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Abstract

Purpose: The semisolid myelin sheath has very fast transverse relaxation and
is invisible to conventional MRI sequences. UTE sequences can detect signal
from myelin. The major challenge is the concurrent detection of various water
components.

Methods: The inversion recovery (IR)-based UTE (IR-UTE) sequence employs
an adiabatic inversion pulse to invert and suppress water magnetizations. TI
plays a key role in water suppression, with negative water magnetizations (neg-
ative phase) before the null point and positive water magnetizations (positive
phase) after the null point. A series of dual-echo IR-UTE images were acquired
with different TIs to detect water phase transition. The effects of TR in phase
transition and water suppression were also investigated using a relatively long
TR of 500 ms and a short TR of 106 ms. The water phase transition in dual-echo
IR-UTE imaging of myelin was investigated in five ex vivo and five in vivo human
brains.

Results: An apparent phase transition was observed in the second echo at the
water signal null point, where the myelin signal was selectively detected by the
UTE data acquisition at the optimal TI. The water phase transition point varied
significantly across the brain when the long TR of 500 ms was used, whereas the
convergence of TIs was observed when the short TR of 106 ms was used.
Conclusion: The results suggest that the IR-UTE sequence with a short TR
allows uniform inversion and nulling of water magnetizations, thereby provid-
ing volumetric imaging of myelin.
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ATHERTYA ET AL.

1 | INTRODUCTION

Myelin sheath is a multilamellar membrane consisting
of alternating protein and lipid layers that insulate axons
against electrical activity.! Myelin damage disrupts axonal
transport, integrity, and structural plasticity; reduces
signal transduction; and deranges many aspects of neuro-
logical function, including speech, balance, and cognitive
awareness.>* Myelin loss is central to understanding the
disability seen in many neurological diseases. Noninva-
sive magnetic MRI of myelin could be critical in providing
a more precise diagnosis of demyelinating disorders and
monitoring demyelination and remyelination during
treatment.>’

The semisolid myelin sheath has very fast transverse
relaxation, with T, or T« on the order of hundreds of
microseconds or less.31° As a result, myelin is invisible
with conventional MRI sequences, which typically have
TEs of several milliseconds or longer. Conventional MRI
techniques allow indirect imaging of myelin with sig-
nals from intracellular and extracellular water as well as
CSF.>”7 Whereas conventional MRI techniques are highly
effective in showing focal lesions, they lack sensitivity and
specificity to diffuse changes in normal-appearing white
matter, such as partial myelin loss.!! In other words, con-
ventional MRI sequences have difficulty mapping myelin
density and cannot evaluate myelin relaxation times such
as Ty and Tj."?

Previous studies suggest that UTE type sequences
with TEs of tens of microseconds can detect signal from
myelin.8-1%13-16 T arson et al. proposed UTE imaging with
long T, saturation for direct myelin imaging.'* The use
of long-T, suppression pulses reveals a short T, compo-
nent, which is believed to be associated with myelin in
white matter that is obscured without suppression. Weiger
et al. proposed a novel technique called hybrid filling for
improved scan efficiency in zero TE (ZTE) imaging of
myelin.'* Subtraction of two hybrid filling data with TEs of
15 ps and 503 ps provide high-contrast imaging of myelin.
Boucneau et al. developed a UTE relaxometry acquisition
strategy and fitting procedure for robust measurements in
the presence of ultrashort T+ relaxation times and large
frequency shifts.!> More recently, Shen et al. proposed 3D
dual-echo UTE with a rosette k-space pattern for myelin
imaging.'® The rosette k-space trajectory is based on rota-
tions of a “petal-like” pattern in the k.-k, plane, with
oscillated extensions in the k,-direction for efficient 3D
coverage. Multiple dual-echo 3D rosette UTE data were
acquired for bicomponent analysis of short T, (myelin)
and long T}, (water) relaxation times and fractions.

