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Abstract

Repeated computed tomography (CT) examinations increase patients’ ionizing radiation exposure 

and health costs making an alternative method desirable. Cortical and trabecular bone, however, 

have short T2 relaxation times, causing low signal intensity on conventional MR sequences. 

Different techniques are available to create a “CT-like” contrast of bone, such as ultra-short 

echo time (UTE), zero echo time (ZTE), gradient-echo (GRE), and susceptibility-weighted image 

(SWI) MR sequences, and artificial intelligence. This systematic review summarizes the essential 

technical background and developments of UTE, ZTE, GRE, SWI MRI sequences, and artificial 

intelligence, presents studies on research and clinical applications of “CT-like” MRI, and describes 

their main advantages and limitations. We also discuss future opportunities in research, which 

patients would benefit the most, the most appropriate situations for using the technique, and the 

potential to replace CT in the clinical workflow.
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INTRODUCTION

Recently there has been an increased interest in magnetic resonance imaging (MRI) with 

“CT-like” contrast. The total number of CT examinations in the United States increased 

from 3 million in 1980 to 60 million in 20051. In children, approximately 5 to 9 million 

CT examinations are performed annually2. Radiation exposure is a concern, especially in 

children, because they are more sensitive to radiation and begin accrual of life-long exposure 
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doses that can ultimately lead to radiation damage2. Although the risk of radiation-induced 

cancer is much smaller than the natural risk of cancer, ALARA (As Low As Reasonably 

Acceptable) principles dictate that any radiation exposure carries some degree of risk and 

should be avoided if possible3.

Implementing an additional “CT-like” contrast sequence to the conventional MRI protocol 

could also allow for a more efficient workflow by integrating this imaging information with 

conventional MR sequences without needing to schedule and perform a second imaging 

exam. It can also facilitate imaging registration and raise the diagnostic accuracy of certain 

bone diseases. In radiation oncology, it can improve PET/MRI coregistration and the 

precision of radiation therapies4.

Imaging cortical and trabecular bone is challenging because of its short T2 (less than 0.5 

ms)5. Standard MR sequences with routine slice thickness generally detect signals from 

tissues with T2 values of 10 ms or greater. Thus, when image sampling starts, the signal 

from cortical and trabecular bone has already decayed to its minimum and appears dark or 

anechoic. Cortical bone has a high proton density, with approximately 70% of its structure 

made of minerals and an organic collagenous matrix. The immobile macromolecules, strong 

dipole interactions and susceptibility, and surface relaxation contribute to the short T2 

values. Densely calcified tissues such as cortical bone have low water content and present 

an low molecular “tumbling” rate which leads to rapid T2 relaxation without T1 relaxation, 

contributing to the absence of a signal on conventional MR sequences. Typically reported 

T1 values of cortical bone (between 140 to 540 ms) represent water either loosely or tightly 

bound to organic matrix protons6,7.

Several techniques have been used to generate “CT-like” MRI contrast, such as ultra-short 

echo time (UTE), zero echo time (ZTE), and gradient echo (GRE) sequences (Figure 1). 

UTE MRI uses a very short echo time (TE) to acquire signals from short T2 tissues8. ZTE 

MRI begins imaging sampling in the presence of readout gradients, thus at zero echo time, 

also allowing the detection of signals from short T2 tissues9. One of the advantages of 

ZTE MRI is its low acoustic noise owing to the incremental evolution of gradients10. GRE 

uses a fast acquisition with a relatively short TE to detect signals from long T2 tissues. 

While conventional GRE sequences can reach TEs of about 10ms, some GRE sequences 

can achieve TEs of up to 1–2 ms. As a reference, tendons have mean T2 values within the 

range of 0.25 to 1.2 ms, cortical bone within 0.13 to 0.5ms, knee menisci about 4–8 ms, and 

ligaments around 4–10ms making it challenging to acquire high signals from these tissues8. 

On the other hand, UTE sequences can easily achieve TEs within the range of 0.032ms to 

0.5ms on in vivo scans, with some studies reporting TEs of 8–10µs11,12. ZTE sequences 

have a TE of zero as imaging acquisition begins in the presence of the readout gradient, 

although coil switching from transmitting to receive modes results in a small dead-time of a 

few microseconds13.

Deep learning has also been used to create synthetic CT from MRI using different MR 

sequences for input, including T1-weighted sequences14 and multi-contrast DIXON type 

images15. “CT-like” contrast is then created using a bias-correction algorithm applied to the 

raw images16. Most of the recent advances in UTE and ZTE MR sequences were made 
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possible because of the high standards achieved by 3T MR systems that allowed faster 

scans, higher signal-to-noise ratio and better-quality images, and the ability to implement 

quantitative sequences. Moreover, UTE and ZTE sequences take advantage of the high-

performance gradients systems, multi-channel coils, and rapid transmission radiofrequency 

technology17.

This systematic review summarizes the essential technical background and developments 

of UTE, ZTE, GRE, SWI MRI sequences, and artificial intelligence, presents studies on 

research and clinical applications of “CT-like” MRI, and describes their main advantages 

and limitations. We also discuss future opportunities in research, which patients would 

benefit the most, the most appropriate situations for using the technique, and the potential to 

replace CT in the clinical workflow.

METHODS

This systematic review is in accordance with the Preferred Reporting Items for Systematic 

Reviews and Meta-Analyses (PRISMA) recommendations18.

Eligibility Criteria

We considered ex vivo and in vivo studies using animal tissues, human tissues, and human 

subjects employing at least one method to generate synthetic CT images of cortical bone. 

The methods should include UTE, ZTE, GRE, Susceptibility Weighted Imaging (SWI) 

MR sequences, or artificial intelligence such as deep learning. We only included original 

research articles written in English and excluded reviews, conference abstracts, opinion 

articles, and letters to the editors.

Information Sources and Search

We used MEDLINE, EMBASE, and Scopus databases up until May 2022. The search 

strategy included terms in the title and abstract that referred to the inclusion criteria, 

such as “synthetic AND CT,” “synthetic AND computed AND tomography,” “synthetic 

AND MRI,” “magnetic resonance imaging AND CT-like,” “CT-like contrast AND UTE,” 

“synthetic CT AND deep learning”. A complete list of the terms used in the search strategy 

can be found in the Supplemental Material.

Data Collection Process and Data Items

One investigator performed data collection in a tabulated form. Extracted data items from 

studies included the number, age, and sex of participants, the main results, field strength, the 

main MRI sequence to create synthetic CT, scanner vendor, and the parameters used in the 

MRI protocol.

Risk of Bias in Individual Studies

The risk of bias in individual studies was assessed by one investigator using a modified 

version of the Quality Appraisal tool for studies of diagnostic Reliability (QAREL) adapted 

for this review19. Six specific items were used in the checklist and are listed in the 

Supplemental Materials.
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Data Analysis

We reviewed the number, age, and sex of participants, the main study results, field strength, 

the main MRI sequence to create synthetic CT, the scanner vendor, and the parameters 

used in the MRI protocol. Critical technical development studies were included to give 

a background of each technique employed to generate a “CT-like” contrast MRI. A 

meta-analysis was not suitable considering the heterogeneity in the evaluated data items, 

different diseases, anatomical regions, clinical outcomes, the distinct methods for generating 

synthetic CT images, and statistical analysis. Therefore, a narrative review was performed, 

highlighting relevant research and clinical applications of the five main methods to create 

synthetic CT images (UTE, ZTE, GRE, SWI, Deep Learning).

RESULTS

Study Selection

The database and reference list of studies returned 719 articles. The final review included 

75 full-text articles. A flowchart of the search results, screening, exclusions, and the final 

number of studies included in the review is presented in Figure 2.

Study Characteristics

The characteristics of studies in the final review are in Table 1. Nine studies used UTE 

MRI to quantify the signal-to-noise and contrast-to-noise ratio of bone. Eighteen studies 

used UTE MRI for T1, T2*, bound water, pore water, porosity index, macromolecular 

fraction, or macromolecular density quantification. Eight studies used UTE MRI in practical 

clinical case scenarios to evaluate intermodality agreement with CT. Fourteen studies used 

ZTE MRI in practical clinical case scenarios to assess intermodality agreement with CT or 

echo-planar imaging (one study of diffusion in cortical bone). Nine studies included GRE 

MRI in clinical case scenarios to assess intermodality agreement with CT or arthroscopy. 

Ten studies included SWI MRI in clinical case scenarios to assess intermodality agreement 

with CT or radiographs. Finally, six studies used deep learning to create synthetic CT 

images and assess intermodality agreement with CT. Secondary outcomes included inter-

rater and intra-rater agreement, comparisons between synthetic CT and conventional MRI, 

quantitative properties obtained from synthetic CT and biomechanical properties of bone, 

and accuracy for specific diagnostics.

The systematic review analysis included data from 1,662 human subjects, 229 human 

tissues, and 17 animal tissues. The mean age ± standard deviation of the human participants 

was 47.8 ± 17.6. Forty percent were female.

Forty-eight percent of the studies used scanners from GE (GE Healthcare Technologies, 

Milwaukee, WI, USA), 37.3% from Siemens (Siemens Medical Solutions, Erlangen, 

Germany), and 10.7% from Philips (Philips Healthcare, Best, The Netherlands). Seventy-

seven percent of the studies chose 3T as the field strength, 14.8% chose 1.5T, while the 

remaining 8.2% included at least two field strengths (1.5T, 3T, or 7T) or only 7T. Scan 

times for one in vivo independent synthetic CT acquisition varied from 2 min to 15 min. 

