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Abstract

Spatial suppression of peripheral lipid-containing regions in volumetric MR spectroscopic
imaging (MRSI) of the human brain requires placing large numbers of outer volume
suppression (OVS) slices, which is time consuming, prone to operator error and may
introduce subject-dependent variability in volume coverage. We developed a novel,
computationally efficient atlas-based approach for automated positioning of up to 16 OVS
slices and the MRSI slab. Standardized positions in MNI atlas space were established offline
using a recently developed iterative optimization procedure. During the scanning session,
positions in subject space were computed using affine transformation of standardized
positions in MNI space. This atlas-based approach was characterized offline using MPRAGE
data collected in 11 subjects. The method was further validated in 14 subjects on a clinical 3T
scanner using 3D short TE (15-20ms) Proton-Echo-Planar-Spectroscopic-Imaging (PEPSI) in
upper cerebrum. Comparison of manual and automatic placement using 8 OVS slices
demonstrated consistent MRSI volume selection and comparable spectral quality with similar
degree of lipid suppression and number of usable voxels. Automated positioning of 16 OVS
slices enabled larger volume coverage, while maintaining similar spectral quality and lipid
suppression.  Atlas-based automatic prescription of short TE MRSI is expected to be

advantageous for longitudinal and cross sectional studies.
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Introduction

Suppression of overwhelming lipid and water signals from peripheral regions around the
brain is necessary in proton MR spectroscopic imaging (MRSI) to prevent spectral
contamination inside the volume of interest (VOI) due to the point spread function. Outer
volume suppression (OVS) using spatial pre-saturation [1-16] is widely employed for MRSI
studies on clinical scanners and the state of the art in method development has focused on
improving the suppression efficiency by optimizing RF pulse design, gradient switching
schemes and timing of OVS modules. Recently, Henning et al. [13, 14] developed powerful
T1- and Bl-insensitive outer volume suppression methods with highly selective broadband
RF pulses to minimize chemical shift displacement artifacts at high field. Our group has
shown the feasibility of ultra-short echo time (TE) high-speed MRSI in human brain using
slice-selective Proton-Echo-Planar-Spectroscopic-lmaging (PEPSI) with eight OVS slices

positioned along the periphery of the brainin [6, 7, 9, 12, 16].

However, positioning of suppression slices in these studies was performed manually,
which introduced operator-dependent and possible inter-subject and intra-subject variability
of the VOI. Although, Duyn et al. [4] introduced semi-automatic placement of 8 OVS slices
for multi-slice MRSI based on a user-defined octagon shaped VOI to facilitate clinical usage,
for measurements at short TE in lateral cortical regions, this approach still demanded manual
interventions to maximize volume coverage. Manual placement of OVS slices requires
considerable skill and time to balance the needs of completely covering peripheral brain
regions with a limited number of OVS saturation bands (to constrain T1-related losses in
suppression) and minimizing the loss of lateral cortical brain regions while taking into
consideration the OVS slice transition bandwidth and chemical shift artifacts. Optimal
placement of OVS slices in triple-oblique orientation is hard to visualize on the scanner
Graphical user Interface (GUI). Moreover, manually placing a large number of OVS slices
for volumetric MRSI to obtain larger VOI coverage is even more challenging and may

become unmanageable as the number of OVS slices increases. It is thus highly desirable to
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automate the process of positioning optimal OVS slices. This is particularly important when

tracking changes in lesion volume and related metabolic changes in clinical MRSI studies.

Automated methods for positioning multiple spatial saturation slices were designed by
Ryner et al. [10] and Venugopal et al. [11] to delineate small volumes within a particular
organ, such as around a breast lesion, prostate tumor or a brain tumor mass, but this
methodology has not been applied to delineate an entire organ. Recently, we proposed an
iterative optimization approach [16] to automatically place up to sixteen OVS slices in
peripheral regions and demonstrated on a clinical 3T scanner the feasibility of automated
short TE 3D MRSI in an individual’s brain. The resultant metabolic maps and spectra of the
automated placement method were comparable to those acquired from manually placed OVS
slices by a skilled operator. Ozhinsky and Nelson presented an automatic prescription of an
oblique PRESS box and 9 OVS slices to extend brain coverage ensuring effective lipid
suppression at long TE [15]. These automatic methods [10, 11, 15, 16] are capable of
accurate placement of OVS slices on a subject by subject basis, but they are subject to brain
segmentation errors and local minima in optimization, which affects reliability and
consistency, and they are time consuming. As a result, these methods do not guarantee
consistent OVS coverage and region of interest (ROI) positioning, which limits their
usefulness for investigating spectral changes in lateral cortical regions in longitudinal studies

in individual subjects and in cross-sectional studies.

