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BACKGROUND-SUPPRESSED MYELIN WATER IMAGING

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] The present application claims priority to U.S. Provisional Patent Application
No. 61/731,773, filed on November 30, 2012. The contents of that patent application are hercby

incorporated by reference in their entirety.

GOVERNMENT RIGHTS

[0002] The subject matter disclosed herein was made with government support under
award/contract/grant number 8P41-EB015893 awarded by the National Center for Research
Resources, NIBIB of NIH and Penn Comprehensive Neuroscience Center Pilot Grant, University

of Pennsylvania. The Government has certain rights in the herein disclosed subject matter.

TECHNICAL FIELD

[0003] The invention relates to a new pulse sequence and magnetic resonance imaging
devices and methods for background suppressed myelin water imaging (MWI) that measures
signals from water molecules in the gap of neighboring myelin layers in white matter in the

brain.

BACKGROUND

[0004] In the brain, oligodendrocytes form myelin sheaths around axons to insulate
signal conduction. In certain neurological disorders such as multiple sclerosis, the degeneration
of myelin sheaths can induce disabilities in patients. Therefore, developing myelin or myelin-
related biomarkers has important clinical values for the diagnosis and prognosis of such diseases.
Several MRI methods including myelin water imaging (Mackay, et al., 1994, In vivo
visualization of myelin water in brain by magnetic resonance. Magn Reson Med 31, 673-677),
magnetization transfer imaging (Balaban, et al., 1992, Magnetization transfer contrast in
magnetic resonance imaging. Magn Reson Q 8, 116-137; Gass, et al., 1994, Correlation of
magnetization transfer ration with clinical disability in multiple sclerosis, Ann Neurol 36, 62-67),
and diffusion tensor imaging (Basser, et al., 1994, MR diffusion tensor spectroscopy and
imaging. Biophys J 66, 259-267; Werring, et al., 1999, Diffusion tensor imaging of lesions and
normal-appearing white matter in multiple sclerosis, Neurology 52, 1626-1626) have been
proposed as potential biomarkers for myelin. Among these, myelin water imaging (MWI)

measures signals from water molecules in the gap between neighboring myelin layers in white
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matter. It has been suggested that this fraction of water has more rapid transverse (Du, et al.,
2007, Fast multislice mapping of the myelin water fraction using multicompartment analysis of
T2* decay at 3T: a preliminary postmortem study, Magn Reson Med 58, 865-870; Mackay 1994;
Menon, et al., 1991, Application of continuous relaxation time distributions to the fitting of data
from model systems and excised tissue, Magn Reson Med 20, 214-227; van Gelderen, et al.,
2012,. Nonexponential T2* decay in white matter, Magn Reson Med 67, 110-117; Vasilescu, et
al., 1978, Water compartments in the myelinated nerve. I1I. Pulsed NMR result, Experientia 34,
1443-1444) and longitudinal relaxations (Does, et al., 2002, Compartmental study of T1 and T2
in rat brain and trigeminal nerve in vivo, Magn Reson Med 47, 274-283; Koenig, et al., 1990,
Relaxometry of brain: why white matter appears bright in MRI, Magn Reson Med 14, 482-495;
Labadie, et al., 2009, Comparison of myelin water fraction in cross-regularized T 1-relaxograms
of normal white matter at 3T and 7T and of normal-appearing white matter at 3T, Proceedings of
the 17th Annual Meeting of ISMRM, Honolulu, HI, p. 3210; Lancaster, ct al., 2002, Three-pool
model of white matter, J] Magn Reson Imaging 17, 1-10; Stanisz, et al., 2005, T1, T2 relaxation
and magnetization transfer in tissue at 3T, Magn Reson Med 54, 507-512) than other water
inside of axons or in the extracellular space outside of fibers. In conventional MWI, the
transverse relaxations are measured by multi-echo GRE or SE sequences. Since the multiple
water components have different relaxations, the measured signal shows a multi-exponential
decay. This decay is fitted with exponential decay basis functions to estimate the distribution of
transverse relaxations (Whittall, et al., 1989, Quantitative interpretation of NMR relaxation data.
JMR 84, 134-152). Then, the fraction of the short transverse relaxation component or myelin
water, which is approximately in the range of T, <40 ms and T, <25ms at 3 T (Hwang, et al.,
2010, In vivo multi-slice mapping of myelin water content using T2* decay, Neurolmage 52,
198-204; Kolind, et al., 2009, Myelin water imaging: implementation and development at 3.0 T
and comparison to 1.5 T measurements, Magn Reson Med 62, 106-115; Oh, et al., 2006,
Measurement of in vivo multi-component T2 relaxation times for brain tissue using multi-slice
T2 prep at 1.5 and 3 T, Magn Reson Imaging 24, 33-43), relative to the total water is calculated
to generate a myelin water image. However, the fitting process is ill-conditioned and the
resulting MWI is sensitive to noise and artifacts (Cover, K.S., 2008, A robust and reliable
method for detecting signals of interest in multiexponential decays, Rev Sci Instrum 79, 055106-
055101 055106-055111; Whittall, et al., 1989).

[0005] An MRI pulse sequence sensitive to myelin water, a potential biomarker for
myelin, is desired that better distinguishes between the bound water between myelin layers and

water found in edema or inflammation, which contains a high component of free water. More
-0
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generally, an improved technique for myelin water imaging is desired that better distinguishes

the bound water between myelin layers and the other water in the brain.

SUMMARY

[0006] In accordance with the invention, a myelin water image is acquired by
suppressing signals from long T; components so that a short T; signal, which the inventors have
shown by experiment to originate from the myelin water, dominates the image. For the
suppression, double or multiple inversion RF pulses are used to suppress background water
signals unrelated to the myelin water. For this reason, this method is referred to as background-
suppressed myelin water imaging (BS-MWI) or Direct Visualization of Short Transverse
Relaxation Time Component (ViSTa). An excitation (imaging) pulse is applied after inversion
RF pulses and the data is acquired for display of the myelin water image. The method generates
substantially improved image quality demonstrating potential for clinical use. Also, the BS-
MWI does not require multiple echoes and can generate MWIs near an inhomogeneous field
with no compensation.