Signal-to-noise ratios of cortical bone varied from 10 to 70, whereas the contrast-to-noise 
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ratio between cortical bone and the surrounding short T2 tissues ranged from 12 to 30. The 

signal-to-noise ratio of cortical bone increased 1.7 times on 7T field strength compared to 

3T, whereas T2* values decreased by half on 7T vs. 3T, according to one study. Typical 

T1 measurements of cortical bone varied from around 140ms (bound water) to 306ms (pore 

water), whereas T2* ranged from around 0.29ms (bound water) to 4.33ms (pore water). 

Moreover, moderate to strong correlations were found between bound water, pore water, and 

bone porosity index estimated through UTE MRI and cortical bone mechanical properties, 

µCT porosity, µCT bone density, and age. When assessing the similarity between synthetic 

CT and CT images, all methods (UTE, ZTE, GRE, SWI, and deep learning) showed high 

intermodality agreement and excellent inter-rater agreement.

Risk of Bias in Individual Studies

The results of the risk of bias in individual studies are in Figure 3. Overall, the quality of 

the evidence was high for studies investigating intermodality agreement between synthetic 

CT and CT and moderate for studies investigating quantitative measurements of bone. The 

questions in which studies performed the lowest were if the investigators were blinded to 

themselves or other data analysts and if appropriate statistics were performed. One should 

consider, however, that many studies of quantitative imaging of cortical bone are still in the 

pre-clinical and translational stages and, thus, are mainly based on animal or human tissues, 

with fewer observations.

UTE MRI

Technical Background

UTE MRI uses short radiofrequency pulses due to the rapid transverse relaxation of short 

T2 tissues. After a brief time, image data acquisition begins simultaneously with gradient 

ramp-up. In 2D UTE MRI, the radiofrequency pulse is truncated, and the acquisition is 

divided into two stages, each preceded by a radiofrequency pulse and a slice selective 

gradient, followed by readout gradients. Both stages are added to generate one radial spoke 

of k-space. The process is then repeated at 360° to radially fill k-space, which is later 

reconstructed into cartesian coordinates (Figure 4). In 3D UTE MRI, either a rectangular 

non-selective or a soft selective radiofrequency pulse can be used, and the gradients can 

be applied in all three directions generating a “koosh ball” or a conical k-space sampling 

pattern20 (Figure 5).

On UTE MRI, signals from long T2 tissues reduce the image contrast. Also, due to the non-

cartesian k-space sampling, chemical shift artifacts can occur in transitions between water 

and fat21. Several methods can increase the contrast between short and long T2 components. 

A long 90° pulse followed by a crusher gradient will suppress signals from long T2 tissues, 

with signals from short T2 tissues minimally affected due to significant decay during the 

long pulse duration22. However, this technique suffers from off-resonance effects. Another 

technique uses two images with different TEs followed by subtraction later echoes from 

the first to create a short T2 contrast23. Disadvantages of this technique include reduced 

signal-to-noise ratio, susceptibility artifacts, and a residual signal from muscle and fat. One 

alternative is to scale down the free induction decay to reduce signals from muscle and 
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fat, also called “UTE with rescaling echo subtraction”24. Inversion recovery techniques, on 

the other hand, use adiabatic pulses, which are insensitive to B1 inhomogeneities, centered 

in the water resonance frequency to invert the magnetization from long T2 components 

(single inversion recovery)25. This technique can be combined with a fat-suppression pulse 

or a second inversion recovery pulse centered in the fat resonance frequency to increase 

further the contrast of short T2 components (dual inversion recovery)26,27. Although a 

fat-suppression pulse can increase contrast, it may reduce signals from short T2 tissues28. 

A single-point Dixon method has been described for fat suppression on UTE imaging, 

allowing more accurate fat and water separation29.

UTE MRI requires a short coil “ring down” time to switch from receiving to transmit modes 

to prevent signal loss from short T2 tissues. Also, the image quality depends on a short 

ramp-up time and maximum strength of gradients.

Morphological Bone Imaging with UTE MRI

Cortical bone presents different transverse relaxation components reflecting distinct proton 

origins30, including collagen matrix (~12µs), collagen side-chains (~60µs), water firmly 

attached to collagen (~100–250µs), and water loosely attached to collagen or free within 

bone pores (~400–500µs)31. Therefore, acquiring signals from cortical or trabecular bone 

is challenging. However, significant progress has been made on UTE MRI sequences and 

there is enough evidence showing the ability of UTE in providing high-resolution, high 

signal-to-noise, and high contrast-to-noise ratio clinical images of cortical and trabecular 

bone11,24,32,33. Several studies have also investigated the ability of UTE sequences to serve 

as a surrogate of CT images applied to everyday clinical case scenarios.

Ma et al. compared CT and 3D IR-UTE Cones MRI on 11 shoulder specimens before 

and after inducing a glenoid bone fracture and three patients with shoulder pain and 

glenohumeral instability34. Glenoid diameter and glenoid bone loss measurements on both 

methods were compared across two readers and showed high inter-rater and intermodality 

agreement, confirming that UTE MRI could be used as a surrogate for CT (Figure 6).

Finkenstaedt et al. investigated the diagnostic performance of conventional and UTE MRI 

in the lumbar spine of 46 cadaveric specimens with pars interarticularis fractures35 and 

concluded that UTE MRI had higher accuracy.

Afsahi et al. recently showed the feasibility of a 3D UTE Cones MRI with a slab-selective 

radiofrequency pulse to image the spine in healthy volunteers and patients with back pain 

showing excellent intermodality agreement with CT36 (Figure 7). The thoracic and lumbar 

spines suffer from higher artifacts from respiratory movements, which causes blurring of the 

anterior contours of the vertebral bodies. However, a slab-selective radiofrequency pulse can 

partially reduce image blurring in the vertebral bodies (Figures 7 and 8).

Deininger-Czermak et al., on the other hand, compared UTE, an optimized 3D-multi-echo 

in-phase gradient-echo sequence (FRACTURE), and CT in the assessment of craniocervical 

junction (CCJ) degeneration37. Degenerative changes in the CCJ showed a good interrater 
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and intermodality agreement between MRI sequences and CT, without differences between 

UTE and FRACTURE.

UTE MRI has also been used to detect fractures of the tibial eminence in children, 

demonstrating equivalent sensitivity and specificity to CT38. For fracture detection, UTE 

improved agreement between readers on the size, number, displacement, and grade of 

fracture fragments, leading to a change in consensus in 20% of the cases.

UTE MRI has also been used to study the temporomandibular joint morphology and 

evaluate medication-induced osteonecrosis of the jaw, with high anatomical correlation with 

CT images39,40.

Quantitative Bone Imaging with UTE MRI

T1 and T2* relaxation measurements—One of the main advantages of UTE MRI is 

the possibility to quantify relaxation times and the concentration of total, bound, and free 

water in the cortical bone.

T1 relaxation times can be measured by applying a 90° pulse followed by a crusher 

gradient to suppress signals from long T2* components and multiple consecutive UTE 

acquisitions with progressively increasing saturation recovery times41. Saturation-recovery 

is effective but time-consuming. Inversion recovery-based UTE methods, on the other hand, 

are inadequate for T1 estimation of short T2* tissues because their magnetization cannot 

be fully inverted by the long duration inversion pulse but only saturated due to its very fast 

transverse relaxation. Other options are using variable repetition times (TR)42 or variable 

flip angles (VFA)43, which require a rigorous correction for B1 inhomogeneities. T2* 

relaxation times are measured using multiple acquisitions with increasing TEs and fitting the 

data into exponential equations.

Reichert et al. studied cortical bone imaging using a 2D UTE MRI with inversion recovery 

pulses and later echo images to generate contrast between short and long T2 tissues in 

seven healthy volunteers and ten patients44. Mean T1 relaxation times among the volunteers 

ranged from 140 to 260 ms, whereas mean T2* ranged from 420 to 500 µs.

Du et al. described a 2D UTE MR sequence with TE of 8 µs to image cortical bone at 3T 

applied to five healthy volunteers41. The sequence involved an adiabatic inversion recovery 

pulse in suppressing the magnetization of long T2 components. They also used an external 

phantom to calculate the water concentration, multiple echoes to estimate the T2*s of 

short T2 tissues, and saturation recovery to estimate the T1 relaxation times. The sequence 

showed cortical bone with high resolution, signal-to-noise, and contrast-to-noise ratio. The 

mean T1 was 223 ± 11 ms, and the mean T2* was 390 ± 19 µs in the healthy volunteers. 

Water concentration was 21.7 ± 1.3% assessed with IR-UTE (Figure 10).

Nazaran et al. investigated the performance of a 3D UTE sequence with cones k-space 

trajectory and TE of 32 µs, associated with an adiabatic inversion recovery pulse (3D 

IR-UTE) in the hip of four healthy volunteers45. T2* of cortical bone was estimated using 

Lombardi et al. Page 7

Invest Radiol. Author manuscript; available in PMC 2024 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



multiple echoes and mono-exponential fitting. High cortical bone contrast was achieved, and 

the T2* ranged from 330 to 450 µs.

Bound and Pore water estimation—In cortical bone, water can be loosely or tightly 

bound to the organic matrix and minerals. Bound water (BW) has very short T2 or T2* 

relaxation times, whereas free water exists in the pores of cortical bone; thus, the name pore 

water (PW), which has short T2* relaxation times that are significantly longer than BW. 

