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Intravertebral fat degeneration may be a potential risk factor for bone fractures. Previously, measurements of vertebral 

morphological changes and fat fraction have been performed separately. However, separate measurements can lead to 

positioning errors, and with regard to X-ray examinations, an added factor of radiation exposure also exists. Our developed 

method allows for the simultaneous evaluation of bone morphology and fat fraction using magnetic resonance imaging (MRI), 

addressing the concerns mentioned above. To obtain a bone image, four in-phase echo images were acquired on a 1.5 T MRI 

system. We generated a bone image by applying an inversion process to the sum of four images. Additionally, by setting the 

initial echo time of the multi-echo image to the opposed-phase, the fat fraction was calculated on a pixel-by-pixel basis. 

Furthermore, a field map was used to correct the inhomogeneity of the magnetic field within the in-plane. Images that enabled 

the evaluation of bone morphology were obtained from MRI. Using the in-phase images from multi-echo MRI also made it 

possible to evaluate trabecular bone. Additionally, opposed-phase images were used to calculate fat fraction images. By 

incorporating the field map into the analysis, obtaining a more accurate image of the fat fraction was possible without magnetic 

field inhomogeneity. This method can be completed in a single imaging session, with minimal burden on the participant and no 

positional displacement, in a clinically useful manner.
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Introduction

Evaluation of bone morphology, such as in cases of 

fractures, is commonly performed using X-ray imaging. For 

example, in the vertebral region, quantitative evaluation is 

carried out by measuring distances on lateral radiographs of 

the vertebral bodies. However, this is susceptible to the 

positioning during imaging, and in cases of early vertebral 

fractures or occult fractures without morphological changes, 

it can be difficult to depict them on various X-ray 

examinations including X-ray computed tomography (CT)1-4). 

Additionally, in osteoporosis, fractures can occur without 

dependence on bone density, and the importance of bone 

quality as another factor of bone strength, in addition to 

bone density, has been pointed out 5, 6).

Evaluation methods for bone morphology include not 

only the conventional technique of imaging the differences 

in X-ray absorption that depend on the atomic number of the 

material, but also magnetic resonance imaging (MRI), which 

can visualize images based on proton density and its 

relaxation time. The technique that uses multiple in-phase 

images acquired using the gradient echo is generally known 

as the multi-echo method. This is a versatile approach that 

does not require specialized imaging techniques or analysis 

programs. Furthermore, MRI is an excellent imaging 

technique for calculating fat fraction, and studies have been 

made of the clinical significance of the evaluation of fatty 

degeneration or infiltration of the liver 7-9), bone marrow 10, 11), 

heart 12), and muscles 13-15). Fat fraction is extremely useful 

clinical information and can be obtained by ultrasound 

examination; however, MRI can acquire it with high 

precision using the multi-echo technique 16-18).

Malignant soft tissue tumors such as liposarcoma, which 

are related to lipid deposition, require a combination of 

imaging examinations such as CT and MRI for diagnosis, and 

intravertebral fat degeneration may be a potential risk factor 

for bone fractures 19, 20). However, to date, the measurements 

of vertebral morphological changes and fat fraction have 

been performed separately. Separate measurements can lead 

to positioning errors; with regard to X-ray examinations, an 

added factor of radiation exposure also exists.

This research proposes a method that can simultaneously 

acquire  bone imaging with information on bone 

morphology and composition, as well as fat fraction 

imaging, in a single MRI acquisition. The sequence for 

generating bone images is often performed using a 3.0 T 

MRI system to improve the signal-to-noise ratio, and three-

dimensional (3D) volume imaging is commonly used to 

enable multi-planar reformatting and acquisition of thin 

slices 21, 22). However, the method adopted in this study 

evaluated the effects using a two-dimensional (2D) 

gradient-echo sequence using multi-echo, which can be 

sufficiently set up on a general-purpose MRI system. Our 

method propose that this is a versatile method that addresses 

the previously mentioned concerns.