Inspired by the increasing use of statistical brain atlases in clinical settings for automatic
positioning of MR imaging slices and the proven high efficiency, robustness and precision of
the methodology [17, 18], we extended our recent work [16] with a new automatic method
for OVS placement based on the use of a standardized atlas brain. In this approach, a
template is created by placing the MRSI slab on the Montreal Neurological Institute (MNI)
atlas brain [19] to specify the volume of interest (VOI) and by positioning up to 16 saturation
bands on this brain atlas to suppress peripheral lipid around the VOI defined by this slab
using the automatic placement method described in [16]. During an actual scanning session,

both the MRSI slab and the OVS slices are converted by affine transformation to their
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corresponding positions in the subject space using the FMRIB's Linear Image Registration
Tool (FLIRT) implemented in the FMRIB’s Software Library (FSL) [20]. The method was
validated in the human brain in an offline analysis using previously acquired MPRAGE scans
and up to 16 OVS slices. In vivo implementation in comparison to manual placement was
tested on clinical 3T scanners in a multi-center study using 3D short TE (15-20 ms) Proton-
Echo-Planar-Spectroscopic-Imaging (PEPSI) in upper cerebrum with automated spectral
quantification based on LCModel fitting [21]. We compared the coverage of peripheral lipid
containing regions and the suppression of cortical regions by OVS slices, the number of
usable voxels with Cramer Rao lower bounds less than 20 %, and the quantification of
metabolite maps for manual and automatic placement of the MRSI slab and up to 16 OVS

slices.

Theory

The atlas-based prescription method in [17, 18], which is now available on clinical
scanners of the major manufacturers, has shown its usefulness in clinical applications. With
this method, the slices are first selected in a probabilistic atlas representing the population
and then aligned to an online localizer based on the rigid body registration matrix between
the low resolution localizer and the atlas. Unfortunately, the rigid body registration considers
only rotation and translation, which is not applicable for OVS slice placement due to the need
for very precise positioning in peripheral regions of the brain taking into account scaling and
geometrical variability between the atlas brain and the subject brain. Therefore, it is

necessary to use the affine transformation [20] or even nonlinear deformation [22].

Based on the framework of atlas-based slice prescription in [17,18], we propose a
solution to automatically place the OVS slices online in 3D MRSI. In a first step the MRSI
slab is placed in atlas space to define a VOI of specific clinical interest. The thickness and
orientation of the slab is chosen based on the number of available OVS slices, the expected
shimming conditions within the VOI and TE. Long TE MRSI scans are more tolerant to lipid

contamination and magnetic field inhomogeneity, enabling the use of larger VOIs. Short TE
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MRSI scans are less tolerant to magnetic field inhomogeneity, constraining the VOI size. The
OVS slices are automatically placed using an optimization method [16] to completely cover
lipid containing peripheral areas. During the actual MRSI scan session, high resolution
structural scans of the subject are used to compute the affine transformation matrix between
the atlas brain and the subject brain. Then the prescriptions of the MRSI slab and the OVS

slices are mapped to subject space using the inverse of the affine transformation.

Placement of the MRSI slab and OVS slices in atlas space (offline)

The first step is to manually place the MRSI slab in the brain atlas to define the VOI. For
short TE 3D MRSI in the upper cerebrum we positioned a thick slab in AC/PC orientation
extending upwards from the middle of the ventricles to the top of the brain, which avoids
frontal areas with large magnetic field inhomogeneity. The VOI is thus defined as the brain
volume covered by the MRSI slab. This VOI may be changed according to the clinical
interest, but shimming conditions in vivo need to be taken into consideration. In case of 16
OVS slices, two of the OVS slices were placed directly inferior and superior, in parallel to the
MRSI slab in order to reduce edge artifact from imperfections of 3D RF excitation (Fig. 1).
and the rest are placed automatically in two rings to form a convex hull as described in [16].
In case of 8 OVS slices a single ring is used. First, the lipid-containing peripheral regions in a
brain atlas are identified using the brain/non-brain segmentation tools BET [22]. The
performance of BET is satisfactory here due to the absence of intensity inhomogeneity and
other artifacts in the template. Then the OVS slices are automatically placed using the
iterative optimization method described in [16]. Note that this offline optimization procedure

is performed only once for all subsequent in vivo scanning.

Reqistration of the subject head to the atlas head (online)

The registration problem here is to find the set of parameters describing the transformation
matrix from the source image in subject space to the reference image in atlas space, which
maximizes the “similarity” between these two images in atlas space. The transformation
function could be a linear function [23, 24] or a combination of some nonlinear basis

functions [25, 26]. Here we used FLIRT (FMRIB's Linear Image Registration Tool) [20], a
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widely used fully automated robust and accurate tool, which uses an intensity based cost
function for linear (affine) intra-modal structural brain image registration. To further improve
the precision of registration, additional factors such as the interpolation method, the intensity
inhomogeneity of subject images due to B1-inhomogeneity [20], orientations of images, and

the symmetry of registration [27] were investigated (see below).