[0007] In an exemplary embodiment, a method and associated system of acquiring a
myelin water image is provided that includes an RF pulse generator for applying RF pulses to
suppress signals from long T; components so that a short Ty signal including a myelin water
component dominates a resulting image of a region of interest, such as a slice of or a whole brain
of a patient, and for applying an excitation RF pulse (e.g., a 90° excitation pulse) to the region of
interest. An data acquisition element acquires image data in the region of interest for display of a
myelin water image. In exemplary embodiments, the long T1 suppression RF pulses comprise
double or multiple inversion RF pulses sufficient to remove long T1 water signals unrelated to
myelin water. For example, the long T1 suppression RF pulses may suppress T1 signals longer
than 400 ms for 1.5T or 3T fields or longer than 500 ms for 7T fields. The long T1 suppression
and excitation pulses may define a pulse sequence, satistfying one of the following equations in
accordance with the number of RF inversion pulses used:

for two inversion pulses:

M“\mz = M% {‘l —_ (2 — (2 — @-Tﬁif‘ﬁy}@'TIq;_fT@ }Q-Tig,ffq }s-?EfT;(

where My is a fully relaxed magnetization value, T1; is a time duration from a first inversion RF
pulse to a second inversion RF pulse, T1, is a time duration from the second inversion RF pulse
to the excitation RF pulse, and TD is a time duration from the excitation RF pulse to a first

inversion RF pulse in a subsequent pulse sequence Myy, TE is an echo pulse duration, and M,y is

a transverse magnetization after the excitation RF at TE;
_3-



WO 2014/085384 PCT/US2013/071864

for three inversion pulses:

o = My {1 = {2 = {2 = (2 = o~ T 1o ThiTs Jo ~Th/ T Yo Tl T Yo ~TB/T

%

where My is a fully relaxed magnetization value, T1; is a time duration from a first inversion RF
pulse to a second inversion RF pulse, T1, is a time duration from the second inversion RF pulse
to the third inversion RF pulse, TI; is a time duration from the third inversion RF pulse to the
excitation RF pulse, and TD is a time duration from the excitation RF pulse to a first inversion
RF pulse in a subsequent pulse sequence, TE is an echo pulse duration, and My is a transverse
magnetization after the excitation RF at TE;

for four inversion pulses:

Muw = Mg (1 _ (g - (;g - {g - {g - E-TD,:‘T-;)E-?IIK‘FI}@ T Ty )g-ﬂhm}a =i, Tl}g TETS
where My is a fully relaxed magnetization value, T1; is a time duration from a first inversion RF
pulse to a second inversion RF pulse, T1; is a time duration from the second inversion RF pulse
to the third inversion RF pulse, TI; is a time duration from the third inversion RF pulse to the
fourth inversion RF pulse, T4 is a time duration from the fourth inversion RF pulse to the
excitation RF pulse, and TD is a time duration from the excitation RF pulse to a first inversion
RF pulse in a subsequent pulse sequence, TE is an echo pulse duration, and My is a transverse
magnetization after the excitation RF at TE;
and so on.

[0008] These and other novel aspects of the invention will become apparent to those

skilled in the art from the following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] The various novel aspects of the invention will be apparent from the following
detailed description of the invention taken in conjunction with the accompanying drawings, of
which:

[0010] Figure 1 shows a double inversion GRE sequence for the background-
suppressed myelin water imaging (BS-MWI).

[0011] Fig. 2 is a block diagram of a magnetic resonance imaging system that may be
programmed to generate pulse sequences in accordance with the invention.

[0012] Figure 3 shows a transverse magnetization as a function of T; in the BS-MWI
sequence.

[0013] Figures 4A and 4B show six regions of interest (ROIs), genu, splenium, left-
posterior WM, right-posterior WM, left-superior WM, and right-superior WM used for the

analysis. Figures 4C — 4E show the first, 16™ and last echo images from the conventional GRE
-4 -
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at the lower slice. Figures 4F — 4H show the same three echoes from the BS-GRE at the lower
slice. Images at the upper slice from the conventional GRE are shown in Figures 41 — 4K and the
BS-GRE in Figures 4. — 4N. At the last echo of the BS-GRE images (Figures 4H and 4N),
white matter structures are invisible.

[0014] Figure 5 shows signal decays over the 32 echoes in the conventional GRE
(Figure 5A) and the BS-GRE (Figure 5C). The resulting T, distributions (Figure 5D) suggest
that the primary T, decays are less than 20 ms suggesting the signals are predominantly from the
myelin water. On the other hand, the conventional MWI results (Figure 5B) show the signal
dominance from the long T, components (Tz* > 20 ms).

[0015] Figure 6 illustrates conventional MWI (Figures 6A and 6C) vs. background-
suppressed MWI (Figures 6B and 6D).

[0016] Figure 7 shows high resolution (1 x 1 x 3 mm®) background-suppressed MWL

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

[0017] The invention will be described in detail below with reference to Figures 1-7.
Those skilled in the art will appreciate that the description given herein with respect to those
figures is for exemplary purposes only and is not intended in any way to limit the scope of the
invention. All questions regarding the scope of the invention may be resolved by referring to the
appended claims.
Multiple inversion RF pulses for long T; water suppression

[0018] In white matter of the brain, multiple transverse relaxation components (T, and

Tz*) have been observed (Du et al., 2007; Mackay et al., 1994; Menon and Allen, 1991; van

Gelderen et al.. 2012; Vasilescu etal., 1978). Some of these components (e.g. short T, and T,

component) have been associated to compartments (e.g. myelin water) (Mackay et al., 1994). In

a few studies, not only transverse relaxation but also longitudinal relaxation (T;) has been
suggested to vary among the components. Similarly to the transverse relaxation, the shortest Ty
component was assumed to have originated from the myelin water whereas the other water

components were from axonal and extracellular water (Does and Gore, 2002; Koenig et al.,

1990; Labadic et al., 2009; Lancaster ¢t al., 2002; Stanisz ¢t al., 2003). If this is proven to be the

case and if the long T water components can be selectively suppressed, then the resulting image
will be dominated by the myelin water signal. As described below, the suppression of long T,
signals can be achieved by using an inversion recovery sequence. One inversion RF pulse can
nullify a small fraction of T; relaxation and, hence, may not be able to suppress the range of long

T, water components in white matter. On the other hand, a double or multiple of inversion RF

-5-
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pulse can be designed to suppress a wide range of Ty as shown in Figure 1. Figure 1 shows a
double inversion GRE sequence for the background-suppressed myelin water imaging (BS-
MWTI). The timing (TT; = 560 ms, T, =220 ms, and TD = 380 ms) was optimized to suppress
signals from T1 components > 400 ms and to have maximum suppression in water signals in the
range of 750 ms < T; < 5000 ms. A multi-echo readout was used to characterize a T, decay in
white matter (Figure 5). For a high resolution BS-MWI image, a single echo with a long readout
duration (10 ms) was used to increase SNR (Figure 7).

