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Background: To assess whether the fat signal intensity and fat fraction (FF) of the lumbar vertebrae as measured on the Dixon
chemical shift magnetic resonance imaging (MRI) technique can be correlated with the lumbar vertebra bone mineral density (BMD)
measured using dual-energy X-ray absorptiometry (DXA).

Methods: Forty-five patients were retrospectively collected, and 180 lumbar vertebral bodies (L1-L4) were included. All patients
underwent DXA and MRI examinations of the lumbar spine. Taking the T value of DXA as the gold standard and using the diagnostic
criteria of the World Health Organization: T score > —1.0SD as normal, —1.0 ~ —2.5SD as osteopenia, and < —2.5SD as osteoporosis.
Meanwhile, the signal intensity on T2WI was measured, and FF of L1-L4 vertebral bodies was calculated on MRI images. Bone marrow
fat FF calculation formula: FF = [Mfat/(Mfat + Mwater)] x 100% (Mwater and Mfat refer to the total pixel signal intensity value of the
region of interest in water image and lipid image, respectively). Finally, the association of signal intensity and FF with DXA was evaluated.
Results: Totally 180 vertebral bodies in 45 patients were enrolled. According to the T value, they were divided into the normal group
(n = 70), osteopenia group (n = 40), and osteoporosis group (n = 70). The fat signal intensity of the normal group, osteopenia group,
and osteoporosis group were 96.6 = 21.8, 154.5 + 48.7, 216.3 + 92.6, and the FF were 30.1 + 6.2%, 52.6 £ 7.6%, 77.5 + 7.9%,
respectively. Among the three groups, the lumbar T2 fat signal intensity and FF had statistical differences (P < 0.01). Besides, the
lumbar fat signal intensity and FF were negatively related to DXA ( =—0.65 and —0.93, P < 0.01).

Conclusion: The fat content calculated using the Dixon chemical shift MRI had an inverse relation with BMD. Moreover, the Dixon
chemical shift MRI might provide complementary information to osteoporosis-related research fields.
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Introduction

Osteoporosis is a major public health problem. According to the statistics, approximately 50% of women and 20% of
men are at risk of developing osteoporosis-related fractures.' Although dual-energy X-ray absorptiometry (DXA) has not
been fully used for osteoporosis screening, it is still considered as the gold standard for the diagnosis of osteoporosis by
the World Health Organization (WHO).*” DXA is generally applied for the diagnosis of osteoporosis in postmenopausal
women and men over the age of 50 years. The T value of the lumbar spine or hip joint less than —2.5 is diagnosed as
osteoporosis. In addition, some techniques such as quantitative computed tomography (QCT) and ultrasound are
available for the evaluation of bone mineral density (BMD). However, the DXA technique is determined as the gold
standard for diagnosing osteoporosis by the WHO. In this paper, the measurement is based on the T value for

comparative research.
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Increasing evidence has revealed that a reduction in bone mass has been observed in osteoporosis related to aging and
menopause, which is accompanied by an accumulation of the marrow fat volume. These studies indicate that marrow
adipogenesis may play a crucial role in the pathophysiology of osteoporosis.*® Therefore, studying the changes in the
content of bone marrow adipose tissue in the vertebral body is of great significance to assess the risk of osteoporosis and
fractures. Hydrogen proton magnetic resonance spectroscopy (1H-MRS) is a non-invasive radiation-free examination,
which can analyze the content of water and fat in the vertebral cancellous bone, and detect early changes in bone quality
before the abnormal cancellous bone morphology appears. It plays an important role in exploring the pathogenesis of
osteoporosis since MRS can accurately measure the fat content and its percentage to water by chemical shifting and can
reveal the fat content of cancellous bone from the cellular or even molecular level.>’” Nevertheless, MRS is not a routine
application sequence, which should be performed in a high-field magnetic resonance machine. Besides, the examination
requires a long time and patient cooperation with big challenges. Thus, |H-MRS is difficult to be promoted in vertebral
body examination, leading to its limit in clinical applications. Recent advances in rapid chemical-shift magnetic
resonance imaging (MRI) have contributed to the development of time-efficient, computationally robust, and accurate
water-fat separation techniques including the Dixon technique.® Studies have proven that Dixon as a chemical shift-based
water-fat separation method can quantitatively analyze the fat content in the organs.> Therefore, patients undergoing the
DXA and routine lumbar MRI examination were enrolled for image measurement and analysis. The routine lumbar spine
sequence in our hospital includes the Dixon chemical shift MRI, which provides convenience for this study. The signal
intensity of each vertebral body lipid phase was measured, and the fat fraction (FF) was calculated to assess lumbar bone
marrow fat content.

