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Abstract 
Background: When applied to trabecular bone X-ray images, a method for 
analyzing trabecular bone texture based on the initial slope of variogram 
(ISV) was used to assess the trabecular bone health. Methodology: Data from 
more than two hundred subjects were retrospectively studied. For each sub-
ject, a DXA (GE Lunar Prodigy) scan of the forearm was performed, and 
bone mineral density (BMD) value was measured at the location of ul-
tra-distal radius, X-ray digital image of the same forearm was taken on the 
same day, and ISV value over the same location of ultra-distal radius was 
calculated. Pearson’s correlation coefficients were calculated to examine the 
correlation between BMD and ISV of the trabecular bones located at the same 
ultra-distal radius. ISV values changed with subjects’ age were also reported. 
Results: The results show that ISV value was highly correlated with the 
DXA-measured BMD of the same trabecular bone located at the ultra-distal 
radius. The correlation coefficient between ISV and BMD with the 95% con-
fident was 0.79 ± 0.09. They also demonstrated that the age-related changes 
in trabecular bone health and differentiated age patterns in males and fe-
males, respectively. The results showed that the decrease in BMD was ac-
companied by a decrease in the initial slope of variogram (ISV). Conclu-
sions: This study suggests that ISV might be used to quantitatively evaluate 
trabecular health for osteoporosis and bone disease diagnosis. 
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1. Introduction 

Osteoporosis is a bone disease characterized by low bone mineral density (BMD) 
and micro-architectural deterioration of bone tissue [1]. The BMD measurement 
by using dual energy X-ray absorptiometry (DXA) is defined by the World 
Health Organization (WHO) Working Group as the gold standard and is clini-
cally used to diagnose osteoporosis. BMD is clearly one of the major determi-
nants of bone strength and fracture risk [2] [3] [4], but the assessment of frac-
ture risk by BMD sometime may still lack enough sensitivity [5]. It is clear that 
other factors in addition to BMD may account for bone strength and fracture 
risk. They could include bone micro-architecture, bone geometry, and other ex-
tra-skeletal factors [5]. The trabecular structure with specific reference to bone 
micro-architecture, known to affect bone fragility, may not be completely ac-
counted for by standard DXA measurements, but alternative approaches, such as 
Trabecular Bone Score (TBS), have been proposed in order to overcome this li-
mitation [6] [7]. TBS is defined as the initial slope of the variogram of lumbar 
spine DXA image, and is a novel texture parameter that evaluates pixel gray-level 
local variations in a DXA lumbar spine or human femur image and may directly 
related to bone micro-architecture and fragility fracture risk [6], and might im-
prove the prediction accuracy for major osteoporotic fractures in elderly people 
[7]. Conceptually, a dense trabecular network, associated with strong mechanical 
bone strength, produces a projection image with many fine gray-level texture 
variations of small amplitude and therefore a steep slope of variogram. In con-
trast, a loose trabecular network, associated with weak mechanical bone strength, 
produces a projection image with fewer fine gray-level texture variations of large 
amplitude and therefore a shallow slop of variogram. 

Variogram along the direction of perpendicular to radius, ( )xγ ∆ , which is 
widely used in geostatistical applications, is defined as the expected squared dif-
ference between any paired data values ( ),I x y  and ( ),I x x y+ ∆  on a trabe-
cular bone image  

( ) ( ) ( ){ }2
, ,x E I x x y I x yγ ∆ = + ∆ −                      (1) 

and its’ initial slope of variogram (ISV) is given by  

( )
( ) ( ){ }2

, ,E I x x y I x y
x

x
γ

+ ∆ −  
′ ∆ =

∆
                  (2) 

where ( ),I x y  is the signal at the location of ( ),x y  within a trabecular bone 
area and is a random function associated with the trabecular bone network 
structure varied continuously in space, both ( ),x y  and ( ),x x y+ ∆  are the 
spatial coordinates of locations within trabecular bone, x∆  is a lag between 
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these two separate locations ( ),x y  and ( ),x x y+ ∆ . { }E X  is a spatial expec-
tation. This directional variogram only depends on the spatial separation lag 

x∆ , since this gives an intuitive interpretation for the variations of the data in a 
second-order stationary process. 

2. Materials and Methods 
2.1. Study Subjects 

In order to assess whether the initial slope of variogram (ISV) of digital X-ray 
images over trabecular bone area located at ultra-distal radius could discriminate 
subject’s bone health, which was defined by BMD values, both radiographic and 
BMD data from a group of 98 male and 130 female adults, who were recruited 
and participated in the project of BMD measurements and osteoporosis assess-
ments with radiographer at two hospitals in China, were studied retrospectively. 
The participants were originally screened by detailed questionnaire, disease his-
tory, and physical examination. Their ages ranged from 23 to 87 years old, with 
an average age of 62 years. Participants were excluded if they had a history of 
forearm trauma and cancer.  

