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Abstract

Purpose—Recent NMR and MRI studies have measured a fast-relaxing signal component with 

T2
∗ < 1 ms in white matter and myelin extracts. In ex vivo studies, evidence suggests that a large 

fraction of this component directly arises from bound protons in the myelin phospholipid 

membranes. Based on these results, this ultrashort-T2 component in nervous tissue is a new 

potential imaging biomarker of myelination, which plays a critical role in neuronal signal 

conduction across the brain and loss or degradation of myelin is a key feature of many 

neurological disorders. The goal of this work was to to characterize the relaxation times and 

frequency shifts of ultrashort-T2 components in the human brain.

Methods—This required development of an ultrashort echo time (UTE) relaxometry acquisition 

strategy and fitting procedure for robust measurements in the presence of ultrashort T2
∗ relaxation 

times and large frequency shifts.

Results—We measured an ultrashort-T2 component in healthy volunteers with a median T2
∗

between 0.5–0.7 ms at 3T and 0.2–0.3 ms at 7T as well as an approximately −3 ppm frequency 

shift from water.

Conclusion—To our knowledge, this is the first time a chemical shift of the ultrashort-T2 brain 

component has been measured in vivo. This chemical shift, at around 1.7 ppm, is similar to the 

primary resonance of most lipids, indicating that much of the ultrashort-T2 component observed in 

vivo arises from bound protons in the myelin phospholipid membranes.
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Introduction

Myelin plays a critical role in neuronal signal conduction across the brain. It is an insulating 

layer of phospholipid membranes (“sheaths”) around axons that significantly increases the 

speed of electrical impulses carrying information between neural cells. Myelin formation 

begins shortly after birth, continuing well into the 5th decade of life in humans (1), and is 

the basis for long range neural networks. The degree of myelination and its structure are also 

a key feature of many neurological disorders, especially demyelinating diseases such as 

multiple sclerosis (MS), leukodystrophies, and neruodegeneration such as Alzheimers’ 

disease (2, 3).

MRI is the preferred non-invasive imaging modality for assessing myelin, providing 

sensitivity to water content, binding, and diffusion. Current myelin MRI methods detect 

signals generated by protons in the water within the myelin sheaths (“myelin water”) and 

surrounding intra and extra cellular free water. These methods most generally include 

diffusion, magnetization transfer (MT), and T1/T2 relaxation (e.g. myelin water imaging) 

(4). These current myelin MRI methods provide a wealth of information, but fundamentally 

rely on detection of signals from water protons in and around myelin.

MRI also can detect signals from bound protons in the brain, such as those within myelin 

phospholipid membranes themselves, that could provide a new imaging biomarker of myelin 

with complimentary information to current methods (5–9). Detecting these signals is 

challenging due to their “ultrashort-T2” relaxation times and requires specialized methods 

such as ultrashort echo time (UTE) MRI (10, 11). Ex vivo nuclear magnetic resonance 

(NMR) experiments originally speculated that ultrashort-T2 components observed in brain 

tissue were arising primarily from methylene protons in the myelin phospholipid membranes 

(5, 6). These studies measured T2 and T2
∗ values between 50 μs and 1 ms at 4.7 T in myelin 

extracts and spinal cord samples. With such rapid relaxation rates, these ultrashort-T2 

components will not be detected in conventional MRI pulse sequences due to the minimum 

echo times (TE) of approximately 1 ms between excitation and acquisition. When applying 

UTE MRI to in vivo brain studies, a handful of studies have observed an ultrashort-T2 

component in white matter with T2
∗ values of 100 – 350 μs (1.5T) (12), 600 – 900 μs (1.5T) 

(13), and 420±80 μs (3T) (7,8) that are consistent with recent ex vivo studies (5,6). The most 

recent studies used a 2D UTE MRI method with inversion recovery and dual-echo 

subtraction for selective imaging of this ultrashort-T2 component in vivo (7–9). Imaging 

these ultrashort-T2 signals has great potential to provide a new in vivo measurement of 

myelin that arises directly from protons in the myelin phospholipid membranes, and thus 

may be a more sensitive measurement of myelin density, integrity, and structure.