The purpose of this study was to assess whether the fat content of the lumbar vertebra as measured on the Dixon
chemical shift MRI technique correlates to the lumbar vertebra BMD measured using DXA.

Materials and Methods

Patients

A total of 45 patients (29 females) undergoing lumbar spine examination in Gansu Provincial Hospital between
January 2016 and March 2020 were enrolled in the study. The median ages of the patients were 57.5 (50—68 years),
57.2 (51-70 years), and 57.9 (50—69 years) in the normal, group, osteopenia group, and osteoporosis group, respectively.
No significant differences were observed between the groups (Table 1). All patients completed the 3.0T Dixon chemical
shift MRI examination of the lumbar spine within one week after the BMD examination. Inclusion criteria: (1) without
diseases that affect bone metabolism (such as hyperthyroidism, alcoholism, diabetes, severe chronic liver, and kidney
disease, etc.); (2) not taking drugs that affect bone metabolism; (3) no history of malignant tumors, blood diseases,
tuberculosis, chemotherapy, and radiotherapy; (4) not taking antiepileptic drugs, glucocorticoids, diuretics, and other
drugs that affect bone metabolism. Exclusion criteria: (1) vertebrae with degenerative changes; (2) wedge fractures; (3)
vertebrae with lesions such as hemangioma, lipoma, or compression fractures.

DXA and MR Examination
The lumbar spine BMD was measured using a GE-Lunar DPX DXA bone densitometer. BMD (g/cm?) and the
corresponding T value of the lumbar vertebral bodies (L1-L4) at the anteroposterior position of all the subjects were

Table | Demographic Characteristics and Data of the Patients

Variable Osteoporosis Osteopenia Normal P
Age 57.5 (50-68) 57.2 (51-70) 57.9 (50-69) 0.861
Sex 0.394
Male 49 23 44
Female 21 17 26

Note: Since forty-five patients were retrospectively collected, and 180 lumbar vertebral bodies (LI-L4) were included; the same
patient may be assigned to different groups.
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detected using GE-Lunar DPX following the manufacturer’s instructions. Prior to each day’s tests, Quality Assurance
calibration was performed using a block that consists of a tissue-equivalent material and three bone simulation chambers
with known bone mineral content. Based on the diagnostic criteria proposed by the Chinese Society of Osteoporosis and
Bone Mineral Research: normal (T score > —1.0SD), osteopenia (T score from —1.0 to —2.5SD), and osteoporosis (T score
< —2.5SD), severe osteoporosis (T score < —2.5 SD in combination with one or more fragility fractures).”'°

Lumbar MRI examinations were performed on a 3.0T system (Skyra, Siemens, Germany), using a spinal phased-array
coil. MR scan sequence included the following: sagittal T2WI chemical shift imaging: TR = 3500ms, TE = 82ms, flip
angle = 150°, echo chain = 6, layer thickness = 4mm, layer spacing = 0.8mm, matrix = 256 x 256, FOV = 260mm x
260mm, and 15 layers were scanned in total. After that, the system automatically generated 4 images, comprising
a positive phase, a negative phase, a fat image, and a water image.

Image Analysis and Measurement

The MRI scanning images were transferred to the multi-modality workplace (MMWP, VE40 post-processing work-
station), and the vertebral bone marrow fat content was measured independently by two radiologists. The most median
sagittal T2 lipid-phase image of the vertebral bodies (L1-L4) was selected, and a region of interest (ROI) was manually
drawn including the cancellous bone part of the entire vertebral body, which needed to avoid the entrance of the vertebral
vein and cortical bone (Figure 1A). A post-processing software was used to calculate and measure the FF: [Mfat/(Mfat +
Mwater)] x 100%. Similarly, FF in the most median sagittal position of the vertebral bodies (L1-L4) was measured as
shown in Figure 1B.

