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Background: The purpose of this study was to investigate the effect of abdominal adiposity, as measured by
abdominal total adipose tissue (TAT), on the accuracy of rapid kilovoltage-switching dual-energy computed
tomography (DECT) and quantitative computed tomography (QCT) measurements of bone mineral density
(BMD) in a spine phantom model.

Methods: Fresh porcine fat was wrapped around the European Spine Phantom (ESP) and divided into four
groups according to the TAT cross-sectional areas, S=0, 100, 200, and 350 cm’, to simulate different TAT
contents. The hydroxyapatite (HAP) (water) values of each vertebra were measured by DECT, and the BMD
values by QCT. A one-sample 7-test was used to analyze the differences between the measurements and
the true values of the ESP. One-way analysis of variance (ANOVA) was applied to compare the differences
between measurements under different TAT conditions, and the root-mean-square errors (RMSEs) of the
BMD measurements were calculated and compared. Moreover, Pearson’s correlation analysis was performed
for the RMSE and TAT. Linear regression analysis was conducted on the measurements, the true values,
and the TAT to obtain the correction equations for the BMD and to compare the RMSE before and after
correction.

Results: At higher TAT content, the measurements of both scanning methods were more affected, and the
measurements of the TAT =350 cm’ group were significantly different from the remaining groups (P<0.05).
There was a positive correlation between the RMSE and TAT (r>0, P<0.05), with the RMSE of the L1
vertebrae the largest under the same TAT content. The corrected equations for BMD were derived, and the
RMSE of BMD was significantly reduced after correction.

Conclusions: The measurements of ESP BMD for both rapid kilovoltage-switching DECT and QCT
changed with TAT content. Along with the increase of TAT, the RMSE of measurements increased and
the accuracy decreased; moreover, the lower the value of BMD, the more significant the RMSE. The linear

regression analysis allowed the corrected BMD measurements to be very close to true values.
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Introduction

Osteoporosis is one of the most common chronic
metabolic bone diseases (1) and is associated with reduced
bone mineral density (BMD), which increases the risk of
fracture. The BMD is considered an important indicator
for monitoring osteoporosis and estimating fracture risk,
especially for women and the elderly (2,3). Therefore,
accurate measurement of BMD is very important. With the
development and clinical validation of quantitative computed
tomography (QCT) technology, QCT has been widely
employed for clinical BMD measurements (4-7). However,
some studies have shown that abdominal and spinal bone
marrow adipose content influences the QCT measurements
of vertebral BMD (8-13). Dual-energy computed
tomography (DECT) employs a high- and low-energy
switching scanning method with a material decomposition
(MD) technique that also allows the accurate measurement
of vertebral BMD, which has shown preliminary
advantages (14-17). However, it is possible that the DECT
measurements of BMD were influenced, to some extent,
by abdominal adipose content. Metabolic syndrome, type 2
diabetes, and, in particular, overweight and obesity have been
recognized as an epidemic (18,19). Moreover, abdominal
adipose content varies considerably between individuals,
and the influence of abdominal adipose content on the
measurement of BMD is not yet clearly established. It is
well known that abdominal adipose content is much greater
than that of bone marrow; the adipose content of bone
marrow is comparatively negligible to abdominal adipose
content. Therefore, this study simulated different levels of
abdominal total adipose tissue (TAT) and investigated their
effect on the bone density of the European Spine Phantom
(ESP) measured by rapid-kilovoltage-switching DECT and
QCT. We present the following article in accordance with
the MDAR reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-22-72/rc).

Methods
Phantom

The ESP (QRM GmbH, Moehrendorf, Germany) (20)
used in this study was composed of epoxy resin and three
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Figure 1 Revolution CT scanner scans the phantom wrapping

porcine-isolated fat. C'T, computed tomography.

hydroxyapatite (HAP) inserts of densities 50 mg/cm’
(osteoporotic), 102 mg/cm’ (osteopenia), and 197 mg/
cm’ (normal), labeled as the first lumbar vertebra (L1),
second lumbar vertebra (L2), and third lumbar vertebra
(L3), respectively. Three pieces of fresh (within 6 h after
slaughter) porcine-isolated fat (without skin) of different
sizes were selected and wrapped around the ESP (Figure 1)
to simulate different levels of human abdominal TAT.

