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Abstract
This article introduces the evolution of technology for
magnetic resonance spectroscopic imaging (MRSI) of the
brain, and in particular describes 3D proton spectroscopic
MRI with whole-brain coverage and its application to
patients with brain tumors. Unfortunately, vendor-provided
MRS technology for clinical use typically lags behind

the capabilities developed in research labs and to date
is limited to either single voxel or multi-voxel localization
with very limited spatial coverage and resolution. Here,
a multisite effort to transform this technology toward
clinical standard imaging is described.

1  Example setup
(graphical prescription)
for a GRAPPA-encoded EPSI
acquisition as described
in the text.

The concepts and information presented in this paper are based on research and not commercially available.
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Proton MRS-detectable metabolites of brain
Because of the relatively low sensitivity of in vivo H
magnetic resonance spectroscopy (MRS), in order for
a compound to be detectable following successful water
and lipid suppression, its concentration must be in the
millimolar range, and it must be a small, mobile molecule.
The information from a brain spectrum depends on several
factors, such as the field strength used, echo time, and
type of pulse sequence. On a 1.5T scanner with long echo
times ( e.g., 140 or 280 ms), only choline (Cho), creatine
(Cr), and N-acetyl aspartate (NAA) are observable in the
healthy brain, while compounds such as lactate (Lac),
alanine, or others may be detectable if their concentrations
are elevated above normal levels due to abnormal metabolic processes [1–3]. At short echo times (≤ 35 ms), more
compounds become detectable. These include glutamine
and glutamate, but these are not resolved from each
other at 1.5T. In addition, myo-inositol, lipids, and macromolecules are detectable.
The largest signal in the healthy brain spectrum is
the acetyl group of NAA that resonates at 2.0 ppm [4, 5].
NAA is often referred to as a healthy neuronal biomarker.
The Cho signal (3.2 ppm) is involved in membrane
synthesis and degradation and is commonly elevated
in many types of tumors, including the brain, prostate,
breast, liver, and other tumors [6]. The Cr at 3.0 ppm is
involved in energy metabolism via the Cr kinase reaction,
generating ATP. Cr shows quite large regional variations,
with lower levels in white matter than gray matter in
normal brain, as well as higher levels in the cerebellum
compared to supratentorial regions [7]. The individual/
regional variations in Cr levels are higher than NAA or Cho
in normal brains. In a healthy brain, the methyl resonance
of Lac (1.33 ppm) is barely detectable under normal
conditions. Increased levels of brain lactate have been
observed in a variety of conditions, including ischemia and
tumor [1, 8]. Lac may be difficult to distinguish from overlapping lipids which have similar chemical shifts, either
originating from the brain itself, or spatial contamination
from the scalp. Myo-inositol (mI) is one of the larger
signals in short echo time spectra (≤ 35 ms), occurring
around 3.5–3.6 ppm. ml is a pentose sugar, which is part
of the inositol triphosphate intracellular second messenger
system. mI levels have been found to be increased in
Alzheimer's dementia [9] and demyelinating diseases [10].
The exact pathophysiological significance of alterations
in ml is uncertain, but a leading hypothesis is that elevated
ml reflects increased populations of glial cells [11, 12],
which may be linked to both degenerative and inflammatory diseases. mI has also been reported to be elevated in
low-grade gliomas [13] and also correlates with depression
status of GBM patients [14–16]. There are more than 25
additional compounds that have been assigned in 1H MRS
1

of the human brain. Some of these compounds are present
in the normal brain but are difficult to detect routinely
because they are too small and/or have overlapping peaks.
Some examples of these compounds include aspartate,
glycine, glutathione, ethanolamine, purine nucleotides,
GABA, histidine, taurine, scyllo-inositol, and glucose [17].
Others may only be present under abnormal or pathological conditions, for instance, alanine, 2-hydroxyglutarate,
phenylalanine, and ketone bodies. Occasionally exogenous
compounds such as mannitol, ethanol or methyl-sulfonyl
methane, all of which freely cross the blood-brain barrier,
may also be observed in the spectrum.

