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Abstract

Purpose—To investigate high contrast imaging of short T2 tissues with a three-dimensional 

double adiabatic inversion recovery prepared ultrashort echo time Cones (3D DIR-UTE-Cones) 

sequence.

Methods—The sequence employed two sequential adiabatic inversion pulses to suppress signals 

from long T2 tissues, followed by multispoke UTE acquisition to detect signals from short T2 

tissues. The two adiabatic inversion pulses are identical with a center frequency located at the 

water peak but the spectral width is broad enough to cover both water and fat frequencies. The 

feasibility of this technique was demonstrated through numerical simulation and phantom studies. 

Finally, DIR-UTE-Cones was applied to three healthy volunteers to image cortical bone, patellar 

tendon and Achilles tendon. T2* was also measured via single-component exponential fitting.

Results—Numerical simulation suggests that the DIR technique provides perfect nulling of 

muscle and fat as well as efficient suppression of other long T2 tissues with T1 values between fat 

and water or those above water. Excellent image contrast can be achieved with DIR-UTE-Cones 

for the short T2 tissues, with fitted T2* values of 0.28-0.38 ms for cortical bone, 0.56±0.07 ms for 

the patella tendon, and 0.45±0.06 ms for the Achilles tendon, respectively.

Conclusion—The 3D DIR-UTE-Cones sequence provides robust suppression of long T2 tissues 

and allows selective imaging as well as T2* measurement of short T2 tissues such as cortical bone, 

patellar tendon and the Achilles tendon.
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Introduction

Short T2 tissues or tissue components such as bone, calcified cartilage, ligaments, tendons, 

and myelin, are “invisible” with conventional clinical magnetic resonance imaging (MRI) 

pulse sequences because of the fast signal decay after excitation (1). Direct imaging of the 

short T2 tissues or tissue components have broad applications in musculoskeletal diseases 

such as osteoarthritis and osteoporosis, and neurological diseases such as multiple sclerosis. 

A variety of ultrashort echo time (UTE) sequences and their variants have been developed 

for this purpose (1-4). Creating high contrast for direct imaging of short T2 tissues or tissue 

components is a major challenge in UTE imaging as long T2 tissues may have much higher 

signal, thus compromising short T2 contrast (5). Suppression of signals from long T2 tissues 

is a critical step in enhancing short T2 contrast. Many techniques have been proposed for 

long T2 tissue suppression which can be categorized into two types: post processing with 

image subtraction or summation (6-8), and selective imaging of short T2 tissues with long T2 

saturation or inversion preparation (9-13).

The first type of approaches are always subject to signal-to-noise ratio (SNR) reduction due 

to image subtraction or summation as well as reduced image quality caused by the 

sensitiveness to susceptibility, B0 inhomogeneity and eddy currents. Besides, most 

subtraction or summation based methods require two separate UTE acquisitions, leading to 

increased scan time and potential motion artifacts. In contrast, only a single acquisition is 

needed for the second type of long T2 suppression methods. Several groups have developed 

techniques using long saturation pulses, followed by spoilers to selectively suppress signals 

from long T2 tissues (9-13). However, these techniques are sensitive to B1 and B0 

inhomogeneity, which may result in significant residual long T2 signal and therefore reduced 

short T2 contrast (5). The single inversion and nulling approach employs a long adiabatic 

inversion pulse to selectively invert and null long T2 water and fat magnetizations, with 

signals from short T2 tissues being selectively detected by subsequent UTE data acquisitions 

(14-20). This approach is relatively insensitive to B1 inhomogeneity because the adiabatic 

inversion pulse provides uniform inversion and nulling of long T2 magnetizations, on the 

condition that B1 is above the adiabatic threshold (21). However, long T2 water and fat 

typically have quite different T1 values and this precludes simultaneous nulling of both 

tissues with a single inversion pulse. To accommodate this, Du et al. proposed a dual 

inversion recovery UTE sequence in which two long adiabatic inversion pulses centered on 

the water and fat resonance frequencies, respectively, are applied to account for the T1 

differences between water and fat (22). High contrast imaging of calcified cartilage can be 

achieved with simultaneous suppression of signals from the superficial layers of articular 

cartilage and marrow fat. However, this approach is sensitive to B0 inhomogeneity due to the 

narrow bandwidth of the spectrally selective inversion pulse.