Statistical Analysis

Data analysis was performed using SPSS 17.0 statistical software. Measurement data were expressed as median + SD and
median (min-max), and the homogeneity of variance was tested before the statistics. The vertebral body signal intensity
and FF were compared between groups by one-way ANOVA and the Least-Significant Difference was used for pairwise
comparison within the group. A linear correlation analysis was performed between the signal intensity and FF of the
vertebral bodies, respectively, and the bone mass measured by DXA. Multivariate logistic regression analysis was
employed to analyze the independent predictors for bone mass change. P < 0.05 indicated a statistically significant

difference.

Figure | (A) T2 lipid phase image of the lumbar spine. To draw the ROl manually in the most median sagittal position of the vertebral bodies (L1-L4), and measure the signal
intensity. (B) To calculate FF by a post-processing software: [Mfat/(Mfat + Mwater)] % 100%, an ROl was manually drawn through the most median sagittal position of the
vertebral bodies (L1-L4) to measure FF.
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Results

A total of 180 vertebrae involved 45 patients were included in the study. In accordance with the T value, they were
divided into the normal group (n = 70), osteopenia group (n = 40), and osteoporosis group (n = 70). The signal intensity
of the vertebral body lipid phase in the normal group, osteopenia group, and osteoporosis group was 96.6 = 21.8, 154.5 £+
48.7, and 216.3 + 92.6, and the FF was 30.1 + 6.2%, 52.6 = 7.6%, and 77.5 £ 7.9%, respectively.

As shown in the 3.0T Dixon chemical shift MRI lumbar spine lipid in-phase image, a small amount of adipose tissue
with a slightly higher signal was observed in the lipid phase in the normal group (Figure 2A and B), and dissemination of
high-signal fat components with different sizes was found in the osteopenia group (Figure 3A and B). In the osteoporosis
group, the edges of the vertebral bodies were osteogenetic and became sharp, and multiple pieces of high-signal fat
components were shown in the vertebral bodies (Figure 4A and B). A preliminary judgment can be made on whether and

how much fat is contained in the tissues and lesions through the lipid-phase image.

Figure 2 T2 lipid phase images in the normal group. (A) A small number of fat components with a slightly higher signal was observed on the image. (B) The orange region in
the pseudo-color image represents a small amount of fat component.

Figure 3 T2 lipid phase images in the osteopenia group. (A) High-signal fat components of different sizes were scattered on the image. (B) The orange region in the pseudo-
color image represents the scattered fat component.
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Figure 4 T2 lipid phase images in the osteoporosis group. (A) The edges of the vertebral bodies were osteogenetic and sharp, and there were multiple sheets of high-signal
fat components in the vertebral bodies. (B) The Orange region in the pseudo-color image represents the multiple sheets of fat component.

The Relationship Between Vertebral Body Signal Intensity and BMD

The signal intensities of the vertebral body in the normal group, osteopenia group, and osteoporosis group were 96.6 £
21.8, 154.5 £ 48.7, and 216.3 £ 92.6 with statistical differences between groups (P < 0.01) (Table 2). Besides, there were
significant differences in the pairwise comparison within the group (Table 3). As shown in Figure 5, the signal intensity
of the lipid phase was negatively correlated with the DXA result (» =—0.65, P < 0.01). This result indicated that fat
content change was related to BMD.

The Relationship Between Vertebral Body FF and BMD

The vertebral body FF in the normal group, the osteopenia group, and the osteoporosis group were 30.1 + 6.2%, 52.6 +
7.6%, and 77.5 = 7.9% with a statistical difference between the groups (P < 0.01) (Table 2). The differences between the
pairwise comparisons within the group were statistically significant (Table 4). The vertebral body FF had a negative
relation with DXA (» =—0.93, P < 0.01) (Figure 6). This finding also suggested that fat content was negatively related
to BMD.

Multivariate Analysis of Predictors of Bone Mass Change

To assess independent factors for predicting the bone mass change, age, sex, T2 signal intensity, and FF were integrated
into multivariate logistic regression analysis. The result showed that FF was an independent risk factor for predicting
abnormal bone mass change (P < 0.01) (Table 5).

