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Abstract

Myelin water imaging is a promising, noninvasive technique for evaluating white matter diseases
such as multiple sclerosis and other leukoencephalopathies (LE), and monitoring myelination in
early childhood. Unfortunately, poor image quality and a long acquisition time are major obstacles
to practical clinical applications. In this study, a novel postprocessing method with an efficient
multi-slice acquisition scheme, called T, spectrum analysis using a weighted regularized non-
negative least squares algorithm and non-local mean filter (T,SPARC), is presented to overcome
these obstacles and achieve a shorter acquisition time, higher image quality, and large volume
coverage. In vivo results from healthy volunteers and a patient with LE showed that the To.SPARC
method can generate robust and high-quality myelin water fraction (MWF) maps of 10 slices
within 11 minutes. This method also yields some useful byproducts such as intra- and extracellular
water fraction (IEWF) and long T tissue water fraction (LWF) maps, which can quantify lesions
in different brain diseases.
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Introduction

White matter disease in the human brain involves damage to the myelin sheaths, which are
formed by the vast membranous extensions of glial cells (i.e., oligodendrocytes). The axon
is wrapped in many layers of these electrically insulating sheet-like membrane extensions to
form the myelin sheath, which ensures the rapid conduction of electrical impulses in the
nervous system (1). Some white matter diseases, including leukoencephalopathy (LE) and
multiple sclerosis (MS), lead to demyelination and scarring as well as a broad spectrum of
signs and symptoms (2,3). The myelin water fraction (MWF) can serve as a direct indicator
of myelin sheath integrity and can provide quantitative measurements of myelin structure
and component change due to white matter disease (4,5).
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The multi-compartment spectrum analysis of the T, decay curve proposed by MacKay et al.
(5) is one commonly used method to quantify MWF. The T, spectrum of human brain tissue
can include four compartments: 1. myelin water, a very short T, component with a T, range
from 15 to 40 ms at 3.0 T; 2. intra- and extracellular water, a T, component with a range
from 40 to 200 ms; 3. long T, tissue water, a To component with a range from 200 to 800
ms; and 4. cerebral spinal fluid, a long T, component from 800 to 2000 ms (6,7). In this
study, the ratios of the components to the sum of all the components are termed MWEF, intra-
and extracellular water fraction (IEWF), long T» tissue water fraction (LWF), and cerebral
spinal fluid fraction (CSFF).

In MacKay’s method, T, decay curves were acquired using a single-slice, multi-echo Carr-
Purcell-Meiboom-Gill (CPMG) sequence with nonselective composite (90°¢-180°y-90°)
refocusing pulses and large z-axis gradient crushers (5,8,9). A non-negative least squares
(NNLS) algorithm was used for spectrum analysis of T, decay curves (10). The merits of
this method include high-quality T, decay curves with a high signal-to-noise ratio (SNR)
and a robust algorithm that does not require initial estimates and a priori assumptions (5).
The MWEF generated using this method showed a strong correlation with myelin content
validated by histopathologic examination (11-14). However, the single-slice coverage and
the long acquisition time (e.g., 25 minutes) due to nonselective refocusing pulses and a
higher SNR requirement are obstacles to practical clinical applications (5,15).

To achieve larger volume coverage and a shorter acquisition time, several multi-slice and
3D techniques were proposed recently (15-17). One technique was based on T,* signal
decay to acquire five slices with an imaging time of 8.7 minutes (15). The further increase in
volume coverage was limited by possible gradient overheating (15). High sensitivity to local
field inhomogeneity was one of the major limitations of this technique for practical
applications, because the local field gradient along the slice direction can introduce non-
exponential signal decay (18,19). In another method, 16 slices can be acquired using a T,
prepared spiral imaging sequence with a scan time of 10 minutes (16). However, this
method yields noisy MWF maps with low resolution and poor image quality. A 3D
technique was also proposed to generate MWF maps in either 16 or 30 minutes using the
spoiled gradient-recalled echo sequence and fully balanced steady state free precession
sequence (17). This 3D technique was limited to examining two water components (fast and
slowly relaxing components) and yielding noisy MWF maps with higher MWF values (27%
vs. 11%) than MWF from other reported methods (15,20,21).

