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Abstract
White matter of the brain has been demonstrated to have multiple relaxation components. Among
them, the short transverse relaxation time component (T2 < 40 ms; T2

* < 25 ms at 3T) has been
suggested to originate from myelin water whereas long transverse relaxation time components
have been associated with axonal and/or interstitial water. In myelin water imaging, T2 or T2

*

signal decay is measured to estimate myelin water fraction based on T2 or T2
* differences among

the water components. This method has been demonstrated to be sensitive to demyelination in the
brain but suffers from low SNR and image artifacts originating from ill-conditioned multi-
exponential fitting. In this study, a novel approach that selectively acquires short transverse
relaxation time signal is proposed. The method utilizes a double inversion RF pair to suppress a
range of long T1 signal. This suppression leaves short T2

* signal, which has been suggested to
have short T1, as the primary source of the image. The experimental results confirms that after
suppression of long T1 signals, the image is dominated by short T2

* in the range of myelin water,
allowing us to directly visualize the short transverse relaxation time component in the brain.
Compared to conventional myelin water imaging, this new method of direct visualization of short
relaxation time component (ViSTa) provides high quality images. When applied to multiple
sclerosis patients, chronic lesions show significantly reduced signal intensity in ViSTa images
suggesting sensitivity to demyelination.
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Introduction
Myelin sheaths derived from oligodendrocytes provide electrical insulation surrounding
axons to expedite signal conduction in the healthy brain. In certain inflammatory
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neurological disorders such as multiple sclerosis (MS), the myelin sheaths degenerate and
cause disabilities. Failure of normal myelination also occurs in certain developmental
disorders known as leukodystrophies. Restoration of oligodendrocytes and axonal
myelination is a therapeutic target for both MS and leukodystriphies (Keough and Yong,
2013). Accordingly, the development of myelin or myelin-related biomarkers has important
clinical implications for the diagnosis and prognosis of such diseases.

Several MRI methods including myelin water imaging (Mackay et al., 1994), magnetization
transfer imaging (Balaban and Ceckler, 1992; Gass et al., 1994), and diffusion tensor
imaging (Basser et al., 1994; Werring et al., 1999) have been proposed as potential
biomarkers for myelin. Among them, myelin water imaging (MWI) measures signals from
water molecules between neighboring myelin layers. It has been suggested that this fraction
of water has shorter transverse relaxation time constants (T2 and T2

*) than other water inside
of axons or in the extracellular space outside of fibers (Du et al., 2007b; Mackay et al., 1994;
Menon and Allen, 1991; van Gelderen et al., 2012; Vasilescu et al., 1978). In a few studies,
not only transverse relaxation but also longitudinal relaxation time constant (T1) has been
suggested to vary among the components (Deoni et al., 2008; Does and Gore, 2002; Helms
and Hagberg, 2009; Koenig et al., 1990; Labadie et al., 2013; Lancaster et al., 2002; Stanisz
et al., 2005). Similarly to the transverse relaxation time constants, the shortest T1 component
was assumed to have originated from myelin water.

In conventional MWI, the transverse relaxation is measured by multi-echo gradient echo
(GRE) or spin echo (SE) sequences. Since the multiple water components have different
relaxation times, the measured signal shows a multi-exponential decay. This decay is fitted
with exponential decay basis functions to estimate the distribution of transverse relaxation
time constants (Whittall and MacKay, 1989). Then the fraction of the short transverse
relaxation time component or myelin water, which is approximately in the range of T2 < 40
ms and T2

* < 25 ms at 3 T (Hwang et al., 2010; Kolind et al., 2009; Oh et al., 2006), is
calculated relative to the total water to generate a myelin water fraction (MWF) map.
However, the fitting process is ill-conditioned and the resulting MWF map is sensitive to
noise and artifacts (Cover, 2008; Reiter et al., 2009; Whittall and MacKay, 1989).