Materials and Methods

We used the fast field echo resembling a CT using 

restricted echo-spacing (FRACTURE) sequence to obtain a 

bone image 23). The evaluation was based on the multi-echo 

images with in-phase that depends on the magnetic field 

strength. The number of the in-phase images each echo time 

(TE) has been reported; however, it has not yet been 

determined with certainty 21-23). We applied four TE and 

generated a bone image by applying an inversion process to 

the sum of four images. Figure 1 shows the overview of the 

FRACTURE sequence, which is calculated by fitting the 

absolute signals into the following equations:

 （1）

  （2）
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where Ssum(x, y) and S0(x, y) are the signal intensities of 

summation of each in-phase TE images and the initial signal 

intensity image, respectively; TEIPi is each in-phase TE; and 

S(xmax, ymax) and S(xmin, ymin) are the signal intensities of the 

maximum and minimum, respectively. Moreover, by setting 

the initial TE of the multi-echo image to the opposed-phase, 

the fat fraction η(x, y) was calculated on a pixel-by-pixel 

basis. It is described in the following equations:

 （3）

 （4）

 （5） 

where Swater and Sfat are the signal intensities of the water and 

the fat, respectively; and SIP(x, y) and SOP(x, y) are the signal 

intensities of the in-phase image and opposed-phase image, 

respectively. Furthermore, we used the real component of 

the complex-valued image to discriminate between fat 

fraction of 50% and above, and those below 50%. Figure 2 

summarizes the process of these image calculations. 

Figure 1
The calculation process of the bone image is as follows. All the echo time (TE) images used in the calculation are at the in-phase timing. Longer TE indicates 
inclusion of high influence of T2 relaxation; however, this method sums up all the images and then performs a final black-and-white inversion, so the influence of 
transverse relaxation is not a problem.

Figure 2
The fat fraction is calculated pixel-by-pixel from the in-phase and opposed-phase images. While the absolute value image alone cannot distinguish between fat 
fraction below and above 50%, using the real component of the complex-valued image allows accurate representation of fat fraction from 0 to 100%. 
Furthermore, a field map was created from the phase difference of each TE, and correction for magnetic field inhomogeneity was performed.
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Furthermore, a field map Δfm(x, y) was used to correct the 

inhomogeneity of the magnetic field (B0) within the in-

plane:

 （6）

where φ is the phase difference each TE (* means the 

complex conjugate of complex number), and ΔTE is the TE 

difference between early and late TE.

MRI acquisition

All examinations were performed on a 1.5 T MRI system 

(Echelon Vega, FUJIFILM Healthcare Corporation, Tokyo, 

Japan) with an eight-channel body matrix coil. To obtain a 

bone image by applying an inversion process to the sum of 

four images, we used the following parameters: repetition 

time (TR), 200 ms; TE, comprising 4 TE, ranged from 4.6–

18.4 ms; flip angle, 15°; slice thickness, 5 mm; matrix, 320 

× 320; field of view, 320 mm (in-plane resolution, 1.0 × 

1.0 mm); parallel imaging factor, 1.0; number of signal 

averages, 2; receiver bandwidth, 217.4 kHz; and acquisition 

time, 1 min 46 s. Additionally, to calculate the fat fraction 

on a pixel-by-pixel basis, the initial TE of the multi-echo 

image was set to the opposed-phase (i.e., TE, 2.3 ms).

All data were processed with an in-house solution using 

MATLAB release 2024a (MathWorks Inc., Natick, MA) 

program and Microsoft Excel 2021 (Microsoft Corporation, 

Redmond, WA). Moreover, we used ImageJ 1.52 image-

processing software (National Institutes of Health, 

Bethesda, MD) to analyze the images. Since this study 

proposes a novel image generation method, a bone image 

was also generated using only the first echo in-phase image 

as a reference for comparison. Instead of performing 

statistical analysis, the structural similarity index measure 

(SSIM) 24) was calculated in the following equations:

 （7）

where µA and µB are the average of the reference image and 

the target image, respectively; σA and σB are the standard 

deviation of the reference image and the target image, 

respectively; σAB is the sample covariance of the reference 

image and the target image; and c1 and c2 are two variables to 

stabilize the division with weak denominator, respectively.

Results

The FRACTURE sequence was applied on four in-phase 

echo images. Using multiple images included T2 relaxation 

in accordance with each TE, representing more detailed 

information about the bone trabeculae (Figure 3a) was 

possible. The comparison image showing the bone image 

calculated using only the first echo in-phase image is shown 

in Figure 3b. The method using the four in-phase echo 

images showed a significant difference in the trabecular 

bone compared with the method using only the first echo; 

however, no significant difference was observed in the 

cortical bone. Multiple T2 relaxation information containing 

images can provide bone images in terms of containing 

trabecular bone information, compared with images 

calculated from the first echo alone.