The goal of this work was to to characterize the in vivo relaxation times and frequency shifts 

of ultrashort-T2 components in the human brain. This required development of an ultrashort 

echo time (UTE) relaxometry acquisition strategy and fitting procedure that was required for 

robust measurements in the presence of ultrashort T2
∗ relaxation times and large frequency 

shifts. This included a multi-echo 3D UTE MRI pulse sequence with echo order 

randomization for accurate quantification and motion robustness. Images were reconstructed 
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with parallel imaging and complex data was fit to a multi-compartment model, including 

estimation of frequency shifts. This manuscript reports measured T2
∗ and frequency shifts for 

ultrashort-T2 components in healthy volunteers at 3T and 7T.

Methods

Data Acquisition

Whole-brain relaxometry was performed using a 3D radial pulse sequence supporting 

ultrashort echo times (UTEs) with a non-selective, hard pulse excitation (Fig. 1). The delay 

between excitation and readout was shifted between TRs to acquire a set of 32 different TEs 

within a single scan, ranging from 56 μs to 5.03 ms: TE = [ 56, 72, 92, 112, 152, 192, 232, 

312, 392, 472, 632, 832, 1032, 1232, 1432, 1632, 1832, 2032, 2232, 2432, 2632, 2832, 

3032, 3232, 3432, 3632, 3832, 4032, 4232, 4432, 4632, 5032] μs. A total of 12 TEs were <1 

ms, chosen to achieve the goal of measuring sub-millisecond T2 components.

We chose to sample the same spoke in k-space repeatedly with multiple TEs to minimize the 

chance of motion artifacts that will likely be problematic over the long scan times required. 

Two TE ordering strategies were tested: (1) a sequential, regular TE ordering, and a (2) 

randomized TE ordering, where the ordering is randomized for each spoke (Fig. 1c).

Scan times were approximately 45 minutes for 2.2mm isotropic resolution, whole brain 

coverage, 32 TEs, TR = 10ms, and undersampling factors of 4.1–5.8. Other parameters 

included 8 – 10° flip angles, 40–52 μs excitation pulse, 256 readout points with ±250 kHz 

sampling bandwidth for a 0.512 ms readout duration, and support for anisotropic FOVs (14). 

Spoiling between TRs was achieved with a crusher gradient and RF spoiling.

Data was acquired on 3T and 7T MRI systems (GE Healthcare), both with a 32-channel 

head coil (Nova Medical) and 50 mT/m maximum amplitude, 200 mT/m/ms maximum slew 

rate gradients. 5 healthy volunteers (all males, ages 21–36) were scanned at both 3T and 7T 

within one week. Informed consent was obtained before scans under an Institutional Review 

Board (IRB) approved protocol.

Image Reconstruction

A non-Cartesian ESPIRiT parallel imaging reconstruction method (15) was implemented for 

the 3D ramp-sampled radial k-space trajectory using the Berkeley Advanced Reconstruction 

Toolbox (BART, https://mrirecon.github.io/bart/). This was applied to each TE image, which 

were each undersampled by a factor 4.1–5.8. For coil combination, the complex-valued coil 

sensitivity maps were first extracted from the center of k-space using the ESPIRIT 

algorithm. Then the 32 channel raw images were combined as a pixel-wise sum weighted 

with the estimated coil sensitivity maps, which includes estimation of the phases from 

different channels for realignment.

