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Introduction

Myelin is an essential component for neurotransmission 
in the central nervous system (CNS) and the peripheral 
nervous system (PNS), forming a water and lipid bilayer 
structure which wraps around each axon. Loss of myelin 

in the neural system can cause severe dysfunction in 
visual, motor, sensory, and autonomic processes (1). 
Myelin alteration is closely associated with neurological 
diseases such as multiple sclerosis (MS) (2), mild traumatic 
brain injury (3), central pontine myelinolysis (4), and 
acute disseminated encephalomyelitis (5). Therefore, 
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the assessment of demyelination and remyelination can 
provide critical information for diagnosis and prognosis of 
neurological disorders. While histology is the gold standard 
method to assess myelination, it cannot be performed 
on human subjects. Thus, clinicians lack an established, 
non-invasive tool to provide direct information regarding 
myelination in patients. 

MRI is one of the most capable imaging modalities 
available to provide qualitative and quantitative imaging 
of the brain. MR sequences such as T2-weighted fast spin 
echo or T2-weighted fluid-attenuated inversion recovery 
(FLAIR) have been used to provide contrast between gray 
matter, white matter, and fluid, a differentiation which 
reveals demyelinated lesions in patients (6,7). Diffusion 
tensor imaging has been used to resolve the connectivity 
of axons in white matter of the brain (6,8). Magnetization 
transfer has also been proposed to assess myelination in a 
brain (6,9,10). Myelin water imaging has been investigated 
to estimate demyelination based on the information of 
water in myelin with short T2* (11-13). However, those 
methods are only capable of providing indirect information 
regarding myelin. Direct myelin imaging in MRI remains 
a challenge due to the extremely short T2 decay of myelin 
(T2* ~0.3 ms or shorter at 3T) (14-17). Recently, inversion 
recovery (IR)-prepared ultrashort echo time (UTE) 
imaging has emerged as an effective imaging method to 
resolve the myelin signal with improved dynamic range 
(16,18-22). In this method, an adiabatic inversion pulse is 
utilized to uniformly invert the longitudinal magnetizations 
of long T2 water components with little sensitivity to B1 
inhomogeneity. At the nulling point of long T2 components 
in white matter, a dual echo UTE imaging is performed, 
and the myelin image is obtained by echo subtraction. 

Myelin has a broad spectrum, and there may be multiple 
components with different T2*s (16,17). Therefore, the 
acquired myelin signal may differ according to the sampling 
strategy parameters, including readout trajectory and 
duration. Multiple imaging techniques have been proposed 
for UTE imaging: single point imaging (SPI) (23,24); 
Sweep Imaging with Fourier Transform (SWIFT) (25-27);  
zero echo time (ZTE) imaging, which shortens echo 
time (TE) by using short radiofrequency (RF) pulse and 
constant readout gradient (28-32); Pointwise Encoding 
Time Reduction With Radial Acquisition (PETRA), which 
is similar to ZTE but which utilizes SPI encoding to fill the 
missing data during RF coil deadtime (33); ramped hybrid 
encoding (RHE), which improves PETRA to minimize 
readout duration (34-36); variable TE (VTE) imaging, 

which benefits from Cartesian sampling pattern with 
shortened variable TE (37,38); and UTE-Cones imaging, 
which allows efficient sampling using 3D spiral encoding 
(39-43). In our previous work, we showed that it was 
feasible to achieve direct myelin imaging with IR-prepared 
Cones-UTE and RHE techniques (44-46).

ZTE is a promising UTE technique for direct myelin 
imaging due to its constant sampling using a pre-ramped 
constant gradient, whereby the short T2* components in 
myelin can be captured more efficiently. However, ZTE 
also has limitations in applicable flip angle (FA) and readout 
bandwidth (rBW) due to the application of RF pulse with 
the constant readout gradient turned on, which, if not 
appropriately tuned, can cause loss of central k-space and 
unwanted signal drop-off in the periphery of the field of 
view (FOV). In this study, we evaluate the feasibility of dual 
echo IR-ZTE for volumetric, qualitative myelin imaging 
using a myelin phantom and a cadaveric human brain 
specimen, as well as healthy volunteers and MS patients. 