To overcome these challenges, we propose a new double inversion recovery prepared three-

dimensional UTE Cones (3D DIR-UTE-Cones) sequence for selective short T2 imaging. 

Two identical adiabatic inversion pulses with the same center frequency located at the water 

peak but the spectral width is broad enough are used to invert the longitudinal 

magnetizations of long T2 tissues. With specific inversion times, tissues with a broad range 

of T1s, such as fat and muscle, can be well suppressed or nulled simultaneously. It is also 
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insensitive to B1 inhomogeneity because of the adiabatic properties, and B0 inhomogeneity 

because of the relatively wide inversion pulse bandwidth. Furthermore, multispoke 

acquisition per DIR preparation can be incorporated, allowing for time-efficient volumetric 

imaging and T2* quantification of short T2 tissues ex vivo and in vivo on a clinical 3T 

scanner.

Theory

Features of the 3D DIR-UTE-Cones pulse sequence used in this study are shown in Figure 1. 

The two adiabatic inversion pulses (duration of ∼6 ms) with specific inversion recovery 

times of TI1 and TI2 are repeated every TR period (see Fig. 1A). Following the two adiabatic 

inversion pulses are Nsp separate k-space spokes or acquisitions with an equal time interval τ 
for fast data acquisition. T11 is defined as the time between the centers of the two adiabatic 

inversion pulses. TI2 is defined as the time from the center of the second adiabatic inversion 

pulse to the center spoke of the multispoke acquisition. A short rectangular pulse (duration 

of 26 to 52 μs) is used for non-selective signal excitation in each spoke (Fig. 1B), followed 

by 3D spiral trajectories with conical view ordering (Fig. 1C).

Adiabatic inversion pulses can effectively invert the longitudinal magnetizations of long T2 

tissues such as muscle and fat. They are also relatively immune to spatial B1 inhomogeneity 

because of the adiabatic properties (21). However, the longitudinal magnetizations of short 

T2 tissues (T2* in the range of 0.1 to 2 ms) are typically not inverted but saturated by the 

relatively long adiabatic inversion pulses. Here we introduce inversion efficiency factors Q1 

and Q2 for the two adiabatic inversion pulses with a range of -1 signifying full inversion to 1 

signifying no disturbance to the z-magnetization (17). Q1 and Q2 are equal to 0 in the 

condition of complete saturation.

To simplify the signal equations, T2* decay during the UTE excitation pulses is not taken 

into account (which is reasonable as the excitation pulse is much shorter than the T2*s of the 

tissues to be imaged). Within steady state, the longitudinal magnetization of the ith spoke is 

expressed as

[1]

where

[2]

[3]
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[4]

using the following definitions: ANsp = A(Nsp), BNsp = B(Nsp), E1 = exp(−TI1/T1), E2 = 

exp{−[TI2 − τ(Nsp − 1)/2]/T1}, E3 = exp{−[TR − TI1 − TI2 − τ(Nsp − 1)/2]/T1} and e1 = 

exp(−τ/T1). M0 is the signal intensity in the equilibrium state and α is the excitation flip 

angle. The explicit derivation of Mp can be found in the Appendix section.

For the short T2 tissues, both Q1 and Q2 are equal to 0. Then Mp becomes 0. Therefore Eq. 

[1] can be simplified to . Thus, the signal of the ith acquisition from the short T2 

component can be expressed as follows:

[5]

Long T2 Signal Suppression

When given specific TI1 and TI2 for the DIR preparation, it is possible to fully suppress 

signals from two tissues (such as muscle and fat) with different T1s at the same nulling 

point. To accelerate data acquisition, a multispoke acquisition is typically employed. When 

several spokes near the nulling point are acquired, long T2 signal suppression can still be 

achieved since excited transverse magnetizations before the nulling point are of opposite 

polarity to these acquired after the nulling point. Then these transverse magnetizations will 

cancel in the regridding process during image reconstruction.

