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Aims

Assessment of bone mineral density (BMD) with dual-energy X-ray absorptiometry (DXA)
is a well-established clinical technique, but it is not available in the acute trauma setting.
Thus, it cannot provide a preoperative estimation of BMD to help guide the technique of
fracture fixation. Alternative methods that have been suggested for assessing BMD include:
1) cortical measures, such as cortical ratios and combined cortical scores; and 2) aluminium
grading systems from preoperative digital radiographs. However, limited research has been
performed in this area to validate the different methods. The aim of this study was to investi-
gate the evaluation of BMD from digital radiographs by comparing various methods against
DXA scanning.

Methods

A total of 54 patients with distal radial fractures were included in the study. Each underwent
posteroanterior (PA) and lateral radiographs of the injured wrist with an aluminium step
wedge. Overall 27 patients underwent routine DXA scanning of the hip and lumbar spine,
with 13 undergoing additional DXA scanning of the uninjured forearm. Analysis of radio-
graphs was performed on Image) and Matlab with calculations of cortical measures, cortical
indices, combined cortical scores, and aluminium equivalent grading.

Results

Cortical measures showed varying correlations with the forearm DXA results (range: Pearson
correlation coefficient (r) = 0.343 (p = 0.251) to r = 0.521 (p = 0.068)), with none show-
ing statistically significant correlations. Aluminium equivalent grading showed statistically
significant correlations with the forearm DXA of the corresponding region of interest (p <
0.017).

Conclusion

Cortical measures, cortical indices, and combined cortical scores did not show a statistically
significant correlation to forearm DXA measures. Aluminium-equivalent is an easily applica-
ble method for estimation of BMD from digital radiographs in the preoperative setting.
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Article focus

There is no routinely administered, stan-
dardized preoperative method of bone
mineral density (BMD) assessment in the
trauma setting.

This paper compares methods of BMD
evaluation from digital radiographs against
results obtained from dual-energy X-ray
absorptiometry (DXA) scanning.

statistically significant correlation to forearm
DXA measures.

Use of aluminium phantoms can prove to
be an accurate assessment of bone density
in the wrist.

This method is easy to implement and
can be corrected for soft-tissue.

Strengths and limitations

Key messages A limited number of participants were

Cortical measures, cortical indices, and
combined cortical scores did not show a

able to provide both hip and wrist DXA
assessment.

830

VOL. 10, NO. 12, DECEMBER 2021


mailto:drrobertjameswallace@gmail.com

PREOPERATIVE MEASURES OF BONE MINERAL DENSITY FROM DIGITAL WRIST RADIOGRAPHS 831

Patients with Distal Radial Fractures who
had radiographsincluding the aluminium
step wedge (n=54)

Patients unable to undergo DXA

Patients who underwentroutine Hip and
Lumbar Spine DXA (n=27)

scanning (n=27)

Patients who did not wish to
consent for contralateral forearm

L

Patients who underwent contralateral
forearm DXA in addition to the routine Hip
and Lumbar Spine DXA (n=13)

DXA at the time of DXA scanning
(n=14)

Fig. 1

Recruitment process for the study patients. DXA, dual-energy X-ray absorptiometry.

An aluminium step wedge is a low-cost, easy-to-use
phantom that is combatable with trauma radiological
equipment.

Introduction

Bone mineral density (BMD) is defined as the amount of
bone minerals per unit area of bone." This is often used
as a proxy measure of bone strength, providing a preop-
erative indication of the quality of bone prior to fracture
repair.?

The standard method for assessing BMD is dual-energy
X-ray absorptiometry (DXA), as recommended by the
National Institute for Health and Care Excellence (NICE)
and Scottish Intercollegiate Guidelines Network (SIGN)
guidelines.>* This technique is based on the process by
which an X-ray source produces two X-ray beams, each
of different energy levels, to correct for soft-tissue.” DXA
provides an ‘area density’ (g/cm?), i.e. the bone mineral
contained in a given projected area of bone.*

DXA assessment is routinely used for postoperative
diagnosis of osteoporosis following low-energy frac-
ture. However, as BMD assessment is not carried out on
an emergency or urgent basis, it is not available preop-
eratively.* However, knowledge of the bone strength
before surgery would provide very useful information to
surgeons in order to allow them to choose the optimal
implant and method for fracture fixation for each patient.?

