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Abstract 
Single-energy QCT (SEQCT) scans to measure volumetric BMD (vBMD) are susceptible to errors caused by variability in the amount of marrow 
adipose tissue (MAT). We developed a three-material model that uses dual-layer spectral CT (DLCT) technology to measure bone matrix (BM), 
yellow marrow (YM), and red marrow (RM) and compared the results with measurements of proton density fat fraction (PDFF) by MRI and 
vBMD by SEQCT. Hounsfield units (HU) were measured in the L1-3 vertebrae on 50 and 150 keV mono-energy images in a training set of 100 
Chinese adults. The densities of YM and RM in the three-material model were adjusted so that the mean and SD of the YM volume as a fraction 
of total marrow volume matched historical bone histology data. A validation set of 125 adults was scanned, and the findings were compared 
with measurements of L1-3 MRI PDFF and SEQCT vBMD. We evaluated the sensitivity, specificity, and area under the ROC curve (AUROC) for 
DLCT vBMD measurements to predict osteoporosis and investigated the relationship between SEQCT vBMD, DLCT vBMD, and YM volume 
fraction. The mean (range) of the YM volume as a fraction of total marrow volume averaged 0.471 (0.190-0.674) and 0.480 (0.258-0.760) in men 
and women. The corresponding results for MRI PDFF were 0.487 (0.224-0.675) and 0.477 (0.238-0.745). The coefficient of determination was 
r2 = 0.696 (p < .0001; SEE = 0.059). A L1-3 DLCT vBMD of 100 mg/cm3 gave a sensitivity of 100.0% and a specificity of 94.3% for predicting 
osteoporosis (AUROC = 0.986). A multiple linear regression model to predict L1-3 SEQCT vBMD from DLCT vBMD and the YM fraction gave 
a coefficient of determination of r2 = 0.989 (p < .0001; SEE = 5.2 mg/cm3). In conclusion, we developed a three-material model for analyzing 
DLCT scans that correlates with MRI measurements of MAT PDFF and offers a potentially improved method of using CT to measure vBMD. 
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Lay Summary 
Measurements of bone density in the spine using standard CT scans are affected by errors caused by the variations in the amount of fat in bone 
marrow. Dual-layer CT (DLCT) is a new type of CT scan that allows bone and fat to be measured at the same time. We developed a mathematical 
model that converts DLCT measurements of high- and low-energy X-rays into separate measurements of the amounts of bone and fat in the 
spine. We tested the model in a group of 125 patients and compared the results with MRI measurements of fat in the spine and conventional 
CT bone density measurements. By allowing for the fat in bone marrow, DLCT scans may provide bone density measurements that are more 
accurate than those measured by standard CT scans.
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Graphical Abstract 

Introduction 
Osteoporosis is a systemic disease of the skeleton char-
acterized by decreased bone mass, resulting in increased 
bone fragility and susceptibility to fracture.1,2 Opportunistic 
screening using CT imaging can play an important role 
in identifying individuals with low spine BMD that are 
at increased risk of a vertebral fracture, enabling early 
intervention with treatment. 

Worldwide, DXA is the most widely used method for evalu-
ating BMD. However, areal BMD (aBMD, units mg/cm2) mea-
sured by DXA involves a 2D projection scan that is susceptible 
to artifacts due to degenerative changes.3 Quantitative CT 
(QCT) is an alternative method of measuring BMD that 
overcomes the limitations of DXA by assessing the volumetric 
BMD (vBMD, units mg/cm3) of trabecular bone in the lumbar 
vertebral bodies and shows superior sensitivity for identifying 
patients with osteoporosis.4 However, conventional single-
energy QCT (SEQCT) measures vBMD at a single effective 
photon energy and is itself susceptible to errors due to the 
variable amount of marrow adipose tissue (MAT). In addition, 
SEQCT requires the scanning of a calibration phantom, and 
no retrospective analysis is possible. 