The previously described methods can quantify T1 and T2* for cortical bone but cannot 

differentiate between relaxometry of BW and PW. By measuring these different relaxation 

times, one may estimate the composition of the different bone compartments, for example, 

the water concentration, organic matrix (collagen), mineralization, or porosity. Quantitative 

maps can then be created46.

Several strategies are used to estimate cortical bone water, including the direct signal 

measurement of short T2 tissues by UTE MRI using a water phantom as a reference47,48, 

signal measurement using multiple TEs and multi-component T2* model fitting with micro-

CT as a reference49,50, calculating the bone porosity index by the rate of signals between 

two echoes51, estimating the macromolecular fraction (MMF) of bone by magnetization 

transfer (MT) model fitting52,53, using an inversion recovery pulse to null the signals from 

long T2 components54,55, among others56. Moreover, there is strong evidence that bone 

water estimated through UTE MRI is correlated with age and microstructural properties of 

cortical bone.

The total bone water and the pore water fraction in cortical bone estimated by UTE MRI 

are positively correlated with age57 and negatively correlated with bone mineral density58 

measured by CT. Another recent study showed that the cortical porosity index measured by 

UTE MRI correlated negatively with bone stiffness59. Jerban et al. conducted several studies 

using UTE-MT modeling and T2* tricomponent analysis to estimate cortical bone bound 

and pore water, bone porosity index, proton density fractions, and macromolecular fractions 

in cortical bone using µCT as a reference. The investigators showed consistently that higher 

pore water concentration, higher porosity index, lower proton density, and macromolecular 

fractions are correlated with bone mineral density and CT porosity50,60–65.

Technical Limitations of UTE MRI

UTE MRI has limitations. For example, the signal from short T2 tissues has a broad 

spectrum (amplitude versus frequency) which makes them prone to off-resonance effects, 

primarily on 2D multislice acquisitions or using fat-suppression techniques8. UTE MRI is 

subjected to eddy current artifacts due to fast switching and strong gradients. The additional 

magnetization preparations required for suppressing long T2 tissues and the two excitations 

by k-space sampling necessary on 2D UTE increase the scan time, although using multiple 

spokes can overcome this limitation66. The radial center-out k-space sampling is subject to 

chemical shift artifacts due to the typical ring-shaped point spread function21.
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ZTE MRI

Technical Background

The basic principle of ZTE MRI is to apply a radiofrequency pulse after the readout 

gradients have ramped up, thus with effective echo time near 0, using non-cartesian 

projection reconstruction k-space sampling10. As in UTE MRI, a bias correction algorithm 

is applied to the raw images, creating “CT-like contrast”16,67. First described as Back-

projection Low Angle Shot (BLAST) to image solids or liquid-like solids, zero echo time 

imaging used gradient ramp-up, followed by radiofrequency excitation, then gradient ramp-

down as in UTE and conventional MRI sequences68. Later, though, an optimization using 

small incremental gradients was proposed allowing ultra-fast image acquisition with low 

acoustic noise, called Ultra-fast Imaging Using Low Flip Angles and Fids (RUFIS)69 (Figure 

11B). Examples of the 3D ZTE sequence applied on the ankle, and the metatarsophalangeal 

joints can be seen in Figures 12 and 13.

ZTE MRI contrast is based mainly on the tissue’s proton density (PD) and T1 relaxation 

time, but magnetization preparation modules can create distinct contrast mechanisms. For 

example, using multiple echoes and gradient refocusing, one can produce T2 and T2* 

contrast70,71. Also, variable flip angle (VFA) and inversion recovery techniques can be 

associated with ZTE MRI to generate T1 maps72,73. Diffusion imaging using ZTE has been 

described using a combination of eddy-current compensation methods and phase cycling74.

As the k-space sampling starts with the gradients ramped up, the center of the k-space is 

always lost75 (Figure 11B). The number of missed data points depends on machine-specific 

hardware factors such as the coil ring-down time and the filter bandwidth. In general, for a 

small number of missed data points, mathematical reconstructions using linear algebra can 

be used for their recovery75. If more data points are missed, one can acquire them separately 

using radial k-space sampling with weaker gradients, also called Water- and Fat-suppressed 

Proton Projection MRI (WASPI)76. Another method is to acquire the points at the center 

of the k-space using Cartesian sampling one point at a time with step-through gradient 

evolution, and the points at the periphery using non-cartesian radial sampling, known as 

Pointwise Encoding Time Reduction with Radial Acquisition (PETRA)77. A third method is 

to use multiple sets of radial acquisitions with decreasing gradient strengths so that in the 

center of the k-space, the data is acquired in a single pointwise fashion. In contrast, in the 

periphery, data acquisition forms multiple shells with different spokes densities, a method 

called Hybrid Filling of the dead-time gap for Faster zero echo time Imaging (HYFI)78.

Another challenge in ZTE MRI is that because gradients are applied before the 

radiofrequency excitation, the bandwidth of the pulse must be high enough to span 

the whole sample uniformly; otherwise, the pulse will induce slice-selectivity, creating 

artifacts79. Also, in radial k-space encoding, there is no distinction between phase and 

frequency encoding gradients. If an increase in the spatial resolution is desired, the total 

number of projections must also be increased, thus increasing the scan time80. Aliasing 

artifacts are common in ZTE MRI because any tissue outside the region of interest will 

generate a signal at zero echo time. Attention to the coil material and size may overcome 
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these limitations81. Chemical shift artifacts are common but can be mitigated using larger 

pixel bandwidths, fat suppression, water/fat separation and selection of in-phase images82.

Clinical and Research Applications of Synthetic CT using ZTE MRI

Several studies have shown the potential of ZTE MRI as synthetic CT in the clinical setting. 

For example, in a cohort of 34 patients, ZTE MRI showed high intermodality and inter-rater 

agreement with CT for glenoid morphology, injury or disease, and superior performance 

compared to conventional MRI67. Mello et al. showed high inter-rater and intermodality 

agreement between ZTE MRI and 3D CT in the measurement of glenoid bone defects in 

10 patients with symptoms of glenohumeral instability83. Figures 14 and 15 show examples 

of ZTE MRI for the evaluation of fractures and identification of bone fragments in the 

shoulder. High intermodality and inter-rater agreement between ZTE MRI and CT were also 

found when evaluating cervical neuroforaminal stenosis84 (Figure 16), lumbar degenerative 

changes85, and sacroiliac joint structural lesions86. In addition, ZTE MRI can be used to 

evaluate ossification of the posterior longitudinal ligament of the spine87,88(Figure 17).

Another study with 28 patients evaluated for femoroacetabular impingement or dysplasia 

showed excellent inter-rater and intermodality agreement in several morphological measures 

between ZTE MRI and CT89. ZTE showed high intermodality agreement with CT for the 

evaluation of heterotopic ossification around the hip90 and degenerative changes in the 

knee91.

Sandberg et al. investigated the performance of synthetic CT and synthetic radiographs 

through ZTE MRI in the extremities of pediatric patients with and without pathology92. The 

authors found that image quality was diagnostic and comparable to CT. Excellent results 

were also found using ZTE MRI in the temporomandibular joint93.

ZTE MRI was also applied to diffusion-weighted imaging (DWI). Yuan et al. described a 

RUFIS sequence modified for diffusion preparation, including eddy current compensation 

and phase cycling to avoid T1 contamination94. The sequence was tested in the joints 

of 10 pediatric patients and compared to echo-planar imaging (EPI) DWI. Results 

showed distortionless images with accurate ADC measurements. Similar results were later 

confirmed in 39 pediatric patients referred for MRI of the extremities95.

Comparisons between UTE and ZTE MRI

Larson et al. investigated differences between UTE and ZTE MRI at 7T using identical 

parameters and fat-suppression pulses to increase the image contrast of short T2 tissues in 

the knee and ankle of seven healthy volunteers96. ZTE had background signals from the coil 

components and suffered from blurring and a signal dropout at the edges of the field-of-view 

(FOV) but had the advantage of low acoustic noise. UTE MRI was more flexible because 

it allowed choosing between 2D and 3D acquisitions, 3D with and without slab-selectivity, 

more flexible FOV and flip angles (FAs), and variable TEs compared to ZTE. However, it 

was very sensitive to gradient fidelity. Artifacts due to off-resonance effects were present 

in both methods. The signal-to-noise efficiency in imaging the cortical bone was similar 

between UTE and ZTE.
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Gradient Echo MRI

Technical Background

On GRE sequences, the radiofrequency pulse is applied before the spatial encoding 

gradients, which are used to generate an echo (signal). “CT-like” contrast images are created 

by subtracting all the pixels in the image by the lowest mean value of the tissues surrounding 

the bone structures, resulting in near-zero signal intensity in the soft tissues but a bright 

signal in the bone. Investigators have used the Fast Low Angle Shot (FLASH) and the 

Volumetric Interpolated Breath-hold Examination (VIBE) MR sequences to create synthetic 

CT97. Additional fat-saturation using spectral fat-suppression or the Dixon method can 

further improve contrast.

Recently a new 3D gradient echo sequence to generate CT-like contrast was described and 

implemented in a Philips scanner (Philips Healthcare), named Fast field echo Resembling 

a CT using restricted echo-spacing (FRACTURE)98. Its principle is based on acquiring 

multiple in-phase TEs equally spaced, followed by magnitude summation of images from 

all echoes and subtracting the last echo from the summated images to invert the grayscale. 

The authors advocate that the in-phase TEs minimize chemical shift and reduce additional 

dephasing caused by T2* decay helping to reduce signal loss at bone interfaces.