We also reconstructed images at two different frequencies corresponding to the expected 

resonance frequencies of water and fat. The purpose was to create images without spatial 

blurring resulting due to chemical shift for components at both water and fat frequencies. In 

other words, the water-frequency reconstructions, m̂w(x), will have an accurate 
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representation of water-frequency components, mw(x), but blurring for fat-frequency 

components, mf (x):

mw(x) = mw(x) + m f (x) ★ h(x, f f ) . (1)

The artifacts for the fat-frequency component, at a frequency offset ff from water, are 

described by h(x, f) which is the point spread function of the 3D UTE trajectory in the 

presence of frequency differences, f, from the nominal resonance frequency. Convolution 

with this function can create blurring and ringing artifacts. On the other hand, fat-frequency 

reconstructions, m̂f (x), will have an accurate representation of fat-frequency components, 

but blurring for water-frequency components:

m f (x) = mw(x) ★ h(x, − f f ) + m f (x) (2)

The water-frequency reconstructions used the original data, for which the center frequency 

was nominally set to water, whereas for fat-frequency reconstructions the original data was 

demodulated by the approximate fat frequencies, ff = −440 and −1000 Hz for 3T and 7T, 

respectively, prior to non-Cartesian ESPIRiT reconstruction. This was achieved by 

multiplying the raw signal data, s(t), by exp(i2πff (t − TE)), prior to the reconstruction 

procedure described above in an effort to remove the phase accumulation due to the fat 

chemical shift during the readout.

The limitation of this approach is that it does not account for local off-resonance due to B0 

inhomogeneity or susceptibility differences, but this could potentially be included with 

additional multi-frequency reconstructions.

An intensity bias field due to the RF transmit and receive inhomogeneity was roughly 

estimated as follows. First, the brain was extracted, the brain mask was dilated to extend into 

the skull to compute the correction only across the brain. Then a 3D Gaussian filtering was 

applied to the minimum TE image across the dilated brain-mask region to minimize tissue-

specific intensity variations. This was removed from combined coil images.

Data Analysis

We fit our multiple TE data to an N-component signal model, including signal amplitudes 

Ŝ0,k, effective relaxation times, T2, k
∗ , frequency shifts, Δfk, and phase shifts, ϕk for each 

component:

S( r , TE) = ∑
k = 1

N
S0, k( r ) exp ( − TE /T2, k

∗ ( r )) exp (i(2πΔ f k( r )TE + ϕk( r )) . (3)

The data was fit using a non-linear least squares solver in Matlab (Mathworks) with 

constrained parameter values. Note that complex-valued image data was retained with the 
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ESPIRiT reconstruction, providing additional information regarding frequency and phase 

shifts. Fitting was performed in several steps in an attempt to avoid solutions local minima. 

We first fit a single component (“long-T2 component”) that was near the water frequency, 

which was consistently the dominant component with the largest fraction that had the 

longest T2
∗ (typically > 10 ms). This fitting was unconstrained. The frequency offset of this 

component also provides an estimate of the B0 field map. We then performed two or three 

component fitting, where the frequency offset of the long-T2 component was constrained to 

to be within ±50 Hz of the result from the initial single component fit. The second and third 

components were constrained to have a T2
∗ ≥ 0.1 ms because the minimum TE = 56 μs and a 

512 μs readout duration make it challenging to estimate this range of T2
∗. Fitting the 

additional components used initial estimates of T2
∗ = 0.5 ms and Δf = −3.5 for an ultrashort 

component, and T2
∗ = 8ms and Δf = 0 ppm for an intermediate component, but these 

parameters were otherwise unbounded except for the lower bound on T2
∗. This same process 

was applied to both the water-frequency and fat-frequency reconstructions.

We evaluated the number of components in this model, N, that would be appropriate for our 

measurements based on Akaike’s Information Criteria (AIC) - a measure of the relative 

quality of a signal model that includes a tradeoff between goodness of fit and complexity of 

the model. We computed a normalized AIC value for each fit. Regions of interest (ROIs) 

were selected for analysis from the UTE image at the shortest TE (Fig. 2). Statistical 

comparisons of fit results between different regions of interest (ROIs) were performed using 

a paired T-test.

