplot graph
(bottom row). The scatterplot indicates the T2 (x-axis) and
T1 (y-axis) values of the analyzed regions of interest and
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1  45-year-old healthy subject. (1A, B) T1-weighted (1A) and
fluid-attenuated T2-weighted 3D sequences (1B) at 3T.
(1C, D) MR Fingerprinting acquisition. (1E, F) T1 map (1E) and
T2 map (1F) with color coding according to the local T1 and T2
values. (1G) MR RoQT scatterplot characterizing specific gray
(dark colors) and white matter (bright colors) compartments.
The scatterplot indicates the T2 (x-axis) and T1 (y-axis) values of
the analyzed regions of interest and shows the normal variation of
values within one tissue compartment.
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shows the normal variation of values within one tissue
compartment. Except for distinct differences between
white and gray matter, there are also regional differences
in the quantified T1 and T2 values. In addition to structural
MR data, MRF also provides quantitative data, which
cannot be extracted from conventional T2-weighted and
T1-weighted MRI sequences, without investing further
acquisition time. MRF is quite a robust quantitative MR
technology, which is feasible in a clinical setting.

MRF findings in brain pathologies
In addition to the quantitative characterization of
regional variations of brain tissue fingerprints, a detailed
analysis of the MR characteristics of abnormal brain
regions is also possible. Figure 2 depicts a 67-year-old
patient with severe vascular leukoencephalopathy.
Conventional FLAIR (2A) sequences depict the T2-weighted
hyperintense white matter alterations, which are less
conspicuous on T1-weighted sequences (2B). By using
MRF and generating T2 maps (2C, D), lesional (yellow)
and non-lesional (turquoise) brain regions can be
automatically segmented based on their T1 and T2
quantitative characteristics, shown in the scatterplots
(2E, F). By either selecting the lesional (yellow) or
non-lesional (turquoise) range of T1/T2 values, these
2A

2C

2E

2B

2D

2F

tissue types can be distinguished and separated as well as
quantified. This will allow a more accurate semi-automated
follow-up analysis of brain imaging data, and allows better
monitoring of the course of a disease or the effectiveness
of therapeutic measures.

MRF in amyotrophic lateral sclerosis
MRF can be particularly valuable if qualitative findings
need to be objectified. This may be especially important in
cases of neurodegenerative disorders such as amyotrophic
lateral sclerosis (ALS). The hyperintense T2-weighted signal
change of the corticospinal tract has been a useful sign of
Wallerian degeneration in ALS. However, the sign is often
subtle and sometimes non-specific. A reliable quantitative
analysis of these changes might help to identify this sign
with greater confidence and diagnostic certainty. Figure 3
shows the results of an MRI examination of a 71-year-old
patient with clinically suspected ALS: The T1-weighted
(3A), T2-weighted (3B), and FLAIR (3C) 3D sequences were
sequentially acquired at 3 Tesla. The second row shows the
results of the MRF analysis in the same patient, depicting
the T1 map (3D) and the T2 map (3E). The arrows
point to the left internal capsule. Please note the slight
T2-weighted hyperintense signal alteration of the

2  A 67-year-old patient with severe vascular leukoencephalopathy. (2A) Conventional FLAIR depict the T2-weighted hyperintense white
matter alterations, which are less conspicuous on (2B) T1-weighted sequences. (2C, D) By using MRF lesional (yellow) and non-lesional
(turquoise) brain regions can be automatically segmented based on their quantitative R1 (x-axis) and R2 (y-axis) characteristics, shown
in the scatterplots (2E, F).
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corticospinal tract, which is confirmed on the T2 map
of the MRF analysis.
If the local T1 (x-axis) and T2 (y-axis) values are
analyzed using the postprocessing software MR RoQT,
an unequivocal difference between the corticospinal
tract fingerprints (red and yellow) and those of the optic
radiation (pink) or the frontal white matter (blue) can
3A

3B

3D

3E

be identified (Fig. 4). This improves the diagnostic confidence of the radiologist and leads to a smaller interrater
variability in the imaging assessment of this disorder.
Further, these findings can be combined with diffusion
tensor imaging (DTI) based parameters (FA, diffusivity)
or diffusion-weighted imaging (DWI) based ADC measurements to increase the diagnostic sensitivity of this sign.
3C

3  A 71-year-old patient with
clinically suspected ALS.
T1-weighted (3A),
T2-weighted (3B), and
FLAIR (3C) 3D sequences
sequentially acquired at 3T.
(3D, E) show the results
of the MRF analysis in the
same patient, depicting the
T1 map (3D) and the T2 map
(3E). The arrows point to
the left internal capsule.
The slight T2-weighted
hyperintense signal
alteration of the corticospinal
tract is confirmed on the T2
map of the MRF analysis.