The major challenge in direct myelin imaging is the
concurrent detection of various water components in
white matter of the brain, considering that myelin has a
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much lower signal than water in white matter and espe-
cially gray matter of the brain.!” The long T, saturation,
subtraction, and multicomponent fitting techniques are
sensitive to B; and By, inhomogeneities, leading to poten-
tial water contamination in myelin mapping.'® Adiabatic
inversion pulse provides uniform inversion of long T,
water magnetizations; however, the longitudinal magne-
tizations for ultrashort T, components such as myelin
remain largely positive.!8-2° The nulling of the water signal
can be achieved by using an optimal TI. Adiabatic inver-
sion recovery-prepared UTE (IR-UTE) sequences have
been proposed for high-contrast imaging of myelin. The
dual-echo IR-UTE sequence can detect signal from myelin
using the first echo acquisition, and signal from water
using the second echo.!® At the water signal null point or
optimal TI, the second echo detects near zero signal from
water, whereas the first echo provides selective myelin
imaging. The longitudinal magnetization of water is nega-
tive when TI is below the water signal null point or positive
when TI is above the water signal null point. Therefore, a
phase transition is expected for water when TI is increased
from below to above the optimal TI in IR-UTE imaging.
Furthermore, the optimal TI and phase transition also
depend on TR. It is known that white matter T; varies
across the whole brain, even in healthy brains.?! Greater
T, variations are expected due to pathological changes.
In this study, we examined the effect of TR and TI on
water phase transition and signal nulling in 3D dual-echo
IR-UTE imaging of myelin in the white matter of the brain
using a whole-body clinical 3T MR scanner. Five ex vivo
and five in vivo human brains were investigated in this
exploratory study.

2 | METHODS

2.1 | Pulsesequence

The 3D dual-echo IR-UTE Cones sequence was imple-
mented on a 3T scanner (MR750, GE Healthcare, Mil-
waukee, WI). Figure 1A shows the sequence that employs
an adiabatic inversion pulse (Silver-Hoult, with a pulse
duration of 6.048 ms, a bandwidth of 1.643kHz, and a
maximum B; amplitude of 17 uT) for magnetization prepa-
ration, a short rectangular RF pulse (duration ~50 ps) for
nonselective excitation, and center-out 3D spiral trajecto-
ries for dual-echo k-space sampling.?? The first echo is
sampled immediately after the RF excitation with a min-
imal nominal TE of 32 ps, providing a FID sampling to
detect signal from myelin and water components. The sec-
ond gradient echo with a TE of ~2 ms detects signal from
water components, with myelin signal decaying to the
noise level.
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The 3D dual-echo IR-UTE sequence employs an adiabatic inversion pulse for water suppression, followed by a dual-echo

Cones data acquisition with a minimal TE of 32 ps for the FID sampling and a longer TE of ~2 ms for the second gradient echo sampling (A).

The contrast mechanism in dual-echo IR-UTE imaging of myelin in white matter of the brain, where the adiabatic inversion pulse inverts the

longitudinal magnetization of water and largely saturates the longitudinal magnetization of myelin (B). Selective myelin imaging can be

achieved when UTE data acquisition starts at a TI when the inverted water magnetization approaches the null point. The water

magnetization remains negative (negative phase) when TI is below the null point, and positive (positive phase) when TI is above the null

point. Whereas the myelin phase remains positive, a water phase transition is expected for TI around the null point (C).

Figure 1B illustrates the contrast mechanism for direct
myelin imaging using the 3D IR-UTE sequence. The rela-
tively long adiabatic inversion pulse largely saturates the
longitudinal magnetization of myelin because its duration
is more than 10 times longer than the T, relaxation time
of myelin.?® Meanwhile, the water magnetization is uni-
formly inverted by the adiabatic inversion pulse as long as
the adiabatic condition is met. Selective imaging of myelin
can be achieved by UTE FID acquisition at the optimal
TI when the inverted water magnetization approaches the
null point.!® When TI is below the water signal null point,
the longitudinal water magnetization is negative, produc-
ing a negative phase in the second echo of the dual-echo
IR-UTE images. Positive longitudinal magnetization and
phase are expected when TI is above the water signal null
point. Myelin is expected to have a positive phase inde-
pendent of TI. Therefore, a phase transition is expected for
water signal in the second echo when TI is increased from
below to above the optimal TI in dual-echo IR-UTE imag-
ing. Figure 1C further illustrates this water phase transi-
tion, with myelin phase remaining positive for all TIs.

