A Computer-Assisted Method for the Study of the Trabecular
Bone of the Distal Radius on Conventional Radiographs
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The procedure described is based on the acquisition
and processing of x-rays of the distal radius obtained
under standard conditions. An x-ray was obtained of
the forearm together with an aluminum step wedge to
automatically normalize the photometric values of the
bone with respect to the photometric values of the
reference aluminum wedge. Densitometric values for
thickness (T) and a coarseness parameter (C) that
depends on the trabecular bone pattern are measured
on interactively selected rows and regions of interest
{ROIs) of the digital image. Twenty-five women were
examined and two different measurements were per-
formed. The first measurement considers C in three
sites of the radial epiphisis. The trabecular bone coarse-
ness appears to increase from the distal to the very-
very distal site and the value of C in the very distal site,
which is located 1 cm distally to the distal one tenth of
the radius, seems to be related to the pathological
variations more than the value of C in the other sites.
The second measurement is the C/T ratio of eight ROis
of 15 patients: five healthy and 10 osteoporotic women.
This ratio is significantly different for the two groups in
all the eight ROIs and the variations are particularly
significant at 6 to 12 mm from the subchondral line.
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HE METHODS MOST commonly used to
diagnose osteoporosis are based on mea-
surements of the content and density of the
bone mineral. Therefore, such methods refer
only to the type of material composing the
skeleton. However, another important parame-
ter that can be used to determine the strength of
the skeleton is represented by the geometry or
architecture of the bone structure.

Methods previously used in radiography, such
as those described in Cann,! Griffiths and Virta-
ma,? and, in particular, methods that involved
studies of the trabecular structure must now be
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considered obsolete. However, recently, the use
of noninvasive procedures to process standard
x-rays has been proposed, even though such
procedures have not yet been applied clinically
in the quantification of the geometric character-
istics of bone structures. For example, systems
for the computerized analysis of bone structures
are now applied in histomorphometry.>

Noninvasive measuring procedures using a
number of different image processing tech-
niques have been tried, such as pattern recogni-
tion, Fourier transform, and run-length analy-
sis. Rockoff et al’ used a pattern recognition
method to measure the mean trabecular signal
strength and the angular distribution of the
trabeculae, showing an alteration in the mainly
longitudinal structure of the trabeculae of the
radius and a total loss of signal for osteoporotic
patients. On the other hand, the run-length
method, applied on high definition computed
tomography (CT) images, has made it clear that
a precise simulation of the structure is ex-
tremely difficult given the complexity of the data
to be analyzed and the fact that these data are
to some extent negatively influenced by the
partial volume effect.®

The pattern recognition methods mentioned
above are generally used, at least in theory, to
derive the parameters needed for a total descrip-
tion of the type of trabecular texture being
examined. However, the method proposed in
this article only measures the degree of coarse-
ness, without determining the spatial orienta-
tion of the trabeculae. For this reason, the
method has been applied on a bone portion
whose tissue presents a reduced degree of
anisotropy, ie, with the trabeculae in a mainly
longitudinal direction.

A similar measuring method was used by
Trouerbach et al to evaluate the bone structure
of the phalanges by analyzing some rows of a
conventional x-ray, digitized by means of a
linear microdensitometer.’

This article describes a procedure that has
been developed for the digital processing on
conventional x-rays of the distal portion of the
forearm. The aspect of the trabecular bone in
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Fig 1. Overall schema of the procedure for trabecular bone

pattern analysis.

this site gives a more accurate indication of the
calcium balance than the cortical bone of the
diaphysis® and also permits a more accurate
estimate of the bone mass of the spine.®

We have developed an experimental proce-
dure for the in vivo determination of the bal-
ance of the trabecular bone in the bone mass of
the distal epiphysis of the radius. The procedure
is used for data gathering and, after adequate
clinical testing, could be applied, together with
densitometry techniques and laboratory investi-

Fig 2. The image processing
workstation consisting of a PC
with pictorial and alphanumeri-
cal displays (left side} and of the
xy scanner for radiograms acqui-
sition (right side).
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gations, to the diagnosis of diseases that involve
the loss of bone mineral content.

MATERIALS AND METHODS

A schema of the procedure that we have
developed is given in Fig 1.

The distal portion of the forearm is exposed
to the x-ray using a high definition film-screen
system with a standard technique (25 mA and
40 kV at 70 cm); an aluminum wedge with 21
.5-mm steps is also included in each image.