Another way to increase volume coverage is to use a conventional multi-slice CPMG
sequence with slice-selective refocusing pulses. The conventional multi-echo CPMG
sequence for T, relaxation measurement was dramatically affected by the stimulated echo
caused by slice profile imperfections of refocusing RF pulses (22,23). Due to intrinsic
sensitivity to refocusing imperfection, the measured curve may deviate from the true T,
decay curve, especially for the first several points (22). However, the first several points are
crucial to measuring the MWF, because the T, of the myelin water component is short,
ranging from 15 to 40 ms. Recently, a technique that uses refocusing pulses with a slice
thickness three times the size of the excitation pulse was proposed to diminish deviations
and optimize T, measurements (24). We took advantage of this technique in T, spectrum
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analysis and modified the Siemens CPMG sequence (se_mc) by increasing the refocusing
slice thickness to three times the size of the excitation slice thickness.

In this study, we propose a new method for acquiring optimized T, decay curves and
analyzing the data with a new algorithm. This method is called T, SPectrum Analysis using
a weighted Regularized NNLS algorithm and non-loCal mean filter (ToSPARC). In this
method, a modified multi-slice CPMG sequence with a refocusing slice thickness three
times the size of the excitation slice thickness was used to optimize T, decay curves and
achieve a balance between the acquisition time and the quality of T, decay curves. Since the
SNR is the key factor affecting the quality of MWF maps, we propose a new algorithm, a
weighted, regularized NNLS algorithm with a large regularization coefficient, in
combination with a recently developed nonlocal mean (NLM) denoising technique (25) to
reduce the effect of noise and lessen the requirements for the quality of T, decay curves. A
reproducibility study was performed to demonstrate the robustness and reliability of the
ToSPARC method.

Materials and Methods

Imaging Acquisition

Two healthy volunteers (male, 36 and 37 years old) and one patient with leukemia (male, 19
years old, with acute therapy-induced neurotoxicity (LE)) were imaged in the preliminary
study. The acquisition scheme in each examination includes two scans, each of which
acquires five slices and has a slice gap twice as large as the excitation slice thickness due to
the large refocusing slice thickness. The position of the second scan is shifted along the slice
direction relative to the first scan to generate 10 consecutive slices with a small gap. For
each examination, 10 brain axial slices from two scans were acquired using the modified
sequence on a 3T scanner (Trio, Siemens Medical Solutions, Erlangen, Germany) using a
12-channel head coil. The protocol for the scans was as follows: FOV = 220x220 mm; slice
thickness = 5 mm; acquisition matrix, 256x256; 5 slices with a 200% slice gap; 32 echoes
and TEs=10-Nms (N =1,2,3, ..., 32); TR = 3000 ms; receiver bandwidth = 300 Hz/pixel;
GRAPPA reduction factor = 2, and the number of reference lines = 24. The acquisition time
for each scan was about 5 minutes 29 seconds, and the total time for two scans was 11
minutes. The slice position of the second scan was shifted 7.5 mm along the slice direction
relative to the first scan to generate 10 consecutive slices with 2.5 mm gaps. To confirm the
previously demonstrated improved T, decay curves with a larger refocusing slice profile
(24), we acquired a single slice from one healthy volunteer using both the conventional
(Siemens se_mc sequence) and the modified CPMG sequences.

In addition, a reproducibility study was performed on five healthy volunteers (three males,
two females, average age of 31.6 + 5.8 years). Each volunteer was imaged three times using
the same protocols. The subject was asked to get up from the table after each examination,
and was then placed back in the magnet after aligning the head within the coil using
positioning beams on the magnet. The central acquisition slice was always aligned with the
most inferior extent of corpus callosum in a central sagittal view. Informed consent was
obtained from all subjects.
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Spectrum Analysis

The T, decay signal, y(t,), can be described using a general integral of exponential functions
(10):

in
Yy (tn) =[S (Ty) e T2dT2,n=1,2,--- ,N ()

where t,, is the measured time point equal to n-TE, and TE is time of echo; S(T>») is the
amplitude of the spectrum at relaxation time T,. The range of T, is from zero to the
maximum T, value Tax (2 seconds in this study). This integral equation can be discretized
as a summation of piecewise amplitude constants over M small ranges of T»:

M o
yn:ZSTmeimfn:laZ'” 7N )

m=1
where M is the number of T, sampling points and

S =Sm ATy, ?3)

Tm

where AT,y is a logarithmic T, time interval in this study. We rewrote Eq. 2 in a general
matrix form:

tn

Y=ES,, Epp=¢ Tom (4

The T, spectrum can be solved from Egq. 4.

