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Background: Hydroxyapatite (HAP) is the main component of bone mineral. The utility of using HAP-
water decomposition technique with fast kilovoltage (KV)-switching dual-energy computed tomography 
(DECT) to detect abnormal edema in vertebral compression fractures (VCFs) has not been widely reported.
Methods: A total of 31 consecutive patients with 80 VCFs who underwent DECT and magnetic 
resonance imaging (MRI) of the spine were retrospectively enrolled in our study between October 2018 and 
January 2019. VCFs in MR examinations served as the standard of reference. Two radiologists blindly and 
independently evaluated color-coded overlay virtual nonhydroxyapatite (VNHAP) images for the presence 
of abnormal edema. The inter-reader agreement, specificity, sensitivity, accuracy, and predictive values of 
VNHAP images for edema detection were calculated. The diagnostic accuracy of two readers was compared 
using McNemar’s test. Two additional radiologists performed a quantitative analysis on VNHAP images, 
receiver operating characteristic (ROC) curve analysis was conducted, and the threshold was calculated. 
Results: MRI depicted 45 edematous and 35 nonedematous VCFs. For visual analysis, the VNHAP 
technique showed a sensitivity of 93.3%, a specificity of 97.1%, a positive predictive value (PPV) of 97.7%, 
a negative predictive value (NPV) of 91.9%, and an accuracy of 95.0%. The inter-reader agreement was 
almost perfect (k=0.90). The diagnostic accuracy of the two readers showed no significant differences in the 
assessment of VNHAP images (P=1.00). Significant differences in CT numbers between vertebrae with and 
without bone marrow edema were found by quantitative analysis (P<0.01). The area under the curve (AUC) 
of the VNHAP images was estimated to be 0.917. The threshold of 1,003.2 mg/cm3 yielded a sensitivity of 
88.9% and a specificity of 82.9% for the differentiation of fresh and old VCFs. 
Conclusions: Fast KV-switching DECT HAP-water decomposition technique had excellent diagnostic 
performance for identifying acute and chronic VCFs in visual and quantitative analyses. 
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Introduction

Vertebra l  compres s ion  f r ac ture s  (VCFs )  o f  the 
thoracolumbar spine are common age-related clinical issues 
and are associated with an increased risk of morbidity 
and mortality (1,2). In comparison with appendicular 
fractures, thoracolumbar compression fractures are often 
asymptomatic and manifest as misleading pain complaints, 
resulting in underreporting by clinicians or radiologists (3).  
It has thus become necessary to find an accurate and 
effective diagnostic examination to detect and localize 
thoracolumbar compression fractures for the appropriate 
treatment and prevention of associated complications (4,5).

For VCFs, imaging procedures are often used as a helpful 
tool for determining the relative location and treatment 
choice (6). Traditionally, magnetic resonance imaging (MRI) 
is a reliable modality to detect abnormal edema and fracture 
morphology in VCFs (7-9). However, due to its high cost, 
long examination period, and multiple contraindications, 
the application of MRI remains limited. Conventional 
computed tomography (CT) produces an exquisite 
depiction of subtle cortical fractures but lacks accuracy 
regarding the identification of acute and old fractures (3,8). 
Recently, the technological innovation of fast KV-switching 
dual-energy CT (DECT) has enabled the detection and 
characterization of bone marrow abnormalities, and may 
soon be preferentially used over conventional CT for 
musculoskeletal imaging.

Depending on different photoelectric effect and 
Compton scattering of materials at two X-ray energy levels, 
DECT allows for material discrimination and attenuation 
measurement (6,10-12). DECT has the unique ability to 
differentiate a variety of material types based on differential 
X-ray attenuation at different photon energies. Recent 
studies have reported that the use of DECT with the 
virtual noncalcium (VNCa) technique can produce high 
sensitivity and specificity in the detection of bone marrow 
edema in virtual and quantitative analyses (6,12-14). Liao 
et al., previously demonstrated that hydroxyapatite [HAP, 
Ca10(PO4)6(OH)2] has a higher level of similarity to the 
true composition of the bone mineral than calcium (15). 
Nevertheless, the actual usefulness of the DECT virtual 
nonhydroxyapatite (VNHAP) technique for detecting 
abnormal edema remains unknown. 

The aim of our study was to evaluate the performance of 
DECT HAP-water decomposition technique in the detection 
of the acute or chronic VCFs, using MRI as the reference 
standard. Our study may provide the possibility of using 
DECT to generate clinical and health-economic benefits.