We also computed an ultrashort- T2
∗ component fraction as:

uT2 fraction( r ) =
S0, 1( r )

∑k = 1
N S0, k( r )

, (4)

where the first component of our signal model had the shortest T2
∗. This describes the relative 

contribution of the ultrashort component, which is also normalized to remove inhomogeneity 

due to the RF receive coil profiles.

Results

Acquisition Strategy

The randomized TE ordering was crucial in our ultrashort echo time relaxometry method 

(Fig. 3 and Supporting Fig. S1). Using a naive sequential TE ordering (our initial approach) 

led to unexpected signal fluctuations along the TE dimension, demonstrated by phantom 

experiments of a homogeneous doped water sphere. The sequential TE ordering data 

deviates notably from a mono-exponential fit (arrows). For testing purposes, a single TE was 

acquired repeatedly (TE = 4 ms), and there were fluctuations between these repeated 
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measurements. Randomized TE ordering greatly improved the mono-exponential fit quality, 

and repeated TE measurements were consistent.

Signal Model and Data Fitting

In vivo ultrashort TE relaxometry clearly showed a fast-relaxing component with a 

frequency shift relative to the longer T2
∗ components (Fig. 4). This component is not 

captured by a single-component fitting (long-dashed lines in Fig. 4), and the frequency offset 

is shown by modulations in the complex valued data. It can also be seen that this frequency 

offset scales with field strength between 3T and 7T. Fits with a 2-component model (N = 2 

in Eq. 3, solid lines in Fig. 4) are able to represent the ultrashort- T2
∗ component, with 

substantially reduced residuals. We also evaluated fitting this data with a 3-component 

model (short-dashed lines in Fig. 4). For the mixed white matter ROIs, these were nearly 

identical to the 2-component model.

In the mixed gray matter ROIs, there was more residual signal oscillations with the 2- 

component model, and even the 3-component model was not able to represent these 

oscillations. This ROI was closer to the skull so experienced more contamination from skull 

lipid signals, and also contained regions of CSF. The residuals were higher at 7T.

We computed Akaike’s Information Criteria (AIC) voxel-wise to evaluate the appropriate 

number of components for the ultrashort-TE relaxometry data. In 91.0% and 80.0% of brain 

voxels at 3T and 7T, respectively, the AIC for a 2-component model (AIC2) was the 

smallest, where a lower AIC indicates a better model. Furthermore, in each experiment, the 

majority of voxels had a smaller AIC for a 2-component model that was statistically 

significantly lower than the 3-component model AIC values. The average AIC values across 

all were −264.9 ± 32.9 and −250.4 ± 29.4 for the 2- and 3-compartment models at 3T, 

respectively; and −229.1±37.8 and −220.2±34.2 for the 2- and 3-compartment models at 7T, 

respectively (standard deviation is across all brain voxels). The higher AIC values at 7T 

indicate that the data did not fit the model as well when compared to 3T, which can also be 

seen in the examples in Fig. 4. Based on these results, we only present the 2-compartment 

model in the rest of this paper.

Another key aspect of our fitting method was the use of fat- and water-frequency 

reconstructed images (as described in the Methods) to improve the spatial accuracy of the 

frequency-shifting ultrashort- T2
∗ component. As illustrated in Figure 5, water-frequency 

reconstructions of the UTE image and the long- T2
∗ component maps based on these 

reconstructions show clearly defined anatomical features, while the ultrashort- T2
∗

component maps show blurring as well as signal losses near the skull (yellow arrows). 

Conversely, for the fat-frequency reconstructions the ultrashort- T2
∗ component have more 

apparent correspondance with anatomical features while the long- T2
∗ component maps and 

UTE images show blurring. This type of isotropic spatial blurring will occur due to phase 

accumulation from off-resonance during the 3D radial trajectories used. The blurring and 
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signal losses are exacerbated at 7T compared to 3T. The spatial blurring of the ultrashort- T2
∗

component when using a water-frequency reconstruction is another source of evidence that 

this component has a frequency offset due to chemical shift.