For example, with fractures of the distal radius that
require surgical fixation, there are a number of techniques
available. These include Kirschner wire fixation of the
fracture segments, plating (both locked and unlocked)
or external fixation of the fracture. The biomechanical
strength and quality of the bone plays a crucial role in

the stability of the constructs used for fixation.” Preoper-
ative quantitative values for BMD would allow surgeons
to select the fixation method based on the bone quality,
increasing the likelihood of successful fixation and rapid

healing.
Radiographs are routinely taken before fracture
fixation. However, a well-defined and consistently

quantifiable method to assess BMD and bone quality
preoperatively from digital radiographs is not presently
available in the standard clinical setting. Techniques
currently used clinically centre on subjective, qualitative
assessment of the radiograph by the surgeon and the
patient characteristics.? These, combined with personal
experience and preference, often form the basis for the
choice of fixation technique.? Such subjective assessment
of bone density from radiographs is variable, unreliable,
and strongly influenced by user experience and interpre-
tation.®'% In contrast, quantitative tools that allow assess-
ment of BMD and bone quality from digital radiography?
would provide a more accurate and objective assessment
and help to optimize fracture fixation techniques and
materials.

Digital radiography systems offer potential in
enhancing existing radiograph techniques due to their
high-quality digital output and post-processing control.”
This allows for more accurate measurements of bone
geometry and trabecular patterns as potential methods
for estimating BMD,'? as well as digital quantification of
gray level."

Currently available methods for assessment of BMD on
preoperative radiographs include cortical measures and
ratios,”" simple textural analysis methods,’ and more
complex textural analyses.’ The use of an aluminium step
wedge in radiographs to establish aluminium equivalent
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Fig. 2

Wrist radiograph set-up: a) posteroanterior (PA) view (note aluminium step wedge to the right of the wrist); b) lateral view (note stainless steel ball within

plastic holder to the right of the wrist).

(AIEqQ) densities has been well validated in the fields of
dentistry and archaeological science,'®'® but not for limb
fractures in a clinical setting.

The aim of this study was to investigate the use of
digital radiograph images for providing a preoperative
estimation of BMD of the distal radius. Two methods
were assessed: 1) measurements of cortical thicknesses
with associated cortical indices and combined cortical
scores — referred to as cortical measures; and 2) AlEq
thickness grading, achieved by inclusion of an aluminium
step wedge in the digital radiographs — referred to as AlEq
measures.

Methods

Patients. Ethical approval was obtained from the South
East Scotland (NHS Lothian) Research Ethics Committee
to assess an additional region (i.e. the wrist) during the
routine DXA examination.

All adult patients with an isolated distal radius frac-
ture presenting at the Emergency Department (ED) were
considered for inclusion in the study. Patients excluded
from the study were: those with substantial other injuries
in addition to their wrist fracture; those with pathological

fractures; and those with notable cognitive impairment
or any other condition which would prevent them from
being eligible for further DXA investigation.

A total of 54 consecutive consenting patients (46
female; eight male), who met the above criteria, were
included in the study (Figure 1). The mean age was 73.9
years (57 to 95; standard deviation (SD) 11). Each under-
went posteroanterior (PA) and lateral digital radiographs
of their injured wrist in the ED, with an aluminium step
wedge placed at the side of the wrist (Figure 2).
Radiographs. All radiographs were taken using the FUJI
XG5000 Calculated Radiography System, with Fuji FCR
type CC IP Cassettes at a focal distance of 1 m. The mean
voltage used for the radiographs was 59.4 kV (52 to 60;
SD 2.0). The mean current used for the radiographs was
2.0mA (1.6 to 2.5; SD 0.3).

The aluminium step wedge was incorporated into the
PA radiographs (Figure 2), enabling AIEq values of bone
to be derived and also acting as a known length for cali-
bration of the PA X-rays. The step wedge was placed at
the level of the radiocarpal joint, as close to the patient
as possible. A stainless steel ball bearing of diameter
20 mm was included in the lateral radiograph, to allow
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Fig. 3

The aluminium step wedge (all measurements in millimetres).

calculation of the depth of the soft-tissue and bone
through which the radiograph beams travel. This was
placed adjacent to the injured forearm, as close to the
forearm as possible, one hand breadth (of the operating
radiographer) proximal to the radiocarpal joint (Figure 2).
The soft-tissue and bone thickness dimensions were
required for the technique of establishing AIEq measures
of the distal radius, as described by Dawson.