Methods

Patient selection

This prospectively defined retrospective study was approved 
by the local ethics committee, and written informed consent 
was waived. A total of 108 consecutive patients with at least 
one thoracolumbar fracture who underwent both DECT 
and MR within 3 days between October 2018 and January 
2019 were enrolled. Exclusion criteria included spinal 
tumor, spinal infection, surgical history for VCFs, and 
basic disease or drugs affecting the phosphorus and calcium 
metabolism. The final study group comprised 31 patients 
(mean age ± standard deviation, 70.7±13.1 years; range, 27–
92 years), from whom 80 vertebral bodies were evaluated. 
The study population included 9 men (mean age ± standard 
deviation, 62.8±18.4 years; range, 30–81 years) and  
22 women (mean age ± standard deviation, 74.0±8.8 years; 
range, 51–90 years); further details are shown in Figure 1. 

Image acquisition

A single-source DECT system (Revolution, GE Medical 
Systems, Milwaukee, WI, USA) was employed to obtain 
CT scans. The acquisition parameters were applied as 
follows: GSI KV mode with rapid KV switching between 80 
and 140 kVp; tube current, 190 mA; collimation thickness, 
0.625 mm; helical scan type; rotation time, 0.8 s; helical 
pitch, 0.984; 50% ASIR-V; CTDIvol, 7.37 mGy; and bone 
reconstruction type.

MRI was conducted on a 3.0-T system and a whole spine 
coil (HDxT, GE Medical Systems, Milwaukee, WI, USA). 
Images were obtained with the following parameters: a 
sagittal T1-weighted FSE sequence [repetition time (TR) 
480 ms, echo time (TE) 11 ms, 3 mm slice thickness, 1 mm 
gap, echo train length (ETL) =5, number of excitations 
(NEX) =2]; a sagittal T2-weighted IDEAL sequence 
(TR 2,320 ms, TE 85 ms, 3 mm slice thickness, 1 mm 
gap, ETL =15, NEX =2), in-phase images, water images, 
and fat images being automatically calculated; and axial  
T2-weighted FSE sequence (TR 3,200 ms, TE 120 ms,  
3.5 mm slice thickness, 1 mm gap, ETL =25, NEX =2).

Image postprocessing 

The data from DECT images were postprocessed using 
an advanced workstation (ADW4.6; GE Medical Systems, 
Milwaukee, WI, USA). The VNHAP images were generated 
by subtracting HAP, and the virtual HAP images were 
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generated by subtracting water. For further analysis, color-
coded overlay VNHAP images were generated by merging 
the VNHAP images with 70 keV monoenergetic CT images.

Image analysis

MR images of fractured vertebrae were individually 
displayed in a randomized fashion and visually analyzed 
by a radiologist (K Zhang, with 13 years of experience 
in musculoskeletal radiology). This reader blindly and 
independently evaluated each vertebra for the presence of 
abnormal edema and determined the age of the fractures 
using a binary classification (0 = chronic compression 
fracture; 1 = acute compression fracture). Accordingly, two 
additional radiologists (L Yan reader 1, and H Gao reader 2, 
with 5 and 10 years of experience, respectively), without the 
knowledge of the MR results, independently evaluated the 

color-coded overlay VNHAP images in a random order. In 
instances of inter-reader disagreement, a consensus reading 
was appended. Consensual results were used to determine 
the presence of abnormal edema and for further analysis. 
Each observer was free to adjust window settings and the 
magnification factor of the images.

Quantitative images analysis was performed after the 
application of a visual analysis by a senior radiologist (Y He, 
with 8 years of experience) and a radiology resident (J Pan, 
with 2 years of experience) together on the sagittal plane. 
According to the position of the highest signal on MR T2-
weighted images (T2WI), two consensus-derived regions of 
interest (ROIs) varying from 25 to 100 mm2 were placed on 
the anterior and posterior part of the vertebrae, respectively. 
Our ROIs were placed at least 2 mm away from the cortical 
bone, and excluded central veins or bone islands. The 
average CT numbers of two measurements were calculated 

Patients excluded due to lack of 

spine dual-energy CT examination 

(n=252)

Patients excluded due to lack of 

spine MR examination within  

3 days for correlation

(n=116) 

Patients excluded due to spine 

tumor or spine infection

(n=24)

Patients excluded due to surgery

history for vertebral compression

fractures

(n=50)

Patients excluded due to basic
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metabolism

(n=3)Final study population (n=31)
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Figure 1 Flowchart showing inclusion and exclusion criteria. CT, computed tomography.
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for subsequent analysis.