Transformation of the prescription of slices to subject space (online)

The affine transformation using FLIRT (in FSL package [20]) consists of translation,

rotation, scaling and shear. The slice S in atlas space is defined by a normal vector N, which
is represented by three orthogonal vectors (NX, Ny, NZ) , and the slice center (P P,P )With

x'yrtz

respect to a generic 3D Cartesian coordinate system:

P,

N, N, N, P
S= v o 1)

0 0 0 1

The affine transformation generates a slice S’ in subject space:
S'=M;'S (2)
, Where the transformed center is represented by (PX’, P, PZ'). However, the transformed

vectors (NX’, N,’, Nz’) are no longer orthogonal if a shear transformation is involved. To

account for this, three new orthogonal vectors (NX", N, ", Nz") are reconstructed as follows:

N."=N,’
N,"=N,'x N’
N,"=N,"x N’ 3)

where x is the vector product operator, used here to orthogonalize vectors Ny and N, with
respect to Ny.

The transformed slice S’ is thus represented by

Magnetic Resonance in Medicine
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P/

~ N " Nyll NZII Pyy
P’

0 0 0 1

(4)

In our implementation, the output OVS slice center and normal vectors were specified in
accordance with the Siemens patient coordinate system LPS (Left-Posterior-Superior), which
is used in the Siemens console GUI. The MNI template is in the Neurological (Right-
Anterior-Superior = RAS) orientation and the FMRIB Software Library (FSL) uses the
Radiological (Left-Anterior-Superior = LAS) coordinate system. To ensure internal
consistency all intermediate images, transformations and prescription of slices conformed to

RAS.

Materials and Methods

Implementation of the OVS placement pipeline
Note that the placement of the MRSI slab and the OVS slices in MNI space in Step 1
is carried out offline only once, while the subsequent steps are performed online for each

subject brain during an in vivo MRSI experiment.

Step 1: The MNI template (MNI512_T1 1mm head [19]) was used in RAS
orientation. The MRSI slab was manually placed on the MNI head and oriented in parallel
with the AC-PC line (the anterior axis in the RAS coordinate system) extending in the
superior direction (Fig.1). The slab thickness was chosen to be either 40 mm for the 8 OVS
slice implementation or 52 mm for the 16 OVS slice implementation. This selection of slab
thickness in vivo was chosen to maximize brain volume coverage while minimizing loss of
cortical tissue and line broadening due to magnetic field inhomogeneity in inferior frontal
cortex. For offline simulation the slab thickness for 16 OVS slice was increased to 80 mm to
assess feasibility of covering a larger brain area extending in the inferior direction. The

iterative optimization procedure for these OVS slices [16] yielded a slice thickness in MNI

Magnetic Resonance in Medicine
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space ranging from 19.2 mm to 22 mm. This thickness was manually extended to a uniform
25 mm, taking into consideration the finite transition width of the suppression slice profile
and chemical shift displacement. The slice thickness of these two OVS slices was optimized
manually to suppress signals from the nasal cavities (slice 1, inferior to the MRSI slab,
thickness: 40 mm) and to fully cover superior lipid containing regions (slice 16, superior to
the MRSI slab, thickness: 30 mm).

Step 2: High resolution T1-weighted structural scans acquired with the Siemens
MPRAGE sequence were used to obtain the affine transformation matrix between the MNI
brain and the subject brain. The MPRAGE scans in DICOM format were transferred to an

external 64-bit Dell T7400 workstation and converted to a 3D volume in NIFTI1 format (.nii)

using the FreeSurfer (version 3.0.4) (http://surfer.nmr.mgh.harvard.edu/) function
mri_convert.

Step 3: It was necessary to adjust the image intensity profile to reduce adverse effects
of intensity inhomogeneity on registration accuracy. The FreeSurfer module
mri_nu_correct.mni was used to correct the image intensity inhomogeneity of the subject
head 3D volume. It uses the Nonparametric Non-uniformity intensity Normalization method
(N3) [28] that does not require a tissue model, is independent of pulse sequence and is
insensitive to pathology.

Step 4: The inhomogeneity-corrected 3D volume was re-sliced to RAS orientation
with a 1x1x1 mm? voxel size using a Matlab routine reslice_nii, available for download from

http://www.rotman-baycrest.on.ca/~jimmy/NIFTI/.