Dual-layer spectral CT (DLCT) is a new imaging tech-
nology that generates spectral information at the detectors 
and offers a variety of material-specific CT applications that 
include the potential to provide more accurate measurements 
of spine vBMD without the need for a calibration phantom.5 

By means of two superimposed layers of detectors, DLCT 
enables the separation of low- and high-energy photons, and 
by providing energy-specific information on X-ray attenua-
tion, it enables material-specific density information to be 
derived.5 Among the possible new applications, by simul-
taneously measuring MAT, DLCT could provide improved 
vBMD measurements alongside the conventional morpholog-
ical assessments of CT imaging.6 

Some studies of DLCT-based quantitative vBMD assess-
ment have already reported on the reliability of the measure-
ments in phantoms and patients.6–9 However, no study has 
yet addressed the issue of whether DLCT can yield reliable 
estimates of MAT. Therefore, the objectives of the present 
study were to develop a three-material model for DLCT-based 
material decomposition of the lumbar spine that produced 
solutions for the YM volume consistent with historical bone 
histology data and to compare the resulting MAT and vBMD 
measurements with MRI measurements of proton density fat
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Table 1. Patient characteristics in the training and validation sets. 

Basic information Training set (n = 100) Validation set (n = 125) 

Men (n = 43) Women (n = 57) Men (n = 44) Women (n = 81) 

Age (yr)a 51.1 (14.7) 53.5 (14.7) 53.2 (12.8) 53.7 (13.2) 
Height (cm)a 172.3 (5.3) 160.2 (4.6) 171.7 (5.8) 161.0 (5.4) 
Weight (kg)a 69.4 (9.3) 58.4 (7.5) 74.8 (10.5) 61.5 (13.0) 
BMI (kg/m2)a 23.4 (3.3) 22.7 (2.5) 25.3 (2.8) 23.7 (4.4) 
SEQCT vBMD (mg/cm3)a 129.5 (41.5) 120.5 (50.6) 137.9 (46.7) 132.7 (51.3) 
Osteoporosisb 5/43 14/57 4/44 16/81 
Osteopeniac 15/43 17/57 13/44 19/81 

aData expressed as the mean with the SD in parentheses. bNumber of patients with osteoporosis defined by SEQCT L1-3 vBMD <80 mg/cm3. cNumber of 
patients with osteopenia defined by SEQCT L1-3 vBMD >80 and <120 mg/cm3. Abbreviations: SEQCT, single-energy QCT; vBMD, volumetric BMD. 

fraction (PDFF) and SEQCT measurements of spine vBMD, 
respectively. 

Materials and methods 
Participants in the training and validation sets 
The study protocol was approved by our Hospital Ethics 
Committee (approval number: 202112-11-01) and all partic-
ipants signed informed consent forms. 

A training set of 100 Chinese participants was retrospec-
tively enrolled, consisting of all the patients aged 20 yr 
and older referred for a non-contrast lumbar spine DLCT 
examination between May 2022 and August 2023 (Table 1). 
Patients meeting any of the following criteria were excluded 
from the study: (1) presence of primary or metastatic bone 
tumors in the spine, (2) severe scoliosis of the spine, (3) 
fracture involving more than 2 vertebrae, and (4) lumbar 
vertebrae with metallic implants following spinal surgery. 
The training set was used together with historical bone 
histology data to develop a three-material model of vertebral 
trabecular bone that was subsequently tested in a separate 
validation study. The validation set consisted of 125 Chinese 
participants recruited prospectively from communities close 
to our hospital for a non-contrast lumbar spine DLCT and 
a spine MR examination to measure MAT PDFF (Table 1). 
The exclusion criteria were the same as above. As well as 
measurements of Hounsfield units (HU) at specific high and 
low mono-energies, the DLCT scans also provided SEQCT 
measurements of spine vBMD. The validation set was used 
to verify the capability of the DLCT model to reliably 
predict MAT PDFF, to quantitatively compare DLCT and 
SEQCT vBMD measurements, and to identify osteoporosis 
or osteopenia by comparison with SEQCT. 

DLCT and MR imaging acquisition 
The lumbar spine examinations were performed using a 
DLCT scanner (IQon Spectral CT, Philips Healthcare). Patient 
examinations were performed with a standard tube voltage 
of 120 kV, exposure of 125 mAs, a slice thickness of 1 mm, 
a matrix of 512 × 512, and a pitch of 1. Spectral base image 
datasets were reconstructed using a soft tissue reconstruction 
kernel with an axial slice thickness of 1 mm into conventional 
CT images and virtual mono-energetic images at 50 and 
150 keV with IntelliSpace Portal software (version 11.1.1, 
Philips Healthcare). The standard IQon CT images were post-
processed using QCT Pro software (Mindways Software, 
Inc.) to generate SEQCT vBMD values. An asynchronous 
calibration phantom (Mindways Software, Inc.) was scanned 

once a week throughout the study for calibration and quality 
assurance.10 In addition, 10 DLCT scans of a water phantom 
were performed to measure the HU values in water at 50 and 
150 keV. 