A typical digital X-ray image of the ultra-distal radius, as shown in Figure 1, 
was obtained by using a commercial available digital radiographic system. These 
digital X-ray images could qualitatively show the image texture difference be-
tween normal and abnormal bones due to deteriorate microarchitecture of bone. 
The acquisition parameters for these digital X-ray images were set as 55 kVp and 
10 mAs (100 mA and 100 msec) with a specific SID (source-to-image distance) 
of 100 cm, and a X-ray focal spot of 0.6 mm. No any added X-ray filtration was 
used. The digital image detector has 3 k × 3 k pixels matrix with a pixel size of 
0.139 mm, and the image signal has a gray level depth of 12 bits. In order to re-
duce Heel effect of X-ray imaging, the region of interest (ROI) was put in the 
center of X-ray beam (around the original point of X-ray image). 

 

 
Figure 1. Representative image depicting the ultra-distal radius of subjects obtained using 
a digital X-ray imaging system.  
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2.2. Calculation of the Initial Slope of the Variogram 

In our study, the logarithm of digital image signal, ( )ln ,I x y   , was used, since 
the physical dimension of bone in X-ray projection direction, ( ),Z x y , verses 
the image signal, ( ),I x y , has the following logarithm relationship:  

( ) ( )
0, ln
,

IZ x y
I x y

µ
 

=  
 

, where µ  is the effective attenuation coefficient of  

trabecular bone, both 0I  and ( ),I x y  are the image signals before and after 
X-ray went through a specific bone material with the thickness of ( ),Z x y . The 
initial slope of variogram (ISV) of digital X-ray image signal, ( )ln ,I x y   , from 
the region of interest (ROI) of ultra-distal radius area was computed as the mean 
of variance values at different locations that have the same value of lag x∆ :  

( ) ( ) ( ){ }2

1 1

1 ln , ln ,
2 i j i j

M
i j

Nx I x y I x x y
M x

γ
= =

   ′ ∆ = − + ∆   ∆ ∑ ∑        (3) 

where M N×  is the total number of data pairs ( )ln ,i jI x y    and  
( )ln ,i jI x x y + ∆   within the region of interest (ROI). ROI starts at the bifurca-

tion of the radius and ulna, and the coverage range is 1/12 length of radius as 
shown in Figure 2(a), and is similar to the ROI of ultra-distal radius defined for 
GE Prodigy, and has an enclosed area within ultra-distal radius [8], as shown in 
Figure 2(b). x∆  is a lag distance between two separate locations ( ),i jx y  and 
( ),i jx x y+ ∆ , and is set as two pixels size, 0.28 mm, in our computation. 

2.3. BMD Measurements with DXA 

The measurement of BMD at ultra-distal radius was performed for all partici-
pants using a GE Lunar Prodigy DXA scanner (GE Healthcare, Madison, WI) 
running enCORE software version 13.31, which is designed to make DXA even 
more powerful. During the study, the DXA scanner was calibrated with a GE  
 

 
Figure 2. ROI used for our analysis starts from the reference point of the bifurcation of the radius and 
ulna, and the coverage range is 1/12 length of radius as shown in (a), and is similar to the ROI of ul-
tra-distal radius area defined for GE Prodigy as shown in (b) [8]. 
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Lunar aluminum spine phantom to avoid any affect from significant drift and/or 
shift on our study. For BMD measurements, each subject was asked to sit beside 
the scanning table in a chair without any arms or wheels. The subject was asked 
to keep the forearm immobile during scanning and the forearm was scanned 
parallel to the long axis of the table. The scanning range was from the center of 
wrist to the proximal forearm according to the operation manual provided by 
the manufacturer. 

2.4. Statistical Analysis 

ISV as the functions of BMD, ages, and BMI for both men and women were 
analyzed. Pearson correlation coefficients for ISV and BMD of trabecular bone 
located at ultra-distal radius were calculated [9]. Person correlation coefficient is 
given by 

( )( )
( ) ( )

1

1 1

1

2 2

1 1

N
i i

N N
i i

X Y
R

X

X Y

YX Y

=

= =

− −
=

− −

∑
∑ ∑

                  (4) 

where R is the Pearson correlation coefficient, iX  is the ISV value shown in 
Equation (3), and iY  is the BMD value for the for the patient i. X  is the mean 
of iX , Y  is the mean of iY , and 1N  is the total of patients. Then, both linear 
regressions and their R-squared values are also calculated. Here R-squared val-
ues show how well the data fit the regression model. 

3. Results 
Participant Characteristics 

Among 228 subjects, 43% were men (98/228) with an average age 57.7 ± 19.5 
years, and 57% were women (130/228) with an average age 65.3 ± 13.3 years. 
The BMD of ultra-distal radius was 0.522 ± 0.088 g/cm2 for men, and 0.350 ± 
0.103 g/cm2 for women. The average ISV of ultra-distal radius was 0.481 ± 0.092 
cm−1 for men, and 0.322 ± 0.075 cm−1 for women. The Pearson correlation coef-
ficient between BMD and ISV for the trabecular bone located at ultra-distal ra-
dius with 95% confident is 0.79 ± 0.08, and R squared value is 0.56, as shown in 
Figure 3. ISV as the function of subject’s age was shown in Figure 4. These re-
sults show that ISV was slightly negatively correlated with subject’s age. R squared 
values between ISV and subject’s age were 0.0478 for men and 0.300 for women. 

