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CHAPTER 1 

INTRODUCTION AND AIMS 

1.1. Introduction. 
Already during his early experiments, 6 weeks after the discovery of X- rays, Wilhelm 
Conrad Rontgen succeeded in producing an image of the bone structure in his 
wife's hand. 
Medical use of the new technique, which made it possible to produce images of pa
tients' skeletons, spread rapidly all over the world and is now an accepted practice. 
The skeleton is defined as an anatomical structure comprising bone, skeletal cartila
ge, certain periarticular tissues adhering to the joints and the red and yellow marrow. 
Unless otherwise specified, the term "skeleton" applies to the totality of these tis
sues, as present in the human body, i.e. including the blood and body fluids which 
normally form part of them. When cartilage, periarticular tissue and the red and yel
low marrow are removed, the remainder of the skeleton can be classified simply as 
"bone". Bone can be divided into two, general categories: cortical (compact or den
se) and trabecular (cancellous or spongy). Bone, as distinct from marrow, cartilage 
and periarticular tissue, can be further subdivided into bone cells, fluids, mineralized 
substance and organic matrix. Bone hardness is the result of bone mineral deposit 
within a supporting lattice consisting of the organic matrix. This bone mineral consists 
mainly of hydroxyapatite. The bone matrix contains collageneous fibers and a 
cement, or basic substance, consisting of mucopolysaccharides and mucoproteins. 
In adults, the bony structures constitute approximately 6% of the total body weight. 
The bone mineral contains Ca and P which represent respectively 2 and 1% of the 
total body weight. 
The gross shape of the respective bones or bony structures can be studied on an 
X-ray image. Evaluation of the morphology can be extended to the thickness of the 
cortical bone and the trabecular bone pattern. Differences between the image which 
the interpreter expects, on the basis of his knowledge and experience and the image 
on the radiograph lead to the "discovery" of pathologic conditions. 
The images originate through the differences in attenuation of the X-ray beam. This 
attenuation is determined by the atomic structure of the tissues, the concentration of 
the different types of atoms present and the length of travel through these structures 
of different composition. Since bone consists mainly of hydroxyapatite, which has a 
relatively high average atomic number, bone images are principally produced by the 
concentration of this mineral present in the bones. 
It can be stated that the amount of hydroxyapatite present per unit area determines 
the attenuation of the beam in that, specific, area. Consequently, the X-ray image not 
only provides information on the amount of mineral present, but can be considered as 
determined by the projection of the mineral distribution in the object on the image 
recording plane. 
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This quantitative information can be used to evaluate the average mineral content of 
a certain bone. It can further be used for qualitative study of the trabecular bone 
pattern. 
Provided that this information can be obtained with sufficient precision, it can be use
ful for the purpose of studying changes in bone mineral content over relatively short 
intervals. This could be of importance for diagnost'1c procedures and therapy evalua
tion. Individual, momentaneous measurements are also possible, but their useful
ness depends upon the existence of standard norm-value tables which are not availa
ble at the moment. 
This promising, quantitative evaluation of the images does, however, meet with cer
tain difficulties which can be classified as follows: 

1. Exact orientation, in relation to the bones, is made difficult by the presence of the 
soft tissues which surround them. Consequently, it is also difficult to standardise 
the direction of the X-ray beam in relation to the object. 

2. The technical factors vary in many instances, i.e. the composition of the X-ray 
beam, the type of recording-medium used, the dark room or other technique 
applied for production of the visual image and the average blackening of the 
image. 

3. Anatomical conditions also vary, e.g. the amount of soft tissue present. 
4. The subjectivity of the observer makes quantitative evaluation difficult. It is, there

fore, also difficult to standardise individual interpretations. Furthermore, the influ
ence of light from areas adjacent to the X-ray film must be taken into consideration, 
as well as the degree of fatigue, a factor which might limit the reliability of subjec
tive evaluation. 

Any attempt to el'1minate or, at least, reduce these difficulties calls for standardisation 
of the procedures involved. 

