
© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2023;13(7):4130-4146 | https://dx.doi.org/10.21037/qims-22-1247

Original Article

T2*-corrected Q-Dixon and reduced-FOV diffusion kurtosis 
imaging (DKI) parameters: correlation with QCT-derived bone 
mineral density (BMD) and ability to identify abnormal BMD and 
osteoporosis in postmenopausal women

Xiangwen Li1#, Yiwen Hu1#, Yuxue Xie1, Rong Lu1, Qing Li2, Robert Grimm3, Hongyue Tao1*,  
Shuang Chen1,4*

1Department of Radiology and Institute of Medical Functional and Molecular Imaging, Huashan Hospital, Fudan University, Shanghai, China; 2MR 

Collaborations, Siemens Healthineers Ltd., Shanghai, China; 3MR Application Predevelopment, Siemens Healthcare GmbH, Erlangen, Germany; 
4National Clinical Research Center for Aging and Medicine, Huashan Hospital, Fudan University, Shanghai, China

Contributions: (I) Conception and design: X Li, Y Xie; (II) Administrative support: Y Hu; (III) Provision of study materials or patients: Q Li; (IV) 

Collection and assembly of data: H Tao, S Chen; (V) Data analysis and interpretation: R Lu; (VI) Manuscript writing: All authors; (VII) Final 

approval of manuscript: All authors.

#These authors contributed equally to this work and should be considered co-first authors.

*These authors contributed equally to this work and should be considered as co-corresponding authors.

Correspondence to: Dr. Hongyue Tao, MD. Department of Radiology and Institute of Medical Functional and Molecular Imaging, Huashan Hospital, 

Fudan University, 12 Middle Wulumuqizhong Road, Shanghai 200040, China. Email: taohongyue@126.com; Dr. Shuang Chen, PhD. Department 

of Radiology and Institute of Medical Functional and Molecular Imaging, Huashan Hospital, Fudan University, 12 Middle Wulumuqizhong Road, 

Shanghai 200040, China. Email: chenshuang6898@126.com.

Background: Bone marrow fat increases when the bone volume decreases. The composition of the 
bone marrow microenvironment can also become altered. Assessments of bone marrow fat and bone 
marrow structural heterogeneity have the potential to predict abnormal bone mineral density (BMD) and 
osteoporosis. This study aimed to investigate the diagnostic performance of T2*-corrected Q-Dixon and 
reduced-field-of-view (FOV) diffusion kurtosis imaging (DKI) parameters in determining abnormal BMD 
and osteoporosis in postmenopausal women.
Methods: In this prospective study, the individuals who were eligible for inclusion included postmenopausal 
women (over 50-year-old) with suspected osteoporosis based on experiencing low back pain. This mono-
center study was conducted in tertiary care in China. All of the patients were recruited by using the 
consecutive sampling method. Subjects who underwent T2*-corrected Q-Dixon and reduced-FOV DKI 
sequences were enrolled. Fat fraction (FF), T2*, mean kurtosis (MK), and mean diffusivity (MD) values were 
measured on L1, L2, and L3 vertebral bodies. Quantitative computed tomography (QCT) examinations 
served as the reference standard. All of the subjects were divided into three groups: normal (BMD  
>120 mg/cm3), osteopenia (BMD 80–120 mg/cm3), and osteoporosis (BMD <80 mg/cm3). One-way analysis 
of variance, correlation coefficient analysis, and receiver operating characteristic curve analysis were 
performed.
Results: Among all of the enrolled subjects, 52 were in the normal group, 51 were in the osteopenia 
group, and 52 were in the osteoporosis group. There were significant differences in FF, T2*, MK, and MD 
values between the three groups (P<0.001, P<0.001, P<0.001, and P=0.003, respectively). FF, T2*, and MK 
values exhibited significant negative correlations with BMD values (r=−0.739, P<0.001; r=−0,676, P<0.001; 
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Introduction

Osteoporosis is a systemic metabolic disease characterized 
by reduced  bone  mass  and  degradat ion  of  bone 
microarchitecture, especially in postmenopausal women (1).  
Osteoporosis dramatically increases the risk of fragility 
fractures, and its complications seriously reduce the 
quality of life and can even lead to death (2). Therefore, 
improvements in the success of early screening for 
osteoporosis and the effective monitoring of its progression 
are undoubtedly crucial ways to prevent fragility fractures 
and their complications.

Measurements of bone mineral density (BMD) via 
dual-energy X-ray absorptiometry (DXA) or quantitative 
computed tomography (QCT) represent an essential 
reference standard for osteoporosis management (3,4). 
BMD values assessed by using DXA from a two-dimensional 
perspective have been reported to be susceptible to 
overlapping objects in the direction of X-rays (5). QCT 
avoids these interferences through three-dimensional imaging 
and is a reliable method for evaluating osteoporosis (6).  
However, the high cost and the effects of ionizing radiation 
limit the routine clinical practice of QCT (7). Furthermore, 
when exploring osteoporosis, changes in fat, water, 
microvasculature, and iron overload in the bone marrow 
microenvironment are closely associated with BMD, which 
cannot be assessed by using QCT methods (8).

