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Dual-Energy Computed Tomography Virtual Noncalcium
Technique in Diagnosing Osteoporosis: Correlation With
Quantitative Computed Tomography

Zhenghua Liu, MM, * Yuting Zhang, MM,* Zhou Liu, MD, ¥ Jiangtao Kong, MM,* Dageng Huang, PhD,f
Xiaoyue Zhang, PhD,§ and Yonghong Jiang, MD*

Objective: The aim of this study was to evaluate dual-energy computed
tomography (CT) virtual noncalcium (VNCa) technique as a means of
quantifying osteoporosis.

Methods: Dual-energy CT scans were obtained prospectively, targeting
lumbar regions of 55 patients with chronic low back pain. A standard quantita-
tive CT (QCT) phantom was positioned at the waist during each procedure,
using proprietary software (QCT Pro; Mindways, Tex) to measure bone mineral
density (BMD) in each vertebral body. Vendor dual-energy analytic software
was altered with a specially modified configuration file to produce a “Virtual
Non Calcium” or “VNCa” output, as such output variables were remapped to
produce the following calcium values rather than iodine, yielding the following
QCT parameters: CT value of calcium (originally “contrast media” [CM]), CT
value of mixed energy imaging (regular CT value [rCT]), calcium density (orig-
inally “contrast agent density”” [CaD]), and fat fraction (FF). Pearson test served
to assess correlations between BMD and these parameters. Multiple linear re-
gression analysis was applied to construct an equation for generating regressive
BMD (tBMD) values. In gauging diagnostic accuracies, the criterion-standard
BMD cutoff point (<80 mg/cm®) was adopted for QCT, whereas the rBMD
threshold was defined by receiver operating characteristic curve.

Results: Contrast media, rCT, CaD, and FF values (reflecting CT value of
calcium, regular CT value, calcium density, and fat fraction, respectively)
significantly correlated with BMD (r values: 0.885, 0.947, 0.877, and 0.492,
respectively; all P < 0.01). Contrast media, CaD, and FF showed indepen-
dent associations with BMD; the regressive equation was formulated as
follows: rBMD =54.82 — 0.19 x CM +20.03 x CaD — 1.24 x FE The area
under the curve of rBMD in diagnosing osteoporosis was 0.966 + 0.009
(P < 0.01). At an rBMD threshold of less than 81.94 mg/cm?, sensitivity
and specificity were 90.0% and 92.0%, respectively.
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Conclusions: Dual-energy CT VNCa technique may constitute a valid
alternative method for quantifying the mineral content and marrow fat
composition of bone in diagnostic assessments of osteoporosis.
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steoporosis (OP) is generally characterized as a skeletal disor-

der of reduced bone strength that heightens the risk of fracture.
Bone mineral density (BMD) determinations are thus very important
in this condition for both early diagnosis and therapeutic monitor-
ing.? At present, dual x-ray absorptiometry (DXA) and quantitative
computed tomography (QCT) are the 2 methods most widely used
for this purpose in clinical and scientific research.**

Although DXA is officially cited as the preferred method,’
some studies have cast doubt on its diagnostic accuracy in early
OP. Dual x-ray absorptiometry is a projection-based technology
that does not distinguish between trabecular and cortical BMD
and may be influenced by adjacent calcific vascular walls.® In
early diagnostic and curative assessments of OP, QCT-based deter-
minations of BMD are considered superior to those of DXA.”
Quantitative CT is a 3-dimensional process capable of distinguish-
ing between cortical and cancellous bone and separately measur-
ing trabecular densities.®

It has been shown that bone marrow fat is critical in BMD
readings, increasingly skewing values lower as fat content rises.'®'?
Some sources have even linked higher fat content to occurrences
of fracture in fragile vertebrae, suggesting its use as an indepen-
dent index of such events.'""!* Although the fat content of marrow
clearly impacts BMD values, undermining vertebral strength, and
is a needed parameter in research related to senile OP, it cannot be
assessed by way of single-energy QCT. The large uncertainty in
the fat content of marrow and the variability in distribution of fat
make dual-energy approaches necessary for accurate determina-
tions of vertebral mineral density.'*

Dual-energy CT (DECT) is a rapidly growing tool in musculo-
skeletal radiology. In conjunction with virtual noncalcium (VNCa)
technique, DECT can be used for quantitative analysis of specific
substances, such as iron, calcium, and fat.'®'>'® Some attempts at
BMD measurement by DECT, particularly those involving phan-
tom and cadaver experiments, have helped to underscore its consid-
erable potential in quantifying vertebral body BMD,'!” %! whereas
some indicate a lack of correlation between DECT-based volumet-
ric BMD and areal BMD of DXA.'”'®

