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In vivo quantification of bone mineral density of lumbar vertebrae 
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Background: Osteoporosis is a common, progressive disease related to low bone mineral density (BMD). 
If it can be diagnosed at an early stage, osteoporosis is treatable. Quantitative computed tomography (QCT) 
is one of the current reference standards of BMD measurement, but dual-energy computed tomography 
(DECT) is considered to be a potential alternative. This study aimed to evaluate the feasibility and accuracy 
of phantomless in vivo DECT-based BMD quantification in comparison with QCT. 
Methods: A total of 128 consecutive participants who underwent DECT lumbar examinations between July 
2018 and February 2019 were retrospectively analyzed. The density of calcium (water), hydroxyapatite (water), 
calcium (fat), and hydroxyapatite (fat) [DCa(Wa), DHAP(Wa), DCa(Fat) and DHAP(Fat), respectively] were measured 
along with BMD in the trabecular bone of lumbar level 1–2 by DECT and QCT. Linear regression analysis 
was performed to assess the relationship between DECT- and QCT-derived BMD at both the participant 
level and the vertebral level. Linear regression models were quantitatively evaluated with adjusted R-square, 
normalized mean squared error (NMSE) and relative error (RE). Bland-Altman analysis was conducted to 
assess agreement between measurements. P<0.05 was considered statistically significant.
Results: Strong correlations were observed between DECT- and QCT-derived BMD at both the 
participant level and the vertebral level (adjusted R2 =0.983–0.987; NMSE = 1.6–2.1%; RElinear =0.6–0.9%). 
Bland-Altman plots indicated high agreement between both measurements. DCa(Fat) and DHAP(Fat) showed 
relatively similar and optimal predictive capability for QCT-derived BMD (both: adjusted R2 =0.987, NMSE 
=1.6%, RElinear =0.6%).
Conclusions: Fast kVp switching DECT enabled accurate phantomless in vivo BMD quantification of the 
lumbar spine. DCa(Fat) and DHAP(Fat) had relatively similar and optimal predictive capability.
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Introduction

Osteoporosis is a common disease that causes low bone 
mass and bone microstructural destruction. Patients with 
osteoporosis have increased bone fragility and a high 
risk of fracture, which results in substantial family and 
socioeconomic burdens (1,2). Bone mineral density (BMD) 
is the main measurement of the amount of bone and is 
directly related to osteoporosis (3-5). Both dual-energy 
X-ray absorptiometry (DXA) and quantitative computed 
tomography (QCT) are regarded as reference standards 
for the measurement of BMD. DXA is used to measure 
the areal BMD (aBMD) in units of g/cm2. However, the 
early changes in bone mass in osteoporosis first occur in 
trabecular bone, due to the inner trabecular bone being 
more active metabolically and thus more sensitive to 
changes in BMD (6).

QCT has some advantages over DXA because of its 
three-dimensional nature and the opportunistic exploitation 
of routine CT scans. In recent years, QCT has increasingly 
been used instead of DXA to assess BMD of the lumbar 
spine (7,8). Uniquely, QCT can provide separate BMD 
values for trabecular and cortical bone and measure true 
volumetric BMD (vBMD) in units of mg/cm3 (9,10), which 
not only reflects changes of bone mineral content in the 
vertebrae more accurately than DXA, but also predicts 
incident vertebral fractures more accurately than DXA  
(11-13). Phantomless QCT is gaining in popularity due 
to the convenience of requiring no calibration phantoms 
and the benefit of allowing for opportunistic BMD 
measurements. Currently, there are three main techniques 
of phantomless QCT. The first technique uses values 
of internal tissues (muscle and fat) as references for 
calibration when calculating BMD; the second allows for 
measurement of BMD without a phantom being scanned 
with each patient, as long as the CT modality is calibrated 
periodically; and the third estimates BMD by performing 
material decomposition (MD) using dual-energy CT 
(DECT) (14).