1. A standardised and, therefore, reproducible direction of the beam in relation to the 
object and the film is required. This is the reason why the investigation described 
in this thesis is based on a technique whereby the patients' teeth were used as an 
extention of the bone through the soft tissues, for the purpose of orientating the 
X-ray beam. 
The teeth were used to position a beam-guiding instrument and a film in relation to 
the lower jaw. 

2. Standardisation of the technical factors is a further requirement. The effect of vari
ation in these factors can also be reduced by simultaneous exposure of a standard 
absorber for comparative purposes. In most instances, this was an aluminum 
alloy machined into a wedge profile. 

3. It was necessary to devise a suitable technique for eliminating the effect produced 
by the soft tissues. 

4. Subjectivity can be eliminated by measuring the blackening of the film. Measuring 
is carried out with the aid of a small scanning spot. A microdensitometer tracing is 
thus obtained which can be used for evaluation purposes. 
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This thesis deals with the development of a technique along these lines. The charac
teristics of the system were studied and its limitations determined. 

1.2. Aims. 
The aim of this thesis is to establish and develop a method suitable for obtaining an 
objective analysis of bone as registered on a radiographic image. This analysis 
concerns determination of the quantity of bone mineral present. The system has 
been tested in-vitro and in a clinical study on patients. 
Finally, the complete system of microdensitometric analysis must be potentially 
suitable as a basis for the development of equipment which can be used for routine 
clinical measurements. 
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CHAPTER 2 

REVIEW OF LITERATURE 

2.1. Technical literature. 
Many publications concerning investigations in the basic principles of radiology 
and microdensitometric bone analysis are available. A short summary of the most 
'elevant findings follows. 

Origin of registration of the architectural pattern, the lamina dura and the 
alveolar crest in the dental radiograph. 
Goldman, Millsap, Brenman, 1957. 
Removal of buccal and lingual alveolar plates had no effect on the architectural tra
becular pattern around the teeth in a radiograph, only a loss of radiodensity. The 
difference in density could not be determined by observation. 

An investigation of the normal variations in alveolar bone trabeculation. 
Parfitt, 1962. 
Normal variations in the trabecular pattern have been classified as fine, medium 
and coarse. 
Serial radiographs to determine changes in bone volume are more indicative than 
trabecular pattern changes with time. The pattern can change according to the 
angulation of the film and tube. Changes in bone pattern suggest local or general 
disease. 
The use of a digital computer in the measurement of roentgenographic 
bonedensity. 
Vogt, Meharg, Mack, 1969. 
Changes in mineralization must be in the order of 25- 30% for visual detection on 
radiographs. Radiographs of the as calcis were investigated with an optical scan
ning system. The light transmission data from the object and an added AI. wedge 
were analysed with a computer; no standardised radiographs were used. 

Radiographic interpretation of experimentally produced bony lesions. 
Shoha, Dawson, Richards, 1974. 
Artificial bony lesions were created on a phantom, the radiographic image of the 
lesion was compared with the size and appearance of the actual lesion. 
The lesions were always larger than the radiographic image. 

Interpretation and densitometric quantification of periapical structures in 
dental radiographs. 
Duinkerke, 1976. 
Reproducible dental radiographs were made of bone phantoms and of one patient. 
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Densitometric analysis to quantify changes in the bone structures is superior to 
visual interpretation but time consuming and complex. 

A radiographic technique lor measuring the powder packing density in the 
cavities of trabecular bone. 
King, 1977 
A technique is developed to determine the difference in density of an empty bone 
specimen and one filled with lithium fluoride powder, on radiograhps using a micro
densitometer. It shows a decrease in packing density with an increase in the per
centage of bone, i.e. a decrease in cavity size. 

Zur Rontgendichte von Kunststoffen. 
Diller, 1978. 
The relative densities of available plastic materials were studied (nylon). 