T2

T1

4  Postprocessing of the patient data shown in Figure 3 using the MR Robust Quantitative Tool (MR RoQT). T1 values are indicated on the x-axis,
T2 values are plotted on the y-axis. The left and right corticospinal tracts show a distinctive difference in their T1 and T2 fingerprints
compared to other white matter regions.
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MRF in metabolic disorders
or leukodystrophies

indicating the relative sparing of the corticospinal tract
and basal ganglia.
Using MRF-based quantification on T1 and T2 maps
(Figure 6), regional variations in the pathology associated
fingerprints can be identified. There is massive T1 and T2
shortening (turquoise) of the right frontal white matter.
The optic radiation (pink) is less severely affected and the
left corticospinal tract shows T2 (x-axis) and T1 (y-axis)
values, which are in the normal range (compare Fig. 1).
Combined with semiautomated segmentation tools
(MR RoQT), this approach helps monitor disease progression and further refine specific disease-related patterns
and fingerprints.

MRF may also be beneficial in neurological disorders,
characterized by widespread signal alterations of the
gray and white matter, such as leukodystrophies or
mitochondriopathies. Figure 5 shows the MR images
of a 6-year-old girl with glutaric aciduria type I ‒
a metabolic disorder/mitochondriopathy. Please
note the extensive white matter signal alterations
on T1 (5A) FLAIR (5B) and DWI (5C, D). There is extensive
white matter diffusion restriction. MRF (5E, F) quantifies
the regional signal changes on T1 (5E) and T2 (5F) maps,
5A

5B

5C

5D

5E

5F

5  A 6-year-old girl with
glutaric aciduria. Extensive
white matter signal
alterations on T1 (5A)
FLAIR (5B) and DWI (5C, D).
MRF (5E, F) quantifies the
regional signal changes on
T1 (5E) and T2 (5F) maps
indicating the relative
sparing of the corticospinal
tract and basal ganglia.

R2

R1

6  MRF-based quantitative R1 (x-axis) and R2 (y-axis) values show a severe shortening of the right frontal WM (turquoise). The right optic
radiation (pink) as well as the left occipital WM (red) are less affected. Normal-appearing R1 and R2 values can be found in the left
corticospinal tract (yellow).
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Summary

References

MRF leads the way into a new era of neuro MRI. The possibility to provide multiple quantitative MR parameters based
on a single data acquisition in less than 8 minutes results
in quantitative data suitable for characterizing normal
and pathologically altered tissue compartments of the
central nervous system. As the regional neuroanatomical
tissue diversity can be mapped non-invasively, MRF opens
new possibilities in the non-invasive characterization of
normal brain structure and its developmental changes
across human lifespan. Further, pathological processes
can be objectified and quantified, leading to greater
confidence in the diagnosis of metabolic and neurodegenerative disorders. The extent of tissue pathology can
be mapped and monitored over time, which is helpful
in neurovascular disorders and inflammatory and/or
demyelinating conditions. Lastly, disease-specific fingerprints of metabolic disorders and abnormal myelination
processes are quantifiable and will be easier to identify.
In the future, MRF will serve as an important backbone
for artificial intelligence-based algorithms, aiming to
automatically identify lesion-specific fingerprints. This will
ultimately change the daily practice of neuroradiology.
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MAGNETOM Free.Max:
Keeping a Hot System Cool
Stephan Biber, Ph.D.
Senior System Architect & Principal Key Expert at Siemens Healthineers, R&D AEP, Erlangen, Germany