The recently introduced DECT method provides not 
only monochromatic images, but also accurate MD images 
by gemstone spectral imaging (GSI) (15,16). In vivo BMD 
can be estimated by quantifying the base materials using 
MD algorithms. Like QCT, DECT can also support 
separate measurements of the BMD of cortical and 
trabecular bone (5). Notably, the radiation exposure dose of 
DECT with the volume-based adaptive statistical iterative 
reconstruction (ASiR-V) technique is equal to or lower than 

that of conventional CT (17-19). DECT also has other 
potential advantages, including detection of bone marrow 
edema or tumor infiltration. Compared with the first two 
techniques of phantomless QCT using conventional CT, 
DECT with the ASiR-V technique has no barriers to its use 
as a routine scan for lumbar examination, which suggests a 
promising future for BMD quantitation based on DECT. 

Previous studies on the measurement of BMD by 
DECT are controversial and inadequate. van Hamersvelt 
et al. found a strong correlation between BMD measured 
by DECT and DXA (20), but their study was based on 
phantoms rather than patients. Conversely, other studies 
indicated a lack of correlation between DECT-derived 
and DXA-derived BMD, although these studies included 
fewer than 50 participants (21,22). Mei et al. reported that 
compared with QCT, DECT-based hydroxyapatite (HAP)-
specific BMD quantitation had a high level of accuracy  
in vitro (23); however, its performance in vivo has yet to be 
evaluated. Recently, Roski et al. demonstrated the feasibility 
of phantomless in vivo dual-layer DECT-based HAP-
specific BMD assessment, although only 33 patients were 
included and only HAP-specific BMD was measured (24). 
To date, few studies have investigated the use of the new-
generation fast kVp switching DECT. 

Some studies have demonstrated that absorption by any 
type of tissue can be determined by the proportions of its 
base materials, and with appropriate selection of the base 
materials their densities can reflect the content of the actual 
material in the tissue (19,25,26). The main components of 
the vertebral body include bone minerals (HAP/calcium), 
water, red marrow, yellow marrow (mainly fat), and 
collagen. Therefore, we hypothesized that compared with 
phantom-calibrated QCT, 256-row fast kVp switching 
DECT was feasible and accurate for phantomless BMD 
quantification in vivo. In our study, the density of four base 
material pairs were evaluated: calcium (water) [DCa(Wa)]; 
HAP (water) [DHAP(Wa)]; calcium (fat) [DCa(Fat)]; and HAP (fat) 
[DHAP(Fat)].

Methods

Study design and selection of subjects

Our study was approved by the institutional ethics 
committee of the First Affiliated Hospital of Hunan 
U n i v e r s i t y  o f  C h i n e s e  M e d i c i n e  ( n o .  H N - L L -
KY-2019003016). Owing to the retrospective nature of 
this study, the requirement for informed consent was 
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Figure 1 Flow chart according to the Standards for Reporting of Diagnostic Accuracy Studies.

Participants underwent lumbar spine CT 
examination (n=1,871)

Participants excluded due to lack of dual-energy CT examination 
(n=1,136)

Participants excluded due to lack of a simultaneous QCT calibration 
phantom (n=521)

Participants excluded due to spinal tumor (n=6); 
spinal tumor-like lesion or infection (n=7);  
lumbar fracture (n=18); 
spinal surgery (Implants, hardware or other foreign material) (n=15); 
contrast enhanced scan (n=25); 
severe degenerative changes (n=5); 
deformity (n=4); 
hematologic disorder (n=6)

Participants underwent both dual-energy 
CT and QCT examination (n=214)

Enrolled participants for further analysis 
(n=128)

waived. Data from subjects who underwent DECT lumbar 
examinations between July 2018 and February 2019 were 
collected. The subjects’ demographic characteristics [age, 
sex, and body mass index (BMI)] before scanning were 
recorded. The exclusion criteria were no simultaneous 
QCT calibration phantom; spinal tumor; spinal tumor-
like lesions or infection; lumbar fracture; spinal surgery 
(implants, hardware, or other foreign material); contrast-
enhanced scan; severe degenerative changes; deformity; 
and hematologic disorder (12,14). Finally, 128 consecutive 
participants were enrolled. Figure 1 is a flowchart of the 
study following the guidelines of Standards for Reporting 
of Diagnostic Accuracy. The sample size consideration is 
shown in Supplementary Material A1.