Q-Dixon MRI is a multi-echo, 3D, gradient echo vol-
umetric interpolated breath-hold examination sequence 
utilizing T2∗-corrected, 6-point (6 pt) Q-Dixon techniques 
to generate water, fat, T2∗, R2∗, in-phase, and opposed-
phase images.11–13 The PDFF maps were automatically 
reconstructed and then processed using the open-source 
software 3D Slicer (version 5.0.3) for data extraction.14 The 
lumbar spine imaging parameters were: an image resolution 
of 1.4 × 1.4 × 3.0 mm3; 104 slices; a field of view of 
450 × 390 mm; time echoes of 1.05/2.46/3.69/4.92/6.15/7.38 
ms; a repetition time of 8.82 ms; a flip angle of 4◦; a  
bandwidth of 1080 Hz/px; one signal average; and an 
acquisition time of 17 s. 

DLCT and MR image analysis 
DLCT 50 and 150 keV mono-energy images (Figure 1A) and  
MR PDFF maps (Figure 1B) were imported into 3D slicer 
software for delineation of the VOIs in the L1-3 vertebral 
bodies. The VOIs were set at a height of 9 mm, and a 
cylindrical cross-section was drawn to be as large as possible, 
carefully avoiding intersection with the vertebral cortex, dense 
bone islands, venous plexuses, or focal lesions. In cases where 
a vertebral body was fractured, the adjacent vertebra was used 
as a substitute. For VOI delineation on the PDFF maps, high-
resolution T1-weighted images were utilized to accurately 
localize structures, ensuring that dense bone islands, venous 
plexuses, and focal lesions were excluded. 

For the measurement of SEQCT vBMD (mg/cm3), all CT 
images were transferred to a Mindways QCT-Pro workstation 
for the generation and semiautomatic analysis of VOIs 
(Figure 1C-E). The DLCT-derived vBMD, SEQCT-derived 
vBMD values, and MRI PDFF were measured simultaneously 
to ensure consistency in terms of the VOI location, VOI 
size, and measured vertebrae of each participant among 
the three imaging measurements. VOI measurements were 
independently performed by 2 radiologists (LW, with 5 yr of 
experience, and FYZ, in-training) who were blinded to each 
other’s findings. 

DLCT spectral analysis decomposition of bone 
The three-material model is illustrated in Figure 2 and a full 
discussion of the model is given in the Supplemental material 
(see Table S1 and Figures S1 and S2). In brief, the model 
was developed from several previously published studies.15–18

https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziaf066#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziaf066#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziaf066#supplementary-data
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Figure 1. The volume region of interest (VOI) was defined on dual-energy spectral CT (DLCT) virtual monoenergetic images (A) and MR images (B) with 3D 
slicer software. Single-energy quantitative CT (SEQCT) measurements of spine volumetric BMD (vBMD) were performed on conventional non-contrast 
CT images (C-E). (F-J) shows the corresponding sagittal images. 

The three materials in the model were: (1) bone matrix 
(BM), consisting of 58% by weight hydroxyapatite (HA), 
32% collagen, and 10% water 15; (2) yellow marrow (YM);  
and (3) red marrow (RM). The compositions of YM and 
RM were taken from ICRU Report 4619 and collagen from 
the PubChem database.20 Mass attenuation coefficients were 
taken from the NIST tables.21 The fractional volumes of BM, 
YM, and RM were derived by solving three linear equations 
that related the linear attenuation coefficients and volumes to 
the HU measurements at 50 and 150 keV. The mass densities 
of YM and RM were treated as adjustable parameters that 
were fitted to the training set to ensure a mean adjusted YM 
fraction [Adj-YM = YM/(YM + RM)] of 0.50 with ±1.96 SD 
of 0.25 and 0.75.15 These latter values are based on historical 
bone histology data that are independent of modern MRI 
measurements. 

Statistical analysis 
Assuming a sample size of 125 participants and a true Pearson 
correlation coefficient of r = 0.80 between the DLCT and MRI 
MAT measurements, the study has 90% power to detect 
r = 0.66 or greater at p = .05. 

