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ARTICLE INFO ABSTRACT

Keywords: Background: Currently dual-energy X-ray absorptiometry (DXA) and phantom-based quantitative computed to-
Bone mineral density mography (PB-QCT) have been utilized to diagnose osteoporosis widely in clinical practice. While traditional
DXA ) phantom-less QCT (PL-QCT) is limited by the precision of manual calibration using body tissues, such as fat and
Phaniomes OCT muscle.

Spine Objective: The aim of this study is to validate the accuracy and precision of one newly-developed automatic PL-

QCT system to measure spinal bone mineral density (BMD) and diagnose osteoporosis.

Methods: A total of 36 patients were enrolled for comparison of BMD measurement between DXA and QCT. CT
images of 63 patients were analyzed by both PB-QCT and newly developed automatic PL-QCT system, then the
BMD results generated by the automatic PL-QCT were utilized to diagnose osteoporosis. The diagnostic outcomes
were compared with that of DXA and PB-QCT to assess the performance of the new system.

Results: BMD test results showed that the automatic PL-QCT system had higher precision than previous studies
performed with QCT, while maintaining similar capability to diagnose osteoporosis as DXA and PB-QCT. Area
under curve (AUC) result of PL-QCT was larger than 0.8 for predicting spine DXA T-score in receiver operating
characteristic (ROC) analysis. Pearson correlation analysis (r = 0.99) showed strong linear correlation and Bland-
Altman analysis (bias = 3.0mg/cc) indicated little difference between the two methods. The precision result (CV
= 0.89%) represented good reproducibility of the new system.

Conclusion: The traditional PL-QCT system has relatively low reproducibility due to the manual selection of the
region of interest (ROI) of body tissues. Automatic selection of ROI in this new system makes the BMD testing
more convenient and improves precision significantly. Compared with traditional BMD measurement methods,
the automatic PL-QCT system had higher precision in accurate diagnosis of osteoporosis with great potential in
translational research and wide clinical application.

Translational potential statement: With high accuracy and precision, the automatic PL-QCT system could serve as an
opportunistic screening tool for osteoporosis patients in the future. It could also facilitate related researches by
providing more reliable data collection, both retrospectively and longitudinally.
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1. Introduction

Osteoporosis is one of the most troublesome diseases that threaten
millions of the elderly in the world. It is estimated that this disease has
become a major health problem for more than 200 million people all
around the world [1]. Osteoporotic fracture in spine is the most common
complication of osteoporosis [2]. Moreover, hip fracture causes the
highest mortality and morbidity for patients due to the prolonged
immobilization [3,4]. In China, it is estimated that the medical cost of
osteoporosis-related fractures will be around 19 billion US dollars in
2035 [5]. This disease will similarly cause huge economic burden in
many other countries all around the world. Osteoporotic fracture can be
prevented by opportunistic screening of osteoporosis for the elderly fol-
lowed by a variety of treatments, including medication and bracing.
However, the screening rate of osteoporosis is relatively low in China.
Dual X-ray Absorptiometry (DXA), quantitative computed tomography
(QCT) and quantitative ultrasound system (QUS) [6,7] are three main
types of technologies applied in the bone mineral density (BMD) mea-
surement currently. DXA has been widely used to measure BMD and
diagnose osteoporosis in many countries [8,9]. Nowadays, DXA is the
golden standard for BMD measurement for clinicians [10]. World Health
Organization recommends the T-score of DXA testing results as the
standard to diagnose osteoporosis [11]. However, DXA examines the
areal BMD rather than the volumetric BMD, resulting in its inaccuracy in
testing the local bone quality and predicting the risk of osteoporotic
fracture [12,13].

QCT was originally invented by Ben Arnold in 1980s [14]. This
technology can separate cortical and trabecular bone, facilitating the
analysis of localized BMD. Besides, it also provides accurate volumetric
BMD results measured in units of mg/cm? rather than g/cm?. Osteophyte
or aortic calcification will not influence the QCT testing results [15].
Conventionally, a phantom was placed below the patient body for stan-
dardizing purpose. However, it has a great impact on X-ray penetration
due to beam hardening and scatter effect [16,17]. Wang L et al. have
carried out one clinical study to validate the accuracy and reproducibility
of the asynchronous phantom-based QCT(PB-QCT) method [18], which
led to the professional consensus, that the diagnosis standard for osteo-
porosis using QCT is absolute BMD value less than 80 mg/cm3 [19,20].
Asynchronous QCT bone health assessment extends the utilization of CT
images for BMD measurement. It eliminates the variability of synchro-
nous calibration method and improves the precision of BMD measure-
ment in short-term [21,22]. The major disadvantage of asynchronous
QCT is that scanner instability that occurs between phantom calibrations
cannot be detected nor corrected [23].