TAT area measurement

Three pieces of porcine-isolated fat were wrapped around
the ESP separately, and scanned by QCT protocol using
a 256-section rapid kilovoltage-switching DECT scanner
(Revolution CT, GE Healthcare, Waukesha, WI, USA). The
scanning parameters were as follows: tube voltage of 120 kV,
tube current of 200-370 mA using automatic milliampere
technology, tube speed of 0.8 s/r, and a pitch of 0.992:1.
The reconstructed 1.25 mm thin-layer CT images were
transferred to the QCT workstation (Mindways Software
Inc., Austin, TX, USA), and the TAT area at the L2 central
level was measured using the “Tissue Composition Analysis”
function (Figure 2), resulting in three porcine-isolated fat
areas of approximately 100, 200, and 350 cm’, respectively,
with TAT =350 cm’ representing the average abdominal TAT
of the clinically overweight/obese population. In this study,
four groups were divided according to different TAT areas
(S): S=0, 100, 200, and 350 cm’. Given that quality control
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Figure 2 Quantitative CT measurement of the total adipose tissue
area at the second lumbar vertebral center level of the phantom.
Quantitative CT coloring of the different components, the green
aperture close to the outer edge of the phantom, the mixed blue
and yellow part inside the green aperture is the water-equivalent
material, the pink part is the vertebrae, and the blue part outside
the green aperture is the measured area, which is the total adipose

tissue area of the anthropomorphic. CT, computed tomography.

procedures must be performed prior to using the software,
the quality assurance phantom was scanned using 120 kV
tube voltage and automatic mA parameters, and then the
images were transferred to the QCT Mindways workstation
for quality control with the “New Quality Assurance Exam
Analysis” function.

BMD data acquisition and image reconstruction

The GE Revolution CT scanner was used to perform
DECT scanning and QCT scanning on each of the four
groups of ESP. The DECT imaging parameters were
as follows: tube voltage for fast switching of 80-140 kV,
tube current of 230 mA, tube speed of 0.8 s/r, and a pitch
of 0.992:1. A total of 10 scans were conducted per group,
with repositioning after each scan to assess the stability
of the measurements and calculate the average value for
each group. The reconstructed 1.25 mm thin-layer CT
images after DECT scanning were transferred to an
advanced workstation (ADW#4.6; GE Medical Systems,
Milwaukee, WI, USA), using the “MD Analysis” function
in Gemstone Spectral Imaging (GSI) viewer software
(GE Healthcare, USA). The principle for this approach
is that the X-ray attenuation of each substance can be
represented by two “base substances”, of which water and
iodine are the two most commonly used base materials,
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and the bone mineral is represented by HAP; therefore,
the quantitative determination of HAP becomes the key
to the diagnosis of osteoporosis. Mu er al. (21) studied
human patients and indicated that a DECT scan with
HAP-water as the base material pair has good accuracy
and high application value in the clinical diagnosis of
osteoporosis. Therefore, MD images were obtained with
HAP-water as the base material pair in this study, and the
HAP (water) values were measured for L1, L2, and L3
vertebrae.

The imaging parameters for QCT were set as follows:
tube voltage of 120 kV, tube current of 200-370 mA using
automatic milliamp technique, tube speed of 0.8 s/r, and
a pitch of 0.992:1. A total of 10 scans were conducted per
group, with repositioning in between scans. In addition,
the same level of quality control was required before using
the QCT measurement software. Then, the reconstructed
1.25 mm thin-layer CT images from the QCT scan were
transferred to the QCT Mindways workstation to measure
the BMD values of the L1, L2, and L3 vertebrae. For the
above two kinds of image post-processing, a region of
interest with a size of 15 mm x 15 mm was placed in the
center of each vertebral body (Figure 3).

