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Abstract

Quantitative Magnetic Resonance Imaging (qMRI) surpasses traditional MRI, which
primarily focuses on local image contrast. It reveals specific physical parameters related to
the nuclear spin of protons in water and macromolecules. Parameters from qMRI, including
longitudinal and transverse relaxation rates, magnetic susceptibility, proton density, and
magnetization transfer, provide key insights into myelination, iron content, and cell
membranes in the living central nervous system (CNS). gMRI has identified crucial, highly
sensitive biomarkers in both health and disease, continually aiding longitudinal clinical trials
as a non-invasive means to monitor changes in tissue. It offers insights into disease
mechanisms that may precede visible changes in anatomical or structural images. Given the
complementary nature of gMRI methods- such as T2* relaxometry, myelin imaging,
magnetization transfer, and quantitative susceptibility mapping- to traditional contrast-
weighted MRI, developing and implementing reliable acquisition and processing qMRI
methods tailored to ultra-high field (7T) MR settings is vital for reliably assessing
biophysical measures within a clinically feasible timeframe.

The specific goals of this work were: (1) to implement a protocol to accurately quantify T2*,
QSM, gMT and MWF in-vivo at 7T ; (i1) to assess the reproducibility of the quantified
values using scan-rescan experiments; (iii) to develop a robust technique for fast imaging of
the human CNS; and (iv) to use the developed custom sequence to quantify myelin content
with an increased acquisition speed by Compressed Sensing (CS). The primary aim of this
work is to develop time-efficient, innovative, and non-invasive techniques capable of
delivering quantitative insights into pathology, assisting in the monitoring of disease

progression, and evaluating treatment effectiveness.
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Chapter 1: Introduction

Conventional magnetic resonance imaging (MRI) offers critical insights essential for
diagnosing, prognosis, and monitoring therapeutic efficacy in patients with underlying

.2 The designation' conventional MRI' refers to the

neurodegenerative disease
methodologies employed in clinical practice to characterize pathological conditions based
on contrasting changes observed in weighted images. These imaging modalities primarily,
but not exclusively, demonstrate a biophysical contrast mechanism, such as T1- and T2-
weighted scans 3 . The diagnostic utility of conventional magnetic resonance imaging (MRI)
in numerous neurological disorders is indisputable; however, the scope of traditional MRI is
confined to the identification of either prominent morphological abnormalities or localized
irregularities, leading to regional variations in signal intensities within any given tissue *.
Traditional MRI operates based on the differences in contrast between affected and
unaffected areas to identify pathology. Moreover, conventional MRI is inherently insensitive
to subtle global changes that may impact the entire brain and central nervous system (CNS)
5.

Conventional MRI cannot visualize the extent of damage to varying components of CNS
tissues, such as myelin, axons, and glial cells . A more refined quantification of the extent,
classification, spatial distribution, and temporal evolution of CNS tissue damage in
individuals could significantly enhance our comprehension of the underlying disease
mechanisms .

Quantitative MRI possesses the capacity to fulfill these requirements by delivering more

sensitive assessments of pathology and providing explicit information regarding the specific
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tissue components that have sustained damage. Unlike conventional MRI, which collects
datasets that encompass a mixture of weightings and therefore cannot yield a definitive
quantitative map, quantitative MRI relies exclusively on imaging acquisitions that facilitate
the disambiguation of signal variation sources. Moreover, through the application of
computational or mathematical modeling, quantitative MRI can produce quantitative maps
wherein intensities are quantified in physical units. Consequently, quantitative MRI
techniques exhibit superiority over conventional MRI in terms of sensitivity to subtle
changes within both lesions and normal-appearing tissue, as well as in their enhanced
specificity regarding the damage inflicted upon various CNS tissue components, including
myelin, axons, glial cells, iron, and blood flow and volume.

The SAR limitation of Spin Echo (SE) sequences at 7T for quantitative imaging, specifically
T2 maps, makes T2*-weighted Gradient Echo (GRE) sequences popular in CNS studies.
T2* relaxation refers to the decay of transverse magnetization caused by a combination of
spin-spin relaxation and magnetic field inhomogeneity. T2* maps have been widely used for
assessing pathology in patients suffering from Multiple Sclerosis, Alzheimer’s Disease,
Schizophrenia, etc. %12, Sensitive to susceptibility in the tissue, it can help identify iron
accumulation, blood oxygen levels, and hemorrhages '*1°. T2* is shorter than T2 alone due
to the presence of magnetic field inhomogeneity and other susceptibility effects. By
removing the background field inhomogeneity, which manifests as shortened T2* and signal
loss, reliable tissue-specific T2* values can be achieved. One of the comprehensive
techniques for removing background field inhomogeneity is the voxel spread function (VSF)
method, which was successfully implemented at 3T '®®. Imaging at ultra-high field MR (7T

and above) increased this background field inhomogeneity, which heavily penalizes the
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signal and the resulting T2* values. Therefore, it is of importance to implement the VSf
method at 7T and assess the reliability of the background field inhomogeneity-corrected T2*
maps.

Quantitative susceptibility mapping of the human brain has been intensively used in clinical
research due to its sensitivity to magnetic susceptibility of tissue, making it a potent
candidate to assess important tissue functions and diseases !°. The susceptibility contrast is
driven primarily by iron (paramagnetic) and myelin, whose lipids and proteins render their
layers more diamagnetic than water 2. Quantitative Susceptibility Maps (QSM) can retrieve
the susceptibility information by acquiring mGRE data 2'. Since T2* mapping is achieved
through an mGRE acquisition, generating QSM maps will not increase the scanning time or
cost. Nonetheless, interpreting QSM with T2* enhances the overall knowledge of the status
of the tissue %,

Myelin is a lipid-rich material that surrounds nerve cell axons (the nervous system's
"wires") to insulate them and increase the rate at which electrical impulses (called action

2. MRI can help quantify the myelin content 2%,

potentials) are passed along the axon
Changes in myelin can indicate various tissue changes, such as aging, and have been shown
to be altered in several pathologies like leukodystrophies, multiple sclerosis, and
schizophrenia 2> MWF mapping with multi-component T2/T2* fitting with non-negative
least squares, non-linear least squares is a measure of myelin content that separates short
T2/T2* components (myelin) from longer components (intracellular and extracellular water-
IEX) 227 The T2 or T2* spectrum from the MR signal decay curve is divided into two

compartments based on the T2/T2* range: (myelin T2<40 ms at 3T, T2*<25 ms at 7T), (IEX:

40<T2<200 at 3T and 25<T2*<100 ms at 7T) >-*°. MWF is the ratio of the signal coming
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from the water trapped between myelin bilayers (short T2s) to the total water in the voxel.
MWF maps have found profound application in clinical studies, particularly in myelin-
damaging pathologies such as multiple sclerosis (MS), schizophrenia (SZ), aging, etc. 333
Magnetization transfer (MT) is the shifting of energy between different water pools,
specifically between macromolecular (myelin) and free water pools, which is known
as magnetization transfer. Quantitative magnetization transfer (qMT) quantifies pool size
ratio (PSR), that is, the ratio of bound to free water pools, based on quantitative modeling of
the magnetization transfer effect 3. It has been proven that PSR is strongly correlated with
the myelin content in the brain *°.

Interpreting qMT, MWF, QSM, and T2* will increase the sensitivity of the observed tissue
changes to the underlying pathology. MRI enables this comprehensive characterization non-
invasively, both in the brain and the spinal cord.

Given that the advantages of more quantitative approaches in neuroimaging seem obvious,
why does clinical neuroradiology still rely almost completely on qualitative techniques? The
current rate of progress in qgMR methodology is hindered by several factors, including longer
scan times, limited sequences available, artifacts like motion and field inhomogeneity, and
post-processing complexities. Addressing these limitations requires fast imaging techniques,
particularly non-Cartesian sequences that sequence programming experts customize to
reduce scan time, correct for artifacts, and minimize fitting errors. In what follows, I have
taken these objectives to facilitate the clinical translation of MR techniques by acquiring
multiple reliable quantitative MR maps, including T2*, QSM, MWF, and gMT, in clinically
feasible times.

Therefore, targeting the CNS, the main objectives of this work is to demonstrate: (i)
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Feasibility of T2* mapping at 7T using Voxel Spread Function (VSF) method for
background field inhomogeneity correction and multi-contrast imaging, (ii) Multi-
parametric quantitative QSM, MWF, and MT mapping at 7T, (iii) Reproducibility of multi-
parametric quantitative T1, T2*, QSM, gMT, and MWF mapping at 7T, and (iv) Fast
measurement of the T2* and magnetization transfer with pulse train saturation and under-

sampled segmented radial stack-of-stars acquisition at 7T.
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Chapter 2: Feasibility of T2* mapping at 7T using Voxel
Spread Function (VSF) method for background field
inhomogeneity correction and multi-contrast imaging

2.1 Background
Ultra-high-field (7T and above) MRI scanners are gaining popularity, offering higher signal-
to-noise ratio (SNR) and improved resolution compared to lower field strength imaging 3¢
37 Not only does the high-resolution imaging improve the image appearance and quality, but
it also helps in extracting physiological information by reducing the partial volume effects.
Gradient-recalled echo (GRE) pulse sequences and T2* contrast are important tools in high
field MR imaging because of the SAR limitations of the spin-echo pulse sequence °%.
Another advantage of the GRE sequence over the spin echo (SE) sequence is that it allows
for faster acquisitions by enabling shorter echo times (TE) and shorter repetition times (TR)
39, and it is suitable for breath-hold and real-time imaging. It can be implemented in 2D or
3D with low flip angles that result in better slice profiles. Furthermore, the GRE sequence is
sensitive to T2* effects and can detect sources of susceptibility such as hemorrhages or iron
deposition in the tissue. GRE images have been shown to detect the paramagnetic effect of
blood-breakdown products, allowing visualization of clinically silent microbleeds that are
often not detected with head CT #**2, The T2*-weighted GRE sequences have also been
shown to be able to detect cerebral venous thrombosis +*. Hypointensities on T2*-weighted
GRE images are an indicator of the presence of hemosiderin, deoxyhemoglobin, ferritin,

calcium, other metals, and air **. Quantitative T2* mapping has the potential to reflect

changes in the biochemical components of several pathological conditions such as cerebral
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hemorrhage, arteriovenous malformation, cavernoma, tumor hemorrhage, punctate foci of
hemorrhage in diffuse axonal injury, superficial siderosis, old intraventricular hemorrhage,
and thrombosed aneurysm #+43. A limitation of the T2* -weighted GRE sequences compared
to the SE sequences is that the GRE images suffer from background field inhomogeneity
artifacts affecting T2* quantification. This can potentially confound the changes in T2*
caused by pathology “°. This problem worsens when imaging at ultra-high-field MRI due to
increased macroscopic susceptibility, and these susceptibility artifacts must be accounted for
when quantifying T2* 7. Numerous methods have been proposed to deal with this problem
4831 Through slice field inhomogeneity has been modeled as a sinc or quadratic function in
2D multi-slice imaging 2% 3¢, These 2D approaches assume no field inhomogeneity in the
readout and phase encoding directions, which can still lead to inter-voxel signal
contamination and artifacts. Other methods address the problem of background field

inhomogeneity by optimizing the sequence design **>"°

, or by modeling and correcting the
effects of macroscopic field variations during post-processing %°62. Another approach is to
use a BO field map self-derived from 3D multiple-echo GRE images in the chemical shift
encoding direction for field correction *2. However, this approach still does not address the
inter-voxel signal leakage, which is an important factor affecting the field distribution in a
voxel. The voxel spread function (VSF) method has improved on these techniques and
reformulated the GRE signal equation in the presence of background field inhomogeneity '*
7. This newly formulated equation enables the correction of background field
inhomogeneity and provides quantitative T2* maps. A modification of the VSF method for

z-shimmed multi-gradient echo (mGRE) images has been demonstrated; however, this

requires additional scans, resulting in increased scan time .
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In this study, we demonstrate the application of the VSF post-processing technique at ultra-
high field (7 T) MRI setting. The VSF method is implemented for 3D multi-echo gradient-
echo (mGRE) data, which allows for isotropic high-resolution images of the brain. In
addition to quantitative T2* maps, the method also generates other contrast images such as
T1-weighted, tissue frequency maps, and susceptibility-weighted contrast images from the
same dataset, i.e., the Gradient Echo Plural Contrast Imaging (GEPCI) ®*. This approach has
been shown to identify abnormalities that are not visible on standard clinical MRI images .
Implementation of this approach at ultra-high-field MRI settings is necessary because it will

increase the detection sensitivity to magnetic susceptibility differences caused by pathology

65

2.2 Materials and Methods

2.2.1 Theory

T2* relaxation, a combination of spin-spin relaxation and magnetic field inhomogeneity, is
observed in gradient-echo (GRE) imaging. It is a key determinant of image contrast in GRE
sequences and forms the basis for various magnetic resonance (MR) applications. T2*-based
imaging, achieved by manipulating GRE sequence parameters, enables the detection and
characterization of lesions and structures through signal intensity changes caused by
magnetic field inhomogeneities. The main advantages of using T(2)* relaxation are (1) a low
specific absorption rate (SAR), which is especially beneficial for imaging at high field
strengths, (2) a short first-echo time (approximately 2 ms), and short echo spacing
(approximately 1 ms) ®. As there is no 180-degree refocusing pulse available to cancel the

effects of magnetic field inhomogeneity, T2* is shorter than T2 (Figure 2.1).
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Figure 2.1: Simulation showing the comparison between T2 and T2* decay curves. Signal
with T2* relaxation time decays faster and is influenced by the susceptibility effects.

T2* mapping can be achieved by exponentially fitting the TE-dependent signal intensities

of gradient-echo images and gradient-echo EPI.

—TE

S(TE) =So.exp< — > 2.1
TZ

Reliable quantification of T2* values requires implementing an appropriate background field

inhomogeneity correction. Some of the most common methods for removing the

contributions of the background field inhomogeneity in the resulting T2* maps and

generating reliable T2* values are outlined in the following subsections.
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2.2.1.1 Background field inhomogeneity correction techniques

The contribution of the macroscopic background inhomogeneity can be modeled as a sinc

function assuming that the pixel is a rectangle in the direction of the gradient G and the

background field over the voxel is linear ©’.

S(TE) = Sy (t). exp <_TE> o (Y(AZBO) ) 22
S(TE) = Sy(t).exp <_;E>.sinc (Y(AZBO) TE) 2.3
2

where S(7TE) is the measurement at echo time TE, So(¢) is the decay signal without
background field inhomogeneity, y is the gyromagnetic ratio, and ABy = G, .Az where G,
is the local field gradient along the slice direction and Az is the slice thickness.

The sinc-function approach, which assumes that the through-plane magnetic field
inhomogeneity can be described in terms of a constant magnetic field gradient, is one of the
most common approaches used in the literature to describe the contribution of the
background field. This method completely ignores the correction along the x and y
directions, and the constant field assumption is not valid for all acquisitions, especially at
higher field strengths. This can be demonstrated by simulating the signal model in the

presence of background field inhomogeneity at higher field strengths.

2.2.1.1.1 Simulation

The synthetic one-dimensional signal with 16 voxels (Figure 2.2) was simulated in

MATLAB using the parameters in Table 2.1, following the signal equation Eq 2.4:
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S(k,TE) = Sy(k, t).F(TE)

2.4

Where F(TE) is the MR signal that would exist in the absence of macroscopic magnetic

field inhomogeneity and k is the spatial frequency. The proton density in voxel number 9

was set to 1 and 0 otherwise.

background gradient 0

background gradient 0.1

background gradient 0.5

voxel 9
———voxel 10

voxel 9
voxel 10

voxel 9
voxel 10

Figure 2.2: a) 16 voxels of the simulated MR signal with a non-zero proton density in voxel
number 9. 16 phase encoding steps are required to localize these 16 voxels spatially. B) Signal
simulation in the absence of the background field inhomogeneity, ¢) signal affected by 0.1
background field inhomogeneity, and d) severe background field inhomogeneity (0.5), which is
the case at ultra-high field MRIL

Table 2.1: Parameters used for simulating an MR signal in the presence of the background

field inhomogeneity.

FOV Phase Encoding (PE) steps Number of voxels T2 relaxation time Time interval [s]

256

16

16 o)

[00.512]

The simulation results shown in Figure 2.2 b-d show that by increasing the contribution of
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the background field inhomogeneity, which is the case at ultra-high MR field settings, a
constant through-plane background field inhomogeneity leading to the sinc model does not
generate the expected signal. Furthermore, evaluation of the contribution of field
inhomogeneities to the F-function in Eq. 2.4 in the readout and phase encoding directions is
different due to the well-known Gibbs ringing artifacts, which lead to intervoxel signal
leakage ®. These effects are dramatically enhanced in the presence of By inhomogeneities.

More sophisticated approaches need to be implemented for accurate T2* quantification.

2.2.1.2 Voxel Spread Function (VSF) Correction
The Voxel Spread Function (VSF) correction method, introduced by Yablonskiy et al.

(2013), addresses the challenge of macroscopic magnetic field inhomogeneities in gradient-
echo MRI, which can distort quantitative measurements such as R2* and susceptibility maps.
These inhomogeneities cause signal dephasing and voxel bleeding, leading to inaccuracies
in tissue property assessments '°. By analyzing both magnitude and phase data from multi-
echo GRE sequences, it quantifies the "spread" of signal contributions due to field gradients.
This enables the correction of artifacts without the need for additional scans or complex post-
processing. The method introduces the F-function, representing the influence of neighboring

voxels' signals on a given voxel due to field inhomogeneities, Eq 2.5 —2.7.
S(k,TE) = -[ dr.p(r,TE) exp(—2mikr) .exp (iyb(r)TE + i@py(1)) 2.5

Eq 2.5 encodes the background field gradients into the signal model in k-space. p(r, TE) is
the “ideal” signal evolution that would exist in the absence of magnetic field
inhomogeneities, and the integral is over the object volume. y is the gyromagnetic ratio,
@, (r) is the signal phase shift at TE = 0 mainly resulted from RF field inhomogeneities and
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k-space is defined in a standard manner as

2nky, = yGyty ; 2mk, = yYGyt, ; 2wk, =yG,t 2.6

Where Gy, G,, and G, are phase encoding (x and y) and read-out (z) gradients, t, and t,, are
durations of x and y gradients, and t is the time during the gradient echo acquisition t is zero
at the center of the gradient echo.