The magnetizations of short T2 tissues (such as cortical bone) are not inverted, but are 

saturated by the two adiabatic inversion pulses. They recover to a positive longitudinal 

magnetization after each TI. However, the short T2 signal intensity is mainly determined by 

the second TI because the second adiabatic inversion pulse always saturates the short T2 

signal regardless of how much has recovered during the first TI. As a result, a longer TI2 

will generate higher short T2 signal.

An example illustrating how the magnetizations of fat, muscle and cortical bone change 

during the DIR prepared UTE sequence is shown in Fig. 2A. Since fat has a much shorter T1 

of around 340 ms compared with muscle which has a T1 of around 1400 ms at 3T (23), the 

fat magnetization recovers much faster than that of muscle after the first IR pulse. The 

magnetization of fat demonstrates a higher degree of inversion compared with muscle 

immediately after the second IR pulse. As a result, it is possible that both fat and muscle 

magnetizations go through the nulling point simultaneously with an appropriate choice of 

TI2. The near saturated cortical bone magnetization starts to recover after the second IR 

pulse and it recovers very fast due to a short T1 (24). High signal and contrast images of 

cortical bone will be generated when data acquisition starts near the nulling point.
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The final signal intensity is proportional to the magnetization averaging of the multispoke 

acquisitions:

[6]

A general framework to minimize signals from long T2 tissues for the DIR prepared 

sequence is expressed as follows:

[7]

Where NT1is the total number of long T2 tissues. T1j (j = 1, 2, …, NT1) is the T1 value of the 

jth long T2 tissue. Given TR, α, τ and Nsp, TI1 and TI2 can be determined by Eq. [7] to 

achieve optimized long T2 suppression. This framework applies for suppressing either a 

single tissue component with an individual T1 value, or a group of long T2 tissues with a 

range of T1 values.

Methods

The 3D DIR-UTE-Cones sequence (see Fig. 1) was implemented on a 3T whole body 

scanner (MR750, GE Healthcare Technologies, Milwaukee, WI). The Cones sequence used 

unique k-space trajectories that sampled data along evenly spaced twisting paths in the shape 

of multiple cones (19,25). Data sampling started from the center of k-space and twisted 

outwards. Data acquisition started as soon as possible after the RF excitation with a minimal 

nominal echo time of 32 μs The nominal echo time is defined as the time between the end of 

the rectangular pulse and the k-space center. The gradient and ADC delays were measured 

and used for sequence timing correction. Both RF and gradient spoiling were used to crush 

the remaining transverse magnetizations after each data acquisition. The 3D DIR-UTE-

Cones sequence allows for anisotropic resolution (e.g., high in-plane resolution and thicker 

slices) for much improved SNR and reduced scan time relative to isotropic imaging. Two 

adiabatic inversion pulses with the same duration of 6.048 ms, bandwidth of 1.643 kHz and 

maximum B1 amplitude of 17 μT were used to invert or saturate long T2 tissue components.

Simulation

Numerical simulation was performed to investigate the efficiency of the DIR preparation 

scheme in simultaneous suppression of signals from tissues with a range of T1s (200 to 2000 

ms). The T1 values of fat, muscle and bone are assumed to be 340, 1400 and 250 ms, 

respectively, and the proton density of bone is assumed to be 10 times less than fat and 

muscle. TR, α, τ and Nsp were 200 ms, 20°, 5 ms and 5, respectively. Optimal TI1 and TI2 

were determined by Eq. [7]. The signal suppression efficiency of the DIR preparation 

scheme against T1 was investigated.
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Phantom Study

A phantom was made by combining bovine cortical bone, vegetable oil and distilled water to 

simulate human tissue. An 8-channel transmit/receive knee coil was used for both RF 

transmission and signal reception. The phantom was scanned with multiple sequences, 

including clinical 3D gradient recalled echo (GRE), 3D UTE-Cones and 3D DIR-UTE-

Cones. The sequence parameters are listed as follows: 1) 3D GRE: TR = 15 ms, TE = 2.3 

ms, flip angle = 8°, FOV = 12×12×8 cm3, acquisition matrix = 256×256×20, and scan time 

of 1 min 9 sec; 2) 3D UTE-Cones: TR = 20 ms, TE = 32 μs, flip angle = 15°, FOV = 

12×12×8 cm3, acquisition matrix = 256×256×20, and scan time of 1 min 21 sec; 3) 3D DIR-