Methods

Adiabatic IR preparation

Myelin has an extremely short T2* (~0.3 ms or shorter at 
3T) and a low proton density, and therefore shows a much 
lower signal intensity than other long T2 tissues or tissue 
components, even when using UTE MRI (14,15). The 
low myelin signal is prone to imaging artifacts and signal 
bias caused by strong signal from surrounding long T2 
components (e.g., white matter, gray matter, and CSF). 
In this study, adiabatic IR was utilized to suppress long 
T2 white matter and to improve myelin contrast with 
reduced artifacts and improved dynamic range. Figure 1A  
shows an example of typical IR after application of an 
adiabatic inversion pulse. Due to the long pulse width of 
the adiabatic inversion pulse (~9 ms) and extremely short 
T2* decay of myelin (~0.3 ms or shorter), the magnetization 
of myelin is not inverted but partially saturated. Other long 
T2 components including white matter and gray matter 
are evenly inverted by the adiabatic inversion pulse. By 
performing ZTE imaging at the inversion time (TI) tuned 
at the nulling point of white matter water signal, the long 
T2 white matter signal can be suppressed, as shown in 
Figure 1B. Note that multiple spokes are acquired per IR 
preparation for time-efficient 3D imaging. The remaining 
long T2 signals are further suppressed by dual echo 
subtraction. 
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Dual echo IR-ZTE

Figure 1C shows the pulse sequence diagram of the dual 
echo ZTE. In this acquisition scheme, ZTE (TE1) is 
followed by gradient recalled echo (TE2). ZTE is often 
characterized as radial center-out readout using constant 
gradient applied before RF pulse. This is a fundamental 
difference from conventional UTE imaging techniques 
where readout gradients are applied after the RF pulse. Due 
to the use of the plateau of the gradient, which is already 
ramped up before RF excitation, ZTE allows capture of 
the shortly decaying signal, which conventional sequences 
may miss in ramping up the readout gradient. On the 
other hand, during the RF transmit/receiver switching 
time, which is a blind time for data readout, the signal is 
not acquired, leaving a hole in the k-space center. In this 
study, the sampling strategy introduced in Water- and Fat-
Suppressed Proton Projection MRI (WASPI) (47) is used to 
fill the hole, and the missing data is acquired using reduced 
rBW, as depicted by the dotted blue line in Figure 1C. A 
smaller number of spokes is typically required to fill the 
hole as illustrated in Figure 1D. The reduction rate of rBW 
is commonly referred to as the WASPI factor.

Experimental setup

The IR-ZTE sequence was implemented on a clinical 3T 

MR system (MR750, GE Healthcare, Waukesha, WI). 
A GE-provided adiabatic inversion pulse (Silver Hoult, 
pulse width of 8.64 ms, bandwidth of 1.5 kHz) was used. 
To evaluate the IR-ZTE sequence in myelin imaging in 
human brains, imaging experiments with a myelin phantom, 
a cadaveric human brain (56-year-old female donor), four 
healthy volunteers (males aged 34.5±2.3), and seven MS 
patients (females aged 53.7±13.9) were performed. All 
human subjects were recruited in accordance with the 
institutional review board. Signed consent was collected 
prior to the scan. For the phantom experiment, a D2O-
myelin phantom was prepared by compounding myelin lipid 
powder (type 1 bovine brain lipid extract, Sigma-Aldrich 
B1502, St. Louis, MO) with distilled, deionized D2O in 
1.0-mL syringes (diameter of ~4.7 mm). The phantom was 
comprised of six tubes of six different myelin concentrations: 
0, 4%, 8%, 12%, 16%, and 20% weight/volume (grams 
of solute per 1 mL of solution) as shown in Figure 2A.  
The six tubes were bundled together with tape and inserted 
into a single, empty 30-mL syringe (diameter of ~22.9 mm).

