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Abstract

Purpose: To investigate the effects of B0 and linear eddy currents on ultrashort echo time double 

echo steady state (UTE-DESS) imaging and determine whether eddy current correction (ECC) 

effectively resolves imaging artifacts caused by eddy currents.

Method: 3D UTE-DESS sequences based on either projection radial or spiral cones trajectories 

were implemented on a 3T clinical MR scanner. An off-isocentered thin-slice excitation approach 

was used to measure eddy currents. The measurements were repeated four times using two sets 

of tested gradient waveforms with opposite polarities and two different slice locations to measure 

B0 and linear eddy currents simultaneously. Computer simulation was performed to investigate the 

eddy current effect. Finally, a phantom experiment, ex vivo experiment with human synovium and 

ankle samples, and in vivo experiment with human knee joints were performed to demonstrate the 

effects of eddy currents and ECC in UTE-DESS imaging.

Results: In a computer simulation, the two echoes (S+ and S−) in UTE-DESS imaging exhibited 

strong distortion at different orientations in the presence of B0 and linear eddy currents, resulting 

in both image degradation as well as misalignment of pixel location between the two echoes. 

The same phenomenon was observed in the phantom, ex vivo, and in vivo experiments, where 

the presence of eddy currents degraded S+, S−, echo subtraction images, and T2 maps. The 

implementation of ECC dramatically improved both the image quality and image registration 

between the S+ and S− echoes.

Conclusion: ECC is crucial for reliable morphological and quantitative UTE-DESS imaging.
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In ultrashort echo time double echo steady state (UTE-DESS) imaging, eddy current correction 

(ECC) dramatically improved short T2 contrast in the weighted echo subtraction image by 

resolving the misalignment of pixels between the S+ and S− images (red arrows). Fine structures 

affected by the boundary effect were more clearly detected with ECC in the echo-subtracted image 

and the T2 map (yellow and black arrows).
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INTRODUCTION

Double echo steady state (DESS) imaging has been investigated extensively in 

musculoskeletal (MSK) (1–8) and neuro (9–14) magnetic resonance imaging (MRI) because 

of the short scan time and flexible image contrast made possible by the combination of a free 

induction decay (FID)-like S+ signal and stimulated echo-based S− signal. Simple signal 

averaging is commonly used to combine the S+ and S− signals and has shown efficacy in 

delineating cartilage in MSK imaging as well as nerve in neuro imaging with high contrast. 

Another way to combine the S+ and S− signals is the signal model of DESS imaging based 

on the Bloch equation for steady state free precession, an approach which has been used to 

estimate both T2 and diffusivity (15–18). More recently, ultrashort echo time (UTE)-based 

DESS (UTE-DESS) has been investigated in combination with either conventional 3D radial 

sampling or the more efficient 3D spiral cones sampling (19,20). The UTE-DESS sequence 

has been evaluated in morphological imaging of the human knee joint where weighted echo 

subtraction between S+ and S− signals achieved an image contrast that was specific to 

tissues with short T2 values (so-called “short T2 tissues”). The feasibility of T2 mapping 

using UTE-DESS has also been demonstrated.

In a spin system, the residual dephasing moment of spin (or “gradient moment”) should 

remain unchanged by the end of each repetition time (TR) to establish steady state 

in transverse magnetization. In conventional DESS imaging, this can be achieved by 

simply rewinding the phase encoding gradients (to achieve balance) and extending the 

read-out gradient or applying an additional spoiling gradient in any desired direction (i.e., 
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unchanged). Consequently, unipolar read-out gradients are applied to encode both S+ and S− 

signals. Alternatively in UTE-DESS imaging, 3D radial encoding gradients are rotated over 

TRs to cover a sphere of k-space. In this scheme, a pair of bipolar gradients is utilized, 

where the first center-out gradient (i.e., read-out) is rewinded by the second fly-back 

gradient (i.e., read-in). The center-out and fly-back gradients are of opposite polarity but of 

the same gradient moment to achieve balance. An additional spoiling gradient is interleaved 

to separate k-spaces for the S+ and S− signals.

In MRI, the eddy current effect is a major technical challenge that must be overcome in 

the pursuit of artifact-free imaging. In an electrical circuit, eddy current is generated by 

a time-varying magnetic field, where intensity is proportional to the slew rate and decays 

exponentially with a certain time constant. Given the complicated hardware structure of 

the modern MRI system, it is not surprising that various hardware components have the 

potential to generate individual eddy currents with a variety of time constants. The net eddy 

current of a single MRI system can be modeled as a summation of exponential decays 

with different time constants. The eddy current generated inversely introduces an additional 

magnetic field which is typically modeled as a polynomial of the spatial coordinates, namely 

x, y, and z (21). The 0-th order term (i.e., the constant term) is typically referred to as the 

B0 eddy current, whereas the first-order term (i.e., linear to x, y, or z) is referred to as the 

linear eddy current. The B0 eddy current generates a constant but time-varying magnetic 

field which causes additive phase error in the acquired k-space data due to a fluctuating 

B0 field. The linear eddy current generates a linear magnetic field in space which mimics 

a gradient field, which in turn distorts a gradient waveform that results in a distorted 

k-space trajectory. Higher order eddy currents generate non-linearly varying magnetic fields 

in space, which can also cause unexpected distortion in images. Compared to conventional 

Cartesian imaging, UTE imaging is known to be more sensitive to eddy currents and can 

suffer from unwanted image artifacts such as blurriness, incorrect field of view (FOV), and 

morphological distortion (22,23). Previous studies have shown that eddy current correction 

(ECC) in UTE imaging is an effective way to avoid such issues (22–25).