UTE-Cones: TR = 200 ms, TI1/TI2 = 100/45 ms and flip angle = 20°, Nsp = 5, FOV = 

16×16×21 cm3, acquisition matrix = 128×128×30, and four separate scans with TE = 32, 

200, 400 and 800 μs, each with scan time of 4 min 17 sec. To null signals of both oil (T1 ∼ 
340 ms) and saline (T1 ∼ 3s) simultaneously, TI1 and TI2 of the 3D DIR-UTE-Cones 

sequence were calculated to be 99.7 and 45.1 ms, respectively, according to Eq. [7].

In Vivo Study

In vivo imaging was performed on three healthy male volunteers with ages of 29, 31 and 44 

years. Informed consent was obtained from both subjects in accordance with guidelines of 

the institutional review board. An 8-channel transmit/receive knee coil was used for imaging 

of both tibial midshafts and knee joints, and a 10-channel receive-only flexible coil was used 

for imaging of the Achilles tendons. The sequence parameters used for imaging of the tibial 

midshafts are listed as follows: 1) 3D GRE: TR = 5.2 ms, TE = 2.4 ms, flip angle = 20°, 

FOV = 14×14×12 cm3, acquisition matrix = 256×256×20, and scan time = 32 sec; 2) 3D 

UTE-Cones: TR = 10 ms, TE = 32 μs, flip angle = 20°, FOV = 14×14×12 cm3, acquisition 

matrix = 256×256×20, and scan time = 1 min 15 sec; 3) 3D DIR-UTE-Cones: TR = 200 ms, 

TI1/TI2 = 100/45 ms and flip angle = 20°, Nsp = 5, FOV = 14×14×12 cm3, acquisition matrix 

= 128×128×20, and four separate scans with TE = 32, 200, 400 and 800 μs, with scan time = 

2 min 51 sec for each TE.

The sequence parameters used for imaging of the knee joints and Achilles tendons are listed 

as follows: 1) 3D GRE: TR = 10 ms, TE = 2.3 ms, flip angle = 12°, FOV = 16×16×6 cm3, 

acquisition matrix = 256×256×20, with fat saturation, scan time = 1 min 2 sec; 2) 3D UTE-

Cones: TR = 37 ms, TE = 32 μs, flip angle = 8°, FOV = 16×16×6 cm3, acquisition matrix = 

256×256×20, with fat saturation, scan time = 53 sec; 3) 3D DIR-UTE-Cones: TR = 300 ms, 

TI1/TI2 = 150/64 ms, flip angle = 20°, Nsp = 5, FOV = 16×16×6 cm3, acquisition matrix = 

128×128×20, and four separate scans with TE = 32, 200, 400 and 800 μs, with scan time = 4 

min 3 sec for each TE.

Data Analysis

The Levenberg-Marquardt algorithm was used to solve the non-linear minimization of Eq. 

[7]. A single exponential function was employed for T2* fitting of the multiple-TE DIR-

UTE-Cones data. All analysis algorithms were written in Matlab (The MathWorks Inc., 

Natick, MA, USA) and were executed offline on the DICOM images obtained by the 3D 

DIR-UTE-Cones acquisition protocols described above. For each fitting both T2* value and 

the fitting error were displayed. Mean and standard deviation of T2* values for various short 
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T2 tissues including cortical bone in the tibial midshaft, the knee joint and the ankle joint, 

the patellar tendon and the Achilles tendon were also reported.

Results

A numerical simulation example of fat-muscle suppression is shown in Fig. 2B. TI1 and TI2 

were 99.7 and 45.1 ms, respectively, for optimal fat and muscle suppression with a TR of 

200 ms. As can be seen from Fig. 2B, both fat and muscle signals are nulled. Tissues with 

T1s below or above T1 of bone are also well suppressed, suggesting that the DIR preparation 

scheme can provide efficient long T2 suppression with reduced T1 dependency. The bone 

signal curve is also plotted together with fat and muscle for comparison. It is necessary to 

mention that the x-axis is only applied to fat and muscle, but not to bone whose signal is 

purely determined by TI2.

