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Background: Many patients with malignant tumors require chemotherapy and radiation therapy, 
which can result in a decline in physical function and potentially influence bone mineral density (BMD). 
Furthermore, these treatments necessitate enhanced computed tomography (CT) scans for determining 
disease staging or treatment outcomes, and opportunistic screening with available imaging data is beneficial 
for patients at high risk for osteoporosis if existing imaging data can be used. The study aimed to investigate 
the feasibility of opportunistic screening for osteoporosis using enhanced CT based on a dual-energy CT 
(DECT) material decomposition technique.
Methods: We prospectively enrolled 346 consecutive patients who underwent abdominal unenhanced and 
triphasic contrast-enhanced CT (arterial, portal venous, and delayed phases) between June 2021 and June 
2022. The BMD, and the density of hydroxyapatite (HAP) on HAP-iodine images and calcium (Ca) on 
Ca-iodine images were measured on the L1–L3 vertebral bodies. The iodine intake was recorded. Pearson 
analysis was conducted to assess the correlation between iodine intake and the density values in three phases 
and the correlation between BMD and the densities of HAP and Ca. Furthermore, linear regression was 
employed for quantitative evaluation. Bland-Altman analysis was used to evaluate the agreement between 
calculated BMD derived from DECT (BMD-DECT) and reference BMD derived from quantitative CT 
(BMD-QCT). Receiver operating characteristic (ROC) analysis was applied to assess the diagnostic efficacy.
Results: The HAP and Ca density of the L1–L3 vertebral bodies did not differ significantly among the 
three phases of contrast-enhanced CT (F=0.001–0.049; P>0.05). Significant positive correlations were found 
between HAP, Ca densities, and BMD (HAP-BMD: r=0.9472, R2=0.8973; Ca-BMD: r=0.9470, R2=0.8968; 
all P<0.001). Bland-Altman plots showed high agreement between BMD-DECT and BMD-QCT. The area 
under the curve (AUC) using HAP and Ca measurements was 0.963 [95% confidence interval (CI): 0.937–
0.980] and 0.964 (95% CI: 0.939–0.981), respectively, for diagnosing osteoporosis and was 0.951 (95% CI: 
0.917–0.973) and 0.950 (95% CI: 0.916–0.973), respectively, for diagnosing osteopenia.
Conclusions: The HAP and Ca density measurements generated through the material decomposition 
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Introduction

Osteoporosis, which has been described as a silent disease, 
is a metabolic bone disorder characterized by a decrease in 
the mass of normally calcified bone tissue per unit volume 
and the microarchitectural deterioration of bone tissue, 
resulting in increased bone fragility and fracture risk (1-3). 
The disease prevalence is 25.41% for women and 15.33% 
for men in the over-50-year age group and increases with  
age (4). Unfortunately, a host of eligible patients do not 
undergo bone mineral density (BMD) measurement or 
receive treatment to reduce fracture risk (5). Monitoring 
BMD is particularly recommended for older adults and 
patients with malignant tumors, as osteoporosis reduces 
bone stability and increases the risk of fracture (6). However, 
the cost of osteoporosis imposes a significant economic 
burden worldwide (7), and regular detection of BMD using 
X-ray causes additional radiation. Early detection and 
treatment of osteoporosis can help prevent osteoporosis-
related fractures (8), which is crucial for ensuring patient’s 
good prognosis and quality of life. Quantitative computed 
tomography (QCT) is a technique that uses advanced 
computer algorithms to process and analyze computed 
tomography (CT) attenuation information and measure 
BMD with high precision and accuracy. It can measure 
BMD from multiple angles and at different levels based 
on the 3-dimensional spatial bone tissue distribution 
and is highly sensitive to subtle changes in osteoporosis  
(9-11). However, QCT is underutilized due to the need for 
dedicated measurement equipment, additional radiation 
exposure, and its high economic costs.

