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Abstract

In this paper, we aimed to investigate the feasibility of direct visualization of myelin, including 

myelin lipid and myelin basic protein (MBP), using two-dimensional ultrashort echo time (2D 

UTE) sequences and utilize phase information as a contrast mechanism in phantoms and in 

volunteers. The standard UTE sequence was used to detect both myelin and long T2 signal. An 

adiabatic inversion recovery UTE (IR-UTE) sequence was used to selectively detect myelin by 

suppressing signal from long T2 water protons. Magnitude and phase imagingand T2* were 

investigated on myelin lipid and MBP in the forms of lyophilized powders as well as paste-like 

phantoms with the powder mixed with D2O, and rubber phantoms as well as healthy volunteers. 

Contrast to noise ratio (CNR) between white and gray matter was measured. Both magnitude and 

phase images were generated for myelin and rubber phantoms as well white matter in vivo using 

the IR-UTE sequence. T2* values of ∼300 μs were comparable for myelin paste phantoms and the 

short T2* component in white matter of the brain in vivo. Mean CNR between white and gray 

matter in IR-UTE imaging was increased from -7.3 for the magnitude images to 57.4 for the phase 

images. The preliminary results suggest that the IR-UTEsequence allows simultaneous magnitude 

and phase imaging of myelin in vitro and in vivo.
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Introduction

The myelin sheath is a multi-lamellar membrane that insulates the axon from electrical 

activity and functions to increase the rate of action potential transmission (1). The myelin 

sheath has a characteristic ultrastructure consisting of alternating layers of protein and lipid 

(2). Myelin is a relatively dehydrated structure, with a water content of approximately 40% 

in situ (3). The low water content of white matter (72%) as compared to gray matter (82%) 

is largely due to the high myelin content of white matter (4). Isolated myelin is largely 

composed of macromolecules (70-85% lipid and 15-30% protein) (5).
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Abnormalities in myelination are seen in a number of diseases, including multiple sclerosis, 

which is the most common demyelinating disease of the central nervous system (6). 

Magnetic resonance (MR) imaging is the standard imaging modality for the brain and 

conventional sequences are very sensitive to white matter diseases, but specificity is limited 

with a broad range of pathologies that lead to similar signal intensity alterations, including 

inflammation, gliosis, edema, axonal loss, and demyelination (6,7).

This lack of specificity is, in part, due to the inability of conventional sequences to directly 

image the majority of myelin components, notably the macromolecules (lipids and proteins). 

Conventional MR imaging techniques use longer echo times, which only capture signals 

originating from highly mobile protons found in water molecules (with T2 times greater than 

10 ms) (8). Hydrogen protons that are located in the macromolecules are less mobile and 

demonstrate much shorter T2 times (ranging from tens of microseconds up to one 

millisecond). Therefore, the signal from these protons has decayed to near zero long before 

conventional data acquisition (9,10). A number of indirect approaches for imaging of the 

short T2 components of myelin have been proposed in the literature, including 

magnetization transfer imaging and multi-exponential T2 imaging (8).

Direct MR imaging of both long T2 white matter (WML) and short T2 component (i.e., 

myelin) has been performed using ultrashort echo time (UTE) techniques on nuclear 

magnetic resonance (NMR) spectrometers (9,10). We have recently shown that high-

contrast, selective imaging of the short T2 component of white matter can be achieved on a 

clinical 3T scanner using an adiabatic inversion recovery (IR) preparation pulse together 

with a dual echo UTE acquisition beginning with echo time as short as 8 μs (11).

In recent years, MR phase images have been shown to offer a new means of contrast for 

neuroimaging applications. Importantly, phase information requires no additional scanning 

time and is an inherent part of the MR image. Using gradient-echo phase images, contrast-

to-noise ratios between gray and white matter can be improved 10-100 times over 

conventional magnitude images and in some instances can reveal structures that are not 

otherwise visible (12,13). To date, evaluation of phase information using UTE sequences has 

been limited (14,15).

The purpose of this study is to demonstrate the feasibility of direct visualization of the 

macromolecular component of myelin using two-dimensional (2D) UTE sequences on a 

clinical 3T scanner and to utilize phase information as a potential contrast mechanism in 

phantom and in vivo studies.

Methods

Pulse Sequence

A 2D adiabatic inversion recovery prepared dual echo UTE (2D IR-UTE) sequence as 

shown in Figure 1 was implemented on a 3T Signa Twin Speed clinical, whole-body scanner 

(GE Healthcare Technologies, Milwaukee, WI)which had a maximum gradient performance 

of 40 mT/m and 150 mT/m/ms. The basic 2D UTE sequence employs a half-pulse 

radiofrequency (RF) excitation (pulse duration = 472 μs, spectral bandwidth = 2.7 kHz) with 

He et al. Page 2

Magn Reson Imaging. Author manuscript; available in PMC 2017 July 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the peak RF power deposited during the ramp down part of the slice selection gradient (16). 