Phantom-less QCT (PL-QCT) can be utilized to avoid this problem due
to its calibration method using body tissue (such as fat and muscle) rather
than one external solid phantom [24,25]. In addition, due to the
advantage of using no phantom in the examination procedure, retro-
spective studies involving BMD measurement are practicable using pre-
vious CT images that were not initially scanned for BMD testing. This will
greatly increase the number of testing results included in related studies
and make the statistical analysis more convincing. Another useful
application is that low-dose CTs scanned for lung-cancer screening can
also be utilized for BMD measurement [26]. However, one of the dis-
advantages of PL-QCT is the relatively lower precision compared with
PB-QCT. It was reported that the precision of PB-QCT BMD measurement
was 1.1-2.9 times better than PL-QCT system [17,27]. This is one of the
major reasons why the clinical application of PL-QCT is limited
nowadays.

Automatic selection of suitable fat and muscle region of interest (ROI)
enhances the reproducibility of BMD measurement results of PL-QCT.
The application of automatic selection of ROI, along with the user-
friendly operation procedures in the QCT system, would facilitate effi-
cient clinical practice of diagnosing osteoporosis. This study is aimed to
validate the accuracy and precision of one newly-developed automatic
PL-QCT system for BMD measurement and osteoporosis screening. BMD
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measurement of the lumbar spine was used to investigate the difference
in the detection rate of osteoporosis for the same group of patients.
Possible reasons were discussed to explain the difference between these
BMD measurement methods. The main objectives of this study include: 1.
to validate the accuracy and the precision of the newly-developed
automatic PL-QCT system; 2. to compare the diagnostic efficacy of
automatic PL-QCT system with DXA and PB-QCT system based on BMD
measurement results.

2. Material and methods
2.1. Newly developed automatic PL-QCT technique

One novel PL-QCT system was recently developed and expected to be
applied in precise volumetric BMD measurement. This new system uti-
lizes the subcutaneous fat and paraspinal muscle as the internal cali-
bration references and the automatic selection of ROI technology was
firstly applied to calibrate the BMD measurement results. Automatic se-
lection of fat and muscle ROI is the key step that improves the precision
of BMD results, which solves one major problem of the traditional PL-
QCT. To accurately select body tissues ROI from CT scans, several steps
were performed to achieve this goal.

Firstly, the Hounsfield unit (HU) scale is utilized to achieve coarse
segmentation of different body tissues in CT scans, which provides crit-
ical contextual cues for ROI localization. A tissue-specific HU thresh-
olding is carried out on a selected axial plane of a CT scan to separate one
type of body tissue from the others in the form of a binary mask M:

M = (CT > HUmin)&(CT < HUmax)

The determination of the HU range was based on clinical practices
and experts' observations of spinal CT scans: fat (HUmin = — 150,
HUmax = — 50) and muscle (HUmin = 20, HUmax = 80) (Fig. 1 a).
Secondly, the two-dimensional convolution operation to efficiently
perform filtering. Specifically, ROI is expressed in the form of a binary

kernel (convolution matrix):
1if

X, lies in the ROI
Key)={gr )

erwise.

where x and y are 2D coordinates and the kernel is of length (X, Y).

A kernel pyramid is constructed to increase spatial robustness to-
wards region boundaries. Specifically, a three-level kernel pyramid is
introduced, which consists of kernels spatially scaled by 0.5, 1.0. 1.5
respectively. The resulting convolution map at location (x, y) is therefore
given as the sum of three convolution operations:

Clx,y) =) (M*Ka)(x,y)

a

where “*” is the convolution operation. The convolution map C measures
the degree of spatial continuity at any given location since the higher C
(x, y) is, the smaller non-tissue area the ROI centered at this location
contains (Fig. 1 b and c).

