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1 | INTRODUCTION

Several different techniques for the measurement of bone
mineral density (BMD) are available, including dual energy
X-ray absorptiometry (DXA), which is the gold standard and
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Abstract

Recently, promising results have been reported for detection of osteoporosis with use
of an aluminum phantom. Therefore, the aim of this study was to evaluate the
feasibility of radiography-based bone mineral density (BMD) measurement using a
graded aluminum phantom. This study included 27 postmenopausal women with a
distal radius fracture. Aluminum phantom radiography of the healthy radius was
conducted as well as high-resolution peripheral quantitative computed tomography
(HR-pQCT) measurement of the ultradistal radius and dual energy X-ray absorptiom-
etry (DXA) of the radius, spine, and hip. A strong correlation was observed between
aluminum phantom radiography-based mean gray value (mGV) and DXA-derived
BMD, especially for the ultradistal radius (p = 0.75; p < 0.001). A moderate correlation
for the femoral neck (p =0.61 and p < 0.001) between modalities was found. Radius
mGV and HR-pQCT-derived BMD only showed a moderate correlation (p =0.48;
p <0.09). Aluminum phantom radiography might serve as a cost efficient, highly
available, low-radiation dose screening, and diagnostic method for osteoporosis
additively to DXA measurements. Especially, an application in areas with constrained
DXA availability and such as preoperative trauma settings would be beneficial.

However, further investigation and assessment of specificity and sensitivity is needed.
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most commonly used method.?? Recently, radiographic absorpti-
ometry has been a subject of research, particularly in the field of
osteoarthritis.?

Prior studies measuring BMD using digital X-ray and aluminium

phantoms showed strong correlations in BMD changes in knee
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radiographs of osteoarthritis patients.* The radiation exposure and the
image processing must, however, be carried out carefully and in a
standardized manner to achieve accurate results. X-ray settings,
including tube voltage (measured in kilovolts, kV) and exposure
(measured in milliampere seconds, mAs) often vary between devices,
which may influence BMD results. Therefore, image postprocessing is
incorporated in the scan protocol, which includes contrast adjustment
curves and applications of nonlinear image filters to optimize image
quality parameters such as contrast and noise.”> Image postprocessing
aims to improve diagnostic readability, rather than allowing quantita-
tive analyses to assess BMD changes for longitudinal evaluation.* With
addition of the Greyscale phantom (GS), such as the inclusion of an
aluminum step wedge in the radiographic field-of-view, as suggested
by Hirvasniemi et al.® the influence of postprocessing is minimized.
Additionally, by using an aluminum phantom, the gray values (GV) of
the bone can be expressed in millimeter aluminum equivalents (mmAl),
which allows for BMD to be measured. This GS model thus may
reduce time, costs, and patient radiation exposure due to a potential
fusion of radiography and BMD measurement.”

The aim of this study was therefore to measure and correlate
BMD in female patients with a recent fragility fracture using digital
X-rays. To evaluate the applicability of BMD measurements in clinical
practice and research application, this method was compared
with DXA and high-resolution peripheral quantitative computed
tomography (HR-pQCT) measurements.

2 | MATERIALS AND METHODS
2.1 | Study design and setting

This prospective pilot study included all postmenopausal women who
experienced a low-energy fracture (defined as the equivalent to
falling from a standing height or less) admitted to a Level 1 trauma
center during the period of December 1, 2021 to December 31,
2021. Patients who had the following conditions affecting bone mass,
such as prior or current treatment for osteoporosis, severe renal or
liver disorder, intake of glucocorticoids, antacids, testosterone
supplements, rosiglitazone, pioglitazone, steroid hormones, antic-
onvulsants, and anticoagulants, were excluded.

A total of 27 patients met the criteria mentioned above and were
included in the study. The mean age was 60.3 years, +6.7 SD. The
mean weight was 67.8 kg, +12.3 SD (range 49-90), the mean body
mass index was 24.4 kg/mz, +4.1SD (range 20-32), and the mean
height was 166.8 cm, +6.1 SD (range 157-176).