Here we propose a novel approach of selectively acquiring the short transverse relaxation
time component in the brain. This method suppresses long T1 signals such that the short T1
signal dominates the image. We demonstrate that after long T1 suppression, the remaining
signals have T2

* in the range of myelin water. The method is applied to MS patients and
reveals that chronic lesions with demyelination have significant signal reduction compared
to surrounding white matter. This new approach is referred to as direct Visualization of
Short Transverse relaxation time component (ViSTa).

Methods
Double inversion RF pulses for long T1 water suppression

An inversion recovery sequence using a single inversion RF pulse is commonly used to
suppress a small range of T1 signals. On the other hand, a pair of inversion RF pulse can be
designed to suppress a wide range of T1 (Duijn et al., 1992; Duyn et al., 2001). In this
double inversion sequence, the transverse magnetization at an echo time (TE) after a 90°
excitation can be written as follows:

(Eq. 1)
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where the three intervals (TI1, TI2, and TD) are the time between the RF pulses as shown in
Figure 1A. These intervals are adjusted to suppress the signal from the desired T1
components.

In our method, the three intervals were chosen to have a large signal in short T1 and a small
signal in long T1 such that the measured signal was dominated by the short T1 component.
Specifically, we optimized for the parameters that result in larger than 40% of fully relaxed
magnetization (M0) for T1 ≤ 200 ms (for a short T1 component in white matter), 0.3 % or
less for 750 ≤ T1 ≤ 2000 ms (for long T1 components in white matter and gray matter), and
0.5% or less for 2000 ms ≤ T1 ≤ 5000 ms (for CSF). The strict suppression of long T1
components was, in part, because the T1 of myelin water at 3 T is not well characterized (see
Discussion). As a result, the sequence parameters were chosen to have minimal contribution
from long T1 signals while keeping a relatively large signal from the short T1 component.
To find the parameters that satisfy this condition, a parameter search was performed on TI1,
TI2, 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 TI1 = 560 ms, TI2 = 220 ms, and TD = 380
ms. The resulting transverse magnetization is shown in Figure 1B. These parameters
suppress signals not only from long T1 components in white matter (750 to 1000 ms at 3 T),
but also from gray matter (1300 to 1800 ms at 3 T) and CSF (~ 4000 ms at 3 T). This
suppression helps to avoid bright regions and artifacts in the image. Similarly, fat can be
suppressed using a fat saturation pulse before the RF excitation at the cost of slight signal
reduction from the magnetization transfer (MT) effect. Thus, all static signals except the
short T1 signal were suppressed. When these parameters are used, the signal from the short
T1 component may also be attenuated if T1 is longer than 100 ms. Hence, the method may
show sensitivity to both the fraction and T1 of the short T1 component.

To demonstrate that the suppression of long T1 components resulted in short T2
* signal in

the range of myelin water, the double inversion sequence was acquired with multi-echo
readout and the resulting signal decay curves were compared with those from conventional
GRE. A MWF map was generated from the GRE data and compared to a ViSTa image.

All healthy volunteers and patients participated in the study provided written consent
approved by an institutional review board.

MRI scans in healthy volunteers
Data were collected from 5 healthy subjects (mean age = 32 ± 3 years). A 3 T MRI scanner
(Trio, Siemens, Erlangen, Germany) was used with a 32 channel head array receiver. The
scan started with a localizer, followed by a region-of-interest shimming over the brain area.
Three acquisitions were performed as follows:

Scan 1) A double inversion prepared multi-echo GRE sequence (ViSTa sequence):
single slice, FOV = 220 mm2, resolution = 1.38 × 1.38 mm2, slice thickness = 3 mm,
TR = 1160 ms, TI1 = 560 ms, TI2 = 220 ms, TD = 380 ms, TE = 1.95 ms to 84.1 ms
(echo spacing = 2.65 ms), number of echoes = 32, flip angle = 90° (duration = 1 ms;
sinc), matrix size = 160 × 160, bandwidth = 710 Hz/pixel, and scan time = 3.1 min. A
non-selective hyperbolic secant pulse (duration = 10.24 ms and bandwidth = 1 kHz) was
used for the inversion pulses. The sequence was repeated five times (15.5 min) and the
images were averaged to improve SNR. No fat saturation was applied. In three subjects,
additional data were acquired with fat saturation (no average) to estimate the signal
reduction from the MT effect.