Thirdly, a distance-based factor was further proposed to scale the
convolution value by at each different location. Priority is given to lo-
cations that are spatially closer to the vertebrae location provided by the
user. The scaled convolution map at location (x, y) is given by:

—~ (v—x)2 +(v—y)?

Clx,y)=Clx,y) x e 27
Where is a scale constant that controls the fall-off of the distance-based
factor. Finally, the optimal ROI location (x*, y*) computed by the pro-

posed automatic method is given by:

(x",y") = argmax., C(x,y)
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Figure 1. Example of a CT scan processed by the new PL-QCT system. a. Green region represents fat, red region represents muscle and blue region represents others. b.

Convolution map of fat. c¢. Convolution map of muscle.

3. Patient population
3.1. Patients collected for comparison between DXA and QCT

A total of 36 patients with both DXA and CT scanning were retro-
spectively collected from the patient database in Sun Yat-sen Memorial
hospital. The time periods between DXA and CT scanning for included
patients are all less than one month, which ensures that the BMD value of
the same patient does not change significantly between the DXA and CT
diagnosis time point. The CT images of them were utilized to perform the
asynchronous PB-QCT and PL-QCT analysis.

3.2. Patients collected for comparison between PB-QCT and automatic PL-
QCT

A total of 63 patients were enrolled in this study and the age of these
patients range from 20 to 90. 25.4% of the patients are men and 74.6%
are women. The basic information of patients including gender, age,
weight and height were collected by clinicians in Sun Yat-Sen Hospital.
The basic information of the patients is exhibited in the Table 1. Patients
who were treated with internal fixation, had implants in the spine or had
previous vertebral fractures were excluded from this study. Vertebrae
with inhomogeneous BMD distribution were not included as well.

This retrospective study was approved by the Ethics Committee in
Sun Yat-Sen Hospital.

4. DXA acquisition
The BMD results of the lumbar spine (L1-L4) was obtained by a DXA

scan (Lunar Prodigy, GE Lunar, Madison, WI, USA) for potential osteo-
porotic patients. All the DXA scans were performed on the same DXA
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Table 1
Basic information of patients with CT scanning.

Basic Information Male (n = 16) Female (n = Total Subjects
47) (n=63)
Age(years) 51.75 + 18.22 64.15 +£9.04  61.00 + 13.01
Height(m) 1.70 +0.06 1.55 +0.06 1.59 +0.09
Weight(kg) 72.56+ 12.83 60.46+ 8.43 63.63 £11.00
BMI(kg/m?) 2472 +4 .33 24.58 +£3.00 24.62 +3.34
Osteoporosis(PB-QCT) 2/16 24/47 26/63
Osteoporosis(PL-QCT) 3/16 22/47 25/63

system. For ROI selection, the anteroposterior images of L1-L4 vertebra
were used for spine BMD measurement. All evaluable vertebrae (2 at
least) were included except for those affected by local structural change.
The BMD of each subject was expressed as a T-score (expressed as g/cm?>
and standard deviation scores), which shows the amount of bone present
compared to a young adult of the same gender with peak bone mass.

5. PB-QCT analysis

CT scans for this study were acquired on a third-generation dual-
source DECT scanner (SOMATOM Force, Siemens Healthcare, Erlangen,
Germany). All the QCT scans utilized in this study were performed on the
same CT system. The scanning parameters of CT are set at the values of
120 KVp, 150mAs/slice, 3-mm slice thickness and 512 x 512 matrix. The
standard reconstruction kernel is soft tissue kernel. The CT images
analyzed by asynchronous PB-QCT were collected. The SFOV is about
500 mm and table height is around 150 cm (see Supplementary Material
1). Two or three vertebrae were analyzed for each patient, and L1-L3
were chosen as priority. If vertebral fracture exists in these vertebrae,
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Figure 2. ROI selection of L1 vertebra, fat and muscle in the cross section of CT image. a. cross section of the vertebral ROL b. coronal plane. c. sagittal plane of the

vertebral ROL

other vertebra from T12-L5 can be alternative options. ROI for each
vertebra was selected as elliptical shape with limited range of adjustment
in the PB-QCT analysis (Fig. 2). The BMD reports were collected, which
include patients' basic information and BMD measurement results. In
contrast to conventional QCT method, the asynchronous QCT method
does not require the phantom to be simultaneously scanned with patients
[21]. However, it needs to be calibrated by quality assurance phantom
periodically, once a month in general. The asynchronous PB-QCT anal-
ysis were performed on the Mindways QCT (USA) system. The phantom
used in this study is the Model 4 CT standard phantom of Mindways.