The x-rays have been digitized using an image
scanner that measures the optical transparence.
The scanner (Fig 2) includes an optoelectronic
transducer consisting of an array of 2,048 photo-
diodes. The transducer covers a field of 25.6 cm
with a resolution of 125 pm. The x-ray film is
translated by a mechanism that is activated by a
step motor to obtain a resolution of 125 pm in
the mechanical scanning direction as well. The
x-ray is illuminated by a linear light source
consisting of a fluorescent tube that is aligned
and fixed with respect to the optoelectronic
transducer. In this way, each photodiode re-
ceives the light transmitted by the x-ray. An
analog to digital converter connected to the
output of the control circuitry of the array of
photodiodes converts the video signal into an
8-bit digital value. Thus, for each pixel on the
x-ray, we have a raw value L;; where L=0,1, 2,
... 255 is the luminance of the pixel, propor-
tional to the transparency of the x-ray, and i,j =
0,1, 2,...2047 are the scanning coordinates.

Following a commonly adopted method,!? the
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raw data L;; are converted into normalized data
F;, using the calibration curve L = L(T) ob-
tained by the acquisition data of the aluminum
wedge. The curve L(T) is constructed by interpo-
lation, measuring the average transparency of
the x-ray over areas of 16 X 16 pixel in correspon-
dence with each step of the wedge. Given T,
wherej = 1.2,...20, the thickness of the wedge
in correspondence with the j-th step, the aver-
age value L; can be derived. The value L;,
obtained on the bone image, is converted into
an equivalent thickness of aluminium using the
inverse function T = T(L). Because the transfer
function is determined separately for each x-
ray, any artifacts (caused by variations in the
exposure conditions or in the exposure-density
curve of the film used) are eliminated and
normalized data are obtained.

In the above operation, no allowance is made
for the radiographic contribution of the soft
tissues. However, a partial compensation is
made in the processing procedure. The average
luminance values, derived on the steps of the
reference wedge, are provided in Table 1. The
table also reports the standard deviation (SD)
of the measuring values on each range of
interest. The SD can be taken as an estimate of
the accuracy of the value measured for the
equivalent thickness (with probable error of 0.7
SD).1

The ROIs in the digital image generated by
matrix F;; are selected interactively; in this case
these regions are located in the distal portion of
the radius. The measuring sites are also selected
interactively. An exampie is shown in Fig 3.
Figure 4 shows the graph F, given by the values

Table 1. Mean Luminance Values and Standard Deviations
Measured on the Aluminum Step Wedge

Aluminum Step L sD
13 114.0 1.34
12 105.5 1.45
11 436 1.37
10 81.1 1.21

9 66.0 1.14
8 49.0 1.46
7 323 0.79
6 187 0.46
5 B.5 0.58
4 2.06 0.23

Abbreviations: L, luminance; SD, standard deviation.
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Fig 3. Selection of measuring sites: VVD, very-very distal
line; VD very distal line; D distal line.

of a row of the image resulting from a scan
orthogonal to the axis of the radius. The x axis of
the graph gives the scan coordinates from 0 to
511 gray levels, in the ordinate values represent
the equivalent thickness of the aluminum wedge
in relative units from 0 to 255 gray levels.
Examining the portion of the graph corre-
sponding to the radius, we find the first section
to have a moderate gradient in correspondence
with the soft tissues, whereas the next section
has a steeper gradient only in correspondence
with the bonc edge and a positive peak in
correspondence with the projection of the corti-
cal structure. The graph also shows a section
that is included between the two peaks of the
cortex, with oscillations of varying strengths

Fig 4. {A) Graph of a row of the acquired image {curve F}
and the filtered signal (curve G), used to calculate parametes C
{see text). {B) Graph of the acquisition signal F, and the
pedestal P, identified by the scan coordinates i, and i,; the area
in white between the two signals is used to calculate parame-
ter T.
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and, finally, a trend that is symmetrical to the
initial section.

The coarseness (C) and thickness (T) param-
eters are calculated in the following way: The
input signal F; is convolved with a box function,
H, with length n = 19, and a smoothed signal
G; = FxH is obtained. C is the root mean square
value of the signal given by the difference
between F; and G;:

1 2
C \/——iz s DIIUEE VO

where i; and i, are the scanning coordinates in
correspondence with the edges of the radius.

The operation indicated by equation 1 is
equivalent to the measurement of the power
spectrum of F; in a frequency interval deter-
mined by the filter function: C is thus depen-
dent on the high frequency components of F;
which mainly result from the trabecular struc-
ture of the bone.’

To measure T, the acquisition data F;; must
be transformed into a signal that is only depen-
dent on the attenuation produced by the skele-
tal structure.