Another synthetic CT sequence based on gradient-echo MRI recently described is called 

3D-Bone99. It is a 3D spoiled GRE with a short in-phase TE, small flip angles to maximize 

proton density (PD) contrast, and without fat suppression. The k-space sampling is acquired 

with a stack of stars, applying Cartesian encoding in the through-plane and radial encoding 

in the in-plane directions.

One disadvantage of gradient-echo sequences compared with UTE and ZTE MRI is that the 

predominant contrast is T2*, so field inhomogeneities caused by metals, foreign bodies, or 

iron deposits may cause strong susceptibility artifacts.

Clinical and Research Applications of Synthetic CT using GRE MRI

The glenoid and humeral head measurements have been studied using a Dixon 3D-dual-

echo-time T1w FLASH MRI and 3D CT as a reference100. The water-only image was 

reconstructed in 3D. The investigators found no statistical difference between the imaging 

methods. The results were later confirmed comparing Dixon 3D-dual-echo-time T1w 

FLASH MRI with arthroscopy101, with the mean absolute error between methods lower than 

2.21%. Dixon T1w 3D FLASH MRI was also validated in the assessment of glenohumeral 

instability using a semiautomatic segmentation method and CT as a reference102. The 

differences in 88% of all measures were lower than 2% between the methods.

3D VIBE MRI with water excitation was studied in 12 shoulders of patients with 

glenohumeral instability103. The measured differences for humeral height, glenoid height, 

and glenoid width were borderline statistically significant but failed to be significant when 

considering multiple comparisons.
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Dixon T1w 3D FLASH MRI was also studied in the hip in 17 patients with suspected 

femoroacetabular impingement for presence and location of cam deformity, anterior-

inferior iliac spine variant, lateral center-edge angle, and neck-shaft angle using CT 

as a reference104. There was 100% agreement for the presence and location of cam 

deformity, 89.5% agreement for anterior-inferior iliac spine characterization, and 64.7% 

agreement for lateral center-edge angle and neck-shaft angle. 3D VIBE MRI also showed 

excellent intermodality agreement with CT to measure the acetabular’s center edge angle, 

Tonnis’ angle, anterior and posterior acetabular sector angle, and acetabular version in 550 

patients105.

Other studies comparing GRE-based synthetic CT with CT in musculoskeletal diseases 

include the evaluation of lumbar spine pars interarticularis fractures using 3D VIBE MRI106 

and bone destruction patterns and periosteal reaction using T1-FFE MRI sequence (Philips 

Healthcare)107. Both studies showed a near-perfect correlation between synthetic CT MRI 

and CT images.

Comparisons between UTE and GRE MRI

A recent comparison between dual-echo UTE MRI and 3D-multi-echo in-phase gradient-

echo (FRACTURE) MRI using CT as a reference in assessing craniocervical junction 

qualitative and quantitative measurements showed high inter-rater and intermodality 

agreement for both MRI methods108. According to the authors, UTE would be 

recommended due to a better tradeoff between the contrast-to-noise and scan time.

3D T1-weighted spoiled GRE has also been used with a stack of stars k-space sampling on 

a Philips scanner (Philips Healthcare) followed by image inversion to generate CT contrast 

and compared to a 3D UTE MR sequence using CT as a reference109. Both methods 

achieved high sensitivity, specificity, and accuracy for fractures (0.95, 0.98, and 0.97 for 3D 

T1 Spoiled GRE (SGRE) versus 0.91, 0.96, and 0.95 for 3D UTE, respectively). Agreement 

between 3D T1 SGRE was slightly higher than 3D UTE for degenerative changes.

Figure 18 shows an example of a high-resolution image of the calcaneus using a 3D 

T1-weighted GRE sequence and image inversion to produce a bright signal for the cortical 

and trabecular bone.

Susceptibility Weighted Imaging (SWI)

Technical Background

Susceptibility weighted imaging (SWI) uses the principle of different changes in the image 

phase caused by blood, iron, and calcification across the tissues110. It is based on a GRE 

sequence with a small flip angle and increased TE, thus weighted towards T2*. The phase 

component of the raw data is then used to create a mask, which is multiplied by the 

magnitude image to highlight susceptibility effects (Figure 1D). Paramagnetic substances 

such as deoxyhemoglobin, ferritin, and hemosiderin shift the phase positively, whereas 

diamagnetic substances like calcium shift the phase negatively, creating contrast111.
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Clinical and Research Applications of Synthetic CT using SWI

Several studies showed the high performance of SWI MRI for evaluating musculoskeletal 

disorders compared with conventional MR sequences. Ulas et al. showed higher accuracy 

of SWI MRI for detecting bone erosion in the hands compared with T1-weighted images 

only101 and with T1-VIBE MRI using CT as a reference112. The same group also showed 

high accuracy of SWI in detecting foraminal stenosis in the cervical spine113, in the 

differentiation between osteoblastic and osteolytic metastasis in the spine114, differentiation 

between sclerotic and non-sclerotic Modic changes in the spine115, in the detection 

of vertebral body fractures116, detection of subacromial spurs117, osteophytes and disc 

herniation118, angle measurements in the hip119, and erosions/sclerosis in the sacroiliac 

joints of patients with axial spondyloarthritis120. The studies included representative patients 

and controls for each diagnosis, had high inter-reader reliability, and the scan time was 

around 5 min. One clear advantage of SWI MRI over T1-weighted or T2- weighted images 

is its higher contrast between bone and soft tissues, which creates difficulties in evaluating 

neuroforaminal stenosis, femoroacetabular angles, or osteolytic lesions. Some challenges, 

however, include the higher susceptibility in 3T or 7T field strengths, which limits its use 

to 1.5T scanners, and phase shifts between bone and fat that may create artifacts within the 

bone’s medullary cavity.

Artificial Intelligence (AI) to create Synthetic CT from MRI

Technical Background

Deep learning is based on computer algorithms that automatically extract features from 

images using multiple layers of neural networks, followed by minimization of loss functions 

to accomplish classification or regression tasks. There is high flexibility in the input 

images, including T1-weighted, T2-weighted, Dixon, UTE, or ZTE MRI sequences, or a 

combination of these14. The most studied deep learning architectures for translation of MRI 

into CT images are U-net and Generative Adversarial Networks (GANs)121,122. In U-net, 

an encoder automatically extracts features from images in a downsampling path, and a 

decoder organizes those features in an upsampling track creating a localization map that is 

translated into the synthetic image. In GANs, a generator creates synthetic images, and a 

discriminator compares them to actual data (Figure 1E). The goal is to generate synthetic 

images similar to authentic ones. GANs seem to create less noisy images than other deep 

learning architectures123.

Challenges of deep learning-based methods include susceptibility to the input data, the 

high number of examples necessary to train the model, and the heterogeneity of model 

performances among different sites. For example, chemical shift artifacts can cause the 

model to underperform, creating blurred images when using out-of-phase or ZTE images as 

inputs124,125.

Clinical and Research Applications of Synthetic CT using AI

Most research in deep learning-based methods of synthetic CT generation focuses on 

diagnosis and treatment planning in radiation oncology. CT is essential for radiotherapy 

dose calculation as it provides information on the electron density of tissues expressed 
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in Hounsfield Units. Also, CT fused with PET images is important in diagnosing and 

assessing response to treatment. However, the signals from synthetic CT images can be 

quantitatively scaled for radiodensity estimation in Hounsfield Units, making it interesting 

for replacing CT and allowing its use in radiation dose planning, MRI-only radiotherapy 

planning, or PET attenuation correction126,127. Fewer studies applied deep learning methods 

of synthetic CT generation specifically to musculoskeletal disorders. Nevertheless, some 

studies showed high agreement between synthetic images generated by deep learning and 

CT, including in the evaluation of morphologic parameters of the hip128, surgical planning of 

the lumbar spine129,130, creation of 3D printed models for surgical planning131, detection of 

structural lesions in the sacroiliac joints132, in the treatment planning of bone metastasis by 

MRI-guided high-intensity focused ultrasound (MRI-HIFU)133.

Discussion

In this systematic review, we demonstrated that synthetic CT images or MRI with “CT-like” 

contrast could be generated using five main techniques: UTE, ZTE, GRE MRI sequences, 

SWI, and deep learning. Suggested MRI protocols for each technique can be found in table 

2. Overall, 3T field strength was preferred over 1.5T across the three main MRI scanner 

vendors. Among GRE MRI sequences, T1FLASH and T1VIBE were dominant, whereas, for 

deep learning architectures, U-net and GANs were the most commonly used. Inter-rater and 

inter-modality agreement were high between the synthetic images created with the different 

techniques and CT. Most studies scored high in the QAREL checklist for reproducibility 

of MRI protocol. The studies that scored low were due to the lack of inter-rater and 

intra-rater analysis; however, these were mainly pre-clinical and translational investigations, 

using animal or human tissues with fewer observations, essential for technical advances and 

standardization of protocols that will later be used in clinical studies.

UTE MRI can quantify cortical bone T1, T2*, bound, and pore water, thus estimating 

bone porosity and water concentration. Quantitative and compositional MRI of bone can 

add precise and individualized information for patients with osteomalacia, osteoporosis, or 

athletes at risk for stress fractures. It can also be a supplementary tool over bone mineral 

density when monitoring response to treatment for osteoporosis. For example, there is 

evidence that changes in the microstructure and porosity of bone, not only the degree 

of mineralization, are associated with its tensile properties134. Also, in a large cohort 

study of men and women over 55, only 44% of fractures occurred in women with X-ray 

absorptiometry T-scores below −2.5 (definition of osteoporosis)135. Therefore, bone mineral 

density cannot solely predict or explain the fracture risk in patients with osteoporosis, and a 

new biomarker is desirable.