The development of advanced magnetic resonance 
imaging (MRI) techniques offers the possibility to quantify 
the changes in the complex components of bone marrow. 
Due to the homology of osteoblasts and adipocytes, 
quantitative assessment targeting bone marrow adiposity 

has become one of the critical targets for academic research 
(9,10). The 6-echo water-lipid separation Dixon technique 
based on T2* correction has been reported to achieve 
more accuracy and flexibility than the conventional dual-
echo Dixon technique for the accurate assessment of 
bone marrow adiposity (11) and to be in better agreement 
with the gold standard magnetic resonance spectroscopy 
technique (12,13). However, it should be noted that the 
Dixon technique only satisfies the quantification of bone 
marrow fat and does not allow for the assessment of 
complex alterations of vascularization and mineralization in 
the bone marrow microenvironment. In addition, it has not 
been reported as to whether there is a correlation between 
bone marrow fat distribution and heterogeneity of bone 
marrow structure, which is crucial to understanding the 
pathophysiological changes of the osteoporotic process.

The T2* value represents the spin relaxation time of 
adjacent protons in the tissue and reflects the anisotropy of 
the local magnetic field distribution (14). Changes in the 
microstructure of bone trabeculae and fat filling may lead 
to changes in magnetic field inhomogeneity, thus triggering 
differences in the reversible transverse relaxation time 
T2 due to phase deviations. Therefore, it is reasonable to 
assume that T2* values may identify osteoporosis through 
magnetic field differences triggered by changes in vertebral 
bone marrow and trabeculae. In a previous study by our 
team, we demonstrated that T2* values are valuable in 
identifying subjects with normal and abnormal bone 
masses (8). However, there was no significant difference 
in T2* values between osteopenia and osteoporosis 
subjects. Moreover, the diagnostic efficacy of T2* values in 

and r=−0.626, P<0.001, respectively). Excellent discriminatory capacity was observed in the Q-Dixon [area 
under the curve (AUC): 0.976, 95% confidence interval (CI): 0.955–0.997] differentiation between normal 
and abnormal BMD subjects. It was significantly better than the DKI (AUC: 0.812, 95% CI: 0.741–0.882) 
parameter combination (P<0.001), whereas the DKI model (AUC: 0.825, 95% CI: 0.739–0.910) performed 
comparably to the Q-Dixon model (AUC: 0.798, 95% CI: 0.710–0.886) for screening osteoporosis (P=0.57).
Conclusions: FF and T2* values measured by using T2*-corrected Q-Dixon, as well as MK and MD 
values measured by using reduced-FOV DKI, may serve as potential imaging biomarkers in assessing 
abnormal BMD and osteoporosis in postmenopausal women.
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discriminating between osteopenia and osteoporosis was 
also unsatisfactory.

Diffusion-weighted imaging (DWI) can provide insight 
into changes in cell density, anisotropy, and perfusion 
due to pathophysiological changes in the bone marrow 
caused by osteoporosis (15). Although several diffusion 
techniques have been reported in bone marrow-related 
diseases, selections of pulse sequences and signal modeling 
remain essential considerations for optimizing diffusion 
techniques in bone marrow imaging (16). Recent studies 
have reported that parallel imaging and reduced-field-of-
view (reduced-FOV) imaging through the use of external 
volume suppression pulses can enable single spin‒echo 
planar imaging (ssEPI) techniques to acquire higher-quality 
DWI images (17,18). In addition, conventional DWI 
involves isotropic imaging and does not truly reflect the true 
diffusive motion of water molecules in anisotropic tissues 
such as bone (19). Diffusion kurtosis imaging (DKI) is based 
on the non-Gaussian motion pattern of water molecules. By 
introducing the concept of kurtosis to quantify the extent to 
which the real water molecule diffusion shift deviates from 
the Gaussian distribution, it can more realistically reflect the 
degree of diffusion limitations and inhomogeneity of water 
molecules (20). The combination of small-field diffusion 
and DKI techniques makes it possible to noninvasively and 
accurately quantify the complex compositional changes and 
heterogeneity in the osteoporotic microenvironment.

Therefore, this study aimed to correlate Q-Dixon and 
DKI parameters with QCT-derived BMD values. On this 
basis, we strived to investigate the discriminatory capacity of 
Q-Dixon and DKI for normal bone density, osteopenia, and 
osteoporosis in postmenopausal women. We hypothesized 
that quantitative MRI detects alterations in structural 
bone marrow that may serve as a potential new imaging 
biomarker for abnormal BMD. We present this article in 
accordance with the STARD reporting checklist (available 
at https://qims.amegroups.com/article/view/10.21037/
qims-22-1247/rc).

Methods

This prospective study was conducted in accordance with 
the Declaration of Helsinki (as revised in 2013). The study 
was approved by the Health Sciences Institutional Review 
Board (HIRB) of Huashan Hospital, Fudan University 
(No. KY2023-053). All of the subjects received a clear 
explanation of the study’s purpose, methods, potential risks, 
and benefits. Before the experimental procedures were 

initiated, written informed consent was obtained from all of 
the participants.

Study population

The individuals who were eligible for inclusion were 
postmenopausal women (over 50-year-old) with suspected 
osteoporosis based on low back pain. This mono-center 
study was conducted in tertiary care centers in China. All 
of the patients were recruited by using the consecutive 
sampling method. From March 2020 to February 2022, 
we recruited 200 subjects from the population who were 
undergoing health screening in our hospital. All of the 
subjects underwent QCT (μCT 780 64-layer scanner, 
United Imaging, Shanghai, China) and 3.0 T MRI 
(MAGNETOM Prisma MRI scanner; Siemens Healthcare, 
Erlangen, Germany) examinations. The inclusion criteria 
included postmenopausal women over 50 years of age. 
The exclusion criteria included spinal tumors, histories of 
spinal trauma and surgery, spinal dysplasia, spinal infectious 
diseases, previous hormone therapy, hematologic disorders, 
and intermediate-to-advanced malignancies. We investigated 
three possible increases in the risk of osteoporosis in 
postmenopausal women, including physical activity status, 
smoking, and alcohol consumption. The International 
Physical Activity Questionnaire—Short Form was used to 
assess the physical activity status of all of the subjects. Based 
on their physical activity level, patients were divided into 
sedentary, minimally active, and very active groups. Finally, 
155 female subjects were enrolled in this study.