DECT and phantom-calibrated QCT scan protocols 

In our study, all lumbar examinations of the enrolled 
participants were performed simultaneously with a bone 
density calibration (BDC) phantom placed beneath the 
spine, to avoid additional radiation exposure. CT imaging 
of the spine was performed with a Revolution GSI CT 
scanner (GE Medical Systems, Milwaukee, WI, USA).  
Table 1 shows the detailed scanning parameters of DECT, 
and Supplementary Material A2 shows the radiation 
exposure dose consideration of DECT using the ASiR-V 
technique (27). 

The BDC phantom (QRM, Moehrendorf, Germany) 
contained 6 cylindrical inserts, each with a diameter of  

1.8 cm and an exact value of 0, 98.8, 201.9, 390.5, 599.1, 
and 793.7 mg/cm3 HAP, respectively. All phantom-
calibrated QCT analyses were performed according to the 
ISCD consensus, and BMD was measured at L1 (lumbar 
level 1) and L2 (lumbar level 2) (13). The DECT scanner 
undergoes a ‘fast calibration’ protocol every week to ensure 
correct CT values of water and no artifacts. The accuracy 
and precision of the QCT devices based on DECT are 
tested every week using the same scan protocol (for details 
see Supplementary Material A3).

Post-processing of DECT and phantom-calibrated QCT 
image data

The MD data and QCT data were evaluated in random 
order by Y.H. (8 years of experience in musculoskeletal 
radiology) and H.G. (10 years of experience), respectively, 
who were independent and blinded to each other’s results. 
The raw image data were transmitted to an advanced 
workstation (ADW4.6; GE Medical Systems). As they had 
lower image noise and a higher contrast-to-noise ratio 
(CNR) than 120-kVp CT images, but equal CT values,  
70-keV monochromatic images were used to measure 
the CT values of both the vertebrae and the phantom in 
this study (28,29). The reproducibility and accuracy of 
spinal QCT using different scan protocols is shown in 
Supplementary Material A3 and Table S1. 

For further analysis, 5-mm axial images were viewed. In 
the central level of the lumbar vertebral body, the region 

https://cdn.amegroups.cn/static/public/QIMS-20-367-supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-20-367-supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-20-367-supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-20-367-supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-20-367-supplementary.pdf
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of interest (ROI) was drawn along the inner edge of the 
vertebral body to calculate the average CT attenuation value 
(HU), avoiding the cortical bone and the vertebral venous 
plexuses posteriorly (Figure 2). DCa(Wa), DHAP(Wa), DCa(Fat), and 
DHAP(Fat) were also separately measured in the MD images. 
The main component of bone is HAP [chemical formula 
Ca10(PO4)6(OH)2]. The relative atomic weight of calcium 
(Ca) is 40. Because there are 10 Ca atoms in HAP, the 
amount of Ca is 400, and the relative molecular weight of 
HAP is 1,004. When the Ca content of HAP is known, 
the HAP content can be estimated according to Eq. [1]. A 
circular ROI with a fixed diameter of 10 mm was marked 
in the center of each insert in the BDC phantom, and the 
mean CT number of each insert was measured (Figure 2). A 
linear regression Eq. [2] could be calculated with the known 
HAP content and CT attenuation value of each insert in the 
phantom, and then the CT attenuation value of the vertebral 
body could be converted into BMD through Eq. [2] (23). 

2GSI Ca H O (Fat)BMD = 1004/400−ρ ×  [1]

BMD = β CT attenuation value+c⋅  [2]
ρCa-H20 and ρCa-Fat are the density of calcium (water) and 

calcium (fat), respectively. 
β and c are the coefficient and intercept of the linear 

formula, respectively.