Normally and non-normally distributed data were 
expressed as mean ± SD and median (interquartile range), 
respectively. The correlation between variables was calculated 
by Pearson’s correlation coefficient. Multiple linear regression 
analysis was used to investigate the relationship between 
SEQCT vBMD, DLCT vBMD, and the Adj-YM volume 
fraction. Osteoporosis and osteopenia were defined according 
to the American College of Radiology criteria based on 
a SEQCT L1-3 vBMD measurement of <80 mg/cm3 and 
between 80 and 120 mg/cm3, respectively.22 Receiver oper-
ating characteristic (ROC) analysis was used to evaluate the 
sensitivity, specificity, positive predictive value (PPV), negative 
predictive value (NPV), and area under the ROC curve 
(AUROC) for DLCT L1-3 vBMD to predict osteoporosis 
and osteopenia as defined by SEQCT. As a comparison with 
the densities of YM and RM inferred from the training set, 
we used data from the validation set to calculate independent 
estimates of the 2 densities by equating the mean and SD of 
the DLCT Adj-YM volume fraction measurements to the MRI 
PDFF measurements. SPSS (version 26.0, IBM) and GraphPad 

Prism (version 8.0, GraphPad Software) were used for the 
statistical analyses. A p-value of less than .05 was considered 
to indicate a statistically significant difference. 

Results 
Participants’ characteristics 
The characteristics of participants in the training and val-
idation sets are summarized in Table 1. Participants in the 
training set ranged from 20 to 85 yr old, and in the validation 
set, from 22 to 82 yr old. SEQCT L1-3 vBMD was included in 
this table since it was used to determine the numbers of men 
and women with osteoporosis and osteopenia. Analysis of the 
training set gave mass densities of 0.924 and 1.057 g/cm3 for 
YM and RM, respectively, to ensure a mean Adj-YM volume 
fraction of 0.5 with 95% of the measurements between 0.25 
and 0.7515 (Table S1, Figure 2). 

The results of the three-material decomposition of the 
DLCT 50 and 150 keV HU measurements for participants in 
the 2 datasets are shown separately in Table 2. The results are 
those averaged over L1-3 using the model parameters listed 
in Table S1. The YM volume fraction in the validation set 
averaged 0.416 (range 0.161-0.625) in men and 0.426 (range 
0.208-0.692) in women. When expressed as a fraction of the 
total marrow volume, the mean Adj-YM volume fraction was 
0.471 (range 0.190-0.674) and 0.480 (range 0.258-0.760) in 
men and women, respectively. The corresponding results for 
the MRI measurements of MAT PDFF were 0.487 (range 
0.224-0.675) and 0.477 (range 0.238-0.745), respectively. 
The mean BM volume fractions were 0.122 (range 0.073-
0.187) in men and 0.117 (range 0.053-0.187) in women, 
respectively. 

Correlation and agreement of adipose tissue 
measurements 
Figure 3A shows the plot of L1-3 MAT PDFF against the 
L1-3 DLCT Adj-YM volume fraction [r2 = 0.698, p < .0001, 
standard error of the estimate (SEE) = 0.059] for the validation 
group, and Figure 3B shows the corresponding Bland–Altman 
plot. As a further comparison of the DLCT and MRI mea-
surements, we plotted both against age for men and women

https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziaf066#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziaf066#supplementary-data
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Figure 2. (A) Plots of the fractional volumes of bone matrix (BM), yellow marrow (YM), and red marrow (RM) for the 100 participants in the training set. 
The composition and density of BM were taken from the paper by Mazess.15 Mass densities of 0.924 and 1.057 g/cm3, respectively, for YM and RM gave 
a mean adjusted YM volume fraction (=YM/[YM + RM]) of 0.50, with ±1.96 SD limits of 0.25 and 0.75, respectively.15 (B) Quality assurance plot of the 50 
and 150 keV mono-energy HU measurements. The rhombus figure ABCD shows the predicted limits for physically realistic solutions of the three-material 
model with densities of 1.92, 0.924, and 1.057 g/cm3 for BM, YM, and RM, respectively. Physically realistic solutions of the model should have all three 
fractional volumes (fBM, fYM, and  fRM) within the range 0-1, their sum should add up to 1, and all points with vBMD between 50 and 200 mg/cm3 should 
lie inside the rhombus ABCD. 