Step 5: The affine transformation matrix M, was determined by registering the

subject head to the MNI head using the FSL function FLIRT [20]. Here, M, provided by

FLIRT was defined in the native image coordinate system (centered at one of the image
volume corners) instead of the RAS system.
Step 6: A Matlab script was developed in-house to map the prescription (center and

normal vector) of the MRSI slab and the OVS slices in MNI space to subject space using the

inverse of the above affine matrix M:*

Magnetic Resonance in Medicine
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S'=MM'M_'S (5)
where M, and M, are the voxel to RAS transformation matrices between the subject brain

and the MNI brain.

Step 6: For visualization purposes using fslview [20], the transformed prescriptions
of the MRSI slab and OVS slices were reconstructed to form 3D slabs in the subject space
that were overlaid on the high-resolution MPRAGE scan. The MRSI slab and OVS slice
prescriptions were written to an ASCI|I file, which was transferred to the scanner console and
read by a modified PEPSI pulse sequence (see below). The placement of the slices was

shown superimposed on the subject’s localizer scan by the scanner GUI.

Subjects and data acquisition

Fourteen healthy subjects participated after giving institutionally reviewed informed
consent. Data were collected on Siemens 3T TIM Trio scanners (Siemens Medical Solutions,
Inc.) equipped with Avanto gradient system and 12 channel array head coil. High-resolution
T1-weighted MPRAGE (Magnetization Prepared RApid Gradient Echo) scans were acquired
with TR: 1810ms, TI: 900ms, TE: 2.52ms, flip angle: 8°, bandwidth: 651Hz/Px, 160 or 192
sagittal slices with 256x256 in-plane resolution, and isotropic 1 mm voxel dimensions. High-
resolution multi-slice T,-weighted turbo spin-echo scans with the same slice orientation as
the PEPSI scan were acquired for manual placement of the OVS slices. MRSI data
acquisition was performed using the PEPSI pulse sequence descried in [12], using a spectral
width of 1087 Hz and a digital spectral resolution of 1Hz. The GUI of the Siemens scanner
allows manual placement of up to 8 OVS slices. For automated OVS placement the PEPSI
sequence was modified to read the OVS slice offsets, rotation angles and thicknesses from a
ASCII text file described above. The number of OVS modules was increased to 16, which
required elongating the duration of the first two water suppression modules to maintain
consistent timing of the water suppression modules. Gradient crusher orientations and
amplitudes were carefully chosen to avoid secondary echoes. The GUI was modified to

display a user selectable set of 8 of the 16 OVS slices overlaid on the T,-weighted turbo spin-

Magnetic Resonance in Medicine 10
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echo scans to assess OVS slice placement. The MRSI slab origin and orientation were

entered manually from the ASCI|I text file described above.

3D PEPSI data for comparing manual and automated placement of 8 OVS slices was
collected from a 40 mm thick slab in AC/PC orientation extending from the middle of the
ventricles in the superior direction: TR: 2 s, TE: 15 ms, FOV: 226x226x55 mm, spatial
matrix: 32x32x8 with elliptical sampling in the sagittal (y-z) plane , nominal voxel size: 0.34
cm?®, scan time: 4:43 min. Manual placement of the MRSI slab and 8 OVS slices was
performed by an experienced operator (SP). Water suppressed (WS) data were acquired with
a single average using first- and second-order autoshimming and automated adjustment of
water suppression. A non-water suppressed (NWS) reference scan with 1 signal average
using a shorter TR (1 s) was also collected.

3D PEPSI data for automated placement of 16 OVS slices was collected from a 52
mm thick slab in AC/PC orientation extending from the basal ganglia in superior direction:
TR: 2s, TE: 20 ms, FOV: 226x226x60 mm, spatial matrix: 32x32x8, elliptical sampling in
the sagittal (y-z) plane, nominal voxel size: 0.37 cm?®, scan time: 4:43 min. In one subject a
spatial matrix of 32x32x16 with FOV 226x226x120 mm and 10:58 min scan time was used.

NWS reference scans were collected with single average using TR: 1 s.

MRSI data reconstruction and quantification

Reconstruction of PEPSI data was performed online using an ICE program that
performs ramp sampling correction, removal of oversampling and separate processing of odd
and even echo data. A Hamming filter was applied across all spatial dimensions to reduce
peripheral lipid contamination. This filter effectively increased the voxel volume by
approximately 50%. Automatic zero-order phase correction based on the (residual) water
signal was applied on a voxel-by-voxel basis. Odd and even spectra were summed to obtain
NWS and WS spectral arrays,. Reconstructed spectral quality was examined on the scanner in
the Spectroscopy Task Card. Spectral postprocessing with LCModel fitting to generate

metabolic maps was performed as described in [12].