Sample size

As this is the first application of the DKI technique for 
osteoporosis assessment, an area under the curve (AUC) of 
no less than 0.7 was desired for this study. Power Analysis 
and Sample Size (PASS, 21.0.3, NCSS, USA) software was 
used to estimate the minimum sample size required for this 
study. To obtain more than 90% of the target statistical 
power, calculations were performed after setting α to 0.05 
and selecting an AUC of 0.7. The results of the calculations 
showed that the actual statistical power was 90.42% for 
a minimum sample size of no less than 41 individuals per 
group.

QCT examination

BMD of the lumbar spine was obtained by using a United 
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Imaging μCT 780 64-layer scanner (United Imaging). 
Routine calibration work was performed by using 
Mindways calibration body models (Mindways Software 
Inc., Austin). The following protocols were applied to 
the QCT scans: tube voltage, 120 kVp; tube current,  
150 mA; acquisition field of view, 500; and matrix, 
512×512.  Musculoskeletal  radiologists  who were 
blinded to the clinical information of all of the subjects 
independently calculated the BMD values. Raw lumbar 
spine data were sent to the QCT Pro workstation 
(Mindways, Austin) for BMD calculations. After selecting 
the L1, L2, and L3 vertebrae as measurement targets and 
setting the positioning line at the center of the vertebrae, 
the QCT Pro software automatically identifies the L1, L2, 
and L3 vertebrae and generates a region of interest (ROI). 
Subsequently, the size of the ROI was manually adjusted 
to adequately cover the cancellous bone area, and the 
boundaries of the ROI were adjusted to avoid the cortical 

bone (Figure 1). The average of the L1, L2, and L3 
vertebral body BMD values was regarded as the final result 
for each subject. According to the diagnostic thresholds 
for vertebral BMD recommended by the International 
Society for Clinical  Densitometry,  normal BMD, 
osteopenia, and osteoporosis were defined as BMD >120,  
80–120, and <80 mg/cm3, respectively (21).

MRI examination

Spinal imaging was performed by using a 3.0T MRI scanner 
(MAGNETOM Prisma; Siemens Healthcare, Erlangen, 
Germany) equipped with a 32-channel spine matrix coil 
with the subject in a supine head advanced position. 
Conventional scanning protocols included sagittal turbo 
spin‒echo T1-weighted and T2-weighted scans. Sagittal 
Q-Dixon images were acquired by using a T2*-corrected 
6-echo volumetric interpolation breath-hold examination 

A B C

Figure 1 BMD measurement procedure. (A-C). ROI outlines on L1, L2, and L3 vertebrae. ROIs were drawn automatically in the axial 
images (red) and in the sagittal images (yellow) with manual adjustments to avoid the cortical bone on L1, L2, and L3 vertebrae. BMD, bone 
mineral density; ROI, region of interest.
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sequence. A seven-peaked fat distribution model with 
multiple lipid components was used to accurately quantify 
the spatial distribution of bone marrow fat. A small flip 
angle (4°) was used to reduce the T1 relaxation effects. 
In addition, the system’s Maplt software automatically 
acquired fat fraction (FF) and T2* maps (Figure 2). Sagittal 
DKI images were acquired by using a reduced-FOV ssEPI 
sequence with 4 b values (0, 500, 1,000, and 2,000 s/mm2); 
moreover, each b value has three orthogonal directions. 
Both Q-Dixon and DKI used a 2-factor parallel imaging 
acceleration technique. The detailed imaging parameters 
are summarized in Table 1.

MR image analysis

Two musculoskeletal radiologists who were blinded to 
the clinical information and QCT results independently 
outlined the ROIs and estimated the quantitative parameters 
of the Q-Dixon and DKI sequences.

T2*-corrected six-echo Q-Dixon analysis
The reconstructed FF and T2* maps were transferred to a 
Siemens Syngo workstation (B17; Siemens Healthineers) 
for data extraction. In this study, the ROI positioning 
procedure was similar to the manual approach that has been 
proposed in previous studies (9,22). To adequately assess the 
spatial distribution of bone marrow fat, rectangular ROIs 

were manually outlined on the L1, L2, and L3 vertebral 
bodies at the central level of the sagittal FF map and six 
evenly distributed levels adjacent to both sides. The ROI 
should have been as large as possible while also avoiding the 
bone cortex. The average of the L1, L2, and L3 vertebral 
body FF values was the final FF result for each subject. 
Subsequently, the ROIs were copied to the T2* maps to 
calculate the T2* values. FF values represent the percentage 
of bone marrow fat content. Furthermore, T2* values reflect 
changes in transverse relaxation time and magnetization 
rate within the bone marrow.

Reduced-FOV DKI analysis
The DKI images were processed by using the MR body 
diffusion toolbox (Version 1.4.0; Siemens Healthineers) 
software. Traditional apparent diffusion coefficient (ADC) 
values were calculated from a single exponential model 
fitted with two b values (b =0 and 1,000 s/mm2) of signal 
intensity with the following equation:

( )0/ expbS S b ADC= − ⋅  [1]

where Sb represents the signal intensity when the b value 
is not 0, and S0 represents the signal intensity when the b 
value is 0 s/mm2.