Table 2. Solutions of the three-material model in the training and validation sets.a 

Parameter Training set (n = 100) Validation set (n = 125) 

Men (n = 43) Women (n = 57) Men (n = 44) Women (n = 81) 

DLCT vBMD (mg/cm3) 131.0 (28.7) 122.8 (34.1) 135.7 (33.2) 130.1 (35.0) 
Bone matrix fraction 0.118 (0.026) 0.110 (0.031) 0.122 (0.030) 0.117 (0.031) 
Yellow marrow fraction 0.446 (0.112) 0.445 (0.128) 0.416 (0.112) 0.426 (0.116) 
Red marrow fraction 0.436 (0.094) 0.445 (0.106) 0.462 (0.092) 0.457 (0.096) 
Adjusted yellow marrow fractionb 0.503 (0.117) 0.497 (0.132) 0.471 (0.115) 0.480 (0.119) 
MRI PDFF - - 0.487 (0.103) 0.477 (0.109) 

Results expressed as the mean with the SD in parentheses. aResults for the training and validation sets calculated using the model parameters in Table S1 . 
bAdjusted yellow marrow fraction is the volume of YM as a fraction of the total marrow volume. Abbreviations: DLCT, dual-layer spectral CT; PDFF, proton 
density fat fraction; vBMD, volumetric BMD. 

separately ( Figure 4). Linear regression analysis showed a sta-
tistically significant trend for the Adj-YM fraction to increase 
with age in both sexes (all p < .0001). The difference in the 
slopes between the DLCT and MRI plots was not statistically 
significant in either sex (women: p = .152; men: p = .545). In 
addition, both the DLCT and MRI data showed a gradient 
in MAT measurements down the lumbar spine similar to that 
reported by Baum et al.23 In the validation set, mean PDFF 
(SEM) in L1, L2, and L3 was 0.444 (0.010), 0.484 (0.010), 
and 0.513 (0.010), respectively. Corresponding results for the 
DLCT measurements were 0.453 (0.011), 0.478 (0.011), and 
0.500 (0.011), respectively. 

Figure 5 shows similar plots of DLCT L1-3 vBMD and 
SEQCT L1-3 vBMD against age. In both sexes, the SEQCT 
plot showed a steeper decrease with age than the DLCT plot, 
although the difference was statistically significant only for 
women (p = .0059) (men: p = .171). 

Relationship between DLCT and SEQCT vBMD 
measurements 
Simple linear regression analysis between SEQCT L1-3 vBMD 
and DLCT L1-3 vBMD for the 125 participants in the 
validation set gave the following relationship (coefficient 
of determination r2 = 0.960, p < .0001, SEE = 10.0 mg/cm3) 
(Figure 6A): 

SEQCT L1 − 3 vBMD
(
mg/cm3

)
= 

1.414∗DLCT L1 − 3 vBMD
(
mg/cm3

)
–52.2. (1) 

The difference between DLCT and SEQCT vBMD corre-
lated strongly with the Adj-YM volume fraction with the fol-
lowing relationship (coefficient of determination r2 = 0.821,

https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziaf066#supplementary-data
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Figure 3. (A) Plot of L1-3 MRI bone marrow proton density fat fraction (PDFF) against L1-3 DLCT measurements of the adjusted yellow marrow volume 
fraction [Adj-YM = YM/(YM + RM)] for the 125 participants in the validation set. (B) Bland–Altman plot of the same data. The solid straight lines show the 
results of linear regression analysis. 

p < .0001) ( Figure 6B): 

DLCT − SEQCT L1 − 3 vBMD (mg/cm) = 

133.8∗Adj − YM fraction–66.3. (2) 

Multiple linear regression analysis gave the following equa-
tion for predicting SEQCT vBMD from DLCT vBMD and 
the Adj-YM volume fraction (coefficient of determination 
r2 = 0.989, p < .0001, SEE = 5.2 mg/cm3) (Figure 6C): 

SEQCT L1 − 3 vBMD
(
mg/cm3

)
= 

1.201∗DLCT L1 − 3 vBMD
(
mg/cm3

)

–95.6∗Adj − YM Fraction + 21.6. (3) 

Diagnostic performance of DLCT-derived vBMD 
Table 3 lists the values of sensitivity, specificity, PPV, and 
NPV for different thresholds of DLCT L1-3 vBMD to predict 
osteoporosis diagnosed by SEQCT. DLCT thresholds of 95, 
100, and 105 mg/cm3 gave sensitivities and specificities of 
75.0/98.1%, 100.0/94.3%, and 100.0/87.6%, respectively, 
for predicting osteoporosis (AUROC = 0.986; 95% CI: 0.949-
1.0). Table 4 lists similar values for DLCT vBMD to pre-
dict either osteopenia or osteoporosis diagnosed by SEQCT. 
DLCT thresholds of 110, 120, and 130 mg/cm3 gave sen-
sitivities and specificities of 80.8/98.6%, 94.2/93.2%, and 
100.0/84.9%, respectively, for predicting osteopenia or osteo-
porosis (AUROC = 0.991; 95% CI: 0.972-1.0). The difference 
between 2 AUROC areas was not statistically significant 
(p = .81). The inter-observer reliabilities (ICC) between 2 radi-
ologists for the vBMD measurements were 0.999 and 1.000 
for DLCT and SEQCT, respectively. 