With the development of CT scanning technology, tens 
of millions of scans are being performed worldwide each 
year, generating a massive amount of imaging data (12,13). 
Retrospective bone densitometry based on this existing 
repository of data has received extensive attention (14),  
as it avoids additional specialized examinations and does 
not involve additional radiation or high cost. Previous 

studies have shown that the CT value of the L1 vertebral 
trabecula can be used for diagnosing osteoporosis with 
a threshold of 110 Hounsfield units (HU), with a more 
than 90% specificity (15,16), but the CT value can be 
affected by scanning parameters and contrast media (17).  
Dual-energy CT (DECT) is capable of DECT imaging 
with rapid tube voltage switching between 80 and  
140 kVp (<0.5 ms), providing both conventional anatomical 
structure information and energy spectral data (18). 
Booz et al. (19) reported that phantomless volumetric 
DECT yielded a higher accuracy in assessing BMD and 
diagnosing osteoporosis compared to traditional CT 
value measurement. Koch et al. (8) demonstrated that a 
dual-source DECT material decomposition technique 
provided more accurate volumetric BMD assessment using 
a standardized spine phantom at a lower radiation dose. 
Thus, opportunistic screening for osteoporosis is feasible 
using the material decomposition technique (20). However, 
due to the interference of iodine intake in enhanced 
CT, BMD assessment with DECT is largely limited to 
unenhanced scans, and a large amount of contrast-enhanced 
DECT data have not been utilized. The accuracy of BMD 
assessment using the material decomposition technique 
based on contrast-enhanced DECT has not been reported. 
Therefore, the purpose of this study was to investigate 
the feasibility of opportunistic screening for osteoporosis 
using the material decomposition technique based on 
contrast-enhanced DECT images. We present this article 
in accordance with the STARD reporting checklist (available 
at https://qims.amegroups.com/article/view/10.21037/
qims-23-855/rc).

Methods

This prospective exploratory study was conducted in 
accordance with the Declaration of Helsinki (as revised 
in 2013) and approved by the Ethics Committee of First 

technique in DECT have good diagnostic performances in assessing BMD, which offers a new perspective 

for opportunistic screening of osteoporosis on contrast-enhanced CT.
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Patients underwent abdominal CT unenhanced and triphasic 
contrast-enhanced CT from June 2021 to June 2022 (n=518)

Exclusion criteria:
(I)	 Bone metastases from malignant 

tumors (n=24)
(II)	 L1-L3 vertebral fractures (n=55)
(III)	 Spine tumors (n=14)
(IV)	 With metal implants in L1-L3 (n=27)
(V)	 Hematological disease (n=43)
(VI)	 Allergy to iodine contrast (n=7)
(VII)	With large motion artifacts (n=2)

A total of 346 patients were finally enrolled

Osteoporosis 
(n=82)

Osteopenia 
(n=154)

Normal BMD 
(n=110)

Figure 1 A flowchart of patient enrollment. CT, computed tomography; BMD, bone mineral density.

Affiliated Hospital of Dalian Medical University. All 
patients provided signed informed consent.

Patient population

This study enrolled 518 consecutive patients who 
underwent total abdominal non-contrast and contrast-
enhanced CT scans for clinical indications at our institution 
from June 2021 to June 2022. The purpose of the scans 
was not BMD measurement. Patients with bone metastases 
from malignant tumors (n=24), L1–L3 vertebral fractures 
(n=55), spinal tumors (n=14), metal implants in the L1–L3  
vertebrae (n=27), and hematological diseases (n=43) were 
excluded. Additionally, patients with contraindications 
for CT enhancement, such as allergies to iodine contrast 
media (n=7) and patients with large motion artifacts (n=2) 
due to poor coordination were also excluded. Ultimately,  
346 patients were enrolled in the study. The flowchart of 
patient enrollment is shown in Figure 1.