Statistical analysis

The software package SPSS 25.0 (IBM Corp., Armonk,
NY, USA) was used for data analysis, and since the true
values of phantom BMD were known in this study, a
one-sample #-test was used to compare the differences
between the measurements and the true values of BMD
for both scanning methods. Using GraphPad Prism 9.2.0
(GraphPad Software, San Diego, CA, USA) software, the
one-way analysis of variance (ANOVA) test followed by
the post hoc Tukey honest significant difference (HSD)
test was employed to compare the differences between
measurements at different TAT conditions for each
vertebra of DECT and QCT, respectively. Differences were
considered statistically significant at P<0.05. The software
MATLAB 9.9.0 (MathWorks, Natick, MA, USA) was
used to calculate and compare the root-mean-square error
(RMSE) of the DECT and QCT BMD measurements.
The RMSE is the square root of the ratio of the deviation
between the measured value and the true value and the
number of measurements (IN). In this study, N=10; the
RMSE can reflect the accuracy of the measurement very
well, with the formula:
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Figure 3 Quantitative CT measurements of the first, second, and third lumbar vertebra BMD. Red circles represent the axial region of

interest, and yellow squares represent the sagittal region of interest. CT, computed tomography; BMD, bone mineral density.

Linear correlation analysis was performed to assess
the relationship between the RMSE and TAT based
on Pearson’s correlation coefficient, and a significant
correlation between the parties of difference was considered
at P<0.05. Linear regression analysis was conducted to
derive calibration equations for the measurements of the
two scanning methods and to compare the RMSE of the
measurements before and after calibration.

Results

Comparison of DECT and QCT BMD measurements with
true phantom values

Comparison of HAP (water) measurements of L1, L.2, and
L3 vertebrae on DECT using true values (7able 1) showed
that there were statistically significant differences between
HAP (water) measurements and true values in all groups
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(P<0.05), except in the lower TAT groups (TAT =0, 100,
and 200 cm’) for the L2 vertebrae where there were no
statistically significant differences (P>0.05). A comparison of
the L1, L2, and L3 vertebral BMD measurements of QCT
with the true values (Table 2) showed that the measurements
were significantly different from the true values in all groups
(P<0.001). It can be observed from Tibles 1,2 that different
contents of TAT have different degrees of influence on the
accuracy of BMD measurement by both DECT and QCT.

Comparison between BMD measurements for different
TAT conditions

The comparison of the measurements at different TAT
conditions for DECT and QCT (Figure 4) shows that the
differences between the measurements in the lower TAT
groups (TAT =0, 100, and 200 cm®) were not statistically
significant (P>0.05), although the measurements in the TAT
=350 cm’ group were significantly different from the rest of
the groups (P<0.05). Among them, there was no statistically
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Table 1 Comparison of HAP (water) measurements with true values for each vertebral body on DECT

L1 (50 mg/cm®)

L2 (102 mg/cm®)

L3 (197 mg/cm®)

2
TAT (om) HAP (water) measurements P value HAP (water) measurements P value HAP (water) measurements P value
0 51.23+2.48 0.03 101.34+1.12 0.10 194.89+1.28 0.001
100 53.55+2.60 0.002 101.58+2.15 0.55 193.04+2.08 <0.001
200 54.33+1.85 <0.001 103.93+2.80 0.06 193.37+3.97 0.02
350 60.46+3.97 <0.001 111.86+3.62 <0.001 192.56+4.65 0.01

Data are expressed as mean = SD. L1, L2 and L3 represent vertebrae of different bone mineral density. HAP (water), hydroxyapatite-water
as the base material pair; DECT, dual-energy computed tomography; TAT, total adipose tissue; SD, standard deviation.

Table 2 Comparison of BMD measurements with true values for each vertebral body on QCT

L1 (50 mg/cm®)

L2 (102 mg/cm®)

L3 (197 mg/cm?)