2.2 | Data acquisition

A 12-channel head coil was used for signal reception, and
the body coil was used for signal excitation. The field
map (By map) and the B; phase map were derived from a
three-echo Cones acquisition with TEs of 0.032, 2.2, and
4.4ms (Figure 2).2> The 3D dual-echo IR-UTE sequence
was applied to five ex vivo human brain specimens and
five healthy volunteers. The cadaveric human brain spec-
imens were from the National Disease Research Inter-
change, which is the nation’s leading source of human
tissues, organs, and cells for research. The brain specimens
were procured with a recovery to preservation interval

of less than 24 h. During MRI, each brain specimen was
soaked in diluted formaldehyde (5% formalin to slow
down tissue fixation or T; changes during scanning).
After imaging, each specimen was soaked in 10% for-
malin for future histology studies. The sequence param-
eters for ex vivo 3D dual-echo IR-UTE imaging were:
FOV =22cm, acquisition matrix size=140X 140, sam-
pling bandwidth =166 kHz, number of slices =48, slice
thickness =3 mm, TR = 500 ms, TE = 0.032 and 2.2 ms, flip
angle =28°, 6 to 8 TIs ranging from 160 to 200 ms, with
a scan time of 5.5min for each TI. Healthy volunteers
were recruited following guidelines issued by our insti-
tutional review board. A total of five healthy volunteers
(mean age: 28 + 5years, one female and four males) under-
went the MRI scans. The inclusion criteria for the healthy
controls were that participants were in good health and
over 18years old. Individuals with any contraindications
to MRI were excluded from participation in the study.
Written informed consent, which the institutional review
board-approved, was obtained before each subject’s partic-
ipation. The sequence parameters for in vivo imaging were
similar to the ex vivo study but with a thicker slice of 5 mm,
a smaller number of slices of 32, and a shorter scan time
of 2.5min for each TI. A shorter TR of 106 ms was also
tested, with five TIs of 44, 46, 48, 50, and 52 ms. Whiter
matter T; was measured using a clinical 2D IR fast spin
echo sequence with a TR of 5000 ms and six TIs of 50, 200,
400, 600, 1000, 1500, and 2000 ms.

2.3 | Data analysis

Both magnitude and phase images were generated for
the dual-echo IR-UTE data. Phase unwrapping was
applied to the UTE FID and the second gradient
echo images. A region-growing-based algorithm was
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(D)

The By and B; phase correction scheme is demonstrated on a normal brain (30-year-old female subject). Unwrapping of

UTE phase map using field map (B,) and phase map (B, ) estimated as slope and y-intercept after linear fitting of UTE phase maps acquired at

three TEs of 0.032, 2.2, and 4.4 ms. Phase-wrapped images (A) at different echoes are unwrapped (B) using the algorithm illustrated in (C).

The resultant phase maps for B; and B, are shown in (D) and (E), respectively.

implemented for phase unwrapping to obtain the global
frequency shift (Figure 2).23 A roll-off filter was designed
to increase the contrast of phase images while sup-
pressing high-frequency components prevalent in the
outer k-space.?* The Berkeley Advanced Reconstruction
Toolbox was used to perform nonuniform fast Fourier
transform-based reconstruction for the acquired UTE FID
and gradient echo images.?> The reconstructed images
with data acquired by individual receive channels were
combined to form a complex image. Data analysis was per-
formed using MatLab 2021a (MathWorks, Natick, MA).
Subtraction of the second echo from the UTE FID data was
performed. The second echo phase and magnitude signal
as a function of TI were plotted to investigate the water
phase transition.

3 | RESULTS

Figure 2 shows the By and B; correction after phase
unwrapping. A linear fitting was used to identify the
By and B; phase maps derived from three TEs of 0.032,
2.2, and 4.4ms (Figure 2C). The slope of fitting line was
determined as the By field map (Figure 2D), whereas
the intercept was estimated as the B; map (Figure 2E).
Figure 2B shows the phase images obtained from the
reconstructed second echo of the 3D dual-echo IR-UTE
data after By and B, correction.

Magnitude and phase images of an ex vivo brain sam-
ple (female, 70-year-old donor) are shown in Figure 3.

