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Background: Currently, dual-energy X-ray absorptiometry (DEXA) and quantitative CT (QCT) are commonly used in clinical 
practice to measure bone mineral density (BMD), offering diagnostic value but involving radiation and inability to visualize bone 
microstructure. This study aims to assess lumbar spine bone microstructure changes in normal, osteopenic, and osteoporotic groups 
using IVIM-DWI and IDEAL-IQ sequences to provide useful information for clinical practice.
Methods: A total of 346 patients (50–87 years, 232 females, 114 males) underwent spinal DEXA and MRI. Based on the BMD 
obtained from DEXA, the patients were stratified into: normal (n=79), osteopenia (n=92), and OP (n=175) groups. Then to evaluated 
the results of IVIM-DWI and IDEAL-IQ and extracted quantitative parameters from regions of interest covering the L1 to L4 
vertebrae. Group comparisons used One-way analysis of variance and the Kruskal‒Wallis H-test. Receiver operating characteristic 
(ROC) and Spearman’s analyses evaluated diagnostic performance and correlations.
Results: Significant differences existed in the ADCslow, f, FF and R2* between groups (P<0.05). BMD was weakly positively 
correlated with ADCslow, f, and R2* (r=0.494, 0.153, 0.182, 0.029, P<0.001) but a negative correlation with FF (r=−0.402, P<0.001). 
BMD and the ADCslow and R2* decreased but FF increased with age (P<0.05 for all), whereas no significant association existed between 
age and ADCfast or f value (P>0.05). FF had the highest areas under the curve (AUCs) (0.624, 0.831 and 0.747) and sensitivity (72.2%, 
70.9% and 81.5%) in differentiating normal from osteopenia patients, normal from osteoporosis patients, and osteopenia from 
osteoporosis patients, respectively. ADCslow and f had the highest specificity (88%) in differentiating between normal and osteopenia 
patients, while ADCslow had the highest specificity (91.4%) in differentiating between normal and osteoporosis patients.
Conclusion: Quantitative parameters extracted from IVIM-DWI and IDEAL-IQ have the potential to become good biomarkers for 
diagnosing OP.
Keywords: IVIM-DWI, IDEAL-IQ, Quantitative evaluation, Osteoporosis

Introduction
Osteoporosis (OP) is a systemic bone metabolic disease associated with a decrease in bone mineral content and changes 
in the bone microstructure, which easily lead to increased bone fragility and fractures.1 The incidence of OP increases 
with age, especially among postmenopausal women.2 The prevalence of osteoporosis among those aged 50 and above is 
19.2% (32.1% for women and 6.0% for men). Among those aged 65 and above, the prevalence reaches 32.0% (51.6% for 
women and 10.7% for men). The most severe consequence of osteoporosis is fragility fractures. Data shows that in 2010, 
there were 2.33 million patients with fragility fractures in our country, and it is predicted that by 2050, this number will 
reach 5.99 million. Approximately 20% of elderly hip fracture patients die within one year due to various complications, 
and about 50% of patients become disabled.3,4 Therefore,early diagnosis and intervention are the core link in breaking 
the vicious cycle of “osteoporosis-fracture- disability”. Especially in the early stage of osteoporosis or the phase of 
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reduced bone mass, timely intervention,when the bone microstructure is not yet completely damaged,is the key to 
preserving bone strength.

At present, the diagnosis, risk prediction and treatment efficacy evaluation of OP can all be obtained through imaging 
examinations, such as X-ray imaging, CT, MRI, dual energy X-ray absorptiometry (DEXA) and quantitative CT (QCT).5,6 

X-ray imaging is commonly used for diagnosing osteoporotic vertebral fractures, but it may fail to reveal small fractures of 
the vertebral body. Furthermore, although CT is more sensitive in the detection of subtle fractures, the patient undergoing 
CT is exposed to higher levels of radiation exposure. MRI can reveal early changes in the bone marrow without the use of 
radiation. However, these methods are unable to accurately measure bone mass.