Current state-of-the-art 3D MRSI
Multi-voxel (2D, or 3D) MRSI sequences are commonly
available on commercial MR scanners [18], but their application has a number of problems, such as chemical shift
displacement effects and restricted coverage due to the
rectangular excitation of the voxel. Lipid signal bleeding
from these effects can confound data quality and difficulty
of appropriate data analysis. To avoid these problems,
an alternative approach is to use a spin-echo sequence
with outer volume suppression (OVS) pulses to suppress
the lipid signals from the scalp, which can be readily extended to a multi-slice approach to obtain improved brain
coverage [19]. These conventional Cartesian 2D or 3D
phase-encoding approaches can give excellent quality
data but are too time-consuming for clinical routine use
because of the large number of phase-encoding steps to
be collected. Therefore, a number of different approaches
for fast MRSI have been developed (reviewed in [20–22]);
however, so far these techniques have had a limited clinical
impact, mainly because they are not commercially available nor mature enough for clinical applications. To reduce
scan time, several k-space under-sampling strategies such
as parallel imaging or compressed sensing have been applied to conventional MRSI, which involve tradeoffs for
data quality, scan time, and spatial resolution [23–25].
Echo-planar spectroscopic imaging (EPSI) is a promising method for acceleration of whole-brain MRSI [26–29].
3D EPSI has been used to study numerous different brain
pathologies over the last two decades [30, 31]. The data
displayed in the remainder of this chapter were obtained
using 3D EPSI with whole-brain coverage, combined with
GRAPPA and elliptical k-space encoding on a 3T MRI scanner with either 20- or 32-channel head coil arrays (Fig. 1).
After the routine field map-based automated shim
procedure on the scanner [32], it is strongly recommended
to check the water linewidth to be less than ~25–28 Hz.
If it is higher than 30 Hz, a brief 1st order manual shimming
(x-, y-, and z-directions only) is recommended to reduce
water linewidth, which can significantly improve the
signal-to-noise ratio (SNR) and water/lipid suppression,
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thus critical to obtain high-quality 3D data. A 3 pulse ‘WET’
[33] water suppression scheme is used along with lipid
suppression by using a slab selective short TI (198 ms)
inversion recovery (STIR) scheme [34, 35]. The EPSI pulse
sequence also includes an interleaved small flip angle
(20˚) water reference excitation [36] and GRAPPA spatial
encoding [37] to shorten scan time (~15 minutes). The
scan parameters used for images presented in this article
are as follows: TR/TE/TI = 1710/17.6/198 ms, matrix size
50 x 50 x 18; 280 x 280 x 180 mm3 FOV; 155 mm excitation slab thickness; interpolated matrix of 64 x 64 x 32
(Fig. 1) [38]. The quality of an acquired spectrum is
critically dependent on the success of adjusting the field
homogeneity (shimming), setting the scanner center
frequency (on-resonance with water), and adjusting the
flip angle(s) of the water suppression pulses. The failure of
any one of these processes can lead to an uninterpretable
spectrum. In the early days of MRS, many of these steps
were performed manually by an operator, but for the
current sequence, these steps are usually performed in an
automated procedure offering greater ease and versatility
for the application of the developed imaging methods
in clinical environments.
Raw data are processed using the Metabolite Imaging
and Data Analysis System (MIDAS1, University of Miami,
USA) [39]. This included B0 and phase correction using the
water reference data prior to any further processing in the