In this study, the T, spectrum was partitioned into four intervals: myelin water, T,=15-40
ms; intra- and extracellular water, 40-200 ms; tissue water with long T, 200-800 ms; and
cerebral spinal fluid, 800-2000 ms. For each pixel, the ratios of the direct summation of St
within each interval to its overall summation corresponding to MWF, IEWF, LWF, and
CSFF were computed to generate parametric maps.

Regularized Non-Negative Least Squares Algorithm

Since spectral amplitudes Sy, are non-negative, the NNLS algorithm is suitable for T,
spectrum analysis. However, regularization has to be used to improve the reliability of the
solution, because this inverse problem is ill-posed. The regularized NNLS (rNNLS)
algorithm is used to solve Eq. 4 by minimizing

. . .1
e U Sy = Y4l W Sello} W=7z 57 20 ¢5)

where ||-]|2 represents the Euclidean norm and W is a regularization constant. The larger the
value of 1, the more the algorithm smooths the T, spectrum. A small value of p is used in a

typical MWF study to satisfy the constraint 0f 1.02,.% . < X? < 1.025,.2 . where X2 is

the minimum misfit of the NNLS solution (26). Due to this constraint, the rNNLS algorithm
is still very sensitive to noise. Thus, four averages in acquisition have to be used to double
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the SNR, which prolongs the total acquisition time to more than 25 minutes for a single slice
(5,20).

Weighted rNNLS Algorithm

In this study, we propose a new weighted rNNLS (wrNNLS) algorithm to overcome the
intrinsic weighting issue of regularization in the rNNLS algorithm caused by using
logarithmically spaced T2 time intervals. The regularized term St in Eq. 5 includes the
spectral amplitude S and T, time interval as shown in Eq. 3. If T is uniformly sampled, the
regularization is uniformly weighted for all spectral amplitudes; however, if T, is
logarithmically sampled, the regularization puts more weight on spectral amplitudes that
correspond to the larger log-spaced time intervals. This logarithmically sampled weighting
disparity is further aggravated by larger values for the regularization constant p. This issue
can be ameliorated as follows:

, ) ) 1
e B S = Yo tplW Selly} W=z 50 20 9)

where W is a weighting matrix and its elements are equal to the inverse of log-spaced T,
time intervals. Using Eq. 6, the spectral amplitudes are equally weighted in regularization
even with logarithmically spaced T, time intervals. Due to high sensitivity to noise, there are
still several issues, including the optimal p value, the number of sampling points, and
denoising, which need to be resolved to diminish the effects of noise and achieve robust
results in spectrum analysis.

Optimal p Value

Using Eq. 6, different p values (0 to 3 incremented by 0.01) were used to search for the
optimal value to achieve the most robust MWF values for the data from the modified
sequence. Two investigations were performed using in vivo data from a healthy volunteer.
In the first investigation, various p values were used to compute average MWF, IEWF, and
their sums within a large manually drawn region of interest (ROI) in white matter from the
pixel-wise parametric maps. The optimal | value was determined to ensure accuracy and
robustness for MWF and IEWF values. Two criteria were balanced in determining the
optimal p value: 1) close agreement of MWF with formerly reported values, and 2) minimal
change of MWF and IEWF values with change in . In the second investigation, T, decay
curves from two adjacent pixels in white matter were converted to T, spectra using the
WrNNLS algorithm with several p values (0, 0.1, 0.3, and 1.8). In this investigation, we
assumed that two adjacent pixels should have approximately the same T spectra despite the
effect of noise. The second investigation was to determine which p value would generate
similar spectra for two adjacent pixels.