We used signal intensity data from four b-values (0, 500, 
1,000, and 2,000 s/mm2) to construct the DKI model (Figure 3). 
The DKI model is described by the following equation:

1.04 2.50 3.96 5.42 6.88 8.34 TE, ms

Water

T2*

Fat

FF

S (TE) = (W + F * cF) * Eeff + η
Algorithm formula

R
econstruction Malpt FF =

SI water + SIfat
SIfat * 100%

100%

0%

40 ms

0 ms

Figure 2 Example of Q-Dixon fitting. Six-echo T1WI-based images were reconstructed as fat and water maps. The built-in MapIt software 
automatically generated reconstructed FF and T2* maps according to the indicated equations. Q-Dixon, quantitative Dixon; T1WI, T1-
weighted; FF, fat fraction.
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Table 1 Overview of MRI sequence parameters

MRI protocols TSE T1-weighted TSE T2-weighted Q-Dixon Reduced-FOV DKI

Time to repetition, ms 460 2400 10.30 3,200

Time to echo, ms 8.6 89 1.04, 2.50, 3.96, 5.42, 6.88, 8.34 67, 96

b values, s/mm2 – – – 0, 500, 1,000, 2,000

No. slices 11 11 26 11

Slice thickness, mm 4 4 4 4

Interslice gap, mm 0.3 0.3 0.3 0.3

FOV, mm2 280×280 280×280 256×256 230×230

Acquisition matrix 224×320 224×320 180×192 130×166

Voxel size, mm3 0.4×0.4×4.0 0.9×0.9×4.0 1.3×1.3×3.0 1.8×1.8×5.0

Phase encoding direction H >> F H >> F A >> P A >> P

No. averages 1 1 3 1, 1, 2, 2

Flip angle, degrees 150 120 4 180

Bandwidth, Hz/Px 252 252 900 1,085

Acquisition time, min:s 00:56 00:58 01:35 04:26

MRI, magnetic resonance imaging; TSE, turbo spin-echo; Q-Dixon, quantitative Dixon; FOV, field of view; DKI, diffusion kurtosis imaging; H, 
head; F, feet; A, anterior; P, posterior. Hz, Hertz; Px, pixel.

ADC

MK MD

Sb/S0 = exp (−b ∙ ADC)

Sb/S0 = exp (−b ∙ D + b2 ∙ D2 ∙ K/6)

b =0, 1000 s/mm2

b =0, 500, 1000, 2000 s/mm2

b =2000 s/mm2

b =500 s/mm2

2.0×10−3 mm2/s

0×10−3 mm2/s

3

0

2.6×10−3 mm2/s

0×10−3 mm2/s

b =1000 s/mm2

b =0 s/mm2

A B

C D

E

F G

Figure 3 Example of the DKI reconstruction procedure, sequence data with 4 b values. (A-D) Raw DKI images with 4 b values. As the b 
value increased, the vertebral signal intensity decreased. (E-G) Reconstruction DKI maps. The raw DKI images were fitted to ADC, MK, 
and MD maps by using the indicated equations. DKI, diffusion kurtosis imaging; ADC, apparent diffusion coefficient; MK, mean kurtosis; 
MD, mean diffusivity.
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( )2 2
0/ exp / 6bS S b D b D K= − ⋅ + ⋅ ⋅  [2]

where D represents the non-Gaussian corrected ADC, and 
K is the diffusion kurtosis coefficient, which indicated the 
deviation of water motion from Gaussian diffusion.

ROIs were manually outlined on the ADC, K, and D 
maps. The ROI outlining principle was kept consistent with 
the Q-Dixon sequence to adequately assess the cancellous 
bone region of the vertebral body. Finally, the ADC, mean 
kurtosis (MK), and mean diffusivity (MD) values were 
obtained for each subject.

Statistical analysis

SPSS 26.0 (IBM Corp., Armonk, NY, USA) software was 
used for the statistical analysis. The interobserver agreement 
between the QCT and MRI measurements was analyzed 
by using the intraclass correlation coefficient (ICC). The 
Kolmogorov‒Smirnov test was used to determine the 
normality of all of the continuous variable data. Data 
conforming to a normal distribution are expressed as x±s, 
whereas nonnormally distributed data are defined as the 
median (upper and lower quartiles). Due to the fact that BMD 
values were nonnormally distributed data, the correlations 
between BMD and quantitative MRI parameters were 
analyzed by using Spearman’s correlation coefficient instead 
of Pearson’s correlation coefficient. For normally distributed 

data, one-way analysis of variance was used for the multiple 
intergroup comparisons, and Holm’s method was used for 
post-hoc comparisons. For nonnormally distributed data, 
Kruskal‒Wallis tests for multiple intergroup comparisons and 
Wilcoxon tests for post-hoc comparisons were performed. In 
addition, receiver operating characteristic (ROC) curves were 
used to analyze the diagnostic efficacy of MRI parameters 
for screening abnormal BMD and osteoporosis. A single-
parameter analysis was first performed to determine the 
optimal cutoff value by using the Youden index, followed by 
performing a combined multiparameter analysis between 
the Q-Dixon and DKI models. Multivariable logistic 
regression modeling was performed by using individual MRI 
parameters as predictors and abnormal BMD or osteoporosis 
as outcomes. The predicted probabilities that were generated 
by the logistic regression models were then used to construct 
ROC curves. The DeLong test was used to compare 
whether the differences between the models were statistically 
significant. P values less than 0.05 were considered to be 
statistically significant.