CE-T1w

frequency domain. The relative gray- and white-matter tissue and cerebrospinal fluid (CSF) contents in each SI voxel
were estimated by downsampling the tissue segmentation
maps, which were obtained using FSL/FAST algorithm [40],
using the spatial response function of the EPSI acquisition.
Additional processing included generating masks for
brain and lipid regions, k-space extrapolation to reduce
the contribution of extracranial lipid into the brain [41],
linear registration between the T1-weighted MR and MRSI
(TE = 50 ms), and signal intensity normalization following
the creation of individual metabolite maps. Automated
spectral analysis was carried out for 3 metabolites
(NAA, Cr, Cho) or 6 metabolites (NAA, Cr, Cho, mI, lactate,
and Glu/Gln (Glx)) [42]. Additional maps are generated
for the fitted spectral linewidth and the Cramer-Rao lower
bounds (CRLB) of fitting for each metabolite. Generated
metabolite maps are overlaid on clinical images with
a nominal voxel size of 4.4 x 4.4 x 5.6 mm are shown
in Figure 2. The red contour represents two times elevated
Cho/NAA ratio compared to the contralateral side. As
apparent in Figure 2, not all metabolically active tumors
are visible in standard MRIs (contrast-enhanced T1w-MRI
and T2-SPACE). The MIDAS program package1, developed
by Dr. Maudsley and his team at the University of Miami
is distributed together with the EPSI sequence at no
cost under the GNU General Public License. For further
information, the readers can reach out to their local
Siemens Healthineers Collaborations Scientist.

T2-SPACE

CE-T1w + Cho/NAA = 2x
0
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2  Views of anatomical and metabolite data with Cho/NAA ratio contour in red (2-fold over normal contralateral white matter).
(2A) Contrast-enhanced T1w MRI; (2B) T2-SPACE MRI; (2C) Cho/NAA ratio map overlaid on T1w MRI.
Cho/NAA ratio heat map shows metabolic abnormalities beyond CE-T1w or T2-SPACE MRIs and gives insight
into the metabolic heterogeneity of the tumor and surrounding tissue. TE = 50 ms was used.
1