Radiopacity of impression materials. 
Eliasson, Haasken, 1979. 
Radiographic densities were measured and the values expressed in AI. eq value. 
None of the examiners were able to detect an AI. eq value of 0.71 mm or less, an AI. 
eq value of 1.3 mm or more was required for diagnosis. 

Conclusions: 
From the literature, it appears that densitometric quantification of bone is more sensi· 
tive than a subjective evaluation. A combination of radiologic techn'1ques and densito
metric analysis can be useful for analysis of bone structure. Investigation of the 
possibility to create optimum circumstances for the procedure is required to gain an 
insight in the various components and to study them in detail. 

2.2. Clinical Literature. 
The diagnostic limitations of radiograph-Ic procedure is a well-known problem and 
many supplementary investigations in the field of microscopy and specialized radio
logy (CT scan, 'Y absorption) have been carried out to check the reliability of the 
radiographs. A short review of the most relevant findings follows: 

Quantitative roentgenologic studies on changes in mineral content of bone in 
vivo. 
Omnell, 1957. 
Om nell studied the AI. eq values of bone and read the values on the calibration curve 
from the 9 step AI. wedge. 

Modern radiological methods of bone densitometry· a survey. 
Bentley, 1967. 
Densitometric analysis for accurate assessment of osteoporosis was carried out and 
compared with the subjective radiologic interpretation. An AI. stepwedge (8 steps) 
was used. 
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Spongy bone architecture of edentulous mandibles: A television radiographic 
evaluation. 
De Aquiar, Klein, Beck, 1968. 
The remodelling process of bone undergoes changes when teeth are removed. This 
was related to atrophy and aging of the patient. Th is investigation counts bone trabe
cular and medullary spaces and measures maximum cross-sectional diameters of 
medullary spaces wi thin a standardised sample area (5 mm) with a television sub
traction read-out unit. 
When comparing the non-denture wearing group and the denture-wearing group, 
an increase of 17- 27 % was noted for the first group in the average width of the 
medullary spaces. 

Microdensitometric analysis of human autogenous alveolar bone implant. 
Matsue, Coll ings, Zimmermann, Vail, 1970. 
Reproducible radiog raphs were taken with a Rinn Paralleling Instrument and an AI. 
stepwedge. Figures for the serial radiographs illustrate the reproducibili ty of the 
technique. 

Study of in vivo radiographic densitometry. 
Plotnick, Beresin, Simkins, 1970. 
An intensive study of densitometry to determine the reliability as a biologic measuring 
method. Two duplicate AI. penetrometers were used (steps 1 - 7 mm) one extra-oral 
and one intra-oral. 

A technique for standardised serial dental radiographs. 
Plotnick, Beresin, Simkins, 1971. 
The description of an accurate technique for achieving standardised serial dental 
radiographs with the aid of a biteblock. Two stepwedges were used for densitometric 
studies. 

Quantitative longitudinal study of alveolar bone tissue in man. 
Bergstrom, Henrikson, 1970. 
This investigation deals with the reaction of alveolar tissue on surgery, observed from 
radiopacity changes determined with the aid of an intra-oral Iodine 125 radiation 
source. A reference AI. stepwedge was used and the density of the 5 steps was 
determined. 
Reproducibility of the positioning was obtained with an individual capsplint, covering 
the crowns of the teeth and a part of the palate. 

Iodine . 125 apparatus for measuring changes in X-ray transmission and the 
thickness of alveolar process. 
Henrikson, Julin, 1971. 
This article describes measurement of the transmission of radiation from an lodine125 

source through the alveolar process with simultaneous measurement of the thick
ness of the same region. There was a very high rep roducibility and it was possible to 
determine the amount of hydroxyapatite in the region studied. 
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Microdensilomelric analysis of human autogenous bone implants II. Two 
dimensional density and pattern analysis of interproximal alveolar bone. 
Matsue, Zimmermann, Collings, Best, 1971. 
Quantitative and qualitative assessment of alveolar bone was determined with a 
microdensitometer and also visually. An AI. stepwedge was used with a range in 
thickness from 1 - 8 mm. Densities above AI. scale 5 indicate normal or higher 
degrees of mineralization. 