The SSIM between the bone image generated using the 

four in-phase echo images and that using only the first in-

phase echo image is shown in Figure 4. To ensure a more 

accurate evaluation, the field of view was limited to each 

lumbar vertebral body, minimizing the inclusion of 

surrounding organs. The mean SSIM that was calculated 

across the five vertebral bodies was 0.56644.

To obtain the fat fraction on a pixel-by-pixel whole in-plane 

images, the in-phase and opposed-phase images were applied. 

Equation 5 alone was insufficient for accurate calculation, 

because distinguishing between fat fraction of ≤ 50% and 

those > 50% was difficult. Next, we used the real component 
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of the complex-valued image to perform discrimination of 

fat fraction > 50% (Figure 5a), and solved the conventional 

problem, as shown in Figure 5b. To compensate for the B0 

inhomogeneity, the field map applied to the in-plane images 

allowed for the acquisition of more accurate fat fraction.

The multi-echo sequence that was the basis for 

calculating the FRACTURE image was used to calculate 

the fat fraction. In other words, the FRACTURE and fat 

fraction were images that were obtained without any 

positional mismatch.

Discussion

Evaluation of bone fractures is typically performed using 

X-ray examination; however, MRI can also be used to 

visualize bones, and its usefulness has been reported 21-23). 

MRI is also an excellent examination for evaluating fat 

fraction 7, 14, 16-18). The relationship between bone lesions and 

fat fraction has been reported 17, 25, 26). Bone density tests (e.g., 

dual energy X-ray absorptiometry) reflect bone mineral 

content; however, in bones with high fat content, the bone 

mineral content may be underestimated 26). This suggests that 

Figure 3
Calculation of bone images requires in-phase images; however, the calculation image using multiple TE (a) and only the TE of the first 
echo (b) are shown. The image with the application of multiple TE can evidently better depict the fine structure of the bone and the 
information of the bone trabeculae.

a b

Figure 4
The SSIM was between the bone image generated using the four in-phase echo images and that using only the first in-phase echo 
image. The mean SSIM was calculated across the five vertebral bodies.
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evaluating the composition of the bone and its fat fraction is 

clinically significant. When these cases are diagnosed, we 

require a combination of imaging examinations such as 

X-ray examinations and MRI. In this study, we developed a 

method that can simultaneously acquire bone images and fat 

fraction in one scan using multi-gradient echo sequence.

The FRACTURE sequence that has been reported is 

generally calculated from multiple in-phase images. In this 

study, 4 TE were adopted for verification. However, these 

TE must be set to the in-phase, which is not the shortest, 

and in the case of a general-purpose MRI system with a 

static magnetic field strength of 1.5 T, the later TE may be 

extended, resulting in a possible extension of TR as well. 

Therefore, we attempted to calculate bone images using 

only the first echo in order to resolve the concern of time 

extension. For the signal-to-noise ratio, the bone image was 

calculated by adding the first echo images in the same 

number. As a result, the bone images using only the first 

echo lacked information on the bone trabeculae, and the 

method using multiple different TE was similar contrast to 

that of X-ray CT images. The SSIM values for each lumbar 

vertebral body were substantially lower than 1, which is the 

value for identical images. Specifically, the cortical bone 

showed SSIM values close to 1, whereas the trabecular 

bone exhibited lower values.  This is because the 

characteristics of the FRACTURE sequence calculation 

method. Specifically, this technique uses a black-and-white 

inversion process at the end of the image operation. 

Consequently, when the same image is added, the signal 

values are simply summed, which tends to result in a low-

signal final image. Per the above discussion, we can 

conclude that images that enable the evaluation of bone 

morphology similar contrast to X-ray CT were obtained 

from MRI; using the in-phase images from multi-echo MRI 

also made it possible to evaluate trabecular bone. On the 

other hand, if the evaluation is only for the structural 

assessment of the bone, such as a fracture, the bone image 

obtained from the first echo alone may be sufficient. In that 

case, the acquisition time would not be prolonged and the 

derivation would also be simpler.

Additionally, opposed-phase images that were obtained in 

conjunction with the in-phase by the mult i-echo 

simultaneously were used to calculate fat fraction images. 