Scan 2) A multi-echo GRE sequence for GRE-MWI: An RF-spoiled GRE sequence
with no double inversion RF pulses with the same scan parameters as Scan 1 except TR
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(= 97 ms) and flip angle (= 28°). The data was collected 12 times and averaged. The
total scan time was 3.1 min.

Scan 3) A ViSTa sequence using a single echo with a low readout bandwidth: the same
sequence structure and parameters as in Scan 1 except number of echoes = 1, TE = 6.36
ms, and bandwidth = 100 Hz/pixel. The total scan time was 3.1 min (no average). A fat
saturation pulse was applied to remove bright fat signal.

Data from Scan 1 and Scan 2 were used to compare signal characteristics of ViSTa and
GRE. Data from Scan 2 and Scan 3 were used to compare the spatial distributions of short
T2

* and image quality between ViSTa and GRE.

Data analysis
To characterize the multi-component signal decays in the ViSTa (Scan 1) and GRE data
(Scan 2), ROI analysis was performed at five manually drawn ROIs: genu, splenium, major
forceps, minor forceps and internal capsule. In each ROI, a mean decay curve was generated
by averaging signals within the ROI. The distribution of the multiple components was
estimated by fitting the mean decay curve with multiple exponential T2

* decays (Whittall
and MacKay, 1989), given by:

(Eq. 2)

where ti is an echo time, yi is the measured decay at ti, N is the total number of echoes, and
sk and T2k

* are the relative amplitude and T2
* for each component respectively. M (= 120) is

the number of T2
* decay components in the model. T2k

* is spaced logarithmically from 2.77
ms to 300 ms (Lenz et al., 2011). To estimate the relative amplitude of each component, a
nonnegative least-square (NNLS) fitting method, widely used in MWI, was applied
(Whittall and MacKay, 1989). Regularization, which is to find sk that minimizes

 where μ is positive and χ2 is a residual sum of squares with the constraint of

, was tested but was not applied in the ROI analysis because
SNR was very high after ROI averaging (ROI-averaged first echo SNR was over 420) and
the estimated myelin water fraction was very similar (7.2% vs. 7.0% in GRE and 95.4 % vs.
95.1% in ViSTa for non-regularized vs. regularization). The regularization was applied to
generate a MWF map in GRE data where the NNLS fitting was performed in individual
voxels.

In the ViSTa images, the signal level was low and, therefore, non-zero mean noise
distribution of the magnitude images resulted in a constant offset in the decay curves
(Henkelman, 1985). This offset biases the T2

* estimation and, therefore, was subtracted
from the data before the fitting process (Gambarota et al., 2001; Ghugre et al., 2005). The
offset was estimated by averaging a background noise area outside of the head.

The NNLS fitting resulted in a distribution of T2
* components. T2

* components between 3
ms and 25 ms were regarded as myelin water (Hwang et al., 2010). The MWF was
calculated as a ratio between sum of the myelin water components and sum of all
components.

In the ViSTa data, the fraction of the short T2
* signal relative to total water signal was

estimated in each ROI. The signal intensity of the short T2
* component at TE = 0 ms was

extrapolated using the short T2
* components (i.e. 3 ms < T2

* < 25 ms) estimated in the
NNLS fitting results in the ViSTa data. The total water signal was estimated from the GRE
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data (Scan 2) by extrapolating the signal intensity at TE = 0 ms using all components in the
NNLS fitting results. Since the measured GRE signal is total water signal multiplied by (1 -
e-TR/T1)·sinθ/(1 - e-TR/T1·cosθ), the estimated signal intensity at TE = 0 ms was divided by
0.25 assuming T1 to be 800 ms. The ratio of short T2

* signal to total water signal at TE = 0
was then calculated and compared with the MWF of GRE-MWI. The same receiver gain
was used for both ViSTa and GRE scans for this quantification.