Consider a graph F;; fori = iy and i = i, F; is
only dependent on the attenuation of the soft
tissues (skin, muscles, etc) whereas for iy <1 <
i», F; depends on the attenuation due to both the
bone and the soft tissues surrounding it. Assum-
ing the thickness of the soft tissues to be
constant or to vary linearly, the content of these
tissues can be eliminated by a subtraction.!?

We subtract from F; a pedestal of height P;
(the white area in Fig 4B). This pedestal is given
by the straight line segment between points F;
and F; :

i, — Fy i, — LF,

iLF
=1 — + : ;
Lh—1 L=
fori; <i<i, 2)

T is the mean value of the signal obtained by
subtraction and is defined by:

1 2
T=mi§l:(Fi—Pi) 3)

To evaluate the reliability of our hypothesis,
an x-ray of a forearm dried bone and an x-ray of
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the same bone laid over a 3-mm thick alumin-
ium plate were both analyzed. The equivalent
thickness was derived using equation 3 and was
found to be 2.95 Almm for the dried bone and
3.21 Almm for the dried bone placed over the
aluminium plate. Table 2 reports the results
obtained measuring known thicknesses of alumi-
nium. The table presents the values of T derived
from equation 3, the values of bone mineral
density (BMD) supplied by the dual photon
absorptiometry (DPA) and the values for k =
BMD/T. The mean values of T are in good
agreement with the actual thicknesses of the
aluminum. Furthermore, the values derived
from the image analysis and those resulting
from the densitometry are comparable. The
mean value for k is 141, with an SD of 1.19.

Under the above assumptions, T is mainly
determined by the attenuation produced by the
skeletal tissue. The value of T depends on the
product of the linear attenuation coefficient
of the crossed tissue for the corresponding
thickness; because w is proportional to the
tissue density, T is a measure of the product of
the density and the thickness of the radio-
graphed tissue.!? Equal values of T can be
obtained by exposing bone tissues of high den-
sity and low thickness to x-rays, or by exposing
bone tissues of low density and high thickness to
x-rays. The value of T has been compared with
the value of BMD: in a previous study we found
that the correlation coeflicients are 0.80 for the
one tenth distal site and 0.83 for a site that is 1
cm more distal than the previous site.!*

From the parameters C and T, measured in
millimeters of aluminum, the adimensional ra-

Table 2. Measurements of Thickness and Bone Mineral
Density Values Obtained From Aluminum Steps of
Known Thickness

Aluminum BMD T k= BMD/T

{mm} {mg/cm?) {Al mm) {mg/cm? - mm Al)
1 143 — 143
1.5 200 1.54 133

2 280 1.95 140
25 357 2.45 143

3 424 2.93 141
35 500 3.38 143

4 574 3.85 144
4.5 626 4.33 139

5 700 4.75 140

Abbreviations: T, thickness; BMD, bone mineral density; k,
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tio C/T can be derived. Because C depends
mainly on the trabecular texture and T depends
on the overall bone tissue, the C/T ratio gives
an indication of the percentage of the trabecu-
lar component with respect to the total bone
tissue.

A sample group of 25 women subjected to
DPA at one tenth distal of the radius was
examined using the procedure described above.
Two types of measurements were performed:

Local Measurements

Three measuring sites were identified on the
image of each patient (Fig 3): distal (D), one
tenth distal (corresponding to the traditional
site of the DPA); very distal (VD), 1 cm distal
with respect to D; and very-very distal (VVD),
the proximal line of the distal radioulnar joint,
ie, where it is still possible to distinguish the
radius from the ulna. For each site, the value of
C along the corresponding scanning line has
been calculated according to equation 1.

Axial Measurements

Ten subjects whose radiograms showed only
slight signs of osteoporosis were excluded from
the sample group of 25 patients; the remaining
15 subjects, all postmenopausal women, were
divided into two groups: group A, the control
group, composed of five patients with no radio-
logical signs of osteoporosis and normal BMD;
and group B, composed of 10 patients with
evident radiological signs of osteoporosis. The
BMD value was within the first SD in four cases,
within the second SD in five cases and less than
this in just one case.

On the image of each patient in both groups
A and B, eight rectangular ROIs were identi-
fied; each of these ROI is composed of 24
scanning rows, ROI1 is located at the end of the
subchondral hyperdensity band of the articular
radius surface (Fig 5).

For each ROI, labeled by the index k = 1, 2,
... 8 the average value C, has been calculated;
on the 12th line of each ROI, T, has been
calculated according to equation 3: for each kth
ROI we obtained the ratio (C/T), = C/T.