In Vivo Characterization

Maps of fit parameters from a two-component model are shown for one volunteer in Figs. 6, 

7, and Supporting Fig. S2. The AIC maps shown at the bottom row illustrate that the fitting 

and model quality was better at 3T compared to 7T. They also showed that at both field 

strengths the model and fitting performed poorly in regions with large frequency shifts due 

to changes in the magnetic field. These are particularly strong in the frontal lobe near the 

sinuses, due to magnetic susceptibility differences, and in the cerebellum, and can be 

identified in Supporting Fig. S2 by the more increased spatial variability in the field maps.

Maps of the ultrashort- T2
∗ component fraction at 3T showed a spatial distribution that is 

approximately concordant with expected white matter distribution across the brain (Fig. 6). 

This concordance was more ambiguous at 7T, with some variations between the center and 

outside of the brain that were not seen at 3T. The T2
∗ and frequency offset of the ultrashort 

component showed no clear associations with brain anatomy. The frequency offset shows 

some spatial fluctuations emanating from the skull, likely due to ringing artifacts from skull 

lipids. The long- T2
∗ maps (Supporting Fig. S2) show increasing T2

∗ across white matter, gray 

matter and CSF, as expected (16, 17).

Histograms of the ultrashort component relaxation time, T2, 1
∗ , and frequency offset relative 

to water (i.e. corrected for B0 inhomogeneity), Δf1− Δf2, are shown in Fig. 8 and Supporting 

Fig. S3. The median T2, 1
∗  values (dashed lines) ranged from 0.53 to 0.66 at 3T and from 0.22 

to 0.27 ms at 7T. The median ultrashort- T2
∗ component frequency offset, corrected for B0 

inhomogeneity, (dashed lines) ranged from −313 to −343 Hz at 3T and from −831 to −949 

Hz at 7T. They also show that the ultrashort- T2
∗ component frequency shift was typically 

centered around −300 Hz at 3T and −900 Hz at 7T across all studies.

The fit component values from several ROIs across 5 volunteers is shown in Table 1. Most 

notably, there were statistically significant (p < 0.05) differences in the ultrashort- T2
∗

component fraction between mixed WM and mixed GM at 3T and 7T, and also between the 

posterior CC and mixed GM at 3T and 7T. The ultrashort T2
∗ values ( T2, 1

∗ ) did not show any 

clear trends between ROIs - they were slightly longer in mixed GM at 3T, while they were 

significantly shorter in the mixed GM compared to both WM regions at 7T. There were no 

statistically significant differences in the ultrashort- T2
∗ component frequency offset across 

ROIs. However, the variability across subjects was higher in the mixed GM voxels, which 

also had increased fitting residual as illustrated in Fig. 4. The long T2
∗ values ( T2, 2

∗ ) show 

several expected trends, including a longer T2
∗ in mixed GM compared to mixed WM and 
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shorter T2
∗ values at 7T compared to 3T, as also shown in Supporting Fig. S2. The mixed GM 

ROIs also contain CSF, which would lead to increased T2, 2
∗ .

Discussion

The in vivo results show an ultrashort-T2 component in the brain with a large chemical shift, 

similar to that of lipids. The results also show a correspondence between this component and 

white matter anatomy, as has also been demonstrated in prior work (6–9). Ex vivo studies 

have shown a chemically shifted ultrashort-T2 component associated with myelin, and 

speculated this was arising primarily from methylene protons in the myelin phospholipid 

membranes (5, 6). Taken together, the results suggest that bound protons in the myelin 

phospholipid membranes are a major component of this ultrashort-T2 component observed 

in vivo.