Image acquisition

All DECT scans were acquired using a 256-row fast-
switching DECT scanner (Revolution CT, GE HealthCare, 
Chicago, IL, USA). Unenhanced scans were performed 
with a fixed tube voltage of 120 kVp and smart milliampere 
(mA) (noise index: 10), following a conventional scanning 
protocol. Contrast-enhanced scans were performed in 

gemstone spectral imaging (GSI) mode with fast tube 
voltage switching between 80 and 140 kVp and a tube 
current of 400 mA. Other scanning parameters, including 
detector coverage, rotation speed, pitch, scanning slice 
thickness, and slice interval, were kept constant at 80 mm, 
0.5 s/r, 0.992:1, and 5 mm, respectively. The nonionic 
contrast media (ioversol; 320 mg/mL, Jiangsu Hengrui 
Pharmaceutical Co., Ltd., Lianyungang, China) was applied 
to contrast-enhanced CT scanning. According to the clinical 
situation, the amount of contrast media was determined 
by the patient’s body weight and was administered at  
500 mgI/kg with a flow rate of 3–4 mL/s. When the contrast 
injection was completed, 30 mL of saline was injected at 
the same flow rate. The SmartPrep function was used with 
a region of interest (ROI) placed on the abdominal aorta 
and a trigger threshold of 180 HU. Arterial phase scans 
were started 5.9 s after triggering. The portal vein phase 
and delayed phase were scanned at 30 and 90 s after the 
scanning of the arterial phase, respectively. The scanning 
range extended from the superior margin of the diaphragm 
to the inferior margin of the pubic symphysis. Additionally, 
the QCT BMD Model 4 Asynchronous CT Calibration 
Phantom (Mindways Software Inc., Austin, TX, USA) was 
scanned to ensure the accuracy of BMD measurement.

Image reconstruction and analysis

After scanning, the abdominal unenhanced scan images 
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were reconstructed with a reconstructed slice thickness 
and interval of 1.25 mm, a display field of view of 50 cm, 
adaptive statistical iterative reconstruction-Veo (ASIR-V) 
of 50%, and the standard kernel. The reconstructed images 
were transmitted to the QCT Pro workstation (Model 4 
QCT pro v. 6.1, Mindways Software, Inc.). The DECT 
material decomposition images in the arterial, portal 
venous, and delayed phases were also reconstructed with a 
thickness and interval of 1.25 mm with 50% ASIR-V before 
being transferred to the Advantage Workstation 4.7 (AW 
4.7; GE HealthCare). DECT uses sequential switching 
between 80 and 140 kVp to acquire data at high and low 
energy levels. By exploiting the differential X-ray absorption 
characteristics of specific substances, two different types of 
materials are used to represent the attenuation of specific 
tissues, enabling quantitative analysis of substances. DECT 
material separation technique offers multiple base materials 
such as calcium (Ca), hydroxyapatite (HAP), iodine, water, 
fat, and iron. Through the selection of any two base 
materials and completion of base-material imaging, effective 
material separation and relative quantification of the target 
substance can be achieved. In this study, the material 
decomposition images were generated using both HAP and 
iodine (HAP-iodine) and Ca and iodine (Ca-iodine) as base-
material pairs on the AW 4.7 (GE HealthCare). The HAP 
density was measured on the HAP-iodine images, and Ca 
density was measured on the Ca-iodine images.

Volumetric BMD and base-material pair measurements

For volumetric BMD measurements of unenhanced images 
on the QCT Pro workstation, the volume of interest (VOI) 
was manually defined. The VOI size was approximately 
two-thirds that of the centrum, the VOI depth was set 
at 9 mm, and the VOI location was in the middle of the 
vertebral body, with bone islands, the vertebral venous 
plexus, and osteosclerosis artifact areas being avoided. The 
average BMD of the L1–L3 vertebral bodies was calculated 
to evaluate bone status. According to the diagnostic  
criteria (21), a BMD of less than 80 mg/cm3 indicated 
osteoporosis, a BMD between 80 and 120 mg/cm3 indicated 
osteopenia, and a BMD greater than 120 mg/cm3 indicated 
normal bone mass.

For DECT data measurement, HAP-iodine and Ca-
iodine material decomposition images for the arterial, portal 
venous, and delayed phases were generated using the GSI 
Viewer module on the AW 4.7. An ROI was placed in the 
cancellous bone area in the middle of the vertebral body. 