Results

Clinical baseline information and MRI characteristics

Figure 4 shows the flow chart of the participants who were 
included in this study. According to the measurement of 

Exclusion:
• Previous hormone therapy (n=19)
• Hematologic disorders (n=5)
• Intermediate to advanced malignancies (n=3)

Exclusion:
• Spinal tumors (n=6)
• History of spinal trauma and surgery (n=4) 
• Spinal dysplasia (n=4)
• Spinal infectious diseases (n=4)

Postmenopausal women over 50 years old 
(n=200)

MRI examination (Q-Dixon and DKI)  
(n=173)

QCT examination and BMD measurements 
(n=155)

52 participants in normal group
51 participants in osteopenia group

52 participants in osteoporosis group

Figure 4 Study population flow diagram. MRI, magnetic resonance imaging; Q-Dixon, quantitative Dixon; DKI, diffusion kurtosis imaging; 
QCT, quantitative tomography computer imaging; BMD, bone mineral density.
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BMD values, 52 participants were in the normal group, 
51 were in the osteopenia group, and 52 were in the 
osteoporosis group. There were no significant differences in 

IPAQ results, as well as smoking and alcohol consumption 
findings, among the three groups (P=0.79, P=0.81, and 
P=0.89, respectively). No significant differences were 
observed between groups for age and BMI (P=0.87 and 
P=0.89, respectively). The clinical and quantitative MRI 
characteristics of all of the subjects are summarized in Table 2. 
Two observers with high reproducibility measured Q-Dixon 
and DKI parameters (Table 3). The ICC values ranged 
from 0.892–0.952. In addition, the percentage coefficient 
of variation (CV%) ranged from 3.3–4.8%. Figure 5 shows 
the Bland‒Altman plots of the MRI parameters that were 
calculated by the two observers. Table 4 demonstrates the 
results of the post-hoc test analysis of quantitative MRI 
parameters between the different BMD groups. There 
were significant differences observed in FF, T2*, and MK 
values between subjects with normal BMD, osteopenia, and 
osteoporosis (P<0.001, P<0.001, and P<0.001, respectively). 

Table 2 Clinical and MRI characteristics of all subjects

Characteristics Normal (n=52) Osteopenia (n=51) Osteoporosis (n=52) P value

IPAD results† 0.79

Sedentary 8 (15.3) 7 (13.7) 12 (23.1)

Minimally active 33 (63.5) 30 (58.8) 28 (53.8)

Very active 11 (21.2) 14 (27.5) 12 (23.1)

Smoking† 0.81

Yes 12 (23.1) 9 (17.6) 15 (28.8)

No 40 (76.9) 42 (82.4) 37 (71.2)

Alcohol consumption† 0.89

Yes 7 (13.5) 9 (17.6) 6 (11.5)

No 45 (86.5) 42 (82.4) 46 (88.5)

Age (years old)§ 64.1±5.2 67.4±4.8 66.3±6.5 0.87

BMI (kg/m2)§ 23.8±2.8 24.6±3.3 24.2±3.3 0.89

BMD (mg/cm2)# 146.2 (134.2, 161.1) 101.5 (92.6, 110.6) 70.1 (64.5, 74.1) <0.001*

FF (%)§ 48.7±5.3 56.2±4.8 60.9±5.1 <0.001*

T2* (ms)# 6.4 (6.1, 8.1) 10.0 (8.9, 12.6) 12.1 (10.3, 13.5) <0.001*

ADC (×10−3 mm2/s)# 0.38 (0.33, 0.43) 0.39 (0.34, 0.45) 0.38 (0.33, 0.56) 0.12

MK§ 1.35±0.52 1.65±0.41 2.09±0.42 <0.001*

MD (×10−3 mm2/s)§ 1.13±0.17 0.99±0.20 0.95±0.26 0.003*
†, data are presented as No. (%); §, data are presented as the mean ± standard deviation; #, data are presented as medians, with upper 
and lower quartiles in parentheses; *, the result is statistically significant. MRI, magnetic resonance imaging; IPAQ, international physical 
activity questionnaire; BMI, body mass index; BMD, bone mineral density; FF, fat fraction; ADC, apparent diffusion coefficient; MK, mean 
kurtosis; MD, mean diffusivity.

Table 3 Repeatability and coefficient of variation of all MRI 
parameters

MRI parameters ICC (95% CI) CVs (95% CI)

ADC 0.891 (0.842–0.932) 4.8 (2.6–7.9)

FF 0.927 (0.871–0.967) 3.8 (2.0–6.7)

T2* 0.942 (0.911–0.967) 3.3 (1.7–6.3)

MK 0.908 (0.851–0.943) 4.4 (2.4–7.6)

MD 0.921 (0.846–0.963) 4.1 (2.2–7.2)

MRI, magnetic resonance imaging; ICC, intraclass correlation 
coefficient; CI, confidence interval; CVs, coefficients of variation; 
ADC, apparent diffusion coefficient; FF, fat fraction; MK, mean 
kurtosis; MD, mean diffusivity.
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Specifically, the highest FF, T2*, and MK values were 
observed in the osteoporotic group, and the lowest values 
were observed in the normal group. The MD values of the 
normal group were significantly higher than those of the 
osteopenia and osteoporosis groups (P=0.007 and P<0.001, 
respectively). However, there were no significant differences 
in MD values between the osteopenia and osteoporosis 
groups (P=0.54). No significant differences were observed 
in ADC values between the three groups of subjects 
(P=0.08). Figure 6 demonstrates three examples of typical 

subjects illustrating trends in bone marrow MRI parameters 
that differed between the normal BMD, osteopenia, and 
osteoporosis groups.