Statistical analysis

SPSS statistical analysis software (v.20.0; IBM) and R 
software (version 3.5.1; http://www.Rproject.org) were used 

for statistical analysis. Continuous variables were compared 
using the Wilcoxon test or Student’s t test. The data were 
checked for homogeneity and normality using the Levene’s 
and Shapiro-Wilk tests, respectively. 

Linear regression analysis was used to assess the 
relationship between DECT- and QCT-derived BMD. 
Linear regression models were quantitatively evaluated 
using adjusted R-square, normalized mean squared error 
(NMSE), and relative error (RE) (30,31). NMSE was 
calculated by 10-fold cross-validation, according to Eq. [3]:

2
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ˆ( )NMSE
( )

i l

i

y y
y y

Σ −
=
Σ −

 [3]

yi is the true value of BMD in test set, ˆly  is the predicted 
value of BMD in test set, y is the mean of true value of 
BMD in test set. 

RE was calculated in two ways according to Eq. [4]:

RE = /L 100%∆ ×  [4]
RE is generally given as a percentage, ∆-Absolute error 

(predicted value minus true value), and L-True value (QCT-
derived BMD). For RElinear, the adjusted predicted BMD 
from the linear regression model was used to calculate ∆. 
The adjusted predicted value for a case is the predicted 
value when that case is excluded from the calculation of 
the regression coefficients (corresponding to leave-one-
out cross-validation). For REdirect, the DHAP (DCa converted 
into DHAP) measured in MD images was considered as the 
predicted value to calculate ∆.

Bland-Altman analysis was conducted to assess agreement 
between the adjusted predicted BMD (derived from linear 
regression calibration) and QCT-derived BMD (32). 

Statistical significance was indicated by two-sided 
P<0.05.

Results

Characteristics of the subjects

The demographic characteristics of the subjects are 
summarized in Table 2. The data were analyzed at both 
the participant level (n=128, the average of L1–L2 per 
participant was used for analysis) and the vertebral level 
(n=128, L1 and L2, separately).

Relationship between QCT-derived and DECT-derived BMD

The results of this section are summarized in Figures 3 and 4, 
and Table S2.

Table 1 Scanning parameters of dual-energy CT

CT parameters Details

Mode GSI helical

Rotation speed (s/rot) 0.8

Pitch 0.984:1

Tube voltage (kVp) 80/140

Tube current (mA) 230

Beam collimation (mm) 256×0.625

ASiR-V 30%

Recon type Bone

CTDIvol (mGy) 9.09

ASiR-V,  vo lume-based adapt ive  s ta t is t ica l  i te ra t ive 
reconstruction; CTDIvol, volume computed tomography dose 
index; GSI, gemstone spectral imaging.

http://www.Rproject.org
https://cdn.amegroups.cn/static/public/QIMS-20-367-supplementary.pdf
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Table 2 Demographic characteristics [mean ± standard deviation (SD)]

Characteristic Male (n=62)  Female (n=66) P value

Age (years) 51.31±17.67 51.98±18.39 0.830

BMI (kg·cm−2) 23.40±3.65 21.63±3.08 0.003

BMD (mg/cm3) 126.84±48.78 118.95±55.53 0.396

L1 128.08±49.65 121.31±53.43 0.460

L2 125.61±48.36 116.59±58.29 0.340

BMD, bone mineral density; BMI, body mass index.

Figure 2 Vertebral bodies and phantom as shown in 70-KeV monochromatic images and four types of material decomposition (MD) 
images. U-shaped areas illustrate the regions-of-interest (ROI) in the L1 vertebral bodies, and circles illustrate ROI placement in the QCT 
phantom.