As illustrated in the graphical abstract (Figure 1), first an additional
anterior posterior (AP) and lateral digital radiography of the contralateral
radius was performed with an aluminum step wedge placed at the side of
the wrist. Both DXA and HR-pQCT scans of the same region were used
to validate the radiographic-based BMD measurement. All radiographic
scans were performed at the same visit.

DXA measurement of areal BMD was assessed at the spine, hip,
and distal part of the nonfractured forearm using the Discovery DXA
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scanner (Hologic Inc.) according to standard protocol.®? For analyses,
osteoporosis was defined as a t score of -2.5SD using the World
Health Organization criteria.

HR-pQCT (XtremeCT |- SCANCO Medical AG) was performed of
the nondominant, nonfractured radius and the tibia. The image
acquisition and analysis of a 9 mm stack of the ultradistal radius and
tibia scan were performed using the standard built-in software
(XtremeCT, version 6.0). The scanning methodology has previously been
described.’®*! A single stack of parallel computer tomography (CT) slices
(110 slices = 9.02 mm) for each site was acquired in the high-resolution
mode (image matrix = 1536 x 1536, Isotropic voxel sizes of 82 um). Daily
measurements of the manufacturer device-specific phantom (Scanco
Medical AG) were performed for quality control.

3 | RADIOGRAPHY WITH GRADED
ALUMINUM PHANTOM

The default clinical radiography protocol was used as provided by the
manufacturer (Philips bucky DIAGNOST X-Ray). The mean voltage used
for the radiographs was 49.3kV, +4.0 SD. The mean tube current was
2.1 mAs, +0.5SD. A GS (Figure 2), which is an aluminum staircase, was
manufactured in-house, which has various steps and was used for
conversion of GV in mmAl. The height of these steps corresponds to a
height of 1-4, 5-8, 9-11, and 12-14 mm, and are used as a reference
for image calibration. The first two steps (1-8 mm) were used in this
study. For X-ray acquisition, the patient's forearm was positioned in a
custom-designed and three-dimensionally printed hand splint. It was
used during AP and lateral radiography. A special marker within the hand
fixation was used as a reference point for positioning. To quantify
BMD and to determine the pixel size corrected for possible magnifica-
tion, the aluminum phantom was placed alongside the radius, against the
detector, and within the field of exposure.

X-ray images were then preprocessed and converted into a
Metalmage or mhd file format for further evaluation. After calibration,
the calculation of the mGV was performed by using medtool 4.5
software (Dr. Pahr Ingenieurs e.U.). The definition of the region of
interest (ROI) of each X-ray image was equivalent to that of the HR-
pQCT and DXA, to ensure the most accurate comparison of values. The
dorsal radial tuberosity was used as a point of reference. A 9 mm-long
ROI was defined below it. To refine the calculation and attain more
accurate values, an additional segmentation of the image was performed.
This allowed the subtraction of the hypodense background to evaluate
the bony structures more precisely. The mGV of the image was

calculated in mmAl, which is equivalent to the two-dimensional BMD.

4 | STATISTICAL AND BIOMETRIC
EVALUATION

After checking the data for normal distribution using histograms and
QQ plots, Spearman's linear rank correlation analysis was performed to
test for correlation, as there was no normal distribution of the data.
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FIGURE 1 Graphical abstract of the project. Twenty-seven patients underwent radiographic (A), dual energy X-ray absorptiometry (DXA) (F),
and high-resolution peripheral quantitative computed tomography (Hr-pQCT) (H) scanning of the radius to determine bone mineral density
(BMD). Calibration (B) and definition of region of interest (ROI) (C), which was equivalent to that of the Hr-pQCT (I) and DXA (G). Furthermore,
an additional segmentation with subtraction of the hypodense background was performed (D, E). The correlation between mean gray

value- (mGV), DXA-, and Hr-pQCT-derived BMD was evaluated statistically (J).