Number of T, Sampling Points

The number of logarithmically spaced T, sampling points, M, within the range of 15
milliseconds to 2 seconds was generally 80 or 120 to balance computational efficiency and
spectral accuracy (7,20). A larger p value in the wrNNLS algorithm reduces sensitivity to
noise but increases the smoothness of the T, spectrum. The T spectral distribution of
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myelin and intra- and extracellular water components could become a continuous broad
peak instead of two discrete spikes. Even with a specified myelin water T, threshold (e.g.,
40 ms), the actual threshold can vary with the number of sampling points M and become
important for the robustness of the wrNNLS algorithm, especially when T is
logarithmically sampled. An investigation was performed to examine relationships of MWF
and the actual threshold with the number of T, sampling points M to find the optimal
number of sampling points, which ensures the minimum difference between the actual and
the prescribed threshold.

Non-Local Mean Filter

Even though the sensitivity to noise can be dramatically diminished by using wrNNLS with
a larger p value, parametric maps of MWF and IEWF still appear noisy compared to
conventional clinical images. An NLM filter can be used to further denoise those parametric
maps and improve their SNRs (25). In an NLM filter, noise is substantially reduced by
averaging a large number of similar pixels regardless of whether they are spatially close or
not. The denoising performance of an NLM filter is the best with the presence of similar
image structures in contrast to other classical neighborhood filters such as an anisotropic
filter and a Gaussian filter (27). Therefore, an NLM filter is most suitable for denoising
parametric maps of MWF and IEWF, because they have large areas with similar pixels. In
this study, an NLM filter with a degree of filtering and radiuses of search and similarity
window equal to 10, 5, and 2, respectively (25), was used to improve image quality after all
MWEF, IEWF, LWF, and CSFF values were scaled by multiplying by 1000.

Reproducibility study

Results

For each subject, rigid-body registration was first applied to align the three sets of images.
Five ROIs were then drawn on the MWF image in the first examination, which was applied
to the other images (MWF, IEWF, LWF and CSFF) in all examinations. The ROIls
encompassed 5 areas: 1. forceps minor, 2. forceps major, 3. genu of the corpus callosum, 4.
splenium of the corpus callosum, 5. posterior internal capsule. The standard deviation and
coefficient of variation (CV) were derived within each ROl among the 5 different subjects
(between-subject) and longitudinally within the single subject (within-subject), and they
were then averaged together across the ROIs.

In this study, all MWF, IEWF, LWF, and CSFF images were displayed with color maps of
hot magenta, gem, hot red, and hot cyan, respectively, using ImageJ. Most MWF values in
gray matter were less than 4% (20,26). The MWF value was largest, 22%, in the globus
pallidus, in which high iron deposition leads to a short T, component (19,28). Therefore, the
display window for MWF was chosen from 4% to 23%. In addition, display windows for
IEWF, LWF, and CSFF were chosen to be 60% to 100%, 0 to 20%, and 0 to 100%,
respectively.

For comparison of RF homogeneity within the excitation slice thickness, the refocusing slice
profiles with two slice widths (5 mm and 15 mm) were plotted in Fig. 1a. The refocusing
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slice profile of the conventional CPMG sequence is shown as a blue curve in Fig 1a. The
flip angles of a significant portion of slice were less than 180 degrees leading to large
deviations in the first several points in the T, decay curve. The new refocusing slice profile
with three times slice thickness was dramatically improved as shown in Fig. 1a. As
previously demonstrated, the new refocusing RF pulse led to a substantially ameliorated T,
decay curve, shown in red (Fig. 1b), in comparison to the T, decay curve from the original
se_mc sequence, shown in blue (Fig. 1b).