There were relatively uniform densities and no abnormal 
density artifacts, with an area of approximately 230 mm2, 
while areas such as the vertebral venous plexus and bone 
islands were avoided. The copy and paste functions were 
used to ensure consistent ROI locations for each phase. 
Measurements at each vertebra were repeated at the upper 
and lower image slices and averaged for subsequent analysis 
(Figure 2).

To analyze the intra- and interobserver agreement,  
100 individuals were selected at random and independently 
measured for BMD, HAP-iodine, and Ca-iodine density 
values by two blinded radiologists (with 6 and 10 years of 
clinical experience in musculoskeletal diagnosis, respectively). 
Following an interval of 3 months, repeat measurements were 
conducted by less experienced doctors in order to evaluate 
the intraobserver agreement. If the agreement was good, the 
remaining individuals were measured by less experienced 
doctors under the supervision of experienced doctors.

Statistical analysis

The data were analyzed using SPSS software version 24.0 
(IBM Corp., Armonk, NY, USA) and MedCalc software 
version 20.2 (MedCalc Software Ltd., Ostend, Belgium). 
The normality of data was tested using the Kolmogorov-
Smirnov test, and continuous data are presented as the 
mean ± standard deviation. The intra- and interobserver 
agreements were analyzed using the intraclass correlation 
coefficient (ICC) (≤0.40, fair; 0.41–0.60, moderate; 
0.61–0.80, good; ≥0.81; excellent). One-way analysis of 
variance (ANOVA) was employed to compare differences 
in HAP-iodine and Ca-iodine densities of the L1–L3 
vertebral bodies among the three enhanced phases. Pearson 
correlation analysis was used to assess the relationship 
between the iodine intake and HAP or Ca densities on 
enhanced phases and between the BMD and HAP or 
Ca densities. Furthermore, linear regression was used 
for quantitative evaluation. The root mean square error 
(RMSE) of HAP-iodine and Ca-iodine linear equations 
was calculated. Bland-Altman analysis was conducted to 
assess the agreement between calculated BMD derived 
from DECT (BMD-DECT) and reference BMD derived 
from QCT (BMD-QCT). Receiver operating characteristic 
(ROC) analysis was performed to evaluate the efficacy of 
HAP-iodine and Ca-iodine densities in assessing BMD. The 
DeLong test was used to assess the diagnostic performance 
of HAP and Ca density measurements for osteoporosis 
and osteopenia. A two-sided P value of less than 0.05 was 
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Figure 2 The density values of HAP-iodine (A-C) and Ca-iodine (D-F) were measured in triphasic enhanced CT. (A,D) Arterial phase. (B,E) 
Portal venous phase. (C,F) Delayed phase. ROI, region of interest; Av, average value; HAP, hydroxyapatite; Ca, calcium; CT, computed 
tomography.
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considered statistically significant.

Results

Patient population

The population enrolled 346 consecutive patients, 

with 216 males (age range, 40–87 years; mean age  
63.53±8.59 years) and 130 females (age range, 32–86 years;  
mean age 62.63±9.78 years). According to the clinical 
diagnostic criteria,  82 patients had osteoporosis ,  
154 patients had osteopenia, and 110 patients had a normal 
BMD (Table 1).

The difference in HAP-iodine and Ca-iodine of the L1–L3 
vertebrae and their relationship with contrast media intake

The BMD, HAP-iodine density, and Ca-iodine density 
value measurements showed excellent interobserver and 
intraobserver agreements (Table 2). The HAP-iodine and 
Ca-iodine density values of the L1–L3 vertebral bodies were 
normally distributed in the triphasic enhanced CT, and the 
differences were not statistically significant (F=0.001–0.049; 
P>0.05) (Table 3). Pearson correlation analysis showed that 
there was no correlation between the HAP-iodine or Ca-
iodine densities and contrast media intake in the three 
contrast-enhanced phases (r=0.090–0.104; all P>0.05). 
Detailed results for this section are presented in Table 4. 
Additionally, the results showed significant differences in 
HAP-iodine and Ca-iodine densities in the L1–L3 vertebral 
bodies, demonstrating a gradually decreasing trend (Table 5).