70 KeV Ca (Wa) HAP (Wa) Ca (Fat) HAP (Fat)

The results for the participant level are as follows. The 
REdirect of DCa(Wa), DHAP(Wa), DCa(Fat), and DHAP(Fat) was −56.7%, 
−63.2%, −37.5%, and −47.8%, respectively. Figure 3 shows 
the significant positive correlations between the densities 
of the four base materials [DCa(Wa), DHAP(Wa), DCa(Fat) and 
DHAP(Fat)] and QCT-derived BMD (R=0.992–0.993, adjusted 
R2 =0.985–0.987, all P<0.001). All the linear models showed 
good predictive capability of BMD (NMSE =1.6–1.8%, 
RElinear = 0.6–0.7%).

A d d i t i o n a l l y,  t h e  a g r e e m e n t s  b e t w e e n  B M D 
measurements based on linear regression calibrated DECT 
and QCT were assessed with Bland-Altman plots (Figure 4).  
For all four base materials, the mean differences were zero 
(all P>0.05); most of the differences lay between ±1.96 
SD, and there were no clear trends, which indicated high 
agreement between both measurements.

The results for the vertebral level were as good as those 
based on the participant level. The densities of the four base 
materials [DCa(Wa), DHAP(Wa), DCa(Fat), and DHAP(Fat)] and QCT-
derived BMD were highly correlated (R = 0.991–0.993, 
adjusted R2 = 0.983–0.987, all P<0.001). All of the linear 
models showed good predictive capability of BMD (NMSE 
= 1.7–2.1%, RElinear = 0.7–0.9%). 

All of the above results indicated the robustness and 
accuracy of our models. Furthermore, DCa(Fat) and DHAP(Fat) 

were found to demonstrate relatively similar and optimal 

predictive capability for QCT-derived BMD (both: adjusted 
R2 =0.987, NMSE =1.6%, RElinear =0.6%).

Discussion

Osteoporosis is a chronic condition that imposes significant 
health, social, and economic burdens worldwide because of 
its prevalence. However, with early medical intervention, 
the condition can be treated. Consequently, early diagnosis 
of osteoporosis has attracted considerable attentions (1). 
Our study demonstrated that fast kVp switching DECT 
enabled accurate BMD quantification of the lumbar spine 
in vivo without the need for phantom-calibration, and 
the DCa(Fat)-specific and DHAP(Fat)-specific densities showed 
relatively similar and optimal predictive capability.

Controversy surrounds the associations between 
DECT-derived and DXA-derived BMD found in previous 
studies. Van Hamersvelt et al. inferred that DECT allowed 
accurate BMD quantification in vitro by using two validated 
anthropomorphic phantoms with material-specific known 
concentrations (20); Similarly, Wait et al. indicated that 
DECT was more sensitive than DXA in detecting changes 
of BMD, and that the BMD values measured by DECT 
and DXA were highly correlated (5). On the other hand, 
DECT-derived and DXA-derived BMD values have been 
reported to have a low correlation. In the study by Wesarg 
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Figure 3 Associations between the densities of the four base materials and QCT-derived BMD at the participant level. Straight black lines 
indicate lines of best fit. Dotted red lines indicate 95% confidence interval for individual prediction intervals. Plots indicate high correlations 
(R>0.99, adjusted R2>0.98 for all), along with good predictive capability of BMD (NMSE <1.9%, RElinear <0.8% for all). BMD, bone mineral 
density; QCT, quantitative computed tomography; R, correlation coefficient; R2

adj, adjusted coefficient of determination; NMSE, normalized 
mean squared error; RE, relative error. 

et al., 29 cadaver specimens were evaluated, and the authors 
observed only a moderate linear correlation of the BMD 
measurements between DECT and DXA (33). Moreover, 
Wichmann et al. analyzed 160 lumbar vertebrae in 40 
participants and reported a lack of correlation between the 
BMD results derived from DECT and DXA (21). In our 
study, with QCT serving as the reference standard, strong 
linear correlations were observed between the densities 
of the four base materials [DCa(Wa), DHAP(Wa), DCa(Fat) and 
DHAP(Fat)] and phantom-calibrated BMD. 