The automatic gain control of the Digital Processing
System was disabled on the FUJI electronic radiograph
system. This allowed provision of unprocessed radio-
graphs for subsequent analysis in MATLAB (2013a; Math-
Works, USA) and Image] (2012; National Institutes of
Health (NIH), USA).

Aluminium step wedge. The dimensions of the step
wedge were 75 mm (height) by 75 mm (length) by
30 mm (thickness), with 15 steps on its surface each
5 mm in height (Figure 3). The step wedge was manu-
factured from Duralumin, an aluminium alloy, containing
aluminium, copper, magnesium, and manganese. The
step wedge was deburred to remove sharp edges and
was suitable for autoclave sterilization.

DXA measurements. In total, 27 of the patients underwent
routine DXA scanning of their hip and lumbar spine, fol-
lowing their fracture. Of these, 13 consented to the addi-
tional DXA analysis of the contralateral forearm, as shown

in Figure 4. All of these patients had adequate PA and
lateral radiographs to allow full cortical measurement as-
sessment and AlIEq measure analysis. Demographic data
for the patient cohorts are presented in Table I.

The forearm DXA analysis provided areal BMD read-

ings (grams per cm?) from the ‘ultra-distal’ region (distal
juxta-articular region of radius and ulna), the ‘mid-distal’
region (metaphyseal region of radius and ulna), and the
‘one-third’ region (distal diaphyseal region of radius and
ulna), as well as the whole forearm region, as per the
standard protocol recommended by the manufacturer
(Figure 4).
Image analysis for cortical measures. Image] was used
to assess the following geometrical parameters for the
cortical measures on the PA wrist radiograph shown in
Figure 5. All measures were performed three times by
the same person (GR) and the mean obtained: a) second
metacarpal — mid-diaphyseal width, lateral cortical width,
and medial cortical width; b) radial diaphysis — diaphyseal
width, lateral cortical width, and medial cortical width;
and ¢) ulnar diaphysis — diaphyseal width, lateral cortical
width, and medial cortical width.

To standardize the images and enhance contrast,
all radiographs were expanded to the full width of the
screen. Bone and soft-tissue dimensions were extrapo-
lated from the known dimensions of the aluminium step
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a R.Forearm
18 June 2013 Version 12.7.3
Right Forearm

KN

Discovery A (S/N 81499)

DXA Results Summary:

Radius + | Area BMC (g) BMD T-score PR (%) Z-score AM (%)
Ulna {em?) (g/cm?)

1/3 5.37 2.65 0.494 -3.3 72 0.5 106
MID 13.55 4.75 0.351 -4.5 60 -0.5 93

up 6.19 1.47 0.237 -3.4 57 -0.6 88
Total 25.11 8.87 0.353 -4.1 63 -0.3 95

Total BMD CV 1.0%

193 x 95

Fig. 4

Forearm dual-energy X-ray absorptiometry (DXA) result — DXA scan of the contralateral forearm to the fracture side, demonstrating the bone mineral density
(BMD) measures of the three regions of interest. AM, age-matched; BMC, bone mineral content; MID, mid distal; PR, peak reference; UD, ultra-distal.

Table I. Demographic data of the patient cohorts.

Corrected for soft-tissue Non-corrected for soft-  Paired t-test (p-value:  Intraobserver

AlEq region in forearm (n=27) tissue (n = 27) 95% CI) reliability (1CC)
‘Ultra-distal” region AlEq, AIEg/mm? 1.25(0.91 to 1.58) 5.43 (3.95 to 6.86) 0.001: 3.442 to 4.929 0.902

(range)

‘Mid-distal’ region AlEq, AlEq/mm? 1.89 (1.43 to 2.07) 9.02 (6.47 t0 9.37) 0.001: 5.878 to 8.390 0.857

(range)

‘One-third’ region AlEq, AlEq/mm? 3.39 (1.83 to 4.74) 17.93 (3.11 t0 10.57) 0.001: 12.052 to 17.025 0.813

(range)

AlEq, aluminium equivalent; Cl, confidence interval; ICC, intraclass correlation.

wedge in the PA wrist radiographs and the known diam-
eter of the ball bearing in the lateral wrist radiographs, in
order to correct for the distortion of length introduced
by the fan-beam X-ray. These are referred to as calibrated
dimensions.