RESULTS AND DISCUSSION

The results obtained from the local measure-
ments on the sample group of 25 patients are
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Fig 5. ROIs selection for axial measurements: an overall
length of 24 mm is examined.

reported in Tables 3 and 4. Table 3 contains the
measurements of C for the three sites, Table 4
lists the average values and the relative SDs of
the values from Table 3.

The values are expressed in 10-* mm Al The
accuracy of the measurements obtained de-

Table 3. Coarseness Measurernents on 25 Patients in Distal,
Very Distal, and Very-Very Distat Sites

Patient iD Age Group Co Cvo Cwo
cB 65 74.6 96.4 144.0
cc 48 A 59.3 103.3 117.3
Cl 63 B 66.5 1314 107.3
DCA 58 B 62.9 98.9 127.8
DCR 31 77.2 78.1 161.8
DLF 43 78.4 106.6 1379
DN 52 76.5 126.1 149.4
FL 68 8 46.0 88.0 115.8
GN 61 75.0 110.1 104.6
LR 60 A 55.8 67.5 1189
ME 18 ' 52.8 98.8 121.6
Mi 58 B 64.1 114.9 112.8
MM 52 44.8 110.8 115.6
NF 65 A 75.7 78.3 106.3
PC 57 80.5 159.4 160.3
P 80 B 69.5 91.0 135.7
Pw 75 B 57.8 109.8 123.0
SC 81 B 141.0 159.5 1419
SD 60 8 57.3 68.4 105.4
SN 65 B 51.3 98.2 107.1
TA 62 95.8 1243 117.6
TBi 64 A 70.7 94.5 107.2
TBr 72 A 85.1 131.9 1233
TL 67 66.0 97.4 118.9
A% 71 B 69.4 104.7 113.3

Abbreviations: ID, identification; C, coarseness; D, distal; VD,
very distal; VVD, very-very distal.
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Table 4. Mean Values and Standard Deviations for
Parameter C

Item C SD C SsD C SD

D VD vvD
Sample 70.2 19.2 1059 236 125.0 18.7
Group A  69.3 12.0 95.1 24.8 114.6 7.5
Group B 68.6 26.8 106.5  256.1 119.0 12.7

Abbreviations C, coarseness; D, distal; SD, standard devia-
tion; VD, very distal; VVD, very-very distal.

pends both on the precision of the xy scanner
used to derive the photometric values and also
on the position of the forearm during the x-ray
examination. In fact, if the forearm is rotated on
its own longitudinal axis, different projections of
the same bone can be radiographed. Thus,
when the x-ray is analyzed, the data input to the
system can vary, and different results can be
obtained. On the other hand, positions of the
forearm that involve an inclination of the longi-
tudinal axis on the x-ray field are compensated
by registering the x-ray before digitizing it so
that the measuring sites can remain as lines
perpendicular to the longitudinal axis of the
bone. However, in this way it is still possible to
have variations in the measures because of the
subjective localization of the reference line on
the subchondral surface made by the user.
These two types of errors, which depend on the
torsion of the forearm or on the user interac-
tion, are evaluated either by repeating the
analysis of the same x-ray with a different
operator or by analyzing x-rays of the same
patient taken at different times. This type of
statistical investigation has still not been per-
formed and, consequently, we can only report
the measuring error introduced by the xy scan-
ner: the measuring precision is 0.5 x 1073
Almm and it is obtained by analyzing the data
reported in Table 1.

Table 3 shows that the value of C increases
from the distal site to the VVD site in all 25
cases. Assuming that C depends on the trabecu-
lar content of the radiographed bone structure,
the measurements obtained using our method
are in agreement with those found by Nilas,
who calculated the relative content of the trabec-
ular bone from 13 necropsies.

Applying the test of significance to the differ-
ence between the mean values for groups A and
B, in Table 4 we obtain the values t = 0.052 in
site D, t = 0.951 in the VD site and ¢t = 0.665 in
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the VVD site. These values are considerably
below Student’s ¢ index for 13 degrees of free-
dom, which is equivalent to ¢ = 2.160 for a level
of significance of 95%. For this reason we
cannot yet affirm that the difference between
the means is significant, despite the fact that the
results obtained indicate that the most suitable
site for the analyses proposed is the VD site.

A diminution of the number and an increase
in the density of the remaining trabeculae can
be noted in the radiograms of osteoporotic
subjects. The value given to C, which depends
mainly on the trabecular component, makes it
possible to quantify the information gathered
from the radiograms, even though the results of
the method followed to obtain C show a certain
degree of indetermination.