A minimal nominal TE of 8 μs can be achieved between the end of the RF excitation and the 

beginning of the free induction decay (FID) data acquisition by combining 2D radial ramp 

sampling, variable rate selective excitation (VERSE) and fast transmit/receive (T/R) 

switching. The 2D UTE sequence requires the summation of two sets of data acquired with 

the slice selection gradient in positive and negative polarities, respectively, in order to 

achieve slice-selective excitation. An adiabatic Silver-Hoult inversion pulse (duration = 8.64 

ms, spectral bandwidth = 1.5 kHz) is used to invert the longitudinal magnetization of WML. 

The longitudinal magnetization of myelin is not inverted but largely saturated by the 

adiabatic inversion pulse, which has a duration much longer than the T2* of myelin protons 

(in the order of a few hundred microseconds). The 2D UTE data acquisition starts after a 

delay of time to the null (TI), when the inverted longitudinal magnetization of 

WMLapproaches the null point. The longitudinal magnetization of myelin protons recovered 

during TI is subsequently excited by the short half-pulse, and detected by the 2D radial ramp 

sampling, thus allowing direct phase imaging of myelin protons.In dual echo IR-UTE 

imaging, the 2nd echo contains signal from gray matter, with near zero signal from WML 

(being inverted and nulled) and myelin (due to its ultrashort T2* and fast signal decay). 

Subtraction of the 2nd echo from the FID provides selective imaging of myelin. The dual-

echo IR-UTE imaging was applied to in vivo studies while only single echo IR-UTE 

imaging was applied to phantom studies (details below).

Phantom Studies

Two sets of phantoms were designed for this study. First, myelin phantoms were prepared 

for validation of direct phase imaging of myelin using UTE sequences. Second, a rubber 

phantom, which has similar T2* as that of myelin protons, was prepared to test the 

feasibility of efficient long T2 suppression and selective phase imaging of rubber. This is 

essential for selective phase imaging of myelin in an in vivo setting.

Four myelin phantoms were prepared for this study. The first one was a biologically derived 

bovine myelin lipid powder phantom (type-I bovine brain extract obtained from Signa-

Aldrich Corp, St. Louis, MO), which is an organophilic extract of predominantly myelin-

related brain lipids. The second phantom was bovine brain extract powder combined with 

deionized D2Oto form a suspension. The third phantom was 90% purified (SDS-PAGE) 

bovine myelin basic protein (MBP) powder obtained from Sigma-Aldrich Corp. The fourth 

phantom was synthetic myelin lipid formulated to approximate the non-protein portion of 

biological myelin including cholesterol, galactocerebroside, phosphatidylcholine and 

sphingomyelin (all lipids from Sigma-Aldrich Corp). The powder was mixed with deionized 

D2O to form a suspension. The phantoms were imaged with the basic 2D UTE sequence as 

well as the IR-UTE sequence. The following imaging parameters were used: FOV = 4 cm, 

bandwidth = 62.5 kHz, flip angle = 10°, TR = 100 ms, reconstruction matrix = 128×128, 

number of projections = 403, a series of TEs (TEs = 8 μs, 0.1, 0.2, 0.3, 0.4, 0.5, 0.8, 1.5 ms), 

scan time = 40 seconds per acquisition. The TI for use with the IR-UTE sequence was 

determined for each tissue phantom from measurement of the T1 of the longer T2 component 

(when it was present) using the clinical IR-FSE sequence. A 1-inch solenoid coil was used 
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for signal excitation and reception. Magnitude and phase images were generated for each 

UTE acquisition. The T2* of myelin protons was fitted with a single-component model.

The rubber phantom was prepared by immersing a pink rubber (Paper Mate, Oak Brook, IL) 

into 1% agarose gel. The agarose gel was doped with gadolinium so that it had a T1 of 

around 800 ms, approximating that of long T2 white matter in the human brain. We 

employed this phantom to test whether agarose gel could be efficiently suppressed by the 

IR-UTE sequence, thus providing selective phase imaging of the rubber eraser which has a 

T2* similar to that of myelin protons. The phantom was imaged with the 2D IR-UTE 

sequence. The following imaging parameters were used: FOV = 8 cm, bandwidth = 125 

kHz, flip angle = 60°, TR = 1000 ms, TI = 280 ms, reconstruction matrix = 256×256, 

number of projections = 255, a series of TEs (TEs = 8 μs, 0.1, 0.2, 0.3, 0.4, 0.6, 0.8, 1, 1.2, 

1.6, 2, 2.5, 3, 4, 5, 6, 7, 8 ms), scan time = 3 minutes per acquisition. A birdcage coil was 

used for signal excitation and reception. Magnitude and phase images were generated for 

each UTE acquisition. The T2* of the rubber eraser was fitted with a single-component 

model.