4. Discussion 

Osteoporosis is defined as a systemic skeletal disease characterized by low bone 
mass density and micro-architectural degradation of bone tissue, with an in-
crease in bone fragility to fracture. Current study shows that a decrease in BMD 
could often be accompanied by bone micro-architectural deterioration. Po-
thuaud et al. introduced a parameter called trabecular bone score (TBS) which is 
a texture index that evaluates pixel gray-level variations of 2D projection images 
of the trabecular bone from human lumbar spines acquired by DXA scanners  
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Figure 3. The correlation coefficients between BMD and ISV of trabecular bone located 
at ultra-distal radius, and linear regression line with R-squared value = 0.5597, is given here. 
 

 
(a) 

 
(b) 

Figure 4. The results of ISV of trabecular bone located at ultra-distal radius as a function 
of subjects’ age for men (a) and women (b). ISV is less sensitive to subject’s age for men 
compared with women. 
 
[5], providing an indirect index of trabecular architecture. TBS is defined as the 
initial slope of the log-log transform of variogram [10], which describes the rate 

y = 0.9018x
R² = 0.55970.000

0.200

0.400

0.600

0.800

0.100 0.300 0.500 0.700 

x1
0-

1
IS

V 
(1

/c
m

)
BMD (g/cm2)

y = -0.001x + 0.5409
R² = 0.0478

0.000

0.200

0.400

0.600

0.800

10 30 50 70 90x1
0-

1
IS

V 
(1

/c
m

)

Age (Years)

y = -0.0031x + 0.525
R² = 0.30010.000

0.200

0.400

0.600

10 30 50 70 90

x1
0-

1
IS

V 
(1

/c
m

)

Age (Years)

https://doi.org/10.4236/ojrad.2022.123009


J. F. Chen, Q. F. Ying 
 

 

DOI: 10.4236/ojrad.2022.123009 84 Open Journal of Radiology 
 

of changes of variance with respect to a lag distance. Significant correlations 
were observed between TBS and microarchitecture parameters (e.g. bone vo-
lume fraction and trabecular number) of trabecular bone from human femurs 
and lumbar spines [5]. A dense trabecular structure produces a 2D image with a 
large number of pixel value variations of small amplitude, and consequently a 
steep slope at the origin of the variogram and a high TBS value. Conversely, a 2D 
projection of deteriorated bone architecture produces an image with a low 
number of pixel value variations of high amplitude, and therefore a mild slope at 
the origin of the variogram and a low TBS. It was found that TBS correlated po-
sitively with the BMD and decreased with age [11]. Our results were in agree-
ment with the results of these previous studies. 

The results of current studies show that ISV might potentially be quantita-
tively used to assess age-related and/or pathological changes in the microstruc-
tures of ultra-distal radius, which could effect on bone fragility. If the ISV pro-
posed in this study was applied, a quantitative measurement could be made di-
rectly on the plain projection X-ray image obtained from routine clinical prac-
tice. In additional to quantify the microstructures of ultra-distal radius as shown 
in current study, the ISV may also be used to quantitatively assess the micro-
structures of other trabecular bones. The overall purpose of such investigations 
will be to see whether radiographically determined trabecular micro-architecture 
bone can improve a clinician’s capability to estimate patients’ risk of osteopo-
rotic fracture, over that obtainable by using bone mass measurements alone. 

5. Limitations 

There are several limitations for this study. First, the isotropic randomness of 
trabecular bone microstructure was assumed in current study, the bone mi-
cro-structures at ultra-distal radius might not be ideally isotropic, and the irre-
gular shape of the trabecular bone located at ultra-distal radius could create a 
non-uniform bone image due to the variety of bone thickness along the projec-
tion direction in clinical setting. Second, all measures reported for BMD in this 
study were obtained from a GE Lunar Prodigy DXA scanner and therefore our 
findings may not necessarily be extrapolated to scanners from other manufac-
turers, as the ROI at ultra-distal radius site could be slightly different for differ-
ent DXA scanners. Third, a standardized setting of X-ray image acquisition pro-
cedures needs to be developed, since the image signal received by X-ray detector 
depends on both the energy and intensity of X-ray. This should include the de-
velopment of automatic compensation techniques related to digital detector’s 
properties, as well as methods to generate good reproducibility. In current study, 
we only analyzed the images of trabecular bone, didn’t address any images of 
cortical bone. 

6. Conclusion 

The results of this study demonstrate that the ISV measured from high resolu-
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tion digital X-ray image of the distal radius is highly correlated with the BMD 
measurements of the ultra-distal radius using DXA. The imaging analysis of 
trabecular bone texture may potentially play an alternative role in the study of 
osteoporosis and bone health. 
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