Figure 3 shows images from the 3D DIR-UTE-Cones sequence on the bone phantom. With 

the conventional clinical 3D GRE sequence, bovine cortical bone shows as pure signal void 

with high signal from oil and water. The regular 3D UTE-Cones sequence shows some 

signal from cortical bone but poor contrast due to high signal from oil and water. With the 

new 3D DIR-UTE-Cones sequence, signal from oil and water are almost completely nulled, 

creating very high contrast for cortical bone. Fitting of the 3D DIR-UTE-Cones images with 

different TEs ranging from 0.032 to 0.8 ms demonstrated a short T2* of 0.35 ± 0.01 ms for 

bovine cortical bone. The small standard error suggests excellent single-component decay 

behavior.

Figure 4 shows in vivo imaging of the leg of a 29-year-old male volunteer. Similar to the 

phantom study, cortical bone shows as pure signal void with the clinical 3D GRE sequence. 

The regular 3D UTE-Cones sequence shows signal from the cortical bone but limited 

contrast since the surrounding muscle and fat have much higher signal intensities. In 

contrast, the 3D DIR-UTE-Cones sequence shows high signal from the cortex of the tibial 

midshaft, with near zero signal from both muscle and marrow fat. Tendons and aponeuroses 

as well as coil elements also show as high signal. These results confirm that the DIR 

technique allows nulling of both muscle and marrow fat, despite the large differences in T1 

relaxation times. Exponential fitting of the 3D DIR-UTE-Cones images with different TEs 

demonstrates a short T2* of 0.36 ± 0.02 ms for the tibial midshaft cortex in this volunteer.

Figure 5 shows in vivo images of the knee joint in a 31-year-old male volunteer. The clinical 

fat suppressed 3D GRE sequence provides high signal and contrast imaging of long T2 

tissues such as the femoral and tibial articular cartilage and muscle, with little or no signal 

from patellar tendon and cortical bone. The regular fat-saturated 3D UTE-Cones sequence 

shows similar results with little image contrast for patellar tendon and cortical bone, largely 

due to the high signal from long T2 tissues such as articular cartilage and muscle, although 

fat signal was suppressed using a chemical shift-based fat saturation pulse. Again, images 

from the 3D DIR-UTE-Cones sequence show high contrast for short T2 tissues such as 

patellar tendon and cortical bone, with excellent suppression of both long T2 water signals 

(such as muscle and articular cartilage) and marrow fat. Exponential fitting of the 3D DIR-

UTE-Cones images with different TEs demonstrates a short T2* of 0.3 ± 0.03 ms for the thin 
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layer of cortical bone and 0.38 ± 0.02 ms for the patellar bone in the knee joint, and slightly 

longer T2* of 0.5 ± 0.07 ms for the patellar tendon.

Figure 6 shows in vivo images of the ankle joint of a 29-year-old male volunteer. The 

clinical fat suppressed 3D GRE sequence provides near zero signal for cortical bone and the 

Achilles tendon with high signal for long T2 muscle. Both cortical bone and the Achilles 

tendon are still poorly visualized with the regular fat saturated 3D UTE-Cones sequence 

mostly due to the much higher signal from surrounding muscle. Fat signal was largely 

suppressed by the fat saturation pulse. Similar to results in the knee joint study, the 3D DIR-

UTE-Cones sequence shows excellent image contrast for both cortical bone and the Achilles 

tendon. Both muscle and marrow fat are efficiently suppressed by the DIR preparation pulse. 

Excellent exponential fitting of the 3D DIR-UTE-Cones images with different TEs was 

achieved for both cortical bone and the Achilles tendon, with fitted T2* values of 0.29 ± 0.01 

ms and 0.42 ± 0.05 ms, respectively.

Table 1 summarizes the mean and standard deviation of T2* values for cortical bone, patellar 

tendon and Achilles tendon for three healthy volunteers. As can be seen, very consistent T2* 

values were observed for those short T2 tissues in vivo, which further confirms the 

robustness of the DIR technique in suppressing long T2 signals (minimizing long T2 signal 

contamination when imaging short T2 tissues and measuring their T2*s).