Human Studies

In total five volunteers were recruited for this technical feasibility study. Written informed 

consent approved by the Institutional Review Board (IRB)was obtained prior to the 

participation of each subject. A clinical IR-FSE sequence was used to measure the T1 of 

WML. The 2D IR-UTE sequence was used for direct magnitude and phase imaging of 

myelin with the following parameters: FOV = 24 cm, slice thickness = 5 mm, bandwidth = 

250 kHz, flip angle = 70°, TR = 1500 ms, TI ∼ 420 ms (slightly adjusted based on T1 

variation in long T2 white matter), four dual echo acquisitions (TE = 8 μs/4.4 ms; 0.2/4.4 

ms, 0.6/4.4 ms, 1.5/4.4 ms), projections=131, reconstruction matrix=256×256, scan 

time=6.5 min per acquisition. An 8-channel head coil was used for signal reception. 

Magnitude images were generated via sum-of-square combination of the images from each 

coil. Phase images was reconstructed using an adaptive implementation of the spatial 

matched filter (17).Contrast to noise ratio (CNR) between white and gray matter was 

measuredin IR-UTE magnitude and phase images with a TE of 8 μs. CNR was calculated as 

the signal difference between white and gray matter over the standard deviation of the 

background noise.

Results

Figure 2 shows selected UTE images of the bovine brain extract powder phantom. Myelin 

signal dropped to near zero at 0.4 ms. Single-component fitting of the UTE images suggests 

a short T2* of 167 ± 7 μs. The IR-UTE images show nearly the same short T2* of 163 ± 6 

μs. Phase images were generated with high contrast, demonstrating the feasibility of direct 

phase imaging of myelin protons using UTE sequences on a clinical 3T scanner.

Figure 3 shows both the magnitude and phase images of the myelin MBP powder phantom. 

The bright signal from the MBP powder phantom demonstrates that protons in MBP are 

detectable with UTE sequences on a clinical 3T scanner. Obvious image blurring was 

observed likely due to the extremely short T2*s of MBP protons. Indeed, an excellent 
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single-exponential fitting was achieved on the UTE images of MBP powder, and an 

ultrashort T2* of 172 ± 12 μs was demonstrated. A similar T2* of 160 ± 5 μs was 

demonstrated by fitting the corresponding IR-UTE images.

Figure 4 shows selected magnitude and phase images of the bovine brain lipid and MBP 

powders mixed with D2O, and the corresponding exponential fitting of IR-UTE images. A 

short T2* of 310 ± 21 μs was demonstrated for the myelin lipid paste. A similar short T2* of 

299 ± 14 μs was demonstrated for the MBP paste. The paste phantoms have longer T2* than 

the powder phantoms likely due to reduced susceptibility when the powders were mixed 

with D2O to form suspensions.

Figure 5 shows both UTE and IR-UTE images of the rubber phantom. Excellent suppression 

of the agarose gel and selective magnitude and phase imaging of the rubber were achieved 

simultaneously using the IR-UTE technique. The rubber signal showed a single-component 

decay behavior with a short T2* of 321 ± 6 μs, which is very close to the T2* of protons in 

myelin lipid and myelin basic protein, suggesting thatthe contrast generated with the rubber 

phantom can potentially be applied to myelin imaging in vivo.

Figure 6 shows dual echo IR-UTE imaging of the brain of a 28-year-old healthy volunteer. 

The long T2 white matter is efficiently suppressed as evidenced by the near zero signal in 

the second echo with a TE of 4.4 ms. The short T2 component shows a moderate signal but 

limited contrast in the 1st echo with a TE of 8 μs, and near zero signal at a TE of 4.4 ms, 

consistent with imaging of myelin. Signal from residual gray matter is highlighted in the 

second echo. Subtraction of the 2nd image from the 1st one provided high contrast imaging 

of myelin. The short T2* component has a T2* of 336 ± 28 μs, which is comparable to that 

of myelin protons in D2O suspension, further suggesting that myelin being imaged with the 

2D IR-UTE sequence. Also shown is IR-UTE phase imaging. High phase contrast was 

generated for myelin after efficient suppression of long T2 white matter components. Similar 

findings were achieved for all five volunteers, demonstrating the consistency of our 2D IR-

UTE sequences for direct magnitude and phase imaging of myelin in vivo.Mean CNR 

between white and gray matter in IR-UTE imaging was increased from -7.3 for the 

magnitude images to 57.4 for the phase images.