Correlation between BMD values and MRI parameters

Figure 7 illustrates the scatter plot between BMD values and 
quantitative MRI parameters. A strong inverse correlation 
was observed between FF and BMD values (r=−0.739, 
P<0.001). T2* values were strongly negatively correlated 
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Figure 5 Bland-Altman plots of the MRI parameters calculated by the two observers. The mean measurement bias was 0.007×10−3 mm2/s  
(95% consistency limit, −0.089 to 0.102×10−3 mm2/s) for the ADC value (A), 0.20% (95% consistency limit, −5.72% to 6.13%) for the FF 
value (B), 0.029 ms (95% consistency limit, −3.445 to 3.503 ms) for the T2* value (C), 0.038 (95% consistency limit, −0.492 to 0.568) for the 
MK value (D), and −0.046×10−3 mm2/s (95% consistency limit, −0.307 to 0.214×10−3 mm2/s) for the MD value (E). MRI, magnetic resonance 
imaging; ADC, apparent diffusion coefficient; FF, fat fraction; MK, mean kurtosis; MD, mean diffusivity.

Table 4 Post-hoc tests of MRI parameters between different BMD groups

MRI parameters Normal vs. osteopenia Normal vs. osteoporosis Osteopenia vs. osteoporosis

FF (%) <0.001* <0.001* <0.001*

T2* (ms) <0.001* <0.001* 0.003*

ADC (×10−3 mm2/s) 0.81 0.10 0.21

MK 0.003* <0.001* <0.001*

MD (×10−3 mm2/s) 0.007 <0.001* 0.51

*, the result is statistically significant. MRI, magnetic resonance imaging; BMD, bone mineral density; FF, fat fraction; ADC, apparent 
diffusion coefficient; MK, mean kurtosis; MD, mean diffusivity.
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Figure 6 Representative QCT, Q-Dixon, and DKI images. (A-F) QCT, Q-Dixon, and DKI images of a 68-year-old normal BMD woman. 
A mean BMD of 146.5 mg/cm2, mean FF of 47.1%, mean T2* of 7.9 ms, mean ADC of 0.39×10−3 mm2/s, mean MK of 1.44, and mean 
MD of 1.21×10−3 mm2/s were calculated. (G-L) QCT, Q-Dixon, and DKI images of a 63-year-old woman with osteopenia. Mean BMD of  
113.2 mg/cm2, mean FF of 53.2%, mean T2* of 10.3 ms, mean ADC of 0.42×10−3 mm2/s, mean MK of 1.73, and mean MD of  
0.81×10−3 mm2/s were calculated. (M-R) QCT, Q-Dixon, and DKI images of a 69-year-old woman with osteoporosis. The mean BMD of 
69.5 mg/cm2, mean FF of 62.1%, mean T2* of 12.2 ms, mean ADC of 0.40×10−3 mm2/s, mean MK of 2.21, and mean MD of 0.79×10−3 mm2/s  
were calculated. QCT, quantitative tomography computer imaging; Q-Dixon, quantitative Dixon; DKI, diffusion kurtosis imaging; BMD, 
bone mineral density; FF, fat fraction; ADC, apparent diffusion coefficient; MK, mean kurtosis; MD, mean diffusivity.
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with BMD values (r=−0.676, P<0.001). Moreover, there 
was also a significant negative correlation between MK 
and BMD values (r=−0.626, P<0.001). Conversely, MD 
values showed a weak positive correlation with BMD 
values (r=0.304, P<0.001). Specifically, as the BMD values 
decreased, the FF, T2*, and MK values significantly 
increased, whereas the MD values decreased. However, 
no significant correlation was observed between ADC and 
BMD values (r=−0.027, P=0.74).

Correlation between Q-Dixon and DKI parameters

As shown in Figure 7, MK values exhibited a significant 
positive correlation with FF values (r=0.694, P<0.001), 
whereas there was a weak negative correlation between 

MD and FF values (r=−0.234, P=0.003). However, ADC 
values exhibited no significant correlation with FF values  
(r=0.005, P=0.95).

A moderate positive correlation was observed between 
MK and T2* values (r=0.430, P<0.001). A weak negative 
correlation existed between MD and T2* values (r=−0.271, 
P=0.001). Furthermore, no correlation was observed 
between ADC and T2* values (r=0.048, P=0.55).

Diagnostic performance of Q-Dixon and DKI parameters 
for predicting the normal BMD group and abnormal 
BMD (osteopenia and osteoporosis) group

In the current diagnost ic  model ,  osteopenia and 
osteoporosis are classified in the abnormal BMD group 
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and compared to the normal BMD group. The single-
parameter and combined multiparameter ROC curve 
results that were used to distinguish normal from abnormal 

BMD are shown in Table 5 and Figure 8A-8C. Both FF 
and T2* values predicted abnormal BMD, with AUCs 
above 0.90. The T2* value was observed to have the best 

Table 5 ROC analysis using different parameters to discriminate between the normal and abnormal BMD groups

MRI parameters AUC (95% CI) Cutoff value Specificity, % Sensitivity, % Accuracy, % PLR NLR PPV, % NPV, %