Magnitude and phase images are displayed for both the
first UTE FID and the second gradient echo with TIs
ranging from 160 to 180ms. A sharp phase transition
was observed at a TI of ~178 ms, indicating the optimal
nulling time for long-T, water components as shown in the
Figure 3B. Phase change from the image at the shortest TI
to the longest TI is presented in the Figure 3C, whereas
the signal intensity is plotted in Figure 3D. Subtraction of
the second echo from the UTE FID provides high-contrast
imaging of myelin, as shown in the last row of Figure 3A.

Figure 4 shows the dual-echo magnitude images as
well as By- and B;-corrected phase maps of the brain of
a 30-year-old healthy volunteer with a TR of 500 ms and
six different TIs of 160, 170, 175, 180, 190, and 200 ms.
All white matter regions show apparent water phase tran-
sition. However, water phase transition in the anterior
region happened at a longer TI (190 ms vs. 180 ms) than in
the posterior region. The second echo also shows the min-
imal signal intensity at a longer TI in the anterior region
than in the posterior region of the brain (Figure 4C), which
is consistent with the water phase transition shown in
Figure 4B. This regional difference in water signal nulling
is attributed to white matter T; variation across the whole
brain (733 + 26 ms for the anterior region vs. 700 &+ 29 ms
for the posterior region), which is a major challenge in
selective myelin mapping. This T; variation is less prob-
lematic when a shorter TR is used, as shown in Figure 5.
With a TR of 106 ms, the IR-UTE acquisition efficiently
suppressed all water components, as demonstrated by the
uniform phase transition for long-T, white matter seen
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FIGURE 3 Representative magnitude and phase images for dual-echo IR-UTE imaging of an ex vivo human brain specimen with a TR
of 500 ms and seven TIs of 160, 170, 176, 178, 180, 185, and 190 ms (A). A sharp water phase transition was observed at a TI of 180 ms for a
ROI drawn in white matter of the brain (B). Phase change with respect to shortest TI (TI of 155 ms) is shown in (C). The second echo also
reached the minimal signal intensity for the same ROI at the same TI of 180 ms, consistent with the water signal being nulled (D).
Subtraction of the second echo from the first UTE FID produced high-contrast imaging of myelin (the last row in A).
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FIGURE 4 Representative magnitude and phase images for 3D dual-echo IR-UTE imaging of a 30-year-old healthy volunteer with a
TR of 500 ms and six TIs of 160, 170, 175, 180, 190, and 200 ms (A). A sharp water phase transition was observed at a TI of 175 ms for ROI #1
and 190 ms for ROI #2 (B). The second echo showed a minimal signal intensity for ROI #1 at TIs of 175-180 ms, and for ROI #2 at a TI of
190 ms (C). The difference in water phase transition and signal null is due to T; variation with a longer T; of 733 + 26 ms for ROI #1 and
700 + 29 ms for ROI #2.
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Representative magnitude and phase images for 3D dual-echo IR-UTE imaging of a 28-year-old healthy male volunteer

with a TR of 106 ms and five TIs of 44, 46, 48, 50, and 52 ms (A). A sharp water phase transition was observed at a TI of 48 ms for both ROI #1
and ROI #2 (B). The second echo showed a minimal signal intensity for both ROI #1 and ROI #2 at the same TI of 48 ms (C). Whole brain
myelin mapping is achieved by subtraction of the second echo from the UTE FID data collected at a TI of 48 ms (the last row in A).

from the corrected phase maps and magnitude images of
a 28-year-old volunteer. Both water phase transition and
long T, water signal nulling were observed at a TI of
48 ms (Figure 5B,C). Whole brain myelin mapping can be
achieved regardless of T, variation.

Figure S1 provides the representative water phase tran-
sition plots for both TRs (500 ms and 106 ms) in 8 different
white matter regions that include left and right subcortical
white matter, centrum semiovale, periventricular regions,
splenium and genu of the corpus callosum. It is observed
that the shorter TR has a sharp transition for the phase sig-
nal compared to the long TR. Figure S2 demonstrates the
water phase transition for the uncorrected images at the
two different ROIs. Phase plots for both long TR and short
TR are shown at different TIs. Figure S3 presents the quan-
tification of T; measurements using the IR-FSE approach
for various ROIs. Regional variations are observed from the
different ROIs located in the white matter region.