Discussion

Phase images of the brain are of interest since they demonstrate improved contrast compared 

with magnitude images (12,18,19). However, to date, almost all the studies have employed 

long echo times (∼40 ms). Although this approach allows for evaluation of the gray-white 

matter interface, the signal and contrast are due to mainly mobile water protons. The 

majority of myelin components, which demonstrate short T2 relaxation times, can only be 

visualized using UTE techniques. Only one prior study investigated phase contrast imaging 

of the brain using an off-resonance saturated 3D UTE sequence and reported enhanced 

phase contrast in the midbrain (15). The results of our study show that phase images 

generated using UTE techniques can provide direct, high contrast imaging of myelin lipid 

and myelin basic protein.
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Myelinated white matter demonstrates several distinct compartments, including the axonal 

space, myelin sheath, and the interstitial space, which cause the proton frequency values to 

vary over a range (20-22). As a whole, the myelin sheath has shorter T1, T2, and T2* 

relaxation times compared with the other compartments (23-27). However, the myelin sheath 

also has distinct proton pools, including the protons in myelin-associated water (T2* ∼3-10 

ms) (28,29) and macromolecular protons (T2* ∼tens μs – 1 ms) (8-11). Our results show that 

selective high-contrast phase imaging can be performed on the myelin macromolecular 

component based on T2 separation (using the IR-UTE technique) and that quantification can 

be performed on this compartment.

The phase information derived from the IR-UTE approach is likely different from that 

derived from UTE acquisition with off-resonance saturation (15,30). In the latter approach, 

360° adiabatic pulses were applied ±1.2 kHz to partially saturation the broad line short-T2 

resonance (15). The subtraction of UTE images without and with off-resonance saturation 

provides enhanced phase contrast for the short T2 components. The authors suggest that the 

signal sources might include bounded protons or restricted water pools although no direct 

evidence was provided (e.g., no T2* values measured). The IR-UTE approach is likely more 

selective in imaging the very short T2 components since the longitudinal magnetizations of 

the longer T2 components are inverted and nulled by the adiabatic inversion pulse. The short 

T2 components have T2*s of ∼300 μs, approaching that of myelin protons, suggesting that 

the signal sources are mainly myelin lipid and myelin basic protein. Signals from other 

macromolecules or short T2 connective structures may also contribute to the IR-UTE image. 

More research is needed to understand the mechanism and signal contribution to IR-UTE 

magnitude and phase images.

There are different approaches for combining phase images acquired using phased array 

coils. An adaptive phase alignment technique was proposed to combine the individual coil 

outputs prior to image formation (31). Later an adaptive implementation of the spatial 

matched filter employing locally relevant array correlation statistics and eigen-analysis was 

used to provide a near-optimal reconstruction of phased array MR images without a priori 

knowledge of the individual coil field maps or noise correlation structure (17). More 

recently, Liu et al. employed the low-pass filtered phase difference (i.e. coil phase) to 

calculate the coil-phase-removed phase maps and the magnitude maps from different coils, 

and then reconverted them into complex data and averaged (15). Phase from the averaged 

complex data was unwrapped using the Laplacian-based phase unwrapping algorithm (32). 

Here we choose the adaptive method described by Walsh et al. (17). Quantitative comparison 

between these different approaches remain to be investigated.

Direct high-contrast visualization and the ability for quantification of the macromolecular 

component of myelin have a number of potential applications. This technique may improve 

the sensitivity and specificity of diagnosis and therapeutic monitoring of diseases that 

specifically target myelin. For instance, in multiple sclerosis plaques, biochemical studies 

have shown that there is a decrease in total lipid as well as myelin basic protein as a result of 

myelin loss (33). Many drugs have been designed to enhance re-myelination (34), however, 

the lack of a robust biomarker for re-myelination has remained problematic. Indirect 

assessment of myelin by magnetization transfer (MT) has shown promise in the assessment 
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of regeneration and stabilization of myelin damage (35). The magnitude and phase images 

acquired with the IR-UTE sequences may be useful for more direct evaluation of 

demyelination and re-myelination.