Intraobserver reliability of the image analysis and
measurement sequence was assessed by the same
observer (GR) performing the image analysis and
measurements for each of the distal radii three times, and
quantified using the intraclass correlation (ICC) (two-way
random model with absolute agreement) model.

To define a uniform level of assessment for the cortical
measurements of the radial and ulnar diaphysis for each
patient, the following method was used.

The width of the distal radial articular surface was
measured, from the most distal radial aspect of the radial
styloid to the most ulnar aspect of the distal radial artic-
ular surface, using the measuring tool on Image]. A line
measuring two widths of the distal radial articular surface
was drawn proximally from the midpoint of the distal
radial articular surface.

The cortical indices were calculated using the
following formula, developed by the authors as a method
to provide cortical dimension assessment of the distal
radius and ulna (Figure 5):

Cortical index = (width of lateral cortex + width of
medial cortex) / width of diaphysis

The formulae for the combined cortical measure scores

are provided in the Supplementary Material.
Image analysis for aluminium equivalent measures. Three
regions of interest (ROIs) were chosen for analysis of AlEq
measures to correspond with the forearm DXA radiolog-
ical measures: ‘ultra-distal’, ‘mid-distal’, and ‘one-third’
regions. Soft-tissue and bone thickness measurements
were obtained from the lateral radiographs (Figure 5).
All measures were performed three times and the mean
obtained.

Using the methods described by Dawson,’ MATLAB
was used to correct for the differing effects of scatter and
absorption in the soft-tissue, providing corrected AlEq
measure values. These corrected AlEq measures were
compared against all four values of the forearm DXA anal-
ysis and the hip DXA analysis.

DXA analysis. For the patients with both forearm DXA
analysis and hip DXA analysis, the ‘total’ forearm DXA
results were compared against all the ‘total’ hip DXA
results.

Statistical analysis. Correlations between data were per-
formed with Pearson correlation coefficient (r) models
(for normally distributed data) and Spearman’s Rank
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Fig. 5

a) Preoperative posteroanterior (PA) wrist radiograph of a 73-year-old female, demonstrating cortical measures (LR — lateral cortex of the distal radial
diaphysis, MR — medial cortex of the distal radial diaphysis, LU — lateral cortex of the distal ulnar diaphysis, MU — medial cortex of the distal ulnar diaphysis,
LM — lateral cortex of the second metacarpal mid-diaphyseal, MM — medial cortex of the second metacarpal mid-diaphyseal), cortical ratios, and region

of interest (ROI) for the aluminium equivalent values (ROI 1 — ultra-distal ROI; ROI 2 — mid-distal ROI; ROl 3 — one-third ROI); b) preoperative lateral wrist

radiograph of a 73-year-old female, demonstrating soft-tissue measurement.

correlation coefficient models (for non-normally distrib-
uted data and datasets with statistically significant out-
liers). Normality of datasets was assessed for using the
Shapiro—Wilk test. Comparison of correlation coefficient
values was performed with the Fisher r-to-z transforma-
tion (z) statistical test. Univariate comparison between
continuous ‘soft tissue’ corrected and non-corrected data
was performed with paired t-tests. Intraobserver reliabil-
ity was calculated using the intraclass correlation (ICC)
(two-way random model with absolute agreement) mod-
el. For all statistical tests, the significance level was set at
p < 0.05.

Results

Cortical measures. The r values between the cortical
measures and the DXA reading are provided in Figure 6
and Supplementary Table i. None of the cortical meas-
ures had a statistically significant correlation with any of
the DXA results.

The strongest correlation between cortical measures
and forearm DXA was seen with the lateral cortex of the
ulna diaphysis (r = 0.52 (p = 0.068)), using the Pearson
correlation coefficient model.

The use of cortical indices (ulna diaphysis cortical
index vs ‘forearm’” DXA: r = 0.506 (p = 0.078)) provided
no statistically significant improvement over cortical
measures, using the Pearson correlation coefficient
model.