Currently, the most commonly used methods for diagnosing OP involve measurement of bone mineral density (BMD) 
with DEXA and QCT. DEXA is the more widely used method, but its results are affected by many factors, such as the 
presence of vertebral fracture and vascular calcification, which can lead to unexpected bias in the results.7 QCT measures 
BMD through the use of clinical CT scanning data combined with a quality control and analysis system.8 However, 
although it is the more accurate than DEXA in measuring BMD and avoids interference from the abovementioned 
factors,9 it is rarely used in clinical practice because of the high potential for radiation exposure.10,11

Improvements in MRI functional sequences have led to the employment of MRI fat measurement as a new method for 
evaluating OP,12 as it can not only reveal changes in bone morphology in patients with the disease but also be used to evaluate 
dynamic changes in the bone microenvironmental structure, including components such as bone marrow, vasculature, miner
alization, and water.13–15 The iterative decomposition of water and fat with echo asymmetry and least squares estimation 
quantitation (IDEAL-IQ) sequence is an MRI-based imaging method that can noninvasively quantify fat content and iron 
deposition in the bone marrow; thus, it is considered a promising imaging method for diagnosing OP.16,17 Intravoxel incoherent 
motion diffusion weighted imaging (IVIM-DWI), meanwhile, can be used to obtain information on the diffusion and movement 
of water molecules in living tissues and reflect blood flow perfusion in capillary networks. Some previous studies have shown 
that it performs well in differentially diagnosing benign and malignant vertebral compression fractures.18 IVM-DWI and 
IDEAL-IQ have overcome the limitations of traditional BMD measurement in osteoporosis diagnosis. It can reveal changes 
in bone microstructure at the molecular motion and bone marrow component levels, providing new molecular-level insights. 
However, their clinical application is constrained by technical complexity and the lack of standardization. Therefore, we 
investigated the changes in the quantitative parameters of the bone microstructure of the lumbar spine in healthy, osteopenic 
and osteoporotic patients with IVIM-DWI and IDEAL-IQ with the expectation of providing useful information for clinicians.

Materials and Methods
This study was approved by the institutional ethics committee of the Second Affiliated Hospital of Shandong First 
Medical University,with IRB approval number 2020–035. Patients provided written consent for participation in this 
analysis. Informed consent was obtained from each patient before the study.

Study Population
The data of a total of 370 subjects were included between January 2020 and September 2022. The inclusion criteria were as 
follows: (1) female or male sex and age over 50 years and (2) DEXA and MRI examinations performed within one week. The 
exclusion criteria were as follows based on detailed medical history collection, physical examination, laboratory and imaging 
examinations: (1) parathyroid diseases, severe diabetes, vertebral tuberculosis, multiple myeloma or other malignant tumors, 
or other abnormal bone metabolism disorders; (2) use of medicines that can affect bone metabolism, such as glucocorticoids, 
estrogen or androgen; (3) poor MR image quality, such as the presence of severe artifacts, making image postprocessing 
difficult. Finally, the data of 346 patients, including 232 females and 114 males, were included in the final analysis. The 
average age of the patients was 67.69±7.94 years (range, 50–87 years).

DEXA Examination
DEXA measurements were performed using the Hologic QDR 4500-W bone density scanner (USA: Hologic), equipped with 
version 9.03 software. The spinal phantom was calibrated before each daily scan. The zipper, belt, plaster, button and other 
items on the patients are removed to avoid producing artifact images and compromising the accuracy of the measurement 
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results before the examination. If there is obvious hyperplasia or osteophytes, pseudofractures, bone cement, prosthesis, etc, 
in the vertebral body, the regions of interest (ROIs) should be manually removed to ensure accuracy. Finally, the T value of 
the lumbar spine (L1-L4), bone density of the hip joint and femoral neck (g/cm²) were derived after post-processing. All 
patients were divided into three groups according to the WHO standard for osteoporosis:19 the normal group (T score≥−1.0 
SD), the osteopenia group (−2.5 SD<T score<−1.0 SD), and the osteoporosis group (Tscore≥−2.5 SD). Patients with 
nontraumatic vertebral fractures were included in the osteoporosis group irrespective of the T score.