For UTE-DESS imaging, Chaudhari et al. incorporated Brodski’s method (26) to measure 

linear and B0 eddy currents based on the Duyn’s thin slice excitation scheme (27). However, 

to the best of our knowledge, the effect of eddy currents in UTE-DESS imaging has 

not yet been demonstrated in depth. Unlike conventional UTE imaging which utilizes a 

mono-polar readout gradient to acquire multiple gradient echoes (28), UTE-DESS utilizes 

a pair of balanced bipolar readout gradients (i.e., center-out and fly-back). Therefore, it is 

expected that S+ and S− would be affected by eddy currents with different characteristics, 

resulting in a discrepancy between the two echoes which could lead to critical issues in 

both morphological and quantitative UTE-DESS imaging. In this study, we demonstrate 

the effects of B0 and linear eddy currents and further elucidate the importance of ECC for 

reliable UTE-DESS imaging. A thin slice excitation scheme was utilized to measure these 

eddy currents (26,27,29) and the effects of eddy currents and ECC were demonstrated in a 

phantom experiment, ex vivo experiment with human synovium and ankle specimens, and in 

vivo experiment with human knee joints.
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METHODS

Pulse sequence - UTE-DESS

Figures 1A and 1B illustrate pulse sequences for UTE-DESS imaging. Our UTE-DESS 

sequence was implemented on a 3T clinical MR system (MR750, GE Healthcare, 

Milwaukee, WI, USA) which can be operated in two different modes: 3D projection 

radial (PR) mode (Figure 1A) and 3D spiral cones mode (Figure 1B). “PR-mode” can 

be achieved by straightening the spiral arms. Note that the encoding gradients are designed 

differently for each cone (with a unique polar angle) which allows more efficient encoding 

for anisotropic imaging. In our implementation of the UTE-DESS sequence, 16 sets of 

gradients for 16 basis cones were initially generated. The gradient waveforms in other 

polar angles (typically ~100–200 cones) were generated by linearly combining the 16 basis 

gradient sets. We implemented this approach to prevent potential memory issues on the 

scanner and to speed up the pulse generation, thereby reducing scan preparation time.

To achieve steady state magnetization in UTE-DESS, a short hard radiofrequency (RF) 

pulse is repetitively applied at every TR (Figures 1A and 1B). Balanced bipolar read-out/

read-in gradients, interleaved by a spoiling gradient, are applied. The read-out/read-in 

gradients rotate over TRs to cover each conical surface, while the spoiling gradients remain 

unchanged. In contrast with conventional UTE imaging where the minimum echo time 

(TE) is determined by RF coil deadtime (i.e., blind time following a RF pulse due to 

the RF mode switching between transmit and receive), the minimum TE in UTE-DESS 

imaging is determined by additional delay factors in the MR system including gradient 

delay, RF deadtime before and after RF pulse, and preparation time before the next TR. In 

the MR system used in this study (GE MR750), the minimum TE was 84 μs. Though the 

maximum gradient amplitude allowed by this clinical whole-body scanner was 50 mT/m, 

this parameter was further constrained to 90% of the hardware maximum (i.e., 45 mT/m) for 

the UTE-DESS sequence to ensure safe operation as well as linearity of the gradient field.

ECC based on thin slice off-isocenter excitation

Figures 1C and 1D show the pulse sequences that were used to measure the B0 and linear 

eddy currents at the same time for UTE-DESS in PR-mode and cones-mode, respectively. 

The ECC is based on measurement of the phase evolution within a thin slice excited at 

an off-isocentered location (26,27,29). While the example portrayed in Figures 1C and 1D 

show two bipolar encoding gradients being used specifically in PR-mode or cones-mode, 

these encoding gradients can be replaced with any gradient waveform. Unfortunately, it is 

very difficult to precisely model the eddy currents generated from all the signal pathways 

in DESS imaging because the steady state S+ and S− signals are produced by FID and 

stimulated echoes that originate from multiple pathways. Therefore, our study targeted 

investigation of short-lasting eddy currents, and ECC was performed based on two bipolar 

read-out/read-in gradients. ECC for the spoiling gradient was not considered under the 

assumption that the effects of eddy currents from the spoiling gradient are balanced and, 

therefore, canceled on the pathway towards forming the S− signal (i.e., time-reversed). This 

is a reasonable proposition given that the spoiling gradient remains unchanged throughout 

the imaging process.
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To simultaneously measure B0 and linear eddy currents, the measurements were repeated 

with four different settings as proposed by Brodsky et al. (26): two opposite gradient 

polarities, G and −G (orange and blue lines, respectively, in Figures 1C and 1D), and two 

different locations of slice selection, x0 and −x0 (green and red lines, respectively, in Figures 

1C and 1D). Based on these four measurements, k-space trajectory, k, and the phase error 

induced by the B0 eddy currents, ϕ, under the prescribed gradient waveform, are calculated 

based on the simple algebraic equations,

k(t) = (ψ G, x0, t − ψ −G, x0, t − ψ G, − x0, t + ψ −G, −x0, t )/(4x0)

and

ϕ(t) = (ψ G, x0, t − ψ −G, x0, t + ψ G, − x0, t − ψ −G, −x0, t )/4, (1)

where ψ G, x0, t  is phase information at an encoding time delay, t, measured with a gradient 

waveform, G, and a slice location, x0.