6. Automatic PL-QCT analysis

Vertebrae with fracture were diagnosed and excluded from this study.
The fractured vertebrae were identified according to the Genant Semi-
quantitative Classification Method [28]. Fractured vertebrae of Grade 1
or higher level will not be analyzed due to the inaccurate results of BMD.
PB-QCT analysis of all patients was performed on the Mindways software
by the same operator. PL-QCT analysis was performed by two operators
respectively. The spine BMD were analyzed by both PL-QCT and PB-QCT
and comparative analysis was conducted. The PL-QCT system utilized in
this study selects ROI automatically, which eliminates the influence of
manual operation and thus enhances the BMD testing consistency. The
trabecular BMD is calibrated by the CT value of paraspinal muscle and
subcutaneous fat ROI in PL-QCT.

27

7. Statistical analysis
7.1. Comparison between DXA and QCT

BMD results of DXA for 36 patients have also been collected to
conduct a comparative analysis with QCT results. The diagnostic efficacy
of different types of tools including DXA, PB-QCT and automatic PL-QCT
were compared. Percentages of normal/osteopenia/osteoporosis patients
are respectively calculated according to BMD results tested by different
devices. Osteoporosis detection rate is one of the key indicators that
measure BMD testing performance of different devices. Since DXA was
widely applied in the clinical practice as the golden standard for the
diagnosis of osteoporosis, diagnosis made by DXA spine BMD results was
utilized as the reference in the ROC analysis of comparison between DXA
and QCT.

7.2. Comparison between PB-QCT and automatic PL-QCT

7.2.1. Accuracy and precision analysis

The degree of agreement level between PL-QCT and PB-QCT is
determined by linear regression. The accuracy result is assessed by sys-
tematic bias value between BMD results of the two QCT methods. The
confidence interval of 95% has been applied in analysis. Intraobserver
variability were analyzed by the results of Root Mean Square of Standard
Deviation (RMSSD) and accuracy is assessed by Bland-Altman analysis
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[18]. Intraobserver analysis means that one operator analyzed the same
group of CT images at two different time points.

/> sD?
RrmssD— /=500
n

Coefficient of variation (CV) is another important statistical index to
measure the reproducibility of BMD results. CV is calculated as the
following equation:

RMSSD

= x100
mean BMD value x %

Since the T-score is not applicable to spine QCT analysis, the absolute
BMD value is utilized to perform accuracy and precision analysis. The
statistical significance level was defined as p<0.05. All the statistical
analysis was done by the MedCalc Statistical Software version 19.0.4
(MedCalc Software bv, Ostend, Belgium)

8. Results
8.1. Comparison between DXA and QCT systems

From the ROC analysis, based on the spine DXA diagnosis standard,
the AUC of PB-QCT and automatic PL-QCT were relatively 0.89 and 0.87
(Fig. 3 a and Supplementary Material 2). PB-QCT and automatic PL-QCT
had similar osteoporosis detection capability according to the ROC
analysis results. Of automatic PL-QCT, the Youden Index J is 0.6213. The
sensitivity and specificity were 70.00% and 92.31% respectively (Sup-
plementary Material 3).

The percentages of normal, osteopenia and osteoporosis patients were
exhibited in the Table 2. Different diagnosis rate of osteoporosis was
found between DXA and QCT systems.

8.2. Comparison between PB-QCT and automatic PL-QCT system

8.2.1. Accuracy and precision

Summary for spinal BMD measurement results was shown in Table 3.
The linear relationship between PL-QCT and PB-QCT was BMDpy ¢t =
0.94BMDpp.gct + 2.845 mg/cm3. The Pearson r value of the linear
regression equaled to 0.99, which showed one convincing linear rela-
tionship between them (Fig. 3 b). This regression demonstrated the
similar BMD measurement capability of the two QCT methods.