TAT (cm?)

BMD measurements P value BMD measurements P value BMD measurements P value
0 41.09+1.33 <0.001 98.70+0.96 <0.001 192.97+1.86 <0.001
100 38.86+1.07 <0.001 96.92+0.96 <0.001 191.94+1.88 <0.001
200 35.97+1.08 <0.001 94.91+0.97 <0.001 189.29+1.91 <0.001
350 32.55+2.09 <0.001 91.11+1.77 <0.001 183.90+1.73 <0.001

Data are expressed as mean + SD. L1, L2 and L3 represent vertebrae of different bone mineral density. BMD, bone mineral density; QCT,
quantitative computed tomography; TAT, total adipose tissue; SD, standard deviation.

significant difference (P>0.05) between the measurements
of each group (TAT =0, 100, 200, and 350 cm’) when the L3
vertebral body was scanned by DECT. Overall, these results
indicate that the higher the TAT, the greater its effect on
DECT and QCT measurements.

RMSE of the BMID measurements of DECT and QCT

The RMSE of the DECT measurements were all smaller
than the QCT (7able 3). There was a strong positive
correlation between RMSE and TAT for each vertebral
measurement in both scanning methods (r>0; P<0.05)
(Figure 5), indicating that the RMSE increased with
increasing TAT. Furthermore, for TAT >100 cm’, the
RMSE of L1 vertebrae was always greater than that of 1.2
and L3 vertebrae.

Linear regression analysis

In order to obtain BMD measurements of DECT and
QCT closer to the true value of the phantom and to reduce
the RMSE, a linear regression analysis of DECT and
QCT measurements, using true values of the phantom
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and TAT, was performed. The correction equations of the
measurements were obtained as:

DECT: (R?=0.996)

Y(BMD) =1.058 x measurement —0.018x TAT —5.248 [2]

QCT: (R%=0.998)

Y (BMD) = 0.968 x measurement +0.024xTAT +8.57 [3]

To verify the applicability and validity of the correction
equation, an additional group with TAT of 320 cm’ (i.e.,
a separate data set), was added to this study, and the
experimental methods applied were identical to those of all
the above groups. The BMD measurements and the RMSE
of DECT and QCT were obtained, and the RMSE of the
measurements were significantly reduced by the correction
equation (1uble 4, Figure 6).

Discussion

Current status of application of BMD measurement by
DECT and QCT

Currently, QCT and dual-energy X-ray absorptiometry
(DXA) are the commonly used methods for measuring
BMD. The DXA measurements focus on areal bone mineral
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Figure 4 DECT scan (light gray bars) and QCT scan (dark gray bars), comparison between measurements with different TAT conditions.
L1 (A), L2 (B), and L3 (C) represent vertebrae of different BMD. ns, P>0.05, *, P<0.05 (ns, no significant). The differences between
the measurements of the TAT =350 cm’ group and the rest of the groups were the most significant. BMD, bone mineral density; HAP,
hydroxyapatite; DECT, dual-energy computed tomography; QCT, quantitative computed tomography; TAT; total adipose tissue.

Table 3 RMSE of the BMD measurements of DECT and QCT

L1 (50 mg/cm®) L2 (102 mg/cm®?) L3 (197 mg/cm®)
TAT (cm?)
DECT QCT DECT QCT DECT QCT
0 0.42 2.01 0.28 0.76 0.54 0.98
100 0.97 2.50 0.47 1.15 0.99 1.20
200 1.05 3.15 0.93 1.60 1.17 1.77
350 2.49 3.93 2.33 2.46 1.40 2.95

L1, L2 and L3 represent vertebrae of different bone mineral density. RMSE, root-mean-square error; BMD, bone mineral density; DECT,
dual-energy computed tomography; QCT, quantitative computed tomography; TAT, total adipose tissue.
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Figure 5 The RMSE of the measurements for each vertebra (L1 green line, L2 blue line, L3 red line) of the DECT (A) and QCT (B)
showed a strong positive correlation with TAT, which means that the RMSE of the measurements increased with increasing TAT, and the
RMSE of L1 was almost always the largest under the same TAT condition. RMSE, root-mean-square error; DECT, dual-energy computed
tomography; TAT, total adipose tissue; QCT, quantitative computed tomography.

