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Abstract

Objective: To explore the feasibility of using hydroxyapatite (HAP) measurement based on the material decomposition in dual-energy spectral CT imaging to
evaluate bone mineral density (BMD).

Methods: 247 patients (aged 16 to 97 years, 156 males and 91 females) who underwent both unenhanced and contrast-enhanced (arterial, venous and delayed)
phase abdominal dual-energy spectral CT were retrospectively collected. Patients were divided into four groups according to their ages: group A (<30 years,
n=40), group B (30-49 years, n=90), group C (50-69 years, n=73) and group D (270 years, n=44). HAP densities of trabecular bone of the third lumbar vertebrae
in four phases were measured on the HAP material decomposition images using HAP-lodine as the basis material pair and recorded. HAP as function of age was
established and measurements in four phases were statistically compared using that in unenhanced phase as the reference standard.

Results: No statistical difference was found in HAP value among different imaging phases (P>0.05). The HAP value was positively correlated with age in group
A (r=0.393, P<0.05) and negatively correlated with age in groups B, C and D (r=-0.298, -0.361, -0.361, P<0.05), and overall high negative correlation with age
for patients >30years (r=-0.775, P<0.05).

Conclusion: The HAP measurement is not affected by contrast agent and stable in different imaging phases in dual-energy spectral CT, enabling a phase-
independent HAP measurement. HAP has correlation with age which may be used to reflect the change of vertebral BMD, providing a reference for evaluating
BMD according to the linear regression equation.

Keywords: Bone mineral density - Dual-energy spectral CT imaging « Material decomposition technique * Hydroxyapatite « lodine

Abbreviations At present, the methods of measuring BMD include dual energy X-ray
absorptiometry (DXA), quantitative CT (QCT), quantitative ultrasound, MR,
and dual-energy CT [4]. Among them, DXA and quantitative CT are the widely
employed techniques [5,6]. However, DXA cannot accurately distinguish the
cortical bone and trabecular bone, and thus what is measured in DXA is
- the total density, which is easily affected by surrounding structures [7,8].
Introduction For QCT, the complicated operation and the high radiation dose limited its
application. In recent years, dual-energy CT has been widely accepted in
Bone mineral density (BMD) is an important index of bone strength, which  clinical applications. It has been proposed that the BMD of vertebrae may
can reflect the physiological or pathological alterations of bone mass. The ~ be measured in body dual-energy imaging, such as abdominal CT, which
decrease of BMD is directly related to several bone diseases [1], and BMD  does not increase the radiation burden.
also changes with age. Osteoporosis has become an important public health
issue [2]. The measurement of BMD has an important clinical significance
for the prevention, diagnosis and treatment of bone diseases [3]. Therefore,
improving the methods for the measurement of BMD will have a profound
clinical value.

(HAP) Hydroxyapatite; (BMD) Bone Mineral Density; (DXA) Dual Energy
X-ray Absorptiometry; (QCT) Quantitative CT

One of the methods to realize dual-energy CT uses the rapid dual tube
voltage (kVp) switching technology (dual-energy spectral CT) [9]. According
to the material decomposition theory in dual-energy spectral CT, the
object imaged by the high and low tube voltages can be expressed as the
density images of two basic materials [10]. Each individual voxel in the
material decomposition images reflects the corresponding material density
information, which provides more specific and accurate measurement of
material density. Theoretically, the selection of basis material pairs is not
limited. Any two natural substances can be selected, and they would be
specific identifiable markers for tissues when they are the main components
of tissues [11]. Multiple clinical studies have mentioned the application
of dual-energy CT basis material pairs [12,13], especially in the field of
measuring BMD. It is a highly sensitive BMD measurement method, which
can reflect the changes of bone mineral content in the early stage. Van
Hamersvelt et al. [14] inferred that dual-energy CT allowed accurate BMD
original author and source are credited. quantification in vitro by using two validated anthropomorphic phantoms
Received: 02-May-2022, Manuscript No. jnd-22-63925; Editor assigned: 04- with material-specific known concentrations and found a strong correlation
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(Water), DCa (Fat) and DHAP (Fat)], with significant correlations found
between BMD values measured by dual-energy CT and QCT. To date, few
studies have investigated the use of dual-energy spectral CT.

Traditionally, the accurate measurement of BMD in CT requires the use
of unenhanced scans to avoid the impact of iodine contrast. However,
there are a lot of contrast-enhanced-only dual-energy spectral CT scans
in clinical applications, and the requirement for unenhanced scans would
mean additional radiation dose to patients for BMD measurement [16].
Our hypothesis was that when using an appropriate basis material pair in
dual-energy spectral CT, such as HAP and iodine pair, the impact of iodine
contrast on the measurement accuracy of HAP density could be greatly
reduced or removed in contrast-enhanced phases. Therefore, the purpose of
the present study was to investigate the stability of HAP measurement value
using HAP and iodine as the basis material pair in both the unenhanced and
contrast-enhanced phases and also evaluate the feasibility of using HAP
density to reflect the correlation between age and BMD, which may provide
a reference for clinical diagnosis under the condition of reducing radiation
dose and examination cost of patients.