Because it is prohibitively time-consuming to measure all spokes for 3D imaging (which 

typically number between ~5,000 and 80,000 spokes), our study used a more time-efficient 

approach based on the linear time invariant (LTI) assumption of a gradient system. With 

this approach, only basis gradient waveforms need to be measured, though it’s notable that 

the rotation of each spoke must be considered to compensate for not only rotation in the 

x-y plane (which is intended to cover a conical surface in 3D cones imaging) but also 

rotation that is due to the oblique logical imaging plane. Therefore, gradient waveform 

measurements must be repeated in all three physical axes to capture any changes to k and ϕ
that may be induced by rotation.

Gi, j, x, Gi, j, y, and Gi, j, z are defined as the i-th gradient waveform (with i = 1, 2, and 3 

corresponding to the generated x, y, and z gradient waveforms) in the j-th cone (with j 
= 1 through 16 in this study), measured in the physical x, y, or z axis. For example, G3,2, x, 

indicates the z-gradient (i.e., i = 3, which corresponds to the z gradient waveform) in the 

second basis cone measured in the physical x-axis. The same convention is used for k and 

ϕ. The rotated gradient waveform can be expressed as a linear combination of the measured 

gradients as follows:

Gx, j(φ) = r11 G1, j, xcosφ + G2, j, xsinφ + r12 −G1, j, xsinφ + G2, j, xcosφ + r13G3, j, x ,

Gy, j φ = r21 G1, j, ycosφ + G2, j, ysinφ + r22 −G1, j, ysinφ + G2, j, ycosφ + r23G3, j, y ,

and

Gz, j φ = r31 G1, j, zcosφ + G2, j, zsinφ + r32 −G1, j, zsinφ + G2, j, zcosφ + r33G3, j, z , (2)
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where φ is the in-plane angle to rotate a radial or spiral spoke in the logical x-y plane. 

rmn represents an element in the m-th row and n-th column in a 3×3 rotation matrix, R, 

which transforms a coordinate from the logical imaging plane to the physical gradient plane. 

Gx, j(φ), Gy, j(φ), and Gz, j(φ) denote the rotated gradient waveforms for the j-th basis cone 

within the noted physical coordinate system after in-plane rotation with an angle of φ.

In this study, k and ϕ, not gradients, were directly measured. However, the same linear 

combination as in Equation 2 can be directly applied to calculate k and ϕ with any rotations 

because k is determined by integration of the gradient, and ϕ is determined by the first 

derivative of the gradient in the time domain. Detailed equations can be found in the 

Appendix.

Computer simulation

To demonstrate the issue caused by eddy currents in bipolar radial gradient recalled 

echo (GRE) acquisition, a 2D computer simulation was performed using Matlab R2017b 

(MathWorks, Natick, MA, USA). First, a 2D digital phantom (i.e., Shepp-Logan phantom) 

was generated for input. Then, trapezoidal gradients were generated for 2D radial imaging 

using the following parameters: FOV = 240 × 240 mm2, matrix = 256 × 256, 401 spokes, 

maximum gradient slew rate = 150 mT/m/ms, maximum gradient amplitude = 30 mT/m, 

readout bandwidth (rBW) = 250 kHz, dwell time = 4 μs, and the number of sampling 

points in a spoke = 246 with 2x oversampling. Based on the simulated gradients and 

the corresponding k-space trajectories, the reference phantom image was resampled using 

non-uniform fast Fourier transform (NuFFT) to produce the reference k-space data.

To simulate linear eddy current, a simple impulse response based on single exponential 

model, he(t) was adopted as follows:

ℎe t = me−t/τc t ≥ 0
0 t < 0

, (3)

where m denotes magnitude of the eddy current and τc denotes time constant of the 

exponential decay in the impulse response. The parameters for this simulated eddy current 

were based on measurements reported in the literature (29–31): the B0 eddy current was 

simulated with τc of 300 μs and m of 0.5 × 10−3 (29,30), while the linear eddy current 

was simulated with τc of 100 μs and m of 5 × 10−3 (30,31). Though, in reality, impulse 

response typically results from a combination of eddy currents with different time constants 

and amplitudes, this experiment simulated only a single component for the purposes of 

demonstration.

The simulated impulse response was then convolved with the first derivative of the input 

gradient to yield the B0 and linear eddy currents as follows:

Be t = − dG t
dt ⨂ ℎe t , (4)
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where G t  is an input gradient and ⨂ is a convolution operator. The magnetic field, Be t , 

generated by the linear eddy current is equivalent to the additional (gradient field-distorting) 

gradient shape, G t . Therefore, the distorted gradient was calculated as G t + Be t . Using 

the resultant distorted k-space trajectory, the 2D digital phantom image was resampled 

to yield k-space data using an inverse gridding scheme. The B0 eddy current causes 

accumulated phase error over encoding time, te, which can be modelled as γ∫0
teBe t dt (where 

γ = the gyromagnetic ratio of a proton). The phase error calculated at each te was then added 

to the corresponding k-space data to simulate the B0 eddy current’s effect.

Imaging Experiments

The UTE-DESS sequence was implemented on a 3T clinical MR system (GE MR750) to 

evaluate the effects of eddy currents and the efficacy of ECC in phantom, ex vivo, and 

in vivo experiments. In the phantom experiment, a GE resolution phantom was used. In 

the ex vivo experiments, human synovium tissue from a total knee replacement surgery 

(60-year-old patient with osteoarthritis) and three cadaveric human ankle specimens (39-, 

41-, and 91-year-old donors) were scanned. In the in vivo experiment, the knee joints of 

five healthy volunteers (aged 40.6 ± 7.1) were scanned. All human subjects research was 

performed in compliance with the guidelines of the Human Research Protections Program at 

the University of California, San Diego, and written informed consent forms were collected 

from all subjects.