Discussion

We have demonstrated in this study that the 3D DIR-UTE-Cones sequence can 

simultaneously suppress signals from long-T2 water and fat, and provide excellent image 

contrast for short-T2 tissues such as cortical bone, the patellar tendon and the Achilles 

tendon. Our simulation study suggests that the DIR technique provides perfect nulling of 

two tissues with distinct T1s such as muscle and marrow fat. In addition, the DIR technique 

provides good suppression of long T2 tissues whose T1s are between fat and water T1s, or 

slightly longer than water T1s. Our ex vivo and in vivo studies demonstrate the robust nature 

of the 3D DIR-UTE-Cones sequence in suppressing long T2 water and fat signals in the 

lower extremity, the knee joint and the ankle joint. Furthermore, the 3D DIR-UTE-Cones 

sequence allows quantitative imaging of short T2 tissues with excellent T2* measurement.

The new DIR preparation scheme bears some similarity with our older version of dual 

inversion recovery preparation (22). Both techniques are based on the inversion and nulling 

concept, employing two adiabatic inversion pulses to null signals from tissues with two 

distinct T1s. In the previous dual inversion recovery preparation scheme, the two adiabatic 

inversion pulses were applied at two distinct resonance frequencies to cover the expected 

water and fat peaks, respectively. UTE acquisitions began when the inverted longitudinal 

magnetizations of water and fat reached the nulling point. The major challenge associated 

with this technique was the requirement of two adiabatic inversion pulses with relatively 

narrow, but separate spectral profiles. Any overlap between the two spectral profiles 

potentially resulted in re-inversion of the long T2 magnetization, leading to imperfect signal 

nulling and thus long T2 signal contamination. Further, this technique was sensitive to off-

resonance effects. When the peak frequencies of fat and water were shifted out of the 
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spectral coverage, due to susceptibility such as from air-tissue interfaces or other factors, the 

dual inversion recovery technique would fail, leading to long T2 signal contamination. 

Moreover, this technique was less efficient in the setting of multiple tissues with T1 values 

away from the T1s of water and fat.

On the other hand, the new DIR preparation scheme employs two identical adiabatic 

inversion pulses with relatively broad spectral coverage of 1.643 kHz. Both pulses are 

centered on the water peak but broad enough to cover various fat peaks (26). As a result, the 

DIR scheme is insensitive to off-resonance effects, providing excellent long T2 suppression 

even for tissues with boundaries near air, as demonstrated in the in vivo studies of knee and 

ankle joints. There is little residual signal from water and fat near the skin where long T2 

suppression is typically more challenging. The DIR preparation scheme is insensitive to B1 

inhomogeneity as long as the amplitudes of both inversion pulses are above the adiabatic 

threshold (21). More importantly, the new DIR technique provides efficient suppression of 

tissues with a broad range of T1s. This is a major advantage over the single adiabatic 

inversion recovery or dual adiabatic inversion recovery preparation techniques where signal 

from the skin is less suppressed likely due to different T1 values as well as off-resonance 

associated with the air-tissue interface (17, 22). The olefinic protons in the fatty acid chains 

which are located close to the water peak are typically difficult to suppress with single or 

dual adiabatic inversion recovery preparation, and are expected to be better suppressed with 

the DIR preparation scheme (26). In addition, the single IR expression can be easily derived 

from the proposed DIR frame by setting Q1 or Q2 to 1 (19).

The bone signal reduction can be calculated by S = M0E2 for a single spoke acquisition, 

which is derived from Eq. [5]. With a T1 of 250 ms and TI2 of 64ms, the bone signal 

reduction is 0.77 M0. Though large amounts of bone signal have not been acquired, the DIR-

UTE-Cones images still show high bone contrast since soft tissues signals were almost 

suppressed perfectly. In addition, the DIR-UTE-Cones is less time-efficient than the 

conventional UTE-Cones sequence since a DIR preparation is used. With the same TR of 

200 ms and excitation flip angle of 20°, the specific absorption ratios (SAR) are 1.5 W/kg 

and 0.1W/kg detected by SAR monitor for the DIR-UTE-Cones and conventional UTE-

Cones sequences respectively. Though the SAR of DIR-UTE-Cones is much higher than 

conventional UTE-Cones sequence, it remains far below the SAR limit of 12 W/kg for knee 

imaging.