4 | DISCUSSION

This study investigated the water phase transition and sig-
nal nulling in 3D dual-echo IR-UTE imaging of myelin in
white matter of the brain ex vivo and in vivo. The effects
of TI and TR were investigated by repeating dual-echo

IR-UTE data acquisition with a series of TIs and TRs.
A sharp phase transition was demonstrated for long-T,
whiter matter in dual-echo IR-UTE imaging of the brain
when TI was increased from below to above the water
signal null point. This water phase transition coincided
with the second echo approaching the minimum signal
intensity (i.e., the water signal null point). UTE FID data
acquired at the corresponding TI is expected to provide
selective imaging of myelin with water signal efficiently
suppressed. Furthermore, the water phase transition point
or optimal TI varied significantly across the brain when
a relatively long TR (e.g., 500 ms) was used, precluding
whole brain myelin mapping. A shorter TR (e.g., 106 ms)
reduces the sensitivity to T; variation across the brain,
allowing whole brain myelin mapping using a single TI
(e.g., 48 ms).

Results from this study are also helpful for deeper
understanding of the contrast mechanism in IR-UTE
imaging of myelin. Waldman et al. reported 2D dual-echo
IR-UTE imaging of myelin in white matter of the brain at
1.5 T using a very long TR of 2500 ms and a TI of ~360 ms
for water suppression.'® Du et al. reported 2D dual-echo
IR-UTE imaging of myelin at 3 T using a slightly reduced
TR of 1000 ms and TI of ~330 ms for water suppression.?
Wilhelm et al. reported 3D dual-echo IR-UTE imaging of
myelin in rat thoracic spinal cord samples using a 9.4 T
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vertical-bore spectrometer (Bruker DMX 400, Germany)
with a TR of 1000 ms and TI of 500 ms, where the TI is
suboptimal because the second echo (TE = 1.2 ms) showed
strong residual signal from water components in white
matter regions.’ Likely, all these sequences provide signif-
icant water contamination due to inaccurate TI and/or T;
variation across the white matter regions.

Our results were consistent with the recent study by Ma
et al., who reported a short repetition time adiabatic inver-
sion recovery UTE (STAIR-UTE) sequence for whole brain
myelin mapping.?” Numerical simulation results suggest
that a broad range of long T, signals with different T;s
can be effectively suppressed when TR is less than 250 ms,
with better long T, signal suppression for shorter TRs. The
STAIR-UTE sequence can accurately quantify myelin con-
centration in myelin-D,0O phantoms (T ~0.25 + 0.03 ms),
while efficiently suppressing signals from long T, agar
phantoms (with different T;s) when TR is less than 250 ms.
In contrast, signals in most phantoms and the agarose gel
appeared bright on STAIR-UTE images when a long TR
of 800 ms was used. A longer TR leads to higher sensitiv-
ity to T; variation in IR-UTE imaging. This T; sensitivity
also explains the distinct water phase transition in the
anterior region versus the posterior region of the brain
as shown in Figure 4C, where a longer TI is required to
null long T, water magnetization in the anterior region
with longer T, than the posterior region. The STAIR-UTE
sequence minimizes the effect of T; variation across the
whole brain, providing robust whole brain myelin map-
ping. This is also confirmed by the uniform T; values of
whole brain white matter, ranging from 0.22 to 0.25 ms for
eight white matter regions (left and right centrum semio-
vale, subcortical white matter, periventricular regions, as
well as splenium and genu of corpus callosum).?”’” When
a TR of 106 ms was used, water phase transition and long
T, signal nulling were observed at a TI of 48 ms for all
white matter regions, suggesting that whole brain myelin
mapping can be achieved with this short TR/TI combina-
tion. Theoretically, the shortest TR operated with specific
absorption rate limits for clinical brain imaging would
provide the most uniform water signal suppression.

Another approach for robust myelin mapping is the
double-echo sliding IR-UTE technique,?® which samples
enough continuous image spokes to cover a wide range of
TIs. A sliding window reconstruction is employed to gen-
erate one image per spoke, with up to 71 images, each of
which has a different TI. The longitudinal magnetizations
of long T, white matter can be nulled with an appropri-
ate TI for each voxel, thereby providing robust selective
imaging of myelin in white matter of the whole brain
in different regions and different subjects despite varia-
tions in their Tys. The drawback of the double-echo sliding
IR-UTE technique is that most of the spokes are sampled

at nonoptimal TIs, leading to a low acquisition efficiency
for myelin mapping. In contrast, all spokes in STAIR-UTE
imaging are sampled at the optimal TT and can be used to
generate myelin maps.