Optimal p Value

Average MWEF, IEWF, and their sums as a function of the regularization coefficient u are
plotted in Fig. 2. The average MWF and IEWF were computed in a large ROI of white
matter shown on the inset of Fig. 2b. The average MWF curve dropped a little and increased
to a maximum around p = 1.8, as shown in Fig. 2a. In the plateau region from p = 1.6 to 2.0,
the average MWF was very stable, and the total change within this range was less than 1%
relative to the MWF value at @ = 1.6. The average MWF at 1 = 1.8 was equal to 12.0%. The
average IEWF curve had a trend opposite from that of the averaged MWF curve and reached
a minimum value at p = 1.8. Within the white matter ROI, there were no LWF and CSFF
components. The sum of MWF and IEWF should be 100%. The sum of average MWF and
IEWF was 99.72% at p = 1.8, which is very close to the theoretical limit of 100% (Fig. 2b).
Therefore, 1 = 1.8 is the optimal value to ensure the robustness of MWF.

In addition, the MWF in two adjacent pixels of white matter was computed using several
values, as shown in Fig. 3. The positions of two pixels are shown in Fig. 3a, and two signal
curves are very similar in Fig. 3b. Since the two adjacent pixels were in white matter with
the same components, the two neighboring pixels should have approximately the same T,
spectra despite the effect of noise. In Fig. 3c, the two distinct spectra were generated with
= 0 due to the ill-posedness of the inverse problem. The main peaks of the two pixels were
close, but the small peaks of the two pixels were located on each side of the main peaks,
which led to an MWF equal to 0% in one pixel and 9.8% in the other pixel. These
substantially different MWF values conflicted with the expected consistency between two
adjacent pixels.

In Fig. 3c, all the peaks became broader with a small regularization coefficient, u = 0.1, but
the locations of the small peaks of two pixels were still on each side of the major peaks.
When p was increased to 0.3, the spectra within myelin water and intra- and extracellular
water intervals became one broad peak, but there was still a significant difference between
the two spectra of adjacent pixels. When p was increased to 1.8, the two spectra of adjacent
pixels became approximately the same, from which consistent MWF values of both pixels
were computed as 12.7% and 12.1%. In these two investigations, the larger the p value, the
less sensitive the wrNNLS algorithm became to measurement noise and the more the
algorithm smoothed the T, spectrum. The smoothness of the spectrum and the sensitivity to
noise have to be compromised to achieve an optimal result. If the regularization is too large,
the MWF values become less sensitive to different brain structures and become similar for
all regions. If the regularization is too small, the MWF values could be dramatically
different in the same brain tissue. There should be an optimal point for regularization to
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balance the sensitivity and reliability to measure MWF values for different or similar types
of brain tissue. In addition, the MWF values should be consistent with the formerly reported
values. Therefore, an optimal value of g = 1.6 was used in this study to achieve this type of
optimization to a greater extent.

Number of T, Sampling Points

Fig. 4 shows that the average MWF within the ROI shown in Fig. 2 varied with different
sampling points M when p = 1.8. The maximal change of MWF reached about 2% within a
small range of T, sampling points from 80 to 120. This 2% variation was considered large
for a small average MWF (about 12%). When T, was logarithmically sampled, the actual T,
upper threshold of the myelin water interval also varied greatly with the number of sampling
points. The pattern of the actual upper threshold change was consistent with that of the
average MWF, which shows that the variation of the average MWF was caused by using
different numbers of sampling points. One set of sampling point numbers was marked on the
top of plot, which corresponded to actual thresholds closest to the specified myelin water T,
threshold of 40 ms. In this study, the number of T, sampling points of 96 was chosen to
balance computation efficiency and spectral accuracy.

Effects of the NLM Filter and CPMG sequences

The effect of the NLM filter is shown in Fig. 5. MWF and IEWF were computed using the
WrNNLS algorithm with p = 1.8 and M = 96. Figs. 5b and 5d show the original MWF and
IEWF maps without using the NLM filter, and Figs. 5¢ and 5e show the filtered MWF and
IEWF maps, which are dramatically improved over the original maps without blurring
images. Therefore, the NLM filter played a larger role in the final MWF and IEWF maps
when noise was the primary issue in data postprocessing. In Fig. 5, MWF is displayed with a
color map of hot magenta, and IEWF is displayed with a color map of gem.