Discussion
Osteoporosis is defined as a systemic metabolic bone disease characterized by decreased bone mass and microarchi-
tectural deterioration of the bone tissue, leading to increased bone fragility and fracture risk.'' In recent years, the

Table 2 Numerical Comparison Between Signal Intensity and FF of Vertebral Body and BMD

Normal Group Osteopenia Group Osteoporosis Group F P
(n=70) (n = 40) (n =70)
T2 lipid phase signal intensity 96.6 +21.8 154.5 £ 48.7 2163 + 92.6 61.770 <0.001
FF (%) 30.1 £ 6.2% 52.6 £ 7.6% 775 £7.9% 746.160 <0.001
International Journal of General Medicine 2022:15 htps: 6419
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Table 3 Comparison of Intra-Group Vertebral Body Signal Intensity of Different Lumbar Spine Bone Mass

Groups

Group Group Mean Difference Std. Error P

Osteoporosis Osteopenia 61.80214 12.63783 <0.001
Normal 119.77714 10.77758 <0.001

Osteopenia Osteoporosis —61.80214 12.63783 <0.001
Normal 57.97500 12.63783 <0.001

Normal Osteoporosis —119.77714 10.77758 <0.001
Osteopenia —57.97500 12.63783 <0.001

incidence of osteoporosis has been increasing in China. It has become a major public health problem, causing a huge
economic burden on families and society. Therefore, early detection or prediction for osteoporosis are urgently needed.

Various approaches could be used for BMD assessment, but these methods have their inherent limitations. For
instance, DXA is the current gold standard for evaluating BMD, which has the advantages of convenient operation, short
detection time, and low-dose ionizing radiation (the radiation dose is equivalent to 1/30 of the chest radiograph). It has
been recognized as a preferred method for assessing BMD, but the accuracy of DXA is lower than QCT and it has
inconsistent measurements among various DXA machines due to different image analysis algorithms.'*'* The QCT
measurement method was employed to assess BMD by using three-dimensional technology, which is less affected by
bone volume and has high resolution.'* The results are measured by three-dimensional rotation to eliminate the
interference caused by overlapped vertebral bodies and patient position. Besides, the accuracy of QCT for diagnosing
osteoporosis is gradually recognized, while its wide clinical application is limited because of the high radiation dose and
high cost.

MRI water-fat separation technology could reflect the changes in vertebral body fat content by measuring the signal
decline index to predict bone mass change, which indicates the potential use of MRI for early detection or prediction of
osteoporosis. Justesen et al'> studied human iliac bone marrow fat content through biopsy and compared the bone
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Figure 5 Linear relationship between T2 lipid phase signal intensity and DXA. (r=—0.65, R2=0.434, P<0.01).
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Table 4 Comparison of Intra-Group Vertebral Body FF of Different Lumbar Spine Bone Mass Groups

Group Group Mean Difference Std. Error P
Osteoporosis Osteopenia 24.89607 1.43843 <0.001
Normal 47.37429 1.22670 <0.001
Osteopenia Osteoporosis —24.89607 1.43843 <0.001
Normal 22.47821 1.43843 <0.001
Normal Osteoporosis —47.37429 1.22670 <0.001
Osteopenia —22.47821 1.43843 <0.001

marrow fat content of normal subjects and osteoporotic patients. They found that the cancellous bone volume was
significantly reduced, and the fat content in bone marrow was notably increased in the elderly and patients with
osteoporosis. By studying the pathological anatomy of iliac bone in 84 cadaver specimens, Meunier et al'® observed
that the content of adipose tissue decreased from about 60% of the elderly to about 15% of the young, and the content of
cancellous bone was reduced from about 26% to about 16%. Naveiras et al'” proved that bone-marrow adipocytes in the
vertebral body were the main negative regulators of the bone marrow microenvironment. Antagonizing marrow
adipogenesis might enhance hematopoietic recovery in clinical bone-marrow transplantation, thereby preventing bone

loss. Hajek et al'®

conducted an autopsy study on 3 cases of cadavers, and they proved that the speckled and patchy
abnormal signals in the lumbar spine bone marrow on the MRI were fat tissues through pathology, thereby determining
the fat content of the bone marrow is of great value for the determination of vertebral bone mass. These studies revealed
that bone marrow fat content was closely linked to aging and osteoporosis. Moreover, the vertebral bone marrow fat
content increases sharply in postmenopausal females due to the reduction of estrogen levels in postmenopausal females.
An increase in the fat content of bone marrow was also related to smoking behavior and physical activity.'’