FF 0.902 (0.848–0.956) 53.65% 88.46 85.44 86.45 7.40 0.16 93.62 75.41

T2* 0.939 (0.903–0.975) 9.35 ms 92.31 80.58 84.52 10.48 0.21 95.45 70.59

MK 0.774 (0.693–0.854) 1.44 53.85 90.29 78.06 1.96 0.18 79.49 73.68

MD 0.703 (0.623–0.783) 0.88×10−3 mm2/s 96.15 40.78 59.35 10.60 0.62 95.40 45.05

Q-Dixon 0.976 (0.955–0.997) – 96.15 89.32 91.61 23.22 0.11 97.87 81.97

DKI 0.812 (0.741–0.882) – 88.46 61.17 70.32 5.30 0.44 91.30 53.49

Q-Dixon+DKI 0.978 (0.959–0.997) – 96.15 91.26 92.90 23.73 0.09 97.92 84.75

MRI, magnetic resonance imaging; ROC, receiver operating characteristic; BMD, bone mineral density; AUC, area under curve; CI, 
confidence interval; FF, fat fraction; MK, mean kurtosis; MD, mean diffusivity; Q-Dixon, quantitative Dixon; DKI, diffusion kurtosis imaging; 
PLR, positive likelihood ratio; NLR, negative likelihood ratio; PPV, positive predictive value; NPV, negative predictive value.
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AUC (0.939) and positive predictive value (PPV, 95.45%), 
whereas the FF value exhibited the best accuracy (86.45%) 
and negative predictive value (NPV, 75.41%). MK and 
MD values had slightly lower diagnostic efficacy; however, 
MK values demonstrated the best sensitivity (90.29%), 
and MD values displayed the best specificity (96.15%), for 
screening abnormal BMD. The combined multiparameter 
model improved the predictive power of abnormal BMD. 
According to the DeLong test, excellent performance was 
observed in the Q-Dixon differentiation between normal 
and abnormal BMD subjects and was significantly better 
than the DKI model (AUC: 0.976 vs. 0.812, respectively; 
P<0.001). The best diagnostic efficacy was obtained with 
the combined four-parameter diagnostic model.

Diagnostic performance of Q-Dixon and DKI parameters 
for predicting osteopenia and osteoporosis

Single-parameter ROC analysis showed that MK values 
predicted osteoporosis with the best AUC (0.821), 
sensitivity (86.54%), specificity (76.47%), accuracy 
(81.55%), PPV (78.95%), and NPV (84.78%). The 
DeLong test demonstrated no significant difference in 
AUC between the MK and FF models (0.821 vs. 0.778, 
respectively; P=0.39), whereas the AUC of the MK value 
model was significantly better than that of T2* (0.821 vs. 
0.655, respectively; P=0.01). Although the AUC of the DKI 
model to identify osteoporosis was slightly higher than 
that of the Q-Dixon model, the DeLong test showed that 
the difference between the two models was not statistically 
significant (AUC: DKI, 0.825 vs. Q-Dixon, 0.798; P=0.57). 
The final combined model showed the best diagnostic effect 

in differentiating between subjects with osteopenia and 
osteoporosis (Table 6, Figure 8D-8F).

Discussion

In this study, we evaluated the feasibility of using 
multiparametric functional MRI to assess the composition 
of the bone marrow microenvironment in postmenopausal 
women and explored the ability of MRI parameters to 
identify abnormal BMD and osteoporosis. Q-Dixon’s 
FF and T2* values, as well as the MK and MD values of 
DKI, showed varying degrees of correlation with BMD 
values. Furthermore, diagnostic models have shown 
that the Q-Dixon model excelled in identifying the 
presence of abnormal BMD by quantifying bone marrow 
fat distribution. Moreover, the introduction of DKI 
significantly improved the prediction of osteopenia and 
osteoporosis.

The Dixon technique based on 6-echo and T2* 
correction has good spatial resolution and simple technical 
requirements and was first applied in evaluating liver 
degeneration (23). In recent years, the Dixon technique has 
been progressively used for spinal lesions, including for the 
assessment of osteoporosis, the differentiation of benign 
and malignant spinal lesions, and differential diagnosis of 
acute osteoporotic and malignant fractures (24-27). We 
observed a tendency for the bone marrow FF to increase as 
BMD decreased. The highest correlation between FF and 
BMD values was observed, which is consistent with that of 
previous studies (9,28,29). The results of FF values reflect 
the fact that there is competition between adipogenesis 
and osteogenesis in the bone marrow. Several studies have 

Table 6 ROC analysis using different parameters to discriminate between the osteopenia and osteoporosis groups

MRI parameters AUC (95% CI) Cutoff value Specificity, % Sensitivity, % Accuracy, % PLR NLR PPV, % NPV, %

FF 0.778 (0.687–0.870) 56.75% 64.71 86.54 75.73 2.45 0.21 71.43 82.50

T2* 0.655 (0.548–0.762) 10.45 ms 54.90 73.08 64.08 1.62 0.49 62.30 66.67

MK 0.821 (0.734–0.908) 1.75 76.47 86.54 81.55 3.68 0.18 78.95 84.78

MD 0.571 (0.458–0.684) 0.81×10−3 mm2/s 86.27 38.46 62.14 2.80 0.71 74.07 57.89

Q-Dixon 0.798 (0.710–0.886) – 80.39 71.15 75.73 3.63 0.36 78.72 73.21

DKI 0.825 (0.739–0.910) – 76.47 82.69 79.61 3.51 0.23 78.18 81.25

Q-Dixon+DKI 0.838 (0.758–0.919) – 74.51 84.62 79.61 3.32 0.21 77.19 82.61

MRI, magnetic resonance imaging; ROC, receiver operating characteristic; AUC, area under curve; CI, confidence interval; FF, fat fraction; 
MK, mean kurtosis; MD, mean diffusivity; Q-Dixon, quantitative Dixon; DKI, diffusion kurtosis imaging; PLR, positive likelihood ratio; NLR, 
negative likelihood ratio; PPV, positive predictive value; NPV, negative predictive value.
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shown that FF values may become a potential alternative 
to BMD values in the detection of osteoporosis (8,30). T2* 
values reflect the magnetic anisotropy of the tissue. These 
values are closely related to the microscopic composition 
and number of bone trabeculae, which reflect the reversible 
transverse relaxation time T2 caused by phase deviations 
due to magnetic field inhomogeneities within the tissue (31). 
In the current study, T2* values increased with decreasing 
BMD, which is consistent with previous studies (8,32). The 
change in T2* values reflects the loss of bone trabeculae and 
a large amount of adipose tissue that reduces local magnetic 
field inhomogeneity during the progression of osteoporosis, 
thereby delaying T2* decay.