Magnetic Resonance in Medicine 1
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Quantification of volume coverage in peripheral lipid containing regions and in lateral gray
matter regions

The MPRAGE scans of 11 subjects were segmented using FreeSurfer (FS)
segmentation pipeline (version 3.0.4) with default parameters and the resultant WM/GM
surfaces were edited by an expert and used as ground truth after converting to volumetric
data. Regions outside of the outer GM surface were considered peripheral lipid containing
regions and CSF. The percentage coverage of peripheral lipid containing regions and CSF
was computed as the fraction of MRI voxels in this region that intersects with any of the OVS
slices. Due to the finite transition bandwidth and the planar geometry of the OVS slices there
is unavoidable suppression of lateral gray matter (GM) and white matter (WM) regions when
using a finite number of OVS slices. The percentage brain tissue (GM + WM) loss was
defined as the fraction of MRI voxels in the combined GM and WM masks, within the MRSI

slab, that intersects with any of the OVS slices.

Quantification of residual peripheral lipid signals

A peripheral mask was calculated based on the NWS and the WS images. Both NWS
and WS were integrated along the spectral domain in magnitude mode and thresholded at 10
% signal intensity to create masks that defined the inner volume of interest and the entire
imaged slab. Subtracting these two masks created the peripheral mask. For five central slices
within the selected MRSI slab the residual integrated lipid signal for all voxels in the
peripheral mask was computed by integrating the area under the main lipid peak (1.3 ppm) in

the water suppressed data in magnitude mode over the range 1.02 ppm - 1.67 ppm,

Results

Parameter settings for image registration

The factor that affected the reliability of registration between atlas space and subject
space most was the image intensity inhomogeneity. Therefore, we corrected the intensity

inhomogeneities using the N3 method [28] with a relatively small smoothing distance of 50-

Magnetic Resonance in Medicine 12
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100 mm [29, 30]. Based on the intensity-corrected image, the correlation ratio as a similarity
measure for multimodal image registration [31] was the best cost function for our data, and it
resulted in the smallest position variability of the slice prescriptions (center and normal

vector).

Offline validation of automatic placement of up to 16 OVS slices

When transforming the MRSI slab from MNI space (Fig. 1a) to subject space (Fig.
1c), the MRSI slab was oriented and placed at an equivalent location extending from the
middle of the ventricles in superior direction, consistent with our targeted VOI for 3D MRSI.
The positioning of the OVS slices in subject space (Fig. 1d) was also consistent with the
placement in MNI space (Fig. 1b), forming a convex hull around the upper cerebrum. In both
atlas and subject space the peripheral lipid containing regions were 100 % covered by the

automatically placed OVS slices in all 11 subjects, both for 8 and for 16 OVS slices (Fig. 2).

The brain tissue loss in the 40 mm MRSI slab using 8 OVS slices was 13.9% on
average for the 11 subjects (Table 1). For the 80 mm MRSI slab using 16 OVS slices the
brain tissue loss was 19.3%. This difference is in part due to the use of 6 OVS slices in the
superior ring for the 16 OVS slice case, which leads to a coarser coverage of peripheral
regions. Furthermore, the thicker slab for the 16 OVS slice case covered more brain tissue
close to the top of the head, which exhibits much stronger curvature than the brain region
imaged for the 8 OVS slice case. This makes suppression more difficult and necessitates
sacrificing more brain tissue closer to the top of the brain. An example of the OVS placement
and the degree of suppression of lateral gray matter for the 8 OVS slice case is shown in

Fig.3.

Online validation comparing automatic and manual placement of 8 OVS slices

Automated prescription of the MRSI slab and the OVS slices (steps 2 — 6 in the
Method Implementation) on the external workstation took less than four minutes and was

performed while a T, weighted scan for manual placement was acquired. As with the offline

Magnetic Resonance in Medicine 13
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simulations, complete coverage of peripheral lipid containing regions with automated OVS
slice placement was obtained in all subjects and verified on the scanner console prior to
collecting MRSI data. VVolume coverage, spectral line width and lipid contamination for
manual and automated OVS placement were comparable, enabling computation of metabolite
maps of Ino, Cr+PCr, Glu+GIn, NAA+NAAG, and macromolecular resonances at 0.9 and 2.0
ppm. The CRLB thresholds were 20 % for NAA+NAAG, Cr+PCr, 30 % for Ins and
Cho+PCho, and 50 % for Glu+GIn and MMO09 (macromolecules at 0.9 ppm). Metabolite ratio
maps obtained with automated OVS placement show relatively uniform metabolite
distributions with distinct GM/WM contrast in Cho, Cr and Glu+GIn maps, consistent with
our previous studies (Fig. 4). The slice averaged metabolite concentration ratios for the 4
central slices that are fully encompassed within the MRSI slab shown in Table 2 are
comparable for automated and manual placement. They are also comparable across slices, as
expected, and consistent with our previous results [12]. The number of usable voxels with
CRLB threshold greater than 20 % in these maps (Table 3) was comparable across slices and
metabolites, but 16 % (on average) smaller for automatic compared to manual placement, due
to the more conservative choice of the OVS slice thickness for automated placement.
Residual lipid signals in peripheral regions of the MRSI with automatically placed OVS
slices were also comparable to data obtained with manually placed OVS slices (Table 4) and

within the variability of lipid suppression ratios measured across subjects.