There are several possible reasons for the discrepancies 
among studies. Firstly, DXA measures aBMD in g/cm2, 
but QCT measures vBMD in mg/cm3, which allows for 
differentiation of trabecular and cortical bone. Secondly, the 
results of the studies conducted on phantoms were better 
than those of the studies conducted on participants, which 
might relate to fewer interfering factors in the phantom 
studies, such as individual patient differences. Thirdly, our 
research was conducted on 128 participants of different 

sexes, ages, and BMI from a clinic, but only 40 participants 
were included in the study by Wichmann et al., which makes 
our results more reliable. Fourthly, we used DECT with 
the new generation of spectral imaging technology in MD; 
this gave wider detector coverage, better image quality, and 
lower exposure dosage, all of which are helpful for accurate 
quantification of BMD. In general, the results of our study 
may be more accurate and convincing. 

Recently, Mei et al. demonstrated that with a radiation 
exposure of ≥50 mA, a high correlation was found between 
BMD values measured with DECT and QCT (23,24). 
They investigated BMD quantitation both in phantoms 
with known HAP concentrations and in participants, 
showing the measurements to be highly accurate. Taken 
together, the findings suggest that phantomless BMD 
quantitation based on DECT imaging is feasible and could 
be applied clinically. It must be emphasized that our study 
was conducted on the lumbar vertebrae of 128 participants, 
and the densities of four base material pairs [DCa(Wa), 
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Figure 4 Bland-Altman plots at the participant level show the differences of BMD measurements between linear regression calibrated dual-
energy CT and QCT versus the means of the two methods separately for different material decomposition techniques. Normal distribution 
of the differences was verified with Shapiro–Wilk test (all P>0.05). Solid blue lines indicate mean BMD differences; solid red lines indicate 
mean differences ±1.96 SD (agreement limits); shaded areas indicate 95% confidence interval limits for mean differences and agreement 
limits. As all mean differences were zero (all P>0.05), most of the differences lay between ±1.96 SD, and there were no clear trends found 
along the graphs, Bland-Altman plots indicate high agreement between both measurements.

DHAP(Wa), DCa(Fat) and DHAP(Fat)] were analyzed, with significant 
correlations found between BMD values measured by 
DECT and QCT. Our results suggest that material-specific 
measurements are an adequate alternative for the detection 
of patients with low BMD in routine clinical practice.

Few studies have investigated the relationship between 
BMD predictive capability and different MD technology. 
Several methods (adjusted R2, RE, and NMSE) were 
applied in the linear model evaluation in this study, and 
good linearity, stability and consistency were shown at both 
the participant level and the vertebral level. Furthermore, 
DCa(Fat) and DHAP(Fat) had relatively similar and optimal 
predictive capability. Materials display energy-dependent 
X-ray absorption at different kilovoltage peak levels. With 
DECT, materials can be further differentiated through 
the differences in attenuation by applying different X-ray 
spectra (34-36). Our results indicated that the stability of 
the MD technique for the four-base material pairs may 

differ. However, the stability was relatively similar and 
optimal between Ca(Fat) and HAP(Fat), which brought 
the most accurate BMD predictive results calibrated by 
regression equation. 

To date, there have been two methods of predicting 
BMD by  DECT:  d i rec t  quant i f i ca t ion  based  on 
measurements in MD images, and indirect quantification 
through linear regression calibration. However, few 
studies have compared the accuracy of these methods. It is 
interesting that the direct quantification method was not as 
accurate as we expected. The REs of the four-base material 
pairs in the direct method were large and varied, which 
would result in biased estimates and makes the method 
difficult to apply clinically. In contrast, the REs of the four-
base material pairs with the indirect method were small and 
similar, and the agreement between the indirect method 
and QCT was good, which implied great clinical value. 
These results demonstrated that the DECT MD should 
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not be considered as a measurement of the true content of 
a certain material, but only reflects the relative content and 
the change trend of the base materials. The estimated values 
of the direct method needed to be calibrated by linear 
regression equation for clinical use. 

