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ABSTRACT: Osteoporosis or bone loss affects many peopldcpktly the aged women, and leads
to disabling bone fractures. An early diagnosisld¢qurovide preventive management. However,
available bone densitometry equipment are very sipe and not available widely in the Third
World. The present work presents the design & dgraknt of an innovative low cost bone
densitometer based on conventional X-ray equipragatlable widely. The main innovation is the
incorporation of a stack of aluminium with varyitigckness placed beside the limb of a patient while
taking an X-ray image. Then the optical densityhaf bone area in the developed film is compared to
that from the aluminium stack, which eliminatesiaions due to all other processing factors, and
gives a measure of the bone density. A low cosicdehas been developed to measure the optical
density of the X-ray film over a circular area diat 1cm to give an average reading, which is more
appropriate than spot metering in this applicatfreliminary measurements of a few human subjects
using this equipment clearly indicate the differmcobtained due to expected osteoporosis.
Calibration with standard bone densitometry equipneeuld provide values in standard units. This
low cost innovative method and equipment appeamduide a low cost alternative to the diagnosis
of osteoporosis.

Keywords. Bone densitometer, X-ray equipment, Osteoporosis

1. INTRODUCTION

Bone density reduction or osteoporosis is a disghtiondition, particularly at old age, and for wame
more so for those suffering from malnutrition. Baransists of a matrix of collagen fibres providiag
substructure into which is embedded hydroxyapatiteminerals composed mainly of calcium and
phosphate compounds. In osteoporosis, the hydratiyapwears off and the bone becomes brittle,
resulting in undesirable fractures. The degenarasoindicated in the micrographic depiction of bon
structure in Fig.1 [1]. In an X-ray investigatidhe amount of X-ray that is attenuated by bone ddpe
on its density, therefore, an osteoporotic boné pvidvide less attenuation. Since an X-ray filmegiva
negative image, an osteoporotic bone will give kkelaimage compared to a normal bone. The pictures
shown in Fig. 2 [2] depict this information cleaihere a darker image is produced for an osteojgorot
bone. This condition of osteoporosis needs to hgrdised early for predicting fracture risks, and fo
medical intervention, if required. Specialised X¥-equipment is available for such diagnosis [3}, isu
expensive and not widely available in Third Worlouotries. Since conventional X-ray equipment to
provide images as shown above is available in nib@td World hospitals, it was thought that an
improvisation to obtain quantitative values for bafensity using these conventional equipment wbald
worthwhile. The present paper presents this waknfbasic concepts to a practical prototype which
could at least show some differences in densitiesubjects expected to have different conditions
including osteoporosis.
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Fig. 1: Micrographic depiction of Fig. 2: X-ray absorption images of bone. Brighter
normal bone structure (Ieft) and image on left indicate higher bone density (normal)
osteoporotic bone (right). compared to that on the right (osteoporotic).
2. METHODS

2.1 Basic concepts

The idea was to assess the bone density of a sulggry conventional X-ray equipment in which a
transmission image is obtained on an X-ray filme Tptical density at the desired bone position bay
assessed using a digital camera and software toia®aindividual pixel values. The same may be
performed using a low cost scanner too. Alterntigevery low cost arrangement may be built up gisin
a light source based on a light emitting diode ([.EBRd a photo detector to evaluate the averageabpti
density of a localized zone in the X-ray film. &eds appropriate optical and electronic designwiiay

be achieved at a small cost. The present work aketup to design and develop this low cost option.

2.1.1 Elimination of uncertaintiess However, the
optical density of a developed X-ray film dependsao

variety of factors such as film speed, exposurestim IEDs | ———— LED stack
development time, concentration of developin /

chemicals, temperature, etc. besides the desirad b /

density. Therefore, to correlate the optical dgnat ' \\

the bone to its physiological condition all the eth | ‘ — Diffuser
variables need to be eliminated. The innovatiotha =

present work to this end was simply to have anabbje ]

with a constant optical absorbance to X-ray, to k
placed beside the body segment to be imaged duri
taking of the X-ray image. During the measuremént « I.’ \
optical density of the bone segment, the densityisf \ \
object would act as a reference, thus eliminatlhthe —*—-L-k\
other variables as required. In the present wastaek
of aluminium strips providing different thicknesses
was used to provide this calibration. However, th
optical density of the images produced by Aluminiur
also depends on the X-ray tube voltage [4], sitee t
spectrum varies under such variations. Therefor
either the X-ray voltage should be kept constardliin
the tests, or, a correction factor should be dgesdo

take care of differing X-ray tube voltage. Fig 3: Overview of the designed set up

— X-ray film

) — Converging lens

/— Photo-detector
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2.2 Design and fabrication of optical equipment

The design consists of a light source providing mifoum

illumination over a certain area where the X-raynfiis to be
placed. The area of illumination was chosen aschecof diameter
1 cm. This was chosen against a spot metering myb&cause
point to point density may vary widely between idiguring
points on the film as may be envisaged from théupds in Figs. 1
and 2. The use of this 1 cm diameter aperture wgive an
average density which is expected to be a bettéicator

minimizing the chances of erroneous interpretatidowever, in a
finished device, a choice of aperture diameters bwprovided to
suit a particular region of bone to be assessed.