The information shown herein refers to products of a 3rd party and thus are in their regulatory responsibility. Please contact the 3rd party for further information.
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Developing the next generation
of clinical spectroscopic MRI
for patients with brain tumors
During the past decade, technological developments have
transformed a single slice or multislice collection of 2D
multivoxel chemical shift imaging (CSI) into a robust 3D
imaging modality with the increased availability of 3T
scanners, multichannel detector systems, new encoding
methods, accelerated processing methods, automated
artifact removal, and new approaches for obtaining
whole-brain metabolite maps co-registered/overlaid
with other clinical MR images. These developments allow
MRSI to be addressed as “spectroscopic MRI”, which is
a significant improvement over standard vendor-provided
2D CSI techniques.
While MRSI has been shown to be capable of providing
clinically useful information associated with disease processes or treatment, it has not had much impact on clinical
care and its use remains largely confined to the research
community. Technological advancements are required
towards the acquisition, processing, interpretation, and
dissemination of the MRSI data for true integration of
spectroscopic MRI in the clinic. The current methods in
whole-brain EPSI for water and lipid suppression are limited
in their performance and are difficult to use for highresolution whole-brain metabolite mapping due to SNR
constraints. Improvements in methods for lipid and water
suppression can offer a significant improvement in spatial
resolution. Further, the adoption of methods that do not
rely on inversion recovery for lipid suppression can improve
imaging time and spatial coverage. The addition of these
changes to the acquisition methods has the potential to
elevate MRSI to true whole-brain technique with > 85%
brain coverage with enhanced performance in critical
cortical areas that are vital to a number of neurological
applications.
Together with improved imaging, optimized reconstruction techniques play a vital role in more effective
integration of spectroscopic imaging in the clinical environment. The current pipelines for EPSI data processing
require time-consuming data transfer of multi-gigabyte
datasets and processing on offline computers/servers
which can be challenging for wider adaptation. In addition,
to be able to fit the clinical workflow, the entire processing
pipeline, including co-registration of metabolite and ratio
maps with conventional anatomical MR images, should
take less than an hour in order for the timely generation
of the radiology report in the clinic. In currently available
processing packages (such as MIDAS), one of the major
bottlenecks is the time taken by the quantitative fitting
routines which extract information on metabolite peak
areas (proportional to concentrations) from the spectral
data. As most fitting methods are based on iterative
parametric modeling and the incorporation of a priori
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metabolite spectral information, one voxel at a time,
and since high-resolution EPSI with whole-brain coverage
generates several thousand spectra that need to be fit,
it is virtually impossible to complete the entire processing
pipeline in one hour on commonly available scanner computers. Furthermore, the complexity of MRSI technology
requires on-site MRS experts to supervise the scanning
of patients, process and analyze the data, and interpret
the results with the clinicians involved. A particularly
important role of on-site MRS experts is to recognize
artifactual spectra and eliminate them before clinical
decision making. Finally, the programs developed to
process and display MRSI results are primarily for MRS
experts, and not appropriate for general use by clinicians
or other staff who do not have specialist training in MRS.
Current multisite efforts at improving MRSI focus on a
multi-faceted approach that aim to significantly improve
processes from acquisition to the clinical deployment
of spectroscopic MR imaging for its wider acceptance
in clinical workflows based on NIH/NIBIB U01 funding
(Han/Maudsley/Li/Cooper/Shim).
I. High-resolution mapping of brain metabolites
Brain metabolite concentrations are on the order of
10 mM or less, whereas water protons in the brain at
approximately 80 M and lipid protons in peri-cranial fat,
also at very high concentrations, are also present. The
current methods in whole-brain EPSI for water and lipid
suppression are limited in their performance and are
difficult to use for high-resolution whole-brain metabolite
mapping due to SNR constraints. To overcome these issues
a novel acquisition scheme that increases SNR to enable
the generation of higher-resolution MRSI metabolite maps
using dual-band water and lipid suppression has been
developed. Volumetric whole-brain MRSI can be acquired
with TR = 950 ms and TE of 17.6 or 50 ms. Water and lipid
suppression were carried out using the hypergeometric
dual-band pulses [43] to create a passband between
1.8 and 4.2 ppm with Mz/Meq > 0.99 with Bloch equation
simulations to derive the parameters for the individual
hypergeometric pulses. Real-time frequency measurement
and adjustment were carried out by sampling the water
frequency every TR. The removal of inversion-based lipid
nulling resulted in a significant improvement in SNR that
enabled higher spatial sampling in the phase encoding
direction to yield nominal voxel volume of 75.16 mm3 and
a zero-filled interpolated resolution of 1.3 x 2.0 x 2.5 mm
with a FOV of 170 x 260 x 120 mm left-right, anteriorposterior, and head-foot directions, respectively with
an acquisition time of 15 minutes using a GRAPPA factor
of 1.3 in the phase-encoding direction. In conjunction
with new sequence development, novel post-processing
methods for tissue segmentation to improve masks
for brain and lipid, lipid suppression using a frequency-
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selective filtering technique using Hankel Lanczos
singular value decomposition (HLSVD), and methods
for estimation of regional metabolite ratios significantly
improve the quality of generated high-resolution metabolite maps. The new acquisition methods have delivered
excellent spectral quality as seen in Figure 3 with Figure
3A showing a short TE spectrum from normal white matter
areas in a control subject whereas Figure 3B shows a
TE 50 ms spectrum from a patient with high-grade glioma.
The Ernst angle of the excitation pulse was set according
to the TR for both acquisitions. SNR estimated as the ratio
of the area under the NAA (or Cho in the absence of NAA)
peak to the standard deviation of the noise, estimated
between 0 to 1.2 ppm [44] is reported besides the spectra.
SNR is expressed in decibels (dB) as 10*log10 (SNR).
Good coverage was observed across the brain with
improved performance compared to previous lower resolution implementations of the EPSI sequence as evident
from metabolite maps for a patient with high-grade glioma
(Fig. 4). Brain coverage (defined as the percentage of brain
voxels with linewidths of < 13 Hz) of as high as 80% was
obtained in control subjects. Previous MRSI methods that
employ multiple OVS bands to reduce lipid signals, or those
using sparse reconstruction-based techniques, are often
limited in their ability to map cortical regions. Moreover,
lower resolution whole-brain approaches also perform
poorly in cortical regions due to lipid signal bleeding and
partial volume effects [45]. The high-resolution MRSI in
the glioma case of Figure 4 shows the potential for better
delineation of tumor boundaries, for instance for improved
guidance of biopsies or radiation treatment planning.
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3  Representative spectra obtained using the proposed whole-brain
MRSI. (3A) White matter spectra in a control subject acquired at
TE = 17.6 ms. (3B) Tumor spectra in a high-grade glioma patient
acquired at TE = 50 ms. Tumor spectra show lowered
NAA (red arrow) and increased Cho (blue arrow).