While our study demonstrates the technical feasibility of phase contrast images of the 

components of myelin, a number of limitations exist. First, the IR-UTE approach may not 

perfectly suppress all long T2 water within white matter, including myelin-associated water, 

somewhat reducing the selectively. However, our earlier studies have shown that a single 

adiabatic inversion pulse can be used to simultaneously suppress tissues with different T1 

values. Specifically we have shown that both muscle and fat, which have different T1 values, 

can be suppressed by more than 90% with a single inversion pulse when imaging the short 

T2 components of cortical bone (16). Therefore, although water may contribute to some 

signal using the IR-UTE technique, the significant majority of the signal is from the 

macromolecules. Second, we are generating phase images using UTE techniques and it may 

be argued that phase accumulation occurs to a greater degree at longer TEs. However, 

previous studies have shown that unlike conventional sequences which accumulate phase 

predominantly during the time to echo, UTE sequences with radial readout trajectories 

accumulate phase most during the RF excitation and radial readout (14,15). Third, the 

advantages and disadvantages of direct myelin magnitude and phase imaging with IR-UTE 

techniques over indirect myelin imaging with MT techniques remain to be investigated. 

Fourth, the relation between myelin phase and myelin content was not investigated. Future 

studies will be conducted to investigate the phase change in phantoms with different myelin-

D2O ratios, and in cadaveric MS specimens. Fifth, applications of simultaneous magnitude 

and phase imaging of myelin in MS patients, especially these patients under therapeutic 

treatment would be full of interest and remain to be investigated.

In conclusion, we demonstrate that UTE sequences can be used to detect the rapidly 

decaying signal from the macromolecular components of myelin and that high-contrast 

phase images can be generated. Furthermore, these morphological and quantitative 

techniques can be readily translated for in vivo imaging.
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Figure 1. 
Pulse sequence for 2D UTE imaging using half pulse excitation and radial ramp sampling 

with a minimal nominal TE of 8 μs (A). An adiabatic IR preparation pulse together with dual 

echo acquisition was used to create short T2 contrast (B). The adiabatic IR pulse provides 

robust inversion of the longitudinal magnetizations of the long T2 components in white 

matter (WML). Myelin has ultrashort T2* and experience significant transverse relaxation 

during the long adiabatic inversion process, and is not inverted but saturated. UTE 

acquisition starts when the inverted longitudinal magnetization of WML reaches the null 

point, leaving signals from myelin to be detected by the FID acquisition. The 2nd echo 

contains signal from gray matter, with near zero signal from myelin due to its ultrashort T2*. 

Subtraction of the 2nd echo from the FID provides selective imaging of myelin.

He et al. Page 10

Magn Reson Imaging. Author manuscript; available in PMC 2017 July 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
2D non-slice selective UTE imaging of a bovine brain extract powder phantom with TEs of 

8 μs (A), 0.1 ms (B), 0.2 ms (C), 0.3 ms (D), 0.4 ms (E) and 0.8 ms (F), as well as single-

component exponential signal decay fitting of UTE images which shows a short T2* of 

167±7 μs (G), and UTE phase imaging (H). Phase contrast can be generated for myelin lipid 

protons in bovine brain extract power despite of its extremely short T2* relaxation time.
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Figure 3. 
Magnitude (A) and phase (B) imaging of the myelin MBP powder phantom, as well as 

single-exponential decay fitting of UTE images of myelin basic protein (MBP) powder 

which shows a short T2* of 172 ± 12 μs (C).
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Figure 4. 
Magnitude (A) and phase (B) imaging of the bovine myelin lipid powder in D2O suspension, 

and magnitude (C) and phase (D) imaging of the MBP powder in D2O suspension, as well as 

exponential fitting of IR-UTE images which shows a short T2* of 310±21 μs for the myelin 

lipid paste phantom, and a short T2* of 299±14 μs for the MBP paste phantom.
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Figure 5. 
shows both UTE and IR-UTE images of the rubber phantom. Excellent suppression of the 

agarose gel and selective magnitude and phase imaging of the rubber were achieved 

simultaneously using the IR-UTE technique. The rubber signal showed a single-component 

decay behavior with a short T2* of 321 ± 6 μs, which is slightly longer than T2* of protons 

in myelin lipid and myelin basic protein.
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Figure 6. 
IR-UTE imaging of the brain of a 38-year-old male volunteer with a TE of 8 μs (A) and 4.4 

ms (B). Subtraction of the second echo from the 1st echo provides high contrast for myelin 

(C). Adaptive phase reconstruction of the phased array images provides high phase contrast 

(D). The weak signal from the white matter shows a fast decay with a short T2* of 336 ± 28 

μs (E), suggesting WML being suppressed and myelin being detected.
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