Eq 2.7 is the image-domain signal model with VSF correction. Fitting this signal model to a
multi-echo gradient echo (mGRE) data yields the corrected T2* = 1/R2* along with the

magnitude S(0) and frequency ( f ) maps.

TE
S(TE) = S(0).exp (—

TZ*).exp(—ian. TE +ip).F(TE) 2.7

VSF has been successfully implemented for 3T MR settings ' !7. However, considering the
more severe field perturbations at higher fields, the feasibility of the VSF technique at ultra-
high-field MRI (7T and above) has not been previously addressed. In the following analysis,
the feasibility of the VSF method is examined through a series of phantom and in vivo

experiments conducted in the human central nervous system (CNS) at 7 T.

2.2.2 Data Acquisition

2.2.2.1 Phantom

The phantom experiment was done on a 7T Siemens Magnetom MRI scanner (Siemens,
Erlangen, Germany) with a 32-channel head coil and a 3D multi-echo gradient-echo
sequence. The feasibility of the VSF technique was first validated on a phantom designed to

create a magnetic field perturbation. The phantom consisted of a large cylindrical bottle (15
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cm long and 10.5 cm in diameter) containing nickel chloride-doped saline solution (see
Figure 2.3). Three smaller tubes (12 cm long and 3 cm in diameter) were fixed to the larger
phantom, consisting of 4% and 2% agarose solution in saline. This arrangement creates
magnetic field inhomogeneities within the tubes and phantoms. The experiment was
conducted using the following parameters: the isotropic 3D resolution of 1x1x1 mm?, TR =
30 ms, 11 gradient echo images with TE(0) = 1.95 ms, and echo spacing of 2.63 ms, flip

angle = 30°.

Schematic of the phantom

Nickel chloride
saline solution

4% agarose solution

2% agarose solution

Figure 2.3: The schematic of the phantom created for VSF-corrected T2* mapping. The
phantom consisted of a large cylindrical bottle (15 cm long and 10.5 cm in diameter) containing
nickel chloride-doped saline solution. Three smaller tubes (12 cm long and 3 c¢cm in diameter)
were fixed to the larger phantom, consisting of 4% and 2% agarose solution in saline.

Before the in vivo study, all subjects provided written informed consent approved by

Institutional Review Board.

2.2.2.2 Brain

A brain experiment was done on a 7T Siemens Magnetom MRI scanner (Siemens, Erlangen,
Germany) with 32-channel head coils. Eleven healthy volunteers were recruited for the

study. T1-weighted or proton density-weighted 3D GRE Images were obtained with the
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following parameters: the isotropic 3D resolution of 1x1x1 mm?, number of slices: 30, Flip
angle 30° for T1 weighting and 6° for proton density weighted. TE (0) = 1.96 ms, number of
echoes 11, echo spacing: 2.64 ms, and TR: 30 ms. The raw data was then transformed into

a workstation and analyzed using MATLAB (MathWorks, Natick, MA) software.

2.2.2.3 Spinal Cord (SC)

Spine Imaging data was acquired on the Siemens 7T Magnetom with an 8-channel surface
coil. The 3D mGRE Images were acquired from a healthy subject with the following
parameters: 22 slices with the resolution of 0.5 x 0.5 x 3 mm?, TR =40 ms, flip angle 45°,
and nine gradient echo images with TE (0) = 2.42 ms and echo spacing of 3.6 ms. Raw data
was transferred to a workstation and analyzed with the Spinal Cord Processing Toolbox

(SCT)* and MATLAB (MathWorks, Natick, MA).

2.2.3 Data Processing

Data from all receiver channels were combined using the following formula to remove the

channel phase dependence, as described in !¢

M
Seomp(TEn) = 1/M = )" 1~ Su(TE) - S(TEy), 28
m=1
M
1 2
m=1

M is the number of channels, S(TE) is the signal at a given TE, S*(TE;) is the complex
conjugated signal at echo “1”, and oy, is the noise level at channel m. Phase unwrapping
was performed in the time domain with the method described in % followed by 3D phase

unwrapping in the spatial domain "° . To determine the average phase and the magnetic field
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in each pixel, unwrapped phase data of the surrounding pixels are fit to a first-order
polynomial. The estimated field map was then used to calculate the background field
gradients in all three directions (readout, phase, and slice), and the Voxel Spread Function
(F(TE)) was determined. The theory has been previously described in detail '®!7. Finally,
the complex multi-echo GRE data were then fit to the following equation that includes the
F-term to compensate for the field inhomogeneity contribution to Eq. 2.7. Least-squares
fitting was performed on the complex data using the Levenberg-Marquardt algorithm in

MATLAB. T2*-maps were also generated without field inhomogeneity correction.

2.2.3.1 Brain

For the brain experiment, along with the T2*, frequency, and magnitude images,
susceptibility contrast weighted images from multi-echo GRE data were generated as
described previously using TE = 17 ms echo time image . In particular, local frequency
maps obtained from Eq. 2.7 was used to generate complementary GEPCI images: T1f, SWI-
like, and GEPCI-SWI ®. To create complementary GEPCI images, we used 2-3 frequency
mask multiplications. This number was determined empirically. GEPCI images have the
following properties: T1f enhances the GM/WM T1 contrast, SWI-like image has similar
susceptibility contrast as the standard SWI, and GEPCI SWI image has enhanced
susceptibility contrast, free of T1 contamination and RF field inhomogeneity.

In addition to standard GEPCI, which relies on T1-weighted images, we also demonstrate
application with proton density-weighted images. This is helpful while interpreting proton
density correlation with the venous information. We fit the proton density-weighted data to
the signal model in Eq. 2.7. The estimated T, map is then used in Eq. 2.10 to generate the

GEPCI-SWI image:
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T2*

GEPCI — SWI(TE) = exp( ).FM” 2.10

Where FM is the frequency mask obtained by setting negative frequency values in the
frequency map to zero and normalizing the positive frequency values to the values between
0 and 1 so that the brighter looking frequency values are mapped to darker values close to
zero. In this way, veins that are bright on the frequency map are mapped to smaller values
close to zero. The WM region appears dark on the frequency map and, therefore, is mapped
to brighter values in the frequency mask (FM). Multiplying this frequency mask (FM) helps
enhance the GM/WM contrast as well as accentuate the venous structure (n is the number of

multiplications).

2.2.3.2 Spinal Cord

The magnitude image from the first echo (Figure 2.4a) was used for SC segmentation. The
SC was segmented using the deep learning-based algorithm in the SCT toolbox (Figure
2.4b). Vertebral labeling was performed manually on the segmented SC by selecting the
posterior tip of each of the imaged intervertebral discs (Figure 2.4c). The resulting
segmented, labeled MR image was then registered to the PAMS50 SC Template ’!, and the
SC GM and WM masks were generated (Figure 2.4d-f). The VSF method was then applied
to the segmented regions. The VSF approach calculates the F-function (F(.)) from multi-
gradient echo phase images to determine the contribution of the magnetic field
inhomogeneity on the signal decay. This F-function is then used to eliminate/reduce the

effect of the magnetic field inhomogeneity in T2* calculations by using Eq. 2.7.
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~Intervertebral

Figure 2.4: SCT analysis on the mGRE magnitude image. (a) the magnitude image from the
first echo that was used for segmentation. (b) deep-learning-based segmentation results in red
overlaid on the anatomical image. (¢) intervertebral disc labels 2,3 and 4 of the imaged regions
shown with arrows, (d) the GM and (e) the WM segmentation results, and (f) an overlay of the
mGRE magnitude image (backmost image), GM mask (yellow), WM mask (blue), and PAMS50
template.

2.3 Results

2.3.1 Phantom

The Results for the phantom experiment are shown in Figure 2.5. Macroscopic background
field inhomogeneity due to this layout of the phantom creates additional signal decay,
causing T2*-shortening (Figure 2.3a). T2* in the middle tube without accounting for

background field correction is 41.6 = 6.5 ms and changed to 53.2 £ 2.1 ms with F-term
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correction. The outer tube T2* changed from 21.3 £+ 2.0 ms (without) to 26.1 £ 0.7 ms (with)
F-term correction. In all tubes, the standard deviation of the T2* values are decreased after
field inhomogeneity correction. This shows more uniform T2* maps inside each tube after

background field inhomogeneity correction.

0.04

0.03

i 0.02

%60 e

21.3+2.0 ms 26.1+0.7 ms

0.01

0

Figure 2.5: T2* -maps from the phantom study, a) without and b) with correction for the
macroscopic magnetic field inhomogeneities. The bar is in seconds. The arrangement causes
magnetic field inhomogeneities in the tubes. Without accounting for the magnetic field
inhomogeneity, the middle smaller tube (2% agarose) has a T2* =41.6 + 6.5 ms, and the outside
tube (4 % agarose) has T2* = 21.3 + 2.0 ms. Accounting for the background field (VSF

approach), the T2* is 53.2 + 2.1 ms and 26.1 £ 0.7 ms in the middle and outside tubes,
respectively.

2.3.2 Brain

Figure 2.6 shows several examples of vivo results. The T2* values in general increased after
background field inhomogeneity correction and enhanced T2* differences between the gray
matter (GM) and white matter (WM). Signal losses in the regions with severe background
field inhomogeneity (air-tissue boundaries, frontal, and temporal lobes) are also corrected
(red arrows and circles). Quantitative T2* values in human brain GM and WM are

summarized in Table 2.2 after FSL FAST segmentation > 73,

Table 2.2: T2* values in brain GM and WM before and after VSF correction at 7T.
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T2* before background T2* after background

field inhomogeneity field inhomogeneity
correction [ms] correction [ms]
WM 26.9 29.1
GM 28.7 31.9

Figure 2.6: T2* maps from the in vivo experiment before field inhomogeneity correction (top
row) and after field inhomogeneity correction (bottom row). The average increase in T2* values
in both gray matter (GM) and white matter (WM) is evident. The corrected signal losses in the
regions suffering from the severe background field inhomogeneity (air-tissue boundaries) are
indicated by the red arrows and circles.

Additional complimentary contrast images are shown in Figure 2.7. Minimum intensity
projected (mIP) images were created by taking projections over 5 slices. SWI-like images

(Figures 2.7a, e) convey the same susceptibility information as standard SWI images;

however, our approach offers flexibility in choosing the echo time during post-processing
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and can be helpful for a more accurate evaluation of pathology via post-processing. GEPCI-
SWI images (Figure 2.7b, f) correct for T1-contamination and keep the CSF bright and hence
enhance susceptibility contrast, especially for the veins around ventricles (see white arrows
in Figure 2.7f). These veins are covered with the dark CSF in standard SWI images, resulting
in reduced visibility (see white arrows in Figure 2.7¢. In Figure 2.7a, we used TE=1.95 ms
to generate the SWI-like image. This is significantly shorter than the recommended echo
time for SWI imaging at 7T (~ 15 ms ). Figure 2.7b shows the GEPCI-SWI image using
the TE= 17 ms and 3 mask multiplications. This image is free from T1 contamination and
has enhanced vein visibility. Figures 2.7¢c, d. show the frequency map and the maximum

intensity projected frequency map across 5 projected slices, respectively.

number of mask multiplication: 3 number of mask multiplications: 2

b f
mIP-SWI-like mIP-GEPCI-SWI mIP-SWI-like mIP-GEPCI-SWI

£
A

frequency map MIP-frequency map frequency map MIP-frequency map

Figure 2.7: a) mlIP-SWI-like, b) mIP-GEPCI-SWI, ¢) frequency map obtained after
background field inhomogeneity correction with a range of -1.5 - 1.5 Hz, and d) Maximum
intensity projected frequency map over 5 slices, veins appear the brightest on this image
(red arrowheads). The Number of multiplications is 3. On the right, the number of
multiplications is set to 2 for another subject, e) shows the SWI-like image, f) shows the
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enhanced vein visibility on the GEPCI-SWI image particularly around ventricles (white
arrows), g) The frequency map, and h) the maximum intensity projected frequency map
over 5 slices. White matter appears darker than veins and the cortex region on the
frequency map.

Note that Figure 2.7d shows that the brightest voxels on the frequency map belong to the
veins and the cortex region, and WM appears darker compared to them. Figure 2.7¢ — 2,7h
shows an example from another subject. Same echo times with 2 multiplications were used
to generate these images. Generating multiple contrast images from the same acquisition can
find application in the comprehensive characterization of disease pathophysiology over time
75,76

Figure 2.8 compares the T1-weighted image with the T1f image obtained by multiplying the
T1-weighted image by the frequency mask generated using the GEPCI technique. GM/WM

contrast is enhanced in the T1f image. (Number of multiplications 2).

T1-weighted
ltss
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Figure 2.8: T1-weighted image obtained from GEPCI imaging (top row), and the
corresponding T1f image obtained by 2 frequency mask multiplications (bottom row).
GM/WM T1 contrast is enhanced in the T1f images compared to the T1-weighted images.
One can also see some venous information on the T1-weighted image.

Figure 2.9 demonstrates the GEPCI analysis performed on the proton density-weighted
mGRE data. Figure 2.9 shows (a) proton density image, (b) mIP GEPCI-SWI image using
15 slices projected, (c) T2* map, and (d) frequency map. The number of multiplications is
2, and a TE of 15 ms was used. Although there is no T1-weighting in these images,
anatomical structures can be observed on the frequency map obtained as part of the
processing (arrows point to deep gray structures, Such as the Caudate and putamen, in Figure
2.9d). Note that deep gray matter structures and the cortex region appear brighter than the
WM, and the veins are brighter than both GM and WM. Having the Proton density

information combined with the venous network information is helpful while studying vein-

related diseases.

Proton Density Weighted mIP-GEPCI-SWI frequency map

Figure 2.9: (a) Proton density weighted image, (b) mIP GEPCI-SWI over 15 slices using 2
multiplications and TE=15 ms, (¢) background field inhomogeneity corrected T2* map
(range 0 to 0.05 [s]), and (d) frequency map (range -1.5 to 1.5 [Hz]). Accessing proton
density information along with the venous network structure might help in the diagnosis
and treatment of vein-related disorders (see discussion). Notice the deep gray matter
structures delineated with white arrows on the frequency map (caudate and putamen).
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2.3.3 Spinal Cord

T2* mapping was performed on human spinal cords. Figure 2.10 shows the T2* maps and
the frequency maps of different slices obtained after fitting Eq. 2.7 to the complex mGRE
data. T2* values increased in both SC GM and WM, and the T2* contrast between the two
regions was also enhanced after field inhomogeneity correction. In addition to improving
the estimate of gray and white matter T2*, the VSF correction significantly reduces magnetic
field inhomogeneity artifacts in the regions marked with red arrows. The average T2* values
in GM and WM with/without accounting for the background field correction are in Table

2.3.

T2* maps before T2* maps after

field inhomogeneity field inhomogeneity  frequency maps
correction correction 1.5 [Hz]

Figure 2.10: (a) Estimated co-registered images obtained after fitting Eq 2.7 to the
complex mGRE data: First Column: T2* maps before background field inhomogeneity
correction, Second Column: T2* maps after background field inhomogeneity correction,
and Third Column: frequency maps. VSF correction significantly reduces magnetic field
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inhomogeneity artifacts by correcting the signal losses in the regions marked with red
arrows.

Table 2.3: Average T2* in human SC, GM, and WM. The average T2* values generally

increased after background field inhomogeneity correction for both SC GM and SC WM.

SC GM T2* (mean # std) [ms] SC WM T2* (mean = std) [ms]
Sli Before background After background Before background After background
ice number - . g - L . N .
field inhomogeneity | field inhomogeneity | field inhomogeneity | field inhomogeneity
correction correction correction correction
1 19+23 26.6£2.6 16.1+£3.3 23.3+4.7
2 19.8+1.2 26.7+2.3 17.8+1.7 225+2.8
3 189+15 254 +23 17.2+21 213146
4 16.6 +1.5 224+1.8 14.8+25 194

2.4 Discussion

In this study, we addressed T2* -mapping in the human central nervous system at 7T.
Through a series of phantom and in vivo experiments, we demonstrated the feasibility of the
VSF method in correcting for background field inhomogeneities that affect T2*
measurements at 7T. It is worth mentioning that ultra-high-field MR imaging, combined
with fast high-resolution 3D gradient-echo imaging, provides enhanced resolution, contrast,
and sensitivity in neuroimaging ’’. Here, we successfully implemented a background field
inhomogeneity technique (VSF) tailored for mGRE data at ultra-high field MRI settings
(7T). We showed that using the F-function (F(TE)) correction with the mGRE data produces
reliable quantitative T2* maps. We also used the GEPCI technique at 7T to generate
susceptibility-weighted contrast images using mGRE data. The T2* relaxation time constant,
as well as GEPCI contrast images, have the potential to serve as surrogates for tissue

biological features, such as T1 and T2 relaxation times. The advantage of GEPCI imaging
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at 7T is its ability to provide better resolution for depicting smaller veins. Unlike venography
at a single fixed echo time, GEPCI offers the flexibility to select different echo times to
depict this venous structure. We used TE=17 ms to generate the GEPCI-SWI images, which
is comparable to the TE value considered to generate SWI images at 7T "*. SWI-like images
can be generated by echo times as short as TE=1.95 ms. The flexibility of choosing the echo
time while generating the GEPCI images using the mGRE data removes the limitation of the
standard single echo, and analysis can be adapted to highlight pathology without reacquiring
data. Gradient echo susceptibility weighted imaging (GE-SWI) can help in visualizing the
veins in directions other than parallel to the main magnetic field (by choosing longer echo
times) ’®. Generating susceptibility contrast using the GEPCI technique is the same as an
ordinary SWI image in creating a frequency mask (instead of a phase mask) and multiplying
it by the magnitude data ”. The local frequency map obtained in GEPCI imaging is then
used to generate the frequency mask as described in *, which is required for generating the
secondary co-registered GEPCI images: T1f, SWI-like, and GEPCI SWI. These images help
in accessing susceptibility-related information that is not otherwise apparent on the original

mGRE magnitude images.

Studying the venous structures alongside the proton density weighted MR images finds
importance in revealing the aneurysm and the varicose veins *°. Since an early diagnosis of
the venous aneurysm is recommended for proper early repair, monitoring the venous
structure, along with proton density information, before the onset of symptoms is crucial. To
generate the GEPCI image using the proton density-weighted image, we followed the same
routine as %, with a difference that the original complex data used for fitting is not T1-

weighted. We demonstrated that GEPCI-SWI can visualize vein structure even when a T1-
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weighted image is not available. This may prove helpful when interpreting proton density
correlation with venous information. Although there is no T1-weighted image to access the
anatomical structure in this data set, the frequency map obtained in the GEPCI technique

carries structural information needed and helps in revealing the venous structure.