Study limitations

This study has some limitations that need to be addressed. 
Firstly, there are various components of the vertebral 
body [red marrow, yellow marrow (mainly fat), water, 
collagen, and bone minerals] and the present noninvasive 
BMD/fat quantification methods, including DECT, 
DXA, conventional QCT, and MRI, can only provide 
rough estimates. However, chemically analyzed density 
measurement is not applicable in vivo. Secondly, only the 
lumbar spine was analyzed in this study, and the values for 
the thoracic vertebrae, proximal femur, and distal radius, 
which are also at risk of fragility fractures, should be 
considered. Thus, in future study, we will aim to address 
predictive capability of the BMD in those sites.

In conclusion, 256-row dual-energy CT with fast 
kVp switching technique enabled accurate in vivo BMD 
quantification of lumbar spine without phantom-calibration. 
DCa(Fat) and DHAP(Fat) had relatively similar and optimal 
predictive capability, which may open up the possibilities of 
using this DECT technique for osteoporosis assessment in 
clinical practice.
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Table S1 Assessment of reproducibility and accuracy 

 Insert 1 Insert 2 Insert 3 Insert 4 Insert 5

Brilliance

BMD (mg/cm3) 105.28±0.90 201.47±1.96 387.71±2.57 593.73±0.89 802.24±1.88

CV (%) 0.86 0.97 0.66 0.15 0.23

RE (%) 6.56±0.91 −0.21±0.97 −0.72±0.66 −0.90±0.15 1.08±0.24

Revolution

BMD (mg/cm3) 100.62±1.29 198.05±0.97 387.18±1.43 600.43±0.89 796.74±1.01

CV (%) 1.28 0.49 0.37 0.15 0.13

RE (%) 1.84±1.31 −1.91±0.48 −0.85±0.37 0.22±0.15 0.38±0.13

The exact value of inserts 1–5 was 98.8, 201.9, 390.5, 599.1, and 793.7 mg/cm3 hydroxyapatite (HAP), respectively. Bone mineral density 
(BMD) and relative error (RE) are expressed as mean ± SD. CV, coefficient of variation.

Table S2 Relationship between QCT-derived BMD and dual-energy CT-derived BMD 

Subgroups
Base material 

pairs
N R R2

adj β c P
NMSE (%),  

mean (95% CI)
RElinear (%),  

mean (95% CI)
REdirect (%),  

mean (95% CI)

All 
(participant 
level)

Ca (Wa) 128 0.992 0.985 2.630 −12.652 <0.001 1.8 (1.2–2.4) 0.7 (−0.6–2.0) −56.7 (−57.6–−55.8)

HAP(Wa) 128 0.993 0.985 1.235 −12.801 <0.001 1.8 (1.2–2.4) 0.7 (−0.6–2.1) −63.2 (−64.0–−62.5)

Ca (Fat) 128 0.993 0.987 2.574 −57.940 <0.001 1.6 (1.1–2.1) 0.6 (−0.6–1.9) −37.5 (−40.3–−34.7)

HAP(Fat) 128 0.993 0.987 1.234 −58.817 <0.001 1.6 (1.1–2.1) 0.6 (−0.6–1.9) −47.8 (−50.1–−45.4)

L1 (vertebral 
level)

Ca (Wa) 128 0.991 0.983 2.593 −10.649 <0.001 2.1 (1.5–2.7) 0.8 (−0.5–2.0) −57.0 (−57.8–−56.3)

HAP(Wa) 128 0.991 0.983 1.218 −11.038 <0.001 2.1 (1.4–2.7) 0.7 (−0.6–2.0) −63.4 (−64.1–−62.8)

Ca (Fat) 128 0.992 0.984 2.538 −55.341 <0.001 1.9 (1.3–2.4) 0.7 (−0.6–1.9) −38.5 (−40.9–−36. 0)

HAP(Fat) 128 0.992 0.984 1.219 −56.479 <0.001 1.9 (1.3–2.5) 0.7 (−0.5–1.9) −48.6 (−50.6–−46. 5)