The accuracy analysis was conducted to compare the BMD results
tested by PB-QCT and automatic PL-QCT. According to the results of
Bland-Altman analysis, the bias between two methods was 3.0 mg/cm®
and showed no significant difference between the two methods. The
limits of agreement ranged from —10.0 mg/cm® to 15.9 mg/cm? (Fig. 3

c).

8.2.2. Intraclass correlation (ICC) analysis

The ICC analysis result showed that the single measure and average
measures results were both close to 0.99, which indicated good corre-
lation between the two diagnosis methods (Table 4).

Precision is another important parameter to examine the consistency
of one testing method. As shown in Table 5, intraobserver variability was
measured in this study. Intraobserver variability results in this study had
shown that the automatic PL-QCT system could reach the coefficient of
variation (CV) at about 0.89%, which was less than the PB-QCT system
(CV >1%) reported by previous studies. Compared to other traditional
PL-QCT, the precision of this automatic PL-QCT also has a better
outcome. This ensured the diagnostic precision of this automatic PL-QCT
system in future clinical application.

9. Discussion

In this study, one newly developed automatic PL-QCT system has
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Figure 3. Diagrams demonstrating comparison between DXA, PB-QCT and
automatic PL-QCT. a ROC curves for predicting spine DXA T-score for osteo-
porosis with automatic PL-QCT and PB-QCT. b. Linear regression relationship
between PB-QCT and automatic PL-QCT methods. c. Bland-Altman analysis for
automatic PL-QCT and PB-QCT BMD measurement results.
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Table 2
The portion of patients (%) identified as normal/osteopenia/osteoporosis using
different types of diagnosis tools including DXA (spine), PB-QCT and automatic
PL-QCT.

Methods Normal Osteopenia Osteoporosis
DXA(spine) 30.56%(11/36) 41.67%(15/36) 27.78%(10/36)
PB-QCT 5.56%(2/36) 38.89%(14/36) 55.56%(20/36)

Automatic PL-QCT 2.78%(1/36) 41.67%(15/36) 55.56%(20/36)

For DXA, the T-score of spine were utilized to classify the different conditions of
BMD.

eNormal: T-score > —1.0

eOsteopenia: —2.5 < T-score <-1.0

eOsteoporosis: T-score < -2.5

For PB-QCT and PL-QCT, the absolute BMD value was utilized to classify the
different conditions of BMD.

eNormal: BMD >120 mg/cm?®

«Osteopenia: 80mg/cm?®

< BMD < 120mg/cm3

eOsteoporosis: BMD < SOmg/cm3

Table 3
Summary for spinal BMD measurement results by PB-QCT and automatic PL-
QCT.

Variables Spine VBMD (mg/cm®)
Number 63

Mean + SD (phantom-based) 90/07 +48.48

Mean + SD (phantom-less) 94.11 +45.97
Difference 2.95 £ 6.95

95% confidence interval [1.30, 4.61]

t statistic 3.56

P 0.6007

Table 4
ICC analysis results of PB-QCT and automatic PL-QCT BMD measurements.

Measures Intraclass Correlation 95% Confidence Interval
Single measures 0.9903 0.9840 to 0.9941
Average measures 0.9951 0.9919 to 0.9970

Table 5
BMD measurement precision of PB-QCT and automatic PL-QCT.

Results and Phantom-less QCT Results Phantom-based

References QCT Results
Automatic PL-  Philips Other Study  Previous Study
QCT [27] [29,30] [21,31,32]
Precision in SD 0.87 3.1 - 4.34
[mg/cm®]
Precision as CV 0.89 4.0 1-2 1.4-3.6

[%]

been validated to examine BMD and diagnose osteoporosis based on the
retrospectively collected CT data. This automatic PL-QCT system utilizes
coarse segmentation, tissue-specific thresholding and the two-
dimensional convolution operation to efficiently perform filtering and
selecting the optimal ROI location computed by the proposed automatic
method. A series of algorithms make the automatic selection of fat and
muscle ROI more accurate and thus improve the precision of PL-QCT
BMD measurement.