One of the VSF applications is incorporating a representative BOLD signal contribution into
the GEPCI signal model and quantifying the tissue-specific relaxation time constant (T2%*)
81, 82 Another important application of the Voxel spread function is to remove the
background field inhomogeneity in the myelin water fraction (MWF) imaging. Future work
will include multi-exponential T2* analysis at 7T to acquire artifact-free MWF maps. This
analysis can be performed on the field inhomogeneity-corrected T2* maps or can be directly
embedded into the signal model to generate the amplitude, T2*, and frequency shift maps
for the myelin water and intra/extracellular water compartments. One potential application
of the GEPCI technique is the early diagnosis or improved monitoring of MS patients by
enabling the collection of venous information . In addition, multiple contrast images with
susceptibility-weighted property can help in the diagnosis and the treatment of vein-related
disorders. Diagnosis of deep vein thrombosis (DVT) can be performed by detecting
hyperintensities on the T1-weighted images acquired by the magnetization-prepared GRE
sequence %% Additional applications can target imaging and monitoring the correlation
between COVID-19-related cerebral venous thrombosis *”-*8, Therefore, implementing the
processing pipeline covered in this work on COVID-19 patients is an interesting topic to
follow. For the spinal cord, we successfully implemented SCT analysis and VSF to generate
high-resolution quantitative T2* and frequency maps in the spinal cord. T2* maps were

generated from the same mGRE data that was used for segmentation and registration; hence,
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there was no need to re-register the obtained maps over anatomical images. The T2* value
in general increased after background field correction, and the method was able to enhance
gray/white matter (GM/WM) T2* contrast. This work shows that the VSF method is
effective in reducing background field inhomogeneity from quantitative T2* estimates in SC
MRI at 7T. In conclusion, we have implemented an effective technique for removing
background field inhomogeneity in the human central nervous system (CNS) at 7T, where
the effect of magnetic susceptibility-related artifacts is particularly pronounced. Voxel
spread function enables T2* relaxation time quantification that has significantly reduced
background field inhomogeneity contamination and is representative of tissue properties.
We also generated naturally co-registered contrast images using the GEPCI technique. The
results revealed enhanced T2* values, as well as simultaneous susceptibility-weighted
contrast, alongside conventional MR contrast images. Generating susceptibility-weighted
images at ultra-high field MRI settings provides higher resolution and aids in visualizing
smaller vein details. The approach has the potential to be used for T2*-based MWF imaging,
Quantitative susceptibility mapping, quantifying iron deposition and calcification, and many
other applications, offering flexible and fast acquisitions with higher SNR and resolution.
There is no additional scan cost associated with GEPCI imaging, and only a single mGRE

scan can generate multiple naturally co-registered contrast images.
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Chapter 3: Multiparametric Quantitative MR Mapping
Pipeline for Human Brain at 7T Terra. X using Clinically
Available Sequences

3.1 Introduction

Clinical MRI is used to diagnose and monitor neurological diseases such as multiple
sclerosis (MS), Alzheimer’s disease (AD), and many more %°. Clinical MRI focuses on the
qualitative interpretation of MR images by acquiring spatial maps of relative variations in
signal strength, which are "weighted" by specific parameters. (e.g., T1-weighted, T2-
weighted, proton density-weighted images). Quantitative MRI (QMRI) generates maps of
tissue’s physiological properties and may contain vital information about tissue
microstructure, iron deposition, myelin concentration, etc. This can enable the use of MRI
in multi-site clinical studies, monitor disease progression and responses to therapeutic
interventions, and help optimize treatment 2% %4 °%-%! Quantitative MRI (QMRI) is a rapidly
advancing field that enables non-invasive mapping of physical tissue properties, offering
reproducible and biologically meaningful biomarkers. QMRI at 7T offers considerable
advantages due to increased signal-to-noise ratio (SNR) and enhanced contrast mechanisms.
The higher field strength improves spatial resolution and sensitivity to magnetic
susceptibility, making it ideal for detecting subtle microstructural features. This is
particularly relevant for QSM and T2* imaging, as susceptibility effects scale with BO field
strength. Moreover, the spectral separation between water and macromolecular pools is
enhanced at 7T, improving the estimation of myelin-sensitive metrics such as MWF and

gMT F 9% In this study, we first introduce a clinically feasible multi-parametric gqMR
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protocol at 7T to generate the maps of R2* (1/T2*), QSM, MWF, gqMT, and T1 relaxation
maps. The rationale behind this selection of qMR maps is that they are highly sensitive to
myelin and iron content in the brain, which is important in neurological diseases in WM and
GM, such as MS and Alzheimer’s disease *>*°. Furthermore, multiple parameters can be
simultaneously obtained from the datasets (QMT and T1, R2* and QSM), potentially

reducing scan time and/or increasing SNR.

QMT measures the magnetization exchange between the water protons and the protons
bound to macromolecules '°°. qMT can be used to indirectly quantify myelin in the brain %,
which is particularly relevant for studying neurodegenerative disorders such as multiple
sclerosis (MS), Alzheimer’s disease (AD), amyotrophic lateral sclerosis (ALS), etc. 191-103,
gMT involves fitting multiple images to a mathematical model to extract tissue-specific
parameters related to physical quantities, such as pool sizes, magnetization exchange rates
between pools, and the T1 and T2 relaxation times of each pool. Compared to qualitative

magnetization transfer ratio (MTR), qMT is more robust to variations in sequence

parameters, scanners, and vendors®*. There are different approaches to generating qMT

1 104-106

maps: continuous-wave (CW) saturation %, pulsed saturation , selective inversion

107-109 "and stimulated echo ''° methods. Although pulsed saturation gMT is

recovery (SIR)
the most commonly used gMT method!!'!; however, this approach requires co-registered
additional data (e.g., maps of the main magnetic field, the transmit radio frequency field, and
T1 maps), resulting in a complicated data analysis pipeline. Additionally, using saturation
pulses can lead to increased SAR deposition at ultra-high fields. An alternative approach,

the selective inversion recovery (SIR) qMT % 107-109. 112114 techpique, addresses these

limitations by providing qMT maps in the human brain even at 7T'!*. With this technique,

47



not only is all data necessary to estimate qMT parameters contained within the SIR
acquisition, but an extra co-registered T1 map can also be generated. Although various
techniques are available to generate T1 maps ''>'?!, this work employed the inversion
recovery (IR) method '?> 2 as its data is readily available in SIR acquisition, does not need

accompanying field maps, and is considered a gold standard for T1-mapping '**.

R2* relaxation rate constant and quantitative susceptibility (QSM) maps are important due
to their sensitivity to magnetic susceptibility variations caused by tissue micro-structure,
macromolecule content, iron deposition, calcium, and deoxyhemoglobin levels, etc. 2% 126
5. QSM contrast is sensitive to myelin, whose lipids and proteins render its layers more
diamagnetic than water '?’, making it a useful biomarker of white matter (WM) pathology
128 R2* can be calculated using a multi-echo gradient-recalled echo imaging (mGRE) that
allows generating R2* by applying a mono-exponential fit 2% 13°. However, these techniques
usually ignore the mGRE phase information that can be effectively used to account for
background field inhomogeneity, which can cause R2* underestimation and negatively
impact the reproducibility of the generated R2* maps '*!. The voxel spread function (VSF)
1s a post-processing technique that incorporates the contributions from the background field
into the signal model to generate R2* maps '® 7. VSF has been successfully demonstrated
with promising results on the 3T. In this work, we implemented VSF to generate background
field inhomogeneity-corrected R2* maps at 7T and studied its reproducibility. QSM maps
can be obtained from the same mGRE dataset acquired for R2* mapping, making them
inherently coregistered. Among different QSM mapping methods such as Truncated K-space

Division or TKD'? Morphology Enabled Dipole Inversion (MEDI) algorithm'?,

Calculation of susceptibility through multiple orientation sampling (COSMOS) ¥, and
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other techniques 3> 13

, we used the QSMnet approach to perform dipole deconvolution from
the source field map to generate the susceptibility maps. QSMnet is a deep neural network
that generates susceptibility maps from single orientation data '*’. The network is trained
using COSMOS-generated QSM maps, which are, in essence, considered the gold standard
137 1t has been shown that QSMnet maps are more consistent across multiple head

orientation data compared to TKD or MEDI '*7. Since QSMnet is trained on 3T data, it is

essential to evaluate its performance on data acquired at 7T.

Myelin is a lipid-rich material that surrounds axons (the nervous system's "wires")
to insulate them and increase the rate at which electrical impulses (called action potentials)
are passed along the axon ?*. It is an important parameter because the myelin content and
integrity affect the speed of action potential propagation and brain function. It is an essential
marker of disease progression in demyelinating diseases such as MS 38, The myelin water
fraction (MWF) is the ratio of the short T2 compartment from myelin (between 10 and 40
ms for humans in vivo) to the long T2 compartment of the entire T2 histogram in a single
voxel ?*. Several different MWF mapping methods have been reported, including a three-
pool complex model fitted to multi-echo gradient echo (mGRE) complex data with non-
linear least squares (NLLS) ?’, and multi-echo spin echo (MSE) T2 spectrum analysis with
non-negative least squares (NNLS) 2 3. A technical review of various MRI-based MWF
mapping techniques can be found in ?°. The mGRE approach requires a custom pulse
sequence (i.e., to increase the number of available echoes) and computationally complex
fitting of nine or more parameters to account for the background field inhomogeneity. In this
study, we used conventional MSE data for MWF mapping using the multi-component non-

parametric T2 relaxometry that was originally implemented for (FAST-T2) data at 1.5T and
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3T 40, Many MR parameters are accessible for quantitative imaging and have been tested
for reproducibility through scan-rescan experiments '4!"143, Multi-parametric gMR mapping
of the human brain has long enabled comprehensive analysis of the brain, representing tissue

physiological and structural properties. Authors in '!

have pursued optimizing a
multiparametric mapping of the human brain at 3T using different vendors’ product
sequences rather than custom sequences. The protocol used in their study is called the

multiparameter mapping (MPM) method '#*

, which has been widely used in various trials
145,146 Teutritz T et. al., 13! generated R1 (1/T1), R2*, PD, and MTsat maps in about 18:45
min on the Siemens scanners. They report a high inter-site comparability with a low inter-
site bias of <5% in the MR maps generated. Their intra- and inter-site CV were between
5% and 10% for R1 and MT-maps. Although repeatability and reproducibility are
recognized as essential for protocol development and implementation in many clinical trials
(mentioned above), few studies have addressed the reproducibility of simultaneous mapping
of quantitative magnetization transfer (QMT) pool size ratio (F-map), T1 relaxation time [s],
R2* relaxation rate [s~1], quantitative susceptibility map (QSM) [ppm], and myelin water
fraction (MWF) maps at 7T. This is particularly important as many qMR maps are affected
by field strength, and it is important to determine how they are repeatable in ultra-high fields.
Therefore, in this chapter, we first introduce a clinically feasible multi-parametric gqMR
protocol at 7T to generate the maps of R2* (1/T2%*), QSM, MWF, gMT, and T1 relaxation
maps. Then, we show the reproducibility of multi-parametric quantitative characterization
of the brain's physiological parameters using vendor-available sequences in a clinically

acceptable scan time (30 minutes). The approach requires no dedicated sequence

development and is easy to implement at any imaging site. The scan-rescan protocol was
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applied to 8 subjects. We generated 3D maps of qgMT F-map, T1, MWF, R2*, and QSM.
The reproducibility and reliability of the acquired measurements were reported using Intra-
class correlation coefficient (ICC) %7, coefficient of variation (CV), Bland-Altman plots,
and the corresponding bias and variability using both voxel-wise and ROI-based analysis in
4 regions of interest (ROIs): caudate (Ca), putamen (Pu), white matter (WM), and gray

matter (GM).

3.2 Materials and Methods

3.2.1 Theory

3.2.1.1 T2* and QSM mapping

T2* relaxation, a combination of spin-spin interactions and magnetic field inhomogeneity,
was achieved using the VSF method that was discussed in depth in Chapter 2. Using the
same mGRE data acquired for T2* mapping, QSM maps can be generated with no additional

scan cost.

Quantitative Susceptibility Mapping (QSM) aims to reconstruct tissue magnetic
susceptibility distributions from MRI phase data, but the process is fundamentally ill-posed
due to the zero cone in the dipole kernel in k-space. Traditional methods such as TKD
(Truncated K-space Division) 2, iLSQR (iterative Least-Squares) '**, and MEDI
(Morphology Enabled Dipole Inversion) '** have addressed this challenge by incorporating
spatial priors, iterative solvers, and regularization constraints. However, these approaches
often require manual parameter tuning, can be sensitive to noise, and are prone to streaking

artifacts, especially in regions with strong susceptibility gradients. To overcome these
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limitations, QSMnet was proposed by Yoon et al. 137> 149

as a deep learning-based framework
that directly learns the mapping from the local field map to susceptibility, thereby bypassing

the need to solve the dipole inversion equation explicitly.

3.2.1.2 MWF mapping

Myelin Water Fraction (MWF) mapping is a quantitative MRI technique that estimates the
proportion of water trapped between the lipid bilayers of myelin, referred to as the “myelin
water pool.” This water compartment exhibits unique transverse relaxation properties that
distinguish it from intra/extracellular water and cerebrospinal fluid (CSF), enabling its
separation using multi-component T2 relaxometry techniques 2 '*° . In multi-echo spin echo
(MESE) acquisitions, the MR signal decay over successive echoes reflects a superposition
of contributions from multiple water compartments: short T> (~10-40 ms): myelin
associated water, intermediate T> (~40-200 ms): intra- and extracellular water, long T

(>1000 ms): cerebrospinal fluid, if present. This decay can be modeled as:

N t
S(t) = ZAie_T_Zi 3.1
i=1

Where A; and T,; represent the signal amplitude (proton density) and transverse relaxation
time of the i™" compartment, respectively. The goal of multi-component T> relaxometry is to
estimate the distribution A; across a range of T values, often referred to as the T2 spectrum

(Figure 3.1).

52



]
I Myelin water A

Myelin Intra/extracellular
water water fraction =
10-40ms 40-200ms (MWF) A +

A

A(T2)

1
I
~J
I
I
I
1
I
I
I
I
I
I
i

|

10 100 1000
T2 (ms)

Figure 3.1: The histogram of the T2 values in the myelin water pool and the
intra/extracellular water 138

MWEF is defined as the ratio of the faster decaying myelin component (T2 < 40 ms) to the

total signal:

ZTziszLO msAi

MWF =
14

3.2
This 40-ms cutoff is based on histological and in vivo validation studies indicating that water

trapped within myelin bilayers relaxes more rapidly due to its restricted environment.

3.2.1.3gMT

Quantitative magnetization transfer derived from selective inversion recovery (SIR)
acquisitions allows parameter map estimation, including the myelin-sensitive
macromolecular pool size ratio (PSR or F maps) '*°. The schematic of SIR acquisition for

gMT mapping is shown in Figure 3.2.

53



180°
Inversion pulse

90°
Excitation pulse

/\/\ Acquisition ‘
- |

Repetition Time
TR

J
A J
F 3

Delay Inversion Time
td T

3
A J

Figure 3.2: The schematic of the SIR pulse sequence used for qMT mapping. The inversion
pulse is a simple rectangular pulse with no gradients.

In our SIR-gMT implementation, the selective inversion pulse is applied to the free water
pool, and images are acquired at multiple inversion times (TIs) to sample the longitudinal
recovery. The bound pool, which cannot be effectively inverted due to its extremely short
T2 (~10-50 ps), is assumed to remain near equilibrium. However, the recovery of the free
pool is altered by magnetization exchange with the bound pool, resulting in a slower and
non-monexponential inversion recovery curve. This recovery is modeled using the two-pool
Bloch-McConnell equations, which account for longitudinal relaxation and bidirectional
exchange between the pools. Fitting this model to the measured recovery curve yields
quantitative parameters such as the pool size ratio (F) and exchange rate (k), which reflect
macromolecular content and myelin density °* '%. Numerical solution to the Bloch-
McConnell equations for two-pool systems under SIR conditions allows estimating the PSR

(F), longitudinal relaxation of the free pool, and exchange rates '!.
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3.2.1.4 T1-mapping

Inversion recovery (IR) methods are a gold standard for T mapping due to their direct
sensitivity to longitudinal relaxation. When performing SIR-based quantitative
magnetization transfer (QMT) imaging, multiple images are acquired at varying inversion
times (TIs) following selective inversion of the free water pool. These data inherently
capture the T; recovery curve of the free pool and can be repurposed, without additional
acquisition time, to generate a voxel-wise T1 map ' 152, Assuming negligible exchange or
by ignoring the contribution of the bound pool, and for TR > 5T}, the recovery of free pool

magnetization can be modeled as:

-TI
S(TI) = M, (1 - ZeT_l) 33

Where S(TI) is the signal at a given inversion time, M, is the equilibrium magnetization,
and T is the longitudinal relaxation time. In practice, the following three-parameter signal

model is used to account for the baseline signal offsets:

=TI
S(TH =A—BeT 3.4

3.2.2 Multiparametric Mapping Protocol (MPM)
3.2.2.1 MPM Data Acquisition

In this section, we introduce a pipeline for data acquisition and processing to generate

quantitative multi-parametric maps of the brain to enable a comprehensive characterization
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of its properties. We use data from the standard MRI BEAT sequence at 7T Terra. X scanner
to generate the quantitative maps. Using standard and clinically available sequences
eliminates the need for more advanced sequence programming that may not be readily
available at every medical center. We then analyze the reproducibility of the implemented

protocol in section 3.2.3.

All the experiments were performed using Siemens 7T Terra. X with 8Tx/32Rx head coil.
The imaging parameters for gMT and T1 mapping were a 3D BEAT sequence: in-plane
resolution=0.7x0.7 mm, slice thickness mm, 16 slices, Inversion Times TIs:
[15,25,150,200,280,400,1500,2000,3000]  with ~ TRs:  [4215,3290,3500,3700,2980,
3500,3500,5500,3500]. The imaging parameters for T2*, QSM, and frequency mapping
were a 3D BEAT sequence with monopolar readout. In-plane resolution 0.5x0.5 mm?, slice
thickness=1 mm, number of slices: 48, Flip angle 9°. TE (0) = 1.51 ms, number of echoes 9,
echo spacing: 2.57 ms, and TR: 30 ms. The protocol was tested on a single subject. MWF

mapping is done with a spin echo sequence. All post-processing was done in MATLAB.