The DIR-UTE-Cones sequence can readily be used for imaging of other short-T2 species, 

such as the calcified cartilage where simultaneous suppression of superficial layers of 

articular cartilage and marrow fat is essential for high contrast imaging of calcified cartilage 

(22). Other applications include direct imaging of myelin protons in white matter of the 

brain and spinal cord, where efficient suppression of water protons is essential for selective 

imaging of myelin protons (27-29). Different groups of water protons, such as those in 

cerebrospinal fluid, extra- and intra-cellular water and water trapped in the myelin bilayers 

may have different T1s (30). The DIR-UTE-Cones sequence may provide more efficient 

suppression of the various water groups regardless of their different T1s, therefore greatly 

improving the specificity in myelin imaging. Future work will be performed on optimizing 

the DIR-UTE-Cones sequence for volumetric myelin mapping ex vivo and in vivo.
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Since the DIR-UTE-Cones sequence allows selective imaging of short T2 tissues, it can also 

be used for quantitative evaluation of T1 and T2* relaxation times as well as proton density. 

Long T2 signal contamination is typically a major source of error in quantitative UTE 

imaging (5). The DIR-UTE-Cones acquisition together with a calibration phantom may also 

provide volumetric mapping of proton density for short T2 tissues.

This study has several limitations. First, the efficiency of the 3D DIR-UTE-Cones sequence 

in terms of signal to noise ratio (SNR) and contrast to noise ratio (CNR) per unit acquisition 

time has not been evaluated or compared with existing techniques such as single or dual 

adiabatic inversion recovery preparation based techniques, on-resonance or off-resonance 

saturation based techniques, and subtraction or summation based techniques. We have only 

demonstrated the technical feasibility of the 3D DIR-UTE-Cones sequence in providing high 

contrast volumetric imaging of short T2 tissues ex vivo and in vivo. Second, the 3D DIR-

UTE-Cones sequence has only been investigated in imaging short T2 tissues in the 

musculoskeletal systems including the knee and ankle joints. This technique may have broad 

applications in neurological, body or vascular diseases such as myelin centric or 

leukodystrophic disorders and soft tissue calcifications in the breast or carotid plaques.

Conclusion

The 3D DIR-UTE-Cones sequence provides robust suppression of long T2 tissues with a 

broad range of T1s, and allows selective imaging of short T2 tissues such as cortical bone, 

patellar tendon and the Achilles tendon ex vivo and in vivo on a clinical 3T scanner. The 3D 

DIR-UTE-Cones sequence also provides quantitative information such as estimation of T2* 

relaxation time without long T2 signal contamination.
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Refer to Web version on PubMed Central for supplementary material.
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Appendix

The element timing of the DIR multispoke sequence is shown in Supporting Figure S1. t1 is 

the duration between the second IR pulse and the first excitation pulse. t2 is the duration 

between the last excitation pulse and the first IR pulse. Mz,1, Mz,2, Mz,3, Mz,4 and Mp are 

the longitudinal magnetizations after the last excitation pulse, before the first IR pulse, after 

the first IR pulse, before the second IR pulse and after the second IR pulse, respectively. 

According to Bloch equations, the relations of the above five magnetizations are expressed 

as follows:

[A1]
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[A2]

[A3]

[A4]

[A5]

where t1=TI2−τ(Nsp−1)/2]/T1 and t2=TR−TI1−TI2−τ(Nsp−1)/2]/T1. ANspand BNsp are 

defined in the Theory section. Thus, Mp is determined from Eq. [A1]-[A5], whose final 

expression is shown in Eq. [4].
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Figure 1. 
The 3D DIR-UTE-Cones sequence employs two adiabatic inversion pulses for long T2 

suppression, followed by 3D UTE-Cones data acquisition (A). In the basic 3D UTE-Cones 

sequence a short rectangular pulse is used for signal excitation followed by 3D spiral 

sampling with a minimal nominal TE of 32 μs (B). The spiral trajectories are arranged with 

conical view ordering (C). To speed up data acquisition, multiple spokes can be sampled 

after each long T2 preparation (A).
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Figure 2. 
With DIR preparation, two adiabatic inversion pulses are applied sequentially using two 

different inversion times of TI1 and TI2 to invert and null the longitudinal magnetizations of 

long T2 muscle and fat, followed by multispoke 3D UTE-Cones data acquisition (A). 