Table 1 Demographic and clinical characteristics

Characteristics Values

Age (years), mean ± SD [range] 63.20±9.04 [32–87]

Gender, n (%)

Female 130 (37.57)

Male 216 (62.43)

Height (cm), mean ± SD 168.42±7.71

BMI (kg/m2), mean ± SD 23.17±3.27

Bone status, n

Osteoporosis 82

Osteopenia 154

Normal BMD  110

SD, standard deviation; BMI, body mass index; BMD, bone 
mineral density.
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Table 2 Interobserver and intraobserver agreement analysis for BMD and density values measurements

Contrast-enhanced CT
Intraobserver agreement Interobserver agreement

L1 L2 L3 L1 L2 L3

Arterial phase

HAP-iodine 0.982 0.980 0.985 0.985 0.990 0.992

Ca-iodine 0.983 0.981 0.985 0.985 0.990 0.992

Portal venous phase

HAP-iodine 0.983 0.983 0.984 0.984 0.990 0.991

Ca-iodine 0.983 0.983 0.984 0.984 0.990 0.991

Delayed phase

HAP-iodine 0.925 0.983 0.985 0.981 0.991 0.993

Ca-iodine 0.934 0.983 0.985 0.944 0.991 0.993

BMD 0.992 0.995 0.994 0.993 0.996 0.995

BMD, bone mineral density; HAP, hydroxyapatite; Ca, calcium.

Table 3 The density value difference of the L1–L3 vertebrae in triphasic enhanced CT

Contrast-enhanced CT
HAP-iodine (2 mg/cm3) Ca-iodine (2 mg/cm3)

L1 L2 L3 L1 L2 L3

Arterial phase 688.62±17.53 685.49±16.83 680.62±17.03 841.05±21.40 837.24±20.47 831.24±20.76

Portal venous phase 688.59±17.48 685.52±16.78 680.63±17.02 840.81±21.38 837.13±20.39 831.16±20.73

Delayed phase 688.61±17.49 685.52±16.83 680.56±16.98 840.92±21.44 837.10±20.41 830.78±20.76

F value 0.001 0.001 0.002 0.011 0.004 0.049

P value 0.999 0.999 0.998 0.989 0.996 0.952

The values are continuous data and are presented as the mean ± standard deviation. The F value is from one-way analysis of variance. 
CT, computed tomography; HAP, hydroxyapatite; Ca, calcium. 

Table 4 The correlation analysis between the HAP-iodine density, Ca-iodine density, and contrast media intake

Contrast-enhanced CT Density value
L1 L2 L3

r P r P r P

Arterial phase HAP-iodine 0.092 0.088 0.096 0.076 0.092 0.087

Ca-iodine 0.090 0.094 0.091 0.090 0.090 0.094

Portal venous phase HAP-iodine 0.096 0.075 0.095 0.079 0.090 0.096

Ca-iodine 0.094 0.079 0.093 0.084 0.093 0.086

Delayed phase HAP-iodine 0.098 0.068 0.094 0.082 0.092 0.088

Ca-iodine 0.100 0.063 0.099 0.066 0.104 0.053

HAP, hydroxyapatite; Ca, calcium; CT, computed tomography. 
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Table 5 The variation of the L1–L3 vertebral bodies in the two measurement methods

Measurement L1 L2 L3 F P

BMD (mg/cm3) 111.45±38.08 106.53±37.83 99.18±37.63 9.211 <0.001

HAP-iodine (2 mg/cm3) 688.61±17.49 685.51±16.80 680.60±17.00 19.27 <0.001

Ca-iodine (2 mg/cm3) 840.92±21.38 837.16±20.40 831.06±20.60 19.829 <0.001

Data conform to a normal distribution and are presented as the mean ± standard deviation. BMD, bone mineral density; HAP, 
hydroxyapatite; Ca, calcium.