Online validation using automated placement of 16 OVS slices

Complete coverage of lipid containing regions was obtained in all three subjects and
verified on the scanner console prior to collecting MRSI data by assessing the placement of
the OVS slices (Fig. 5). The spectral quality and degree of lipid suppression was comparable
to the 8 OVS slice case (Fig. 5f). Metabolite maps shown in Fig.6a display image quality
comparable to our previous studies with respect to uniformity, but much larger volume
coverage than previous short TE studies. The small voxel size and the stronger slab
angulation in this study limited magnetic field inhomogeneity related line broadening and

baseline distortion. Selected spectra from lateral and central regions in different slice

Magnetic Resonance in Medicine 14
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locations demonstrate comparably low levels of lipid contamination (Fig. 6b,c), confirmed by

their respective LC model fits.

Discussion

This study introduces a novel method for positioning OVS slices and the MRSI slab
based on an anatomical brain atlas, which eliminates the need for any operator interaction for
collecting MRSI data. To our knowledge, this is the first use of atlas based registration for
OVS in MRSI. This approach follows the use of statistical brain atlases in clinical settings for
automatic positioning of MR imaging slices, which has become available as a product on
clinical MRSI scanners. Landmark based methods have also gained popularity for positioning
MRI slices in clinical imaging, but large number of landmarks would be required for
placement of OVS slices due to the complex geometry of the surface of the brain, facial
regions and peripheral lipid containing regions. Our data show that automatic placement of 8
OVS slices provides consistent short TE MRSI volume selection and comparable spectral
quality across subjects with a similar degree of lipid suppression and number of usable voxels
as manual placement. We have also demonstrated short TE MRSI with 16 automatically
placed OVS slices and MRSI slab, and achieved larger volume coverage while maintaining
similar spectral quality and degree of lipid suppression. The number of OVS slices is limited
by T; relaxation during the application of the OVS modules and by nonuniformity of the B;
field. Repetitions of the OVS modules may be required to achieve adequate suppression.
Additional OVS modules to augment lipid suppression in presaturated OVS slices or to
define additional OVS slices may be inserted into a spin echo sequence as shown by Chu et al

[9] and during the TM period of a stimulated echo pulse sequence [6, 7].

The use of an atlas-based approach has two advantages compared to iterative
optimization methods. First, the computational burden is considerably reduced facilitating
integration of OVS placement into the scanner workflow. Second, iterative optimization
methods may converge in local minima, resulting in suboptimal saturation band placement

Magnetic Resonance in Medicine 15



©CoO~NOUTA,WNPE

Magnetic Resonance in Medicine

and possible inter-subject variation in saturation band placement. The atlas based approach is
expected to increase consistency of OVS placement and MRSI slab selection between
subjects and during scan repetitions, which is advantageous for longitudinal and cross-
sectional studies. Iterative optimization on the other hand is suitable for offline generation of
optimal OVS slice and MRSI slab positions in atlas space under the supervision of an
experienced user, who ensures that the global optimum is selected. The automated OVS
positioning method by Ryner et al. [10] and Venugopal et al. [11] is based on optimization in
subject space, but has not yet been applied to delineate an entire organ. The automated
prescription method by Ozhinsky and Nelson, which employs prelocalization using an
oblique PRESS box and 9 OVS slices to extend brain coverage, also operates in subject space
[15] and is similar to our recently developed iterative optimization method [16]. These
methods are capable of accurate placement of OVS slices on a subject by subject basis, but
they are subject to brain segmentation errors and optimization reliability. Since they do not
guarantee consistent OVS coverage and ROI positioning, these methods are not suitable for
investigating spectral changes in lateral cortical regions in longitudinal studies in individual

subjects and in cross-sectional studies.

The sensitive volume in this study was limited by shimming considerations rather
than by the number of OVS slices. Larger volume coverage at short TE would be possible, if
shimming conditions in frontal and inferior temporal cortex were improved. Reducing voxel
size to 0.37 cc in this study helped mitigate magnetic field inhomogeneity in frontal brain

areas and reduced spatial contamination from peripheral lipid signals.

Consistent with previous implementations of OVS slices, a planar geometry is used
for OVS slices. Although this approach provides satisfactory coverage as shown in our data,
there may be cases where unusual skull shapes and large thickness of peripheral regions may
lead to inadequate coverage of lipid containing regions. As a potential solution, nonlinear
registration using spatial normalization could be used for more accurate transformation

between the atlas space and the subject space. In the future, a non-planar geometry of OVS
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slice prescription from nonlinear transformation may be feasible using curved slice excitation

[32], taking advantage of parallel transmit technology.