The GE phantom was scanned using a body coil with the following imaging parameters for 

UTE-DESS imaging: 1) 3D PR trajectory: flip angle (FA) = 20 °, FOV = 200 × 200 × 120 

mm3, matrix = 200 × 200 × 60, rBW = 250 kHz, TR = 5 ms, nominal TE for S+ (TES+) = 

88 μs, number of spokes = 64,807, and scan time = 5 minutes 24 seconds, 2) 3D spiral cones 

trajectory: parameters matched to PR-mode except for number of spokes = 23,009 and scan 

time = 1 minutes 55 seconds.

For the ex vivo synovium experiment, the harvested synovium tissue was soaked in saline in 

a 30-mL syringe, then scanned using a homemade 30cc transmit/receive solenoid coil with 

the following imaging parameters for UTE-DESS imaging with 3D spiral cones trajectory: 

FA = 30 °, FOV = 60 × 60 × 32 mm3, matrix = 200 × 200 × 80, rBW = 125 kHz, TR = 21 

ms, TES+ = 88 μs, number of spokes = 90,911, and scan time = 31 minutes 41 seconds.

For the ex vivo ankle experiment, the posterior sides of three fresh-frozen ankle specimens 

were dissected to include the entire Achilles tendon and most of the calcaneus bone. 

The specimens were cut while frozen using a commercial bandsaw, then soaked in 

fomblin to minimize dehydration and air-tissue susceptibility. MRI was performed using a 

transmit/receive birdcage wrist coil (Mayo Clinic, Rochester, MN, USA) with the following 

parameters for UTE-DESS with 3D spiral cones trajectory: FA = 10 °, FOV = 120 × 120 × 

100 mm3, matrix = 220 × 220 × 50, rBW = 125 kHz, TR = 8.1 ms, TES+ = 88 μs, number of 

spokes = 60,277, and scan time = 8 minutes 9 seconds.

For the in vivo knee experiment, five healthy volunteers underwent knee imaging with an 

8-channel transmit/receive knee coil (GE Healthcare) with the following imaging parameters 
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for UTE-DESS with 3D spiral cones trajectory: FA = 10 °, FOV = 130 × 130 × 120 mm3, 

matrix = 256 × 256 × 60, rBW = 250 kHz, TR = 4.9 ms, TES+ = 88 μs, number of spokes = 

58,303, and scan time = 4 minutes 46 seconds.

The eddy currents were measured for each acquisition using a body coil with the following 

imaging parameters: slice location (x0) = 20 mm, slice thickness = 0.3 mm, FA = 20 °, TR = 

50 ms, number of excitations (NEX) = 10, and scan time = 4 minutes 48 seconds. The eddy 

current measurement was performed only once when the protocol was initially set up.

Data Processing

The data acquired for ECC were processed using Matlab. First, the raw phase data was 

processed with a 1D phase unwrapping algorithm provided in Matlab, then a simple 

algebraic calculation proposed by Brodsky et al. (26) was performed to yield k-space 

trajectory, k, and the phase error induced by the B0 eddy currents, ϕ, for all basis gradients. 

Then, the measured ks and ϕs were linearly combined based on Equations A1–A4 to yield 

k-space trajectories and phase errors for all spokes.

All UTE-DESS images were reconstructed offline using homemade codes written in Matlab 

based on NuFFT (32). The images were reconstructed with nominal k-space trajectory and 

measured k-space trajectory, respectively, to evaluate the efficacy of ECC for the linear eddy 

currents, and with or without correction of ϕ.

To demonstrate the effect of ECC in parameter mapping, a simple T2 mapping based on a 

spin echo model was performed using the S+ and S− images based on the equation T2 = − 

(2TR − 2TES+)/ln(S−/S+), without corrections for B1 inhomogeneity or diffusion weighting. 

Between T2 maps without ECC (T2) and with ECC (T2, ECC), absolute error was calculated 

as |T2 − T2, ECC|, and percent error was calculated as |T2 − T2, ECC|/T2, ECC x100. In three 

ex vivo ankle joints and five in vivo knee joints, regions of interest (ROIs) were manually 

drawn in the Achilles tendon and patellar tendon, respectively, based on the images acquired 

with ECC. The mean values of the T2 parameters without and with ECC were calculated.

RESULTS

Computer Simulation

Figure 2A shows a simulated linear eddy current with a given trapezoidal readout gradient 

used for the simulation of S+. The linear eddy current in the S− echo, not shown in the 

figure, was simulated by using the same gradient waveform in the opposite polarity and 

yielded an eddy current in the opposite direction. Figures 2B and 2C show the simulated 

k-space trajectory for S+ and S−, respectively, on a normalized scale (i.e., 1.0 corresponds 

to the k-space coordinate for a desired spatial resolution that is 500 cycles/meter in this 

simulation). The k-space trajectory deviated from the nominal trajectory due to the linear 

eddy current. The trajectory for S− (Figure 2C) showed a higher degree of distortion due 

to the error accumulated during a longer signal pathway: center-out followed by fly-back. 

Figures 2D, 2E, and 2F show simulated phase error, ϕ, maps induced by B0 eddy current in 

the S+ and S− acquisitions, and 1D profiles of the resultant point spread functions (PSFs). 
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For the S+ acquisition, a nearly linear phase error was exhibited in the diagonal direction 

of k-space (Figure 2D), while a more complicated non-linear phase error was exhibited in 

the S− acquisition (Figure 2E). This is because B0 eddy current accumulates in a longer 

signal pathway for S− echo. A central 1D profile of the resultant PSFs (Figure 2F) shows 

a discrepancy where the PSFs are shifted in opposite directions between S+ and S−, a 

consequence of the phase error ramping in opposite diagonal directions in S+ and S−, as 

shown in Figures 2D and 2E.