ZTE MRI is near-silent, which is essential in neonatal or pediatric patients who need to 

examine while asleep, in patients with hyperacusis or autism spectrum disorder, and in 

some older patients who are highly sensitive to the noise from MRI scanners10. Compared 

to UTE MRI, ZTE MRI synthetic CT images can depict bone with similar high contrast 

to the surrounding soft tissues, high inter-modality agreement with CT, similar levels of 

signal-to-noise ratio, and comparable scan time-efficiency.
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Challenges of UTE MRI include the need for high-fidelity gradients to reduce off-resonance 

artifacts, whereas ZTE MRI may present blurring and signal dropping at the edges 

of the field-of-view96. Moreover, both sequences require advanced software package 

implementations. Since no reimbursement code exists yet for this emerging technology, 

it will initially come with increased costs for radiology providers that intend to implement it 

in their clinical practice.

Gradient echo-based sequences can also be used to create synthetic CT images. However, 

although already widely available throughout different vendors, it is still unclear how the 

inversion of images necessary to create “CT-like” contrast affects the visualization of 

ligaments and fibrocartilaginous tissue that are directly visible on UTE and ZTE MRI. 

Moreover, synthetic images created using GRE sequences do not maintain the linear 

correlation with CT’s Hounsfield units as on UTE/ZTE. Nevertheless, as observed in this 

review, GRE-based synthetic CT has a high intermodality agreement with CT in assessing 

glenohumeral fractures, femoroacetabular impingement, lumbar spine degeneration, spinal 

and fractures109.

SWI MRI showed promising results, and more studies from different centers and on 3T field 

strength scanners may confirm its robustness. The main challenges of SWI MRI are artifacts 

created by the high susceptibility around metal or air and the phase shifts in the interfaces 

between trabecular and bone marrow, amplified on 3T or 7T field strengths, decreasing its 

diagnostic performance.

Deep learning techniques are continuously developing, and new algorithms quickly emerge. 

U-net and GANs are currently the best-performing architectures for creating synthetic CT 

images, and many studies confirm their validity showing high morphological agreement with 

CT. The challenges of deep learning, and AI in general, include standardizing frameworks 

using different input images to obtain more homogeneous results across various sites.

MRI with a “CT-like” contrast can reduce the radiation exposure and, thus, the risk of 

radiation-induced neoplasia. Specifically, pediatric patients or those requiring repeated CT 

examinations, such as oncologic or sports medicine patients, can benefit the most from 

this new technology. In addition to generating highly similar images with CT, synthetic 

CT MRI can facilitate the co-registration of anatomic structures with T1-weighted and T2-

weighted sequences, something not always easy with a CT examination usually performed at 

a different time and with the patient in a different position.

In conclusion, considering the results of the studies in this systematic review, synthetic 

CT can replace CT in some specific clinical diagnostics such as glenohumeral or spinal 

fractures, neuroforaminal stenosis, femoroacetabular impingement, temporomandibular joint 

degeneration, jaw osteonecrosis, bone erosions from inflammatory arthritis and bone 

tumors, osteolytic bone lesions, subacromial spurs, periarticular heterotopic ossifications, 

or spinal longitudinal ligament ossifications. It can also facilitate the diagnosis of soft tissue 

impingement or entrapment within bone fragments in complex fractures, often missed on 

CT examinations due to the better co-registration with other MRI sequences. It can also 

give quantitative compositional information such as bone porosity, bound or pore water 
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concentration, and T1 or T2* relaxation times. In oncologic patients, the linear correlation 

of signals from synthetic CT images and CT’s Hounsfield units can be used for radiotherapy 

dose planning, MRI-only radiotherapy, and PET attenuation correction. The generation of 

synthetic CT images using MRI is an exciting and fast-growing field with many research and 

clinical applications and significant impacts on musculoskeletal disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Sequence diagrams of UTE Cones MRI sequence (A), ZTE MRI sequence (B), basic GRE 

MRI sequence (C), and schematic representations of synthetic CT image creation using SWI 

MRI (D), and GANs (E). UTE: ultra-short echo-time; ZTE: zero echo-time; GRE: gradient-

echo; SWI: susceptibility-weighted imaging; GAN: generative adversarial networks.
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Figure 2. 
PRISMA flowchart demonstrating the process for selection of studies.
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Figure 3. 
Results of QAREL reliability assessment of individual studies
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Figure 4. 
The basic 2D UTE sequence diagram. A truncated RF pulse is applied together with a 

slice-selective gradient (A). After excitation, the spatial encoding gradient is turned on, and 

data acquisition begins with radial k-space sampling (B).
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Figure 5. 
The 3D UTE cones sequence diagram. A short slab-selective RF pulse is used for signal 

excitation (A), followed by a Cones trajectory k-space sampling.
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Figure 6. 
30-year-old patient with glenohumeral instability. (A) T1-weighted image shows poor 

definition of glenoid cortical bone contour and measurement of 2.56 cm was obtained. (B) 

IR-UTE-Cones image shows excellent depiction of bone contours and measurement of 2.79 

cm was obtained, which is nearly perfect when compared with 3D CT measurement. (C) 2D 

CT image also shows excellent depiction of contours with 2.74 cm glenoid diameter. (D) 3D 

CT image was used as the reference standard. This figure was previously presented by Ma et 

al29 in “Feasibility of Using an Inversion-Recovery Ultrashort Echo Time (UTE) Sequence 

For Quantification of Glenoid Bone Loss – Springer Link”. Reprinting permission granted 

through the Rightslink system.
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Figure 7. 
Correlation between CT vs. 3D UTE MRI in a 72-year-old male with low back pain 

(T11-L5). Compression fractures are seen in T12 and L3 on the CT image (arrow and 

arrowhead in A, respectively) showing an excellent anatomic correlation with the 3D UTE 

MRI (arrow and arrowhead in B, respectively). Coronal (C and D) and axial (E-H) images 

also showed excellent anatomic correlation of the fractures between the CT scan and the 

3D UTE MRI (arrows in E/F and G/H). Note the retropulsion of a bone fragment in T12 

narrowing the spinal canal and its proximity to the spinal cord, which can be seen on the 

UTE sequence (yellow arrowheads in B and F). This figure was previously presented by 

Afsahi et al.31. Reprinted from “Frontiers | High-Contrast Lumbar Spinal Bone Imaging 

Using a 3D Slab-Selective UTE Sequence | Endocrinology (frontiersin.org)”. Licensed under 
CC BY 4.0.
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Figure 8. 
3D slab selective UTE MRI of the lumbar spine from a 37-year-old male. The surrounding 

soft tissues, such as the anterior and posterior longitudinal ligaments and the ligamentum 

flavum (arrowheads in A and D), can be seen distinctly from the cortical bone. The high 

spatial resolution allows for evaluating small lesions such as subchondral cysts (yellow 

arrows in B and C). The slab selective radiofrequency pulse allows the “exclusion” of 

abdominal organs from the excitation, thus reducing the effects of respiratory artifacts.
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Figure 9. 
Sagittal 3D slab-selective UTE MRI of an asymptomatic 28-year-old female shows the 

high definition of the vertebral body and spinal processes contours (A). The cervical neural 

foramina and facet joints are also depicted with high resolution and definition of its margins 

with a “CT-like” contrast (B). Slight image blurring is observed compared to images from 

Figure 8, possibly due to off-resonance artifacts.
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Figure 10. 
The comparison of GRE, UTE, and IR-UTE sequences for imaging the tibia in human 

volunteers. Clinical GRE sequence shows pure signal void for the mid-diaphyseal tibia 

(arrow) (A). This is also low signal with UTE due to the high signal from the surrounding 

long T2 muscle and fat (arrow) (B). The IR-UTE sequence shows consistent high contrast 

images for cortical bone of four healthy volunteers (C–F). Long T2 muscle and fat signals 

were efficiently suppressed through adiabatic inversion and approximate signal nulling. This 

figure was previously presented by Du et al6 in “Qualitative and quantitative ultrashort 

echo time (UTE) imaging of cortical bone - ScienceDirect”. Reprinting permission granted 

through the Rightslink system.
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Figure 11. 
The basic 3D ZTE sequence diagram. The ZTE sequence utilizes a non-selective rectangular 

RF pulse with a short duration for excitation (A), followed by a 3D center-out radial k-space 

sampling (B) with some missing data points at its center (white area in B). The readout 

gradients are turned on before signal excitation and evolve incrementally (Gx,y,z in A).
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Figure 12. 
Sagittal (A) and coronal (B) 3D ZTE MRI of the ankle from an asymptomatic 39-year-old 

male. Slice thickness = 1 mm, matrix size = 300 x 300, bandwidth = 73.2 KHz. The total 

scan time was 4 minutes.
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Figure 13. 
Axial (A, B), sagittal (C), and coronal (D) 3D ZTE MRI at the metatarsophalangeal joints 

(A) and zoomed-in images of the metatarsophalangeal joint of the hallux (B, C, D) from 

an asymptomatic 39-year-old male. Cortical and trabecular bone can be seen with high 

resolution. Slice thickness = 1 mm, matrix size = 300 x 300, bandwidth = 73.2 KHz. The 

total scan time was 4 minutes.
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Figure 14. 
Axial CT (A) and 3D ZTE MRI (B) from the right shoulder of a 40-year-old male presenting 

with glenohumeral instability symptoms show high intermodality agreement between CT 

and MRI. A dislocated bone fragment partially attached to the glenoid (Bony Bankart) is 

seen (yellow arrows) and corroborates the diagnosis of anterior shoulder dislocation.
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Figure 15. 
Axial grayscale inverted images of an FSE T2-weighted MRI (A), axial 3D ZTE MRI (B), 

and axial CT (C) from the right shoulder of a 45-year-old male with glenohumeral joint 

instability. A bone fragment detached from the anteroinferior glenoid is easily detected on 

the ZTE MRI (arrow in B), and the CT images (arrow in C) compared to the FSE MRI.
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Figure 16. 
Sagittal FSE T2-weighted MRI (A), 3D ZTE MRI (B), and CT (C) from the cervical spine 

of a 75-year-old male with cervical pain as well as myelopathy and radiculopathy symptoms. 