Helium is a rare element on Earth. Once released into the
atmosphere, it is so lightweight that it leaves Earth’s gravitational field and diffuses into space. DryCool technology,
one of the key innovations on MAGNETOM Free.Max,
reduces the helium demand in MR systems and removes
the need to handle liquid helium during system installa-

tion. It also saves helium and prevents it from being
released into the atmosphere during both normal system
operation and failures such as quench events. However,
the dramatic reduction of liquid helium to 0.7 liters contained in each MR magnet reduces the heat capacity of the
magnet. If a conventional magnet loses cooling – e.g., due

SOU 1

SOU 2

MRI System incl. Electronics Cabinets
MREF, GPA, RFPA, GC, MPS

outdoor

Temperature-controlled
water mixer

Temperature
sensor

Heat exchanger

Pump

MREF: Magnet refrigerator; GPA: Gradient power amplifier; RFPA: Radio frequency amplifier; GC: Gradient coil;
MPS: Magnet power supply; SOU: Siemens Outdoor Unit

1  Active cooling system with external chillers.
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to a power outage or a failure of the cooling system –
the liquid helium slowly starts evaporating. Once a certain
pressure threshold is exceeded (usually after less than
1 hour), the magnet loses helium into the ambient atmosphere. Depending on the filling level, a conventional
magnet can stay cold by continuously evaporating its
helium reservoir for many days without losing superconductivity. This is because the helium reservoir contains
several hundred liters of helium. Reducing the helium
down to less than 1 liter for DryCool magnets therefore
also reduces the tolerance of such systems against infrastructure failures. The main types of failure are power
outages and failures of the cooling system. This paper
describes how MAGNETOM Free.Max can provide high
availability of the MRI scanner despite a liquid helium
inventory of only 0.7 liters.

Power outages
Power outages are external events, out of control of the
MRI system. The system can only react accordingly; it
cannot avoid the situation itself. With DryCool technology,
a small integrated uninterruptible power supply (UPS)
keeps the magnet electronics running even during a power
outage. If the power outage persists, the magnet electronics will ramp down the magnet after a certain waiting time
in order to avoid a quench event, which would turn all the
energy in the magnetic field into heat and warm up the
system significantly. With MAGNETOM Free.Max, ramping
the magnet down and then back up to field is now an
automatic procedure which no longer requires an onsite
visit from a service technician, due to the integrated
magnet power supply. After a controlled ramp down, the
magnet heats up very slowly. Once power returns, it can
be recooled and ramped up again [1]. In regions where
power reliability is poor, the system can also be buffered
with a large UPS which not only keeps the system cold, but
also enables continuous scanning even during brownouts
or blackouts of the power grid.
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A liquid helium temperature of 4 K is achieved using
a cryocooler (“cold head”) which is driven by a compressor.
The compressor (magnet refrigerator = MREF) requires
approximately 6–8 kW of power to generate ~1 W cooling
power on the 4 K level. In order to ensure permanent operation of the compressor, which keeps the magnet cold, the
MREF must be supplied with electricity and cooling water.
Cold water for MAGNETOM Free.Max can be provided by
two different options:
Active cooling system
One option is to buy an external chiller which is tailored
to operate with the MRI system. The flow diagram in
Figure 1 shows that, in this case, the same water running
through the MR components (MREF, gradient coil, amplifiers) is also running through the outdoor units SOU 1 and
SOU 2. In such a configuration, the MRI system is selfcontained and does not rely on any external water supply.
This makes the setup very reliable because it avoids clogging of water flow or corrosion due to dirt and debris from
external cooling water.
Chillers are located outside the building, often on
rooftops or parking lots, where they use the ambient air
to dissipate the heat from the MRI system. As they are located outdoors, chillers are exposed to all kinds of weather
conditions: Temperatures can range from -20°C to +45°C,
and dirt, dust, or leaves can block the heat exchangers.
In highly reliable cooling systems, the outdoor units are a
weak point in the chain. If an outdoor unit fails, the helium
compressor will stop working and this will soon cause the
magnet to ramp down. For the new DryCool technology,
the chillers were designed with built-in redundancy to
overcome this problem. During heavy-load scanning
(mainly diffusion imaging) MAGNETOM Free.Max can