Imaging parameters

All scans were performed at 3T (MR750). The D2O-myelin 
phantom was scanned using a custom-made transmit/
receive birdcage RF coil (single channel) with the following 
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Figure 1 Pulse sequence diagram. (A) Typical adiabatic inversion recovery signal changes for white matter, gray matter, and myelin in the 
brain; (B) adiabatic inversion prepared multi-spoke imaging; (C) dual echo ZTE imaging; and (D) a 2D example of sampling patterns in 
ZTE with WASPI encoding. WASPI is used to fill the hole: the missing data is acquired using reduced readout bandwidth, as depicted 
by the dotted blue line in (C). A smaller number of spokes is typically required to fill the hole, as illustrated in (D). ZTE, zero echo time; 
WASPI, Water- and Fat-Suppressed Proton Projection MRI.
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Figure 2 Myelin phantom experiment. (A) Tubes with different myelin concentrations ranging from 0–20%; (B) a representative ZTE 
image at TE =12 µs; (C) the corresponding coil sensitivity map; (D) the ZTE image after coil sensitivity correction; and (E) the scatter plot 
and fitted curve showing mean ZTE signal intensity versus myelin concentration. The ZTE signal intensity shows high linearity to the 
myelin concentrations. ZTE, zero echo time; TE, echo time.

imaging parameters: non-IR single echo ZTE imaging, TR 
=20 ms, TE =28 µs, FA =6° with pulse width =20 µs, FOV 
=50×50×120 mm3, matrix size =96×96×40, rBW =62.5 kHz,  
WASPI factor =8, # of WASPI encoding =2160, # 
of radial frequency encoding =27360, and scan time  
=10 min 4 s. To acquire a coil sensitivity map, the imaging 
was repeated with a syringe filled with saline.

For ex vivo brain imaging, the scan was performed with a 
12-channel receive-only head coil (GE Healthcare) using the 
following imaging parameters: an adiabatic inversion pulse 
applied, TR =1,000 ms, TI =310 ms, TE =12 µs/3.5 ms,  
Tau (timing between RF pulses) =10.6 ms, FA =6° with 
pulse width =20 µs, FOV =220×220×160 mm3, matrix size 
=200×200×40, rBW =62.5 kHz, WASPI factor =8, # of 
WASPI encoding =544, # of radial frequency encoding 
=33856, # of spokes per IR preparation =16, inter-spoke TR 
=10 ms, and scan time =35 min 54 s. 

For in vivo brain imaging, the scan was performed with 
a 12-channel receive-only head coil (GE Healthcare) 
using the following imaging parameters: (I) magnetization 
prepared rapid acquisition with gradient echo (MP-
RAGE) (48): FA =12°, FOV =256×256×178 mm3, matrix 
size =256×256×148, rBW =83.4 kHz, TE =3.2 ms, TR/
TI =8.2/450 ms, acceleration factor =4, scan time =5 min. 
(II) FLAIR: FA =90°, FOV =256×256×256 mm3, matrix 
size =256×256×256, rBW =83.4 kHz, TE =116.5 ms, TR/
TI =7,600 ms/2,162 ms, acceleration factor =4, scan time  
=6 min 54 s. (III) IR-ZTE: an adiabatic inversion pulse 
applied, TR =1,000 ms, TI =340 ms, Tau =8.44 ms, TE 
=12 µs/2.5 ms, FA =6° with pulse width =20 µs, FOV 
=220×220×144 mm3, matrix size =190×190×40, rBW  
=62.5 kHz, # of WASPI encoding =540, # of radial 
frequency encoding =17100, # of spokes per IR preparation 
=30, and scan time =9 min 52 s. 
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Data processing

All  MR images  were  reconstructed us ing onl ine 
reconstruction code on the scanner host PC, which was 
made using GE Orchestra SDK v1.7.1 to perform gridding-
based image reconstruction. The following gridding 
parameters were used: alpha =2 and kernel width =3 data 
points. Density function was analytically calculated based on 
the inter-spoke distance and intra-spoke sampling density. 
The low-resolution k-space data acquired using WASPI 
were combined with high-resolution data using a linear 
merging filter with width of 2 data points. To reduce noise, 
the gridded k-space was applied with a fermi filter with 
radius of 95 data points and width of 10 data points. For  
ex vivo and in vivo imaging, where a 12-channel head coil 
was used, the reconstructed images in each RF receiver 
channel were combined using the weighted sum of squares 
method, in which the weighting factors were calculated 
based on the noise power in each channel. 