In addition to the ROI analysis, the GRE data were processed using the regularized NNLS
method in voxel-by-voxel basis to generate a MWF map. In the GRE-MWF map, the mean
MWF in each ROI was calculated and compared with the MWF calculated in the ROI
analysis.

The GRE-MWF map was compared with both a single-echo ViSTa image from Scan 3, and
a normalized ViSTa image. The normalization of ViSTa was performed as follows: First, the
single-echo ViSTa image was divided by the first echo GRE image. The resulting image was
multiplied by a magnitude-thresholded mask generated from the GRE image to avoid noise
amplification. Then, a scaling factor was multiplied to compensate for T1- and T2

*-
weighting in GRE and ViSTa. This scaling factor was calculated using nominal T1 and T2

*

values. In GRE, nominal T1 and T2
* were assumed to be 800 ms and 40 ms respectively. In

ViSTa, nominal T1 and T2
* were 118 ms and 10 ms respectively and the signal was assumed

to originate fully from the short T2
* component. The resulting scaling factor was (GRE T1-

weight × GRE T2
*-weight) / (ViSTa T1-weight × ViSTa T2

*-weight) = (0.25 × 0.95) / (0.69
× 0.53) = 0.65. Since the normalization was performed using nominal values, the resulting
image has limited accuracy in quantification (see Discussion). In this study, the primary
purpose of the normalization was to remove coil sensitivity from the ViSTa images so that
the spatial distribution of short T2

* signal in the brain can be compared between ViSTa and
GRE-MWF.

MRI scans in multiple sclerosis patients
Images were acquired from clinically diagnosed MS patients to demonstrate signal
characteristics of ViSTa in MS lesions. Four patients were scanned on a clinical 3T MRI
scanner (Trio, Siemens) that was different from the scanner used for the healthy volunteers.
A 12 channel phased-array head coil (Matrix, Siemens) was used for data acquisition. The
ViSTa sequence was acquired in addition to a routine clinical MS protocol. The sequence
was acquired after magnetization prepared rapid acquisition gradient echo (MPRAGE;
sagittal orientation), flow-attenuated inversion recovery (FLAIR; axial orientation) and
proton density-weighted (PDW; axial orientation) scans, prior to contrast administration.
The resolutions were 1 × 1 × 1 mm3 for MPRAGE, 0.86 × 0.86 × 3 mm3 for FLAIR, and
0.34 × 0.34 × 3 mm3 for PDW. A single slice that clearly contained lesions in FLAIR and
PDW images was chosen as the imaging slice for the ViSTa scan. A post-contrast MPRAGE
data was acquired following contrast agent injection (Gd-DTPA). ViSTa scan was acquired
with slightly different scan parameters in each patient. In Patient 4 (shown in Figure 5), the
parameters were as follows: resolution = 1.38 × 1.38 mm2, number of echoes = 1 echo, TE =
6.12 ms, flip angle for excitation = 90°, slice thickness = 3 mm, and scan time = 3.1 min.
The same double inversion RF timing used in the healthy volunteer scans was applied. Data
were acquired three times to improve SNR. A GRE scan of matching parameters with 32
echoes was also acquired but data showed in poor quality MWI, most likely due to poor
shim.

Results
The images acquired with GRE and ViSTa are shown in Figure 2. The display scale is
different between the two scans and the maximum range of the first echo image was twice

Oh et al. Page 5

Neuroimage. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



that of the other echo images. The GRE images show significant signal drop in the frontal
lobe area at the last echo due to field inhomogeneity (Fig. 2C). The first echo ViSTa image
reveals that white matter has high signal intensity whereas gray matter areas show
substantially reduced signal (Fig. 2D). CSF also shows substantial signal reduction but has
residual signal potentially originating from CSF flow (Stadlbauer et al., 2010). Arteries and
fat are also highlighted in the ViSTa images because of inflow of blood and short T1 of fat.
In the last echo (Fig. 2F), white matter signal reaches the noise level.