MRI Examination
All MRI examinations were performed on a 3.0 T MRI scanner (Discovery MR750,GE Healthcare, Milwaukee, WI, 
USA) with a coil for the lumbar spine. All patients wore a bellyband to reduce respiratory artifacts during the MRI scans. 
The MRI sequences included T1- and T2-weighted fast spin echo (FSE), IVIM-DWI and IDEAL-IQ sequences.

The parameters for the sagittal T1-weighted FSE imaging were as follows: repetition time (TR)=569 ms; echo time (TE) 
=Min Full; spacing=0.5 mm; slice thickness=4 mm; number of excitations (NEX)=4; and field of view(FOV)=320×320 mm. 
The sagittal T2-weighted FSE imaging parameters were as follows: TR=2500 ms; TE=120 ms; spacing=0.5 mm; slice 
thickness=4 mm; NEX=2; and FOV=320×320 mm. The sagittal T2-weighted FSE imaging parameters were as follows: 
TR=3000 ms; TE=102 ms; spacing=0.5 mm; slice thickness=4 mm; NEX=4; and FOV=200×200 mm. Sagittal IVIM-DWI 
images were acquired with the single-shot echo-planar imaging (ss-EPI)method and the following parameters: TR=4000 ms; 
TE=minimum; spacing=0.5 mm; slice thickness=4 mm; b values=0, 50, 100, 150, 200, 400, 600, 800, and 1200 s/mm2; 
NEX=2, 2, 2, 2, 2, 2, 4, 6, and 8; and FOV=320×320 mm. Sagittal IDEAL-IQ imaging was performed with the following 
parameters: TR=7.7 ms; TE=Min Full; spacing=0.5 mm; slice thickness=10 mm; NEX=0.5; and FOV=250×250 mm.

Image Analysis
All assessments were performed in a blinded manner by two musculoskeletal radiologists with 5 and 10 years of 
experience. All the data were transferred to a workstation (Advantage Windows Workstation 4.6; GE Healthcare, US) 
and then postprocessed. A region of interest (ROI) was placed from the L1 to L4 vertebrae at the central level on the 
sagittal images to extract the parameters described below. The ROI was made as large as possible to encompass the entire 
cancellous bone while maintaining a consistent range and position among the imaging maps for measuring the different 
parameters and avoiding areas of motion artifacts, the cortical bone of the vertebral body, focal lesions, the venous 
plexus, and the spinal canal (Figure 1). For this study, we chose to analyze the parameters fat fraction (FF) and 
R2*obtained from the IDEAL-IQ sequence images, and the slow (ADCslow) and fast apparent diffusion coefficients 
(ADCfast) and the perfusion fraction (f), obtained from the IVIM-DWI sequence images.

Statistical Analysis
SPSS 25.0 (IBM) software was used for the statistical analysis, and a two-sided p<0.05 was considered significant. For all 
parameters, the Kolmogorov‒Smirnov (KS) test was used to assess the normality of the data distributions, and the Levene test 
was used to assess homogeneity of variance. All normally distributed data are presented as the means±standard deviations (x 
±s); the independent-sample t test was used for between-group comparisons, whereas one-way ANOVA for three-group 
comparisons. All nonnormally distributed data are presented as medians and interquartile ranges. The Mann‒Whitney test was 
used for between-group comparisons, and the Kruskal‒Wallis H-test was used for multiple-group comparisons. Spearman 
correlation coefficients were calculated to analyze the correlations between the different parameters and BMD values. 
MedCalc (version 20.210) software was used to analyze parameters with statistical significance and compare the diagnostic 
efficacy, optimal diagnostic threshold, sensitivity, and specificity of the parameters.

Results
Patient Characteristics and MRI Parameters
A total of 346 patients were included in this study, including 79 patients with normal bone mass (35 males, 44 
females; mean age 59.14±5.31 years; age range (50–72 years), 92 patients with osteopenia (37 males, 55 females; 
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mean age 58.35±4.99 years; age range 50–70 years) and 175 patients with osteoporosis (42 males, 133 females; 
mean age 68.56±7.15 years; age range 50–87 years).

The clinical and MRI parameters of all the subjects are described in Table 1. There were significant differences in all 
the imaging parameters except for ADCfast among the three groups. According to the results of post hoc analysis of the 

Figure 1 The DWI (a), ADCslow (b), ADCfast (c), f(d) of IVIM-DWI and FF (e), R2* (f) of IDEAL-IQ parameter maps of lumbar bone marrow. The pink and white 
rectangular areas show the regions of interest for measurements.