3.2.3 Reproducibility Analysis through Scan-Rescan Experiment

After successful implementation of our quantitative MPM protocol, enabling the
simultaneous generation of T2*, QSM, T1, MWF, and gqMT F map, we applied this protocol
in a scan-rescan study involving healthy volunteers to assess scan-rescan reproducibility and
parameter stability. These results help establish the feasibility and reliability of this protocol

for future clinical and research studies.

Reproducibility of the multi-parametric qgMR mapping protocol was tested on 8 participants.

All the experiments were performed on a Siemens 7T Terra. X with 8Tx/32Rx head coil.
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Eight healthy participants participated in the study. The participants had no history of
neurological diseases or psychiatric disorders. All participants gave their written informed
consent, and the Institutional Review Board of Auburn University approved the study. All
participants (5 males / 3 females) were scanned twice. The participants were removed from
the scanner and asked to walk around, use the restroom, or relax for at least five minutes
between the two scans. Bo shimming was performed for all scans using the vendor’s default

shimming routines.

3.2.3.1 Scan-Rescan Experiment for Reproducibility Analysis

High-resolution structural images were acquired using 3D TI1-weighted (T1w)
magnetization-prepared rapid gradient echo (MPRAGE). The imaging parameters were TR
= 4000 ms, TE = 3.47 ms, TI = 1500 ms, 4° flip angle, bandwidth = 200 Hz/pixel, echo
spacing = 8.12 ms, 0.6x0.6x0.8 mm? resolution, and 256 slices per slab. Acceleration mode
was set to compressed sensing with a total factor of 6.5 and 32 phase encoding reference

lines, resulting in a total acquisition time (TA) of 3:55 min.

For gMT and T1 mapping, we used inversion recovery GRE (T1-prepared 3D BEAT
sequence) with in-plane resolution of 0.7x0.7 mm, slice thickness: 5 mm, 16 slices, inversion
times TI: [15, 25, 150, 200, 280, 400, 1500, 2000, 3000] (ms), repetition time TR: [4215,
3290, 3500, 3700, 2980, 3500, 3500, 5500, 3500] (ms), with 5° flip angle, TE: 1.27 ms, and
63 segments were acquired per TI. The acquisition time for each 3D data set at a given TI
was approximately 1 minute using a GRAPPA acceleration factor of 3 with 24 reference

153, 154

lines. TI and TR were selected based on previously reported studies , which were

modified during our pilot experiments based on the sequence parameter limitations and the
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quality of the resulting qMT and T1 maps. A subset of TIs was selected ([25,150,400,3000])
after a comparative analysis of the quality of the generated maps to suggest the potential of

reducing scan time when only T1 mapping is desired.

A 3D multi-echo GRE sequence was acquired for R2* and QSM mapping with a monopolar
readout. In-plane resolution 0.5x0.5 mm?, slice thickness=1 mm, number of slices: 48, flip
angle: 9°, TE1 =1.51 ms, number of echoes 9, echo spacing: 2.57 ms, TR: 30 ms, with factor

2 GRAPPA acceleration and 24 reference lines. TA: 3:15 min.

MWEF mapping data was acquired with a multi-echo spin echo (MSE) sequence with a low
SAR RF pulse type. The acquisition parameters were 9 slices, 2x2x6 mm? resolution, 32
echo times, TE1: 10 ms, echo spacing 10 ms, TR 9 s, acceleration using GRAPPA with a

factor of 3 with 24 reference lines, and TA: 7:48 min.

3.2.3.2 Data Processing

All images were reconstructed online on the scanner, and DICOM images were transferred
for offline post-processing in MATLAB (MathWorks, Natick, MA). Images were converted
to NIFTI for further processing. All the 3D T1w images were processed in FreeSurfer 7.3.2
155,136 for brain segmentation (recon-all command). Using FreeSurfer’s color lookup table
(LUT), the following ROIs were extracted from the 3D label image to be used in statistical
analysis. For T1, R2*, and QSM maps, left Caudate (Ca): 11, left Putamen (Pu): 12, left
hemisphere WM (Ih-WM): 2, and left hemisphere cortical GM (Ih-GM) (index values
between 1000 and 1220), were extracted for the analysis. See Figure 3.3. Note that the same
statistical analysis can be applied to the right hemisphere, which was not considered in this

work. Limiting the number of data points in this way will facilitate data representation in the
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form of scatter plots, as illustrated in the voxel-wise analysis in the results section. Moreover,
the objective is to test the reliability of the qMR maps when the same region is selected,
which can be located in either the left or right hemisphere. For MWF and the pool size ratio
F-map, however, the whole WM (LUT indices: 41 & 2) was considered as the ROL. This is
because MWF and F-maps are often reported in the myelin-rich whole WM in many

neurological disorders 3" !%7,

Figure 3.3: Representative anatomical image and the selected ROls for reproducibility
analysis from the left hemisphere: (a) Caudate, (b) Putamen, (¢) WM, and FreeSurfer’s
color-coded cortical GM.

Before generating each quantitative map, the 3D T1w images were co-registered to the first
magnitude image of the corresponding dataset using SPM12 (Statistical Parametric

Mapping, https://www.fil.ion.ucl.ac.uk/spm/software/spm12/) with default parameters. We

used this co-registered anatomical image (which now has the same number of slices as the
corresponding quantitative maps) to crop and resample the FreeSurfer’s 3D label image to
the target quantitative map dimensions using the segmentation tool in ITK-SNAP 4.0.2!%%

(www.itksnap.org).

59


https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
http://www.itksnap.org/

gMT data processing: Before generating the qMT and T1 maps, all acquired images (TTI:
15 to 3000 ms) were aligned with the first image (TL: 15 ms) with SPM12 realign (estimate
& reslice) with default parameters. In addition, the rescan images were coregistered
(estimate & reslice with default parameters) to the scan image space. T1 maps and qMT F-
maps were generated using the qMRLab '°!. First, we generated a T1-map using Inversion
recovery T1-relaxometry with TIs: [25,150,400,3000] and TR: 3500 ms. This T1 map was
used to create a mask by thresholding it to T1 values less than 1400 ms to explicitly focus
on voxels in the WM prior to qMT fitting. This helps in increasing the qMT fitting speed
and accuracy. This threshold was set as it has been reported to be an inclusive higher limit
for T1 values in WM, both at 3T '*° and 7T, where the mean T1 value is reported to be 1284
+22 ms in WM and 2065 + 69 ms in GM using the IR method '*°. This mask further removes
CSF from the fitting procedure to avoid direct saturation effects that might differ from tissue
due to the longer T2 and the zero MT. Furthermore, a T1 map was used to generate the masks
as it is inherently co-registered with the qMT maps and avoids further registration and
alignment. QMRLab’s qmt-sirfse method was used to generate the F-maps using all TT and

TRs  (https://gmrlab.readthedocs.io/en/master/qmt sirfse_batch.html).  The  above-

mentioned generated mask was applied while fitting. Both rescan T1 and F maps were
further registered into scan space using symmetric normalization (SyN) '®! with cross
correlation as the metric (SyNCC) implemented in Advanced Normalization Tools in R

(ANTsR v0.5.7.6, https://github.com/ANTsX/ANTsR ?tab=readme-ov-file). The T1 and F

values were extracted in the 4 ROIs and thresholded to be between 0.01 < F < 0.4 for the F

map and 800 <T1 <3000 ms to avoid outliers affecting statistical analyses.

R2* and QSM data processing: Quantitative R2* maps were generated using VSF
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implemented in MATLAB to correct for the background field inhomogeneity artifact. To
generate the QSM maps, we used the Chisep toolbox (https://github.com/SNU-LIST/chi-
separation/), which takes 4D magnitude and phase data as input parameters. Phase images
underwent a sequential process of phase unwrapping, background-field removal, and dipole
inversion. We used Laplacian (STI Suite Version 3.0

https://people.eecs.berkeley.edu/~chunlei.liu/software.html) for phase unwrapping with a 12

isotropic pad size. Then we used V-SHARP '®2 with a spherical mean value (SMV) of 12 to
remove the background field. QSMnet was then used to solve the inverse field-to-
susceptibility problem. Both rescan R2* and QSM maps were registered to the same space
using SyNCC. The R2* and QSM values were extracted in the 4 ROIs and thresholded to be
between 3<R2*<80 1/s for the R2* map and -0.1<QSM<0.1 ppm to avoid outliers affecting
statistical analyses. The thresholds were selected empirically from data histograms,

considering the expected ranges of values.

MWEF data processing: Scan and rescan images were realigned and registered into the same
space before generating the maps (as explained in the qMT section). The non-parametric T2

relaxometry method with extended phase graph (EPG) correction for the stimulated echoes
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was done wusing the  multicomponent-T2  toolbox (Version 0.3,

https://github.com/ejcanalesr/multicomponent-T2-toolbox). This toolbox estimates the T
distribution from MESE data by solving a regularized non-negative least squares (NNLS)

problem:

min ||S — KA||? + AR(4) 3.5
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Where S id the observed signal, K is the dictionary of exponential decays over a predefined
set of T, values, A is the regularization weight, and R(A) is the regularization term. A is the
T, distribution to be estimated. We used the InvT, penalty term that considers the non-
equidistant partition of the T, grid with the L-curve criterion to estimate the optimal
regularization weight. The myelin T2 cutoff was set to 40 ms, and total variation denoising
(TV) was applied. Further nonlinear registration was applied using SyNCC on the generated
maps. This additional registration step may help increase reproducibility by limiting
misregistered voxels that might negatively affect the analyses. The resulting maps were then
masked using the FreeSurfer’s WM labels (indices 2 & 41) eroded by 4 pixels to report the

values in the central regions of WM away from edges and thresholded not to exceed 0.6.

3.2.3.3 Statistical Analysis

In voxel-wise analysis, the value of the gMR maps in each voxel during the scan and rescan
experiments was considered in the statistical analysis. In the ROI-based analysis, the mean
value of each map in each of the extracted regions was considered for comparison and
statistical analysis between scan and rescan measurements. Therefore, statistical metrics
such as ICC, Pearson’s correlation (1), bias, and variability were averaged over subjects and
reported in voxel-wise analysis (See Table). On the other hand, the ROI-based analysis
considers the mean qMR values in each region, and therefore, the statistical metrics (ICC,
CV, etc.) do not need to be averaged over subjects, as each subject is considered in the
statistical analysis. The ICC and CV between scan and rescan were calculated for the
generated maps in the selected ROIs. We used the A-1 type ICC metric to calculate the
degree of absolute agreement among measurements and reported the upper and lower

confidence intervals for each map. The Bland-Altman was also plotted to analyze the degree
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of agreement between the measurements and to report the corresponding bias and variability
in each case. We considered the variability (Var.) to be the upper minus lower limits of
agreement (LOA) in the Bland-Altman plot to understand the width to which the parameter
is confined. We performed a voxel-wise linear regression analysis comparing scan and
rescan data, including the Pearson's regression coefficient (r), regression slope, and
intercept. A two-sample t-test (ttest2 in MATLAB) at the 5% significance level with default
parameters (‘both’ tails assuming ‘equal’ variances) was performed along with the Cohen’s
effect size value to assess the difference between scan and rescan in both voxel-wise and
ROI-based analyses. The average of the mean MR values in each ROI from the 8 subjects
was also reported in a whisker plot along with the interquartile range: median, data range of
values across subjects, and possible outliers. A representative difference map (scan minus
rescan) was also plotted to depict the voxel-wise differences in each quantitative map (Diff.

map).

3.3 Results

Figure 3.4 shows the quantitative T1 maps (a) and quantitative F maps from quantitative
magnetization transfer mapping using Inversion recovery data. Figure 3.5 shows the BEAT
magnitude images (a), T2* maps corrected for background field inhomogeneity with Voxel

Spread function (VSF) (b), Quantitative Susceptibility Maps (QSM) (¢), and frequency maps

().
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a) T1 maps £

b) F maps '
A

Figure 3.4: Representative quantitative (a) T1 and (b) F maps from the MPM protocol from
a single subject in different slices.

a) Magnitude Images {
at TE=6.65 [ms] [

b) T2* maps

c) QSM maps

d) frequency maps .

Figure 3.5: Representative (a) magnitude, (b) T2*, (¢) QSM, and (d) frequency maps from
the MPM protocol from a single subject in different slices.

Our results show the feasibility of multiparametric quantitative MR imaging of the brain at

7T Terra. X scanner using the clinically available 3D BEAT sequence. The maps generated
enable a comprehensive characterization of tissue properties and might prove helpful in

clinical studies.
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A representative example of the generated T1, F, R2*, QSM, and MWF maps in a single
subject is shown in Fig. 3.6a-e, respectively. Through a visual inspection, scan and rescan
maps do not show extremely striking differences, as seen in the difference map (Diff), which

is zoomed to 10 times the original scaling.
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oy (T1-map)

(Sca.n) (Res;:an)

(F-map)

Figure 3.6: Representative quantitative MRl maps in scan and rescan experiments and
the corresponding difference map (Diff) in a single subject: (a) T1-map (using all Tls), (b)
gMT F-map, (¢) R2*, (d) QSM, and (e) MWF maps. The difference map is zoomed in (10x).
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Rescan maps are registered to the scan space using nonlinear registration (SyNCC) in
ANTsR.

3.3.1 Voxel-wise analysis

T2* relaxation Figure 3.7 shows the voxel-wise correlation analysis results from a single
subject T1 map, along with the regression line, slope, intercept, and Pearson r correlation
values in a) Caudate, b) Putamen, ¢) lh-WM, and d) 1h-GM. The corresponding Bland-
Altman plots, the mean difference (bias: dashed red line), and the limits of agreement
(LOA = mean difference + 1.96 * SD) are also shown (dashed green lines). Similar voxel-
wise analysis results are depicted in Figures 3.8-3.10 for R2*, QSM, F-, and MWF maps,

respectively.
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Figure 3.7: (a-d) T1-map correlation plots in Caudate, Putamen, lh-WM, and lh-GM and
the corresponding Bland-Altman plots (e-h) in a single subject. The regression line is
shown in solid red. Tls: [25,150,400,3000] and TR: 3500 ms.
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Figure 3.8: (a-d) R2* map correlation plots in Caudate, Putamen, lh-WM, and th-GM and
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the corresponding Bland-Altman plots (e-h) in a single subject. The regression line

shown in
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Figure 3.9: (a-d) QSM map correlation plots in Caudate, Putamen, lh-WM, and lh-GM and
the corresponding Bland-Altman plots (e-h) in a single subject. The regression line is
shown in solid red.
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Figure 3.10: (a-b) F-map, and (c-d) MWF map correlation and Bland-Altman plots in WM
in a single subject. The regression line is shown in solid red.

We tabulated the average behavior of the voxel-wise analysis results across all 8 subjects in
Table 3.1. The reported metrics in this table are averaged over all 8 subjects. The voxel-wise
analysis results for each individual subject, along with the t-test results and effect sizes, are

presented in the supplementary materials section (Tables A1-A3).

Table 3.1: Voxel-wise analysis of qMR maps in selected ROIs. The reported values are the
mean + SD of each metric (obtained by considering each voxel’s data as samples) over all 8
subjects. R: Pearson’s correlation, abs (Bias): absolute value of the mean differences in the

Bland-Altman plot, Var.: variability as the width of the upper minus lower LOA.
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. ROI
gqMR map | Metric
Ca. Pu. Ih-WM h-GM
ICC 85.63+14.07 | 77.75+11.95 86.5+5.45 77.75 £5.63
T1 r 91.63 £7.17 80.38 = 11.88 88+4.9 79 +4.28
[ms] abs (Bias)| 75.86+75.14 | 21.64+7.79 31.99 + 12.95 53.56 +42.82
Var. 466.58 + 191.76 | 267.66 + 70.97 | 419.81 + 121.54| 945.76 + 161.71
ICC 91.63 +7.27 79.88 £ 16.06 79+ 7.6 81.38 +£4.63
R2* r 93.88 + 5.49 86.25 +9.93 80.88 + 6.22 81.38 +£4.63
[1/s] abs (Bias)| 0.96 +0.97 1+1 1.19 +0.92 0.38 +0.33
Var. 14.68 + 10.45 10.21 + 6.92 15.92 + 6.61 21.25+6.19
ICC 87.63 +7.42 89.88 +7.12 88 £ 6.95 83.25+ 8.4
QSM r 91 £5.95 94 £ 3.59 89.13 + 6.56 84.25 + 8.56
[ppb] |abs (Bias) 0.18+ 1.4 1.6 +1.39 0.69+1.17 0.75 +0.94
Var. 14.68 +10.45 10.04 + 3.84 19.25 + 6.95 30.38 + 10.51
gqMR map | Metric WM
I1CC 92.5+3.51
r 93.63 +£2.26
F abs (Bias) 0.004 + 0.004
Var. 0.07 = 0.02
ICC 81 +4.34
r 82.88 +4.05
MWE abs (Bias) 0.017 £+ 0.009
Var. 0.24 + 0.03

3.3.2 ROI-based analysis

Table 3.2 shows the results of the ROI-based analysis, where the average value of the gqMR
is considered as a data sample in statistical analysis (making 8 samples for the scan to be
compared with 8 samples from the rescan). ROIs CV, ICC, p-, and Cohen’s d-values are
tabulated. For the pairwise CV% of each subject, refer to the supplementary materials (Table
A4). Box and whisker plots of the mean ¢qMR maps in each ROI are shown in Figures 3.11
to 3.13 for R2*, QSM, T1, F, and MWEF, respectively. Each horizontal red solid line is the
average of the corresponding mean qMR value inside the ROI, averaged across all subjects.