The measured chemical shift in the ultrashort-T2 component is supported by numerous 

results presented. First, there are clear complex-valued signal oscillations present in the 

brain. These were not present in phantoms, so they did not arise from the RF coil or the 

pulse sequence paramters. The decay rate of these oscillations was faster than T2
∗ for other 

lipid signals such as bone marrow or subcutaneous fat. The frequency shift also scaled 

linearly with B0 between 3T and 7T, as expected for a chemical shift effect. Finally, the 

maps of the ultrashort T2* component fraction showed correspondence with white matter 

anatomy most clearly when using the fat-frequency reconstruction. If there was no chemical 

shift of this component, these maps would appear blurred out with the fat-frequency 

reconstruction. These maps also show some ringing artifacts from long-T2 lipid signals 

around the brain, with some ringing present near the edge of the brain but dominance of the 

correspondence with white matter away from these edges. While fat suppression methods 

could reduce this ringing, we chose not to use them as they would also suppress the 

ultrashort-T2* component of interest (18).

To our knowledge, this is the first in vivo measurement of a chemical shift in the ultrashort-

T2 component in the brain. Capturing this frequency shift is challenging because of the very 

short T2
∗ relaxation time. Our measurements were enabled by using a large number of 

submillisecond TEs, phase sensitive image reconstructions, and elimination of oscillation 

artifacts through a randomized TE ordering. Previous in vivo brain studies measured an 

ultrashort-T2 component with T2
∗ = 420 ± 80μs at 3T (7, 8). The longer T2

∗ values (median = 

0.5–0.7 ms at 3T, Fig. 8) measured in this study likely result because our fitting model 

accounted for the frequency shift, which would decrease T2
∗ when not included in the model. 

Our measurements demonstrate two parameter dimensions, both T2
∗ and chemical shift, that 

can be used to separate ultrashort-T2 components in the brain. This may be useful for 

separation of confounding factors, such as shortened T2
∗ due to calcifications, fibrosis, or 

gliosis (19). These new characterizations of the chemical shift and relaxation times at 3T and 
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7T of the ultrashort-T2 component in the brain will be crucial for experimental design and 

analysis when imaging this component in future studies.

The frequency shift relative to water of the ultrashort-T2 component was typically between 

−2.5 to −3.4 ppm, which corresponds to an absolute chemical shift of 1.3 to 2.2 ppm. This 

shift is similar to previous ex vivo measurements of spinal cord tissue and myelin extract 

that measured a 3.5 ppm upfield shift from water (6). These chemical shifts are near that of 

methylene protons of alkyl chains, the main constituent of myelin. Another ex vivo study of 

frog sciatic nerves and myelin extract suggested the ultrashort-T2 component signal arises 

primarily from methylene protons in myelin phospholipid membranes and proteins based on 

the expected myelin 1H fractions (5). The ultrashort-T2 component measured in our study is 

likely a mixture of bound protons in the myelin membranes, proteins, and macromolecules, 

with the clear chemical shift suggesting a substantial contribution from methylene protons.

The on-resonance, slowly relaxing signal component in our model, which had T2
∗ values 

ranging from approximately 30–45 ms at 3T and 15–35 ms at 7T in brain tissue (Supporting 

Fig. S2, Table 1), likely represents a weighted average of myelin water, intracellular water 

and extracellular water. These have been independently characterized in previous studies 

using longer TE times, and reported similar values to our measurements (16, 17). The 

accuracy of our T2, 2
∗  measurements is limited by our maximum TE of 5 ms.

The randomized TE ordering was crucial in our ultrashort echo time relaxometry method 

(Fig. 3), as it eliminated unexpected signal fluctuations observed with sequential TE 

ordering. We speculate that these signal fluctuations are due to eddy currents with 

millisecond time constants that result in fluctuating image distortions between different TRs 

because the relative gradient positions are shifting each TR. The randomized ordering also 

randomizes any image distortions for each TE, thus there is no unique distortion pattern in a 

given TE image.

The model fitting performance varied notably with field strength as well as across the brain. 