Note the neural foramen stenosis on ZTE MRI and CT (circled areas in B and C).
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Figure 17. 
Sagittal FSE T2-weighted MRI (A), sagittal 3D ZTE MRI (B), and zoomed-in images of 

the FSE T2-weighted MRI with grayscale inversion (C), 3D ZTE (D), and CT (E) from 

the cervical spine of the same 75-year-old male in Figure 13. Significant spinal canal 

stenosis is obvious, but ectopic ossifications and calcifications are not apparent on the 

FSE T2-weighted images (regular or inverted). However, the focus of posterior longitudinal 

ligament ossification at C4–5 (yellow arrows) and discal calcifications at C5–6 (orange 

arrows) are well-characterized on the ZTE image and confirmed on the CT.
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Figure 18. 
3D GRE high-resolution sequence directed to the evaluation of trabecular bone of the talus 

and calcaneus from a 37-year-old male before (A) and after (B - D) image inversion to make 

cortical and trabecular bone bright. Matrix = 384 x 320, slice thickness = 1 mm, bandwidth 

= 18.24 KHz.
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Table 1.

Characteristics of the studies included in the systematic review.

Study Participants Age Female Main Results Field 
Strenght

MRI 
Sequence Vendor Scan Time TR TE Matrix Voxel Size Slice 

Thickness

Reichert 
(2005)

7 human 
subjects 54 3

• SNR = 10–70
• T1 = 140–
260ms
• T2* = 0.42–
0.5ms

1.5T

2D-UTE dual 
subtraction/IR
-UTE both 
with fat-
suppression

Siemens 52s-8.5min 500ms

0.08, 2.87, 
5.66, 
8.45ms/0.08, 
5.95, 11.08 
and 17.70 
ms

512x512 4–8mm

Du (2009)

• phantoms
• 3 animal 
tissues
• 5 human 
subjects

• CNR = 12–20 
between short 
and long T2 
tissues

3T 2D-UTE-OSC GE 200–300ms 8µs 512 2–3mm

Du (2010)

• 1 human 
tissue
• 5 human 
subjects

30 0

• SNR = 30
• CNR = 27
• T1 = 
223±11ms 
• T2* = 
390±19µs 
• %water = 
23.3±1.6%

3T

2D-UTE dual 
echo 
subtraction/2
D IR-UTE

GE 9min 300ms 8µs/4.4ms 512x512 6mm

Du (2011)

• 1 human 
subject
• 7 human 
tissues

57 0

• High 
SNR/CNR 
between bone, 
fat, muscle with 
long T2 
suppression

3T

3D-UTE dual 
echo 
subtraction/3
D-IR-
UTE/3D-
DIR-UTE

GE 9–100min 15–300ms 8µs/2.2ms 256–384 0.21–
0.83mm

Krug (2011)

• 5 human 
tissues
• 1 human 
subject

• 1.7 x Higher 
SNR in 7 T vs 
3T
• T2* in 7T is 
half that in 3T

7T/3T 3D-UTE GE 14min 20ms 64μsec 1mm

Larson 
(2016)

• phantoms
• 7 human 
subjects

• Similar SNR 
and CNR (~27) 
between UTE 
and ZTE

7T 3D-UTE/3D-
ZTE GE

UTE: 
3min30s-4min/
ZTE: 
4min30s-5min

UTE:1.4–
1.9ms/
ZTE:1.1–
1.7ms

UTE:76–
80µs/
ZTE:16–
20µs

192/320 0.8–
1.1mm

Carl (2016) • 1 human 
subject

• Increase in n. 
or spokes 
decrease scan 
time with lower 
SNR

3T 3D-Cones-IR-
UTE GE 15min-1.67min 50–80ms 0.03ms 256x256 5mm

Nazaran 
(2017)

• 4 human 
subjects 35 0

• Cortical bone 
can be seen 
with high 
contrast
• T2* = 0.33–
0.45ms

3T 3D-IR-UTE-
Cones GE 4.5min 116.7ms 0.032, 0.2, 

0.4, 0.8 ms 128x128 2.6x2.6x3mm 3mm

Ma (2020)

• 6 human 
subjects
• 2 human 
tissues

• UTE MRI 
shows 
trabecular bone 
with high 
contrast
• T2* = 0.3–
0.45ms

3T 3D-IR-UTE GE 4min20s/
10min 82ms 0.032ms-4.4 160x160x42

Biswas 
(2012)

• 8 animal 
tissues

• UTE bi-
component 
analysis of 
cortical bone is 
feasible and 
suficient to 
describe bone 
compartments
• UTE Short 

3T 2D/3D-UTE GE 14/250min 100/300ms 8µs/32µs 256x256x256/256x256
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Study Participants Age Female Main Results Field 
Strenght

MRI 
Sequence Vendor Scan Time TR TE Matrix Voxel Size Slice 

Thickness

T2* = 0.29ms
• UTE Long 
T2* = 2.81ms

Bae (2012) • 14 human 
tissues 58 7

• µ-CT porosity 
positively 
correlated with 
UTE total water 
(R2 = 0.23), 
free water (R2 = 
0.31), long T2* 
(R2 = 0.25), 
short T2* (R2 = 
0.24)

3T 2D-UTE/3D-
UTE Siemens 27/250min 200/300ms 8µs 256x256x256 0.58mm

Horch 
(2012)

• 14 human 
tissues 70 6

High correlation 
between bound 
and pore water 
and mechanical 
properties

Li (2014) • 72 human 
subjects 54 42

• UTE Bone 
water positively 
correlated with 
age (R = 0.52) 
and negatively 
correlated (R = 
−0.57) with 
µCT bone 
mineral 
density. 
• UTE 
Suppression 
ratio positively 
correlated with 
µCT porosity (R 
= 0.88) and age 
(R = 0.87)

3T

Unsuppressed 
UTE, dual 
band 
suppressed 
UTE, IR-UTE

Siemens 15min 512x512 5mm

Marnhard 
(2015)

• 5 human 
subjects 26 3

• UTE 
quantitative 
maps of bound 
and pore water 
were created

3T 3D-UTE Philips 2.5ms 0.065ms

Rajapakse 
(2015)

• 16 human 
tissue
• 34 human 
subjects

67 43

• UTE Porosity 
index correlated 
with µ-CT 
porosity (R2 = 
0.79), µ-CT 
pore size (R2 = 
0.81),µ-CT 
bone density 
(R2 = 0.49; 
negatively), age 
(R2 = 0.64), 
UTE pore water 
fraction (R2 = 
0.62), UTE bi-
exponential T2* 
(R2 = 0.64)

3T 3D-UTE Siemens 115min 12ms 0.05–7.7ms 320x320x320 0.5mm

Chang 
(2015)

• 38 human 
tissues 65.7

• UTE Off-
resonance 
saturation ratios 
correlated 
positively with 
µCT porosity 
and 
biomechanical 
properties
• UTE short 
T2* = 0.35ms
• UTE long T2* 

3T 2D-UTE-MT GE 12min 100ms 0.01–20ms 128x128 3mm
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Study Participants Age Female Main Results Field 
Strenght

MRI 
Sequence Vendor Scan Time TR TE Matrix Voxel Size Slice 

Thickness

= 4.33ms
• UTE T1 = 
246ms

Chen (2016)

• 6 animal 
tissues
• 6 human 
subjects

• Bound water 
measured with 
3D IR-UTE 
T2*~0.29 
similar to T2* 
measured with 
2D UTE and 
3D-UTE

3T
• 3D IR-UTE
• 2D-UTE
• 3D-UTE

GE 2min 0.03–11ms 128x128 10mm

Abbasi-Rad 
(2017)

• 72 human 
subjects 55 42

• UTE T1BW = 
162.47ms
• UTE T1FW = 
306.79ms
• UTE BWconc = 
19.6%
• UTE FWconc= 
5.6%
• UTE T1FW 

and FWconc 

positively 
correlated with 
age (R2 = 0.72 
and 0.62)

3T
3D-UTE dual 
echo 
subtraction

Siemens 6.6min 20/60ms 10/60ms 256 (readout) 0.38x0.38

Jerban 
(2017)

• 14 human 
tissues 47 4

• UTE MMF 
and T2* 
decreased 12% 
after cortical 
bone loading

3T

3D-UTE-
Cones/3D-
UTE-MT-
Cones

GE 30ms 0.032–15ms 192x192 3mm

Jerban 
(2018)

• 18 human 
tissues 58 8

• UTE MMF 
correlated with 
µ-CT porosity 
(R = −0.67 to 
−0.73), µ-CT 
bone mineral 
density (R = 
0.46 to 0.7)