The relationship and equation of linear regression between 
HAP-iodine, Ca-iodine, and BMD

Strong positive correlations were found between the HAP-
iodine and Ca-iodine densities and BMD (HAP-BMD: 
r=0.9472, R2=0.8973; Ca-BMD: r=0.9470, R2=0.8968; 
all P<0.001). The linear regression equation is shown in  
Figure 3. The overall RMSEs of the HAP-iodine and Ca-
iodine linear regressions were 8.01 and 8.10 mg/cm3, 
respectively. In addition, the Bland-Altman plots exhibited a 
high agreement between BMD-DECT and BMD-QCT, as 
shown in Figure 4.

Performance of HAP-iodine and Ca-iodine for bone status 
assessment

For the diagnosis of osteoporosis, the area under the curve 
(AUC) values of using HAP-iodine density and Ca-iodine 
density were 0.963 [95% confidence interval (CI): 0.937–
0.980] and 0.964 (95% CI: 0.939–0.981), respectively. The 
cutoff values of HAP-iodine and Ca-iodine were 679.29  
(2 mg/cm3) and 829.56 (2 mg/cm3), respectively; the 

sensitivity was 100% for both, and the specificity was 
83.02% and 82.64%, respectively.

For the diagnosis of osteopenia, the AUC of using 
HAP-iodine density and Ca-iodine density was 0.951 
(95% CI: 0.917–0.973) and 0.950 (95% CI: 0.916–0.973), 
respectively. As illustrated in Figure 5, the HAP-iodine and 
Ca-iodine cutoff values were 694.82 (2 mg/cm3) and 847.23  
(2 mg/cm3), respectively; the sensitivity was 98.70% and 
95.45%, respectively; and the specificity was 77.27% and 
79.09%, respectively.

There was no significant difference in the AUC values 
for diagnosing osteoporosis and osteopenia between the 
use of HAP and Ca density measurements according to the 
DeLong test (P=0.1770, 0.3683).

Discussion

In this study, we explored the feasibility of opportunistic 
screening for osteoporosis using enhanced CT based 
on material decomposition technique in fast-switching 
DECT. We found that there were no statistically significant 
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Figure 5 ROC curves of the HAP-iodine and Ca-iodine showed good efficacy for evaluating bone status. (A) Diagnosis of osteoporosis. (B) 
Diagnosis of osteopenia. HAP-iodine is represented by the blue line, and Ca-iodine is represented by the green line. HAP, hydroxyapatite; 
Ca, calcium; AUC, area under the curve; ROC, receiver operating characteristic. 

differences in HAP-iodine and Ca-iodine density values 
of L1–L3 vertebral bodies among the triphasic enhanced 
CT. Strong positive correlations were found between 
HAP-iodine and BMD (r=0.9472), and between Ca-
iodine and BMD (r=0.9470). Furthermore, Bland-
Altman plots also indicated good agreement between 
the calculated BMD-DECT and reference BMD-QCT. 
The HAP (on HAP-iodine images) and Ca (on Ca-iodine 
images) density measurements generated through the 
material decomposition technique in DECT have good 
diagnostic performances in assessing BMD and diagnosing 
osteoporosis.

In clinical practice, many patients with malignant 
diseases require regular contrast-enhanced CT scans 
for disease follow-up, staging, and efficacy evaluation. 
There is an increasing importance being placed on using 
existing imaging to achieve the opportunistic diagnosis of 
osteoporosis, as it can reduce financial burden, minimize, 
radiation exposure, and improve clinical work efficiency. 
Some studies have been conducted to this end. Pickhardt  
et al. (16) demonstrated that an L1 vertebral CT attenuation 
threshold of 110 HU had a specificity of over 90% for 
diagnosing osteoporosis in 1,867 patients. Buenger et al. (22) 
found a strong correlation between CT value and BMD 
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and established a linear equation for transforming CT 
values to BMD. However, the CT attenuation value of CT 
can easily be affected by scanning parameters such as tube  
voltage (23) and trabecular bone composition in the 
vertebral body (24). Wang et al. (25) compared the 
differences between BMD measured with QCT and the 
density values of base-material pairs including HAP-
water and HAP-fat based on DECT. The results indicated 
that the BMD obtained with the 2 methods were highly 
correlated and not affected by radiation dose.