The measured signal decays and T2
* distributions in each ROI are shown in Figure 3 (genu –

blue, splenium – red, major forceps – green, minor forceps – cyan, and internal capsule –
magenta). Compared to the decay curves from the GRE scan (Fig. 3A), the ViSTa signals
decay much more rapidly (Fig. 3C). This is also clearly demonstrated in the T2

* distribution
from the NNLS fitting (Fig. 3B vs. 3D) confirming that the primary ViSTa signal has shorter
T2

* than the GRE signals. The T2
* distributions from the GRE data (Fig. 3B) show a small

fraction of the short T2
* component (7.2 ± 1.2 %; an average of all subjects in splenium,

major forceps and internal capsule ROIs hereafter unless noted) similar to a recent study
(Lenz et al., 2011). In contrast, the ViSTa results demonstrate that the primary signals are
from the short T2

* component (95.4 ± 4.1 %) in the range of myelin water (3 ms < T2
* < 25

ms). These results confirm that the suppression of long T1 primarily leaves short T2
* signal

in the range of myelin water.

Compared to other ROIs, the signals from genu and minor forceps decay faster in the GRE
data (Figs. 3A). This rapid T2

* decay is from the field inhomogeneity effects where
intravoxel dephasing induces additional signal loss. As a result, the T2

* distributions show
relatively shorter T2

* with no myelin water peak (Fig. 3B). This has been observed in the
previous studies (Hwang and Du, 2009; Hwang et al., 2010). In a few subjects, the primary
T2

* peak became less than 25 ms miscategorizing the signal as myelin water. Since this
decay does not reflect intrinsic T2

* decay of white matter, the genu and minor forceps were
excluded from the ROI averages (Table 1). In the ViSTa data, on the other hand, expedited
decay is not clearly observed in the two ROIs, however, in a few subjects, the decay resulted
in two short T2

* peaks (both within 25 ms). This may reflect spatially varying field
inhomogeneity effects across an ROI and/or inflow artifact from neighboring vessels. The
signal fractions of these ROIs are similar to the other ROIs and listed in Table 1. However,
they are excluded from the ROI averages for a comparison with GRE data.

When the fraction of short T2
* signal in ViSTa relative to total water signal was calculated,

the results yielded on average 5.5 ± 0.4 % (the same result were obtained when averaged
over splenium, major forceps, and internal capsule ROIs and when averaged over all ROIs;
Table 1). This suggests that overall the short T2

* signal fraction in ViSTa is slightly smaller
than the myelin water fraction measured in the GRE data (7.2 % ± 1.2 % when signals were
averaged over an ROI first and estimated and 7.5 ± 1.6 % when MWF values were averaged
over ROIs from a MWF map; Table 1) (see Discussion).

In Figure 4, the MWF maps from the GRE data are compared to the original and normalized
ViSTa images from Scan 3 (the same 3.1 min. scan). Both GRE-MWF and normalized
ViSTa images reveal higher intensity in splenium, internal capsule and optic radiation areas
than neighboring white matter. The GRE-MWF images (Figs. 4A and 4D) show either no
MWF or excessive MWF in the frontal lobe area due to the field inhomogeneity which has
been reported in previous studies (Hwang et al., 2011; Hwang et al., 2010). When
comparing remaining brain areas, the ViSTa images still show superior image quality with
much less speckle artifact. This is also true when comparing the ViSTa images to SE-based
MWI in the literature (Kolind et al., 2009). Compared to the conventional MWI, ViSTa has
limited accuracy in quantification due to T1-weighting and other factors (see Discussion for

Oh et al. Page 6

Neuroimage. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



apparent MWF in ViSTa). Despite this limitation, ViSTa may provide clinically useful
information in detecting demyelination (Figure 5).