Cooling system failures
Unlike power outages, the reliability of the cooling system
is very much under the control of the MRI system design.
For an imaging modality like MRI, which relies so much
on cooling, the reliability of the cooling system is essential
for guaranteeing high availability of the MRI system.
The MAGNETOM Free.Max cooling system was developed
with the need for high reliability in mind from the very
beginning. The following section explains the redundancyfocused architectural measures which were applied to
MAGNETOM Free.Max.
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require up to 33 kW of cooling power, with demand
primarily coming from the gradient system (coil and
amplifier), the magnet cooling, and the RF amplifier.
The cooling power is provided by two separate ~17 kW
outdoor units (Siemens Outdoor Unit: SOU 1 and SOU 2;
Fig. 2), which can work mostly independently from one
another. During times when the system is in standby or
scanning with less power-demanding sequences (TSE,
GRE), only one of the two chillers is needed and the other
one is turned off to save energy. If there is a failure with
one of the 17 kW chillers, the second one automatically
takes over to guarantee a permanent cold water supply
and avoid a magnet ramp-down and the associated system
downtime. The system can even continue scanning in this
mode. Furthermore, during normal operation when one
chiller is enough, the chillers are switched on and off in
alternating mode to make sure both chillers are always
operational and the energy consumption is optimized.
The splitting of the cooling modules requires little
additional effort, as the 33 kW cooling power is needed
anyway for system operation. This means that there is no
extra cooling power added to provide redundancy for the
magnet cooling, because the 6–8 kW required for magnet
cooling is less than half of the total cooling power of
a single unit. Redundancy can therefore be achieved just

by providing the overall cooling power from two separate
units with half the total system power – without the need
to install any unused cooling power, which would add
extra effort and costs.
Passive cooling system
In many large institutions, cooling water is centrally
supplied and the MRI system can profit from the fact that
no extra chillers are needed. The so-called “passive cooling
option” cools the MRI system using a heat exchanger which
separates the water provided by the central cooling supply
from the water circulating through the MRI system components (Fig. 3A).
In cases where the central water supply from the
hospital is not considered to be reliable enough, there
is also a possibility to connect a locally sourced “backup
chiller” to the system. This can provide the cooling power
needed to keep only the magnet refrigeration running in
case the central water supply fails. The cold water for the
MREF coming from the backup chiller is provided to the
system through an additional heat exchanger. The system
automatically detects cases where the cooling power from
the central water supply is insufficient and sends a signal
to trigger the backup chiller (Fig. 3B).

MRI System incl. Electronics Cabinets
MREF, GPA, RFPA, GC, MPS

Reliable Customer Water

3A Passive cooling system with reliable water from a central customer supply.
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Trigger ON / OFF (relay)

MRI System incl. Electronics Cabinets
MREF, GPA, RFPA, GC, MPS

Customer Water

Backup
Chiller

MREF

outdoor

3B Passive cooling system with automatically triggered backup chiller.

Remote monitoring and service

Summary

Despite the best efforts to ensure high reliability, cooling
systems with high water flow rates and pressure – such
as those used in MRI systems – require regular service.
With the MR cooling system running 24/7, most failures
(leakage, clogging, corrosion, dirt on outdoor units) can
be detected and solved by qualified service personnel
before they cause the system to stop working. Furthermore, the built-in cooling system is connected to our
online service and all parameters available via sensors
are also transmitted and evaluated online to allow remote
diagnostics and preventive maintenance. In particular, the
magnet refrigerator (MREF) is equipped with sophisticated
temperature and pressure sensors. Preventive maintenance
makes it possible to detect problems by watching the
trends of these parameters over time. As a result, many
problems can be detected before they lead to a complete
failure of a component.

The above overview shows how the system architecture,
both for the cooling system and the system control, is
tailored to deal with the new challenges of DryCool
magnets and deliver maximum availability. Three different
configurations are provided to achieve a high-reliability
cooling system adapted to the individual needs and conditions of different sites. The basic principle is to provide
redundancy for those parts that have an unacceptably high
chance of failure. Combining this with remote monitoring,
regular servicing, and automatic ramping guarantees
extremely high availability for DryCool systems and independency of the scarce natural resource helium.
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SHS DI MR R&D AEP
Postbox 32 60
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Germany
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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.
Cheng Shi, Ph.D.
I have a bachelor’s degree in biomedical engineering from Tsinghua
University. I earned my Ph.D. working under Professor Ed X Wu
in the Laboratory of Biomedical Imaging and Signal Processing
at the University of Hong Kong. After graduating, I joined SSMR
in 2015 as a protocol developer.