Dixon Chemical shift MR technology can be used to non-invasively measure the fat content in tissues.”’ Bone is

a body support system, and the lumbar spine is the axial skeleton of a human. There are many cancellous bone structures
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Figure 6 Linear relationship between FF of vertebral body and DXA (r =-0.93, R?=0.870, P <0.01).
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Table 5 Independent Risk Factors of Bone Mass Change Using Multivariate Logistic Regression Analysis

Group Variable B OR (95% CI) P

Osteopenia T2 signal —0.009 0.991 (0.974-1.009) 0.334
FF —0.558 0.573 (0.393-0.834) 0.004
Age —0.061 0.941 (0.733-1.209) 0.636
Sex 1.546 4.694 (0.018-1249.156) 0.587

Normal T2 signal —0.041 0.960 (0.881-1.046) 0.349
FF —1.095 0.334 (0.192-0.584) <0.001
Age —0.166 0.874 (0.621-1.156) 0.296
Sex —0.338 0.713 (0.001-367.244) 0916

Note: The reference category: Osteoporosis group.
Abbreviations: OR (95% Cl): odds ratio (95% confidence interval); FF, fat fraction.

in the vertebral body, which is the site of bone loss first. Therefore, this study took L1-L4 vertebral bodies as the research
object and evaluated whether the T2 lipid-phase signal intensity and FF of lumbar cancellous bone calculated using 3.0T
Dixon chemical shift MRI technology could be correlated to BMD measured using DXA.

In this study, a total of 45 patients with 180 vertebrae were included, and they were grouped according to the T value. The
vertebral body lipid-phase signal intensities of the normal group, osteopenia group, and osteoporosis group were 96.6 +21.8,
154.5 £ 48.7, and 216.3 £ 92.6, respectively. The differences between and within groups were statistically significant. The
lipid-phase signal intensity was negatively correlated with DXA (r=—0.65, P<0.01), indicating that the measurement of the
vertebral body signal intensity can reflect the changes in vertebral bone marrow fat content. The FF of the normal group, the
osteopenia group, and the osteoporosis group were 30.1 £ 6.2%, 52.6 + 7.6%, and 77.5 + 7.9%, respectively, and there were
significant differences between and within groups. FF had a negative relationship with DXA, and the correlation coefficient
was r=—0.93. The results indicated that the fat content calculated using the Dixon chemical shift MRI had an inverse relation
with BMD. Of note, FF could independently predict the bone mass change, suggesting that the FF might have a wider
application prospect for assessing the BMD of the lumbar spine to predict osteoporosis.

Previous studies have also presented the use of the chemical shift MRI technique in evaluating bone marrow fat content
with diverse results. G.-W. Li et al demonstrated that FF had an inverse association with lumbar spine BMD, and patients with
osteopenia and osteoporosis had a notably higher marrow fat content than those with normal bone mass.?' The signal intensity
ratio for the benign compression fracture group and normal marrow control group was significantly lower than that in the
malignant vertebral compression group.> Sun et al observed a significant difference in chemical shift rate between normal
and abnormal bone mass.”> These findings shared a common trend with our results. However, these findings differ from the
results of another study by Gokalp et al, in which there was no significant difference between osteopenia and osteoporosis
groups regarding vertebral bone marrow fat content.’ In an attempt to explain their results, they mentioned a fast decrease in
the water fraction among women above 25 years and noted that the median bone marrow fat content in the age group of 50—
65 years was 45.5-51.5%, indicating an age-related influence. Youn et al** used chemical shift-based MRI water-fat
separation technology to analyze the relationship between vertebral bone marrow FF and BMD, showing that the vertebral
body fat content of the osteopenia group was not statistically different from that of the normal group. These inconsistent
results may also be related to a certain error in the DXA measurement of the lumbar spine BMD at anteroposterior
projection.”> Additionally, variations in the water fraction of vertebral bone marrow depend on the age and gender of the
subjects, which may contribute to the inconsistency. Therefore, further studies are required to validate the results of our study.

This study has several limitations. First, our study lacks pathological support and long-term follow-up research.
Second, the number of cases is small, so the critical value of the research requires to be confirmed in a larger cohort and
external testing. In addition, the signal intensities measured by MRI are not a physical entity and are dependent on many
different factors. Therefore, further studies are necessary to support this conclusion.
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