The use of the combined cortical scores resulted in
a modest improvement (radial ulnar and second meta-
carpal (MCP) score vs ‘forearm’ DXA: r = 0.543 (p =
0.055)) in the correlation with DXA, using the Pearson
correlation coefficient model.

Correlation values for cortical measures were stronger
with forearm DXA values (lateral cortex of the ulna diaph-
ysis: r = 0.521 (p = 0.068)) than with hip DXA values
(lateral cortex of the ulna diaphysis: r=0.354 (p = 0.070)),
using the Pearson correlation coefficient model.
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Pearson R Correlation vs Forearm DXA

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Hip DXA vs Forearm DXA

Cortical Measure (Lateral Ulnar

AlEq measure vs Forearm DXA

diaphysis) vs Forearm DXA

Fig. 6

The Pearson correlation coefficient (r) values with forearm dual-energy X-ray absorptiometry (DXA). Column 1: hip DXA vs forearm DXA; column 2: ulnar
diaphysis lateral cortex versus forearm DXA; column 3: ‘ultra distal” aluminium equivalent (AIEq) (corrected for soft-tissue) versus ‘ultra distal’ forearm DXA.
*p < 0.05 for Pearson correlation coefficient (r) model. The correlation between the AlEq measures and the forearm DXA measures was statistically significant.
The correlation between the hip DXA measures and the forearm DXA measures was also statistically significant.

Table I1. The aluminium equivalent measures of the distal radius.

Patients with standard DXA scans and additional

Group Total cohort Patients with standard DXA scans forearm DXA
n 54 27 13

Mean age, yrs (range) 73.9 (57 t0 95) 73.4 (57 to 88) 72.6 (57 to 88)
Sex (M:F), n 8:46 4:23 1:12

DXA, dual X-ray absorptiometry.

The intraobserver reliability for the cortical measure-

ments ranged from 0.82 to 0.96.
Aluminium equivalent measures. The AlEq density meas-
ures of the distal radius are listed in Table Il. The paired
t-test results for the comparisons between corrected and
non-corrected data, as well as the ICC values of intraob-
server reliability are also given in Table Il. There was a sta-
tistically significant difference between the AlEq values,
corrected and non-corrected for the effects of soft-tissue
attenuation, demonstrating the need to take the soft-
tissues into account when determining the aluminium
equivalence of the bone.

The correlation coefficients of the DXA values and the
AlEq density measures of the distal radius are shown in
Figures 6 and 7. Statistically significant correlations were
seen between the AIEq (corrected for soft-tissue) and DXA
values of the corresponding regions, using the Pearson
correlation coefficient model (‘ultra-distal” AIEq vs ‘ultra-
distal’” DXA: r = 0.64 (p < 0.017); ‘mid-distal’ AlEq vs
‘mid-distal’ DXA: r=0.62 (p < 0.023); ‘one-third” AlEq vs
‘one-third” DXA: r=0.61 (p < 0.028).

Correlation values for AIEq measures were stronger
with forearm DXA values, using the Pearson correlation
coefficient model ('ultra-distal” AlEq vs ‘ultra-distal” DXA:

r=0.64 (p < 0.017)) than with hip DXA values ('ultra-
distal” AIEq vs ‘hip” DXA: r=0.33 (p = 0.089)).

The correlation between the forearm and hip DXA val-
ues. DXA-derived values were obtained from the forearm
with a mean of 0.44 g/cm? (0.32 to 0.56; SD 0.07) and
from the hip with a mean of 0.78 g/cm? (0.64 to 1.00;
SD 0.09). The correlation between the total forearm and
the total hip DXA values was 0.73 (p < 0.005), using the
Pearson correlation coefficient model.