The box plot is based on 8 data points from 8§ different subjects. The dashed horizontal lines

are the median values for the scan (blue) and rescan (red) quantitative maps.
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Table 3.2: ROI-based analysis of gMR maps in selected ROIs. ICC, p, and abs (d) values
are obtained using the mean qMR in the selected ROI from each subject, resulting in 8 data
samples in the scan and 8 data samples in the rescan to be considered in the analyses. CV%

is the average CV of the pair-wise CV of all 8 participants (see supplementary material Table

Ad).
qMR map| Metric ROI
Ca. Pu. lh-WM 1h-GM
ICC (CI) 61 (0,90) 98 (90, 100) 81 (28, 96) 76 (25, 65)
Tl CV % 3.06 1.13 2 2.21
[ms] p 0.27 0.99 0.42 0.56
abs (d) 0.53 0.01 0.39 0.28
ICC (CI)| 86(46,97) 97 (84, 99) 80 (33, 96) 96 (83, 99)
R2* CV % 1.78 1.83 2.21 0.85
[1/s] p 0.88 0.98 0.53 0.79
abs (d) 0.07 0.01 0.3 0.13
ICC (CI)| 94(69,99) 91 (39, 98) 98 (88 , 100) 93 (61, 99)
QsSM CV % 46.37 33.3 29.65 55.59
[ppb] p 0.66 0.52 0.81 0.62
abs (d) 0.21 0.31 0.12 0.24
gqMR map Metric WM
ICC (CI) 85(39,97)
F CV % 2.3
p 0.95
abs (d) 0.03
ICC (CI) 64 (-9, 93)
MWF CV % 6.45
P 0.08
abs (d) 0.89
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Figure 3.11: Mean (a) R2*, and (b) QSM values in each ROl in 8 subjects from scan (blue)
and rescan (red) measurements. Dashed horizontal lines are the average over all 8
subjectsin the scan (blue) and rescan (red). Box = interquartile range; bold horizontal lines
= median; whiskers = data range of values across subjects. Circles = outliers, which is a
subject that exceeded the range of (q1-1.5 x [q3-q1]; 93+ 1.5 x [q3-q1]), where g1 and g3
are the 25th and 75th percentiles of the mean gMR data, respectively.
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Figure 3.12: Mean (a) T1 and (b) F values in each selected ROl in 8 subjects from scan
(blue) and rescan (red) measurements. Dashed horizontal lines are the average over all 8
subjectsin the scan (blue) and rescan (red). Box = interquartile range; bold horizontal lines
= median; whiskers = data range of values across subjects. Circles = outliers, which is a
subject that exceeded the range of (q1-1.5 x [q3-q1]; 93 + 1.5 x [q3—-q1]), where g1 and g3
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are the 25th and 75th percentiles of the mean qMR data, respectively.
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Figure 3.13: Mean MWF values in WM in 8 subjects from scan (blue) and rescan (red)
measurements. Dashed horizontal lines are the average over all 8 subjects in the scan
(blue) and rescan (red). Box = interquartile range; bold horizontal lines = median; whiskers
= data range of values across subjects. Circles = outliers, which is a subject that exceeded

the range of (q1-1.5 x [q3-q1]; g3 + 1.5 x [q3—-q1]), where g1 and g3 are the 25th and 75th
percentiles of the mean qMR data, respectively.

3.4 Discussion

In this chapter, we implemented a protocol for multiparametric quantitative mapping of the
human brain using clinically available sequences in less than 30 minutes and assessed its
reliability at 7T. Repeatability and reproducibility can be classified as poor for ICC values
50%, moderate for 50 <ICC< 75, good for 75<ICC<90, and excellent for values above 90,
provided the 95% Cls are small 2. In our voxel-wise analysis (Table 3.1), where the metrics
were averaged over 8 subjects, our results showed good-to-excellent (75<ICC<100)

reproducibility in all gMR maps in all the selected ROIs. Scan and rescan showed a high
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Pearson’s correlation (r>75) for all the gMR maps in all the chosen ROIs (see Figures 3.7-
3.10 for a single subject). There was a slight absolute bias in each reported metric (see Table
3.1). When considering the whole WM, the qMT F-map outperformed MWF in ICC and

correlation and showed less bias and variability than MWF.

In ROI-based analysis, where we averaged each qMR over the ROI and compared the
resulting average qMR values between scan and rescan in all subjects, the following
observations were obtained (Table 3.2): good-to-excellent reproducibility in all gMR maps
in all the selected ROIs except for the T1 map in Caudate and MWF in WM that showed
moderate ICC. To calculate the CV, we first calculated pairwise CV (Table S4) and averaged
it over all subjects to get CV values in Table 3.2. The CV values were small, ranging from
0.85% to 6.45% across all gMR maps, except for the QSM, which had small values near
zero that impacted the CV calculation. These high CVs are the result of the mean QSM

values being close to zero, which results in a division by a small number '**,

By comparing the voxel-wise (Table S1-S2) and ROI-based t-test p-values (Table 3.2), it is
seen that the average behavior of the gMR map over the ROI (ROI-based analysis) shows
insignificant differences (P>0.05) between scan and rescan, while voxel-wise comparison
between scan and rescan has smaller P values (P<0.05) in most of the selected subjects and
ROIs. This can be due to misregistration errors, partial volume effect, or post-processing
(such as thresholding) on each voxel. This could mean that ROI-based measurements might
be a more reliable metric for longitudinal studies when t-statistics are considered, compared
to monitoring each voxel value individually. However, this does not undermine the

importance of monitoring qMR values in each voxel over time, as the effect sizes (d values)
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reported for each subject in Tables A1 and A2 are too small, making the differences observed

less practically significant.

We reported mean values of the gMR maps in the selected ROIs in box and whisker plots
(Figures 3.11-3.13). There was a high degree of agreement between the average values of
the mean qMR maps over all subjects (solid horizontal lines) in scan and rescan

measurements.

Similar works have pursued multiparametric qMR mapping of the human brain at 7T. Meter
et. al. introduced a novel sequence, multi-echo MP2RAGE, capable of generating
simultaneous maps of T1, T2*, and QSM in 19 minutes *!. The group average results
reported for Ca., Pu. And WM in their work is 1441+34, 1659+36, 1219+30 for T1 (ms),
274 + 1.1, 33.2 £ 1.9, 25.85 + 0.8, for T2* (ms) and 26.3+3.4, -0.4+1.4, 7+£2.3 for
susceptibility (ppb), respectively. Comparing these results to Figure 3.11, our R2* values
were comparable in Ca. and 1h-WM, with slight overestimation in Pu. Our susceptibility
values in Ca. showed a slight positive value (ppm), while Pu. had a negative or close to zero
average QSM. Choi et al. reported QSM values close to 0.05 ppm in both left Ca. and left.
Pu. With 0.834 (CI: 0.38, 0.964) and 0.734 (CIL: 0.194, 0.939), respectively **. However,
direct comparison between different QSM methods might not be desired as the reported
susceptibility values differ in the selected reference and methods to calculate the

143 Simultaneous

susceptibility differences, rather than the bulk susceptibility
reproducibility of QSM and R2* has also been studied at 7T with promising results '6°. Betts

et al. have shown excellent reproducibility of QSM in Ca., and Pu. and have reported mean

QSM values (ppm) for Ca., Pu., WM, and cortical GM to be 0.03 £ 0.0007, 0.014 + 0.0008,
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for Ca. and Pu., respectively, and between 0.04 to 0.03 ppm for WM, and between -0.01 to
0.015 ppm for cortical regions '%®. They have also shown excellent reproducibility for R2*
in Ca. and Pu. With average R2* of 37+£0.45 [1/s], and 4440.56 [1/s], respectively. WM and
cortical regions R2* were reported to be between 0 to 45 [1/s] and 0 to 70 [1/s], respectively
166 Rua. at. al showed that Ro* values from the Auto-Regression on Linear Operations
(ARLO) algorithm '*° followed the literature values closely for Ca. and Pu. With average
values of 40 ms and ~50 ms, respectively. R2* in the left hemisphere has also been targeted,
as is the case in our work, in the left Caudate and left Putamen with an average value of 46.4

+5.24 and 53.3 £ 7.6 [1/s], respectively ¢4,

Our T1-mapping results in Figure 3.12 differed from the values reported by Meter et. al ',
in smaller structures (Ca. and Pu.). As mentioned earlier, our T1 results, particularly in

smaller structures (Ca. in Table 3.2), were not comparably reproducible as other gMR maps.

T-tests did not show any significant differences, as mentioned earlier in the ROI-based
analysis, in any of the gMR maps. However, the MWF map showed relatively higher
differences between the scan and rescan (Figure 3.13) with a P value of P = 0.08, which,
compared to other gMR maps in this work, requires more careful consideration. A scan-
rescan analysis of various regularization techniques and penalty functions in the non-

parametric T2-relaxometry MWF tool used in our work can be found in '%,

Canales-
Rodriguez et. al showed high reproducibility in the resulting MWF maps at 3T (with L-curve
regularization outperforming others), above 90% Pearson’s correlation, and smaller CV%

compared to our values reported in Table 3.2. The lower relative reproducibility of MWF

can be due to several factors: the processing geometric TE sampling might be ideal for MWF
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mapping '®’. Fixed echo spacing might not be appropriate, as is the case in conventional
MSE data with 10 ms fixed echo spacing. Furthermore, acquiring very short echo times that
improve sensitivity to fast-decaying myelin signals is not feasible in a clinical setting. The
advantage of using the parametric method, however, is that it generates MWF maps while
accounting for stimulated echoes and applies effective spatial regularization to enhance the
quality of the generated maps. Another confounding factor is SAR considerations and time-
compensating acceleration. A higher SAR at 7T during MSE acquisition required a long TR,
which was shortened with extreme acceleration; however, this might have compromised the
reproducibility and quality of the MWF maps generated. Therefore, maybe for MWF
mapping at 7T, switching to custom-programmed sequences might be a more reliable option.
Other reliable biomarkers of myelin (e.g., qMT F map) can also serve as indicators of myelin

content.

For gMT, we only focused on the WM as it shows significant pathological changes in several
disorders %% 19 Scan-rescan reproducibility of the SIR qMT mapping has previously been
implemented at 7T''%. Dortch et. al.''* reported mean value across selected WM ROIs to be
(17.6 £ 1.3) %. The difference between these results and our results in Figure 3.12b may be
due to the differences in the regions of interest (ROIs) covered, as we considered the entire

white matter (WM) compared to selected smaller areas within the WM.

The choice of acquisition methods for each gMR mapping was based on several
considerations, including SAR effects at 7T, acquisition time, and computational
complexity. The parameters selected for data acquisition were limited to the scanner’s

default settings, with minimal flexibility in the chosen number of echo times, maximum
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feasible echo time, minimum inversion time, echo spacing, and other parameters. One of the
main impacts of this was observed on the MWF maps, as the SAR limitations required a
higher TR, resulting in a longer acquisition with relatively lower reproducibility compared
to other gMR maps generated in this work. Other techniques, such as myelin water imaging
(MWI) using multi-echo gradient echo (mGRE) acquisition 2’ might be more appropriate at
higher fields. However, mGRE-based MWF mapping might not be feasible for clinical
studies, as it requires custom sequence modification to enable optimized echo time sets for
implementing non-linear least squares (NLLS) curve fitting to a complex 3-compartment

signal model with 9 unknown parameters 2’.

One limitation of the present work is the small sample size. While the results may not be
suitable for drawing a general conclusion, they can be considered an approximate lower limit
of discrepancies observed in longitudinal studies. A short resting time between scan and
rescan sessions is another issue, as it does not accurately represent the long-term variation
of both the brain and the scanner. While some statistical analyses can be performed on both
hemispheres, we focused on the left hemisphere in the R2*, QSM, and T1 maps and reported
the results for the selected ROIs in the left hemisphere. While this simplifies our report and
representations, the qMR values in both hemisphere structures need to be considered and
pooled over the whole slice for a more comprehensive report. Another limitation of our work
1s that we observed that the T1 map behavior is highly dependent on the selected ROI and
cannot be considered reliable. We aimed to utilize the set of Tls and TRs already acquired
for gMT mapping to generate an additional T1 map, thereby saving scan time. This limits
the TIs considered for T1 mapping and could have impacted the moderate reproducibility of

the T1 map. This calls for further optimizing the acquired data points for exclusive T1
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mapping or using other more advanced T1 mapping techniques when feasible.

Conclusion: We have introduced and analyzed the reliability of a clinically feasible imaging
protocol that enables multi-parametric quantitative mapping of the brain to access brain
microstructural properties at 7T. This eases the process of comprehensive quantitative brain
mapping, which might otherwise be hindered by the need for complex, custom sequence
programming. The results of this work can also be further extended to analyze the degree of
reproducibility between different vendors in different imaging sites or between different

processing methods for each qMR parameter.
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Chapter 4: Quantitative T2* Mapping with Multi-Echo
Radial Stack-of-Stars Acquisition in Human Central
Nervous System at 7T

4.1 Introduction

Quantitative MRI (qMRI) techniques, such as T2* mapping, quantitative magnetization
transfer (QMT), and myelin water fraction (MWF) mapping, serve as effective methods for
examining tissue microstructure and composition in vivo 0% 109139170171 “Tynically, these
techniques involve multiple acquisitions under different contrast-weighting conditions (for
example, various echo times or inversion times) and depend on fitting biophysical models
to estimate quantitative tissue parameters. Nevertheless, these acquisitions can be time-
intensive and sensitive to movement, which can restrict their clinical and research uses. For
example, qMT imaging can require at least nine inversion times, each taking over a minute,
to ensure precise model fitting. Likewise, traditional Cartesian methods for T2* mapping
usually demand prolonged scan durations to achieve high spatial and temporal resolution.

1172

To tackle these challenges, advanced non-Cartesian acquisition methods like radial *’“, spiral

173 and rosette sampling '’* have become increasingly popular. Their strengths lie in
tolerance to motion, efficient coverage of k-space, and their suitability for undersampled

reconstruction techniques '">'”7. Among these methods, radial trajectories, especially the

stack-of-stars approach, offer an effective balance between acquisition speed and motion
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resilience, making them particularly suitable for imaging intricate anatomical areas such as

the brain and spinal cord at ultra-high fields like 7 Tesla (7T).

In this chapter, we utilize a 2D multi-echo radial stack-of-stars technique for T2* mapping
of the central nervous system. This method enables the creation of quantitative T2* maps
for the human brain and cervical spinal cord, providing region-specific numerical values.
The multi-echo radial acquisition facilitates simultaneous mapping across several echoes,

offering improved resistance to motion artifacts and reducing scan time.

We first investigated the feasibility of generating T2* maps from single-shot k-space
readouts in the human brain, which allows time-efficient acquisition. Then we image the
spinal cord with single to multiple segments to assess how the quality of the images is
affected by changing the number of kspace segments. From single-shot acquisition, which
reduces scan time, to multi-shot segmented readout, which enhances SNR, we assess the
resulting image quality and quantification performance. We also study the feasibility of
compressed sensing (CS) reconstruction to enhance reconstruction when an undersampled

kspace with a limited number of spokes is acquired in our radial acquisition.

This study is the first report to demonstrate the multi-echo high-resolution spinal cord radial
stack-of-stars MRI with segmented acquisition and its application to brain and spinal cord
T2* mapping at 7T. Particularly, this study aims to show that advanced multi-echo radial
stack-of-stars can enable efficient, motion-insensitive, high-resolution T2* mapping in both
the brain and spinal cord at 7T. The segmented and undersampling ability of this novel
sequence makes it suitable for applications such as MR fingerprinting, where undersampled

single-shot k-space acquisition is advantageous for saving time and enhancing contrast.
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4.2 Materials and Methods
4.2.1 Radial Stack-of-Star (SoS) Pulse Sequence Design

A multi-echo golden angle radial stack-of-stars pulse sequence was implemented, which
acquires the kx-ky plane along radial projections and Cartesian slice encoding. The 2D radial
plane acquisition was segmented such that multiple radial spokes were acquired for each
slice before switching to the next slice. The pulse sequence diagram implemented in Siemens
IDEA software is demonstrated in Figure 4.1a. The multi-echo acquisition is repeated for
each slice and each segment. For an acquisition with P radial spokes and N segments, each
segment has P/N spokes acquired, and the acquisition is repeated for the next segment,
resulting in a total acquisition time of N*M*TR. A representative segmented kspace with
golden angle radial sampling (111.25°) 72 is shown in Figure 4.1b, where for an acquisition

with N=3 segments and P = 12 spokes, 4 spokes are acquired in each segment for all slices

to fill the kspace.
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Figure 4.1: (a)Pulse sequence schematic and setup for the radial SoS acquisition, (b) kspace
segmentation with golden angle radial sampling.

4.2.2 Data Acquisition
4.2.2.1 Brain Protocol

All the experiments were performed using Siemens 7T Terra. X with 8Tx/32Rx head coil.
The sequence was tested on a single subject. Radial imaging parameters were: FOV=256
mm, readout=256, in-plane resolution=2x2 mm?, slice thickness=5 mm, 5 slices, flip
angle=15°, Golden angle sampling, number of spokes=128, 1 segment with TR=10 s. 11

echoes were acquired with TE1=2.40 ms, and dTE=3 m:s.
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4.2.2.2 Spinal Cord Protocol

All the experiments were performed using Siemens 7T Terra. X with an 8-channel spine coil
(Rapid Biomedical GmbH). Radial imaging parameters were: FOV=240 mm, readout=448
pts, in-plane resolution=0.5x0.5 mm, slice thickness=5 mm, 9 slices, flip angle=15", Golden
angle sampling '"2, number of spokes=1024, 512 spoke, 8 segments with TR=5.5s. Five

echoes were acquired with TE1=2.40 ms, and dTE=4.02 m:s.

The sequence was repeated with 512 radial spokes with different numbers of segments and
TR as follows: = 1-segment (single shot/slice)/TR=11s, acquisition time=2 minutes; 4-
segment/TR=5s, acquisition time=3:40 minutes; and 8-segment/TR=5s, acquisition

time=7:20 minutes.

Standard clinical MEDIC images were also acquired at the same slice locations (see Figure
4.2). MEDIC combines 6 echoes into a single image. Parameters for the MEDIC images
were: FOV=224, matrix=512 interpolated to a resolution of 0.2x0.2x5 mm?, TE=15 ms,

TR=500 ms, and flip angle=30°. Standard Neck Bo shimming was performed for all scans.