[0019] For example, when two inversion RF pulses are used, the transverse
magnetization at an echo time (TE) after a 90° excitation can be written as follows (Duijn, et al.,
1992, Human brain infarction: proton MR spectroscopy, Radiology, 183, 711-718; Duyn, ¢t al.,
2001, High-sensitivity single-shot perfusion-weighted fMRI,. Magn Reson Med 46, 88-94):

M-@y - M, (1 —_ i: T — {3 - g-TD,:“Ti}g-TII;‘T;.}g—Tlg;Tl}@-TE{f‘?E

R&;ﬁp‘p&mm = R?;imﬂ&im + Rz;ﬁifs’wm + Rﬁ;emﬁsmgez
(Eq. D)

where My is a fully relaxed magnetization value, the three intervals (T1;, TI,, and TD) are the
time between the RFs shown in Figure 1, TE is an echo pulse duration, and M,y is a transverse
magnetization after the excitation RF at TE. These intervals can be adjusted to suppress desired
T;. The sequence works then as a T,-filter. The equation for three inversion pulses is:

My — Mg {1 — {3 _ ,: 2 ( 2 g-Tﬂ:{‘?,_} g-w.ﬂm} ¢ -mm&;} e~ T g ~TRATS
where My is a fully relaxed magnetization value, T1; is a time duration from a first inversion RF
pulse to a second inversion RF pulse, T1, is a time duration from the second inversion RF pulse
to the third inversion RF pulse, TI; is a time duration from the third inversion RF pulse to the
excitation RF pulse, and TD is a time duration from the excitation RF pulse to a first inversion
RF pulse in a subsequent pulse sequence, TE is an echo pulse duration, and My is a transverse
magnetization after the excitation RF at TE. Similarly, the equation for four inversion pulses is:

ﬁé\.} - NS‘_& {1 _ (2 _ ( - ( - {@ - g-“i‘ﬁ{"ﬁzl} g—'.i‘li,:"‘l“i} E-Tizﬂ‘l} g_TlﬁfTﬁ} g-ﬂ&g“ﬁ_'} g-‘I‘E}“"‘E‘%}

where My is a fully relaxed magnetization value, T1; is a time duration from a first inversion RF
pulse to a second inversion RF pulse, T1, is a time duration from the second inversion RF pulse
to the third inversion RF pulse, TI; is a time duration from the third inversion RF pulse to the
fourth inversion RF pulse, T4 is a time duration from the fourth inversion RF pulse to the

excitation RF pulse, and TD is a time duration from the excitation RF pulse to a first inversion
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RF pulse in a subsequent pulse sequence, TE is an echo pulse duration, and My is a transverse
magnetization after the excitation RF at TE, and so on.

[0020] Suppressing a wide range T; is important because different regions of white
matter have different T, values and, as noted below, the value may change with age and be
affected by disease. Additionally, since the fraction of the myelin water is small (less than 20%),
the long T; signals should be strong enough to have the majority of the signal originate from the
myelin water.

[0021] Figure 2 is a block diagram of a magnetic resonance imaging (MRI) system that
may be programmed to generate pulse sequences in accordance with the invention. As illustrated
in block form, the main components of an MRI system are a computer 10, an RF pulse generator
20, a data processing element 30 including gradient coils (not shown), a display 40 and a magnet
50. A person skilled in the art will recognize that the different elements are well known in the art
and thus require no explanation as to their construction. The computer 10 in the system of Fig. 2
in accordance with the invention is programmed, or can be programmed, to carry out the
described RF pulse generating methods described herein.

[0022] Those skilled in the art will appreciate that the computer 10 of Fig. 2 may be
implemented as any suitable computing environment including a processor programmed to
execute software routines adapted to control the pulse generator 20 to generate radiofrequency
(RF) pulses as described herein as well as to control data acquisition through control of the
timing of data acquisition and the associated generation of imaging gradients by data processing
device 30. Those skilled in the art will also appreciate that the invention includes a machine or
computer programmed by computer-executable instructions, such as program modules, so as to
implement the methods described herein. The computer may be a client workstation, a server, a
personal computer, or the like. Generally, the program modules include routines, programs,
objects, components, data structures and the like that perform particular tasks or implement
particular abstract data types. Moreover, it should be appreciated that the invention and/or
portions thereof may be practiced with other computer system configurations, including hand-
held devices, multi-processor systems, microprocessor-based or programmable consumer
electronics, network PCs, minicomputers, mainframe computers and the like. The invention may
also be practiced in distributed computing environments where tasks are performed by remote
processing devices that are linked through a communications network. In a distributed
computing environment, program modules may be located in both local and remote memory

storage devices.
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[0023] Those skilled in the art will further appreciate that the computer 10 may further
include a device (not shown) for reading computer readable storage media such as a hard disk, a
removable magnetic disk, and/or a removable optical disk such as a CD-ROM or other optical
media. Such devices (e.g., hard disk drive) and their associated computer-readable storage
media provide non-volatile storage of computer readable instructions, data structures, program
modules and other data for the computer. It will be further appreciated by those skilled in the art
that other types of computer readable media that can store data that is accessible by a computer
may also be used to store software code for implementing the methods of the invention in the
exemplary operating environment. Such other types of media include a magnetic cassette, a
flash memory card, a digital video disk, a Bernoulli cartridge, a random access memory (RAM),
a read-only memory (ROM), and the like. The invention includes such non-transitory computer
readable storage media having instruction stored thereon that, when executed by a processor,
cause the processor to implement the techniques of the invention as described below.