The independent estimates of the densities of YM and RM 
obtained by matching the DLCT Adj-YM volume fractions to 
the MRI PDFF measurements gave results consistent with the 
densities derived from the training set using bone histology 
data (Figure S3). 

Discussion 
Dual-energy CT applications for measuring spine bone den-
sity, such as DLCT, have the advantage that they can mea-
sure the composition of bone marrow as well as bone min-
eral content.24–28 In principle, provided that the application 
yields sufficiently accurate measurements of MAT, vBMD 
measurements made using dual-energy CT should be more 
accurate than measurements made using SEQCT. Our study 
showed good correlation and reasonable agreement between 
the DLCT Adj-YM fraction and MRI measurements of MAT 
PDFF, as demonstrated by scatter and Bland–Altman plots. In 
addition, DLCT vBMD had good sensitivity, specificity, and 
AUROC for predicting osteoporosis and osteopenia identified 
by SEQCT. 

There are two reasons why variations in the Adj-YM frac-
tion in vertebral trabecular bone may cause errors in SEQCT 
vBMD measurements.29 First, adipose tissue has a lower 
effective atomic number than lean tissue, reducing the pho-
toelectric contribution to the mass attenuation coefficient. 
Second, adipose tissue has a lower physical density than lean 
tissue, reducing the mass of material in each unit volume 
attenuating the X-ray beam, thereby further reducing the 
linear attenuation coefficient. 

The study reported here has involved three alternative 
methods of quantifying MAT in the spine, MRI PDFF, dual-
energy CT, and bone histology that measure distinctly differ-
ent aspects of bone marrow.30,31 While many studies show 
that these three measurements are reasonably well correlated,

https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziaf066#supplementary-data
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Figure 4. (A) Plot of the L1-3 DLCT measurements of the adjusted yellow marrow volume fraction (=YM/[YM + RM]) against age for the 81 women in the 
validation set. (B) A similar plot of the MRI measurements of bone marrow proton density fat fraction (PDFF) against age for the same women. (C) Plot 
of the L1-3 DLCT measurements of the adjusted yellow marrow volume fraction against age for the 44 men in the validation set. (D) A similar plot of the 
MRI measurements of PDFF against age for the same men. The straight lines show the results of linear regression analysis. 

Table 3. Diagnostic performance of DLCT L1-3 vBMD for predicting osteoporosis.a 

Non-contrast DLCT 
L1-3 vBMD (mg/cm3) 

Sensitivity (%) Specificity (%) PPV (%) NPV (%) 

<85 8/20 (40.0) 105/105 (100.0) 8/8 (100.0) 105/117 (89.7) 
<90 11/20 (55.0) 105/105 (100.0) 11/11 (100.0) 105/114 (92.1) 
<95 15/20 (75.0) 103/105 (98.1) 15/17 (88.2) 103/108 (95.4) 
<100 20/20 (100.0) (99/105 (94.3) 20/26 (76.9) 99/99 (100.0) 
<105 20/20 (100.0) 92/105 (87.6) 20/33 (60.6) 92/92 (100.0) 

Data expressed as numerator and denominator, with percentages in parentheses. aDefined by a SEQCT L1-3 vBMD <80 mg/cm3. Abbreviations: NPV, 
negative predictive value; PPV, positive predictive value; vBMD, volumetric BMD. 
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Figure 5. (A) Plot of the L1-3 DLCT measurements of spine vBMD against age for the 81 women in the validation set. (B) A similar plot of the L1-3 SEQCT 
measurements of spine vBMD against age for the same women. (C) Plot of the L1-3 DLCT measurements of spine vBMD against age for the 44 men in 
the validation set. (D) A similar plot of the L1-3 SEQCT measurements of spine vBMD against age for the same men. The straight lines show the results 
of linear regression analysis. 