In general, fits at 7T were poorer, demonstrated by the higher AIC values, the poor quality 

of the parameter maps in Fig. 7, and the larger standard deviations across subjects in Table 1. 

This is attributable to the shorter T2
∗ and the increased frequency shifts at 7T. The shorter T2

∗

would cause ultrashort component blurring and less TEs are contributing to the fitting of this 

component. The increased frequency shifts, both due to B0 and chemical shift, add more 

uncertainty that will make the fitting results less stable. We also observed that the fit quality 

was much worse in regions with large magnetic field variations, particularly near the sinuses 

in the frontal cortex and the cerebellum that typically have susceptibility-induced field 

variations. These regions had larger variability in the measured field maps shown in 

Supporting Fig. S2. Intravoxel dephasing in these regions could lead to additional signal 

fluctuations and shorter relaxation times that are not accounted for in our model. Fit quality 

improved away from these regions, where the maps at 3T in the rest of the cortex were 

consistently of the highest quality across subjects.

Boucneau et al. Page 9

Magn Reson Med. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The rapid T2
∗ relaxation rate and chemical shift make the detection of the brain ultrashort-T2 

component challenging. The rapid relaxation can lead to blurring, even with UTE pulse 

sequences, where ideally the readout duration should be longer than T2
∗ (20). Our readout 

duration was 512 μs, which is similar to the ultrashort component T2
∗ at 3T but longer than 

the T2
∗ at 7T. Therefore, we expect some blurring of the ultrashort component due to T2

∗

decay at 7T. The off-resonance due to chemical shift results in an isotropic blurring and 

ringing artifact for radial trajectories used in UTE (21). We addressed this by using the fat-

frequency reconstruction when fitting the ultrashort component as demonstrated in Fig. 5.

One limitation of this study is that our data was T1-weighted due to the short TR required for 

3D imaging. Therefore, it was not possible to quantify the absolute concentrations of 

measured components. Prior in vivo studies using 2D UTE with long TRs have measured a 

relative proton density of 4.05±0.88% for the ultrashort-T2 component in white matter (8). 

Our T1-weighted measurements of the ultrashort-T2 fractions, uT2fraction, were typically 

between 7–15%. Since previous studies measured relatively short T1 values for the 

ultrashort-T2 component (T1 = 226 ± 46 ms at 3T (7)), a T1-weighted acquisition should 

increase the measured signal fraction.

Since the goal of this study was to characterize the ultrashort-T2 component, we allowed our 

relaxometry acquisition to be up to 1 hour for 3D coverage with a large number of echo 

times. For future studies, there are several potential options to reduce the scan time 

including: given the characterization results presented, relaxometry of a two-component 

system with 6 unknowns could be solved with less than 32 TEs; a more efficient k-space 

acquisition strategy, such as 3D cones (22, 23) or variable density radial sampling (24); and 

reduced FOV through slab or slice excitations. Shortening the scan time should still provide 

sufficient SNR of the ultrashort-T2 component, as evidenced by other in vivo UTE imaging 

studies of this component (7–9).

Conclusion

This work presents whole-brain characterization of an ultrashort-T2 component 

( T2
∗ ≈ 0.5 − 0.7 ms at 3T, 0.2–0.3 ms at 7T) that had an approximately −3 ppm frequency 

difference from water at 3T and 7T. The measured chemical shift in the ultrashort-T2 

component is supported by complex-valued signal oscillations, the linear scaling with B0, 

and correspondence between the ultrashort T2* component fraction and white matter 

anatomy but only when using a fat-frequency reconstruction. This indicates this fast-relaxing 

component includes a large contribution from methylene protons in the myelin phospholipid 

membranes, which is in agreement with previous ex vivo studies. To our knowledge, this is 

the first time a chemical shift of this fast-relaxing component has been measured and 

characterized in vivo. These measurements were enabled by a randomized TE ordering, on-