Table 1 Clinical and MRI Parameters of All Subjects in Different Group

Normal 
(n=79)

Osteopenia 
(n=92)

Osteoporosis  
(n=175)

F/H P

Age (years old) 59.14±5.31 58.35±4.99 68.56±7.15 137.952 <0.001

BMI (kg/m2) 25.96±3.17 25.21±2.74 23.82±3.56 12.884 <0.001

BMD (g/cm2) 1.08±0.15 0.88±0.07 0.72±0.12 211.296 <0.001
ADCslow (×10−3mm2 /s) 0.34±0.17 0.32±0.14 0.24±0.11 49.626 <0.001

ADCfast (× 10−3mm2 /s) 83.17±35.64 89.53±30.62 90.75±38.39 2.966 0.227

f (%) 26.75±9.59 26.67±5.77 24.77±5.90 14.847 0.001
FF (%) 47.58±6.89 50.26±6.83 57.01±7.57 55.807 <0.001

R2*(sec−1) 137.55±36.53 130.69±29.52 116.33±27.64 15.489 <0.001

Notes: BMD, BMI, FF and R2* were expressed with mean and standard deviation, and P values were calculated with one- 
way ANOVA test. ADCslow, ADCfast and f were indicated with medians and quartiles, and P values were calculated with 
Kruskal Wallis H-test. 
Abbreviations: BMI, body mass index; BMD, bone mineral density; ADCslow, pure molecular diffusion coefficient; 
ADCfast, pseudo-diffusion coefficient; f, perfusion fraction; FF, fat fraction; R2*, Transverse relaxation rate.
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quantitative MRI parameters that were significantly different among the three groups, none of the parameters aside from 
FF were significantly different between the normal and osteopenia groups (P>0.05). However, all parameters were 
significantly different between the normal and osteoporosis groups and between the osteopenia and osteoporosis groups 
(P<0.05) (Table 2 and Figure 2).

Comparative Analysis of Clinical Indicators and MRI Parameters According to Age
According to the results of the Kruskal‒Wallis H-test, the values of BMI, BMD, ADCslow, and R2* significantly and 
gradually decreased and those of FF significantly and gradually increased with age (P<0.05), whereas the changes in the 
ADCfast and f values among the different age groups were not significant (P>0.05) (Table 3).

Comparison of Clinical Indicators and MRI Parameters According to Sex
As shown in Table 4, there were no significant differences in age, BMI, ADCfast, f or water values between males and 
females (P>0.05); however, the BMD, ADCslow, FF and R2* values were significantly different (P<0.05). The FF values 
were greater in females than in males, while the values of BMD and R2* were greater in males than in females.

Partial Correlation Analysis Between BMD Values and MRI Parameters
Table 5 and Figure 3 present the results of a partial correlation analysis between the MRI parameters and BMD. BMD 
was weakly positively correlated with ADCslow, f, and R2* (r=0.494, 0.153, 0.182, 0.029, P < 0.001) and negatively 
correlated with FF (r=−0.402, P < 0.001).

ROC Curve Analysis for Differentiating Normal Bone Status from Osteopenia and 
Osteoporosis in Patients
The results of our ROC curve analysis for distinguishing the three groups (normal bone, osteopenia and osteoporosis) are 
shown in Table 6 and Figure 4. FF had the highest AUCs (0.624, 0.831 and 0.747) and sensitivities (72.2%, 70.9% and 
81.5%) in differentiating normal from osteopenic patients, normal from osteoporotic patients, and osteopenic from 
osteoporotic patients, respectively. However, ADCslow and f had the highest specificity (both 88%) in differentiating 
between the normal and osteopenia groups, ADCslow had the highest specificity (91.4%) in differentiating the normal 
from osteoporosis groups, and f had the highest specificity (69.7%) in differentiating the osteopenia group from the 
osteoporosis group.