86



Figure 4.2: Slice positioning on the spinal cord: (a) coronal, (b ) sagittal. A representative slice
is selected in (¢), and the corresponding axial MEDIC image is shown in (d).

for the phantom experiment are shown in Figure 2.5. Macroscopic background field

inhomogeneity due to (has impact of segmented kspace, no CS)
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4.2.3 Radial Image Reconstruction

Image reconstruction from non-Cartesian k-space data, such as radial or spiral trajectories,
necessitates specialized algorithms distinct from those employed in standard Cartesian
imaging. The most widely used approach for reconstructing such data is the gridding method,
which involves interpolating non-Cartesian k-space samples onto a Cartesian grid before
applying the Fourier transformation. Gridding typically employs Kaiser-Bessel convolution
kernels and density compensation functions (DCFs) to account for varying sampling density
in k-space, followed by an inverse FFT to generate the image !’8. To enhance computational
efficiency and accuracy, gridding can be implemented using non-uniform fast Fourier
transform (NUFFT) algorithms !”, which performs direct transformation from non-
Cartesian data to image space without explicit regridding. NUFFT eliminates interpolation
artifacts and offers superior performance, particularly for high-resolution or large-scale
reconstructions. These methods are widely adopted within the MRI community and are
implemented in various toolkits. The Michigan Image Reconstruction Toolbox (MIRT) and
the NUFFT package implemented in MATLAB by Fessler provide robust gridding and

NUFFT approaches for non-cartesian image reconstruction 7.

An alternative toolbox for non-Cartesian MRI image reconstruction is the Berkeley
Advanced Reconstruction Toolbox (BART) '8¢ that includes various reconstruction
algorithms such as gridding, compressed sensing, parallel imaging, and nonlinear inversion
methods '8!, BART accommodates multiple types of radial trajectories, including uniform
radial and golden-angle radial trajectories. Golden-angle trajectories offer improved
temporal incoherence, making them ideal for dynamic and undersampled scenarios,

particularly beneficial for compressed sensing '*2. Before image reconstruction, BART’s
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“estdelay” command corrects for gradient delay errors in radial acquisitions by estimating
and compensating for trajectory shifts caused by system imperfections '* 134, BART also
facilitates the estimation of sensitivity maps from undersampled non-Cartesian data using
the “nlinv” function. This function employs a regularized nonlinear inversion algorithm to
estimate coil sensitivity maps and the image itself simultaneously '*°. Once the sensitivity
maps are generated, they can be utilized in the “pics” tool for parallel imaging and
compressed sensing reconstruction. The “pics” tool supports various regularization methods,
such as total variation L2 and wavelets, making it well-suited for iterative reconstructions of

undersampled radial data 17> 176 186,

4.3 Results

4.3.1 Radial Stack-of-Star (SoS) Imaging in Human brain

The reconstructed radial images in the human brain are shown in Figure 4.3. The gridding
method was used in MATLAB for image reconstruction '¥’. TR was 10 [s], TE1=2.40 ms,
and ATE=3 ms with 11 echo times acquired. Five slices were acquired, which are shown in
Figure 4.3 for odd echo times. The acquisition was a single shot with 128 radial spokes, with

aresolution of 2 X 2 X 5 mm?. The total acquisition time was 50 [s].

Brain imaging with Cartesian compared to radial stack-of-stars is shown in Figure 4.4. The
radial image has been acquired in a single shot with 512 radial spokes. The image quality is
comparable to that of Cartesian imaging, with a significant reduction in scan time achieved
through single-shot acquisition. The Cartesian imaging acquires one line of kspace per TR,

while the single-shot radial acquisition samples the whole kspace in a single TR.
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Figure 4.3: Brain imaging with multi-echo radial stack-of-stars acquisition.
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Figure 4.4: Brain imaging with Cartesian compared to radial stack-of-stars. The radial image
has been acquired in a single shot with 512 radial spokes.
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4.3.1.1 Compressed Sensing Reconstruction for Undersampled Radial
Kspace

The results of image reconstruction with an undersampled k-space are shown in Figure 4.5.
Data was sampled in a single shot with 32, 64, 128, 256, and 512 radial spokes to compare
the image quality. Images were reconstructed in BART with different reconstruction
algorithms. The 32-channel sensitivity maps were calculated with the “nlinv* command,
which generates coil sensitivities and reconstructs the image at the same time. Wavelet
regularization in-plane was done with 100 iterations and a regularization parameter of
0.0015. The L2 norm regularization parameter was 0.001. The quality of the reconstructed
images was also compared to that of the standard NUFFT reconstruction method, which does
not apply any regularization. Highly undersampled kspace data with 32 spokes generates
comparable image quality to denser sampled kspace, indicating a successful acquisition and
reconstruction. Radial trajectories are well-suited for compressed sensing-based MRI
reconstruction because they inherently provide incoherent sampling of k-space. This
incoherence is a crucial requirement for successful compressed sensing !’®, enabling the

reconstruction of high-quality images from highly undersampled data (Figure 4.5).
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Figure 4.5: Radialimage reconstruction from undersampled kspace with 32, 64,128,256,
and 512 radial spokes in a single shot. NUFFT, nlinv, and compressed sensing
reconstruction with 12-norm (CS-12) and wavelet regularization (CS-W) were used to
generate the images.

4.3.1.2 T2* Mapping in Human Brain Using the Multi-Echo Radial SoS Pulse
Sequence

Using a mono-exponential fitting of the multi-echo radial SoS data acquired with a single
shot and 128 spokes (shown previously in Figure 4.3), the T2* values were reported in Figure
4.6. With a 10-second TR, 11 echo times, and a total acquisition time of 50 seconds for this

single-shot acquisition, T2* maps of the brain were yielded. The Arlo-function toolbox was
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used for the magnitude-based fitting. The resolution was 2 X 2 X 5 mm?®, which can be
improved to submillimeter resolutions simply by increasing the matrix size (current matrix

size is 128 with FOV of 256). Gridding was done in MATLARB for the reconstruction.

Figure 4.6: T2* maps from different slices in a single healthy subject.

4.3.2 Radial Stack-of-Star (SoS) Imaging in Human Cervical Spinal Cord

Radial images from 1024 spokes in four different slices (Figure 4.7a). The fusion of 5 echoes
enhances the Signal-to-noise ratio (SNR) and contrast-to-noise ratio between gray and white
matter. The corresponding MEDIC images are from the same location (Figure 4.7b).
Qualitatively, radial images provide improved visualization of gray and white matter,

yielding sharper results.
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Figure 4.7: a) Reconstructed radial images averaged over all echoes (n = 1024 spokes)
and b) the corresponding MEDIC images. Qualitatively, radial images provide improved
visualization of gray and white matter, producing sharper images.

4.3.2.1 Segmented Readout in Human Spinal Cord
Figure 4.8 shows the effect of segmented kspace acquisition. Although image quality is
improved with more segments, single-shot (Figure 4.8a) allows us to reduce imaging time

and still generate excellent quality images significantly.



Figure 4.8: Representative radialimages from multiple slices (each row) with a segmented
k-space with columns a) single shot, b) 4 segments, and ¢) 8 segments. Although SNR and
CNR are improved with multiple segments, excellent quality images can be attained with
a single shot, mostly preserving the contrast.

4.3.2.2 T2* Mapping in Human Cervical Spinal Cord using the Multi-Echo
Radial SoS Pulse Sequence

The bar plot in Figure 4.9 shows the T2* values obtained using the acquired radial multi-
echo images. T2* values are averaged over three slices in GM and WM. Mean T2* values
in GM and WM were 0.031 £ 0.003 [s] and 0.028 + 0.003 [s], respectively. Segmentation

was done in the Spinal Cord Toolbox (SCT) [5].
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Figure 4.9: Average T2* in the spinal cord GM and WM.

The Golden Angle radial trajectory compensation was computed and applied in gridding.

4.4 Discussion

This study presents the first report on multi-echo high-resolution brain and spinal cord radial
stack-of-stars MRI with segmented acquisition and its application to T2* mapping at 7T.
Our result shows that high-resolution CNS imaging is feasible using radial imaging with
improved contrast during acquisition. Multiple segments slightly improve visual image
quality over a single shot at the cost of increased scan time. A radial trajectory is insensitive

to bulk motion, which can potentially reduce motion artifacts in uncooperative patients.

Compared to conventional Cartesian multi-echo gradient echo (mGRE) acquisitions, the
radial stack-of-stars approach reduced the total scan time per slice. It maintained high fidelity

across multiple echo times. This was especially beneficial for T2* mapping in the cervical
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spinal cord, where physiological motion and partial volume effects often degrade image
quality in Cartesian protocols . Quantitative T2* maps can be used in longitudinal studies
to monitor spinal cord pathology. Radial trajectory is perfectly suited for compressed

sensing, which can shorten imaging time and will be explored in future studies.

Another key aspect explored was the segmentation strategy of k-space sampling. By varying
the number of spokes per segment, we examined the trade-off between scan time (single-
shot) and signal-to-noise ratio (multi-shot). The results support a flexible acquisition
framework that can be tailored to specific clinical or research needs, favoring speed in

motion-prone subjects or maximizing SNR when time permits.

Looking ahead, the radial stack-of-stars approach can be extended to more advanced
quantitative frameworks such as MR Fingerprinting (MRF). Incorporating pseudo-random
echo timings and variable acquisition parameters into the radial trajectory can enable joint
estimation of T1, T2*, and additional tissue properties in a single scan '®. The inherent
motion robustness and flexibility of radial trajectories make them particularly well-suited
for these next-generation qMRI applications, especially in challenging areas like the spinal

cord.

In conclusion, the radial stack-of-stars method provides a versatile and efficient platform for
high-resolution, motion-insensitive imaging and T2* mapping. It not only improves
quantitative imaging in the brain and spinal cord at 7T but also lays the groundwork for

future integration with multi-parametric and dictionary-based MRI techniques.
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Chapter 5: Magnetization Transfer in Human Central
Nervous System (CNS) using Radial Stack-of-Stars (SoS)
Acquisitions at /T.

5.1 Introduction

Magnetization transfer (MT) is a magnetic resonance imaging (MRI) contrast mechanism
that causes a transfer of energy between bound (macromolecular) and free-water pools
comprising the tissue primarily via dipole-dipole interaction '°°. MRI imaging with MT
contrast is well-established in clinical practice 113, Perhaps the simplest way to access the
bound protons' content is by the magnetization transfer ratio (MTR) assessment, where the
ratio of water signal intensities with and without off-resonance irradiation is calculated '**.
MTR is high in myelin-rich white matter (WM), lower in gray matter (GM), and almost zero
in CSF, and can be used as a surrogate marker for WM abnormalities in various clinical trials

195 MTR is a semi-quantitative approach that depends on pulse sequence parameters,

scanner hardware dependency, off-resonance frequency, saturation power, etc.

Conventional MTR imaging typically employs Cartesian acquisitions with and without MT
saturation pulses, and calculates MTR as the ratio of the saturated to the unsaturated signal
intensities. However, such acquisitions are prone to motion artifacts and require long scan
times, especially in the spinal cord, where physiological motion and small anatomical

structures demand high resolution.

Furthermore, when imaging at higher field strengths, the saturation experiment results in

high power deposition, leading to significant tissue heating. This calls for designing and
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implementing appropriate RF saturation pulse blocks that can effectively saturate the bound
pool while having little to no effect on the free pool. One way to overcome this issue is to

repeat low-power RF pulses before the acquisition instead of using high-power RFs.

To address these challenges, we therefore aimed to prepare the magnetization using multiple
pulsed-saturation train blocks before our efficient, fast, segmented radial acquisition.
Notably, we implemented a rapid, motion-robust Magnetization Transfer imaging protocol
using a radial stack-of-stars acquisition at 7 Tesla. The stack-of-stars trajectory offers
multiple advantages over Cartesian sampling, including inherent motion insensitivity,
oversampling of the k-space center, and compatibility with advanced undersampled
reconstruction techniques 7> "7, These features are particularly beneficial for imaging the
brain and spinal cord, where subject motion, pulsatile flow, and susceptibility artifacts pose

significant challenges to image quality.

Advanced reconstruction methods are necessary to accelerate scans and enhance patient
comfort when working with highly undersampled data. Both parallel imaging and
compressed sensing (CS) are methods to accelerate MRI acquisition 7% 196, Parallel imaging
methods like SENSE use the multiple coils' sensitivity profiles to reconstruct MR images
from undersampled kspace data 7. While successful in many cases, SENSE has a limitation
in balancing image quality and the scan time reduction !°® that can be improved by using
more advanced techniques such as combined CS and SENSE '** iterative, regularized, and

other more general approaches 17 183, 186,199

Therefore, in this work, we generate MTR from the off-resonance spoiled gradient-echo

model at 7T with the following enhancements: A customizable train of adiabatic saturation
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pulses is implemented that allows saturating with fewer repetitions of low-power RF pulses,
b) The readout is segmented, and each segment is prepared with the saturation pulse block,
therefore, increasing the MT sensitivity of the resulting signal, c¢) a highly under-sampled
radial acquisition is reconstructed with parallel imaging and compressed sensing
reconstruction (pics) that take advantage of multiple coil sensitivity profiles. By default, Pics

performs a SENSE reconstruction using a conjugate gradient to generate unaliased images.

This chapter presents MTR maps from the central nervous systems (CNS) of healthy
volunteers, highlighting the capability of this radial non-Cartesian technique to generate
robust MT contrast in anatomically challenging regions efficiently. The approach has the
potential to be extended into clinical populations to assess CNS tissue and lesion properties.
Efficient 2D/3D multi-slice MT-prepared data acquisition is also introduced for further

optimizing the acquisition scheme.

5.2 Materials and Methods

5.2.1 MT-prepared Radial Acquisition Sequence Design

The schematic of the sequence implemented for MT prepared data acquisition is shown in
Figure 5.1. A saturation pulse is applied before the image acquisition to prepare the

magnetization with MT contrast.
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Figure 5.1: Segmented radial SoS data acquisition with MT preparation pulse applied
before data acquisition.

Figure 5.1 shows our multi-echo golden angle radial stack-of-stars pulse sequence equipped
with a saturation pulse that, when turned on, acquires images with bound pool spins

saturated. M, and when it is off M,), it acquires an unsaturated image. The ratio of these two
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images gives the targeted MTR image (MTR = M/M, ).

5.2.2 Phantom Experiment

To find the most efficient MT pulse and acquisition protocol to saturate the magnetization
at 7T, we conducted a series of phantom experiments with our segmented radial SoS
sequence. We designed a custom phantom with different Agarose concentration tubes (1%

to 4%) connected randomly to an oil cylindrical phantom.

The schematic of the RF saturation pulse train is shown in Figure 5.2. Each RF pulse is
repeated multiple times, which is set during the acquisition. 1 ms gradient spoilers are
present between the train of pulses to destroy any residual transverse magnetization. The
pulse amplitude (uT) is also set during the acquisition. Gaussian and Adiabatic pulses were
considered with different pulse powers applied in a range of offset frequencies [ppm] to
assess the saturation efficiency. See Table 5.1. All the experiments were performed on a
Siemens 7T Terra. X.

15t Pulse 20d Pylse 31 Pulse Nt Pulse

Pulse
Amplitude

+—rt—>
Pulse  Spoiler

Duration Duration

Figure 5.2: RF saturation pulse train applied before our radial SoS acquisition

Table 5.1: Saturation pulse properties for the phantom experiment

Saturation Pulse Type MT Pulse # Pulses in Offset
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Protocol ID - Duration amplitude uT RF Train [ppm]
Gaussian
Gauss 9 1 4
16 ms
Adiabatic
Adiabatic [5, 9] [1,5,20] [2,2.5, 4]
49 ms

With a fixed number of radial spokes (256), we also compared an 8-segmented readout to

256 segments to analyze the effect of the kspace segmentation on the resulting images.

5.2.2.1 Protocol Optimization Results

The results of the phantom experiment are shown in Figure 5.3. Both Gaussian and Adiabatic
RF pulses were applied at 4 ppm with a power of 9 uT, with a duration of 16 ms and 49 ms,
respectively. Only a single pulse was used in the saturation pulse train (Figure 5.3, N=1). As
shown in this figure, a 50-ms adiabatic pulse applied at 4 ppm yields a strong MT effect that
1s not observed with the 16-ms Gaussian pulse. The Adiabatic pulse saturation differentiated
between different tubes depending on their agar concentration, showing the feasibility of

using this setting to sensitize the tissue to the MT effect.

MO0 and Ms with 16 ms Gaussian 012 MO0 and Ms with 49 ms Adiabatic

@ | TMSf ) | TMS_

Signal Intensity
Signal Intensity

0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Sample Index Sample Index
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Figure 5.3: a) Gauss 16 ms 9 uT 1 pulse at 4 ppm vs b) adiabatic 9 uT 1 pulse at 4 ppm.
An adiabatic pulse is more efficient in saturating the bound pool.

Using the adiabatic pulse, we tested different protocols to assess the effect of the number of
pulses on the RF pulse train. This can help achieve the optimal saturation protocol, which
provides the most saturation at 7T within the tubes undergoing the MT effect, while leaving

the water tubes unimpacted. 5 uT adiabatic pulse was applied with the following settings: 1)

20 pulses at 2 ppm, ii) 20 pulses at 2.5 ppm, iii) 5 pulses at 2.5 ppm, and iv) 5 pulses at 2
ppm. Data was acquired with 256 spokes on the same phantom with § segments as before.
The results are shown in Figure 5.4. Saturating at around 2 ppm shows more MT effect

compared to Figure 5.3, which was saturated at 4 ppm.
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Figure 5.4: MT saturation with a)5 MT pulses and with b) 20 MT pulses applied at 2 ppm
and 2.5 ppm. Compared to applying fewer pulses, applying 20 consecutive pulses before
the readout results in a greater saturation effect within the tubes, allowing for
differentiation based on their agar concentration. Pulse power was set to 5 uT and data
was acquired in 8 segments with 256 spokes.

5.2.3 In-Vivo Data Acquisition (Brain)

Data was acquired with an 8 Tx/32Rx head coil for the brain from a single subject using our

104



2D radial SoS sequence. One segment acquisition was performed using an MT-prepared
pulse train, applied with 20 pulses and 5 uT power at 2 ppm. For this experiment, 1 slice
was acquired with TR=2.5 [s] and the total acquisition time was TA=3 [s] due to being a
single-shot acquisition. This experiment demonstrates the feasibility of MTR mapping using
highly undersampled k-space data with our 2D SoS acquisition. 32, 64, and 256 spokes were
acquired for this purpose. The resolution was 1x1x5 mm?. Other imaging parameters were
TE=2 ms, flip angle: 15 degrees, Golden angle (111.25 full spokes). Reconstruction was

done in BART using pics with wavelet regularization.