N-Acetylaspartate

Choline

Creatine

4  N-Acetylaspartate, Choline, and Creatine maps obtained using the high-resolution whole-brain MRSI sequence
in a high-grade glioma patient acquired at TE = 50 ms.
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II. Accelerated processing for rapid reconstruction
With the aim of fitting the entire MRSI pipeline, from
the acquisition of the data to presentation of metabolite
maps to the neuroradiologist within a clinically acceptable
timeline (1 hour), the EPSI sequence was enhanced to
perform the bulk of the time-consuming post-processing
components on Siemens Healthineers platform. Onscanner processing pipelines were developed to perform
data curation, echo correction, GRAPPA reconstruction
and coil combination. The advantages of performing the
operations on the scanner is a significant reduction (4-fold)
of reconstruction time as compared to using remote
systems in addition to significant reduction of data size
needed to be transferred to secondary systems that fit
the spectra for metabolite quantification. In this scenario,
the on-scanner reconstructed data are of the order of
1 gigabyte in size as compared to ~30 gigabytes of raw
data which results in significant reductions in transfer
times. Moreover, intelligent pipelines have been developed
that perform data reconstruction during the acquisition
of other clinical sequences allowing complete on-scanner
reconstruction possible before a patient leaves the facility.
Furthermore, automated data transfer can be achieved by
utilizing the Siemens Healthineers provided BOLD addin to
transfer on-scanner processed data to remote computers/
servers for further processing. Further processing carried
out on the remote computer (or clouds) using MIDAS
the Brain Imaging Collaboration Suite (BrICS) can be fully
automated and generates metabolic images that can be
sent to the institutional Picture Archiving and Communication System (PACS) for review by a radiologist in time to
generate radiology report.
III. Accelerated spectral fitting using machine learning
A variety of methods have been developed for frequency
domain analysis for single or multivoxel MRS [42, 46, 47].
Common analysis methods include parametric curvefitting routines, using various model functions such as
Lorentzian and Gaussian [48, 49] and fitting algorithms
(simplex, non-linear least squares, etc.). The most
sophisticated method, and one which is widely used,
is the linear combination model (‘LCModel’) that fits the
spectrum as a linear combination of the spectra of pure
compounds known to exist in the spectrum [50]. Although
LCModel works well for single-voxel and conventional
MRSI data, it cannot process other types of fast MRSI data
(such as EPSI). The MIDAS package for processing EPSI
data [26] includes a spectral fitting routine that utilizes
iterative expectation-maximization algorithms to estimate
peak area parameters; however, it currently takes
40–60 minutes to execute on a high-end multicore
workstation, which hampers the adaptation of MRSI into
the routine clinical workflow. To overcome this, a novel
fitting algorithm based on convolutional networks (FastFit)
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was developed, which provides rapid fitting of thousands
of spectra from each EPSI data set in under 1 min using
typical-performance computers that are found on MR
scanners [51]. FastFit incorporates a priori knowledge
of spectral physics into a deep learning algorithm that
computes coefficients for a wavelet-based baseline and
Lorentzian-Gaussian peak functions, published by Soher
et al. [42]. Results suggest that this method is also more
tolerable to baseline and other artifacts than traditional
curve-fitting methods, and can effectively produce
maps of metabolites and metabolite ratio 3D volumes
for clinical interpretation in a timely manner [51].
IV. Development of automated artifact removing filter
As stated above, the clinical application of MRSI has been
hampered due to challenges arising from: (a) artifacts in
the data, which can produce erroneous classifications of
tissue; and (b) a lack of consistent and validated models
for spectral quality assessment.
The MIDAS program package includes first-pass
multiple filters to eliminate poor quality spectra; (1) data
are not included for spectral analysis if the water linewidth
is > 18 Hz; and (2) following spectral fitting measures of
linewidth (typically < 13 Hz), Cramer-Rao lower bounds
(CRLB) ( e.g., < 20% for Cr), and spectral outlier detection
are used. Despite these first-pass filtering, many exceptions
still occur and can lead to false-positive or false-negative
detection of ‘abnormal’ spectra (e.g., based on ratios of
Cho/NAA). Therefore, confirmation of true metabolic abnormality requires a manual review of individual spectrum
by MRS experts, rather than a mere observation of maps
of metabolite distributions alone. However, with several
thousands of spectra in a single whole-brain EPSI scan,
manual review by qualified MRS expert(s) is impractical
and not scalable. To adopt whole-brain EPSI data into the
clinical workflow, it is, therefore, necessary to develop additional automated spectral quality algorithms. Since there
are no consistently accepted metrics for spectral quality
[52], a novel algorithm for identifying and filtering spectral
artifacts that arise from field inhomogeneities has recently
been developed and validated [53]. This approach uses
a convolutional neural network (CNN) trained using a
curated dataset of 10,000 voxels derived from GBM
patients and labeled by multiple MRS experts. The resulting
filter can accurately recognize the broad range of spectral
artifacts ( e.g., due to poor water suppression, lipid suppression, low SNR, or baseline shifts) and provides highly
specific and sensitive (AUC = 0.95) artifact classification
to remove voxels with poor quality. This CNN-based filter
complements the existing quality evaluation methods
currently provided by MIDAS. In addition, an anatomical
filter can exclude spectra from certain regions of the brain
that have different normal metabolite levels and ratios
than the cerebrum, using atlas-based registration [54].
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V. Development of image viewing platform
specialized for EPSI acquisition for non-MRS experts
Most programs to process/display EPSI data are not
user-friendly and require significant training. They are
challenging for clinicians or other non-MRS experts to use.
To better facilitate the use of 3D whole-brain spectroscopic
information in a clinically useful manner and promote
real-time collaboration/support from MRS experts who
are not necessarily available on-site, a web-based software
platform has been developed for EPSI data display and
real-time collaborative use in multisite clinical trials [55].
The Brain Imaging Collaboration Suite enables clinicians
to manage, analyze, and visualize volumetric spectroscopic
MRI (sMRI) with data from other clinical imaging sequences
[55]. BrICS currently overlays metabolic information on
anatomical images (i.e. CT or MRI) and enables browsing
in whole-brain volumes, automated lesion segmentation,
and spectral quality and fitting of individual spectrum all
within a web browser. Metabolite information first gets