The IR-based UTE techniques are expected to be more
robust for myelin mapping than long T, saturation, echo
subtraction, and bicomponent or multicomponent fitting
techniques.'® Adiabatic inversion pulse provides uniform
inversion of long T, water magnetizations, allowing per-
fect nulling of water signal if an optimal TI is used. The
long T, saturation technique is sensitive to B; field inho-
mogeneity, which leads to varied saturation flip angles
and, thus, residual long T, water signal contamination.
The B, field inhomogeneity is another major confound-
ing factor, affecting not only the long T, saturation tech-
nique but also the echo subtraction, bicomponent, and
multicomponent fitting techniques.?’ The adiabatic inver-
sion pulse with a relatively broad spectral bandwidth is
insensitive to B; and By inhomogeneities,?° providing uni-
form inversion of long T, water components in the whole
brain. T; variation is the only confounding factor, which
can be resolved by using a short TR. As a result, IR-UTE
imaging with a short TR, or STAIR-UTE, allows robust
long T, suppression, providing selective whole brain
myelin mapping. Water contamination due to regional- or
pathological-related T; variations can be minimized.

There are several limitations to this study: First, only
a small number of TIs and a relatively low number of TRs
were investigated on the effect of water phase transition
and signal suppression in IR-UTE imaging of myelin due to
scan time limitation. However, the general trend holds that
water phase transition and signal nulling coincide with the
optimal TI. Second, no absolute evidence is provided to
demonstrate that the IR-UTE signal at the optimal TI is
solely from myelin in the ex vivo and in vivo brain studies.
Our prior studies on STAIR-UTE imaging of the brain in
vivo showed an ultrashort T; of ~0.22 ms,*” which is very
close to the Ty+ of ~0.16 ms for lyophilized myelin pow-
der.!? This result indirectly confirms that myelin is a major
signal source in IR-UTE imaging, especially when a short
TR is used. Third, in order to compensate for the By and B;
field inhomogeneities, additional sequences were acquired
for By and B; phase maps that increased the total scan time.
Fourth, myelin in gray matter was not investigated in this
work. It is already challenging to acquire myelin signal in
white matter of the brain due to the low proton density and
ultrashort short T, of myelin protons. Gray mater has sig-
nificantly lower myelin content, which makes it even more
challenging for direct imaging using the dual-echo IR-UTE
sequence on a clinical whole-body scanner. IR-UTE imag-
ing of myelin at higher field strength, such as 7 T,'>*° can
potentially be used for more robust mapping of myelin
in white matter and potentially gray matter. Fifth, the
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number of ex vivo specimens and in vivo subjects is rel-
atively small, demonstrating feasibility but derailing the
statistical significance.

5 | CONCLUSION

Our results suggest a sharp water phase transition and sig-
nal null near the optimal TI in dual-echo IR-UTE imaging
of myelin in white matter of the brain. The water phase
transition point or optimal TI varied significantly across
the brain when a relatively long TR. IR-UTE imaging with
a shorter TR provides uniform water phase transition
at the optimal TI, allowing robust whole brain myelin
mapping.
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SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

FIGURE S1. Representative water phase transition plots
for different ROIs including the left and right subcortical
white matter, centrum semiovale, periventricular regions,
splenium and genu of the corpus calosum, placed in the
white matter region of two healthy controls. (A) 30year
old healthy volunteer with a TR of 500 ms shows abrupt
phase transitions owing to regional T1 variation while (B)

shows phase plots from a 28 year old healthy control at
TR =106 ms. It is noted that shorter TR has a sharp phase
transition compared to longer TR.

FIGURE S2. Water phase transition using the uncor-
rected images (without BO/B1 correction) at two differ-
ent ROIs. (A) presents the phase plot at longer TR while
(B) shows the shorter TR phase transitions obtained at
different TIs.

FIGURE S3. Quantification of T1 measurements at differ-
ent ROIs using the IR-FSE approach. Regional variation in
the T1 values is observed from the different ROIs placed in
the white matter region.
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