Shenzen, China

How did you first come into contact with MRI?
I majored in biomedical engineering, so I learned a bit
about MRI, CT, and PET in an introductory course on
medical imaging techniques in my sophomore year in
2007. I was intrigued by MRI’s lack of radiation, multifunctionality, and most of all the anatomical details it
provides. But it was not until my third year, when I chose
a course on MRI basics, that I really began to understand
the terms “T1-weighted”, “T2-weighted”, and “k-space”.
I’ve been fascinated ever since. The first MRI system that
I worked on was a Bruker 7T small animal scanner during
my doctoral studies on subcortical visual function in rats.
When I learned that Siemens Healthineers had developed
an ultra-high 7T system for human studies, I was really
impressed. But I wasn’t surprised – I figured that if any
company was going to do that, it would be Siemens
Healthineers. Now that I’m part of Siemens Healthineers,
I’m working to inspire the same confidence in other
people. I hope that when our 0.55T MAGNETOM Free.Max
hits the wider market, people also won’t be surprised.
What do you find motivating about your job?
The opportunities for self-improvement motivate me.
As a protocol developer, I set up and test the protocols
and workflows. Over the past five years, I’ve integrated
many large and small application features to make the
protocols faster and the workflow smarter. For example,
one of the biggest challenges with MAGNETOM Free.Max
is the lower SNR concomitant with lower field strength
of 0.55T. A novel SMS averaging technique was developed
by Dr. Liu Wei to improve SNR by taking advantage of

both the conventional SMS technique and the fact that
MAGNETOM Free.Max requires multiple averages. While
it is understood how this technique should help, it is up to
me as a protocol developer to identify the best application
scenarios – such as body regions, contrasts, and coil
settings – and the optimal parameter settings to push
its limits. I love the fact that we strive to improve for the
benefit of our customers and ourselves, and for each and
every product we develop.
What are the biggest challenges in your job?
The biggest challenge is how to respond to MAGNETOM
users’ needs in the best possible way. Also, MAGNETOM
Free.Max presented many challenges linked to the lower
field strength. One of the main challenges I encountered
was the SWI application. Ever since it was first published,
SWI has been widely used for the detection of microbleeds
and calcification. The longer echo time needed for the
susceptibility effect proportional with field strength caused
a further drop in SNR. I spent quite some time working on
it until I had to conclude that optimizing the old GRE-based
SWI was a dead end. But I didn’t want to just give up on
such an useful application. Supported by the whole application team and especially by Dr. Liu Wei, we developed an
SWI sequence based on a partially flow-compensated 3D
EPI sequence. Using the 3D technique greatly improved
the SNR. Though it was not without its flaws, repeated
volunteer testing in the factory and working on feedback
from clinical sites led to the EPI-based SWI finally being
provided. In the end, we have done our best to serve the
users’ needs by enabling SWI for MAGNETOM Free.Max.
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What are the most important developments
in healthcare?
Medical imaging is one of the top ten medical advances
and it has transformed healthcare. With MAGNETOM
Free.Max, we have worked hard to make this revolutionary
modality accessible to more people. With a lower field
strength it is easy to install and promotes MR applications
that profit from reduced susceptibility artifacts such as
imaging in the presence of metal or lung imaging. Moreover, the new platform will further revolutionize healthcare
by helping to network data and enable AI training based
on big data.

What would you do if you could spend a month
doing whatever you wanted?
If I had a whole month, my first choice would be a
meditation retreat. Ever since I read about it in a novel
(can anyone guess what it is?), I’ve wanted to experience
it for myself. I’d enjoy having the time to really focus on
myself, on my breathing, and on observing myself without
judgement. My second choice would be to take a trip with
my children. Ideally, we’d all go to India for a meditation
retreat together when they are old enough. Before that, I
might choose to work for the month because the company
gives me the flexibility to go home early (since I go to work
early) and spend time with my kids. Also, I take part in the
dance and yoga classes that are held in the company’s
gym with other kindred spirits every lunchtime. It’s a very
enjoyable daily routine. And by the way – the novel that
inspired me to visit a meditation retreat is Eat, Pray, Love
by Elizabeth Gilbert.
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