Reproducible radiographs and photographs in periodontal diagnosis. 
Renggli, Steiner, Curilovic, 1971. 
The purpose was to determine the reproducibility of radiographs made with a precision 
X-ray instrument. Differences in horizontal and vertical measurements were analysed. 

A new method of gamma·ray osteodensitometry of the mandible. 
Wowern, 197 4. 
Frontal scans were made of phantoms and patients, the results obtained were repro
ducible and the method can be used for longitudinal studies of mineral content 
changes. 

The interrelationship between bone mineral at different skelelal sites in male 
and female cadavera. 
Aitken, 197 4. 
Unfortunately the techniques used for radiographic and photonabsorption measure-
ments do not provide much information on the relationship between the particular 
site selected and other parts of skeleton, on the assumption that the site selected is 
representative of the remainder of the skeleton. The third metacarpal, the radius, the 
femur and the third lumbar vertebra were investigated. In females a significant and in 
males a much less significant correlation was found. 

Measurements of fine structures in roentgenograms. A microdensitometric 
method. 
Hedin, Lundberg, Wing, 1974. 
The methodological error and the precision of the densitometric equipment was des
cribed and judged adequate for the measurement of small differences in the dent'rne 
substance. 

A method lor obtaining periodic, identical bitewing radiographs. 
Kirkegaard, Zeuner, 197 4. 
For obtaining periodical, identical bitewing radiographs, impressions of the occlusal 
surface of molars and premolars were used. Changes in the distance between mea
suring points were determined by means of a stereoautograph. 

A comparative histological and radiographic study of extraction socket hea· 
ling in the rat. 
Smith, 197 4. 
The densitometric values were limited, due to difficulties in the standardisation of the 
radiographs. Bone accretion in the bone socket can be detected after about 5 days. 
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Herstellung von reproducierbaren und deckungsgleichen Rontgenbildern bei 
Knochenslrucluruntersuchungen. 
Adolph, Lichtenau, Epple, 1975. 
Reproducible radiographs are a prerequisite for diagnosis. The radiographs are 
photometrically scanned and entered into a computer to check the reproducible 
radiographs at different moments. 

Herstellung von Ronlgenaulnahmen des menschlichen Unterkielers Methode 
und Nachweis der Genauigkeil der Reproducierbarkeit des Ortes. 
Lichtenau, Bollinger, 1975. 
Reproducible radiographs taken at different moments were analysed by means of 
data processing. Identification of the same spot was possible. 

Bone scan in chronic dialysis patients with evidence of secondary hyperpara· 
lhyroidism and renal osteodystrophy. 
Sy, Mittal, 1975. 
Radiopharmaceuticals used for radionuclide scanning made it possible to determine 
bone activity in patients with renal osteodystrophy, especially in the mandible. The 
manifestations appeared earlier than visible changes in the radiograph. 

Ronlgendensitometrische Knochenslructuruntersuchungen nach Zahnexirac· 
lionen. 
Lichtenau, Bollinger, Bbhringer, 1976. 
Reproducible radiographs were examined with a densitometer and computer-aided 
techniques with regard to bone structure changes during wound healing. The findings 
were quantitatively presented. 

Television radiographic evaluation of periapical osseous radiolucencies. 
Kasle, Klein, 1976. 
Periapical lesions were experimentally induced in dogs. Radiographs were evaluated 
visually and with television subtraction. A histologic examination was carried out. The 
subtracted image indicated an improved radiographic interpretation. 

Erlassung des Desmodontalspalts und dessen Veranderung aus dem Ronl· 
genbild des menschlichen Unterkielers mit Hille einer Datenverarbeitungs· 
anlage. 
Lichtenau, Faust, 1978. 
Reproducible radiographs were examined with regard to measurements of the perio· 
dontal space and visual interpretation. 