The myelin image was generated by applying magnitude 
echo subtraction. For the myelin phantom experiment, 
Matlab 2017b (The Mathworks Inc, Natick, MA, USA) 
was used to post-process the ZTE images and to perform 
curve fitting based on linear least square fitting. First, a 
coil sensitivity image was obtained by low-pass filtering 
(3D Gaussian filter with standard deviation of 1 pixel) 
a water phantom image acquired with ZTE. Then, the 
targeted myelin image acquired with ZTE was divided by 
the coil sensitivity map to correct for the variation in signal 
intensity due to the receiver coil sensitivity. ROIs for tubes 
were drawn manually well within the margins of the wall of 
the syringe to avoid pixels corrupted by MR signal from the 
tube itself. 

Results

Myelin phantom 

Figure 2B  shows the D2O-myelin phantom image 
acquired with ZTE (at TE =12 µs). Figure 2C,D shows 
the acquired coil sensitivity map and the resultant ZTE 
image after correction for the coil sensitivity. Figure 2E  
shows the mean signal in each tube and the fitted linear 
curve. The mean and standard deviation of the ZTE signal 
intensity was 0.22±0.11, 1.46±0.09, 2.90±0.17, 3.25±0.10, 
4.30±0.20, and 5.61±0.24 for the tube with 0%, 4%, 8%, 
12%, 16%, and 20% myelin concentrations, respectively. 
The mean signal intensity shows a strong linear relationship 
(R2=0.98) with the corresponding myelin concentrations, 

with a slope of 0.26 and y-intercept of 0.40.

Ex vivo cadaveric human brain

Figure 3 shows the IR-ZTE image obtained with the ex vivo 
cadaveric human brain specimen. The frontal region of the 
head was filled with gas generated by natural decomposition 
of tissues. In the ZTE image (top), myelin signal is visible, 
but with poor contrast due to high signals from the 
surrounding gray matter. In the second echo image (middle), 
the myelin signal decays to near-zero, which confirms that 
there is no remaining white matter water signal in the ZTE 
image. What we observe, then, is nearly pure short T2 
component, which includes myelin lipid. In the subtraction 
image (bottom), the myelin is detected with high contrast, 
with suppression of the surrounding long T2* tissues. 

In vivo human brain

For all four healthy volunteers, IR-ZTE achieved high 
contrast direct myelin imaging. Figure 4 shows the in vivo 
result of a representative healthy volunteer (36-year-old 
male), which shows high contrast for myelin in the echo-
subtracted images. Slice selectivity artifacts are visible in the 
frontal area of head, as indicated by yellow arrows, but they 
did not significantly affect the brain region. For all seven 
MS patients, IR-ZTE resolved myelin signal in the echo 
subtraction image. Note that low-frequency signal bias is 
visible in the region indicated by a red arrow in the echo-
subtracted image, which slightly degrades myelin contrast. 

Figure 5 shows results from two representative MS patients 
(Figure 5A: 73-year-old female, Figure 5B: 40-year-old female, 
Figure 5C: 38-year-old female), including T2-weighted 
FLAIR, T1-weighted MP-RAGE, and the proposed IR-
ZTE-based myelin images. Demyelinated foci lesions are 
shown as bright and dark spots in FLAIR and MP-RAGE 
images, respectively. As the yellow arrows indicate, the foci 
lesions are also well detected by IR-ZTE. IR-ZTE sequence 
provides myelin-specific, morphological information of the 
foci lesions. 

Discussion

In this study, we showed that IR-ZTE is feasible for 
direct volumetric myelin imaging. In the myelin phantom 
experiment, ZTE signal showed high linearity to myelin 
concentrations. The result implies that ZTE encoding 
scheme allows direct imaging of myelin. By calibrating the 
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Figure 3 Ex vivo experiment with a cadaveric human brain (56-year-old female donor). In the ZTE image (top), myelin signal is visible, 
but with poor contrast due to high signal from the surrounding gray matter. In the second echo image (middle), the myelin signal decays to 
near-zero, which confirms that there is no remaining white matter water signal in the ZTE image; therefore, what we observe is nearly pure 
myelin lipid. In the echo subtraction image (bottom), the myelin is detected with high contrast and with suppression of the surrounding 
tissues. ZTE, zero echo time.