co-registered into the space of a high-resolution T1w MRI
and FLAIR. The end-user can select from various individual
metabolite maps (in the case of GBM: NAA, Cho, Cr, and
the Cho/NAA ratio maps) with interchangeable panels for
enlarged views with editing capability of the segmented
lesions (Fig. 5).
In order to make BrICS available to a larger collaboration
community, we intend to exploit digital platforms that can
support multiple users as well as a scanner-to-PACS interface
without compromising patient information. MRI vendors
have started to offer such digital solutions. For example,
Siemens Healthineers teamplay platform enables the interfacing of MRI scanners with PACS and offers various FDA
approved digital tools, called “Companions”, that are specifically designed to facilitate such manual operations by radiologists as segmentation. BrICS can be built into the teamplay
platform, as a radiation therapy planning Companion, to
enable a large network of collaborators to work together in
improving upon and translating this tool into the clinic.
5  An example screenshot
of BrICS (the same patient
as Figure 2). BrICS allows
metabolic information
overlaid on anatomical
images (i.e. CT or MRI),
browsing the wholebrain volume, automated
lesion segmentation, and
spectral quality and fitting/
viewing of individual
spectrum for selected
location (red arrow),
all within a web browser.
Metabolite information first
gets co-registered into the
space of a high-resolution
T1w MRI and FLAIR (or any
clinical MRIs). The end-user
can select from various
individual metabolite maps
(in the case of GBM: NAA,
Cho, Cr, and the Cho/NAA
ratio maps) with interchangeable panels (5A) and
edit the segmented lesions
using various cursor size of
paint brush (red arrow) in a
separate screen in enlarged
views (5B).