However, due to the interference of contrast media in 
patients undergoing enhanced CT scanning, only a few 
studies have evaluated the effect of contrast media on 
BMD measurement. Pompe et al. (26) compared the CT 
value differences of the L1 vertebra between unenhanced 
and enhanced CT scans. The results demonstrated that 
CT values of enhanced CT were significantly higher than 
those of unenhanced CT. When a CT threshold is used 
to determine an osteoporosis diagnosis, there is a false 
negative rate of 7% to 25%. Roski et al. (14) discovered 
that all BMD values obtained from enhanced scans were 
higher than those from standard BMD. For the iodine 
concentration in the arterial and venous phases of the blood 
vessels, these authors employed a conversion equation. The 
resulting translated BMD showed good agreement with the 
standard BMD. In another study, a third-generation dual-
source DECT was used to evaluate BMD via specialist 
postprocessing software based on material decomposition. 
There was no significant difference found between the 
enhanced portal venous phase and the unenhanced CT (27).

For assessing BMD using existing enhanced data, the 
influence of iodine contrast agents has to be excluded, 
which was the aim of this study. To date, how accurately the 
material decomposition algorithm based on fast-switching 
DECT measures BMD on enhanced CT remains unclear. 
The main components of the vertebral body include large 
amounts of bone minerals (Ca and HAP) as well as other 
components such as red bone marrow, yellow bone marrow 
(mainly fat), collagen, and water (28). Ca typically refers 
to elemental Ca, which does not contain other ions or 
elements, while HAP is a specific Ca phosphate compound 
with a stoichiometric formula of Ca10(PO4)6(OH)2, which is 
composed of Ca, phosphorous, and hydroxyl ions. HAP is 
the main inorganic component of natural bone tissue (29). 
Changes in bone density depend not only on Ca content, 
but also on the content and distribution of other organic 
and inorganic components within the bone. HAP is thought 
to better reflect BMD information. However, the inquiry 

into whether the relative content of Ca obtained through 
the application of material separation techniques is capable 
of effectively reflecting bone density information represents 
an issue worth investigating. Therefore, in this study, 
the HAP (on HAP-iodine images) and Ca (on Ca-iodine 
images) density values were used to assess the feasibility 
of opportunistic screening for osteoporosis on enhanced 
CT. We enrolled patients who underwent both abdominal 
unenhanced and contrast-enhanced scans. During the 
unenhanced scan, a QCT examination and standard clinical 
CT examination were combined to obtain images for BMD 
assessment and image diagnostics. Fast-switching DECT 
is capable of material characterization and decomposition 
based on attenuation coefficient, which is conducive to 
the selective extraction of iodine contrast media and 
quantitative evaluation (30). The material decomposition 
technique combines two different base materials to produce 
an X-ray attenuation equivalent to the target material for 
approximately estimating the concentration of the material 
(31,32). Of note, it can only reflect the relative content 
and trend of a certain material and not its true content. 
The more similar the base material pair is to the target 
substance, the more accurately the measurement of its 
content will be (33). The results of this study showed that 
there was no significant difference in the density values of 
HAP-iodine and those of Ca-iodine among the triphasic 
enhanced CT. Meanwhile, there was no correlation between 
HAP-iodine, Ca-iodine, or contrast media intake in the 
triphasic enhanced CT. The density values of HAP-iodine 
and Ca-iodine were not affected by the administration of 
iodine contrast media, which is a significant indicator effect.