In fact, to derive C, a filter is applied to the
acquired signal and the power spectrum of the
filtered signal is measured. Because there is, in
general, a spatial frequency interval in which
the power spectrum depends exclusively on the
trabecular pattern, the filtering operation can
introduce an error that cannot be estimated
with precision without making a further compar-
ative study with istomorphometric measure-
ments.

The postmenopausal osteoporotic process is
characterized both by a diminution in the total
bone mineral content and by a variation in the
percentage of the trabecular content. The value
of C by itself is thus not sufficient to quantify the
mineral loss. The C/T ratio is far more suitable
for this purpose because it also takes the total
bone content into account.

The value of T depends both on the cortical
and on the trabecular structure. However, T is
also dependent on the nonbone components.
The contribution given by these to the attenua-
tion of the x-ray imaging has in fact only been
eliminated to a certain extent, using a function
obtained by linear interpolation between two
points on the graph of a scanning line of the
image. Consequently, an estimate of the percent-
age of the trabecular component from the C/T
ratio is affected by a measuring inaccuracy.
Nevertheless, although it is not equivalent to
the istomorphometric measurement of the per-
centage of trabecular bone content, C/T sup-
plies a useful estimate for diagnostic purposes.

The graph in Fig 6 shows the mean values of
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C/T and the SDs derived from the set of values
for groups A and B, respectively.

The values of C/T for group B are found to be
consistently higher than those for group A. C/T
thus provides a correct estimate of the percent-
age of trabecular bone content which is higher
in osteoporotic subjects {group B) than in the
control group. In both groups, C/T increase
starting from the subchondral region, reach
their maximum in ROI2, at approximately 4 to 6
mm from the surface of the subchondral bone of
the radius, and then decrease in proximal direc-
tion. This trend is similar to that of the curve
derived by Schlenker'® from a postmortem exam-
ination of four women of different ages, by
separating and weighing the trabecular and
cortical bones extracted from sections of the
radius and the ulna.

In ROI8 (approximately one tenth the radi-
us), the mean C/T values for the two groups are
closer; the curves diverge in a more evident
manner in correspondence with ROI3 and
ROI4, ie, at 7 to 12 mm from the first measuring
row.

The curve for group A shows a slight slope
from ROI8 to ROI3 and a sharp increase from
ROI3 to ROI2. This is in agreement with the
aspect of the x-ray image of healthy subjects, in
which the trabecular bone is significantly repre-
sented in correspondence with the area con-
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Fig 6. Graph of the axial measurements: an overall length
of 24 mm is examined, subdivided into eight adjacent ROls.
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tained between ROI2 and ROI3. On the con-
trary, the curve for group B slopes more sharply,
in agreement with the increase in the trabecular
bone which can be seen on the x-ray image of
osteoporotic subjects, starting from a more
proximal site with respect to the healthy sub-
jects.

CONCLUSIONS

The identification of the measuring ROIs
depends on the operator, who must first select a
reference line on the digital image; the ROIs
are then determined automatically on the rows
of the image, at a preestablished distance from
it. Because of the high spatial resolution in the
digital image acquired, the variations that can
occur when an expert operator identifies the
anatomic detail to be taken as the reference
point are contained within a pair of pixels. The
effective position of the ROIs can be translated
by just a single pair of pixels. Because each ROl
consists of 24 adjacent lines, the C/T values
obtained by translating the reference line of +2
pixels can be ignored.

Despite the errors introduced during the

interactive stage, the method proposed for the
numerical analysis of conventional x-ray images
has been shown to be adequate for the study of
the pattern determined by the bone structure
on radiographs of the distal portion of the
radius. Furthermore, although our sample was
limited, the results obtained are encouraging as
far as the application of this method to the study
of bone pathology is concerned. This method
makes it possible to evaluate the reduction in
the trabeculae and the increase in their thick-
ness. .
Parameter C can be used as an index for
quantifying the pattern of the trabecular bone.
The measurements performed have shown that
C is in agreement with the results of anatomic
and istomorphometric studies on the structure
of the trabecular bone of the distal portion of
the radius.

Parameter C/T has been found to be a valid
index for the evaluation of the percentage of the
bone trabecular content. In particular, C/T
allowed us to discriminate between pathological
and healthy subjects. In our study, the most
significant variations in the percentage of the



A METHOD FOR THE STUDY OF THE TRABECULAR BONE

trabecular bone content expressed by C/T were
found to be located approximately 6 to 12 mm
from the first measuring row: in this region, the
values are separated by more than two SDs.

If the method proposed is to be used for
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clinical evaluations (eg, in the screening of
asymptomatic patients or in the diagnosis and
grading of symptomatic patients), the dimen-
sions of the errors associated with changes in
position of the forearm must be estimated.
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