Table 4 BMD measurements of DECT and QCT at TAT =320 cm’ and RMSE before and after correction by linear regression analysis
L1 (50 mg/cm®) L2 (102 mg/cm®)

L3 (197 mg/cm®)

Variables

DECT QCT DECT QCT DECT QCT
BMD 57.99+2.09 35.23+2.46 110.78+3.25 91.85+1.21 195.07+3.42 184.83+3.22
RMSE 1.84 3.34 2.08 2.29 0.85 2.81
RMSE-corrected 0.47 0.51 1.17 0.75 0.85 0.78

BMD data are expressed as mean + SD. L1, L2 and L3 represent vertebrae of different bone mineral density. BMD, bone mineral density;
DECT, dual-energy computed tomography; QCT, quantitative computed tomography; TAT, total adipose tissue; RMSE, root-mean-square

error; SD, standard deviation.

TAT=320 cm”

— DECT

—QCT

3 --- Corrected-DECT
=== Corrected-QCT

RMSE

L1 L2 L3

Figure 6 The RMSE of the QCT (blue solid line) measurement is
always higher than that of the DECT (red solid line). The RMSE
of the BMD values for the corrected DECT (red dashed line)
and the corrected QCT (blue dashed line) are significantly lower
than those before correction. L1, 1.2 and L3 represent vertebrae
of different bone mineral density. TAT, total adipose tissue;
RMSE, root-mean-square error; DECT, dual-energy computed
tomography; QCT, quantitative computed tomography; BMD,

bone mineral density.
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density (aBMD; g/cm’), whereas the QCT measurements
focus on volumetric bone mineral density (VBMD; mg/cm’),
thus avoiding inaccurate measurements due to projection
overlap (22). In China, CT examinations have become an
important routine screening method due to their low cost,
and QCT may be potentially used for the opportunistic
detection of osteoporosis in patients undergoing CT for
other indications. In recent years, the clinical application
of the rapid kilovoltage-switching DECT has gradually
become more widespread. A DECT can reconstruct MD
images based on the principles of MD and quantitative
analysis and provide more accurate density measurements
for various base materials (such as HAP). Cui et al. (23)
showed that the Revolution DECT, with a 0.8 s/r tube
speed and a 230-mA tube current as imaging parameters,
and the employment of HAP-water base material pair
to measure BMD can further ensure the accuracy of the
measurement. Li et a/. (24) demonstrated that both QCT
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and DECT can accurately measure BMD by scanning
ESP. This study showed that the RMSE of both DECT
and QCT measurements for each vertebra was the smallest
when TAT =0 cm’; that is, when no adipose tissue was
wrapped around the phantom. With the increase of TAT,
the RMSE of both scanning modes also gradually increased.

Effect of TAT on BMD measurements

Most previous studies have not considered the effect
of adipose tissue on the BMD measurements obtained
by DECT and QCT. Although there is no definitive
conclusion about its effect, our previous study (25) showed
that abdominal adipose tissue had some influence on
BMD measurement results. Javed et al. (26) used DXA to
measure the BMD of a bovine femur and found that as
the fat layer around the femur increased, the BMD also
gradually increased. Although the scanning method and the
object of measurement used in this study were different, the
conclusion remains informative. Yu et #/. (12) used DXA
and QCT scans of ESP wrapped in different thicknesses
of fat layers and found that increasing the thickness of
the fat resulted in decreased QCT BMD measurements,
forming measurement errors, but with less and more
uniform measurement errors compared to DXA BMD
measurements.