Fig. 6 shows two MWF maps using modified and conventional CPMG sequences and the
difference between the two maps. The data processing was done using the same wrNNLS
algorithm with p = 1.8 and M = 96 and the NLM filter. Figs. 6b and 6c are displayed in the
same color map and color scale. MWF values from the conventional CPMG sequence were
substantially lower than those from the modified CPMG sequence. The average MWF
values within the small ROI shown in Fig. 6a were 11.9% and 5.7% for the two maps (Figs.
6a and 6b). The nearly uniform shift in white matter between the two MWF maps is shown
in Fig. 6c¢.

Effects of rNNLS and wrNNLS algorithms

Fig. 7 shows parametric maps of a single slice from a healthy volunteer using rNNLS and
WrNNLS algorithms. The same denoising filter was applied following both algorithms. Four
parametric maps using rNNLS and p = 0.26 are shown in the first row, and parametric maps
using wrNNLS and p = 1.8 are shown in the second row. In the rNNLS algorithm, pu = 0.26
was used because the value substantially improved the results (29). In addition, the MWF
value (14%) near the lateral ventricle in white matter using rNNLS with p = 0.26 was
comparable to the MWF value (12.5%) computed using wrNNLS with 1 = 1.8. There were
two impressive differences between the two algorithms. First, the MWF was dramatically
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underestimated in the edge region of the brain using rNNLS in comparison with wrNNLS.
The MWEF values were 6.3% for rNNLS and 11.4% for wrNNLS in the forceps minor.
Second, the rNNLS algorithm generated much stronger contamination in the LWF map from
the CSFF map than the wrNNLS algorithm because spectral amplitudes corresponding to a
larger To value in the rNNLS algorithm were overweighted in the regularization because of
the logarithmically spaced sampling. Therefore, the quality of the parametric maps using
wrNNLS was dramatically improved over those using rNNLS.

Parametric Maps of Healthy Volunteer and LE Patient

To-weighted (T,w) images and all parametric maps of 10 slices from a healthy volunteer
acquired in one examination are shown in Fig. 8. Ten Tow images are shown in the first two
rows; MWF maps are shown in rows three and four; IEWF maps are shown in rows five and
six; CSFF maps are shown in rows seven and eight. Each set of images is displayed in the
same color map and color scale. Two pairs of bright structures shown in the second and third
MWF maps are the globus pallidus, in which the MWF was measured at about 24%. The
anatomy of the brain is clearly displayed in the MWF, IEWF, and CSFF maps. For a healthy
volunteer, the LWF map was almost empty except for some contamination at the edge of the
brain. However, the LWF map from the patient can be very useful. To our knowledge, this is
the first time that IEWF and CSFF maps have been shown, even though MWF maps have
been widely reported, and LWF maps were shown once by Laule (7). Typical MWF values
in six white matter regions were measured in two healthy volunteers and are compared with
previously reported values (20) in Table 1. All MWF values from two volunteers were
highly consistent with each other. Most MWF values in this study were consistent with
formerly reported values except MWF values in the genu of the corpus callosum and the
forceps minor. The fourth slice in Fig. 8 was chosen to measure MWF values since the genu
and splenium of the corpus callosum can be clearly seen.

Fig. 9 shows parametric maps from the T,SPARC method for a healthy volunteer and a
patient with LE in a similar slice position. Average parametric values from normal
appearing white matter and two lesions are summarized in Table 2. Normal MWF values in
red ROIs from the volunteer and the patient were similar (12.3% and 11.1%, respectively).
MWEF values from the green and yellow lesion ROIs were 1.9% and 4.5% in the patient,
which were substantially lower than the MWF values from similar regions in the volunteer
(11.0% and 12.3%). The LWF in the green ROI from the patient was 8.3%, which was
dramatically beyond the normal value (0%).