It was our expectation that calcium and fat quantification by
DECT VNCa technique might reveal a point-to-point correlation with
QCT-based BMD values. Consequently, we studied the relations be-
tween specific calcium and fat markers quantified by DECT and
QCT-measured BMD, establishing a mathematical regression model.
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FIGURE 1. Quantitative osteoporotic parameters of DECT and QCT: (A) CM, rCT, CaD, and FF derived from corresponding ROI (DECT VNCa
technique); (B) BMD determined by ROI drawn in front of the vertebral body (QCT Pro system). Note that because of modifications to the
vendors, VNC software is to provide results for calcium instead of iodine.

Our intent was to explore a new DECT method for quantitative eval-
uation of OP, based on mineral content and marrow fat composition.

MATERIALS AND METHODS

Study Design

The present study adopted a forward-looking design, which
the ethics committee of our hospital approved. With the informed
consent of each participant, DECT scanning of lumbar regions
was undertaken during March 2019 in patients with chronic low
back pain. The scans were deemed necessary and advised by spi-
nal surgeons at our facility, selecting subjects at random. By plac-
ing a standard corrected phantom beneath the scanning mattress,
we obtained DECT parameters and QCT-based BMD determina-
tions concurrently for each vertebral body. Thus, no additional ra-
diation exposure was entailed.

All images were read by a senior physician with 15 years of
experience in spinal CT. Localized osteosclerosis (n = 5), fracture
(n = 3), neoplasm (n = 2), or postoperative change (n = 2) in any
vertebral body was grounds for exclusion from this analysis.

CT Scanning

All CT examinations relied on a second-generation 128-section
dual-source unit operating in dual-energy mode (Somatom Defini-
tion Flash; Siemens Healthineers, Erlangen, Germany). A standard
QCT phantom (QCT Pro v5.0; Mindways, Tex) was placed at waist
level during sessions. Settings of both x-ray tubes were constant (tube
A: 80 kV, 250 mAs; tube B: 140 kV with Sn filter, 97 mAs). Scan-
ning parameters were as follows: rotation time, 0.5 seconds; temporal
resolution, 290 milliseconds; and pitch, 0.6. Scanning range extended
from the upper edge of the 12th thoracic vertebral body to the lower
edge of the first sacral vertebral body. Images were reconstructed
using a kernel of 130f; a section thickness of 1 mm, and an increment

of 0.75 mm. All radiation doses received by patients were recorded
upon completion.

DECT Quantification of Calcium and Fat
Parameters

Referring to the bone marrow configuration file of dual-energy
analytic software (Syngo.via VB10; Siemens Healthcare, Erlangen,
Germany), the default parameters in the liver virtual noncontrast
(VNC) confi,ffruration file were modified, in order to quantify cal-
cium and fat,'*?? revising default values of soft tissue to 55 and
51 Hounsfield units (HU), assigning fat values (—110 and —87 HU)
to yellow bone marrow, and substituting a calcium slope of 1.71 for
the default iodine slope. In this way, the quantitative parameters of
the liver VNC, the CT value for contrast media (CM) and the contrast
agent density (CaD), correspond to the CT value for calcium and the
calcium density in this experiment, respectively. By adjusting
multiplanar reformation images to achieve a standard median sagittal
plane, a round region of interest (ROI) was delineated in two-thirds of
the anterior vertebral body, avoiding vertebral vein sulcus and sur-
rounding areas of bony sclerosis (Fig. 1A). The CT value for cal-
cium (CM), CT value of mixed- energy imaging (regular CT
value [rCT]), calcium density (CaD), and fat fraction (FF) were
measured for each vertebral body.

BMD Measured by QCT

Computed tomography equipment and QCT analytics (Mindways
Software) were calibrated in advance using a quality control phan-
tom. Computed tomography scan data of mixed ratio (0.5) were
imported to the QCT software application. The BMD of each verte-
bral body was measured within an ROI encompassing two-thirds of
the anterior vertebral body (Fig. 1B). All vertebral bodies were des-
ignated OP or non-OP, according to QCT-based BMD values, taking
BMD of less than 80 mg/cm?® as the diagnostic standard.?