Statistical analysis

Continuous variables are expressed as mean ± standard 
deviation, and MRI served as the reference standard. 
For visual analysis, the sensitivity, specificity, accuracy, 
and predictive values were calculated using a constructed 
contingency table. The inter-reader agreement was 
measured with k-statistic (16). McNemar’s test was used 
to compare the diagnostic accuracy of the two readers in 
evaluating VNHAP images. For quantitative analysis, the 
data was tested for homogeneity and normality using the 
Levene’s and Kolmogorov-Smirnov tests, respectively. In 
addition, we performed the Student’s t-test for comparing 
CT numbers obtained from VNHAP images between 
the acute and chronic VCF groups. A receiver operating 
characteristic (ROC) curve was constructed for the 
determination of the threshold that best separated the 
two classifications. The area under the curve (AUC), with 
corresponding sensitivity and specificity, was calculated. 
SPSS statistical software (v.20.0; IBM) was used for all 

analyses. P<0.05 was considered to indicate a statistically 
significant difference.

Results

In our study group, a total of 80 vertebrae were identified in 
31 patients. According to MR findings, 45 fractures (56.3%) 
and 35 fractures (43.8%) were categorized as acute and 
chronic compression fractures, respectively. In addition, 
there were 34 (42.5%) thoracic and 46 (57.5%) lumbar 
vertebrae (Figure 2). 

Visual image analysis

Diagnostic performance of the visual assessment is 
presented in Table 1. A consensus for edema assessment on 
color-coded overlay VNHAP images was required in five 
vertebral bodies. Among all depicted findings, there were 
three false negative cases and one false positive case. Inter-
reader agreement was excellent in visual analysis (k=0.90). 
No significant differences were observed in the diagnostic 
accuracy between the two readers (P=1.00).

A B C

Figure 2 Images from a 68-year-old man with compression fractures at T7 and T9. (A) Sagittal spin-echo T2-weighted MR image 
confirmed abnormal edema in the T7 body, which is coded green in (B), whereas the collapsed nonedematous T9 body was of chronic 
nature. (B) Color-coded virtual nonhydroxyapatite (VNHAP) image revealed bone marrow edema of the T7 body. (C) Sagittal VNHAP 
grayscale image with ROIs. The mean CT numbers of ROIs across the T7 body (mean 1,012.7 mg/cm3) were higher than that of the T9 
body (mean 993.3 mg/cm3). MR, magnetic resonance; CT, computed tomography; ROIs, regions of interest. 
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Quantitative VNHAP image evaluation

Mean CT numbers on VNHAP images were 1,015.8±11.9 
and 997.0±9.3 mg/cm3 for edematous and nonedematous 
vertebral bodies, respectively. There was a significant 
difference between the groups (t=7.7, P<0.01, Figure 3). 
The ROC curve analysis achieved an AUC of 0.917, and the 
optimal threshold of 1,003.2 mg/cm3 provided a sensitivity 
of 88.9% (95% CI: 75.9%, 96.3%) and a specificity of 
82.9% (95% CI: 66.4%, 93.4%) (Figures 4).

Discussion 

Our study demonstrated that the HAP-water decomposition 
technique of fast KV-switching DECT represents a feasible 
tool to identify and characterize abnormal edema in VCFs. 
Detected abnormal edema on VNHAP images was revealed 
by subtracting HAP signal from trabecular bone. In our 
study, we were able to accomplish these results with high 
sensitivity, specificity, and accuracy.

The fast KV-switching DECT system, which employs 
a single x-ray source that rapidly changes energy settings 
and collects data at high and low energy scans in every 
single rotation, has been recently implemented in clinical 

Table 1 Diagnostic performance of dual-energy CT in the visual evaluation of bone marrow edema in vertebral compression fractures

Variables Reader 1 Reader 2 Consensus results

Sensitivity 41/45, 91.1% (78.8%, 97.5%) 40/45, 88.9% (75.9%, 96.3%) 42/45, 93.3% (81.7%, 98.6%)

Specificity 34/35, 97.1% (85.1%, 99.9%) 33/35, 94.3% (80.8%, 99.3%) 34/35, 97.1% (85.1%, 99.9%)

PPV 41/42, 97.6% (85.6%, 99.6%) 40/42, 95.2% (83.8%, 98.7%) 42/43, 97.7% (85.9%, 99.7%)

NPV 34/38, 89.5% (76.9%, 95.6%) 33/38, 86.8% (74.2%, 93.8%) 34/37, 91.9% (79.1%, 97.1%)

Accuracy 75/80, 93.8% (86.2%, 97.3%) 73/80, 91.3% (83.0%, 95.7%) 76/80, 95.0% (87.8%, 98.0%)

Numbers in parentheses are 95% confidence interval. CT, computed tomography; PPV, positive predictive value; NPV, negative predictive 
value.
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Figure 4 ROC curve of quantitative evaluation. Area under the 
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the curve; ROC, receiver operating characteristic; CI, confidence 
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practice (14,17). Several studies have proven the ability 
of the DECT VNCa technique for detecting abnormal 
edema in limbs (11,14,18,19) and the spine (6,12,13,20-22). 
While it is known that bones are composed of HAP crystals 
embedded in a collagenous matrix, the use of VNHAP 
protocol in the identification of fresh VCFs has not been 
fully clarified.