IR-ZTE signal to a reference phantom with known proton 
density, it was possible to map myelin proton density (after 
T1 and T2* correction, as the reference phantom and 
myelin may have different MR relaxation times). In the 
in vivo experiments with MS patients, IR-ZTE showed 
excellent detection of demyelinated foci lesions compared 
with conventional clinical sequences (e.g., MP-RAGE and 
FLAIR). Both MP-RAGE and FLAIR seemed to show 
ambiguous and underestimated MS lesions in regions 
indicated by yellow arrows in Figure 5, probably because 

the limited contrast in those sequences indirectly reflected 
demyelinated lesions. 

It is promising that IR-ZTE is capable of resolving myelin 
signal in spite of the low rBW and FA that are commonly 
used to avoid signal drop-off in the periphery of FOV due 
to the unwanted and uncontrolled slice selectivity (34). To 
the best of our knowledge, this is the first study showing 
dual echo IR-ZTE for direct myelin imaging in human 
brains, although there are several animal and phantom 
studies reported in the literature (16,22). Unlike in small 



901Quantitative Imaging in Medicine and Surgery, Vol 10, No 5 May 2020

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2020;10(5):895-906 | http://dx.doi.org/10.21037/qims.2020.04.13

ZTE
(TE=12 μs)

TE2
(TE=2.5 ms)

Echo Subtraction
(Myelin)

Figure 4 A healthy volunteer (36-year-old male). High contrast direct myelin imaging was achieved using the proposed dual echo IR-ZTE 
method. Subtraction of the ZTE image (top) from the second echo image (middle) provides high contrast images of myelin (bottom) in the 
brain of this volunteer, demonstrating the clinical feasibility of volumetric myelin mapping using the 3D dual echo IR-ZTE sequence. Slice 
selectivity artifact is shown in the images as indicated by yellow arrows. Low-frequency bias artifact is exhibited in the region indicated by a 
red arrow, which slightly degrades the myelin contrast. IR-ZTE, inversion recovery prepared zero echo time.

animals, where a small FOV is appropriate for imaging and 
which gives more flexibility in the choice of rBW and FA, 
human brain imaging is more difficult due to the larger FOV 
required to avoid imaging artifacts. In the current imaging 
protocol, a FA of 6° was used with a rBW of 62.5 kHz to 
avoid the slice selectivity artifact, which may have limited 
attainable signal-to-noise ratio. The slice selectivity artifact 
can be alleviated in the reconstruction process by identifying 
the pixel location with respect to the logical gradient iso-
center and RF excitation profile (49,50). Our future work 

will optimize the imaging parameters in IR-ZTE with slice 
selectivity correction to allow for higher FA.

As shown in Figure 4, low-frequency signal bias was 
observed in the echo subtracted image in IR-ZTE. 
Presumably, this is due to the imperfect signal acquisition 
in the missing central region in WASPI encoding. There 
is an inevitable difference in the encoding delay between 
the two encodings (i.e., high rBW encoding and low rBW 
WASPI encoding), which causes an abrupt change in signal 
intensity at the boundary due to the different T2* decay. 
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Figure 5 MS patients. (A) 73-year-old female; (B) 40-year-old female; and (C) 38-year-old female. The demyelinated foci lesions are shown 
as bright and dark spots in FLAIR and MP-RAGE images, respectively. As the yellow arrows indicate, the foci lesions are also well detected 
by IR-ZTE. MS, multiple sclerosis; FLAIR, fluid-attenuated inversion recovery; MP-RAGE, magnetization prepared rapid acquisition with 
gradient echo; IR-ZTE, inversion recovery prepared zero echo time.

Though we applied a merging filter to alleviate this effect, 
it is still very difficult to remove this artifact entirely. 
As the detected myelin signal is very low compared to 
the imaging artifacts, this artifact is crucial for myelin 
imaging. It will be interesting to investigate how this type 
of artifact is affected by different hole-filling strategies 
such as SPI or algebraic reconstruction. In future works, 

we will explore these different approaches in IR-ZTE-
based myelin imaging (51,52). 