Discussion
This study demonstrated the value of using multiparameter functional MRI (IVIM-DWI and IDEAL-IQ sequences) to 
assess osteoporosis quantitatively. The ADCslow, f, FF and R2* values all exhibited different degrees of correlation with 
BMD and could be used to differentiate BMD values by way of the three study groups. We recommend the IVIM and 
IDEAL-IQ sequences as the preferred methods for diagnosing OP in clinical practice.

DWI facilitates the detection of water molecule diffusion within living tissues. The ADC derived from DWI serves as 
an indicator of water molecule content, cellular 243 arrangement density, and cellular membrane integrity in vivo.20 Prior 

Table 2 Post Hoc Tests of MRI Parameters Between Different BMD Groups

Normal vs 
Osteopenia

Normal vs 
Osteoporosis

Osteopenia vs 
Osteoporosis

ADCslow (×10−3mm2 /s) 0.646 <0.001 <0.001

f (%) 1.000 0.002 0.012

FF (%) 0.016 <0.001 <0.001
R2* (sec−1) 0.141 <0.001 <0.001

Abbreviations: ADCslow, pure molecular diffusion coefficient; f, perfusion fraction; FF, fat fraction; 
R2*,Transverse relaxation rate.
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studies have highlighted the utility of DWI in diagnosing osteoporosis and distinguishing between 245benign and 
malignant fractures.21–23 Nonetheless, ADC values can be influenced by multiple factors, including the b value, water 
molecule motility patterns, and perfusion effects. By allowing the assessment of both the simple diffusion of water 
molecules (ADCslow) and microcirculatory perfusion diffusion (ADCfast), IVIM-DWI offers an enhanced evaluation of 
the vertebral microstructure, overcoming the limitations of DWI alone and enhancing diagnostic precision and 
specificity.24,25 In our investigation, the ADCslow values gradually and significantly decreased (P<0.05), whereas the 
ADCfast values gradually increased (albeit nonsignificantly, P>0.05) as the bone mass decreased. These findings imply 
that osteoporotic vertebrae exhibit increased cell density (abundant adipocytes), compressing the extracellular space and 

Figure 2 Boxplot analysis of ADCslow (a), f(b), FF (%) (c), R2* (d) values in three groups of the normal, osteopenia, and osteoporosis. Post hoc test confirmed the 
differences between different groups of each parameter respectively.
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thereby restricting water molecule diffusion, resulting in reduced ADCslow. Conversely, the ADCfast values exhibited 
considerable variability and suboptimal signal‒to‒noise ratios, limiting their efficacy in diagnosing osteoporosis. These 
outcomes align with those of prior research,26,27 but are in contrast to those of studies suggesting that ADCfast is 
significantly correlated with BMD and has good diagnostic potential in distinguishing normal from abnormal bone 
metabolism (osteopenia and osteoporosis) groups in the context of diabetic osteoporosis;27 this discrepancy could be 
related to the characteristics of various study groups, disparities in sequence parameters, variations in the selection of 
b-value parameters, and the inability to redraw the double-blind region of interest (ROI).

Furthermore, our study revealed positive, albeit moderate (p<0.05), correlations between the ADCslow and f values 
and BMD within the vertebral bodies. This observation likely stems from the compression of true capillaries within the 
marrow cavity as osteoporosis progresses, accompanied by an increase in bone marrow adipocytes, leading to diminished 
microvascular perfusion (that is, a greater ADCslow value). Concurrently, an inadequate nutrient supply to trabecular 
bone and bone marrow cell hypoxia may suppress bone mineral deposition, lowering BMD. The complexity of this 

Table 3 Comparison of Clinical Indicators and MRI Parameters in Different Age Groups

50-59  
(n=117)

60-69  
(n=148)

70-79  
(n=71)

≥80  
(n=10)

F/H P

BMI (kg/m2) 25.11±3.14 25.11±3.30 23.42±3.61 22.18±3.12 41.821 0.001

BMD (g/cm2) 0.93±0.17 0.85±0.19 0.71±0.13 0.69±0.12 43.978 <0.001

ADCslow (×10−3mm2 /s) 0.31±0.14 0.30±0.15 0.24±0.09 0.18±0.17 28.745 <0.001
ADCfast (× 10−3mm2 /s) 85.26±27.06 92.44±32.43 85.81±47.94 90.48±38.78 2.036 0.565

f (%) 25.78±6.17 26.63±7.37 25.80±5.30 23.02±5.67 4.239 0.237

FF (%) 50.52±7.64 52.67±8.07 57.22±8.10 59.1±7.17 12.657 <0.001
R2* (sec−1) 134.51±33.58 124.41±31.07 113.40±24.24 104.68±27.32 42.501 <0.001