Compared with DXA BMD results, this automatic PL-QCT system di-
agnoses osteoporosis according to different standards. From the ROC
analysis results, automatic PL-QCT performs AUC of 0.87 when spine
DXA BMD results was utilized as the osteoporosis diagnosis standard.
Compared with DXA, the proportion of patients diagnosed with osteo-
porosis was relatively higher for PB-QCT and automatic PL-QCT, this
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might be due to the false negative cases caused by the osteophyte and
vascular calcification in DXA measurements. Previous studies have also
reported similar results regarding to the comparison between DXA and
QCT [33,34]. Due to the false negative rate of DXA diagnostic results,
some patients with osteoporosis may not receive timely treatment, which
increases the risk of osteoporotic fractures. However, DXA is still the
most widely used clinical tool for osteoporosis screening. This is related
to the low cost of the instrument and patients' exposure to lower doses of
X-ray radiation [35]. Further research including patients' follow-up needs
to be conducted for the comparison between QCT and DXA.

QCT has also used in diagnosing osteoporosis clinically and this
technology avoids miscalculation caused by osteophytes or vascular
calcification. However, its diagnostic standard in clinical practice is not
universal currently. This study had verified the accuracy and precision of
automatic PL-QCT, which are two key indicators of validation applied in
most clinical diagnosis studies. Through the analysis of linear regression
and Bland-Altman analysis, this new system had similar accuracy with
PB-QCT. In linear regression analysis, the r value was as high as 0.99,
which indicated a strong correlation between two methods. PL-QCT and
PB-QCT utilize different calibration methods, which are body composi-
tions and external phantom respectively. From the abovementioned re-
sults, no significant difference was observed between the two types of
methods. The systematic bias is close to 3.0mg/ cm®, which indicates
little difference between the mean BMD value tested by two methods.
This difference lies in the range of (—10 mg/cm?, +10 mg/cm?®), which is
acceptable in similar research [27]. The accuracy of this automatic
PL-QCT has been demonstrated through the Bland-Altman analysis,
t-test, linear correlation and ICC analysis.

The size and position of fat and muscle ROI are important factors that
influence the BMD calibration results for PL-QCT. Different amount of fat
or muscle selected during each separate test may lead to the inconsis-
tency of BMD results, thus traditional PL-QCT system can yield incon-
sistent results. This new system utilized automatic selection of fat and
muscle ROI, which eliminated variation caused by the manual operation
in this procedure. Moreover, the designed algorithm automatically rec-
ognizes the central position for the vertebra and selects the middle layer
of the vertebral body for analysis. This ensured the consistency of BMD
measurement and thus improved the precision since the same ROI was
analyzed every single time. Previous studies also reported that comparing
PB-QCT with PL-QCT, the instability of muscle and fat ROI selection was
one major factor that influenced the BMD measurement stability.
Therefore, BMD measurement using QCT is influenced by the in-
homogeneity of body fat distribution [36]. The automatic PL-QCT system
utilized in this study selects suitable fat and muscle ROI with normally
distributed CT values automatically and can reduce the measurement
error caused by manual operations.

As a diagnostic tool, PL-QCT screening for skeletal disorder can pro-
vide an appropriate, or even more precise, detection of osteoporosis. In a
standard clinical setting, individuals at risk of osteoporosis would often
receive a CT scan instead of DXA due to other conditions, in spite of DXA
being the defining test. With this system, opportunistic screening using
CT scans originally acquired for clinical reasons unrelated to musculo-
skeletal assessment is feasible for identifying potential osteoporosis pa-
tients over 50 years old, which is a viable alternative to traditional
screening by DXA. Results in this study represented how PL-QCT would
be clinically integrated. The goal of PL-QCT screening is complementing
DXA as a diagnostic tool rather than replacing it, providing another
method to identify individuals at risk of osteoporosis, as CT tests cover
patients who may never have a DXA scan. Due to the disparity of DXA
screening, application of PL-QCT to screen for people at high risk for
osteoporotic fracture could serve as a means to provide prompt and
appropriate clinical care.

10. Conclusion

PL-QCT is a powerful tool for osteoporosis screening in clinical
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practice. This study has demonstrated the accuracy and precision of one
newly-developed automatic PL-QCT system. Compared with PB-QCT and
traditional PL-QCT system, this automatic PL-QCT system with high
precision has great potential in the assessment of BMD in the future. More
BMD relevant clinical research can be conducted using this automatic PL-
QCT technology. This will improve the prediction accuracy of osteopo-
rosis and benefit the patients through early diagnosis.
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