5A

5B
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VI. Advancing magnetic field B0 homogeneity
to improve MRSI quality and reproducibility
Owing to the theoretical doubling of overall signal-to-noise
ratio (SNR), 3T MRI now plays the same role for clinical
imaging that was occupied by 1.5T systems in the past.
The static main (B0) field inhomogeneity is mostly caused
by magnetic susceptibility differences between soft tissues,
air, and bone and is proportional to the B0 field strength,
which can lead to image distortion and signal loss. Static
field (frequency) variations found at 3T are twice as large
as those at 1.5T. To address this problem, advanced MR
scanners use built-in shim coils in the magnet bore to
provide shimming capability up to the 2nd order spherical
harmonics (SH) for brain scans. Although this can address
part of the issue, organs with an air-tissue interface or
larger field-of-view, such as the heart, abdomen and the
whole brain, are often subject to higher-order magnetic
field disturbance and make the current vendor-provided
solution insufficient. This remains a major challenge
in spectroscopic MRI. The primary limitation to more
widespread clinical implementation of spectroscopic
MRI technology has been the inability to achieve good
magnetic field homogeneity over the entire brain volume,
as well as the variability in shimming between patients.
Recently a new concept has been proposed and developed,
so-called integrated parallel reception, excitation, and
shimming (iPRES) [56, 57], using the same single coil array
for simultaneous B0 shimming and RF reception by adding
DC currents to RF reception coil loops (Fig. 6). The close
proximity of the shared shim-RF loops to the subject allows
to increase the RF reception sensitivity and also provide
additional local B0 shimming. It relies on a novel circuit
design (Fig. 6A) that allows an RF current (for reception)
and a DC current (for B0 shimming) to coexist independently in the same coil element. Compared to conventional
RF array coils [58], the integrated RF-Shim array provides
a powerful add-on ability for multi-coil local B0 shimming
[59]. The integrated shim-RF technology is currently
pursued by several groups [60–63]. The innovative circuit
design first implemented in a proof-of-concept twochannel RF/shim array [56], was applied to arrays with
more channels [61, 62], where either 16 or 32 elements
of commercial 32-channel RF head coils were modified for
successful experiments on humans. The RF sensitivity was
found not largely compromised compared to conventional
RF array coil [58]. The iPRES concept has received considerable attention in the community and its potential impact
in several MR applications recognized, including fMRI, MRS,
and ultra-high-field MRI [64–72]. It also draws considerable attention from vendors since it can simplify scanner
design and considerably improve its shimming function.
The decreased distance from shim coils to the targeted
organ increases shimming effectiveness compared to
distantly located magnet bore shim coils. The integrated

shim-RF coil does not compromise patient comfort
compared to a clinical coil (Fig. 6). Additionally, the novel
coil based shimming does not require more scan times,
sequence modification or additional image reconstruction.
The local shimming protocol essentially has no significant
difference from vendor-supplied shimming protocols.
The only difference is the shim coils being changed from
the shim coils built in the magnet bore to a local shim-RF
coil. As such, there will be no increase in exam times
compared to existing protocols after the software is
integrated into the MR scanner console.
6A