The lack of a normal data distribution can potentially be attributed to

the small number of patients in this study. As Pearson's correlation

analysis was performed in the literature for similar studies, it was used

{ f / r.—l. - in our work to avoid erroneous comparisons between our rank-based

-,;_ s S L LR correlation coefficients and nonrank-based correlation coefficients of

other studies. Both correlation coefficients have a rank range from -1

to 1. A positive correlation with a correlation coefficient of >0.8 is

considered excellent. The calculation of the cutoff values, based on the

{ uj:-:: ; b y e i {’ 4_7"‘?- mGV, for' the classification of the patients into health.y and

; ] W i - osteoporotic was performed by reference to the lowest BMD in each

case. Accordingly, ordinal regression was used to test the success of

assignment to each group. The significance level was set at p < 0.05 for

FIGURE 2 The Greyscale phantom, an aluminum staircase of all analyses. Statistical analyses were performed using SPSS (Statistical
various degrees of density. Package for the Social Sciences) 15.0 software.
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5 | RESULTS

Spearman's correlation analysis showed moderate to strong two-
sided correlations of the aluminum phantom radiography-based mGV
values and DXA-derived t scores. The strongest correlation was
found at the radius (p =0.75, p < 0.001) and the weakest was at the
lumbar spine (p=0.54, p <0.004), whereas a moderate correlation
was observed at the femoral neck (p =0.61 and p <0.001; Table 1).

Spearman's correlation analyses of mGV- and DXA-derived BMD
showed a strong correlation at the lumbar spine (p = 0.62, p < 0.001),
a moderate correlation at the femoral neck (p =0.51, p < 0.007) and
an excellent correlation at the radius (p = 0.89, p < 0.001; Table 1 and
Figure 3).

An excellent correlation was found between mGV and the t score
of the femoral neck (r = 0.83, p < 0.001). Good correlation coefficients
were found between mGV and the t score of radius (r=0.75,
p <0.001) and lumbar spine (r=0.74, p < 0.001; Table 2).

Similar results were found between mGV- and DXA-derived
BMD of the lumbar spine (r=0.73, p <0.001) and radius (r=0.78,

TABLE 1 Spearman-p correlation of DXA values with mGV of
aluminum phantom radiography.

p Sig. (two-sided) n

T-Score/mGV

Lumbar spine 0.54 0.004 27

Femoral neck 0.61 0.001 27

Radius 0.75 0.001 27
BMD/mGV

Lumbar spine 0.62 0.001 27

Femoral neck 0.51 0.007 27

Radius 0.89 0.001 27

Abbreviations: BMD, bone mineral density; DXA, dual energy X-ray
absorptiometry; mGV, mean gray value.

01,0

0,9

08

0,7

BMD (g/cm2) - Femoral neck

FIGURE 3 Relationship of dual energy X-ray
absorptiometry (DXA) derived bone mineral
density (BMD) values of femoral neck and the
mean gray value (mGV). The uphill pattern shows

0,5
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p <0.001) in Pearson's correlation analysis. For femoral BMD, the
analysis yielded a correlation coefficient of 0.59 and p<0.001
(Table 2 and Figure 4).

Spearman's correlation analysis showed moderate to poor
correlation between HR-pQC-derived total volumetric BMD (D100)
and mGV. The correlation coefficient between mGV and D100 was
p =0.33 at the radius (p <0.09) and p =0.48 at the tibia (p <0.012)
(Table 3).

When considering HR-pQCT parameters and mGV together, a
moderate correlation was seen in Pearson's correlation analysis.
Interestingly, the tibial values showed similarly high correlation
coefficients (Table 3 and Figure 5).