The results of this study showed that TAT influenced
the accuracy of both DECT and QCT measurements
of BMD. With increasing TAT, the BMD values of all
vertebrae measured by QCT gradually decreased, which
was consistent with the results of Yu et /. (12), and the HAP
(water) values of L1 and L2 vertebrae measured by DECT
gradually increased, yet there was no significant change in
L3 vertebrae. In the comparison of measurements under
different TAT conditions, there were significant differences
between the TAT =350 cm’ group and the remaining
groups (P<0.05), which also indicated that the higher the
TAT, the greater the effect on measurements. In addition,
the RMSE of both the DECT and QCT measurements
in this study showed a strong positive correlation with
TAT; further suggesting that the RMSE increased with the
increasing TAT areas and the accuracy of the measurements
decreased. Meanwhile, the RMSE of the L1 vertebrae was
always greater than that for the L2 and L3 at the same TAT
condition, which means that the lower the true value of
vertebral BMID, the greater the RMSE of DECT and QCT
measurements. In other words, the accuracy of measuring

BMD was more affected by TAT. Therefore, clinically,

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

in patients with more severe osteoporosis, the effect of
abdominal adipose content must be considered when
measuring vertebral BMD with DECT and QCT.

Measurement differences between DECT and QCT and
correction methods for measurement ervors

Li et al. (24) showed that the measurement error of DECT
was less than that of QCT in a phantom study. Our
study showed that the RMSE of DECT was smaller than
that of QCT, with L1 vertebrae being more significant,
suggesting that when osteoporosis is present, the accuracy
of BMD measured by DECT is higher than the BMD
measured by QCT and is relatively less affected by TAT.
The possible reason for this result is that the QCT is
conducted by solving the equation to obtain the BMD value
in comparison with the correction phantom. Moreover,
under conventional scanning conditions (80-120 kV), the
absorption attenuation curve of abdominal adipose for the
X-ray shows a bow-back upward direction; that is, under
the conditions of CT imaging, the absorption of X-rays by
adipose increased with the increase of tube voltage (27).
Therefore, the effect of TAT cannot be overcome when
using QCT to measure BMD, and the higher the TAT
content, the greater the measurement errors and the more
measured values that are affected. In contrast, the DECT
in this study used the HAP-water decomposition method,
and the main components of ESP vertebrae were equivalent
to HAP and water, so the DECT measurements were
relatively less affected by TAT. Furthermore, this study
used linear regression analysis to obtain the correction
equations for the BMD measurements, and after additional
independent data sets, BMD measurements from the TAT
=320 cm’ group were substituted into the equation for
validation. It was found that the corrected BMD values were
very close to the true values of the phantom and the RMSE
was significantly decreased.

There were several limitations to our study. Firstly,
only a small sample size of phantom experiments was
involved in this study, and the conclusions have not been
validated in clinical practice. Moreover, the findings of this
study have not been validated in different CT scanners or
imaging software. Secondly, the actual human body may
be accompanied by changes in a variety of components,
which are not reflected in this study, such as the ribs,
intestinal tubes, gases, and intestinal contrast agents.
Whether these components affect the accuracy of BMD
measurements warrants further investigation. In addition,
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further refinement of the effect of different contents of
adipose tissue on different BMD measurements is needed.
The vertebral BMD is 80 mg/cm’ and the mean abdominal
TAT in the clinically overweight/obese population is
approximately 350 cm’, with a rare number of obese
patients having abdominal TAT up to 600-700 cm’, so
further studies should incorporate more refined subgroups
with a TAT greater than 350 cm’.

In conclusion, when employing rapid kilovoltage-
switching DECT or QCT to assist in the clinical assessment
of BMD values in the lumbar spine for overweight/obese
patients, the results may be subject to some errors. The
errors will be most pronounced in older patients with
overweight/obesity combined with osteoporosis. Moreover,
the measurement errors of DECT are always smaller
than those of QCT. The BMD measurement correction
equations in this study can render the measurements very
close to the true values of the phantom, which further
improves the accuracy of BMD measurements by DECT
and QCT.
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