The reconstructed images from the computer simulation are shown in Figure 3A. The S+ 

image was less affected by the linear and B0 eddy currents than the S− image. Figure 3B 

shows a strong boundary effect in the diagonal direction in the difference image between 

S+ and S−, implying misalignment of pixels due to the shift in opposite directions. This 

confirms the findings of Figure 2.

Phantom Experiment

Figure 4 shows results from the phantom experiment based on PR-mode UTE-DESS 

imaging. Figure 4A shows the measured trajectory for an exemplary radial spoke on a 

k-space plane at kz = 0. A slightly derated trajectory was observed, but no dramatic deviation 

was shown in either the S+ or S− trajectory. The measured ϕ showed nearly linear and non-

linear phase error across k-space for S+ and S−, respectively (Figure 4B). The phase error in 

Figure 4B spanned from approximately −0.7 to 0.7 radians, similar to the patterns estimated 

during the previously performed computer simulation (Figures 2D and 2E). The difference 

image without ECC in Figure 4C shows strong boundary effect due to misalignment of 

pixels in the diagonal direction caused by the B0 eddy current effect, an issue that was 

dramatically reduced when ECC was used to remove the phase error across k-space.

Similar results were obtained with cones-mode UTE-DESS imaging. Figure 5 shows results 

from the same phantom imaged using cones-mode. As in PR-mode, the measured k-space 

trajectory was slightly derated compared to the nominal trajectory (Figure 5A), but the 

pattern and direction of phase error, ϕ, were different from those resulting from PR-mode 

(Figure 5B). While PR-mode yielded phase ramping in exactly opposite directions (i.e., 

a 180° difference), spiral cones-mode yielded a phase error that was not quite entirely in 

the opposite direction (i.e., ~90° in S+ and ~225° in S−). The reconstructed images with 

measured trajectory showed a slightly smaller FOV due to the derated k-space trajectory 

(Figure 5C), a phenomenon that was also observed in the computer simulation (Figure 3A) 

and PR-mode imaging (Figure 4C). Overall, there was no dramatic improvement in image 

quality observed with linear eddy current correction alone (i.e., with measured k-space 

trajectory). In the S− image, a blurriness artifact was visible in the boundary of the phantom 

(white arrows in Figure 5C), which was clearly removed with ϕ correction. As was the 

case in PR-mode, a boundary effect was also exhibited (black arrows in Figure 5C), though 

dramatically reduced when ECC was applied to improve pixelwise registration between the 

S+ and S− echoes.

Supporting Figure S1 shows the measured k-space trajectory and ϕ in the cones-mode 

UTE-DESS, which was obtained at two different time points 54 days apart. Little deviation 
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was observed between the two measurements, and the high stability of the measurement is 

consistent with reports from Vannesjo et al. (33).

Ex Vivo Human Synovium Tissue Experiment

Figure 6 shows images of synovium tissue from the human knee joint acquired with UTE-

DESS in 3D cones-mode. The overall image quality was dramatically improved by ECC, 

especially for the S− image. Overall, the measured trajectory did not yield any noticeable 

improvement, though ϕ correction suppressed the blurriness artifact near the boundary of 

the syringe (green arrow). The S− image with ϕ correction is also clearer, and there is a 

noticeable reduction in low frequency signal bias across both the syringe and synovium 

tissue. Some errors remained even after ECC, presumably due to the nonlinearity of the 

gradient system, as well as imperfection or noise in the ECC measurement (a red arrow).

Ex Vivo Human Ankle Sample Experiment

Figure 7 shows UTE-DESS images of human ankle specimens. ECC dramatically improved 

short T2 contrast in the weighted echo subtraction image by resolving the misalignment of 

pixels between the S+ and S− images (red arrows). Fine structures affected by the boundary 

effect were more clearly detected with ECC in the echo-subtracted image and the T2 map 

(yellow and black arrows). The absolute error and percent error in T2 mapping induced by 

eddy currents are demonstrated in Figures 7I and 7J, which show strong error near tissue 

boundaries (white arrows). For all specimens, the estimated T2 parameters in the Achilles 

tendon were 6.4 ± 0.7 ms without ECC and 5.6 ± 0.9 ms with ECC.

In Vivo Human Knee Joint Experiment

ECC dramatically improved depiction of short T2 tissues in the echo subtraction images 

of study participants, greatly reducing boundary artifact and signal bias. Figure 8 shows 

the results from a representative healthy volunteer. ECC improved short T2 contrast in the 

echo subtraction image with dramatically suppressed boundary effects, resulting in improved 

depiction of the patellar tendon, quadriceps tendon, osteochondral junction, anterior cruciate 

ligament, and posterior cruciate ligament (red and green arrows in Figures 8C and 

8G). However, there was a residual boundary effect observed in the images with ECC, 

presumably due to ECC imperfections related to the nonlinearity of the gradient system 

or a concomitant gradient field (yellow arrows in Figure 8G). The T2 map without ECC 

showed strong boundary artifacts near tissue interfaces where unreliable T2 values were 

estimated (e.g., negative values—which are not physically meaningful—were estimated near 

the patellar tendon, indicated by a white arrow in Figure 8D). ECC dramatically reduced 

this effect (Figure 8H). Figures 8I and 8J show the resultant error maps in T2, which exhibit 

strong error near the tissue boundaries as a result of the eddy currents (white arrows). For all 

volunteers, the estimated T2 parameters in the patellar tendon were 14.0 ± 0.8 ms without 

ECC and 10.4 ± 0.7 ms with ECC.