L2 (vertebral 
level)

Ca (Wa) 128 0.992 0.984 2.653 −13.888 <0.001 2.0 (1.3–2.7) 0.8 (−0.7–2.4) −56.2 (−57.4–−55.0)

HAP(Wa) 128 0.992 0.985 1.245 −13.835 <0.001 2.0 (1.3–2.6) 0.9 (−0.6–2.4) −62.8 (−63.8–−61.8)

Ca (Fat) 128 0.993 0.987 2.599 −59.673 <0.001 1.7 (1.1–2.3) 0.8 (−0.7–2.1) −35.7 (−39.5–−31.8)

HAP(Fat) 128 0.993 0.987 1.245 −60.300 <0.001 1.7 (1.1–2.3) 0.7 (−0.7–2.1) −46.3 (−49.5–−43.0) 

QCT, quantitative computed tomography; BMD, bone mineral density; N, sample size; R2
adj, adjusted R-square; β, coefficient of the linear 

formula; c, intercept of the linear formula; NMSE, normalized mean squared error; RE, relative error.
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Supplementary Material A1 Sample size consideration

For linear regression, the rule of thumb usually adopted is that the sample size should be no less than 5–20-fold the number 
of variables (37). In our study, the number of variables was 1, and all the sample sizes were 128; thus, the sample sizes of our 
study were far more than the minimum sample size required.

Supplementary Material A2 Radiation exposure dose consideration

With advances in technology, the radiation exposure dose during the lumbar examination using dual-energy CT with ASiR-V 
technique is equal to or lower than that with conventional CT (17,18,27). To further validate this, the exposure dosage 
data for all adults who underwent conventional CT lumbar examinations during July 2018 were retrospectively collected. 
The conventional CT imaging of the lumbar spine was performed on a 64-multidetector CT scanner (Brilliance, Philips 
Healthcare, Eindhoven, The Netherlands). The scanning parameters included: 64 ×0.625 mm detector collimation, 1 s 
rotation time, 0.798 pitch, and 120 kVp tube voltage with tube current modulation (Z-DOM).

A total of 89 consecutive adults (44 males, age: 51.0±14.2 years; 45 females, age: 51.6±16.5 years) were enrolled. The 
CTDIvol during the lumbar examination using conventional CT was 17.5±3.7 mGy (range, 11.5–28.3 mGy).

In our institution, the CTDIvol during lumbar examinations with dual-energy CT and ASiR-V technique (9.09 mGy) is 
lower than that of conventional CT (17.5±3.7 mGy). Therefore, we believe that there should be no great concern about the 
radiation exposure dose in our study.

Supplementary Material A3 Reproducibility and accuracy consideration of spinal QCT using different 
scanning protocols

The BDC phantom (QRM, Moehrendorf, Germany) was separately scanned 10 times without repositioning using two CT 
scanners (256-row GE Revolution; 64-row Philips Brilliance). The scanning protocol for the Revolution CT scanner was 
the same as that used in vivo in the present study. The scanning protocol for the Brilliance CT scanner was: 64 ×0.625 mm 
detector collimation, 1 s rotation time, 0.798 pitch, and 120 kVp tube voltage with 125 mA tube current.

The 70-keV monochromatic images of the Revolution CT scanner were used to measure the CT values of the phantom. 
Using the linear calibration described in this study, the adjusted predicted BMD of the inserts in the BDC phantom were 
used for further analysis. The adjusted predicted value for a case is the predicted value when that case is excluded from the 
calculation of the regression coefficients. Accuracy and reproducibility are described as relative error (RE) and coefficient of 
variation (CV), respectively (30,38).

The reproducibility and accuracy of spinal QCT were assessed, and the results are shown in Table S1. Our results indicated 
that the reproducibility and accuracy of spinal QCT using 70-keV monochromatic data were equal to those of conventional 
spinal QCT (39,40).
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