resonance and off-resonance image reconstructions, and parallel imaging. These 

characterizations will be crucial to design future measurements for direct myelin imaging.
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Figure 1. 
Ultrashort echo time relaxometry acquisition strategy: (a,b) A 3D radial pulse sequence 

supporting ultrashort echo times (UTEs) was used, with variable echo times, TEi. (c) We 

implemented sequential and random acquisition order strategies in which all TEi for an 

individual radial spoke were acquired together. This was done to minimize potential motion 

artifacts.
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Figure 2. 
ROI locations used for the the fit results in 4 and analysis in Table 1, overlaid on the shortest 

TE images. Purple corresponds to the posterior corpus callosum (pCC), light blue to mixed 

white matter (mixed WM) and dark blue to mixed gray matter (mixed GM). Note the latter 

ROIs are mixed, meaning they are primarily WM or GM but maybe include contributions 

from other tissue types including CSF.
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Figure 3. 
Water sphere phantom results demonstrating the importance of randomized TE ordering for 

accurate relaxometry. The acquisition strategy is shown in Fig. 1. The sequential TE 

ordering has unexpected signal fluctuations, even at the same TE (red arrows), whereas the 

random TE ordered data better represents the expected mono-exponential decay.
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Figure 4. 
Fit results at 3T and 7T for the same volunteer in several ROI locations identified in Fig. 2. 

The data shown was zero-order phase corrected and demodulated based on the estimated 

field map for these plots to illustrate the complex-valued signal oscillations. Fits to Eq. 3 

with N = 1, 2, 3 components are shown as well as the fitting resiudals.
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Figure 5. 

Spatial characteristics of the ultrashort- and long- T2
∗ component maps using water- and fat-

frequency reconstructions. The UTE images and long- T2
∗ components show more clearly 

defined anatomical features with a water-frequency reconstruction, while the ultrashort- T2
∗

component is much more clearly defined with a fat-frequency reconstruction based fitting. 

The yellow arrows show apparent signal loss near the skull with the water-frequency 

reconstructions. The spatial blurring is exacerbated at 7T compared to 3T. At 7T, the fitting 

of the ultrashort- T2
∗ component failed near the frontal sinus as shown in the top of these 

images.
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Figure 6. 
Representative UTE images and parameter maps from a two-component fit at 3T. The 

parameter maps are only shown for regions with AIC values less than −260. The ultrashort- 

T2
∗ components were calculated based on the fat-frequency reconstruction. The ultrashort- T2

∗

component frequency offset, Δf1 − Δf2, includes correction for B0 inhomogeneity. The AIC 

maps show the fitting performed worse near the sinuses due to susceptibility shifts and in the 

cerebellum. Additional maps resulting from the fitting are shown in Supporting Fig. S2.
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Figure 7. 
Representative UTE images and parameter maps from a two-component fit at 7T. The 

parameter maps are only shown for regions with AIC values less than − 235. The ultrashort- 

T2
∗ components were calculated based on the fat-frequency reconstruction. The ultrashort- T2

∗

component frequency offset, Δf1 − Δf2, includes correction for B0 inhomogeneity. The AIC 

maps show the fitting performed worse near the sinuses due to susceptibility shifts and near 

the skull due to contamination from skull lipid signals. The AIC values were higher at 7T 

compared to 3T (Fig. 6). Additional maps resulting from the fitting are shown in Supporting 

Fig. S2.
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Figure 8. 

Whole-brain histograms of the T2
∗ and frequency offset, corrected for B0 inhomogeneity, of 

the ultrashort- T2
∗ component at 3T and 7T using a two-compartment signal model. The two 

volunteers shown approximately represent the range of values observed, and histograms for 

all 5 volunteers are shown in Supporting Fig. S3. The dashed lines indicate the median 

values across the entire brain but excluding regions of poor fitting based on the AIC with the 

same criteria as in Figs. 6 and 7.
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