DISCUSSION

In this study, we showed the importance of ECC in UTE-DESS imaging. In a computer 

simulation, the presence of eddy currents resulted in pixel misalignment which led to strong 
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morphological differences between the S+ and S− images (Figure 3B). This effect is mainly 

due to phase modulation in the acquired k-space data caused by B0 eddy currents shifting 

the B0 field, a phenomenon explained by the Fourier shift theorem: linear phase modulation 

in the k-space domain is equivalent to pixel shift in the spatial domain, and vice versa. In 

UTE-DESS, different phase modulations in the acquired k-space data may result in different 

shift effects between the S+ and S− echoes, causing misregistration of pixels. Moreover, 

non-linear phase modulation in S− echo may cause image degradation.

In the phantom, ex vivo, and in vivo experiments, artifactual misregistration was observed 

between the S+ and S− echoes. Moreover, B0 eddy currents degraded the overall image 

quality of the S− echo, with representative blurriness and signal bias artifacts shown 

in Figures 5C, 6C, and Figure 7B. Those artifacts were significantly reduced by the 

incorporation of ECC. B0 eddy currents were the primary factor affecting image quality 

and image registration between the two echoes, so correcting only the linear eddy currents 

neither improved image quality nor resolved the pixel misalignment issue (Figures 4, 5, and 

6). A large portion of the linear eddy currents in our imaging experiments were compensated 

for by the vendor’s own MR system pre-emphasis gradient tuning and delay correction 

(adjustment of the data acquisition timing to yield optimal image quality) which were set up 

upon installation of our UTE-DESS sequence.

In this study, we demonstrated whole organ pixelwise T2 mapping with UTE-DESS for 

the first time, which requires accurate ECC across the whole imaging region. The efficacy 

of ECC for quantitative UTE-DESS imaging was demonstrated with a simple T2 mapping 

as shown in Figures 7 and 8. The spatial variation and boundary effect in the parameter 

maps were much reduced with ECC (Figures 7G and 7H). Without ECC, the pixelwise 

parameters near the tissue boundary were misestimated (showing negative values) due to 

the misregistration of S+ and S− images which caused an abrupt signal change between the 

two echoes (Figure 8D). In the ex vivo experiment with human ankle specimens, the error 

in the measurement of T2 parameter in the Achilles tendons caused by eddy currents was 

over 10% (5.6 ms without ECC vs. 6.4 ms with ECC) which was also well demonstrated in 

Figures 7I and 7J. In the in vivo experiment, the error of T2 estimation caused by ECC was 

over 30% in the patellar tendon (14.0 ms without ECC vs. 10.4 ms with ECC). Note that 

the T2 mapping in this study was performed with a simple signal model based on spin-echo, 

which did not consider the effect of additional diffusion-weighting or the contribution of 

stimulated echoes. Therefore, the estimated T2 parameter maps may have been affected 

by additional errors. More accurate parameter estimation of T1, T2, and diffusivity with 

quantitative UTE-DESS based on the SSFP signal model (34) and extended phase graph 

approach (15) remains to be investigated.

In UTE-DESS imaging, echo subtraction can be performed between the S+ and S− images 

to suppress long T2 tissues and thereby accentuate short T2 tissues or tissues with high 

diffusivity (19,35). However, the final image quality can be critically affected if the pixel 

misalignment effect caused by the eddy currents is left unaddressed. This issue can also 

be problematic when performing quantitative parameter mapping (34,36), where adequate 

image registration is a prerequisite. ECC is, therefore, an essential step for the integrity 

of these scans. Similar B0 eddy current-induced issues were recently reported by Robison 
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et al. (29). In their study, 2D spiral imaging was performed utilizing spiral-in and spiral-

out acquisition at the same time. Due to the different phase modulations in the k-space 

data acquired with spiral-in and spiral-out trajectories, the image reconstructed from the 

combined k-space data without B0 eddy current correction showed blurriness near the tissue 

boundaries. Note that this can also be considered a general issue for either standard UTE 

imaging that utilizes a pair of center-out and fly-back gradients (37) or Cartesian imaging 

that utilizes bipolar readout gradients (38).

Unfortunately, the conventional method for direct measurement of eddy currents is 

extremely time-intensive and therefore not feasible for 3D UTE imaging where 

approximately 5,000 to 80,000 spokes may be acquired. Therefore, we applied the LTI 

assumption and measured a reduced set of basis gradients (i.e., 16 sets of gradients) 

such that only repeat measurement of three gradient waveforms in the physical axes (i.e., 

gradients applied to the x, y, and z axes) was required. While this required a scan time 

that was three times longer per spoke, only 16 spokes were measured, so the overall scan 

time for ECC was much more feasible (<5 minutes) compared to what is required when 

measuring the typical 5,000 to 80,000 spokes. Note that the overall measurement only needs 

to be performed once when a new protocol is set up, such that it does not interfere with 

the UTE-DESS imaging workflow (i.e., no extra scan time is needed). This approach also 

affords flexibility regarding the rotation of the logical imaging plane, something that is not 

feasible in the direct measurement approach.