Regarding group allocation, 11 of the 14 patients (79%) were
correctly assigned to the osteopenia group and 6 of the 10 (60%)
osteoporotic patients to the osteoporosis group. All 24 patients with
reduced BMD (osteopenia or osteoporosis) were assigned to one of

the two groups (Table 4).

6 | DISCUSSION

Due to socioeconomic reasons and availability, measuring BMD
might be feasible on plain digital radiographs in clinical practice. The
method depicted in our study represents a potential osteoporosis
detection tool with high availability, low costs, and low radiation
exposure. Due to the information gained with this study, treating
clinicians could consider using this easily applicable method in the
preoperative setting for estimation of BMD from digital radiographs.

Recently, Robertson et al.” measured 13 male and female
patients and showed a strong correlation of aluminum equivalent
measurements with DXA-derived regions. This research used a
Pearson's correlation coefficient model and showed strong correla-
tions for aluminum equivalent forearm DXA values (r=0.64),

comparing the fractured and not fractured arm,”

and they found
weak correlations for hip DXA values (r=0.33). Our study also

showed strong correlations, but are not directly comparable as the

a positive linear relation between both
continuous variables.

6 7 8 9 10 11

Mean gray value (mmAl) - Radius

95U8017 SUOWIWOD SA 181D 3 (dedt[dde au Ag peusenob a1e sejoie VO ‘8sn JO S9N Joj AIq1T8UIUO AS]IA UO (SUOTHPUOD-PUR-SLUIBY/WOY™A8 | 1M Afe.d joulUoy/:SdnL) SUORIPUOD pue SWi | 81 88S "[€£20z/ZT/8T] Uo AriqiTauluo A8 |im (-l eAnde 1) aqnopesy A €255 10(/200T 0T/I0p/woo™A8|im Arelqijeul|uo//sdny woij pepeojumod ‘g ‘€202 X/ZSYSST



Journal o f
1778 Orthopaedic

NIA ET AL

Research®

Spearman-p correlation coefficients were more suitable in our study
due to the lack of normal distribution of data. Furthermore, the date
of the measurements of the fractured forearm is crucial, as any
immobilization leads to significant changes in BMD and bone
microarchitecture.?

Webber et al.® also examined AP radiographs of patients with
radius fractures and attempted to obtain information about BMD
based on the cortical thickness of the distal radius. They showed that
cortical thickness correlated moderately with BMD of the proximal
femur (p = 0.44; p < 0.01), but not with the lumbar spine, which is in
general not well suited for cortical bone measurements. This may be
explained by differences in bone structure. Due to differences in
force application and distribution, the vertebral bodies have higher
cancellous fraction than in long bones.*3

However, the present study results could not confirm this.
Although the Spearman-p correlation for mGV in the hip region was
slightly stronger than in the lumbar spine region when the t score was

analyzed, a negative correlation was seen regarding the BMD. The

TABLE 2 Pearson's correlation of DXA values with mGV of

aluminum phantom radiography.
Pearson's correlation Sig. (two-sided) n

T-Score/mGV

Lumbar spine 0.74 <0.001 27

Femoral neck 0.83 <0.001 27

Radius 0.75 <0.001 27
BMD/mGV

Lumbar spine 0.73 <0.001 27

Femoral neck 0.59 <0.001 27

Radius 0.78 <0.001 27

Abbreviations: BMD, bone mineral density; DXA, dual energy X-ray
absorptiometry; mGV, mean gray value.

BMD (g/cm2) - Radius

03

same applies for Pearson's correlation analysis, where we obtained an
excellent correlation coefficient for the femoral t score. A possible
reason for this could be that some authors, such as Webber et al.'®
analyzed only the cortical aspect of the bone (cortical thickness)
when analyzing the BMD of the lumbar spine. It is also possible that
the results could have been influenced by the fact that the
fractured side was always measured.