Figure 5 shows FLAIR, PDW, post-contrast MPRAGE, and ViSTa images from an MS
patient (Patient 4). The two large lesions (arrows) did not show signal enhancement in the
post-contrast MPRAGE image (Fig. 5C) suggesting they are, so-called, T1 black holes with
demyelination and axonal loss. In these lesions, the ViSTa image shows significantly
reduced signal levels successfully delineating the lesions (Fig. 5D). Venous in-flow is
noticeable in the ViSTa image. The other three patients also showed T1 black hole lesions
and the corresponding areas in ViSTa had signal reduction (see supplementary figure for
additional patient data).

When the effect of fat saturation was evaluated by comparing the first echo signal intensity
with and without fat saturation, the signal dropped by 12.5% (three subjects, averaged over
all ROIs). This may originate from the magnetization transfer effects. Fat saturation
improves the visualization of the short T2

* signal by suppressing bright fat signal (Fig. 2D
vs. Fig. 4B) but is optional and can be removed for better quantification.

Discussion
In this work, a new method that selectively acquires short T2

* signal by suppressing long T1
signal is demonstrated. The experimental results show that the remaining signal is
dominated by the short T2

* signal (on average, 95.4%), confirming that the suppression of
long T1 leaves primarily short T2

* signal. This observation can be explained by a multiple
water component model in white matter that includes a short T1 and T2

* component and
long T1 and T2

* component(s) (Deoni et al., 2008; Does and Gore, 2002; Helms and
Hagberg, 2009; Koenig et al., 1990; Labadie et al., 2013; Lancaster et al., 2002; Stanisz et
al., 2005). The observed signal decay after the long T1 suppression shows T2

* values in the
range of myelin water indicating that the remaining signal is from myelin water. The
fraction of the short T2

* signal over total water signal (on average 5.5 ± 0.4%) in ViSTa is in
a similar range to the myelin water fraction in GRE-MWI (7.2 ± 1.2%), though the slightly
reduced fraction suggests that there may be additional T1-weighted signal loss from the
double inversion. The patient data further support the origin of ViSTa signal as myelin
water. In the MS lesions, the FLAIR, PDW, and MPRAGE images suggest that the average
water signal, dominated by long T1 components, has increased T1, T2, and proton density
signal compared to surrounding white matter. However, the signal in the ViSTa image was
decreased. This cannot be explained by the changes in the long T1 components because
increases in proton density and T2 of the long T1 components would cause an increase in
ViSTa signal. The increase in T1 in long T1 components may reduce the signal depending on
the T1 value. However, the measured signal relative to total water (5.5%) is substantially
larger than the expected signal in the range of T1 > 750 ms (0.5% or less). Hence, the
changes in the long T1 components alone cannot explain the signal reduction in MS lesions.
On the other hand, these lesions are expected to have severe demyelination that will result in
signal reduction in ViSTa due to the loss of myelin water. Hence, our data support a
multiple water component model that has a short T1 and T2

* component and long T1 and T2
*

components. More importantly, T2
* characteristics and MS patient results suggest that the

short T2
* signal in ViSTa is from myelin water.

In the ViSTa sequence, the T1 relaxation of the short T2
* component (or myelin water) is an

important design parameter for sequence optimization. However, measuring the actual T1 is
challenging due to the small fraction (~ 10%) and the short relaxation time (T2

* < 25 ms at 3
T). Previous studies have suggested that myelin water has shorter T1 than that of the other
water components (Deoni et al., 2008; Does and Gore, 2002; Helms and Hagberg, 2009;
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Koenig et al., 1990; Labadie et al., 2013; Lancaster et al., 2002; Stanisz et al., 2005). The
estimated value ranges from 118 ms at 3 T (Labadie et al., 2013) to at 390 ms at 1.5 T
(Deoni et al., 2008). Some of these values were estimated using multi-parametric fitting,
which is known to be sensitive to a model under investigation (e.g. two pool vs. three pool),
initial values, and search ranges. Recently, Labadie et al., used T1 relaxography and
suggested T1 of myelin water as 118 ms (the median value of all measurements) at 3 T
(Labadie et al., 2013). At this T1 value, the myelin water signal in ViSTa will have 69% of
the fully relaxed myelin water signal (Eq. 1) and ViSTa signal will have a myelin water
fraction of 5.0% relative to total water signal which is calculated as the multiplication of the
mean MWF (7.2%) in GRE-MWI and the signal reduction factor (0.69). This estimation is
very close to our measurement in ViSTa (5.5%). Further research is necessary to accurately
estimate the T1 of myelin water value. Once the T1 is known, a better sequence timing can
be designed to improve SNR and quantification in ViSTa.