Periodic identical intra-oral radiographs. 
Refshauge, Tolderlund, 1978. 
A modified long-cone technique with a modified Eggen film positioner was described. 
The short term and long term error was determined. 

Reproduction of the lamina dura in dental radiographs. 
Kilpinen, Hakala, 1978. 
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Visual interpretation of radiographs was compared with recorded curves. The mine
ral content of the alveolar wall had a higher mineral content in comparison with the 
rest of the alveolar bone. 

Bone mineral measurements using an EMI scanner and standard methods: 
a comparative study. 
Pullan, Roberts, 1978. 
Three techniques for the analysis of bone mineral content are compared: scanning 
photodensitometry, radiographic microdensitometry and a modified EMI scanner. 
The EMI scanner has the added advantage of visualising and measuring the density 
of trabecular bone. 

A roentgenologic study of cortical bone resorption in chronic renal failure. 
Meema, Oreopoulos, Meema, 1978. 
Bone changes, both in the hands and the radius, were evaluated by microradioscopy, 
radiographic morphometry and photodensitometry. Densitometry of the handbones 
generally conformed with the findings obtained by the 2 other methods. 

Radiological determination of changes in bone mineral content. 
Lindsay, 1978. 
Densitometric and morphometric measurements of the 3rd metacarpal midshaft we
re compared annually, over 3- 4 years, with the photonabsorption technique. An 11 
step AI. wedge was used. For this investigation, morphometry is the most accurate 
method. 

Periapical bone lesions. 
Van der Stelt, 1979. 
Color conversion makes an improvement in the perceptibility of periapical anomalies 
possible in comparison with the observation of the black and white image. 

Therapy of osteogenesis imperlecta with synthetic salmon calcitonin. 
Castells, Colbert, 1979. 
Bone density of the phalanx was analysed with the densitometer and an AI. reference 
wedge with the computer. 

Strukturanalyse des Knochens aus Rontgenbildern. 
Heuck, Bloss, Saackel, Reinhardt, 1980. 
Two different procedures were used for the evaluation of bone structure, namely: 
digital image processing and coherent optical image processing. Frequency spectra 
for analysis of the two-dimensional bone structures were determined with the F.F.T. 
(Fast Fourier Transform) in the computer. 

2.3. Conclusions. 
A survey of the clinical and radiodiagnostic aspects is presented. Advancement of 
the research is based on experimental studies with the use of bone phantoms on ani
mals and by means of radiological studies on patients. Microdensitometry has a 
distinct advantage over the more traditional visual method as a basis for the investi-
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galion of bone mineral. Computer processing makes it possible to store the data and 
to study the changes which take place in certain areas with time. This type of techni
que could be of special interest if used for routine longitudinal clinical investigations. 
In their assessment of longitudinal radiological studies, many investigators did not 
realize the limitations of their method. Literature concerning the precision of the 
method can be classified as follows: 

1. The positioning of the beam in relation to the object. 

The radiographs were more or less identical, dependent on the precision of the 
technique used. In order to test the reproducibility of the technique, measure
ments were carried out by using clearly definable landmarks. It proved possible to 
determine the precision of the method by means of measurements. 

2. The technical factors. 

Even the identical radiographs showed differences in blackening which influenced 
interpretation of the trajects of interest. The effects of variation of these factors 
were reduced by the use of reference material. 
An objective interpretation is only possible when a calibrating gauge with exact 
known values is radiographed simultaneously with the object. Aluminum and cal
cium solutions were used for calibrating purposes. 

3. The analysis method. 

An objective estimation was achieved by measuring the blackening of the film. 
Microdensitometry was used to produce scans for evaluation of changes in the tis
sues. Different conversions were used to provide real AI. eq values of bone. Com
puter help is sometimes used for a fast evaluation of AI. eq values of bone. 
It provides digital values of bone and scans which show recognizable structures. 

4. The investigation method. 

The literature contains descriptions of a number of investigations carried out in the 
form of laboratory experiments and experiments on patients in order to evaluate a 
method which reflected bone mineral values. No conclusive answer was obtained 
to the question of how long the observation period should be or how many registra
tions need to be made in order to permit observation of changes in bone minerali
zation. 