[0024] In experiments, the three intervals of TIy, TI,, and TD were chosen to have
larger than 40% of fully relaxed magnetization (My) for T; <200 ms, 0.3 % or less for 750 ms <
T <2000 ms, and 0.5% or less for 2000 ms < Ty <5000 ms. The strict suppression at long T is,
in part, because of the fact that T; of the myelin water at 3 T is unknown and is challenging to
measure. As a result, the sequence parameters were chosen to have minimal contribution from
long T, while keeping a relatively large signal at short T;. To find the parameters that satisfy
this condition, a parameter search was performed on TI;, TI,, and TD over the range of 10 ms to
1000 ms in the step size of 10 ms. The optimal inversion timing that satisfied the condition was
TI; = 560 ms, TT, = 220 ms, and TD = 380 ms. The resulting transverse magnetization is shown
in Figure 3.

[0025] Figure 3 shows a transverse magnetization as a function of T; in the BS-MWI
sequence. The double inversion pulse enabled signal suppression over a wide range of long T}
(750 ms < Ty <5000 ms). Gray matter and CSF were also suppressed to better visualize the
myelin water in the resulting image. These parameters suppress signals not only from long T; in
white matter, but also from gray matter (T; = 1500 ms at 3 T) and CSF (T; =4000 ms at 3 T).
This suppression helps to avoid bright areas and artifacts in the image. For the same reason, fat
was also suppressed using a fat saturation pulse. Hence, almost all static signals in the brain
except the myelin water signal were suppressed.

Data acquisition
[0026] For MRI scans, 5 subjects (mean age = 33 + 4 years), who signed consent forms

approved by an institutional review board, were scanned at a 3 Tesla system (Tim Trio, Siemens,
-8 -
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Erlangen, Germany). The scan started with a localizer, followed by a region-of-interest
shimming over the brain area including the imaging slices. The following scans were performed.

[0027] Scan 1) BS-MWI using a double inversion prepared multi-echo GRE sequence
(BS-GRE sequence): single slice, FOV = 240 mm?, resolution = 1.88 x 1.88 mm?, slice
thickness = 3 mm, TR = 1160 ms, TI; = 560 ms, TI, =220 ms, TD = 380 ms, TE = 1.85:2.42:77
ms, number of echoes = 32, flip angle = 90°, matrix size = 128 x 128, bandwidth = 720 Hz/pixel,
scan time = 2 min 30 sec. For the inversion, a non-selective hyperbolic secant RF pulse was
used.

[0028] Scan 2) Conventional MWI using a multi-echo GRE sequence of a long TR (=
1160 ms): The same sequence structure as Scan 1 without the inversion RF pulses was used.
The scan parameters were the same except the flip angle (= 78°) which was set to the Ernst angle
for white matter at T; = 750 ms. The scan time was 2 min 30 sec.

[0029] Scan 3) Conventional MWI using a multi-echo GRE sequence of a short TR (=
97 ms): The same scan parameters as Scan 2 was used except TR (=97 ms) and flip angle (=
29°; Ernst angle). The data was collected 12 times and averaged to match the total scan time of 2
min 30 sec.

[0030] Scan 4) High-resolution BS-MWI using a single but long readout: FOV =256
mm?, resolution = 1 x 1 mm?, slice thickness = 3 mm, TR = 1160 ms, TI; = 560 ms, TI, = 220
ms, TD = 380 ms, TE = 6.36 ms, number of echoes = 1, matrix size = 256 x 256, bandwidth =
100 Hz/pixel, readout duration = 10 ms, two averages, and total scan time = 9 min 56 sec.

[0031] For Scan 1, 2 and 3, two slices, one including genu and splenium areas of corpus
callosum and the other 3 cm superior, were acquired one slice at a time. For Scan 4, only the
lower slice was acquired.

Data analysis

[0032] Before the analysis, images were carefully checked for subject motion to ensure
alignment within (Scan 3 and 4) and between the scans (Scan 1, 2 and 3). All images showed
negligible motion. The multiple repetition images were averaged for each scan (Scan 3 and 4).

[0033] When the two conventional GRE images (Scan 2 and Scan 3) were compared,
the images from the long TR (Scan 2) showed artifacts at late echoes in a few subjects whereas
no such artifacts were observed in the short TR data (Scan 3). As a result, the data from Scan 3
were chosen for analyses that require multi-echo images. For Scan 2, only the first image was
used to generate a coil sensitivity map for the high-resolution BS-MWI images.

[0034] To characterize the multi-component T," decays in the BS-GRE data (Scan 1)

and the conventional GRE data (Scan 3), a region-of-interest (ROI) analysis was performed at
-9
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six ROIs: genu, splenium, left posterior white matter, right posterior white matter, left superior
white matter, and right superior white matter. The ROIs were manually drawn in the two slices
(Figures. 4A and 4B). In each ROI, a mean decay curve was generated by averaging signals in
the ROI. The distribution of the multiple components was estimated by fitting the mean decay

curve with multiple exponential Tz* decays (Whittal] and Mackavy, 1989):
P

yi= D sep(-=) 1= L2 (Eq.2)
Kol TE?{

where ¢ is an echo time, y; is the measured decay at #, N is the total number of echoes (= 32), and
siyand Ta are the relative amplitude and T, for cach component respectively. A is the number
of T, decay components in the model and was set to 300. Ty was spaced logarithmically from
2.77 ms (= 1.5 x TE;) to 300 ms (Lenz, et al., 2011, Feasibility of in vivo myelin water imaging
using 3D multigradient-echo pulse sequences, Magn Reson Med 68, 523-528). A regularized
nonnegative least-square (NNLS) fitting method, which is widely used in MWI, was utilized

with the following regularization to generate a robust fit in the presence of noise (Whittall and

X Z sg, pEQ (Eg. 3)

Kmd

L2yl = xbw 102858,

(Eq. 4)
where y” is a residual sum of squares.