We adopted the two-point type Dixon method, which can 

also be applied to the conventional MR system. This is 

because the multi-point type, which is said to have high 

accuracy, often requires optional special programs and lacks 

versatility. Additionally, the slight decrease in the accuracy 

Figure 5
The real component of the complex-valued image applied to create a fat fraction image (a), and a fat fraction image calculated solely 
from the magnitude MR image (b). Using the real component, distinguishing between fat fraction of ≤ 50% and those > 50% was 
possible. However, when calculating solely from the absolute value image, the fat fraction > 50% would appear to have the same signal 
fat fraction of ≤ 50%.

a b
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of fat fraction is not considered very important in the 

diagnosis. The precision degradation caused by B0 

inhomogeneity is a more fundamental issue underlying MRI 

than the accuracy differences between two-point and multi-

point measurement methods 27, 28). Therefore, we performed 

B0 inhomogeneity correction using the field map on a pixel-

by-pixel basis. By incorporating the field map into the 

analysis, obtaining a more accurate image of the fat fraction 

without B0 inhomogeneity was possible.

The calculation of fat fraction using the two-point Dixon 

method is simple and can be easily implemented even on 

conventional MRI systems. However, simply using the 

intensity information from in-phase and opposed-phase 

images makes it difficult to distinguish between fat fractions 

below and above 50%. This is because even if a difference 

in the absolute magnitude of the magnetic moments of the 

protons that make up water and fat on a per-pixel basis is 

noted, all of those absolute values are expressed as signal 

intensity. To solve this problem, we used the real-image 

component of the MRI complex data. The signal intensity in 

an MRI image is not only proportional to the water and fat 

content on a per-pixel basis, but it also depends on the 

composite vector arising from the phase difference between 

the resonance frequencies of the protons that make up water 

and fat. Therefore, we determined the sign of each pixel in 

the real component, and classified pixels with positive 

values as having a fat fraction of ≤ 50%, whereas pixels 

with negative values were considered to have a fat fraction 

> 50%. Fat fraction imaging can be calculated from images 

obtained by FRACTURE sequence acquisition, which is an 

excellent method that imposes little physical and economic 

burden on the patient.

The proposed method that allows for both bone 

morphology imaging and fat content evaluation in a single 

MRI acquisition is considered highly useful. However, we 

recognize the following limitations. This research is focused 

on methods for acquiring images.  Therefore,  the 

visualization of some lesions has not been investigated. In 

the future, we would like to conduct our method in a variety 

of cases and explore the clinical utility of this approach. 

Another limitation is that the study was unable to evaluate 

the fat fraction using established fat mass measurements. 

The current research involved B0 inhomogeneity correction; 

however, the fat fraction is calculated from a two-point TE 

method, so the measurement accuracy needs to be verified. 

If these limitations are resolved, this method would become 

a clinically useful imaging tool and contribute to reducing 

the burden on patients.

Conclusion

This study proposed a useful method that can acquire the 

morphological information of bone and fine structure of 

trabeculae. Acquiring an image of the fat fraction with the 

correction of B0 inhomogeneity simultaneously is possible, 

with minimal burden on the patient and no positional 

displacement, in a clinically useful manner. The proposed 

technique, which can provide two clinically useful pieces of 

information in a single MRI acquisition, is superior in 

simultaneous evaluation due to the lack of positional 

misalignment and has great potential to reduce the physical 

and economic burden on the patient.
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荒井　信行 1, 2），中舍　幸司 1），伊藤　和寛 3），
武藤　裕衣 1），松浦　佳苗 1），齋藤　恒一 3）

1）鈴鹿医療科学大学　保健衛生学部　放射線技術科学科

2）名古屋市立大学　医学研究科　放射線医学分野

3）鈴鹿医療科学大学　保健衛生学部　リハビリテーション学科

キーワード：　Magnetic resonance imaging, Bone imaging, Fat fraction, In/opposed-phase

椎体の脂肪変性は，骨折の潜在的なリスク因子となる可能性がある。これまで椎体の形態変化と脂肪含有率の測定は

別々に取得されていた。しかし，個々の測定は位置ずれを引き起こす可能性があり，また X線検査の場合は放射線被曝

の懸念もある。本研究で開発した手法は，MRIを用いて骨形態と脂肪含有率を同時に描出し，上述の課題を解決する

ものである。1.5T MRI装置を使用し，4つの同位相エコーの合成画像に反転処理を適用して骨画像を取得し，骨形態

や海綿骨の評価が可能となった。さらに，第 1エコーの逆位相画像を用いて脂肪含有率を算出し，その際面内の磁場

不均一性を補正するために field mapを適用し，より正確な脂肪含有率画像を取得することが可能となった。この手法は，

一度の撮像で複数の臨床情報を取得することができ，かつ被検者の負担が最小限となるため，臨床的に有用となること

が期待できる。

要　旨