The transmitted light was concentrated onto a phaide using a ’E
convex lens. The output current from the photo-gjodhich is |
proportional to the intensity of incident light, jgocessed using
appropriately designed electronic circuitry to gaveroltage value
which can be read using a digital voltmeter. Thidtage value

would be proportional to the transmitted light thgh the X-ray

film. Since a dense bone gives a lighter X-ray imdgwould give

a greater output voltage value compared to thaafoosteoporotic
bone. Fig.3 shows a schematic of the whole deslgtewig.4 shows a picture of the finished protetyp
A detailed description of the design is given below

Fig. 4: The first prototype

2.2.1 Light Source: Two alternative options were considered, usinguatet of red LEDs, or using a low
cost solid state LASER available in the market gmiater for lecture presentations. Since the LASER
has a small beam diameter, it had to be spreadsing a concave lens to obtain the desired apeofure
1cm diameter. However, this spread out beam apgeareave dark spots and non-uniform illumination.
Therefore, it was discarded and a system basededs lwas developed. A cluster of red ultra-bright
LED’s provided an extended source the light pomtilownwards which was then diffused using a milk
white acrylic plastic sheet. A collimator was ugedobtain uniform lighting over a circular area of
diameter 1cm, where the X-ray film is to be pladed measurement. The LEDs, diffuser and the
collimator were mounted inside a hollow metallibétas shown in Fig.5.

2.2.2 Light collector: A converging lens is used to produce a

real and sharp image on the sensitive portion o th +<«— Cable

photodetector as shown in Fig.3. The aperture of th —
photodetector had a diameter of about 2.5mm. Toerdbd get 1

the whole of the 1cm diameter of the object a mfagtion of I,{.f’

0.25 was necessary. This means that the objeendisti.e., the Il

distance from the X-ray film and the lens shouldfdne times .|| <— Tube
as great as the image distance. Again, the motieeibject f*’

distance the less light from the object will behgaied by the y LED
lens. Therefore, a small focal length of the lerss wlesired. f{-ﬁi <— Cluster
This was also desirable in order to keep the egeiprwithin a N |
reasonable height. Lenses with very small focajtles were ii'”'l-_ i< Diffuser
not readily available, so two convex lenses wemlmoed to W 1l

get a small focal length of about 3.5cm.

2.2.3 Light Detector: A silicon photodiode was chosen as the
light detector. Current output from a photodiode lkeacellent Fig.5: Schematic diagram showing
linearity characteristics with incident light. Tleéore, this was  internal arrangement of the light source.
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very suitable for an analogue measurement of ttaméity of light incident on the detector. A curtrém
voltage converter circuit using an operational afieplwas designed which gave a voltage output that
could be measured using a digital voltmeter. Thadfer gain could be adjusted by adjusting a fegdba
resistor in the circuit.

3. RESULTSAND DISCUSSIONS
3.1 Calibration

As mentioned above, a stack of aluminium stripangiwarious thicknesses provided the means to
calibrate the developed X-ray film. Fig.6

shows a photograph of the stack made up pf
12 aluminum strips each 1mm thick and o
gradually increasing length. These were he
into place using black plastic adhesive tapg
thus  providing effective  aluminium
thicknesses of 1mm to 12mm in steps ¢
1mm. This aluminium stack will be useful in
giving a reference for all measurements fg
bone density on the X-ray films, eliminatin

variationh ir;) filmd den_SitieS dd_ue to (;at;:t(;rs Fig 6: Photograph of Aluminum strijg$ different length
except the bone density, as discussed be Or€qtacked onto one another andippred using black tape

An X-ray image obtained by placing this provide thickness from 1mm to 12mm
stack on an X-ray film in a conventional
diagnostic X-ray equipment is shown in
Fig.7. It shows the variation in exposed fil
densities, dark on the left side for th
thinnest part, to light on the right side
corresponding to the thickest part of th
stack. The X-ray film with the above imag
was measured and analysed using t
developed prototype of the bone
densitometer. The output voltage valueig 7: X-ray image of Aluminum strip arrangementig 6
obtained from this measurement is plotted in
Fig.8 corresponding to different thicknesses 0.15
of aluminium. It should be noted that some '
output voltage value was obtained even for /
0.1
plotted points were fitted using an 0.05 ,//
exponential curve in EXCEL which shows a

the darkest part of the X-ray film, so this was
very good agreement. /

subtracted from each of the measured outpt
values shown to obtain the figure. The