[0035] In the BS-GRE images, the SNR was low (9.4 & 0.6 at the first-echo averaged
over all ROIs in all subjects) and, therefore, non-zero mean noise distribution of the magnitude
images resulted in a constant offset in the decay curves (Henkelman, R.M., 1985, Measurement
of signal intensities in the presence of noise in MR images, Med Phys 12, 232-233).. This offset
biases the T, estimation and, therefore, was subtracted from the data before the fitting process
(Gambarota, et al., 2001, Osmotic effects on the T2 relaxation decay of in vivo muscle, Magn
Reson Med 46, 592-599; Ghugre, et al., 2005, Improved R2* measurements in myocardial iron
overload, ] Magn Reson Imag 23, 9-16). The offset was estimated by averaging a small
background noise area outside of the images. The same correction was applied to the
conventional GRE data although SNR was much higher (252.2 + 8.5 at the first echo averaged
over all ROIs in all subjects).
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[0036] The regularized NNLS fitting resulted in the distribution of the T, decays. T,
components less than 20 ms were regarded as the myelin water. For the conventional MWI, the
myelin water fraction was calculated as a ratio between sum of the myelin water components and
sum of all components.

[0037] For BS-MW]I, the first five echoes (TE from 1.85 to 11.53 ms) of the BS-GRE
images were averaged to generate a BS-MWI image. Then the image was compared with the
conventional myelin water fraction image.

[0038] The high resolution BS-MWI images acquired in Scan 4 were corrected for the
coil sensitivity profile generated from the first echo image of Scan 2 after a low-pass filtering. It
resulted in a relatively uniform myelin water image less biased by the multi-channel coil
sensitivity (Figure 6).

Results

[0039] The images from the conventional and the BS-GRE scans are shown in Figure 4.
Figures 4A and 4B show six regions of interest (ROIs), genu, splenium, left-posterior WM, right-
posterior WM, left-superior WM, and right-superior WM used for the analysis. Figures 4C — 4E
show the first, 16" and last echo images from the conventional GRE at the lower slice. Figures
4F — 4H show the same three echoes from the BS-GRE at the lower slice. Images at the upper
slice from the conventional GRE are shown in Figures 41 — 4K and the BS-GRE in Figures 4L —
4N. At the last echo of the BS-GRE images (Figures 4H and 4N), white matter structures are
invisible. Only inflow artifacts in the phase encoding direction (anterior-posterior) are
noticeable.

[0040] In both methods and both slices, the image intensities decrease with increasing
echo times (Figures. 4C to 4N). In the conventional GRE, the last echo images (TE = 76.87 ms)
still show substantial signal intensities (Figures. 4E and 4K). In contrast, in the last echo BS-
GRE images (Figures. 4H and 4N), most of the areas are at the level of background noise. The
only observable signals are from CSF and vessels which induced inflow artifacts in the phase
encoding direction (anterior-posterior).

[0041] The signal decay curves and the T," distributions estimated by the regularized-
NNLS fitting are shown in Figure 5. Figure 5 shows signal decays over the 32 echoes in the
conventional GRE (Figure 5A) and the BS-GRE (Figure 5C). Each line corresponds with the
respective ROIs (genu — solid, splenium — long dashed, left posterior white matter — dash-dotted,
right posterior white matter — dash-double-dotted, left superior white matter — short dashed, and
right superior white matter — dotted). The BS-GRE signals decay much more rapidly as

compared to those of the conventional GRE. The resulting T," distributions (Figure 5D) suggest
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that the primary T, decays are less than 20 ms suggesting the signals are predominantly from the
myelin water. On the other hand, the conventional MWI results (Figure 5B) show the signal
dominance from the long T, components (T, > 20 ms).

[0042] Each line is coded the same as the ROIs in Figures 4A and 4B. Compared to the
decay curves from the conventional GRE scans (Figure 5A), the BS-GRE signals decay much
more rapidly reaching the noise level after TE = 60 ms. The slight offset from the noise level
may have originated from the inflow artifacts observed in Figures 4H and 4N. These results
suggest that the BS-GRE signals have shorter T, than that of the conventional GRE signals.

[0043] Compared to other ROIs, the signal from genu decays faster in the conventional
GRE (Figure SA). On the other hand, it decays slower in the BS-GRE (Figure 5C). The slower
decay in the BS-GRE may have originated from the inflow artifacts intruding into the genu area
resulting in unwanted additional signals (Figures 4G and 4H). The rapid T, decay in the
conventional GRE is from the field inhomogeneity effects (Hwang, et al., 2010, In vivo multi-
slice mapping of myelin water content using T2* decay, Neurolmage 52, 198-204). These
differences in the signal decays are also observed in the T," distribution plots where shortened
T," distributions are observed in the conventional GRE (Figure 5B) and a larger portion of the
long T~ components is observed in the BS-GRE (Figure 5D). Since these are most likely from
the artifacts, the results from genu are excluded from the ROI averages (Table 1).

Table 1

List of the short T, fractions at ROIs (mean + standard deviation).

Fraction of short T," component
Conventional MWI BS-MWI

Genu - -

Splenium 82+1.5% 87.3+£6.1%
Left Posterior WM 48+1.1% 89.2+73%
Right Posterior WM 49+1.5% 91.8+4.5%
Left Superior WM 56x1.7% 947+ 1.4 %
Right Superior WM 6.1£22% 94.1+4.7 %
Mean 59+14% 91.4+32%

- 12-
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[0044] The T, distributions from the conventional GRE (Figure 5B) show similar
distributions to those from literatures yielding a small fraction of the short T, component (5.9 +
1.4 %; an average of all subjects hereafter). In contrast, the BS-GRE results demonstrate that the
primary signals in the BS-GRE are from the short T, component (91.4 £ 3.2 %) whose T, is in
the range of the myelin water (< 20 ms). A difference was observed between the location of
short T, peaks between the conventional GRE and the BS-GRE. This difference may have
originated from the sensitivity of the NNLS method to noise (Cgver, 2008; Whittall and
MacKay, 1989).