3T 3D-UTE-MT-
Cones GE 15min 24.3ms 0.03–15ms 160x160 3–4mm

Jerban 
(2019)

• 156 human 
tissues 62 62

• UTE MMF 
correlated with 
µ-CT porosity 
(R = −0.72), µ-
CT bone 
mineral density 
(R = 0.71), 
Young 
Modulus, stress 
(R = 0.6–0.61)

3T

3D-UTE-
Cones/3D-
UTE-MT-
Cones

GE 30–40min 20ms 0.032 160x160 2mm

Jerban 
(2019)

• 11 human 
tissues 51 5

• UTE MMF 
and bi-
component T2* 
can estimate 
variation in 
bone porosity 
bellow the 
image 
resolution range 
detectable by µ-
CT

3T 3D-UTE-MT-
Cones GE 15min 24.3ms 0.03–15ms 160x160 3–4mm

Jerban 
(2019)

• 8 human 
tissues 63

• UTE 
Macromolecular 
proton density 
correlated with 
µ-CT porosity 
(R = −0.79), µ-
CT bone 
mineral density 

3T 3D-UTE-MT-
Cones GE 7min 24.3ms 0.03–15ms 160x160 3–4mm

Invest Radiol. Author manuscript; available in PMC 2024 January 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Lombardi et al. Page 45

Study Participants Age Female Main Results Field 
Strenght

MRI 
Sequence Vendor Scan Time TR TE Matrix Voxel Size Slice 

Thickness

(R = −0.7), age 
(R = −0.91)

Hong (2019) • 18 human 
tissues 67.5 12

• UTE Porosity 
index correlated 
with 
biomechanical 
stiffness (R = 
−0.79), infrared 
spectral 
imaging 
collagen conc. 
(R = −0.73), 
UTE BW (R = 
−0.95)

3T 3D-UTE Siemens 12ms 0.05/2ms 320x320x320 0.5mm

Guo (2020) • 12 human 
tissues

• UTE T1 
bound water ~ 
112.3ms in vivo

3T 3D IR-UTE GE 60min 150–500ms 0.032ms/
2.5ms 128x128 4mm

Jerban 
(2020)

• 35 human 
subjects 61

• UTE BWconc. 
measured by 
tricomponent 
T2* correlated 
significantly 
with µ-CT 
porosity (R = 
0.7), 
biomechanical 
properties (R = 
0.58–0.62)

3T 3D-UTE-
Cones GE 35min 28ms 0.032–24ms 160x160 2mm

Jerban 
(2020)

• 135 human 
tissues from 
37 donors

61 19

• UTE TWconc. 
positively 
correlated with 
µ-CT porosity 
(R = 0.66), µ-
CT pore size (R 
= 0.57), µ-CT 
bone marrow 
density (R = 
0.71)

3T 3D-UTE-MT-
Cones GE 7min 24.3ms 0.03–15ms 160x160 3–4mm

Geiger 
(2014)

• 9 human 
subjects 85 3

• Average 
deviation of 
suface 
coordinates 
UTE vs µCT 
(0.19 ± 
0.15mm)
• Inter-rater ICC 
(UTE vs UTE) 
> 0.99

3T 3D-UTE GE 60min 50ms 0.05ms 384x384x384 0.104mm

Ma (2018)

• 11 human 
tissues
• 3 human 
subjects

86/38 7

• Glenoid 
diameters on 
CT, UTE not 
significantly 
different
• Inter-rater ICC 
near perfect

3T 3D-IR-UTE-
Cones GE 15min 134ms 0.03ms 192x192 3–4mm

Finkenstaedt 
(2019)

• 4 human 
cadavers
• 2 human 
subjects

54 3

• GRE 
sensitivity = 
0.75, specificity 
= 1
• UTE 
sensitivity and 
specificity = 1
• UTE 
diagnostic 
confidence > 
GRE

3T 3D-UTE-
Cones GE 3min12s 44.3ms 0.05ms 256x256 2mm
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Study Participants Age Female Main Results Field 
Strenght

MRI 
Sequence Vendor Scan Time TR TE Matrix Voxel Size Slice 

Thickness

Huber 
(2020)

• 19 human 
subjects 75.3 11

• Intermodality 
kappa = 0.81
• Inter-rater 
agreement = 
0.81

3T 3D-UTE 
PETRA Siemens 5min15s 5ms 0.07ms 352 0.7mm

Afsahi 
(2021)

• 12 human 
subjects 38 3

• Bland-Altman 
Limits of 
agreement: all 
differences 
(UTE vs CT) 
included within 
95% CI

3T
3D-Slab-
Selective-
UTE

GE ~9min 2ms 0.028ms 1.2x1.2x1.2mm

Schwaiger 
(2021)

• 30 human 
subjects 65 12

Sensitivity, 
specificity, 
accuracy: 
• 0.95, 0.98, 
0.97 for GRE vs 
CT
• 0.91, 0.96, 
0.95 for UTE vs 
CT
• Agreement 
and image 
quality was 
higher for GRE 
than UTE
• Inter-rater 
agreement 
substantial to 
excellent

3T 3DT1SGRE/3
D-UTE Philips GRE:5.12min /

UTE: 6.3min
GRE:7.8ms/
UTE:6.3ms

GRE:2.3ms/
UTE:0.14ms 0.28x0.28x0.75

Deininger-
Czermak 
(2021)

• 27 human 
cadavers 73 11

• High 
Morphological 
Correlation 
MRI vs CT
• UTE and GRE 
underestimated 
degeneration
• SNR higher on 
UTE and GRE 
vs CT

3T

2D-UTE dual 
echo 
subtraction/3
D 
FRACTURE 
(GRE)

Philips UTE:8min56s/
GRE: 6min48s

UTE:10.2ms/
GRE:20.7ms

UTE: 
0.2,4.6ms/
GRE:4.61ms

UTE: 
0.8x0.8x1.2mmGRE: 
0.7x0.7x0.7mm

Ngyuen 
(2022)

• 12 human 
subjects 12.6 2

• Inter-reader 
agreement 
kappa = 0.91–
0.93
• Sensitivity and 
specificity were 
equivalent 
between TSE 
MRI and UTE 
(0.95–1)
• UTE improved 
agreement on 
fracture 
detection but 
reduced 
agreement on 
management

3T 3D-UTE 
(PETRA) Siemens 7min 6.5ms 0.07ms 256x128/320x320 0.6–1mm

Breighner 
(2017)

• 34 human 
subjects 40 8

• Inter-rater and 
intermodality 
agreement (ZTE 
vs CT) kappa or 
ICC > 0.6

3T/1.5T 3D-ZTE GE 4–6min 1.3/1.6ms 0 256 or 320 (readout) 1.4–
1.5mm

Argentieri 
(2018)

• 34 human 
subjects 57 17

• Inter-rater 
kappa = 0.72
• High 
intermodality 
agreement ZTE 
vs CT (86% 

3T 3D-ZTE GE 5min 417ms 0 320x320 1mm
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Study Participants Age Female Main Results Field 
Strenght

MRI 
Sequence Vendor Scan Time TR TE Matrix Voxel Size Slice 

Thickness

within 1 grade 
of stenosis 
between ZTE 
and CT)

Breighner 
(2019)

• 23 human 
subjects 28 18

• Interrater ICC 
= 0.6–0.99
• Intermodality 
ZTE vs CT 
ICC: 0.61–0.9

3T 3D-ZTE GE 5min 425–528ms 0 512x512 1.1–
1.4mm

Yuan (2019) • 39 human 
subjects 11 19

• ADC were 
smilar on EPI 
and RUFIS with 
improved 
imaging quality 
without noise

3T RUFIS GE 3–6min 2.3ms 0 128x128x30 4–6mm

de Mello 
(2020)

• 6 human 
tissues
• 10 human 
subjects

39 2

• Interrater ICC 
= 0.92–0.98
• Intermodality 
ICC ZTE vs CT 
= 0.94–0.99
• Bland-Altman 
differences ZTE 
vs CT = 0.3–
0.8mm

3T 3D-ZTE GE 3–13min 0.8–1.1ms 0 512x512 0.6–1mm

Sandberg 
(2020)

• 95 human 
subjects 12 42

• High 
intermodality 
agreement (Z = 
−1.8)
• Inter-rater 
agreemenet 
kappa = 1

3T 3D-ZTE GE 86–171s 303–628ms 16µs 200x200/320x320 1.2–2mm

Lee (2020) • 20 human 
subjects 37 13

• High 
intermodality 
and interrater 
agreement 
(kappa: 0.8–0.9)

3T 3D-ZTE GE 5min 785ms 0 260x260 1mm

Jeong (2020) • 22 human 
subjects 60 9

• Sensitivity of 
ZTE: 0.9 and 
0.93
• Moderate to 
strong 
correlation 
Hounsfield vs 
MR signal (R = 
0.42 to 0.72)

3T 3D-PETRA Siemens 3min29s 3.3ms 0.07ms 320x320 0.8mm

Sandberg 
(2020)

• 39 human 
subjects 11 19

• ADC were 
smillar on EPI 
and RUFIS

3T RUFIS GE 3–6min 2.3ms 0 128x128x30 4–6mm

Ma (2021) • 1 human 
subject 55 0 3T 3D-ZTE GE 9min58s 1200ms 0 256x256x40 2mm

Amar (2021) • 7 human 
subjects 50 2

• High 
intermodality 
agreement ZTE 
vs CT (0.66 to 
1.0)