L1
C1

RF choke
DC Power
Supply

C1

C1
L1

RF choke

C1
L1

6B

w/o iPRES

with iPRES

100 Hz

-100 Hz

6C

6D

6  Integrated shim-RF head coil as a potential clinical technology.
(6A) Shared RF/shim loop as used in iPRES. (6B) Field homogenization in frontal and temporal lobes. (6C) Homemade low cost
multi-channel shim current amplifiers. (6D) The helmet CAD
model for 3D printing has similar geometry as for product coils.
Integrated coils have no compromise in patient comfort by
integrating shim/RF into a standard-size head coil assembly.
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Further advanced technology such as Unified Coil (UNIC)
can provide even higher-order local shimming using a
standard-size coil assembly, which may potentially achieve
the true full brain coverage and allow metabolic evaluation
of the entire brain. Such coils can be widely used and
thus benefit the entire MR community by advancing B0
shimming technology, and negligible eddy current effects
make it very suitable for dynamic shimming. It will help
catalyze the clinical acceptance of spectroscopic MRI. As a
background, Siemens Healthineers has introduced the new
generation MRI scanner MAGNETOM Vida with BioMatrix
technology in 2017. Such integrated shim-RF coils fit
the scope of the endeavor in better addressing one of the
greatest challenges of imaging – variability of anatomies
and physiologies among different patients – and further
advance initiatives in precision medicine in MRI.
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Conclusions and future prospects
To be able to utilize spectroscopic MRI in routine clinical
workflow, there are still a number of improvements to
be made, including; (1) accelerated processing pipeline
to meet neuroradiology reading time; (2) whole-brain
coverage; (3) fully automated and reliable artifact removal;
and (4) improvement in resolution. Excitingly, an ultrahighresolution EPSI sequence is under development by
Maudsley et al., which provides improved interpolated
resolution of 1.3 x 2.0 x 2.5 mm3 with 128 x 128 x 48
k-space points (currently under validation). This will enable
imaging smaller tumors/regions of the brain and provides
better brain coverage due to decreased sensitivity to field
inhomogeneity and better fat suppression using smaller
voxel size. Acquisition time is reduced by optimizing the
sequence to acquire 50% fewer spectral points without
affecting spectral quality and the field-of-view is decreased
by 1/3 in the z-direction. With a shorter TR (950 ms)
(previously 1700 ms), there was no increase in imaging
time compared to the earlier sequence. On-scanner
preprocessing modules are also under development
to perform echo combination, GRAPPA reconstruction,
coil combination, and spatial Fourier transform. Running
these preprocessing modules on the scanner can significantly reduce post-processing times and the size of data
required to be transferred, stored and processed. Since
the ultrahigh-resolution sequence has more demanding
computational requirements and may prolong reconstruction times, the reconstruction pipelines are modified
to use parallel/distributed computing, which promises
a significant reduction in processing times along with
implementing the recently developed neural-networkbased accelerated spectral fitting [51]. The value of
spectroscopic MRI becomes evident when considering the
shortcomings of conventional MRI exams in delineating
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7  Conventional MRI including T1w (7A) and FLAIR (7B) showing an
infiltrative mass in the left insula and posterior limb of the internal
capsule. The complete extent of the mass is difficult to appreciate.
Cho sMRI (7C) shows much larger spectroscopic abnormality
encompassing a significant region of elevated Cho involving the
temporal stem, insula, and cerebral peduncle (7D).

disease progression versus treatment effect. Figure 7
shows the Cho/NAA = 2x volume in BrICS from a
16-year-old patient with high-grade glioma, using the
ultrahigh-resolution sequence (the same patient in Figure
4) with an interpolated resolution of 6.5 µl. While there
was hardly any enhancement visible in the CE T1w-MRI
following surgery, the Cho map shows a significant
elevation of choline in the anterior aspect of the resection
cavity and the Cho/NAA ratio map revealed a 19.2 ml
region consistent with a residual tumor. It is expected
that by combining the software and improved hardware
technologies described above, many of the obstacles
of the implementation of MRSI in the clinic will be
overcome, and it will gradually become accepted as an
important modality for the evaluation of patients with
brain tumors and other neurological diseases.
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