[0045] The T, decays and distributions of the BS-GRE suggest that suppressing long

T components leaves the signal to originate primarily from the myelin water. This confirms that
the myelin water has short T; in the range of a few hundred milliseconds at 3T. Generally
speaking, a Ty longer than 400 ms at 1.5 T or 3T and longer than 500 ms at 7T is considered to
be a “long” Ty as used herein, while a Ty shorter than 400 ms at 1.5 T or 3T and shorter than 500
ms at 7T is considered to be a “short” T; as used herein. However, practical examples show that
the T; of myelin water is typically 300 ms or less at 1.5 T and 3T and 400 ms or less at 7T and
suppression of Ty greater than approximately 500 ms at 1.5 T, 600 ms at 3 T, and 800 ms at 7 T
provides clinically acceptable myelin water images. As will be appreciated by those skilled in the
art, the range changes with field strength.

[0046] In Figure 6, the results of the myelin water fraction from the conventional MWI
are compared to the BS-MWI images generated by averaging the first five echoes of the BS-
GRE data. Compared to the conventional MWI images, the BS-MWI images show less speckle
artifacts, resulting in a superior image quality. Figure 6 illustrates conventional MWI (Figures
6A and 6C) vs. background-suppressed MWI (Figures 6B and 6D). In the conventional MWI,
the myelin water fraction was estimated from the multi-echo GRE data using a regularized
NNLS method. T," of 20 ms or less was regarded as the myelin water components. The BS-
MWTI images were generated by averaging the first 5 echoes (up to TE = 11.53 ms) from the BS
multi-echo GRE data. The BS-MWI images show higher quality than the conventional MWI
images.

[0047] In the BS-MWI images, a few other areas, that are unrelated to the myelin
water, are also visible. For example, arteries are highlighted due to the inflow effects. The skull
area has high signal which might be from an imperfect fat saturation. However, in white matter,
the primary signal is from the myelin water.

[0048] A high-resolution MWI image is shown in Figure 7. Figure 7 shows high

resolution (1 x 1 x 3 mm®) background-suppressed MWI. The total scan time (2 averages) was 9
- 13 -
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min 54 sec. The detailed structure of the white matter myelin is observed. This result may
provide clinically useful information for the diagnosis of myelin integrity.

[0049] Since the myelin water imaging method of the invention is based on the
difference in longitudinal relaxation among water components in white matter, it is important to
have T, of the myelin water short and that of the other water components long to have
substantially different suppression levels. Otherwise, the myelin water image will be
contaminated by the other components. In experiments, the ROI analysis suggests that the
myelin water signal dominates the new myelin water images with the average myelin water
fraction 0f 91.4 £+ 3.2%. When the T, of the myelin water is assumed to be 150 ms and that of
the other water to be 750 ms, the resulting myelin water signal in the BS-GRE sequence is 59%
of the myelin water Mo (Mo myelin water) Whereas it is 0.3% of the other Mo (Mo other water)-
Assuming a 1:9 ratio between the myelin water and the other water, the resulting myelin water
fraction is 96%. Hence, this estimation is comparable to that of the experiment.

[0050] In the new sequence, T; of the myelin water is an important design parameter to
optimize the sequence. However, measuring the myelin water T; is challenging due to the small
fraction (< 20%) and the short relaxation time (Tz* <20 ms at3 T). A seemingly straight-
forward approach of fitting multiple exponential recoveries to inversion recovery data requires
high SNR and a large number of inversion times to reliably separate multiple T; components
(Kalantari, et al., 2011, Insight into in vivo magnetization exchange in human white matter
regions, Magn Reson Med 66, 1142-1151). Previous studies using various approaches agree that
the myelin water has shorter T, than that of the other water components but these experiments
were performed at different field strengths and the estimated values varied (Boes and Gore,

2002; Koenig et al.. 1990; Labadie ct al., 2009; Lancaster et al., 2002; Stamisz et al.. 2005).

Once the T; value is known, a better sequence timing can be designed to improve SNR of the
BS-MWI.

[0051] In this study, the timing was chosen to have a less than 0.5 % contribution from
long T, components. This is a strict level and can be modified to increase SNR of the BS-MWI.
For example, a choice of TI; = 1000 ms, TT, = 350 ms, and TD = 740 ms will increase the short
T, signal at T; = 150 ms from 59% to 84% 0f My myclin water While keeping long T (= 750 ms)
less than 1.8% of Mo other water. This change will increase the myelin water signal by 42% while
keeping 84% of signal from the myelin water assuming a 9:1 ratio for long to short T
components. TR will be increased but can be used to acquire more slices by interleaving in 2D

multi-slice imaging.

- 14 -



WO 2014/085384 PCT/US2013/071864

[0052] It has been studied that the (averaged) T, of white matter changes with age
(Cho, et al., 1997, Establishing norms for age-related changes in proton T1 of human brain tissue
in vivo, Magn Reson Imag 15, 1133-1143; Deoni, et al., 2012, Investigating white matter
development in infancy and early childhood using myelin water faction and relaxation time
mapping, Neurolmage 63, 1038-1053). The value rapidly decreases with increasing myelination

at an early developmental stage (Deoni et al., 2012). It continues to decrease slightly and

plateaus around the age of 30 to 40. Then the value increases gradually with age (Cho et al.

1997). No information of myelin water T; change with age is available and additional studies
are necessary for the optimum design of the BS-MWI sequence.

[0053] In multiple sclerosis patients, increased T, has been reported in lesions and
normal appearing white matter (Bluestein, et al., 2012, T1 and proton density at 7 T in patients
with multiple sclerosis: an initial study, Magn Reson Imag 30, 19-25; Parry, et al., 2002, White
matter and lesion T1 relaxation times increase in parallel and correlate with disability in multiple
sclerosis, J Neurol 249, 1279-1286). No report on myelin water T changes has been found in
the patients. When white matter is demyelinated, the myelin water fraction decreases (Mackay et
al., 1994) and restricted water molecules are mobilized increasing T;. In the BS-MWTI, the signal
will be reduced for both decreased myelin water fraction and increased T;. Hence the method is
expected to be sensitive to demyelination.