Reproducibility study

For each of the parametric maps, values were averaged together across the ROIs, and the
within-subject and between-subject standard deviation and CV values are summarized in
Table 3. Within-subject CVs of MWF and IEWF were 3.12% and 0.51%, and between-
subject CVs were 7.67% and 1.12%. For each subject, the MWF, IEWF, LWF and CSFF
values were found to be highly reproducible. The CVs of LWF and CSFF were not reported
due to their small or zero mean values in selected ROIs. The mean, standard deviation, and
CV values of MWF in each of five ROIs were reported separately in Table 4. There is a
slight variation of the CV values in the different ROls.
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Discussion

The ToSPARC method for myelin water imaging consists of 1) an acquisition scheme using
a modified multi-slice CPMG sequence with a refocusing slice thickness three times larger
and two scans with interleaved slices, 2) a new wrNNLS algorithm with an optimal
regularization constant i = 1.8 and T, sampling points M = 96, and 3) the NLM denoising
filter. The proposed acquisition scheme can substantially diminish deviations of signal
measurements from the true T, decay curve and can reduce scan time to approximately 11
minutes for 10 slices. The postprocessing techniques using the new wrNNLS algorithm and
the NLM denoising filter can produce robust parametric maps with remarkable image
quality. The crucial parameters for the robustness are the regularization constant and the
number of Ty sampling points.

Several reported methods designed to increase robustness attempt to use denoising filters
such as the anisotropic diffusion filter to improve the quality of T, decay curves (30,31) or
use spatial regularization to generate results similar to those using a filter (31,32). However,
these improvements in image quality were still limited, especially for in vivo data, in
comparison with our results. This limitation was mainly due to ill-posedness in the inverse
problem when using a small regularization constant. When using a large regularization
constant, the sensitivity to noise was dramatically reduced. We proposed an optimal value (u
= 1.8) to balance the smoothness of the spectrum and the sensitivity to noise to achieve the
best image quality. In addition, the same prescribed threshold (e.g., 40 ms for MWF) and the
fixed optimal T, sampling number (i.e., M = 96) should be used for comparison of results
among different research groups since the sensitivity to the threshold increased.

In the To.SPARC method, the wrNNLS algorithm generated more uniform MWF maps than
the rNNLS algorithm as shown in Fig. 7. The rNNLS algorithm dramatically underestimated
the MWEF near the edge of the brain. Strong contamination in LWF maps from CSFF maps
was also observed using the rNNLS algorithm. The underestimation and contamination
became more dramatic as the regularization constant increased. The worse contamination
was due to the overweighted regularization of spectral amplitudes corresponding to larger T,
value when using logarithmically spaced sampling in comparison with wrNNLS.

The NLM filter is the best denoising filter with the presence of similar image structures in
contrast to other classical filters such as the anisotropic diffusion filter (27). The NLM filter
played a significant role in the image quality of parametric maps. We applied the NLM filter
after the wrNNLS algorithm instead of using the anisotropic diffusion filter before the
inverse algorithm as other researchers have done (30,31). The filtered MWF maps from
other studies were blurred and smoothed in comparison with our filtered MWF maps,
because the anisotropic diffusion filter removed and smoothed some fine details and
structure of the image.

Using the T,SPARC method, a potential issue arises if a larger coverage is required, because
no more than five slices can be acquired in each of two scans due to the limitation of the
specific absorption rate (SAR) in pediatric patients (no more than 7 slices for an adult). A
third MRI scan can be added, and the acquisition scheme adjusted to acquire a total of 15
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slices (no gap) within 16 minutes 27 seconds in comparison with 11 minutes for two scans.
The total acquisition time is still an acceptable time for clinical applications. However, in
most cases, 10 slices were adequate to cover most of the brain in pediatric patients. Another
issue of concern is the potential to miss small lesions due to the gap or partial volume in the
thicker slices. If the scan time is not an issue, acquisition without a gap or even with smaller
slice thickness can be achieved with additional scans and a corresponding longer acquisition
time (e.g. 16 minutes or more) by adjusting the shift between scans. Magnetic transfer (MT)
effects could generate an unintended MT contrast in 2D multislice imaging due to off-
resonance excitation of neighboring slices (33). In this study, a large slice gap (200%)
greatly diminished the effect of off-resonance excitation without generating an evident
magnetization transfer effect on the neighboring slice. In this study, due to the short
acquisition window (32 echoes for total of 320 ms sampling), LWF and CSFF values from
the T,SPARC method may not be accurate and comparable with those using a longer echo
train (48 echoes and extended coverage to 1120 ms (34)). However, longitudinal changes in
the LWF and CSFF maps could be monitored when using the same method for each
examination. We will further investigate the accuracy and precision of these measures in a
future study.