Numerical simulation shows high contrast imaging of cortical bone with excellent 

suppression of tissues with a broad range of T1s including muscle and fat (B).
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Figure 3. 
Evaluation of the 3D DIR-UTE-Cones sequence on a phantom consisting of a piece of 

bovine cortical bone soaked in pure corn oil and distilled water. The clinical 3D GRE 

sequence shows high signal for corn oil and water but zero signal for bone (A). The basic 3D 

UTE-Cones sequence shows high signal for oil and water, and low signal for bone with little 

contrast (B). The 3D DIR-UTE-Cones sequence shows simultaneous suppression of oil and 

water, providing excellent image contrast for cortical bone with TEs of 0.032 ms (C), 0.2 ms 

(D), 0.4 ms (E), and 0.8 ms (F). Excellent single-component fitting was achieved for bovine 

cortical bone demonstrating a short T2* of 0.35 ± 0.01 ms (G).
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Figure 4. 
In vivo imaging of the left leg of a 29-year-old male volunteer with a clinical 3D GRE 

sequence where cortical bone shows as a pure signal void (A). The basic 3D UTE-Cones 

sequence shows cortical bone signal, but with low contrast (B). The 3D DIR-UTE-Cones 

sequence shows simultaneous suppression of muscle and marrow fat, providing excellent 

image contrast for cortical bone, tendons and aponeurosis with TEs of 0.032 ms (C), 0.2 ms 

(D), 0.4 ms (E), and 0.8 ms (F). Excellent single-component fitting was achieved for tibial 

midshaft cortex with a short T2* of 0.36 ± 0.01 ms (G).
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Figure 5. 
In vivo imaging of the knee joint of a 31-year-old male volunteer with a clinical 3D GRE 

sequence where cortical bone and patellar tendon show as pure signal void (A). The basic 

3D UTE-Cones sequence shows little contrast for cortical bone and patellar tendon (B). The 

3D DIR-UTE-Cones sequence shows simultaneous suppression of muscle and marrow fat, 

providing excellent image contrast for cortical bone (ROIs #1 and #2), patellar bone (ROI 

#3) and patellar tendon (ROI #4) with TEs of 0.032 ms (C), 0.2 ms (D), 0.4 ms (E), and 0.8 

ms (F). Excellent single-component fitting was achieved for cortical bone demonstrating a 

short T2* of 0.30 ± 0.02 ms for ROI #1 (G) and 0.32 ± 0.03 ms for ROI #2 (H), and for 

patellar bone demonstrating a short T2* of 0.38 ± 0.02 ms for ROI #3 (I) and for patellar 

tendon demonstrating a short T2* of 0.52 ± 0.03 ms for ROI #4 (J).

Ma et al. Page 17

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
In vivo imaging of the ankle joint of a 29-year-old male volunteer with a clinical 3D GRE 

sequence where cortical bone and the Achilles tendon show as pure signal void (A). The 

basic 3D UTE-Cones sequence shows little contrast for cortical bone and the Achilles 

tendon (B). The 3D DIR-UTE-Cones sequence shows simultaneous suppression of muscle 

and marrow fat, providing excellent image contrast for cortical bone (ROI #1) and the 

Achilles tendon (ROI #2) with TEs of 0.032 ms (C), 0.2 ms (D), 0.4 ms (E), and 0.8 ms (F). 

Excellent single-component fitting was achieved for cortical bone in the ankle demonstrating 

a short T2* of 0.29 ± 0.01 ms (G), and for the Achilles tendon demonstrating a short T2* of 

0.42 ± 0.05 ms (H).
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