Discussion
The main finding from this study was that AI[Eq measures
of the distal radius provided statistically significant correla-
tions with corresponding forearm DXA BMD measures.
This suggests that AIEqQ measures may provide an accu-
rate method of preoperative BMD density estimation of
the distal radius in digital radiographs, and so could be
used to guide methods and materials of fracture fixa-
tion. In contrast, cortical measures, cortical indices, and
combined cortical scores from the second metacarpal,
radial, and ulnar diaphyses did not show statistically
significant correlations with forearm or hip DXA values.
Use of the aluminium step wedge in plain radiography
to correlate AIEq measures with BMD is a long-established
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Fig. 7

Scatter plot of ‘ultra-distal DXA versus ultra-distal AIEq (corrected for soft-tissue)”. AlEq, aluminium equivalent; DXA, dual-energy X-ray absorptiometry.

and well-validated technique in the field of dentistry,
where it is used to compare the density of intra-oral
restorative materials against surrounding anatomical
structures.?%-26

However, use of the AIEq technique to assess BMD
from digital radiographs of human peripheries remains
limited.” Kolbeck et al?”? employed AIEq measures
to assess changes of BMD during tibial osteogenesis
following tibial-lengthening in pigs. They found that their
method was able to quantify the density of regenerate
bone throughout the healing process, with a statistically
significant correlation between equivalent aluminium
thickness and torsional stiffness. However, their results
showed considerable variation, which may have been
due to: 1) an automatic image-processing system; 2) the
effects of soft-tissue attenuation and radiation scatter;
and 3) a failure to normalize equivalent measures with
bone thickness.” These potential sources of error were
accounted for within our study.

Our results showed no statistically significant correla-
tions with any of the cortical measures and any of the

DXA measures. Previous studies have found measures of
the cortical thickness of the proximal radius to correlate
with age and female sex,?® and cortical indices of the
second metacarpal to correlate with vertebral DXA
and forearm single photon absorptiometry readings;®
however, neither of these studies made comparisons
against forearm DXA readings.

Barnett and Nordin*® and Wishart et al* both consid-
ered the cortical index to provide a better correlation with
BMD compared to simple measures of a single cortex.
However, we failed to find any statistically significant
improvement in correlation with cortical indices in our
results.

None of these studies?*-*° assessed the effect of summa-
tion of cortical measures on the improvement of BMD
estimation. Such a method has been previously reported
by Tingart et al,” who found that a combined cortical
scoring system of the proximal humerus provided statis-
tically significant correlations with corresponding prox-
imal humeral DXA BMD measures. From the results of
our study, it appears that use of such a technique in the
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forearm does not provide statistically significant correla-
tions with forearm DXA BMD values, and so does not
provide accurate BMD estimates.

The DXA results were taken from the contralateral
forearm. This was considered justified based on the find-
ings of Sergi et al*' and Taafe et al.?? Both assessed varia-
tions in bilateral forearm DXA readings: Sergi at al*' found
no statistically significant difference between the domi-
nant and non-dominant forearm DXA values; Taafe et al*?
reported percentage differences between dominant and
non-dominant forearm DXA values of 1.8% for young
patients and 1.0% for elderly patients.

The findings that the hip DXA values provide good
correlation with the forearm DXA values have previously
been acknowledged.?* However, given the comparison of
the correlation values for ‘forearm AlEq vs forearm DXA’
and ‘hip DXA vs forearm DXA’ (0.640 vs 0.730), it would
appear that forearm AlEq can provide a suitable preoper-
ative alternative to routine DXA for BMD estimate.

The main limitation of the study is the limited sample
size, with only 13 patients undergoing additional forearm
DXA, to allow AlEq comparison data on the distal radius.
This unfortunately was due to a lack of patient willingness
to undergo the additional DXA site. However, despite
the limited cohort size, the simultaneous measurements
performed in the same patients have allowed direct
comparisons to be made between the different BMD
assessments. Future studies should aim to compare AlEq
measures to other density and strength measures that
could be usefully interpreted by surgeons planning their
surgeries.

In conclusion, this study found that the AIEq measures
could be used as a reliable measure of BMD analysis
on digital radiographs of the wrist. Cortical measures,
cortical indices, and combined cortical scores, at the wrist,
from such radiographs did not provide accurate correla-
tions with BMD. The AlEq technique could form a useful
method of preoperative BMD estimation of the distal
radius, and so allow surgical methods and materials to
be adapted accordingly. However, further studies would
be required to confirm that such findings correlated with
the stability of fixation materials within bone, in order to
validate the use of this technique in clinical practice.

Supplementary material
E Includes the formulae for the combined cortical

measure scores, and a table showing the Pearson

correlation coefficient values between the forearm
cortical measures and the dual-energy X-ray absorptiom-
etry values.
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