Although the simple LTI system-based method provides some degree of reproducibility, the 

measurement for ECC should be done if different gradient waveforms are used for imaging 

(e.g., when using different FOV, matrix size, and rBW). A gradient impulse response 

function (GIRF)-based approach (23,29,33,39) can be an alternative for a more reproducible 

ECC. Multiple gradient blips with different durations (23,29,33) or frequency sweeping 

Chirp gradients (39) can be used to measure GIRF, but this requires additional expertise 

in pulse sequence programming and signal processing. Moreover, external hardware is 

often necessary (or at least optimal) for ensuring reliable measurement of GIRF (21). One 

limitation of an LTI-based method is that there is no ability to compensate for errors caused 

by the nonlinearity of the gradient system, which results in the imperfect ECC demonstrated 

in Figures 6 and 8. The nonlinearity of the gradient system typically includes inherent spatial 

or temporal distortion because the gradient system is designed to guarantee a good linear 

magnetic field that is close to the isocenter. The gradient system also induces undesired 

non-linear spatially varying magnetic fields (concomitant gradients) (40,41). In our future 

studies, we will investigate ECC for UTE-DESS imaging further in this regard, including the 

effects of GIRF and higher order eddy currents.

In this study, we only considered short-term eddy currents from encoding gradients. A 

spoiling gradient between the two encoding gradients was not considered, under the 

assumption that the dephasing caused by the spoiling gradient is canceled (i.e., rephased) 

in the refocusing pathway (time-reversed) because the gradient waveform remains the same, 

therefore creating the same eddy current effect. Furthermore, it still remains to be seen how 

long-term eddy currents affect steady state, given that it is achieved by signals from multiple 

preceding pathways. To understand this, it would be necessary to perform eddy current 
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measurement in DESS mode; however, because a long sinc pulse is used to excite a thin 

slice in Brodsky’s method based on Duyn’s method (27), UTE imaging is prevented by the 

long isodelay (typically a half of the pulse width). One alternative may be the single point 

imaging (SPI)-based method (23) which can be achieved by simply scaling the encoding 

gradients without modification of the RF pulse, a change that does not spoil the steady state. 

However, a previous study by Jang et al. demonstrated this but only presented linear ECC. 

Further investigation would be necessary to achieve B0 ECC using the SPI-based method. 

A more feasible option may be to use field monitoring equipment for direct measurement 

of GIRF that could be used to perform indirect measurement of long-term eddy currents. In 

future studies, we will investigate ECC for UTE-DESS imaging further in this regard.

Finally, it is worth noting that UTE-DESS is the promising technique capable of T2 mapping 

of short-T2 tissues using a clinical whole-body scanner. Short-T2 tissues such as the Achilles 

tendon are “invisible” with conventional clinical MRI sequences and their T2 values are 

unknown (42). The regular UTE sequences can only provide T2* mapping, which is more 

sensitive to the field inhomogeneity and susceptibility effects and likely less robust than 

T2 mapping. UTE-DESS has many potential applications. For example, osteoarthritis (OA) 

is a whole-organ disease involving damage to not only the articular cartilage, but also to 

the menisci, ligaments, tendons, subchondral bone-cartilage interface, and subchondral bone 

(43). The failure of any of those tissues may affect others and thereby contributes to failure 

of the joint as a whole. However, the menisci, ligaments, tendons, and bone all have short 

T2 values, and are largely “invisible” with clinical MRI sequences (42). Their contribution 

to OA is underestimated. UTE-DESS with ECC makes the “invisible” tissues “visible” 

and provides robust T2 mapping for all major joint tissues, thereby greatly improving the 

diagnosis and therapeutic monitoring of OA and many other joint diseases.

CONCLUSION

In this study, we investigated the effects of the B0 and linear eddy currents, as well as the 

efficacy of ECC for UTE-DESS imaging. ECC significantly improved image quality and 

the image registration between S+ and S− echoes, which are both crucial for more reliable 

morphological and quantitative UTE-DESS imaging.
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APPENDIX

The measured k-space trajectory in a physical plane can be calculated by:

kx, j φ = r11 k1, j, xcosφ + k2, j, xsinφ + r12 −k1, j, xsinφ + k2, j, xcosφ + r13k3, j, x ,

ky, j φ = r21 k1, j, ycosφ + k2, j, ysinφ + r22 −k1, j, ysinφ + k2, j, ycosφ + r23k3, j, y ,

and

kz, j(φ) = r31(k1, j, zcosφ + k2, j, zsinφ) + r32( − k1, j, zsinφ + k2, j, zcosφ) + r33k3, j, z , (A.1)

where kx, j(φ), ky, j(φ), and kz, j(φ) denote the measured k-space trajectory after the in-plane 

rotation with an angle of φ for j-th cone in a physical plane. To use this for image 

reconstruction, the k-space trajectories should be converted back to the logical plane, which 

can be done by applying a rotation matrix, R:

Kj φ = RT kx, j φ ky, j φ kz, j φ T , (A.2)

Where Kj φ  is a vector containing a 3D k-space trajectory with a rotation angle, φ, in j-th 

cone. ϕ can be calculated using the same approach as follows:

ϕx, j φ = r11 ϕ1, j, xcosφ + ϕ2, j, xsinφ + r12 −ϕ1, j, xsinφ + ϕ2, j, xcosφ + r13ϕ3, j, x ,

ϕy, j φ = r21 ϕ1, j, ycosφ + ϕ2, j, ysinφ + r22 −ϕ1, j, ysinφ + ϕ2, j, ycosφ + r23ϕ3, j, y ,

and

ϕz, j(φ) = r31(ϕ1, j, zcosφ + ϕ2, j, zsinφ) + r32( − ϕ1, j, zsinφ + ϕ2, j, zcosφ) + r33ϕ3, j, z , (A.3)

where ϕx, j(φ), ϕy, j(φ), and ϕz, j(φ) denote the measured phase error due to the B0 eddy currents 

for a gradient rotated with an angle of φ in j-th cone. The total phase error, ϕj φ , caused by 

a gradient with in-plane rotation angle of φ in the j-th cone is the sum of errors generated in 

all x, y, and z axes such that

ϕj φ = ϕx, j φ + ϕy, j φ + ϕz, j φ . (A.4)