TABLE 1. Statistics of Patients (n = 55)

Age,y High, cm Weight, kg BMI, kg/m* CTDI, mGy DLP, mGy * cm
Mean (SD) 49.8 £12.1 161.48 +33.65 61.35+18.21 23.40 +4.16 9.53 332.36 £40.26
Scope 25-77 150-176 45-84 17.6-30.6 9.53 230-435

BMI indicates body mass index; CTDI, CT dose index; DLP, dose-length product.
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TABLE 2. Statistics of Vertebral Bodies (n = 318)

Group BMD, mg/cm® CM, HU rCT, HU CaD, mg/cm® FF, %
OP (n=87) 58.78 + 15.14 128.77 + 24.55 93.52 +25.33 5.15+ 1.04 57.99 £ 10.67
Non-OP (n = 231) 128.44 +32.15 200.64 + 40.62 180.94 + 46.45 8.20 + 1.78 48.69 + 13.23
t 19.403 15.466 16.637 15.040 -5.877
P 0.000 0.000 0.000 0.000 0.000

Because of modifications to the vendors, VNC software is to provide results for calcium instead of iodine.

Statistical Analysis model of multiple linear regressions was established through regression
analysis. Diagnostic accuracy of the mathematical model was de-
doctors. The consistency analyses were performed by intraclass cor-  termined by receiver operating characteristic curve, iglc%rpo'rati'ng
relation coefficient, and the mean value was taken as the final value. the QCT criterion-standard for BMD (<80 mg/cm”)." Signifi-
All computations were powered by standard software (SPSS v22.0;  cance was set at £ < 0.05 indicated for all tests.

IBM, Armonk, NY), expressing data as means + SDs. Variables

All vertebrae measurements were performed by 2 experienced

were tested for normality of distribution by Shapiro-Wilk test, eval- RESULTS
uating those with normal distribution via paired ¢ test. Pearson test A total of 318 vertebral bodies were evaluated in 55 patients,
was applied to determine correlations between BMD and individ- including 29 men and 26 women. Physical conditions of these pa-

ual DECT parameters (CM, rCT, CaD, or FF), and a mathematical tients and the radiation doses received are shown in Table 1. The
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FIGURE 2. Correlation of BMD with CM, rCT, CaD, and FF: (A-C) significant positive correlations of CM (r=0.885, P<0.01), rCT (r=0.947,
P<0.01),and CaD (r=0.877, P< 0.01) with BMD and (D) significant negative correlation of FF with BMD (r=0.492, P<0.01). Because of
modifications to the vendors, VNC software is to provide results for calcium instead of iodine.
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TABLE 3. Multivariate Linear Regression Analysis of BMD

Model B B t P

(Constant) 54.823 7.476 0.000
CM —0.190 —-0.221 —2.281 0.023
rCT 0.029 0.039 0.252 0.801
CaD 20.031 1.005 7.110 0.000
FF —1.240 —.389 —7.151 0.000

Because of modifications to the vendors, VNC software is to provide re-
sults for calcium instead of iodine.

QCT BMD values and DECT parameters (CM, rCT, CaD, or FF)
measured by the 2 doctors were in good agreement, and the intraclass
correlation coefficients were 0.990, 0.934, 0.951, 0.968, and 0.914,
respectively (all P < 0.01). All vertebral bodies were designated OP
or non-OP, and the 2 groups differed significantly in terms of
BMD, CM, rCT, CaD, and FF values (Table 2).

Correlation/Regression Analyses

Pearson test showed significant correlation between BMD
and CM, rCT, CaD, or FF (r=0.885, 0.947, 0.877, and 0.492, re-
spectively; all P < 0.01) (Fig. 2). By multiple linear regression
analysis, CM, CaD, and FF were included in the regression equation,
and the determinant coefficient was 0.915 (Table 3). The formula
for generating regressive BMD (rBMD) values was as follows:
rBMD =54.82 — 0.19 x CM + 20.03 x CaD — 1.24 x FE

Diagnostic Accuracy

The receiver operating characteristic curve demonstrated bet-
ter diagnostic accuracy for -BMD than for CM, CAD, or FF in this

context (Fig. 3). The area under the curve of rBMD in diagnosing
OP was 0.966 + 0.009 (P < 0.01). At an rBMD threshold of less
than 81.94 mg/cm?, high degrees of sensitivity (90.0%) and spec-
ificity (92.0%) were observed.