While the results of automated placement are generally comparable to those obtained
with manual placement by an experienced operator, the usable volume of interest was slightly
smaller than with manual placement due to conservative choice of OVS slice thickness in
atlas space to accommodate inter-individual differences in local brain shapes and thickness of
peripheral lipid containing regions. Subjects vary in skull and peripheral tissue thickness;
thus, an optimal affine transformation for the brain may not be optimal for the skull. Hence,
in the current in vivo experiments, we used a fixed and conservative thickness (25 mm) of the
OVS slices in MNI space, which proved adequate for all subjects in our study. Further work
is required to test the reliability of MRSI slab and OVS slice positioning in future test-retest
studies across multiple scanners and a larger number of subjects. Further optimization of
OVS slice thickness and placement in MNI space to minimize tissue loss is under evaluation.
On the other hand, brain segmentation could be used online to positively identify peripheral
regions to constrain the affine transformation, thus enabling thinner OVS slices to be

positioned in subject space resulting in larger volume coverage.

Conclusions

We have demonstrated the feasibility of automatic and optimal placement of OVS
slices based on an atlas brain. The overall quality of metabolite maps obtained when OVS
slices are automatically positioned matches that of maps with manually placed OVS slices.
Atlas-based prescription of the MRSI slab ensures operator independent and pre-specified
selection of volume of interest across subjects. It also provides the flexibility to rapidly place
large numbers of OVS slices. Moreover, it has the potential to improve the reliability of
clinical 3D MRSI at short TE to reduce operator bias and improve MRSI data quality while
speeding up clinical throughput. Atlas-based auto-placement prescription of MRSI slab and

OVS slices is thus advantageous for longitudinal and cross sectional clinical MRSI studies
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and may be integrated with automated MRI slice prescription software on clinical MR

scanners.
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Subject Brain tissue | Brain tissue | Increase in
loss for 16 |loss for 8| brain volume
OVS slices | OVS  slices | coverage - 16
10 [%0] [%0] vs. 8 OVS
12 slices

9.79 10.74 1.6069

22.07 12.79 1.5979

22.71 13.42 1.6032

16.22 9.68 1.5816

22.39 14.67 1.5651

22.75 13.60 1.5882

16.67 9.46 1.6105

18.04 11.27 1.5958

19.12 17.88 1.6085

23.32 21.31 1.5772

11 18.78 17.89 1.5767

32 Mean (SD) | 19.26 (4.07) |13.88(3.79) | 1.59 (0.02)
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38 Table 1: Offline computation of brain tissue loss in lateral gray matter due to automated
40 placement of 16 versus 8 OVS slices and increase in brain volume coverage for 16 versus 8
42 OVS slices using MPRAGE data collected in 11 subjects. Brain tissue loss is computed with

44 respect to the brain volume encompassed by the MRSI slab.

Magnetic Resonance in Medicine



©CoO~NOUTA,WNPE

Magnetic Resonance in Medicine

Page 24 of 32

Slice | Placement | Glu+GIn/Cr | NAA+ tCho/Cr+PCr | Ins/Cr+PCr | MMOQ9/Cr+
Method +PCr NAAG/Cr+ PCr
PCr
3 Automatic | 1.08(0.53) 1.17(0.43) | 0.26(0.11) 1.08(0.33) 1.43(0.65)
Manual 1.56(0.52) 1.37(0.73) | 0.44(0.12) 1.02(0.33) 1.24(0.45)
4 Automatic | 1.26(0.68) 1.29(0.43) | 0.26(0.10) 1.05(0.31) 1.64(0.70)
Manual 1.21(0.57) 1.25(0.44) | 0.24(0.09) 1.03(0.29) 1.47(0.53)
5 Automatic | 1.32(0.37) 1.14(0.37) | 0.22(0.08) 0.92(0.33) 1.37(0.56)
Manual 1.43(0.64) 1.24(0.36) | 0.24(0.08) 0.96(0.27) 1.44(0.51)
6 Automatic | 1.68(0.66) 1.45(0.57) | 0.23(0.10) 0.90(0.33) 2.20(0.92)
Manual 1.15(0.38) 1.26(0.35) | 0.26(0.08) 0.97(0.28) 1.45(0.38)
Mean | Automatic | 1.34 1.26 0.25 0.99 1.66
(SD) (0.25) (0.14) (0.02) (0.09) (0.38)
Mean | Manual 1.34 1.28 0.29 1.00 1.40
(SD) (0.19) (0.06) (0.10) (0.03) (0.12)