The performance of two readers in visual analysis 
demonstrated a slight difference between reader 1 and 
reader 2 who had different experience levels (sensitivity 
of 91.1% vs. 88.9% and a specificity of 97.1% vs. 94.3%, 
for the more experienced and less experienced reader, 
respectively). However, no statistically significant differences 
were observed between the diagnostic accuracy of the 
two readers (P=1.00), and the inter-reader agreement was 
excellent (k=0.90), indicating that the VNHAP algorithm 
could be a promising technique in clinical workflow. This 
result is in agreement with previously published research 
that found qualitative analysis findings depend on multiple 
technical factors and the personal routine of the readers 
(13,23). In spite of this, some differences between the 
readers did exist in our results. Notably, one false positive 
finding and three false negative findings were observed 
in visual image interpretation. The false positive finding 
may be associated with the region of increased red marrow 
in the vertebral body (21). Despite there being room for 
further technological development, we have to acknowledge 
that abnormal attenuation of edema in VNHAP protocol 
can be imitated by the mixture of fat and red marrow (11). 
Conversely, the false negative findings often occurred in 
subtle fractures located adjacent to cortical bone, resulting 
from spatial averaging effects. The previous study showed 
the outperformance of MRI for detecting fractures beneath 
the cortex, which was further confirmed by the result from 
our study. Another possible reason for the false negative 
findings was bone sclerosis. In this case, the sclerosis 
might have caused an abnormal attenuation, masking the 
edema on VNHAP images, and thus led to underreporting. 
Furthermore, a high negative predictive value of 91.9% 
in visual analysis substantiated the feasibility of DECT 
VNHAP protocol for excluding acute fractures. 

The underlying principle of determining the threshold 
for bone marrow edema can be explained by the fact that 
the fluid (relatively high-attenuating) may substitute for 
the yellow marrow (a relatively low-attenuating substance) 
resulting in increased CT numbers in measurement (24). 
The optimal threshold of 1,003.2 mg/cm3 found in our 
study was significantly higher than previous findings in 

VNCa images (6,12,21). The difference may stem from the 
use of different material decomposition techniques, scanner 
hardware, and KV settings. Meanwhile, high sensitivity and 
specificity (88.9% vs. 82.9%) of the optimal threshold in 
detecting abnormal edema validated that DECT VNHAP 
quantitative analysis could be a promising technique for the 
diagnosis and identification of chronic and acute vertebral 
fractures. 

Interestingly, visual analysis exhibited a higher sensitivity 
(93.3%) and specificity (97.1%) than ROI-based density 
measurements analysis (sensitivity, 88.9%; specificity, 
82.9%) in our study. The result was in accordance with 
a meta-analysis which reported the superiority of visual 
evaluation in differentiating fresh from old fractures (25). 
Therefore, it suggests that visual VNHAP image analysis 
could serve as a viable screening tool besides MRI for 
diagnosing VCFs in future clinical practice.

Some limitations of this study should be discussed. 
Firstly, the number of patient samples was relatively small. 
This is due to the fact that only patients who had undergone 
a DECT study within 3 days of the MR examination were 
selected for our study. Moreover, there were more fresh 
fractures included in our study cohort, which was probably 
a result of only subjects with a clinically suspected fresh 
fracture being admitted to CT examination. At last, we 
excluded the patients with diagnosed spinal infections, 
spinal tumors, and diseases affecting calcium metabolism. 
The abnormal marrow composition changes in these 
subjects could be discussed in further investigation.

To conclude, our study demonstrated the feasibility of 
using DECT VNHAP images to depict abnormal edema 
in VCFs, at both qualitative and quantitative analysis. 
On the basis of this initial experience with DECT HAP-
water decomposition technique in diagnosing vertebral 
fractures, further studies should focus on the comparison of 
diagnostic accuracy between different basic material pairs in 
order to determine whether patients need an additional MR 
examination.

The sample size consideration is  shown in the 
supplementary material.
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Supplementary

Sample size estimation

The sample size of the diagnostic test was calculated as 
follows:
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Note: n1 = Vertebra number with acute VCF; n2 = 
Vertebra number with chronic VCF; α=0.05, Zα =1.96,  

δ =0.10, Sen = Sensitivity, Spe = Specificity.
In previous studies (6,13,22), dual-energy computed 

tomography provided a sensitivity of 90–96% and a 
specificity of 90–98% for the detection of abnormal bone 
marrow, so the sensitivity and specificity were both set at 
0.9 in our study, and the sample size was about 33 per group 
(the acute compression fractures group and the chronic 
compression fractures group, respectively). The sample 
sizes of our study were more than the minimum required 
sample sizes. 
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