Methods

Patient selection

This retrospective study was approved by our institutional review board,
and the requirement for informed consent was waived. Data from subjects
who underwent both the unenhanced and contrast-enhanced abdominal
dual-energy spectral CT examinations for diagnosing abdominal diseases
from December 2019 to July 2020 were collected (n=270). The exclusion
criteria included iodine contrast agent adverse reaction; spinal tumor; spinal
tumor-like lesions or infection; lumbar fracture; spinal surgery (implants,
hardware, or other foreign material); severe degenerative changes;
deformity; and other diseases that affect bone mineral density (such as
hematologic disorder, rheumatic diseases, endocrine diseases, long-term
use of hormones, etc.). Finally, 156 males and 91 females were enrolled
following the guidelines of standard diagnostic reports and images (ages
ranged from 16 to 97 years, mean age: 50 + 19 years). Patients were
divided into four groups according to their ages: group A (<30 years, n=40),
group B (30-49 years, n=90), group C (50-69 years, n=73) and group D (=
70 years, n=44).

Examination methods

All patients were scanned on a 256-slice CT scanner (Revolution CT, GE
Healthcare, USA) using the dual-energy spectral CT imaging mode. The
scans included both the unenhanced and contrast-enhanced (arterial,
venous and delayed) abdominal scans, and the scan range was from
the superior border of the diaphragm to the inferior border of the pubic
symphysis. The scanning parameters were as follows: fast tube voltage
switching between 80 and 140 kV, pitch 0.992, gantry rotation time 0.6 s,
SFOV 50 cm. The standardized iodine contrast agent injection scheme was
adopted (iodine intake was calculated based on the patient's body weight:
500 mgl/kg, injection rate=(contrast agent dosage+physiological saline
dosage) ml/25 s, and iohexol (350 mgl/ml) or ioversol (320 mgl/ml) was
applied. Contrast agent was injected via the median elbow vein using a
dual-tube power injector (Ulrich, German). The material decomposition
images using HAP and iodine as the basis material pair were reconstruction
at the slice thickness of 1.25mm.

Image analysis

The HAP and iodine-based images of four phases were transferred to
an AW 4.7 workstation (GE Healthcare, USA). The HAP (lodine) density
was measured on the HAP-based material decomposition images by
a radiologist with three years of experience in musculoskeletal imaging.
Region of interest (ROI) was placed in the middle layer of the third lumbar
vertebral body (L3) with a distance of more than 5mm from the vertebral
edge to avoid vertebral vein plexus and bone island [17] (Figure 1). Three
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consecutive slice levels were measured, and ROls were remained the same
at about 100 mm2. The average value of the three measurements was taken
and the unit of density of HAP (lodine) was expressed in 2 mg/cm?.

Figure 1. The HAP-based material decomposition images in dual-energy
spectral CT using HAP and iodine as the basis material pair. The examples
of ROIs were set on the third lumbar vertebral trabecular bone. (a), (b),
(c), (d) are corresponding images in four phases (unenhanced, arterial,
venous, and delayed phases). The iodine contrast was largely removed in
the enhanced images.

Statistical analysis

All statistical analyses were performed using SPSS 24.0 (SPSS Inc.
Chicago, IL). The HAP (lodine) value in the unenhanced phase was used
as the reference standard to evaluate the accuracy of HAP measurements.
The repeated measures analysis of variance with bonferroni correction was
used to compare the differences among the density measurements in four
phases; Pearson correlation analysis was performed between HAP (lodine)
value and age in different age groups; by using the linear regression
analysis, a fitting curve model and linear regression equation between
HAP (lodine) value and age could be established. Values were listed as
mean with standard deviation (SD), unless stated otherwise. P<0.05 was
considered to indicate statistical significance.

Results

No statistical difference was found in HAP (lodine) value among different
imaging phases [F (2.708, 666.275) =1.454, P>0.05]. The deviation of HAP
(lodine) value between enhanced phases and unenhanced scan was close
to 0 (Figure 2).
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Figure 2. Box-and-Whisker plot. The HAP (lodine) value in the four phases
with stable trend.
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The scatter plots of correlation between HAP (lodine) value and age in
different age groups were shown in Figures 3A-3D. In group A for patients
with ages <30 years, HAP (lodine) value was positively associated with
age (r=0.393, P<0.05), HAP= 1.110* age+689.54 2 mg/cm?. A negative
relationship between HAP (lodine) value and age was observed in group B
(30-49 years) (r=-0.298, P<0.05), HAP=-0.833" age+740.04 2 mg/cm®. The
value of HAP (lodine) was negatively correlated with age in group C (50-69
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years) (r=-0.361, P<0.05), HAP=-0.871" age+735.08 2 mg/cm?. In group D
(=70 years), the value of HAP (lodine) showed a negative relationship with
age (r=-0.361, P<0.05), HAP=-0.662* age+723.44 2 mg/cm?. In addition,
we found the value of HAP (lodine) was highly negatively related to age in
the age = 30 years group (r=-0.7751P<0.05), HAP= -0.939" age+742.66 2
mg/cm® (Figure 4).
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Figure 3. 3A: Scatter diagram between HAP (lodine) value and age in group A; 3B: Scatter diagram between HAP (lodine) value and age in group B; 3C:
Age-related scatter diagram of HAP (lodine) value in group C; 3D: Age-related scatter diagram of HAP (lodine) value in group D.
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Figure 4. Scatter diagram between HAP (lodine) value and age in the age = 30 years group.
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Discussion