Using the 3D implementation shown in Figure 5.5, we also acquired saturated (Ms) and non-
saturated (MO) images with the following scan parameters to generate multiple MTR maps
from different slices: 8 slices with slice oversampling of 50% were acquired in a single-shot
with a TR= TA= 10 [s]. Resolution was 1x1x4 mm?®, 64 radial spokes, FOV=256. The
saturation block contained 120 Adiabatic pulses with 1 uT pulse power, duration of 50 ms,

applied at 2 ppm.
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Figure 5.5: The schematic of the 2D/3D multiple slice radial SoS acquisition with MT-
prepared magnetization. The arrangement in a, leads to a total acquisition time of
MxNxTR, while acquiring all slices with a 2D/3D multiple-slice sequence shown in b, decreases
the scan time by a factor of M (NxTR).

5.2.4 In-Vivo Data Acquisition (Spine)
Data was acquired with an 8-channel spine coil (Rapid Biomedical GmbH) from a single
subject using our 2D multi-echo SoS sequence. Twenty adiabatic pulses of power, 5 uT,
were applied at 2 ppm before a readout with 384 spokes in a total of 6 segments. Sub-
millimeter resolution was 0.5x0.5%5 mm?. Flip angle was 15 degrees, TR=5 [s], TE=2.5 ms,
single slice with golden angle acquisition (111.25 full spokes). Images were reconstructed

in BART with L2 regularization.
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5.3 Results

5.3.1 MTR in the Brain

The image in Figure 5.6 was acquired using 20 adiabatic pulses applied at 2 ppm, with highly
undersampled k-space reconstructed via compressed sensing and parallel imaging in Bart.
This demonstrates the feasibility of generating high-quality MTR maps using our sequence,
particularly in undersampled settings. Note that there is more MT effect in the WM with 32
spokes compared to 256 spokes in single-shot acquisition. This can be attributed to the loss
of magnetization and MT for the final spokes in a 256-spoke acquisition in a single shot,
compared to acquiring a limited number of segments (32 spokes). Therefore, undersampling
in single-shot acquisitions not only generates the same image quality but also proves more
efficient in terms of mitigating the MT saturation loss. Moreover, radial acquisition
inherently acquires the center of the k-space first. This helps capture the majority of the

contrast at the start of k-space acquisition, before the MT contrast is lost.
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32 spokes
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256 spokes ‘

Figure 5.6: In-vivo brain experiment with single-shot kspace with MT-prepared radial SoS
acquisition. Twenty pulses with 5 uT power were applied. 32 spokes, 64 spokes, and 256
spokes are shown in each row, respectively. (TR= 2.5 [s], TA= 3 [s]).

5.3.22D/3D MTR

An extension of our single-slice MTR mapping to multiple-slice 3D acquisition is shown in
Figure 5.7. The arrangement shown in Figure 5.5 enables multiple slice acquisition without

increasing scan time.
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Figure 5.7: Multiple slice brain experiment with single-shot 3D radial SoS acquisition with
MT-prepared magnetization. One hundred twenty pulses with 1 uT power were applied.
Sixty-four spokes were acquired. (TR= TA= 10 [s].). MTR and 1-MTR maps are shown in a
[0 1] range. SL: Slice, Ms: saturated image at 2 ppm, M0: non-saturated image.

5.3.3 MTR in Spinal Cord

The Resulting MTR image of the human spinal cord is shown in Figure 5.8. The free water
CSF surrounding the small structure of the spinal cord does not undergo MT effect, as
demonstrated by a value of 1 on the MTR map. The WM region in the spinal cord loses
magnetization due to the MT effect and appears darker than the GM. The sub-millimeter
resolution achieved by high-resolution imaging at 7T using 6-segment radial acquisition

makes it feasible to visualize this small structure with good quality and contrast.
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Figure 5.8: Invivo spinal cord MTR with MT-prepared radial SoS acquisition in 6 segments.
Twenty pulses with 5 uT power were applied. A) MO with no saturation, b) Ms with MT

saturation at 2 ppm, and c) MTR ratio. TA =30 [s].

5.4 Discussion

In this chapter, we implemented a radial stack-of-stars (SoS) acquisition with magnetization
transfer (MT) preparation at 7T. We demonstrated a promising direction for efficient and
motion-robust MTR mapping in anatomically complex regions such as the brain and spinal
cord. Our radial stack-of-stars acquisition scheme utilizes the inherent advantages of radial
sampling, namely, motion insensitivity, oversampling of the k-space center, and improved

tolerance to flow and physiological noise ' 2%

. These properties are particularly
advantageous for spinal cord imaging, where subject motion and small cross-sectional area

challenge the utility of conventional Cartesian acquisitions.

Previous studies using Cartesian acquisitions for MT imaging in the human brain and spinal
cord have demonstrated feasibility and high reproducibility at lower field strengths, such as

3T 2°!. Our results extend these findings to ultra-high-field (7T), where the increased signal-
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to-noise ratio and enhanced MT contrast further enhance resolution and quantification.
Advanced non-Cartesian imaging techniques can improve acquisition speed, enhance MT
and image contrast, while reducing sensitivity to motion artifacts. Similar work has
previously been done with the Rosette trajectory at 7T 74, Our radial approach enables
flexible undersampling strategies, allowing for acceleration via compressed sensing and
parallel imaging without the severe artifacts typically associated with undersampled
Cartesian scans. To our knowledge, this is the first study to introduce an MT-prepared multi-
echo radial stack-of-stars acquisition, enabling multi-slice 2D and 3D MTR mapping in the

human spinal cord at 7T.

While MTR remains a semi-quantitative metric influenced by B1 inhomogeneities and T1
effects, its rapid implementation using stack-of-stars acquisition enables widespread
adoption in clinical and research settings. The method could be further enhanced by

integrating flip angle corrections and incorporating B1 mapping for improved accuracy %%

203

Looking forward, our radial stack-of-stars framework provides a solid foundation for
advancing toward more comprehensive quantitative MT modeling, such as qMT parameter
estimation using model-based fitting to multiple MT-weighted images. Moreover, this
approach is well-suited for integration into MR Fingerprinting (MRF) workflows. Recent
developments in MRF have demonstrated that pseudo-randomized acquisition parameters
can be combined with dictionary matching to estimate multiple tissue parameters
simultaneously '*°. By incorporating MT-sensitive preparations into a radial MRF sequence,

it may be possible to simultaneously map parameters such as T1, T2*, and MT metrics in a
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single rapid scan.

In summary, radial stack-of-stars acquisition with MT preparation provides a fast, robust,
and motion-insensitive method for 2D/3D MTR mapping in the human central nervous
system (CNS) at 7T. Equipped with its inherent compatibility with compressed sensing and
undersampling reconstruction, it enhances the efficiency of acquisition in undersampled

settings while preserving image quality and contrast.
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Chapter 6: Spectroscopy

6.1 Introduction

Modern neuroimaging has provided powerful quantitative tools, such as magnetization
transfer ratio (MTR), quantitative susceptibility mapping (QSM), and T2* mapping, that
elucidate the structural and biochemical substrates of brain disorders. These modalities offer
crucial insights into myelin integrity, iron deposition, and microvascular health. However,
fully understanding psychiatric conditions like schizophrenia requires probing
neurotransmitter systems, notably the gamma-aminobutyric acid (GABA) inhibitory network.
This chapter transitions from macrostructural and microstructural measures to the molecular
realm, where GABA spectroscopy using 1H-MRS can reveal synaptic-level disruptions and

their relation to clinical symptoms and treatment outcomes.

Gamma-aminobutyric acid (GABA), the primary inhibitory neurotransmitter in the central

nervous system, has been increasingly implicated in the pathophysiology of schizophrenia

204-207 208, 209

(SZ) based on animal models, postmortem studies, and a growing number of in
vivo magnetic resonance spectroscopy (MRS) studies *!*2!!, Postmortem studies in SZ have
demonstrated differences in presynaptic GABA synthesis, 2% 212213 transport and reuptake,
214215 a5 well as altered postsynaptic GABA receptor expression.?'® Cognitive dysfunction, a
core feature of schizophrenia,>!” has been linked to abnormalities in GABA neurons in
different brain regions, especially in the prefrontal cortex 2!®. The anterior cingulate cortex

Z, 219, 220 plays a

(ACC), a brain region consistently implicated in the pathophysiology of S
critical role in cognitive adjustment and control functions ??! that are known to be impaired in

SZ 222, However, the role of GABA in the ACC and cognition remains poorly understood 2!!.
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Inherent compatibility with compressed sensing and undersampling reconstruction enhances
the efficiency of acquisition in undersampled settings while preserving image quality and
contrast. Here, we used MRS to measure dorsal ACC GABA levels in vivo in a large group of
antipsychotic medication-naive FEP and matched HC. We followed FEP longitudinally,
measuring GABA at baseline and after six and sixteen weeks of treatment with antipsychotic
medication.??> Based on the literature, we hypothesized that (1) ACC GABA levels would be
lower at baseline in FEP compared to HC, (2) antipsychotic medication treatment would not
modulate GABA levels in FEP, and (3) GABA levels in FEP would correlate with cognition
scores. Furthermore, to examine the relationship between GABA and treatment response, we
measured the percent change in psychiatric symptom scores. Also, we considered patients as

treatment responders or non-responders based on Andreasen's remission criteria.?*

6.2 Methods

6.2.1 Image Acquisition

Participants were scanned on a 3T Siemens MAGNETOM Prisma MRI scanner (Siemens,
Erlangen, Germany) equipped with a 20-channel head coil. A high-resolution structural T1-
weighted scan (MPRAGE: TR = 2400 ms; TE = 2.22 ms; inversion time = 1000 ms; flip
angle = 8%, GRAPPA factor = 2; voxel size = 0.8 mm?) was acquired for anatomical
reference, to guide voxel placement, and for voxel tissue segmentation. A spectroscopy voxel
was placed in the dorsal ACC (voxel size: 30 x 40 x 20 mm?, Figure 6.1a), and outer volume
suppression bands were placed close to the edge of the voxel above and below the voxel to

reduce unwanted fat signal. After automated and manual shimming to optimize field
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homogeneity and water suppression, spectra were acquired using a MEGA-PRESS sequence
(TR/TE = 1500/68 ms; flip angle = 90°; 44 Hz bandwidth full width at half maximum editing
pulses applied at 1.9 [ON] and 1.5 ppm [OFF]; 256 averages [128 ON and 128 OFF,
interleaved]), where editing pulses at 1.9 and 1.5 ppm allow for macromolecule suppression
using J-difference editing. We also acquired 16 averages of unsuppressed water scans from

the same voxel for reference. Data were saved as single-shot spectra.

6.2.2 MRS Data Processing

Participants Analyses were performed with the Gannet Toolkit in MATLAB. GannetLoad
was used to import time-domain data from the scanner and transform data into a frequency-
domain GABA-edited spectrum (patient spectrum example in Figure 6.1b). GannetFit was
used for nonlinear least-squares fitting of the spectra to integrate the edited GABA peak at
3 ppm and produce GABA concentration estimates. We quantified GABA with respect to
water (Figure 6.1c) and corrected measures for CSF and voxel tissue concentrations using
tissue correction methods as introduced by Edden et al.?>>?2® The tissue fraction values were

based on voxel segmentations with GannetCoRegister and GannetSegment.

6.2.3 Statistical Analysis

Statistical analyses were performed in SPSS (version 29). Demographic variables, spectral
quality parameters, and voxel tissue composition measures were compared between groups

using independent samples t-tests.

A study flowchart showing the number of participants (HC, healthy controls; FEP, first

episode psychosis patients) per timepoint and reasons for exclusion is shown in Figure 6.2.
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Figure 6.1: a) Example voxel placement for the assessment of GABA in the dorsal anterior
cingulate cortex in one subject. Abbreviations: GM, gray matter; WM, white matter; CSF,
cerebrospinal fluid. b) Example of acquired spectrum in one subject, where the
electromagnetic signals of specific molecules are used to quantify the concentration of
neurometabolite. Blue line shows the collected spectra; red line is a model fit; and black
is the residual. Peaks at approximately 3.8 parts-per-million (ppm) and 3 ppm indicate
measures of Glx (combined glutamate + glutamine) and GABA, respectively. C) Reference
signals show signal amplitudes for water and creatine, where water signals were used for

the estimation of GABA levels.
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Participants Recruited

121 HC

96 FEP

Figure 6.2: participants (HC, healthy controls; FEP, first episode psychosis patients) per

A J

Baseline

8 HC excluded or missing data:
- 6 no baseline scan

- 1 unable to complete scan

- 1 exceeded FWHM criteria

17 FEP excluded or missing data:
- 12 no baseline scan

- 2 unable to complete scan

- 3 exceeded FWHM criteria

Participants Included

113 HC

79 FEP

3
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Week 6

34 HC excluded or missing data:
- 29 noweek 6 scan

- 4 dropped out

- 1 exceeded FWHM criteria

34 FEP excluded or missing data:
27 no week 6 scan
5 dropped out
2 unable to complete scan

Participants Included

87 HC

62 FEP

A

r

Week 16

41 HC excluded or missing data:
- 29 no week 16 scan

- 3 exceeded FWHM criteria

- 9dropped out

41 FEP excluded or missing data:
35 no week 16 scan
1 exceeded FWHM criteria
5 dropped out

Participants Included

80 HC

55 FEP

timepoint and reasons for exclusion.

6.3 Results

6.3.1 MRS measurement

At baseline, GABA levels were significantly lower in FEP compared to HC (p =.032) (Figure
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6.3a). Similarly, we also found that GABA levels were significantly lower in FEP compared
to HC across all timepoints (p = .014); (Table 6.1, Figure 6.3b). Finally, we found no
significant effect of time (p = .739), and no significant group by time interaction (p = .860).
When comparing treatment response groups to HC, we found that baseline GABA levels were
significantly lower in patients considered non-responders at week 16 (n = 15) than HC (n =
110) (p =.007) (Figure 6.3c), but there was no significant difference between responders (n =

46) and HC (n = 110) (p = .640) (Figure 6.3d).

Table 6.1: GABA to Water Ratio, Spectral Quality, and Tissue Fraction®

Baseline Week 6 Week 16

HC FEP value |HC FEP value | HC FEP value
(n=113) (n=79) P (n=87) (n=62) P (n = 80) (n=55 P

Neurometabolite

GABA/Water .596 (.12) .036*

557 (12) 594 (12) 554 (12) .047* |.581(12) 554 (14) .199

Spectral quality
GABA Fit Error % 4.09 (1.20) 4.53 (1.74) .037* |4.54 (2.09) 4.77 (2.24) .522 470 (1.91) 4.78 (2.24) .823
GABA FWHM 18.79 (1.49) 18.96 (1.60) .445 18.47 (2.50) 18.58 (2.23) .776 18.44 (2.21) 18.68 (1.70) .498
GABA SNR 29.86 (6.56) 27.10 (6.29) .004** [30.02 (7.28) 27.13 (6.66) .014* |28.94 (6.20) 26.27 (4.79) .008**

Voxel tissue fraction
Grey matter (%) 53.26 (4.06) 51.30 (3.90) .001** |53.51 (4.39) 51.35(3.49) .001** [52.74 (5.15) 49.94 (4.26) .001**
White matter (%) 37.54 (4.74) 38.08 (4.86) .440 37.02 (5.23) 37.93 (4.37) .260 37.78 (6.15) 37.96 (7.11) .876

Mean and standard deviation values for GABA concentration, spectral quality indices, and voxel
tissue fraction per group per timepoint. GABA/Water p-values indicate significance as
determined by linear mixed model (difference between Groups, HC vs FEP); spectral quality
index and voxel tissue fraction indicate significance as determined by independent samples t-
tests.

(*) indicates significance at p <.05.

(**) indicates significance at p <.01.

Abbreviations: HC, healthy controls; FEP, first episode psychosis patients; GABA, gamma-
aminobutyric acid; FWHM, full width half maximum; SNR, signal-to-noise ratio.

# Mean (SD) unless indicated otherwise.
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Figure 6.3: (A) Boxplot illustrating baseline GABA concentrations (y-axis) in healthy
controls (HC, in red) and first episode psychosis patients (FEP, in blue), where ACC GABA
levels are significantly lower in FEP compared to HC. * indicates significance at p <.05.

(B) Line graphillustrating GABA concentrations (y-axis) in healthy controls (HC, red circles)
and first episode psychosis patients (FEP, blue squares) over time (x-axis, at baseline,
week 6, and week 16). GABA levels significantly differed between groups, but we found no

significant change over time, nor any group-by-time interaction. Error bars indicate +/- 1
standard error from the mean.
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(C) Baseline GABA levels significantly differed between HC and patients considered non-
responders at 16 weeks of treatment. ** indicates significance at p <.01.

(D) Baseline GABA levels did not significantly differ between HC and patients considered
responders at 16 weeks of treatment.

6.4 Discussion

To our knowledge, this is the most extensive longitudinal study assessing GABA function in
the dorsal ACC in vivo in antipsychotic medication-naive FEP. We report that GABA levels
in this region were significantly lower in patients compared to matched HC. GABA levels
were lower in patients at baseline and were not affected by treatment with risperidone. Our
findings are in agreement with Bojesen %>’ who reported lower ACC GABA/Cr (GABA scaled
to total creatine) in medication-naive FEP at baseline, after 6 weeks on aripiprazole
monotherapy, and after 26 weeks on “naturalistic antipsychotic treatment” and findings of
GABA/Cr levels unaffected by treatment. Together, this study and ours strongly support the

proposition that GABA levels are reduced at the start of psychotic illness.

We found that ACC GABA levels can differentiate between treatment responders and non-
responders, in agreement with the Bojesen study.??” Bojesen compared baseline GABA levels
in HC, responders, and non-responders at 6 and 26 weeks, and found that GABA levels did
not significantly differ between HC and responders, or between HC and non-responders at 6
weeks. However, non-responders in the 26-week group had substantially lower baseline
GABA levels than the healthy control group. Similarly, we found that non-responders at 16
weeks had significantly lower baseline GABA levels than the healthy controls (HC), and that

responders and HC did not differ significantly.
The major strength of this study is that it is the most extensive longitudinal neuroimaging
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study characterizing GABA levels in psychosis spectrum disorders. Further, we used MEGA-
PRESS with macromolecule-suppressed editing pulses to acquire GABA, which has been
suggested to be a key methodological improvement of the standard MEGA-PRESS sequence,
as macromolecule-suppressed GABA measurements correlate more strongly with behavior

than macromolecule-contaminated measurements, thus increasing statistical power.?28-23°

In conclusion, our findings strongly support the proposition that GABA dysfunction in the
ACC is an essential feature of the core pathophysiology of psychosis, as it is already present
in medication-naive FEP. This dysfunction does not appear to be attenuated by conventional
antipsychotic treatment over 16 weeks. Our results also suggest the clinical relevance of
baseline GABA levels in identifying patients who are likely to experience a poor clinical
response to treatment. It will be important to investigate pharmacological interventions that

specifically target GABAergic dysfunction in first-episode psychosis patients.
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Chapter 7: Conclusion

Quantitative MRI offers powerful, non-invasive methods for exploring tissue structure,
microstructure, and metabolism in vivo. These techniques hold great promise for the early
detection and monitoring of central nervous system (CNS) disorders. This dissertation
presents a comprehensive pipeline of methodological developments and evaluations,
including voxel spread function correction for T2* mapping, reproducibility studies of T2*,
QSM, MWF, T1, and gMT mapping techniques, and advanced radial imaging approaches for
both T2* and MTR mapping. The integration of non-Cartesian acquisition schemes has
enabled motion-robust, high-resolution CNS imaging, particularly well-suited for spinal cord

applications.