Output voltage

To see if this behaviour agrees with what is 0 ‘ ‘ ‘ ‘
expected from the basics of X-ray absorption 0 2 4 6 8 10
the following argument may be put forward. Aluminium thickness, mm

If I, is the incident beam intensity and | is the

transmitted intensity after going through a rig g: output voltage of the bone densitometer with dg
thicknesst of aluminium, the relationship o x_ray film shown in Fig.7.

would be given by [5],
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wherea is the absorption constant

The exposed and developed X-ray film gives a negair inverse image; it has a lighter shade fos les
intensity of incident X-ray, and has a dark shatiene the intensity is high. The optical device dieved

in the present work gives more output voltage ftiglter shade of the X-ray film, i.e., where thea§
beam intensity is low. Therefore the output voltafi¢he device is expected to be inversely propogi

to the X-ray intensity. Then the voltage outputi Wé given by,

V=V, e*,

which shows that the output voltage will increag@amentially with the thickness of aluminium, as
obtained experimentally.

3.2 M easur ement on human subjects

As a preliminary test for the developed equipment fhuman subjects were studied. Two of them were
young healthy males, 23 years of age. One subje®b gears had a handicapped foot while the fourth
subject was old, 60 years of age. For the firstehiX-ray
images were obtained in the region of the anklalewbr the
fourth subject, the shoulder region was imaged. Theg
aluminium strips were placed by the side of thejextth
within the film exposure area when taking the X-mnamage.
Fig.9 shows that obtained from subject 1. The whiitele on
the ankle image is the region for which the X-rép fdensity
was measured giving a corrected output voltageiasngn
Table 1. Then the X-ray image of the aluminiumpstrivas
moved under the measurement aperture till the sautyut
voltage is obtained. From the thickness of the alium
strips in that location an equivalent aluminiumckmess, in
mm, was obtained and is shown in Table 1 as walt. F
subject 2, the measured output voltage was beymndalues
obtained using the aluminium strips. In this cafiee
equivalent thickness was extrapolated from the e&ptal
equation fitted to the graph in Fig.8. For subjegtand 4,
values could be obtained from the image directlyfas ; e )
subject 1. The equivalent thickness of aluminium leder be ~ Peside that of aluminium strips. The
transformed into a measure for bone density in @sispn  Circled areas on both the ankle and the
with standard bone density equipment. Because eofntim- ~ @luminium strip image had equal density
availability of such equipment the present work Idonot ~ values.

give any absolute values of bone density.

Fig.9: X-ray image of ankle of subject 1

Table 1 also shows a good agreement with expeakrs from human subjects on a qualitative basis.
The ankles of the two normal young male subjecth bave very close and high values, aluminium
equivalent thickness of 11mm and 12mm respectividig. person with a handicapped foot had only 3mm
equivalent thickness at the ankle. It is likelyttleck of use made his bone osteoporotic at thetion.
The female subject at the age of 60 is likely toobioporotic, which is also borne out by the Jery
equivalent aluminium thickness value. Of course,ltitation is different here, the shoulder, whemaes
difference is likely. However, the very low valuktained may indicate the presence of osteoporosis.
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Table 1: Bone density in equivalent aluminium thickness obseé on human subjects. The values match

Devel opment of an innovative low cost bone densiometer

those expected qualitatively

Subject | Se» Age Physical conditio | Location of | Correctec | Equivalen
code yrs exposure output Aluminum
voltage Thickness
V mm

01 M 23 Healthy Ankle 0.15: 11

02 M 23 Healthy Ankle 0.29- 12

03 M 35 Handicapped fo Ankle 0.022 3

04 F 60 Agec Shoulde 0.01: 1

4. CONCLUSIONS

The device presented is the first attempt at d@iegpthe new idea, in the making of a low cost bone
densitometer for the diagnosis of osteoporosisgusomnventional X-ray devices available widely ir th
Third World. The calibration curve shown in Fig.8sha very good agreement with an exponential fit.
This is also expected from the basic principleshasvn.

It would be very useful if the measurements cartdmapared with that obtained from a standard bone
densitometer equipment, giving bone density in hbsounits. However, the ‘equivalent aluminium
thickness’ used in the present work may providseful unit for practical purposes, for equipmergdah

on the present innovation. This will need a staé$tstudy of many patients, normal and diagnosed f
osteoporosis. Also in vitro measurements with deage may be carried out to obtain absolute density
values.

In an actual measurement, interposed soft tissli@ls® contribute to the X-ray image intensity ahd
output obtained. In order to compensate for suétttissue, X-ray image density at a point havingikir
thickness of soft tissue only can be subtractedvéder, in regions like the heel, the thicknessait s
tissue is negligible and such compensation maypeaotecessary.

Further improvement of the device is necessaryrbeatocan be used with confidence for diagnosis, bu
this work shows that this new idea is feasible, @wilidhave widespread application in the Third Wébith
the measurement of osteoporosis.
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