[0054] In the experiments, the BS-MWI was compared with GRE-based MWI. The
GRE-based MWI method requires less specific absorption rate and provides large volume
coverage as compared with SE-based MWI. However, the GRE-based method suffers from B
field inhomogeneity, which was observed in the results (e.g. genu area in Figure 6A).
Techniques have been proposed to compensate for the field inhomogeneity effects and have
shown to improve the GRE-based MWI images (Hwang, et al., 2009, Improved myelin water
quantification using spatially regularized non-negative least squares algorithm, ] Magn Reson
Imag 30, 203-208; Hwang, et al., 2010, In vivo multi-slice mapping of myelin water content
using T2* decay, Neurolmage 52, 198-204). Different from GRE-based MWI, the novel BS-
MWI method does not require multiple echoes and can generate myelin water images near an
inhomogencous field with no compensation (see Figures 6B and 7). If it is necessary to acquire
data near a large field inhomogeneity area (e.g. an orbitofrontal lobe at 7 Tesla), a SE acquisition
can be implemented.

[0055] Another approach of generating myelin water fraction has been proposed by
estimating multiple relaxation parameters (Deoni, et al., 2003, Rapid combined T1 and T2

mapping using gradient recalled acquisition in the steady state, Magn Reson Med 49, 515-526).
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Compared to the present approach, the method requires multiple sequences and complex data
processing including By and By corrections (Deoni, S.C.L., 2011, Correction of main and
transmit magnetic field (BO and B1) inhomogeneity effects in multicomponent-driven
equilibrium single-pulse observation of T1 and T2, Magn Reson Med 65, 1021-1035).

[0056] In the experiments described above, the flip angles of the conventional MWI
scans were optimized for the averaged white matter T; (= 750 ms). This may not be optimal for
the myelin water signal. The SNR of the myelin water image can be increased by using a larger
flip angle. However, since T; of the myelin water is unknown, it is unclear what the optimum
flip angle should be particularly for the short TR scan.

[0057] In the conventional MWI, a myelin water fraction map provides a quantitative
amount of the myelin water to total water. The new BS-MWI alone does not provide this
information. If the long components are properly suppressed, an additional scan that measures
proton density and T; can be used to generate a quantitative myelin water fraction map.
Quantification can be important in certain applications (Stikov, et al., 2011, Bound pool fractions
complement diffusion measures to describe white matter micro and macrostructure, Neurolmage
54, 1112-1121) but it may not be necessary for the identification of demyelinated lesions.

[0058] For clinical applications, extension of the current method to cover a 3D volume
is important. This can be achieved using a 2D multi-slice or a 3D acquisition. In a 2D multi-
slices acquisition, multiple slices can be interleaved to acquire a 3D volume more efficiently.
Compared to the 2D multi-slice approach, a 3D acquisition will have a lower specific absorption
rate. The acquisition can be designed with a radial, spiral, or cone trajectory to reduce the scan
time. These trajectories have an additional advantage of acquiring the center of the k-space
before a Ty decay.

[0059] Recently, several new approaches have been proposed to assess the integrity of
myelin using magnetic susceptibility in myelin (Cohen-Adad, et al., 2012, T2* mapping and B0
orientation-dependence at 7T reveal cyto-and myeloarchitecture organization of the human
cortex, Neurolmage 60, 1006-1014; Duyn, et al., 2007,. High-field MRI of brain cortical
substructure based on signal phase, Proc Natl Acad Sci USA 104, 11796-11801; Lee, et al,,
2010, Sensitivity of MRI resonance frequency to the orientation of brain tissue microstructure,
Proc Natl Acad Sci U S A 107, 5130-5135; Lee, et al., 2011, T2*-based fiber orientation
mapping, Neurolmage 57, 225-234; Li, et al., 2012, Mapping Magnetic Susceptibility
Anisotropies of White Matter in vivo in the Human Brain at 7 Tesla, Neurolmage 62, 314-330;
Liu, C., 2010, Susceptibility tensor imaging, Magn Reson Med 63, 1471-1477; Miller, et al.,

2010, Asymmetries of the balanced SSFP profile. Part II: White matter,. Magn Reson Med 63,
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396-4006) or protons in myelin (Wilhelm, et al., 2012, Direct magnetic resonance detection of
myelin and prospects for quantitative imaging of myelin density, PNAS 109, 9605-9610). These
data, in conjunction with diffusion and magnetization transfer data, may provide complimentary
information to MWI and the combination of these may help us to better understand the
biophysics of white matter.

[0060] Thus, a new approach to acquire high quality myelin water images is proposed
that utilizes a multiple inversion RF scheme to suppress long T, water signals. After the
suppression, a short T, component, which has been associated to the myelin water, dominated
the image. Using this approach, a high-resolution MWI image has been demonstrated. The
extension of the proposed method in 3D with a proper SNR will help the inventors to apply this
method to clinical applications including the diagnosis of multiple sclerosis.

[0061] Those skilled in the art will also appreciate that the invention may be applied to
other applications and may be modified without departing from the scope of the invention. For
example, the radiofrequency pulses described herein are those used for a nuclear magnetic
resonance spectroscopy or imaging experiments. The sequence may be used as an imaging
technique for diagnosis of many diseases including, for example, adrenoleukodystrophy (ALD),
metachromatic leukodystrophy, and carpal tunnel syndrome, all of which involve damage to
myelin. The sequence also may be used as an imaging technique for diagnosis or detection of
short T1 component(s) not related to myelin water if the short T1 component(s) is mixed with
long T1 components and the T1 values among short and long T1 components are substantially
different to be separable by the proposed method. The pulse sequence may also be used as an
imaging tool for viewing the biomechanics and/or biochemistry of tissues and the progression of
disease, tissue repair, or the effects of pharmaceutical agents on the tissues. Generally, the
radiofrequency pulses described herein may have any frequency and may be used for other
applications such as electron paramagnetic resonance. Accordingly, the scope of the invention is
not intended to be limited to the exemplary embodiments described above, but only by the

appended claims.
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What is Claimed:

1. A method of acquiring a myelin water image comprising:
applying RF pulses to suppress signals from long T; components so that a short T, signal
including a myelin water component dominates a resulting image of a region of interest;
applying an excitation RF pulse to the region of interest; and

acquiring image data in the region of interest for display of a myelin water image.