According to Vaccaro et al.,'* a BMD drop of at least 30%-40%
must be present to detect it on radiography. Accordingly, some
borderline osteoporotic patients should be undetected and classified
as false-healthy on radiography-blinded screening. In our analyses,
this assumption was not confirmed. Most importantly, no patient was
misclassified as healthy. Aluminum phantom radiography detected all
24 patients with decreased BMD. However, there seems to be
inaccuracies in the differentiation between osteopenia and osteo-
porosis. Furthermore, it should be mentioned that there were only
three patients with normal BMD in our study. Additive methods in
addition to mean gray level determination, such as bone texture
analysis using neural networks, would be an interesting way to
increase the accuracy of the measurement and further improve the
classification if necessary.

In an ex vivo study, Hirvasniemi et al.*> found a strong correlation of
micro-CT parameters and radiographic measurement using GS. However,
we are not aware of any study comparing the procedure with HR-pQCT.
The moderate correlation of D100 with mGV (p < 0.476 and p < 0.333)

TABLE 3 Spearman-p correlation of HR-pQCT and mGV of
aluminum phantom radiography.

HR-pQCT/mGV p Sig. (two-sided) n
D100 Radius 0.33 0.09 27
D100 Tibia 0.48 0.012 27

Abbreviations: HR-pQCT, high-resolution peripheral quantitative
computed tomography; mGV, mean gray value.

FIGURE 4 Scatter plot of dual energy X-ray
absorptiometry (DXA)-derived bone mineral

S 6 7 8 9

Mean gray value (mmAl) - Radius

density (BMD) values of radius and mean gray
value (mGV).
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FIGURE 5 Scatter plot of high-resolution
peripheral quantitative computed tomography
(HR-pQCT)-derived bone mineral density (BMD)
values of radius and mean gray value (mGV).

80

D100 (mg HA/ccm) - Radius
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TABLE 4 Group allocation according to WHO classification
based on the mGV.

mGV prediction

T>-25
T-Score T>-1 and s -1 T<-25 Total
T>-1 n(%) 3(100%) O 0 3
T>-25and<-1 n(%) O 11 (79%) 3(21%) 14
T<-25 n(% O 4 (40%) 6 (60%) 10
Total n(%) 3(11%) 15 (56%) 9 (33%) 27

Abbreviations: mGV, mean gray value; WHO, World Health Organization.

found in our data can be put into perspective by the partially moderate
correlation of DXA values with HR-pQCT values (p < 0.3) for femoral
BMD. Slightly stronger correlations for radius and lumbar spine BMD
were observed in our study (p<0.7). Amstrup et al.’® showed only
moderate correlations in some cases when comparing DXA, HR-pQCT,
and QCT values, especially when comparing peripheral and central
measurement regions. This could be explained by the fact that three
dimensionality and measurement position play important roles.r”
However, as DXA is the gold standard for the diagnosis of osteoporosis,
we primarily refer to the correlation of mGV with BMD values and

t scores derived by DXA in our study.

7 | LIMITATIONS

There are several limitations of the present study. The possibility of
measurement errors due to positioning was reduced through
standardized positioning using a custom-made splint, but systematic
errors cannot be completely excluded. Overall, this was a pilot study
that examined a relatively small but homogeneous cohort.
Although this does not affect the correlation analysis itself, it could
be interesting to examine whether the method is similarly applicable

in male patients. The number of osteoporotic patients cannot be

6 7 8 9 10 11

Mean gray value (mmAl) - Radius

extrapolated to the population due to the small number of cases and
the selected sample group, especially because we excluded female
patients with known osteoporosis in advance.

Aluminum phantom radiography might serve as a cost efficient,
highly available, low-radiation dose screening, and diagnostic method
for osteoporosis additively to DXA measurements. Specifically, its
application in primary care and in areas with constrained DXA
availability would be beneficial. Further studies with a larger number
of cases and in a healthy population are necessary to determine the

sensitivity and specificity of this potential risk assessment tool.
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