Abbreviations

DESS Double echo steady state

MSK Musculoskeletal
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MRI Magnetic resonance imaging

FID Free induction decay

UTE Ultrashort echo time

UTE-DESS UTE-based DESS

TR Repetition time

FOV Field of view

ECC Eddy current correction

PR Projection radial

LTI Linear time invariant

NuFFT Non-uniform fast Fourier transform

FA Flip angle

rBW Readout bandwidth

NEX Number of excitations

PSF Point spread function

GIRF Gradient impulse response function

SPI Single point imaging

ROIs Regions of Interest
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Figure 1. 
A pulse sequence for UTE-DESS with 3D projection radial (PR) trajectory (A) and with 

3D spiral cones trajectory (B), and pulse sequences used to correct for eddy currents in the 

so-called PR-mode (C) and the cones-mode (D). To simultaneously measure B0 and linear 

eddy currents, the measurement is repeated four times with two different gradient polarities: 

G (orange lines in C and D), −G (blue lines in C and D), and two different slice locations, 

x0 (green lines in C and D) and −x0 (red lines in C and D). Note that the gradient is 

independently measured on each axis. (DAQ: data acquisition)
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Figure 2. 
Simulated eddy current. (A) The simulated linear eddy current, the nominal and distorted 

trajectories for (B) center-out S+ acquisition and (C) fly-back S− acquisition, simulated ϕ
caused by B0 eddy current for (D) center-out S+ acquisition and (E) fly-back S− acquisition, 

and (F) central 1D profiles of the point spread functions (PSFs) simulated without or with 

the B0 eddy current. The phase error in k-space appears in different shapes for S+ and S− 

in (D), which causes a shift of pixels in opposite directions, as shown in the simulated PSFs 

(F).
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Figure 3. 
Reconstructed images with simulated data. (A) Reconstructed images with simulated eddy 

current and the difference images with respect to a reference image reconstructed without 

eddy current, and (B) difference between the simulated S+ and S− images in the presence of 

linear and B0 eddy currents. (EC: eddy current)
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Figure 4. 
Phantom experiment with PR-mode UTE-DESS. (A) An example of measured k-space 

trajectories, (B) ϕ for S+ or S− acquisition, and (C) reconstructed S+ and S− images without 

or with ECC, and the echo-subtracted images. The difference image without ECC shows 

strong boundary effect due to misalignment of pixels, an effect that is dramatically reduced 

by ECC removing the phase error across k-spaces (black arrows). The S− image is shown at 

2x magnification in the lower window level.
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Figure 5. 
Phantom experiment with cones-mode UTE-DESS. (A) An example of measured k-space 

trajectories, (B) ϕ for S+ or S− acquisition, and (C) reconstructed S+ and S− images without 

or with ECC, and the echo-subtracted images. Spiral cones-mode shows weaker boundary 

effect than PR-mode. The remaining boundary effect (black arrows) and blurriness near 

boundary of the phantom are clearly removed by using both measured k-space trajectory and 

ϕ (white arrows). The S− image is shown at 2x magnification in the lower window level.
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Figure 6. 
Human synovium tissue with 3D cones-mode UTE-DESS (from a 60-year-old male 

patient with osteoarthritis). (A) An example of measured k-space trajectories, (B) ϕ for 

S+ acquisition and S− acquisition, and (C) reconstructed S+ and S− images and the 

resultant echo subtraction image without or with ECC. With ϕ correction, the artifact near 

the boundary of the syringe is suppressed (green arrow). The remaining error is visible 

presumably due to the imperfect ECC (red arrow).
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Figure 7. 
Two cadaveric human ankles (left: 91-year-old female donor, right: 41-year-old female 

donor) imaged with the cones-mode UTE-DESS sequence: S+, S−, echo-subtracted images, 

the resultant T2 map without ECC (A, B, C, D) and with ECC (E, F, G, H), and the absolute 

error (I) and percent error (J) calculated between T2 maps without and with ECC. ECC 

significantly improves image quality in echo subtraction by removing misregistration of 

pixels (red arrows). Fine structures are more clearly detected with ECC (yellow and black 

arrows). In the T2 maps, ECC corrects for boundary effects and low frequency bias across 

the samples. The error maps show strong error near tissue boundaries due to eddy current 

(white arrows).
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Figure 8. 
In vivo knee imaging with cones-mode UTE-DESS (37-year-old male volunteer). S+, S−, 

echo-subtracted images, the resultant T2 map without ECC (A, B, C, D) and with ECC 

(E, F, G, H), and the absolute error (I) and percent error (J) calculated between T2 maps 

without and with ECC. ECC improved short T2 contrast in the echo subtraction image with 

significantly suppressed boundary effects (red arrows), allowing more clear detection of 

tissues with short T2 values (green arrows). Slight, uncorrected boundary effect is shown 

with ECC (yellow arrows). The T2 map without ECC shows strong boundary artifacts where 

the estimated T2 values are negative (blue pixels indicated by a white arrow in D), which 

are subsequently corrected with ECC. In I and J, strong errors are exhibited near the tissue 

boundaries due to the effects of eddy currents (white arrows). The T2 map with ECC clearly 

shows the shape of the patellar tendon. In contrast, the T2 map estimated without ECC 

shows a narrower and shorter profile of the patellar tendon due to either overestimation (the 

more distal patellar tendon) or underestimation (the posterior portion of the patellar tendon) 

at the boundary.
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