2. The method of claim 1, wherein said RF suppression pulses suppress T1 signals longer

than 400 ms for 1.5T or 3T fields or longer than 500 ms for 7T fields.

3. The method of claim 1, wherein the RF suppression pulses comprise double or multiple

inversion RF pulses sufficient to remove long T1 water signals unrelated to myelin water.

4. The method of claim 1, wherein the excitation RF pulse comprises a 90° excitation RF

pulse.

5. The method of claim 3, wherein the applying steps apply a pulse sequence, satisfying

either the following equation for two inversion pulses:

My, = Mg {1 = {2 = (2 — &7 T0T)e TuTa ) =T Ta Yo~ TEN:

where My is a fully relaxed magnetization value, T1; is a time duration from a first inversion RF
pulse to a second inversion RF pulse, T1, is a time duration from the second inversion RF pulse
to the excitation RF pulse, and TD is a time duration from the excitation RF pulse to a first
inversion RF pulse in a subsequent pulse sequence Myy, TE is an echo pulse duration, and M,y is
a transverse magnetization after the excitation RF at TE;
or the following equation for three inversion pulses:

M&‘}" = Mg (\' i{—- {2 - i 2 — ( 2 — e-‘I‘D;fT;} é;-Tl.x_;‘Fi} e~ T/ T;} g—‘l‘ig‘e‘“ﬁ;_} e ~TE/TE
where My is a fully relaxed magnetization value, T1; is a time duration from a first inversion RF
pulse to a second inversion RF pulse, T1, is a time duration from the second inversion RF pulse
to the third inversion RF pulse, TIs is a time duration from the third inversion RF pulse to the
excitation RF pulse, and TD is a time duration from the excitation RF pulse to a first inversion
RF pulse in a subsequent pulse sequence, TE is an echo pulse duration, and My iS a transverse

magnetization after the excitation RF at TE;
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or the following equation for four inversion pulses:

ﬁ’ix‘w = ﬁ@(} {1 _ (2 _ (2 _ {2 _ (E _ Q-TB;’TT}Q -Ti _s“‘i‘,}e—TI%f‘Ft }{‘ —TI%!TY}S—TIM"E}}Q—TE;T;

where My is a fully relaxed magnetization value, T1; is a time duration from a first inversion RF

pulse to a second inversion RF pulse, T1, is a time duration from the second inversion RF pulse

to the third inversion RF pulse, TI; is a time duration from the third inversion RF pulse to the

fourth inversion RF pulse, T4 is a time duration from the fourth inversion RF pulse to the

excitation RF pulse, and TD is a time duration from the excitation RF pulse to a first inversion

RF pulse in a subsequent pulse sequence, TE is an echo pulse duration, and My is a transverse

magnetization after the excitation RF at TE.

6.

10.

11

The method of claim 1, wherein the region of interest is a slice of or a part or whole brain

of a subject.

A system for acquiring a myelin water image, comprising:

an RF pulse generator that generates RF pulses adapted to suppress signals from long T;
components so that a short T; signal including a myelin water component dominates a
resulting image of a region of interest when the RF pulses are applied to the region of
interest, said RF pulse generator further generating an excitation RF pulse for application
to the region of interest; and

a data acquisition element adapted to acquire image data in the region of interest for
display of a myelin water image generated in response to application of said RF pulses

and RF excitation pulse to the region of interest.

The system of claim 7, wherein said RF suppression pulses suppress T1 signals longer

than 400 ms for 1.5T or 3T fields or longer than 500 ms for 7T fields.

The system of claim 7, wherein the RF suppression pulses comprise double or multiple

inversion RF pulses sufficient to remove long T1 water signals unrelated to myelin water.

The system of claim 7, wherein the excitation RF pulse comprises a 90° excitation RF

pulse.

. The system of claim 9, wherein the RF pulse sequence applied to the region of interest by

the RF pulse generator satisfies either the following equation for two inversion pulses:

- 19 -



WO 2014/085384 PCT/US2013/071864

MW = Mq él - ;: - (2; —_ Q-Tﬂﬁ‘i‘i) g'TII(‘Tl.}e-TIEle} 2~ TBTE

where My is a fully relaxed magnetization value, T1; is a time duration from a first inversion RF
pulse to a second inversion RF pulse, T1, is a time duration from the second inversion RF pulse
to the excitation RF pulse, and TD is a time duration from the excitation RF pulse to a first
inversion RF pulse in a subsequent pulse sequence Myy, TE is an echo pulse duration, and M,y is
a transverse magnetization after the excitation RF at TE;
or the following equation for three inversion pulses:
fi"fm, = M, § 1= {2 - ,’\ 2 i 2 g—TDﬂ‘l) Q—TI,;_,&}} Q-le;“’iz_} g—ﬂgﬂ‘:;} ¢~ TETE

where My is a fully relaxed magnetization value, T1; is a time duration from a first inversion RF
pulse to a second inversion RF pulse, T1; is a time duration from the second inversion RF pulse
to the third inversion RF pulse, TIs is a time duration from the third inversion RF pulse to the
excitation RF pulse, and TD is a time duration from the excitation RF pulse to a first inversion
RF pulse in a subsequent pulse sequence, TE is an echo pulse duration, and My is a transverse
magnetization after the excitation RF at TE;
or the following equation for four inversion pulses:

ﬁé\.} - NS‘_& {1 _ (2 _ ( - ( - {; - g-‘i‘ﬁ{‘tz} g—mign} E‘szﬂ‘l} g_TlﬁfTﬁ} g-ﬂ&g”&_'} g-‘I‘E,:‘T?«}
where My is a fully relaxed magnetization value, T1; is a time duration from a first inversion RF
pulse to a second inversion RF pulse, T1, is a time duration from the second inversion RF pulse
to the third inversion RF pulse, TI; is a time duration from the third inversion RF pulse to the
fourth inversion RF pulse, T4 is a time duration from the fourth inversion RF pulse to the
excitation RF pulse, and TD is a time duration from the excitation RF pulse to a first inversion
RF pulse in a subsequent pulse sequence, TE is an echo pulse duration, and My is a transverse

magnetization after the excitation RF at TE.

12. The system of claim 7, wherein the region of interest is a slice of or a part or whole brain

of a subject.
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