Dual-echo IR-UTE acquisition and echo subtraction 
has been used for selective imaging of myelin by several 
groups. Waldman et al. first reported this technique for 
myelin imaging in vivo at 1.5T (21). Later Du et al. reported 
the use of 2D IR-UTE imaging of myelin in vivo at 3T, and 
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reported a short T2* of ~370±15 µs (53). The same group 
conducted a series of studies on myelin powders, myelin-
D2O paste, brain specimens, healthy volunteers and MS 
patients to further evaluate the capability of direct imaging 
of myelin in vivo on a clinical 3T scanner (14,15,19-21). 
However, their reported T2*s seem significantly longer 
than those reported by Horch et al. (17) and Wilhelm  
et al. (16). Wilhelm et al. investigated IR-UTE imaging and 
NMR spectroscopy of fresh rat spinal cord before and after 
D2O exchange, and demonstrated the capability of direct 
IR-UTE imaging of myelin at 9.4T. However, the IR-UTE 
dual-echo subtraction image likely included significant 
signal contamination from residual water as evidenced by 
the relative high signal in white matter in the second echo 
image with a TE of 1.2 ms (myelin signal should have 
decayed to near noise level at this TE). More recently, 
Weiger et al. employed two ZTE acquisitions with TEs 
of 15 and 503 µs, respectively (54). Subtraction of those 
two datasets was used to suppress long T2 signals and to 
create high contrast for myelin. However, this approach is 
expected to suffer from limited signal dynamic range and 
water contamination. As signal from water is far higher than 
signal from myelin, it is technically challenging to achieve 
selective myelin imaging through simple echo subtraction 
without other efficient long T2 suppression techniques. 
Clearly more research is needed to understand the signal 
source in UTE and ZTE imaging, especially dual-echo 
subtraction based techniques without or with long T2 
suppression, of white matter and gray matter in the brain.

ZTE is commonly thought of as a silent sequence since 
it allows continuous and smooth ramp-up and ramp-down 
of the readout gradient during scanning. The current 
implementation of IR-ZTE does not allow this silent 
imaging feature due to the use of dual echo imaging, 
which requires gradient blips in different polarities within 
a TR. There is an alternative approach to implement 
the dual echo ZTE based on bipolar readout gradients. 
In this method, rewinding (or fly-back) gradient is not 
separately applied, but instead combined with the second 
readout gradient with opposite polarity (55). If only one 
spoke is acquired per IR preparation, it is feasible to use 
the bipolar readout scheme. However, if multiple spokes 
are acquired per IR preparation, which is essential in 3D 
imaging to save scan time, this can be problematic. Since 
each spoke is acquired at a slightly different TI in one 
set of IR, the acquired k-space is inevitably modulated by 
certain inter-spoke signal variations. If the bipolar readout 
scheme is used, the signal modulation in the encoded 

k-space will be different between the UTE and the second 
echo, which can cause signal bias artifacts in the echo 
subtraction. Moreover, since rBW is commonly set low 
in ZTE imaging, the use of bipolar gradient can be less 
time-efficient than using a separate rewinder gradient (to 
fly-back to the center of k-space), which is not limited  
by rBW. 

ZTE is known to be advantageous in imaging extremely 
short T2* species such as myelin owing to the application of 
constant gradient, which allows very fast encoding immediately 
after RF excitation. In conventional UTE imaging schemes, 
the readout gradients are applied after RF deadtime, which 
requires additional time to ramp up the gradient to achieve 
the fastest encoding speed. Therefore, the effective TE in 
the encoded k-space can be significantly longer than ZTE. 
However, ZTE is limited in the rBW. Those two competing 
factors make it difficult to conclude which encoding scheme 
is better for direct myelin imaging. In future works, different 
encoding schemes including ZTE, PETRA, RHE, SPI, and 
UTE-Cones will be compared in myelin phantoms, ex vivo 
samples, and in vivo human subjects to investigate the best 
imaging strategies for direct myelin imaging. 

Conclusions

In this study, we demonstrated the feasibility of adiabatic 
IR prepared dual echo zero echo time imaging for direct, 
volumetric imaging of myelin in white matter of the brain 
in vivo. 
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