Moreover,  our  team has  a l ready  explored  the 
susceptibility of Q-Dixon to identify osteoporosis in a 
previous study (8). However, the previous study included 
a relatively small group of subjects with osteopenia (n=27) 
and a total sample size (n=105), which may have contributed 
to the inability of the T2* values to distinguish between 
osteopenia and osteoporosis. In this study, we expanded 
the study sample. The results showed that T2* values not 
only differed between the normal and abnormal BMD 
groups but also had the potential to differentiate between 
osteopenia and osteoporosis.

Diffusion techniques for the assessment of osteoporosis 
are controversial, which is often due to differences in pulse 
sequences and the lack of a uniform reference standard 
for b-values (33,34). As has been previously reported, 
isotropic DWI techniques assessed normal bone marrow 
ADC values of (0.2–0.6)×10−3 mm2/s (35). A previous study 
based on the IVIM model by our team also reported of a 
pure water molecule diffusion coefficient (Dslow) value of 
0.34×10−3 mm2/s in normal bone marrow (8). Dslow values 
allowed for the identification of subjects with normal 
BMD, osteopenia, and osteoporosis. However, there are 
limitations in the diagnostic efficacy of Dfast values and 
f values for identifying osteopenia and osteoporosis. It 
should be noted that both DWI and IVIM models reflect 
Gaussian motion of water molecules, whereas bone tissue 
is significantly anisotropic (19). Water molecules in bone 
tissue are represented by non-Gaussian motion patterns. 
In the present study, we introduced a DKI model based 
on the non-Gaussian motion pattern of water molecules. 
DKI quantifies the extent to which the true diffusional 
displacement of water molecules deviates from the Gaussian 
distribution by introducing the concept of kurtosis. As 
has been previously reported, DKI may be more sensitive 
to reflect the complexity and heterogeneity within the 

tissue than the anisotropic DWI technique (36-38). We 
found similar findings in our study targeting trabecular 
structures and the bone marrow microenvironment. In the 
present study, there was no significant correlation between 
conventional monoexponential ADC values and FF values 
and no prediction of abnormal BMD or osteoporosis. With 
non-Gaussian correction, the MD of normal bone marrow 
was 1.13×10-3 mm2/s, which is higher than the upper limit 
reported in a previous study (35). MD values were positively 
correlated with BMD values. As BMD diminished, bone 
marrow water molecules exhibited significantly restricted 
motility. Indeed, the diffusion coefficient of yellow marrow 
was considerably lower than that of red marrow, which 
is the main pathophysiological factor for the diminished 
diffusion signal caused by fatty transformation in the 
progression of osteoporosis (39).

The performance of MK values in osteoporosis 
assessment is an exciting prospect. According to our 
observations, there was a significant negative correlation 
between MK and BMD values. Red‒yellow bone marrow 
conversion is a key pathological change in osteoporosis. 
Furthermore, iron overload, trabecular microfractures, and 
reduced perfusion will lead to increased heterogeneity of 
the bone marrow microenvironment. These pathological 
changes can lead to a diversity of bone marrow components 
and structural complexity, which may be the dominant 
factor causing the increase in MK values (31,40,41). 
Furthermore, MK values were shown to have a significant 
positive correlation with FF values, thus implying that 
bone marrow fat deposition may be an important factor in 
increasing bone marrow heterogeneity. To our knowledge, 
this is the first application of the DKI technique in the 
assessment of osteoporosis.

We also investigated the diagnostic efficacy of different 
models for the discrimination of abnormal BMD and 
osteoporosis. We found that the Q-Dixon model was 
significantly better than the DKI model in screening for 
abnormal BMD. However, the DKI model showed the best 
diagnostic efficacy in differentiating between osteopenia 
and osteoporosis. This result implies that fat deposition 
within the bone marrow is a sensitive measure for 
identifying abnormal BMD and that changes in structural 
heterogeneity of the bone marrow microenvironment 
measured by DKI may provide incremental information in 
detecting osteoporosis.

Several  l imitations should be considered when 
interpreting the results. First, this study was a single-center 
study with a small sample size. Second, this study focused 
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only on postmenopausal women; however, osteoporosis can 
also affect older men. Future studies will need to expand 
on the sample size and study population to include patients 
with osteoporosis of different sexes. Finally, the optimal 
parameter selection for spinal DKI still needs to be further 
explored, which would be more beneficial for examining 
the overall microstructural changes in the bone marrow 
microenvironment.

Conclusions

In conclusion, the noninvasive assessment of lumbar spine 
osteoporosis via six-echo Q-Dixon and reduced FOV DKI 
techniques is feasible. The derived parameters of both 
methods may be used as imaging markers for the detection 
and quantification of bone marrow microenvironment 
alterations in postmenopausal women. Multimodal MRI is a 
potential alternative to QCT for identifying postmenopausal 
individuals with osteopenia and osteoporosis.
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