The MWF map was the most common parametric map for assessing myelin integrity.
Recently, the LWF was reported for detecting brain lesions with long T,-related
abnormalities (7). IEWF and CSFF maps have not been explored previously. This may be
due to the poor quality of maps using the rNNLS algorithm with a small regularization
constant. In our findings, brain lesions were clearly shown on MWF, IEWF, and LWF maps
with different characteristics (Figure 9). For this patient with acute neurotoxicity, the lesion
on the right side of brain is clearly distinguished from the similar appearing lesion on the left
side by the existence of the LWF component. This lesion on the right was later shown to be
chronic on follow-up imaging while the lesion on the left was transient and resolved with
time. LWF could potentially become a very important factor for future clinical applications.
Other potential applications include assessing demyelinating diseases (e.g., multiple
sclerosis), monitoring myelination in early childhood, and detecting cancerous lesions.

In conclusion, we present the T,SPARC method, including an efficient acquisition scheme
and a robust and new postprocessing technique for generating myelin water maps. We have
shown remarkable in vivo results from healthy volunteers and one LE patient. This method
allowed a shorter acquisition time and provided higher image quality and large volume
coverage for practical clinical applications. Furthermore, this method yields some
byproducts such as IEWF, LWF, and CSFF maps, which can also be useful as a noninvasive
means to identify lesions in different brain diseases.
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Slice profile of RF180 and its effects on the decay curve. (a) Normalized slice profiles of
RF180 in conventional and modified CPMG sequences. The excited slice thickness (5 mm)
is marked by the two black dashed lines. (b) T, signal decay curves in a single pixel of white
matter of a healthy volunteer using conventional and modified CPMG sequences. New
represents the modified CPMG sequence with the larger refocusing slice thickness; Conv.
represents the conventional CPMG sequence with the smaller refocusing slice thickness.
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Fig. 2.
Effect of regularization coefficient u on MWF and IEWF values in a healthy volunteer. (a)

Averaged MWF and IEWF curves calculated in white matter ROI on the inset of the MWF
map. (b) Summation of MWF and IEWF changed with L. The vertical dashed lines are at
=1.8. MWF represents myelin water fraction; IEWF represents intra- and extracellular water
fraction.
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Fig. 3.
Spectra from two neighboring pixels. (a) Locations of two pixels in white matter. (b) T,
decay curves of two pixels. (c) T, spectra generated using four y values.
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Effects of T, sampling points. Actual upper T threshold of the myelin water component is
shown with the solid black line and small dot markers; average MWF within the ROI shown
in Fig. 2 is shown with the solid red line and larger dot markers.
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Fig. 5.

Effects of non-local mean filter. (a) Original magnitude image. (b and d) MWF and IEWF
maps without the non-local mean filter. (c and e) Corresponding MWF and IEWF maps with
the filter.
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Fig. 6.

MWF maps generated from the modified (a) and conventional (b) CPMG sequences and the
difference (c) between two maps. MWF values from the yellow ROI are shown in the lower
right corner of each image.
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Fig. 7.
Parametric maps of one slice using the rNNLS and wrNNLS algorithms. (a—d) MWF,

IEWF, LWF, and CSFF maps using the rNNLS algorithm with pu = 0.26 and (e-h)
corresponding maps using the wrNNLS algorithm with p = 1.8. Images in each column are
displayed with the same color map and color scale. The color bars are displayed under each
column.
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Fig. 8.
Tow images and MWF, IEWF, LWF, and CSFF maps of 10 slices of a healthy volunteer.

Each set of images is displayed in the same gray or color scale.
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Fig. 9.

Cc?mparison of parametric maps between a healthy volunteer and a patient using the
ToSPARC method. T,-weighted image and four parametric maps from a healthy volunteer
are in the first row, and the corresponding images of a patient are in the second row. Three
elliptical ROIs were drawn in the volunteer’s and the patient’s To-weighted image. For the
patient, the red ROI was in normal white matter; the green and yellow ROIs were in lesions;
the green and yellow arrows point to lesions in the parametric maps. The average
measurements of different ROIs are shown in Table 2.
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