Other potential origins of the smaller short T2
* fraction observed in ViSTa are cross-

relaxation and chemical exchange between myelin water and macromolecules. Alternatively,
a relatively short TR (= 97 ms) used for GRE may have increased myelin water fraction in
GRE-MWI (Du et al., 2007b). Further research is necessary for a complete understanding of
ViSTa signal.

Because of the confounding factors such as T1-weighting and exchange, ViSTa may have
limited accuracy in quantifying myelin water fraction. Furthermore, the single-echo ViSTa
acquisition used a relatively long TE (= 6.36 ms), and the resulting T2

*-weighting was
corrected by nominal T2

*. This nominal correction can be an additional source of error in
quantification. When the estimated fractions were compared between multi-echo ViSTa
results and single-echo ViSTa results (all subjects and all ROIs), the difference was
relatively small (mean fraction was 5.5 % in multi-echo data, and 6.0 % in single-echo data).
This error can be further reduced by using a spiral or radial sequence with a short TE (< 1
ms). Because of these confounding factors, the fraction measured in our experiment may be
referred to as apparent myelin water fraction (aMWF) to distinguish it from conventional
MWF. Despite this limitation, ViSTa can provide qualitative myelin water images with no
post-processing, and generate high quality images with demonstrated sensitivity to MS
lesions. These features make ViSTa appealing for clinical applications where myelination is
being assessed. Note that conventional MWF has also been reported to be sensitive to field
strength, coil, parameters in sequence and post-processing (Guo et al., 2012; Kolind et al.,
2009).

In the original ViSTa images (Figs. 4B and 4E), no post-processing was performed and the
images have coil sensitivity weighting. This can be removed using a coil sensitivity map or a
proton density image. In our data (Figs. 4C and 4F), the correction was performed by
dividing the first echo GRE images that has slight T1-weighting. This weighting resulted in
unwanted CSF enhancement in Figs 4C and 4F (arrows). The CSF enhancement can be
removed by using a small flip angle (~ 5°) in GRE.

Conventional myelin water imaging has been shown to provide good sensitivity to
demyelination (Laule et al., 2008; Laule et al., 2004; Mackay et al., 1994). It has also been
suggested to differentiate demyelination from inflammation or edema, which is challenging
with conventional MRI (Laule et al., 2007; Stanisz et al., 2004). Thus, MWI may have
important diagnostic value in differentiating inflammatory lesions with and without
demyelination. ViSTa may share the same advantage because inflammation, which is
characterized by increased extracellular volume fraction, has been shown to produce limited
changes in myelin water fraction and myelin water T2 distribution (Stanisz et al., 2004).
Inflammation induced myelin water T1 change has not yet been studied and needs further
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investigation. If confirmed, the high image quality of ViSTa will be advantageous in
detecting demyelinated lesions and distinguishing them from other types of lesions.

In our study, ViSTa was compared to GRE-MWI. The GRE- MWI requires less SAR and
provides larger volume coverage than SE- MWI. However, the GRE-based method suffers
from sensitivity to B0 field inhomogeneity (e.g. frontal lobe area in Fig. 4A). Techniques
have been proposed to compensate for the field inhomogeneity effects (Hwang and Du,
2009; Hwang et al., 2010). Unlike GRE-based MWI, ViSTa does not require multiple
echoes and generates myelin water images even near regions of field inhomogeneity.

The future extension of ViSTa for 3D coverage can be achieved by replacing the 2D single-
echo ViSTa readout to a 3D multi-shot EPI, 3D interleaved stack-of-spiral, or 3D radial
readout. Radial and spiral trajectories have the additional advantage of acquiring the center
of k-space prior to T2

* decay and, therefore, may provide higher SNR and improved
quantification.