Table 2: Slice averaged metabolite concentration ratios with respect to Cr+PCr (standard

deviation) in metabolite maps measured with automatic and manual placement of 8 OVS

slices as a function of slice position within the MRSI slab.
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Slice | Placement | Glu + | NAA+ [Cr + |tCho | Ins MMO
Method GlIn NAAG | PCr 9

3 Automatic | 212 237 235 [213 [229 |234
10 Manual 265 266 284 248 [271 | 292
12 4 Automatic | 225 223 226|207 [223 |277
Manual 252 259 249 227 | 248 | 252
15 5 Automatic | 206 206 211|181 [197 |[231
17 Manual 232 229 225 203 |218 |257
19 6 Automatic | 205 189 195 |162 |188 |[242
20 Manual 284 269 281 | 259 [284 [242
22 Mean | Automatic | 212.0 |[213.7 |216.8 |190.8 |209.3 |246.0
o4 (SD) (9.2) [(20.8) |(17.6) |(23.7) | (19.8) |(21.2)
Mean | Manual | 2583 |[255.8 |259.8 |234.3 |255.3 |260.8
27 (SD) (21.9) | (18.3) | (28.1) | (24.7) | (29.0) | (21.7)

©CoO~NOUTA,WNPE

31 Table 3: Number of voxels above threshold in metabolite maps acquired with automatic and
33 manual placement of 8 OVS slices as a function of slice position within the MRSI slab for 3D

35 data set with 8 encoded slices.
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Slice Automatic Manual
Placement Placement

3 1.00 0.86

4 1.00 0.91

5 0.97 0.94

6 0.86 0.89

7 0.85 0.63

Mean 0.94 0.84

(SD) (0.07) (0.13)

Table 4: Comparison of the integrated residual lipid signal for automatic and manual
placements for five slices of selected 3D PEPSI data sets with 8 encoded slices. The

integrated lipid signal (arbitrary units) is scaled to the maximum in slices 3 and 4 of the data

set acquired with automated placement.
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33 Figure 1: Placement of MRSI slab and 16 OVS slices on the MNI template head and transformation
34 to the subject head, displayed in the mid-sagittal plane, in offline computation. The MRSI slab and
35 OVS slices 1 and 16 are depicted in the MNI head (a) and mapped onto the subject’s head (c). OVS
36 slices 2 through 15 are displayed on the MNI head (b) and mapped onto the subject’s head (d).
37 98x103mm (96 x 96 DPI)
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Figure 2: Offline computation of 16 automatically positioned OVS slices in MNI space (top) and their
transformed positions in subject space (bottom) in four different axial slice positions along the
inferior to superior direction (a, z=80mm; b,z=90mm; ¢, z= 110 mm; and d, z = 120 mm).
173x116mm (96 x 96 DPI)
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31 Figure 3: Offline computation of the overlap of brain tissue with the OVS slices in cortical regions in

32 axial (a), sagittal (b), and coronal (c¢) orientations in an individual’s brain. (d) Cortical tissue

33 covered by 16 OVS slices in axial view at the same axial slice level as in (a) . Sagittal (e) and

coronal (f) views of the intersection of the brain volume with the 80 mm MRSI slab (light + dark
gray regions) and the 40 mm slab (light gray region).

35 173x116mm (96 x 96 DPI)
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Figure 4: Metabolite maps obtained with automated placement of 8 OVS slices: (a) MRI, (b)
Glu+GlIn, (c) NAA+NAAG, (d) Cr+PCr, (e) tCho, (f) Ins, and (g) MMO09.
172x153mm (96 x 96 DPI)
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35 Figure 5: Automated placement of 16 OVS slices in vivo shown on the scanner console in (a)

36 sagittal orientation and at (b, ¢, d, e) different axial slice levels. The superior slice locations in (b)
37 and (c) depict the upper ring with 6 OVS slices. The inner box is the shim region. The outer box
delineates the field of view. The spectral grid in (d) shows the size of the encoded voxels and the
localization of the 6 OVS slices from the upper OVS ring, which are outside of the head at this axial
39 location. The inferior slice location in (e) depicts 7 of the 8 OVS slices that are part of the lower OVS
40 ring. A representative spectrum from the scanner console with 0.38 cc acquired in 10:58 min is
41 shown in (e). The only spectral processing that was applied was mild exponential filtering.

42 177x141mm (96 x 96 DPI)
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Figure 6: a) Metabolite maps of Glu+GlIn, Cho, Cr and NAA obtained with automated placement of

16 OVS slices and 32x32x16 spatial matrix. The 7 slices represent the 52 mm thick slab selection.

b) Selected representative spectrum from a left lateral voxel at a distance of 7 mm from the OVS

slice for each of the 7 slices. c) Selected representative spectra from central brain regions for each
of the 7 slices. The displayed spectral range is 0.2-4.2 ppm.
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