DISCUSSION

We used VNCa technology in our research. Because the CT
value of calcium substance is significantly higher than that of yel-
low bone marrow and red bone marrow, the lines from pure cal-
cium to yellow bone marrow and from pure calcium to red bone
marrow can be approximately regarded as 2 parallel straight lines,
and the slope is the characteristic value of calcium.'®** According
to this characteristic value, the CT value of calcium at any point on
the CT value two-dimensional map and the CT value after virtual
calcium removal can be calculated, so as to realize the quantitative
measurement or removal of calcium content. In our study, a modifica-
tion of the liver VNC configuration file was served in dual-energy an-
alytic software, in order to quantify calcium and fat, using CM, 1CT,
CaD, and FF as chief parameters, which was different from the quan-
titative method of calcium and fat in previous studies.'®'*!” In this
way, the quantitative parameters of the liver VNC, CM, and CaD
correspond to the CT value of calcium related and the CaD in this
experiment, respectively, which are key components of BMD. Fat
fraction also impacts BMD determinations, representing the content
ratio of yellow bone marrow. In this study, CM and CaD positively
correlated with QCT-based BMD values, whereas FF expectedly
showed a negative correlation with BMD. Contrast media, CaD,
and FF (all included in our regression equation) displayed high de-
grees of fitting. Receiver operating characteristic curve analysis fur-
ther attested to the high diagnostic accuracy achieved, given the
BMD regression equation our model provided.

Region-of-interest location appears critical in relating CT-based
vertebral bone measurements and fracture.>* Herein, ROI was confined
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FIGURE 3. Receiver operating characteristic curve of CM, CaD, FF, and rBMD (areas under the curve, 0.941, 0.938, 0.696, and 0.966,
respectively). Note that because of modifications to the vendors, VNC software is to provide results for calcium instead of iodine.
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to the anterior two-thirds area of the vertebral body for 2 reasons: (1) to
effectively avoid ossification of the vertebral vein groove and its margin
and thus reduce BMD measurement error and (2) to focus on the area
of concentrated stress prone to osteoporotic fracture, which is the ante-
rior column.?® Such emphasis has been lacking in previous studies, the
entire vertebral body serving as ROI in certain instances.!’?® These are
unfortunate lapses, failing to fully exploit 3-dimensional technologic as-
sets, although reliance on DXA as control method may have created an
impediment. However, we did our best to ensure point-to-point cor-
respondence of ROI and avoid system errors, regardless of
methodology (DECT or QCT).

For the present investigation, we used a CT system with 2
simultaneously operating x-ray tubes. Dual-layer spectral detector
CT has been similarly applied by others to assess BMD.?’2¢28
Both approaches share the same working principle, namely, a de-
composition algorithm of dual-energy sources for differentiating
various materials, although horizontal comparison has yet to be
done. We used DECT VNCa technology to our advantage in quan-
tifying calcium and fat content of vertebral bodies, injecting several
meaningful parameters more inclined to accurately depict OP; and
VNCa proved useful in evaluating bone marrow edema.?® > Ulti-
mately, our method enabled quantitation of OP and bone marrow
edema in the course of conventional CT diagnosis, as a one-stop ex-
amination scheme, helping reduce radiation exposures in part.

There are limitations to this study that merit discussion. Rel-
evant research suggests that there is at present no accurate measure
of bone strength, and BMD is a surrogate marker, accounting for
~70% of bone strength.? In addition to aging and lifestyle effects,
manifested as intensified oxidative stress and glycosylation, non-
enzymatic cross-linking of molecular collagen within the bony
matrix may also undermine skeletal integrity.>> Bone mineral den-
sity and fat content are thus merely indirect measures of bone
strength, regardless of which is invoked. In the latest research,
scholars have studied the relationship between OP and bone mar-
row fat and proposed a method to detect the risk of OP-related
fractures using PET/CT data.>* Thus, actual bone strength and
fracture risk assessment are our objective in DECT assessments
of OP; further investigation is clearly warranted.

At this juncture, the chief advancement is a 1-stop concept
for elderly patients with OP, whereby a single CT scan suffices
to diagnose vertebral fracture, check for marrow edema (indica-
tive of fresh fracture), and assess OP. The entire process is then op-
timized, shortening treatment time, reducing costs, and lowering
radiation risk.

CONCLUSIONS
Quantitative parameters for calcium and fat measured by
DECT VNCa technique correlate significantly with QCT-based
BMD determinations. Dual-energy CT VNCa technique is a valid
means to quantitatively evaluate OP through bone mineral content
and marrow fat quantitation.
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