Note: BMD, BMI, FF and R2* were expressed by means and standard deviation in accordance with normal distribution, but ADCslow, ADCfast 
and f were indicated with medians and quartiles.

Table 4 Comparison of Clinical and MRI Indicators in Different Gender 
Group

Female Male t/z p

Age 64±13 63±11 −1.479 0.139
BMI 24.45±4.39 25.32±3.90 −1.867 0.062

BMD (g/cm2) 0.81±0.19 0.90±0.16 −4.426 <0.001

ADCslow (×10−3mm2 /s) 0.26±0.12 0.33±0.18 −4.539 <0.001
ADCfast (×10−3mm2 /s) 85.69±31.08 93.73±36.94 −1.716 0.086

f (%) 0.26±0.06 0.25±0.07 −0.894 0.371

FF (%) 53.94±8.14 51.38±8.38 2.716 0.007
R2* (sec−1) 120.75±40.72 127.16±46.47 −1.771 <0.001

Notes: The BMD, ADCslow, FF and R2* values were significant differences (P<0.05), but no 
significant differences of the age, BMI, ADCfast, f and Water values (P>0.05).

Table 5 Partial Correlation Analysis BMD and MRI 
Parameters

ADCslow ADCfast f FF R2*

BMD r 0.494 −0.049 0.153 −0.402 0.182

P <0.001 0.397 0.005 <0.001 0.001

Note: Data are Pearson correlation coefficients (r). BMD was weakly 
positively with ADCslow, f, R2* (P<0.001), and negatively correlated with 
FF (P<0.001).

Clinical Interventions in Aging 2025:20                                                                                             https://doi.org/10.2147/CIA.S541103                                                                                                                                                                                                                                                                                                                                                                                                   1641

Shi et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



correlation is influenced by multiple factors,including the proportion of bone marrow adipocytes, perfused blood volume, 
and intricate microcirculatory dynamics. The IDEAL-IQ sequence is a sophisticated fat quantification method capable of 
acquiring FF images, R2* maps, and pure fat and water images in a single scan through multiecho acquisition.28 Notably, 
the FF and R2* values are commonly employed clinical quantitative parameters that have garnered significant interest in 
recent research in assessing fat content and iron concentration, respectively, outperforming conventional MRI techniques, 
such as two-point Dixon and magnetic resonance spectroscopy (MRS), in terms of accuracy.29,30 Prior studies have 
demonstrated the potential of FF in evaluating vertebral bone mineral loss, with a documented inverse relationship 
between FF and vertebral BMD.31,32 Previous research had shown that 28 iron overload is a risk factor for osteoporosis 
and the associated fractures.33

Our study revealed that the FF values in osteoporotic patients were significantly greater than those in patients with 
osteopenia or with normal bone (P<0.05) and were negatively correlated with BMD. Conversely, the R2* values in 
osteoporosis patients were notably lower than those in the osteopenic and normal groups and exhibited a positive 
correlation with BMD. Our results are consistent with the reported in the literature.34,35 Age-related trends included 
a gradual increase in FF indices and a decrease in R2* values. Additionally, we observed that women had higher FF 
values and lower R2* values than men did, and this may be attributable to variations in estrogen levels. A decrease in 
ovarian function and estrogen levels contributes to reduced bone formation and increased bone loss, leading to a marked 

Figure 3 Scatter plots showing the correlations of BMD with ADCslow (a), f(b), FF (%)(c), and R2* (d) values.
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decrease in BMD, an increase in FF, and a decrease in R2*making postmenopausal women particularly susceptible to 
osteoporosis. The results suggest that with increasing age, the vertebral body fat content increases and the bone mineral 
content and bone density decrease, all of which likely contribute to a higher risk of developing osteoporosis. However, it 
should be noted that may affect the generalizability of age-stratified analysis, due to an insufficient sample size in the 
elderly subgroup (≥80 years old, n=10) in this study.