The application of dual-energy spectral CT has broken the limitations
conventional CT imaging to provide quantitative material composition
analysis, which greatly expands the applications of CT technique in clinical
practice and provides a better research platform for radiologists [18]. The
material decomposition technique in dual-energy spectral CT is based on
the fact that any substance can be expressed by the combination of other
two basic materials in a corresponding proportion [19]. The measured value
of the basis material pair can reflect the relative composition of materials
in the tissue to make a relatively quantitative description of the relevant
indicators [20]. Dual-energy CT has been proposed as an alternative for 3D
volumetric assessment of bone mineral density [21]. Studies have shown
that the density of HAP can indirectly reflect the changes of bones with
age, thus provides a novel method for measuring BMD [22,23]. Dual-energy
spectral CT can exclude the influence of cortical bone, and the measured
value is more representative [24]. So far, HAP and water, HAP and fat are
the two most common basis material pairs applied in the research of dual-
energy CT imaging. In our study, we employed HAP and iodine to express
vertebral bone mineral density in both unenhanced and enhanced images.
In the contrast-enhanced CT scans, the contrast medium containing iodine
will flow into the bones, increasing x-ray attenuation which will introduce
phase-dependent attenuation value (CT number) measurement variation
in the conventional CT imaging. Our study would potentially expend the
database to survey population BMD using existing contrast-enhanced CT
images.

Lumbar spine is the most common and earliest site where osteopenia
occurs. Trabecular bone is more sensitive to bone mass reduction and
lumbar vertebral body is rich in homogeneous trabecular bone. Therefore,
lumbar vertebral trabecular bone is a common location for measuring bone
mineral density [25,26], and L3-L5 are the sites prone to degeneration
due to the anatomical and physical reasons. HAP is the main component
of trabecular bone and its content determines bone mineral density of
the vertebral body. In our works, the trabecular bone in the middle part
of the third lumbar vertebral body without obvious pathological changes
was selected as the measurement site of bone mineral density. ROIs were
placed on the homogeneous trabecular bone and the abnormal areas were
avoided as far as possible [17].

Our study also investigated the relationship between bone mineral density
and age using HAP density values. HAP (lodine) value was positively
correlated with age for patients 30 years and younger, while negatively
correlated with age for patients older than 30 years of age, indicating BMD
peaked around the age of 30. The correlation between HAP density and
age may be fitted to generate linear regression equation and to predict the
HAP (lodine) value threshold for diagnosing osteopenia and osteoporosis.
Together, our results showed that HAP density values in the unenhanced
and contrast-enhanced images had no statistically significant difference,
and the HAP value in any contrast-enhanced phase would be suitable for
representing BMD. The measurement of HAP (lodine) density in bones
based on dual-energy spectral CT material decomposition technique could
provide a new way for evaluating bone mineral density during the enhanced
phases. Material-specific measurements were an adequate alternative for
the detection of patients with low BMD in routine clinical practice without
additional osteodensitometry examination to save radiation dose and
medical cost.

Some limitations of this study should be discussed. Firstly, the composition
of trabecular bone is complex [marrow (mainly fat), water, collagen, and
bone minerals] [26], only using HAP and iodine as basis material pair may
decrease the accuracy. Thus, HAP and other components (fat, water, etc.)
should also be included as basis material pairs to provide extra diagnostic
evidence. Secondly, this was a preliminary study and patients had only
undergone dual-energy spectral CT examinations. The HAP (lodine)
value as a surrogate measurement maybe not perfect tool for diagnosing
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osteoporosis. Thirdly, there was no detailed screening and grouping
for the patient cohort, we did not separate male and female, BMD may
be affected because of differences in gender, thus affecting HAP (lodine)
value [27], which can be used as the follow-up research content. In the
future, other sensitive parts of bone alterations should also be introduced,
such as thoracic vertebrae and femoral neck [28], to collect more data and
establish a larger database of multiple basis material pairs for monitoring
bone mineral density.

Conclusion

Dual-energy spectral CT material decomposition technique has opened a
new field of application for measuring bone mineral density. HAP and iodine
as basis material pair in dual-energy spectral CT can reflect the changes
of vertebral BMD with age. The measured value is consistent in both the
unenhanced and contrast-enhanced phases. Dual-energy spectral CT may
provide greater flexibility regarding BMD assessment in clinical routine
and reduce radiation exposure by avoiding the unenhanced examination.
Meanwhile, HAP (lodine) values for patients of different ages can be
predicted according to the linear regression equation, which provides a
reference for the clinical evaluation of bone mineral density.
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