Table 4. Diagnostic performance of DLCT L1-3 vBMD for predicting osteopenia or osteoporosis.a 

Non-contrast DLCT L1-3 vBMD (mg/cm3) Sensitivity (%) Specificity (%) PPV (%) NPV (%) 

<100 26/52 (50.0) 73/73 (100.0) 26/26 (100.0) 73/99 (73.7) 
<105 33/52 (63.5) 73/73 (100.0) 33/33 (100.0) 73/92 (79.3) 
<110 42/52 (80.8) 72/73 (98.6) 42/43 (97.7) 72/82 (87.8) 
<115 47/52 (90.4) 71/73 (97.3) 47/49 (95.9) 71/76 (93.4) 
<120 49/52 (94.2) 68/73 (93.2) 49/54 (90.7) 68/71 (95.8) 
<125 51/52 (98.1) 68/73 (93.2) 51/56 (91.1) 68/69 (98.6) 
<130 52/52 (100.0) 62/73 (84.9) 52/63 (82.5) 62/62 (100.0) 

Data expressed as numerator and denominator, with percentages in parentheses. aDefined by a SEQCT L1–3 vBMD <120 mg/cm3. Abbreviations: NPV, 
negative predictive value; PPV, positive predictive value; vBMD, volumetric BMD. 
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Figure 6. (A) Plot of the SEQCT measurements of L1-3 vBMD against the DLCT L1-3 vBMD measurements for the 125 participants in the validation set. 
(B) Plot of the difference between DLCT and SEQCT measurements of L1-3 vBMD against the adjusted yellow marrow volume fraction. (C) Plot of SEQCT 
measurements of L1-3 vBMD against the values predicted by a multiple linear regression model using DLCT BMD and the adjusted yellow marrow volume 
fraction as the independent variables. 

they should not be regarded as equivalent. PDFF is considered 
the most practical MR-based biomarker for assessing fat 
concentration in tissue 32 and is the most widely used 
measurement in imaging studies.33 

It is important to note that MRI-measured PDFF essentially 
compares the proton density of free water molecules (ie, water 
not bound to macromolecules) with the proton density of fat 
molecules. In contrast, bone histology and dual-energy CT 
(DLCT) measurements primarily focus on the volume fraction 
of MAT. PDFF is defined as the ratio of the fat signal from 
hydrogen atoms to the total signal from both fat and water,34 

which represents a significant difference in measurement prin-
ciples compared to bone histology and DLCT. 

The key distinction lies in the fact that the “free water” 
in PDFF refers specifically to unbound water molecules with 
mobile protons that can be detected by conventional MRI 
sequences. This distinction is crucial because RM contains 
not only free water but also bound water–water molecules 
tightly associated with proteins, cellular structures, or the BM. 
The T2 relaxation times of bound water protons are signifi-
cantly shortened, making their signals largely undetectable in 
standard MRI acquisitions. As a result, PDFF measurements 
may systematically underestimate the total water content in 
RM due to the omission of bound water contributions. This 
limitation must be carefully considered when interpreting 
PDFF results. 

Single-voxel magnetic resonance spectroscopy (1H-MRS) 
is considered the gold standard non-invasive technique for 
the in vivo measurement of PDFF.14 However, MRS is time-
consuming and technically demanding, and therefore simpler 
techniques such as the 6-point Q-Dixon method used in the 
present study are widely used and show a good correlation 
and concordance with 1H-MRS.14,35–37 The PDFF results 
for lumbar spine MAT reported here are similar to those 
published by other authors.14,23,35–38 In addition, PDFF mea-
surements in the lumbar spine using the Dixon technique in 
ex vivo studies have been shown to be well correlated with 
and comparable to bone histology measurements of the YM 
fraction39 and bone marrow cellularity.40 

A few previous studies have directly compared dual-energy 
CT with MRI PDFF measurements in the lumbar spine. These 
include an ex vivo study reported by Arentsen et al.39 and 
the in vivo study published by Bredella et al.41 Despite the 

differences in technology, both these studies found not only 
good correlation but also reasonably good numerical agree-
ment. Nevertheless, some caution is necessary in interpreting 
the results in Figure 3. As noted above, while DLCT and MRI 
PDFF measurements both respond to the fat content of bone 
marrow, they differ significantly in the way they respond to 
the fat-free content. While MRI measures the fat-free content 
in terms of the water signal, DLCT measures it in terms of 
the X-ray attenuation of the fat-free tissue, which includes 
both water and non-aqueous components, including protein 
and minerals. These latter contribute to the X-ray attenuation 
coefficient, but not to the MRI signal. 