These findings are mostly consistent with the results of Kugel’s research, who proposed that FF values increase by 
approximately 6% every decade in individuals aged 61 years or older, indicating that changes in fat content are also 
influenced by factors related to age.36 We also explored the diagnostic potential of all quantitative parameters from both 
the IVIM-DWI and IDEAL-IQ sequences in discriminating among the normal, osteopenic, and osteoporotic groups. Our 
findings showed that FF is a potent discriminator, achieving the highest AUC values of 0.624 in distinguishing normal 
from osteopenia patients, 0.831 for distinguishing normal from osteoporosis patients, and 0.747 for differentiating 
osteopenia from osteoporosis patients. Taken together with the results in the paragraph above, our findings indicate 
that FF may serve as an independent predictor of bone deterioration and is highly important in reliably, noninvasively 
quantifying marrow composition. ADCslow and R2* also demonstrated some value as quantitative parameters for 
assessing osteoporosis. Collectively, these quantitative metrics offer promise as potential biomarkers for osteoporosis 
evaluation.

Figure 4 The (a–c) demonstrate the results of the ROC analysis for differentiating three groups (normal, osteopenia and osteoporosis group) respectively.

Table 6 ROC Analysis for Differentiation in Three Groups

Parameter AUC Cut Off 95% Confidence Interval Sensitivity Specificity

Upper limit Lower limit

Normal 

vs Osteopenia

ADCslow 0.574 0.184 0.487 0.662 30.4% 88%

f 0.534 0.146 0.446 0.623 26.6% 88%
FF (%) 0.624 0.276 0.540 0.709 72.2% 55.4%

R2* 0.544 0.171 0.456 0.632 36.7% 80.4%

Normal 
vs Osteoporosis

ADCslow 0.735 0.383 0.663 0.807 46.8% 91.4%
f 0.626 0.237 0.548 0.704 38% 85.7%

FF (%) 0.831 0.572 0.776 0.887 70.9% 86.3%

R2* 0.669 0.270 0.595 0.742 37.7% 90.3%
Osteopenia 

vs. Osteoporosis

ADCslow 0.699 0.318 0.635 0.763 81.5% 50.3%

f 0.612 0.230 0.568 0.706 53.3% 69.7%

FF (%) 0.747 0.404 0.687 0.807 81.5% 58.9%
R2* 0.637 0.252 0.568 0.706 72.2% 48%

Abbreviation: AUC, area under curve.
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Some limitations in our study should be noted. Firstly, this was a prospective study, and inevitably, much of the 
patients’ data may not have been obtained. A prospective study employing stricter control standards for the patients is 
necessary to better understand the value of the identified parameters in detecting osteoporosis. Secondly, DEXA may be 
less accurate than QCT because the former is influenced by many factors. Additionally, there is a limitation in age 
stratification due to an insufficient sample size in the elderly subgroup (≥80 years old, n=10), which may affect the 
generalizability of age-stratified analysis. Thus, future studies investigating the value of the imaging parameters identified 
in this study should employ QCT to verify the reliability of our results.

Conclusion
In summary, the IVIM-DWI and IDEAL-IQ sequences can be used for evaluating OP in the lumbar spine. The ADCslow, 
FF and R2* values can be reliable predictors of bone mass changes. We can obtain a large amount of microscopic data on 
an individual’s OP status through these two noninvasive sequences.

Abbreviations
IDEAL-IQ Iterative decomposition of water and fat with echo asymmetry and least squares estimation quantitation; 
IVIM-DWI Intravoxel incoherent motion diffusion weighted imaging; DEXA Dual energy X-ray absorptiometry; QCT 
Computed tomography; BMI Body mass index; BMD Bone mineral density; FF Fat fraction; R2* Transverse relaxation 
rate; DWI Diffusion-weighted imaging; ADC Apparent diffusion coefficients; ADCslow True-ADC; ADCfast Pseudo- 
ADC; MRS Magnetic resonance spectroscopy; AUC Area under the curve.
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