In an additional chapter, proton magnetic resonance spectroscopy was utilized to measure
GABA levels in patients with schizophrenia. This enabled researchers to observe the changes
in neurotransmitters and their relationship to treatment. These studies, along with others, form
a comprehensive framework that enhances both the technical accuracy and practical utility of
quantitative MRI. While further testing is necessary to integrate these techniques into regular
clinical practice, the tools and insights derived from this research provide a strong foundation
for investigating various neurological and psychiatric conditions through structural,

microstructural, and neurochemical biomarkers.
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Appendix

Here, we include the subject-by-subject voxel-wise and ROI-based.

Analysis. Table A1 shows the voxel-wise results of ICC with confidence intervals (CI), p-
values, Cohen’s effect size d value, absolute value of bias (abs(bias)), and variability (Var.) in
WM. The mean is the average over all subjects with the corresponding standard deviation (SD).
Lower and upper bounds of limits of agreements in the Bland-Altman plots are shown in the
LOA (Ib, ub) format. Table A2 presents the same R2*, QSM, and T1 maps analysis, excluding
bias and variance results, which will be presented in Table A3. Table A3 shows the subject-
level abs (bias) and Var. results for R2*, QSM, and T1 maps in the selected ROIs.

The coefficient of variation (CV) % for each subject (pairwise CV) in the ROI-based analysis is
shown in Table A4 for the gMR maps. Each subject’s average qMR value in each ROI is
considered one data point, and the CV is calculated between the pair of scans and rescan values.
An average over all subjects is also reported in this table.
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Table A.1. F-map and MWF map in WM. CI is the confidence interval, and d is Cohen’s effect

size.
ROI WM
ICC [CI]. r abs (Bias)
ma Metsi : LOA Var. (ubb
° e e.d) LOA (lbub) ar. (ub-b)
bl 86 [7691]. 91 0.013 0.00
(<0.001.026) | (-0060.03)
o 92 [91.792]. 93 0.001 0.07
(0.21.0.02) (-0.03.0.04)
9 [87.90]. 90 0.005
1ib3 0.09
s (<0.001.0.1) (-0.04.0.05)
97 [96.797]. 97 0.002
subd (<0.001.0.05) | (-0.02.0.02) 0.04
. Cbs 94 [93.94]. 95 0.003 0.07
(<0.0010.06) | (-004003)
93 [90.94]. 94 0.006 _
1ib6 0.07
s (<0.001.0.12) | (-0.03.0.04)
_ 95 [94.495], 95 0
1ib7 0.06
s (0.47.0.01) (-0.03.0.03)
be 94 [03 694] 94 0.001 0.07
(<0.001.0.02) | (-0.04.0.03)
(92.5=3.51, _ q
Mean = SD 0.004 = 0.004 0.07 = 0.02
93.63 = 2.26)
82 [75.87]. 85 0.024
Libl 0.23
s (<0.001.023) | (-0140.09
86 [84.87]. 86 0.004
b2 0.21
s (0.42.0.04) (-0.11.0.1)
sub3 3 [67.78]. 75 0.022 0.26
(<0.001.023) | (-0150.11)
bt 81 [78.84]. 82 0.011 097
(0.003.0.13) (-0.11.0.09)
_ 77 [69.83]. 81 0.028 -
MWE LibS 0.27
s (<0.001.025) | (-0160.1D)
80 [7584]. 81 0.02
1ib6 0.26
s (<0.001.0.18) | (015011
= 177 9
. 85 [77.89]. 88 0.021 019
(<0.001.0.22 (-0.12.0.07)
e 84 [8386], 85 0.006 091
(0.17.0.06) (-0.11.0.1)
(81 = 4.34, _
Mean = SD 0.017 = 0.009 24 = 0.03
an 8288 = 4.05)
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Table A.2. R2*, QSM, and T1 map voxel-wise analysis in 4 ROIs: Caudate (Ca.), Putamen
(Pu.), left hemisphere WM (1h-WM), and left hemisphere GM (lh-GM).

MR ROI Ca Pu Th-WM h-GM
mw | Marc | 1CC[CIr | 1CC[CTr ICC[CI. ICC [CIL.
(p.d) (p. d) (p.d) (.d)
bl 91[64.97).96 | 91[89.92).91 | 80[7483] 81 75 [73.76]. 75
(<0.0010.36) | (0.50.05) (<0.001,0.21) (<0.001,0.12)
by | 95[94961.96 | 90[81.941.93 | 85[8388].86 | 84[83.5.85].84
(0490.03) | (0.04021) | (<0.001.0.14) (<0.001,0.05)
by | 9305295194 | 83[74.891. 86 | 85[80.891 87 84 [83,84]. 84
(0.020.09) | (<0.001.024) | (<0.001.021) (<0.001.0.05)
by | 9007595193 | sS[17TL82 | 76[7578L 77 81 [80,82]. 81
(<0.001.0.25) | (<0.001.0.73) | (<0.001.0.11) (0.95.0.001)
2o s |95 (945961 96| 89[80.93].92 | 69 [60.76]. 74 77 [76.78]. 77
(05004 | (0.001,021) | (<0.001,0.35) (0.02,0.04)
b | 757378181 | s6[46.641.65 | 68[6273] 72 T [6.77). T7
(0.730.01) | (0.88,002) | (<0.001.025) (<0.001.0.06)
by | 95[2971.96 | 78[s887.84 | 89[88901 89 | 88[879.88.8] 88
(00040.13) | (©.003.034) | (<0.001.0.08) (0.4.0.01)
bg | 9989199 | 97[%6.97).97 | 80[79581).81 | 85 [85.86]. 85
(0.780.01) | (0.29.006) (0.27.0.01) (0.3,0.01)
MeantSD | (91.63£727. [(79.88=16.06.] (79=76. (81.33 =4.63,
(ICC.r) | 9388=549) | 8625-993) | §088=622) $1.33 =4.63)
bl | O1[H9.971.96 | 80[50.90).87 | 94[93.94] 94 85 [89,50]. 90
(<0.001,0.32) | (<0.001,0.39) | (<0.001.0.04) (<0.001,0.07)
by | S7[85891.90 | 96[%5.97).97 | 80[7683] 83 78 [77.79]. 79
(0.020.09) | (0.91.001) | (<0.001.0.18) (<0.001.0.07)
by | S8[66:541.92 | 96[52.99].98 | 92[91.92] 92 38 [88.89]. 89
(<0.001,03) | (0.43.023) | (<0.001.0.08) (<0.001.0.06)
by | SO[84541.93 | 95[54.95].95 | 88 [87.68851.89 | 85[84.7.85.7 87
(<0.0010.19) | (0.42.004) | (<0.001.0.05) (0.08,0.02)
oM | abs | 20[89920.92 | 93[9195].93 | 89 [s890] %0 76 [74.77]. 76
(0.060.09) | (0.68,004) | (<0.001.0.08) (<0.001.0.07)
bg | 70[50801.77 | 89[7494 91| T5[7LTTLT6 68 [67.70]. 69
(<0.0010.39) | (0.01.025) | (<0.001.0.17) (<0.001.0.11)
by | S1[8555193 | T8[592196 | 92[8595) 94 92 [90,%4]. 33
(<0.001,0.18) | (<0.001,0.56) | (<0.001,0.19) (<0.001,0.12)
bg | 48395195 | 92[74.96.95 | 94[93951 95 90 [88.51], 91
(0.080.09) | (0.0.024) | (<0.001.0.08) (<0.001,0.09)
Mean=SD | (87.63 =742, | (89.88 =7.12 (88 =6.95, (3325=8.4
(ICC. 1) 91 =3.93 94 =339) £9.13 = 6.56) 84.25 8.56)
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Table A.2-continued.

AR RO Ca Pu 1h-WM h-GM
map | Metric ICC [CIL.r | ICC[CIL.r | ICCI[CI].r ICC [CI).t
(p.d) (p.d) (p.d) (p.d)

b1 95 [92.96], 95 | 82 [72.88]. 85 | 91[89.93].93 | 81 [80.82]. 81
(0.07.0.11) (0.01.0.25) | (<0.001.0.14) | (0.01.0.05)

b2 90 [34.97]. 97 | 75 [66.81], 77 | &0 [75.83].84 | 69 [60.75]. 73

(<0.001.0.39) | (<0.001.0.26) | (<0.001.0.19) | (<0.001.0.28)

b 64 [35.78]. 76 | 53 [46.59]. 54 | 89 [85.91].90 | 77 [75.78]. 77

(<0.001,0.49) | (0.002.02) | (<0.01,0.16) | (<0.001,0.08)

b 95 [9097]. 96 | 79 [74.83]. 82 | 93 [92.94].94 | 86 [85.86]. 86
(0.02.0.14) | (0.0150.16) | (=0.001,0.1) (0.41.0.02)

1 s 62 [4.82].86 | 88 [85.90]. 88 | 86 [85.87].86 | 74 [67.79]. 76
(<0.001.0.72) | (0.11.0.10) | (<0.001.0.08) | (<0.001.0.23)

b6 92 [9194], 93 | 70 [54.79]. 77 | 77 [69.82].79 | 79 [75.82]. 80
(0.39.0.05) | (0.0020.33) | (<0.001.0.25) | (<0.001.0.17)

b 94 [93.95],95 | 89 [81.93],91 | 87 [81.90],89 | 83 [82.84]. 83
(0.22.0.07) | (<0.0010.2) | (<0.00120) (0.02.0.04)

1bs 93 [85.96]. 95 | 86 [83.88]. 89 | 89 [87.90].89 | 73 [66.78]. 76
(0.0040.19) | (0.03.0.12) | (<0.001.0.09) | (<0.001.0.25)

Mean = SD | (85.63 = 14.07, [(77.75= 11.95.| (86.5=545, | (77.75=5.63,
(ICC.r) | 91.63+7.17) | 8038+ 11.88)| 88=+4.9) 79 = 4.28)
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Table A.3. Subject by subject abs (bias) and (Var.) of R2*, QSM and T1 maps in voxel-wise

analysis

MR Metric Bias, Var.. Bias, Var.. Bias, Var ., Bias, Var..
?]'1;13 ) (Tbub) (Tb.ub) (Ib.ub) (Ib,ub)
ROI Ca. Pu. Th-Whi Th-GM
bl 3.01,10.11, 017,583, 1.19,13.63, 0.93, 21.14,
” (-2.05.8.06) | (-2.753.08) | (-5.62.8.01) | (-9.64.11.5)
b2 0.33,14.53, 1.14, 853, -0.8%9, 1409, | -042, 18.54,
e (-6.947.59) | (-3.135.4) | (-8.086.01) | (-9.89.9.05)
subl 0.64, & 44, 0.8, 6.91, 1.24,11.91, 044, 1911,
” (-4.1534) | (2.66425) | (4.71.7.2) | (-9.11.10)
<uba -1.67, 978, | -3.14, 1312, | -0.36, 1425, | -0.01,22.02,
” (-6.563.22) | (-9.7342) | (-7.68657) | (-11.02.11)
R2* <ubs 0.59, 18 98, 1.43,11.35, 252,205, 031, 23,19,
[1/5] e (-89.10.08) | (-4.267.13) | (-7.73.12.77) |(-11.28.11 91)
b6 -0.2, 38 .66, -0.1, 2539, 2543036, 0.73, 34.78,
” (-19.5319.13) | (-12.9.12.69) | (-12.64.17.72) |(-16.64.18.14)
b7 -1.12, 997, -0.96, 6.36, -043,951, | -0.08, 14.39,
T (-6.113.86) | (-4.24232) | (-5.184.33) | (-7.28.7.11)
subs -0.12, 594, 022,372, -0.07,13.1, | -0.11, 16.39,
” (-3.092.85) | (-1.642.08) | (-6.62.6.48) | (-8.298.1)
Mean = 5D 0.96 £0.97, 11, 1.19 =092, | 0.38 £0.33,
abs (Bias), Var. | 14681045 1021692 | 1392661 | 2125£6.19
bl 8.6, 32.6, 3,158, -0.5, 17, 1.1, 26.3,
: (-7.7249) | (4.8108) (-9.8) (-12.1.14.2)
b2 1.5, 335, 0.1, 8.1, 1.6, 225, 1. 36.1,
e (-15.2.18.3) (-4.4.1) (9.6.129) | (-17.1.19)
b3 2.6, 14, 1.8, 5.7, 0.8, 183, 0.8 251,
° (-4.49 6) (-1.14.6) (-7.3.9) (-11.8.13.3)
<ubd 2,163, 0.2, 83, -0.5, 21,1, -0.3, 28,
” (-10.1.6.2) (-4.43.9) (-11.1.10) | (-14.3.13.7)
Q5M <ubs 1.3, 24 4, 0.2, 8.6, -0.8,17.7, -1, 398,
[ppb] T (-135109) | (4541 (-9.7.8) (-20.9.18.9)
b6 3.4, 38, 25,157, 22,341, 1.8 492
: (-13.6244) | (5410.3) | (-14919.2) | (-22.8.26.4)
b7 21,171, 3.7.11.5, 1.9, 131, 1.6, 19.6,
T (-6.4.10.7) (-2.9.3) (-4.7.8.4) (-8.2.11.4)
ubs 1.4, 195, 1.3, 6.8, 0.8, 122, 1,189,
” (-8.411.1) (2.14.7) (-5.369) | (-84.103)
Mean = 5D 018=1.4, 1.6 £1.39, 069 =117, 0.75 £ 0.94,

abs (Bias), Var.

14681045

1004 =3 .84

1925 £6.95

30.38 £ 10.51
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Table A.3-continued.

abs (Bias), Var.

466.582191.76)

267.66=70.97)

419.81x121.54)

MR Metric Bias. Var., Bias, Var., Bias, Var._ Bias, Var._.
1]_1ap (1b.ub) (b ub) (1b.ub) (Tbuh)
ROI Ca. Pu. Ih-Whi 1h-GM
<ub1 -28.01, 316.53, 15.29,135.05, 28.55, 324 55, 2096, 926 81,
(-186.28.130.25) | (-32.2382 82} |(-133.73.190.82)| (-442 45484 35)
b2 111.6, 377.96, 29.86, 309.86, -43.79, 560, 114 41, 1189 44,
(-300.58.77.38) | (-125.07.184.79) |(-323.79236 21} | (-709 13480 31)
b3 -86.02, 322.66, 19.21,366.36, | 30.83, 33476, 23.73, B07.47,
(-347.35175.31) | (-163.97.202.39) |(-136.53,198 23} | (-380.01427 45)
cubd 47.94 4008, -16.86, 258.2, 18.30, 262 .63, -5.13, 719.25,
(-152.46248.34) | (-145.96.112.24) |(-113.02,149.63) | (-364.76354.49)
Tl wubs 242 23 891.54, -13.34, 2349, 21.29 34516, | -94.80, 1118.16,
[ms] (-688.02203.52) | (-140.79.114.11) |(-251.29.293 87) | (-653.88464.28)
b6 17.33, 526,48, | -33.37.310.46, | 36.22, 364.17, 6294, 937.06,
(-245.91280.57) | (-190.6,119.86) |(-225.87.338.30) | (-405.59531.47)
b7 -15.35, 28738, | 23.56,210.53, 33.82,34132, | -14.23_827.16,
(-159.04,128.34) | (-79.7.130.83) |(-134.84206.48)| (-427.81399.35)
cubs -58.41, 40932, | -17.66,295.89, | 21.11, 42588, | -92.23, 1040.75,
(-263.07.146.25) | (-165.6.130.29) |(-191.83.234.05)| (-612.63428.12)
Meant5D (75.8673.14, (21.64£7.79, (31.99=12.95, (53.36+£42 82,

945 76x£161.71)
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Table A.4. Subject-level (pairwise) CV% of the average qMR values in ROI-based analysis and
the mean over all subjects.

qMR map| Sub. ROL
Ca. Pu. [h-WM [h-GM
subl 1.24 0.87 1.8 (.91
sub2 4.63 1.43 2.64 1.45
sub3 3.77 1.02 2.13 1.09
sub4 1.94 (.81 1.12 (.21
T1 sub3 0.13 (.74 1.29 415
sub6 .71 2.06 34 258
sub7 (.69 1.27 2.3 (L6
sub$§ 2.37 0.84 1.28 3T
Mean 3.06 1.13 2 2.21
subl 5.24 0.33 2.31 2.08
subl 0.63 2.02 1.97 1.02
sub3 1.32 1.52 23 1.01
sub4 3.37 6.4 1.16 0.02
R2* sub3 1.1 2.13 4.57 (.66
sub6 (.34 0.15 4.42 1.56
sub7? 2.02 1.65 0.79 0.19
sub§ 0.24 0.4 0.13 0.26
Mean 1.78 1.83 2.2 0.85
subl 15.85 26 24 087
sub2 69.84 46 49 27.31 60.96
sub3 3312 31.67 15.93 26.05
sub4 06.33 17.15 7.41 15.2
QSM sub3 4047 §.35 13.38 54.76
sub6 04.5 4756 44,86 118.15
sub7 1.67 74.18 102.6 51.66
sub8 14.15 12.02 23.7 108.05
Mean 46.37 333 19.65 55.50
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Table A.4-continued. (CV %)

ROI
aME. map Sub. WL
subl 7.31
subl 0.51
sub3 2
sub4 1.66
E sub5 1.76
sub6 3.64
sub7 .22
sublB 0.65
Mean 2

subl 824
sub2 1.44
sub3 814

subd 5.1

MWEF sub3 1148

subf 6.89
sub7 8.19
subg 2.15
Mean 6.45
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