Although other studies have applied the three-material 
model to DLCT scans of clinical cohorts,8,9,18,42,43 these 
cohorts have generally been small, and the reports have not 
included information about the fractional volumes of YM and 
RM. However, it is important to demonstrate that the models 
used in these studies yield physiologically realistic values of 
the Adj-YM volume fraction. Models that produce YM or RM 
volume fractions that are either negative or greater than one 
will also result in errors in the vBMD results. We undertook 
the study described here because of our experience with one 
such software application that produced negative values of the 
YM volume fraction in a large majority of patients. Therefore, 
the aims of the present study were to develop a three-material 
model that ensured realistic results for the YM and RM 
volume fractions and to compare the measurements of the 
Adj-YM fraction with MRI measurements of MAT PDFF. 
As far as we are aware, ours is the first paper to address 
this question, which is important for the assessment of the 
reliability of dual-energy CT measurements of spine vBMD. 

To develop a realistic three-material model that avoided 
negative values of the YM volume fraction and gave a pop-
ulation distribution of the Adj-YM fraction compatible with 
human data,15 it was necessary to set the density of RM to 
1.057 g/cm3. We note that this is higher than the generally 
accepted figure for RM density (1.02 or 1.03 g/cm3).15,19 For 
this reason, we examined alternative strategies for adjusting 
the model to the training set data other than varying the 
YM and RM densities. Other possibilities we investigated 
were: (1) varying the mono-energy keV values from their 
nominal values of 50 and 150 keV, (2) varying the elemental 
composition of RM by adjusting the effective atomic number
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(Zeff) and electron density (Ne, units cm−3), and (3) varying 
the mass densities of hydroxyapatite and collagen from their 
nominal values.15 Of the above, only an increase in electron 
density (equivalent in its effect to an increase in mass density) 
provided a viable alternative mechanism for avoiding solu-
tions of the three-material model with negative YM volume 
fractions. We note that in Figure 2B the requirement to set the 
RM density to 1.057 g/cm3 arises from the need to explain 
the high energy 150 keV HU measurements, an energy where 
Compton scattering and its dependence on electron density is 
the dominant factor accounting for X-ray attenuation. The 
requirement of our model for a higher-than-expected RM 
density therefore relates directly to the higher than expected 
150 keV HU measurements and the requirement to avoid 
unrealistic values of the YM and RM volume fractions as 
illustrated in Figure S2. 

Despite the above disparity, the three-material model pro-
posed here has considerable strengths. The BM, YM, and RM 
fractional volumes in the individual L1, L2, and L3 vertebrae 
in all 225 participants in the training and validation sets were 
between zero and one. We have shown that DLCT scans 
can provide measurements of the Adj-YM volume fraction in 
the lumbar vertebrae that are consistent and well correlated 
with MRI measurements of PDFF. In addition, the model 
reproduced the expected age variation of MAT and vBMD 
in both men and women and the variations in PDFF down 
the lumbar spine.23,44 Given the long history of discussion of 
the errors in BMD measurements caused by adipose tissue, 
there is a compelling argument for thinking that a CT method 
of measuring vBMD that allows for the MAT content of 
vertebral trabecular bone will also yield more accurate BMD 
measurements. The model also throws new light on how the 
difference between DLCT and SEQCT vBMD measurements 
varies with the Adj-YM fraction. After adjustment for Adj-
YM, the SEE between DLCT and SEQCT vBMD measure-
ments is 5.2 mg/cm3. 

The limitations of this study include the uncertainty about 
the exact relationship between dual-energy CT estimates of 
MAT, modern 6-point Q-Dixon measurements of MRI PDFF, 
and the bone histology studies used to calibrate our model. 
These are three very different types of measurement, and the 
relationship between them requires further clarification. The 
study was conducted with Chinese participants, and other eth-
nic groups might produce different findings. Measurements of 
more subjects over a wide range of ages would give improved 
information about the variation of DLCT Adj-YM and vBMD 
with age in each sex compared with MRI and SEQCT. Finally, 
our study only included the three lumbar vertebrae L1, L2, 
and L3. It is unclear whether the same model can be applied 
to other vertebrae. 

In conclusion, we have trained and assessed a three-material 
model for analyzing DLCT spine BMD scans that corre-
lates with MRI measurements of PDFF and reproduces the 
expected variations of the Adj-YM fraction and vBMD with 
age. The data provide new insight into how the difference 
between DLCT and SEQCT vBMD measurements depends on 
the Adj-YM fraction. 
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