In a few studies, an inversion RF pulse prepared ultra-short echo time acquisition sequence
(IR-UTE) was suggested to acquire short T2

* signals in white matter (Du et al., 2007a;
Waldman et al., 2003; Wilhelm et al., 2012). The inversion time was optimized to suppress
long T1 signals in white matter. Additionally, two echoes (TE1 = 8 ~ 80 μs; TE2 = 1.2 ~
11.08 ms) were acquired to further reduce long T2

* signal contribution by subtracting the
second echo from the first echo. Recently, Wilhelm et al. (Wilhelm et al., 2012) have
demonstrated that when the duration of RF (~ 20 μs) and TE2 (= 1.2 ms) are short, the signal
originates primarily from myelin protons (T2

* < 1 ms) that exist inside the myelin and are
different from myelin water protons. On the other hand, ViSTa uses a relatively long RF (1
ms) and TE (1.95 ~ 6.36 ms) and, therefore, has limited contribution from myelin proton
signal.

Recently, several other new approaches that utilize magnetic susceptibility characteristics of
myelin have been proposed to assess the integrity of myelin (Cohen-Adad et al., 2012; Duyn
et al., 2007; Lee et al., 2010; Lee et al., 2011; Li et al., 2012; Liu, 2010; Miller et al., 2010;
Wilhelm et al., 2012). These approaches, in conjunction with diffusion and MT imaging,
may provide complementary information to ViSTa. The combination of these modalities
may help us to better understand the biophysics of white matter and provide clinically useful
information.

Conclusions
In this paper, we proposed a new approach to directly acquire short T2

* signal. The method
utilizes a double inversion RF scheme to suppress long T1 water signals. After the
suppression, a short T2

* component in the range of myelin water dominated the image. The
method provides high quality images and successfully detected MS demyelinated lesions.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• A new approach that selectively acquire short T2* is demonstrated.

• Signal characteristics suggest that the primary signal is from myelin water.

• MS lesions show signal reduction demonstrating sensitivity to demyelination.
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Figure 1.
(A) Double inversion RF pulse sequence for direct visualization of short transverse
relaxation time component imaging (ViSTa). The timing (TI1 = 560 ms, TI2 = 220 ms, and
TD = 380 ms) was optimized to have maximum suppression in water signal in the range of
750 ≤ T1 ≤ 5000 ms. (B) Transverse magnetization as a function of T1 in the ViSTa
sequence. The double inversion pulse enabled signal suppression over a wide range of long
T1.
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Figure 2.
(A) – (C) The first, 16th and last echo images from GRE. (D) – (F) The same three echo
images from ViSTa. Flow artifacts in the phase encoding direction (anterior-posterior) is
observed in the ViSTa images.
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Figure 3.
Signal decay measurements in GRE (A) and ViSTa (C). NNLS multi-exponential fitted
results in GRE (B) and ViSTa (D). The lines are color coded as follows: Genu – blue,
splenium – red, major forceps – green, minor forceps – cyan, and internal capsule –
magenta. The signals in ViSTa decay much rapidly compared to those in GRE. The resulting
T2

* distributions (D) suggest that the primary component in ViSTA has T2
* less than 25 ms.

On the other hand, the GRE results (C) show the signal dominance from a long T2
*

component (T2
* > 25 ms).
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Figure 4.
GRE-MWF (A and D), ViSTa images (B and E), and ViSTa images after normalization (C
and F) from two subjects. The ViSTa images (Scan 3 using a single echo with low readout
bandwidth) show higher image quality than the GRE-MWF images. Both of them are
acquired in 3.1 min. each. Yellow arrows indicate enhanced CSF after normalization.
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Figure 5.
FLAIR (A), PDW (B), post-contrast MPRAGE (C), and single-echo ViSTa (D) images from
an MS patient. Chronic lesions (arrows) show significant signal reduction in the ViSTa
image.
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