Strong positive correlations were found between HAP-
iodine or Ca-iodine density values and BMD measured 
with QCT. Consequently, we established two simple linear 
regression equations and calculated the RMSE. The RMSE 
is a more appropriate measure for assessing line regression 
equations. Rühling et al. (34) used deep learning networks to 
correct for the effect of contrast agents in enhanced scans. 
Their RMSE in the venous phase was 9.45 mg/mL, and the 
RMSE in the arterial phase was 3.98 mg/mL, indicating 
high accuracy. Sollmann et al. obtained opportunistic 
BMD data from routine CT scans, with a root mean 
square coefficient of variation of 14.4% when compared to 
specialized QCT (35). They used deep learning networks 
to calibrate BMD. In our study, the overall RMSEs of the 
HAP-iodine and Ca-iodine linear regressions were 8.01 and 
8.10 mg/cm3, respectively, which are within an acceptable 
error range. We used only the relative Ca and HAP 
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content obtained from the enhanced images with material 
decomposition technique and then used a simple linear 
equation to reflect the relationship between this and the 
specialized BMD, which provided higher cost-effectiveness. 
Given that this study had a small sample size, obtaining an 
accurate estimation of precision error would have required 
a considerable number of repeated measurements or a 
large number of patients to achieve a reasonable margin of 
error. Therefore, Bland-Altman analysis was used to assess 
the agreement. The Bland-Altman plots exhibited a high 
agreement between BMD-DECT and BMD-QCT, which 
is consistent with the result of Sollmann et al. (35).

The ROC curve analysis revealed that the AUC values 
in diagnosing osteoporosis for HAP-iodine and Ca-iodine 
were greater than 0.95 and the difference between the two 
density measurements was not statistically significant when 
tested using the DeLong test. We speculate that this may be 
due to the fact that HAP and Ca constitute the majority of 
the vertebral bodies’ composition. Since HAP contains 10 
Ca atoms, we can determine the concentration of another 
material if we know the concentration of Ca or HAP, and 
this may explain the lower density of HAP-iodine compared 
to that of Ca-iodine. Zhou et al. (32) demonstrated  
in vivo that fast-switching DECT can accurately evaluate 
phantomless BMD, and Ca-fat and HAP-fat have similar 
and optimal predictive abilities, which is consistent with 
our findings. Wang et al. (36) also reported a highly positive 
correlation between BMD assessment derived from new 
fast-switching DECT and QCT (R2=0.912) and found that 
the relative error of the new fast-switching DECT was 
smaller than that of QCT. In addition, the consensus for 
applying QCT recommends collecting two whole vertebral 
bodies in the T12–L3 range, typically the L1–L2 vertebral 
bodies (37,38). We made a more expansive choice of the 
L1–L3 vertebral bodies for this study. The middle region 
of the lumbar spine, or the L3 vertebra, can accurately and 
completely reflect changes in the bone mass of the lumbar 
spines and even the whole body. When the L1–L2 vertebrae 
are injured, adjacent vertebrae may be used as replacements.

Furthermore, we found that BMD values gradually 
decreased from L1 to L3, which is consistent with the study 
of Rühling et al. (39). Hagen et al. employed virtual non-
Ca technique to analyze the attenuation information of 
vertebral bone marrow. The findings indicated a progressive 
elevation in the attenuation information of bone marrow 
from the T11 to L1 vertebrae (40). Osteoporosis is 
characterized by a reduction in BMD and the accumulation 
of adipose tissue in the bone marrow. There was a negative 

correlation between bone marrow fat content and BMD 
in our study. The bone density content varies among 
different anatomical regions and is closely related to the 
nutritional supply of bone from the red and yellow marrow. 
A physiological distribution pattern of adult bone marrow 
may already exist at the age of 25 years. As age increases, 
red bone marrow is gradually replaced by yellow bone 
marrow (adipose tissue).

Some limitations of the study should be acknowledged. 
First, we only used a single contrast media protocol and 
did not investigate how different contrast media protocols 
affect the material decomposition algorithm. Nevertheless, 
the stability of HAP-iodine and Ca-iodine in triphasic 
enhanced CT indicates that the above parameters should 
not affect the material decomposition algorithm. Second, 
we employed a single-center study design, and our findings 
may only apply to a specific vendor’s CT system. Material 
decomposition algorithms based on a variety of parameters 
should be investigated further.

Conclusions

The HAP (on HAP-iodine images) and Ca (on Ca-iodine 
images) density measurements generated through the 
material decomposition technique in DECT had good 
diagnostic performance in assessing BMD, which offers 
a new perspective for the opportunistic screening of 
osteoporosis on contrast-enhanced CT.
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