3T

3D-ZTE/
Conventional 
MRI 
sequences

GE 320 1.1x1.1mm 1.6mm

Bharadwaj 
(2021)

• 100 human 
subjects 40 44

• ZTE had 
higher image 
quality, 
diagnostic 
confidence than 
SPGR

3T 3D-ZTE GE 0.5ms 0 256x128 2mm

Li (2022) • 40 human 
subjects 40 17

• ZTE accuracy, 
interreader and 
intermodality 
agreement were 

3T 3D-ZTE/
T1FSE GE 2–3min 553–777ms 6.8–7.2ms 320x320 3/1.4mm
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Study Participants Age Female Main Results Field 
Strenght

MRI 
Sequence Vendor Scan Time TR TE Matrix Voxel Size Slice 

Thickness

higher than 
T1FSE

Hou (2022) • 22 human 
subjects 52 14

• ZTE 
performance 
and interreater 
agreement was 
higher

3T

3D-ZTE/
Conventional 
MRI 
sequences

GE ZTE: 5min ZTE: 
1020ms 0 300x370 1x1x1mm

Gyftopoulos 
(2013)

• 3 human 
tissues 52 3

• No significant 
differences 
between 
T1FLASH and 
CT

3T T1FLASH Siemens 3min28s 10ms 2.45/3.7ms 192x192 1x1x1mm

Gyftopoulos 
(2014)

• 15 human 
subjects 28 2

• No significant 
differences 
between 
T1FLASH and 
arthroscopy

3T T1FLASH Siemens 3min28s 10ms 2.45/3.7ms 192x192 1x1x1mm

Ang (2017) • 24 human 
subjects 19 2

• Sensitivity, 
specificity and 
accuracy of 
T1VIBE = 97.7, 
92.3, and 95.7 
%, respectively

3T T1VIBE Siemens 7ms 2.45ms 2mm

Stillwater 
(2017)

• 11 human 
subjects 29 3

• Measurements 
of T1VIBE and 
CT were 
equivalent

3T T1VIBE Siemens 4min16s 10.5ms 3.5ms 256x100 0.7x0.7x0.7mm 0.7mm

Koh (2017) 1.5T/3T T1VIBE Siemens 6–8ms 3–5ms 0.4–0.5mm

Samin 
(2019)

• 17 human 
subjects 37 8

• High 
intermodality 
agreement 
T1FLASH vs 
CT (89.5%)

3T T1FLASH Siemens 10ms 2.4ms 192x100 1x1x1mm 1mm

Gersing 
(2019)

• 32 human 
subjects 33.9 17

• Intermodality 
agreement GRE 
and Radiograph 
(periosteal 
reaction: 0.67, 
destruction: 
0.75), 
sensitivity 
(86.2%)

3T T1wGRE Philips 5min30s to 
6min45s 10ms 2.7ms 0.5mm

Subramanian 
(2021)

• 50 human 
subjects 27 37

• No significant 
differences in 
measurements 
T1VIBE and 
CT

3T T1VIBE Siemens 3min 6.9ms 2.6ms 480x150 0.8x0.8x0.8mm 0.8mm

Johnson 
(2021)

• 6 human 
subjects 14 0

• High quality 
CT-like contrast 
MRI

3T FRACTURE Philips 4min56s 50ms 2.3–13.8ms 0.62x0.62x0.62mm

Boker 
(2017)

• 54 human 
subjects 56 26

• Sensitivity, 
specificity of 
SWI (1.0/0.95) 
vs conventional 
MRI sensitivity 
(0.2)

1.5T SWI-MRI Siemens 5min11s 49ms 14ms 384 3mm

Norenberg 
(2017)

• 44 human 
subjects 52 18

• Detection 
rates, 
sensitivity, 
specificity SWI: 
0.91, 0.977, 
0.913 vs 
Standard MRI: 

1.5T SWI-MRI Siemens 4min30s 49ms 20ms 256x256 3mm
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Study Participants Age Female Main Results Field 
Strenght

MRI 
Sequence Vendor Scan Time TR TE Matrix Voxel Size Slice 

Thickness

0.478, 0.48, 
0.81

Bender 
(2017)

• 81 human 
subjects 50 40

• SWI: 
sensitivity, 
specificity, 
correlation 
(0.989, 0.991, 
0.96, 0.95)

1.5T SWI-MRI Siemens 5min11s 49ms 14ms 448x448 3mm

Boker 
(2018)

• 39 human 
subjects 67 24

• Sensitivity, 
specificity of 
SWI higher 
than 
conventional 
MRI in all 
morphologic 
features

1.5T SWI-MRI Siemens 5min11s 49ms 20ms 384 3mm

Ulas (2019) • 37 human 
subjects 60.1 27

Accuracy:
• SWI(0.912)
• T1w +SWI 
(0.938)
• T1w alone 
(0.888)

1.5T SWI-MRI Siemens 5min3s 49ms 20ms 192x192 0.8mm

Engel (2019) • 21 human 
subjects 51.8 12

• Sensitivity, 
specificity of 
SWI 
(0.966/0.995) vs 
conventional 
MRI (0.431/1.0)

1.5T SWI-MRI Siemens 5min11s 49ms 14ms 3mm

Boker 
(2019)

• 53 human 
subjects 54.5 26

• Sensitivity, 
specificity of 
SWI (1.0/0.96) 
vs conventional 
MRI (0.79/0.83) 
for osteoblastic 
lesions

1.5T SWI-MRI Siemens 5min2s 49ms 20ms 384 3mm

Boker 
(2020)

• 40 human 
subjects 47.1 17

• Higher 
accuracy to 
measure hip 
angles than 
radiographs

1.5T SWI-MRI Siemens 4min37s 49ms 20ms 320 3mm

Deppe 
(2021)

• 68 human 
subjects 40.5 28

• Sensitivity 
SWI (0.82) was 
higher than T1 
(0.73)
• Agreement 
with CT for 
SWI (0.92) vs 
T1 (0.84)

1.5T SWI-MRI Siemens 5min47s 49ms 14ms 448x244 4mm

Ulas (2022) • 36 human 
subjects 54 24

• SWI 
specificity (0.9) 
was higher than 
T1 (0.4) and 
VIBE/T1 (0.5)
• VIBE 
overestimated 
lesions

1.5T SWI-MRI Siemens 5min3s 34ms 15ms 384x252 0.5mm

Morbée 
(2021)

• 30 human 
subjects 40 16

High 
intermodality, 
inter-rater, and 
intra-rater 
agreement with 
CT

3T

3D T1 Multi-
echo GRE 
FLASH with 
CAIPIRINHA

Siemens 4min3s 7ms 2/3.5ms 288x288x120

Staartjes 
(2021)

• 11 human 
subjects

High 
intermodality 3T

3D T1 Multi-
echo GRE 
FLASH

Siemens 3min53s 7ms 2.1/4.1ms 288x288x120 0.7x0.7x0.9mm
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Study Participants Age Female Main Results Field 
Strenght

MRI 
Sequence Vendor Scan Time TR TE Matrix Voxel Size Slice 

Thickness

agreement with 
CT

Forkflow 
(2021)

• 30 human 
subjects 0

High 
intermodality, 
inter-rater, and 
intra-rater 
agreement with 
CT

3T
3D T1 Multi-
echo GRE 
FLASH

Philips 2min38s 6.5ms 2.1–4.8ms 448x448x160 0.9x0.9x1mm

Willemsen 
(2021)

• 8 human 
tissues 78 4

Higher 
intermodality 
and inter-rater 
agreement sCT 
vs micro-CT

3T Philips 2min31s 6.9ms 2.1–4.4ms 0.6mm

Jans (2021) • 40 human 
subjects 14

sCT diagnostic 
accuracy higher 
than T1wMRI 
(0.94, 0.97, 0.92 
vs 0.86, 0.81, 
0.84)

3T
3D T1 Multi-
echo GRE 
FLASH

Siemens 5min37s 7ms 2/3.5ms 384x384

Lena (2022) • 9 human 
subjects 3

High 
intermodality 
agreement with 
CT

1.5T
3D T1 Multi-
echo GRE 
FLASH

Philips 3min 7ms 2.1/4.2ms 0.92–1mm
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Table 2.

Suggested Protocols for synthetic CT imaging using UTE, ZTE, GRE MRI, and Deep Learning.

Field 
Strenght MRI Sequence TR (ms) TE (ms) Matrix

Slice 
Thickness 

(mm)

BW 
(KHz)

Additional 
Parameter

UTE 3T • 3D-UTE
• 3D-IR-UTE* 80–100 0.03–0.05 192x192 3 62.5 *IR time: 20 – 50 

ms

ZTE 3T 3D-ZTE 1–1.4 0 320x320 1 62.5

GRE 
FLASH 3T Dixon-T1-FLASH 10 2.45/3.7 192x192 1 76.8

GRE VIBE 3T T1-VIBE 10.5 3.5 256x100 0.7 76.8

SWI 3T SWI-MRI 49 14 448x448 3

Deep 
Learning 3T 3D-Multi-echo 

GRE FLASH 7 2.1/4.1 288x288 0.6–1 144
Network 
architecture: U-
net or GAN

TR: Time of recovery; TE: Time echo; BW: Bandwidth; IR: Inversion recovery; GRE: Gradient echo; FLASH: Fast low angle shot; VIBE: 
Volumetric interpolated breath-hold; SWI: Susceptibility weighted imaging; GAN: Generative adversarial networks
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