General conclusion. 
The limitation in a subjective radiographic diagnosis concerning bony structures is 
the limitation of visibility of the changes in mineralization. A radiograph, however, not 
only provides a picture of the bone morphology, but also permits a microdensitome
tric, quantitative analysis. 
These features may prove important for the purpose of improving diagnostic proce
dures. The need for a refined clinical diagnostic method for the registration of bone 
mineral content and distribution is under discussion. 
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CHAPTER 3 

THE MEASURING AND RECORDING 
SYSTEM, INCLUDING 

THE INFORMATION PROCESSING. 

3:1. Introduction. 
The blackening of a radiograph is caused by the number of silver grains/em' in the ex
posed and processed film and it depends on the exposure, the quality of the X-ray 
beam and the processing to which the film has been exposed. 

The visual blackening of the radiograph, as experienced by the observer, depends on 
the light absorbing and scattering properties of the silver grains as well as on the 
fraction of light that is transmitted. 
The density quantitatively defines the degree of blackening of the emulsion. 
HLrter-Driffield (1890) defined density as follows: 

D incident light radiant flux 
= log.--------~------------

transmitted light radiant flux 

The density range useful for practical radiological diagnosis, depends on the physio
logical and psychological processes involved. In clinical practice, density values (D) 
from 0.25 to 2 above fog in the field of interest are acceptable. A more objective 
visual interpretation of the bone mineral can be made when an object of a known 
composition and thickness is radiographed simultaneously with the object. This 
permits a comparison between the known standard and the specimen. In 1937 Stein 
radiographed an object in combination with an ivory wedge. Hodge (1935- 1938) 
used aluminum, Bjorn, Henrikson and Omnell in 1951 and Richards in 1953 used 
various Ca. concentrations with exact known values. We endeavoured to develop a 
method which makes it possible for us to give objective information on the radiograph 
in the relatively low density as well as in the high density levels. 

In this study, aluminum was chosen as reference material because the absorption 
and the scatter properties are simular to those of bone. In addition to this, aluminum 
is a material which is homogeneous and easily machined. If an AI. wedge is exposed 
simultaneously with the object, a comparison can be made on the radiograph be
tween the density (blackening) as produced by the wedge and the points of interest of 
the object. 
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It is possible to read the AI. values of the wedge which produce the same optical 
density in an area of interest on the radiograph. The technique, using the physical 
properties of aluminum, represents an advancement in the evaluation of the radio
graph. 

The technique can be described as follows: 

On the radiograph, the microdensilometer scans the images of the AI. wedge 
and the object, which results in density curves. The curves permit us to find the 
AI. thickness which lor each spot along the bone scan, shows the same 
absorption, resulting in the same blackening on the film. This AI. thickness is 
called the AI. eq value of bone. 

This procedure is time-consuming. Computer processing is convenient, because it 
provides fast data manipulation. This method automatically transforms the measure
ments into mm AI. eq by comparison of the density in the image with the density of 
the calibrating wedge. The combination of microdensitometer and computer data 
processing is favourable and enables us to assess the radiographic bone density and 
several indications of bone mineralization. This computerized microdensitometrical 
procedure will be tested in a pilot study and in clinical practice. 

3.2. Conversion methods. 
Registration with a photomultiplier of the light transmitted by the image of an AI. cali· 
brating wedge results in a curve with irregularities. These irregularities are produced 
by irregularities in the photographic image, dust, scratches etc. The measured fluctu
ation is called noise. Precision in determination of the AI. thickness of the wedge from 
the output of the photomultiplier is influenced by the irregularities which reduce 
precision. 
The measured values of the object in the radiograph are compared with the values of 
the image of the calibrating wedge, resulting in AI. eq values. 
In order to eliminate the effects of the irregularities of the registered mV. photomulti
plier output versus mm AI. thickness on the precision, it was decided to use a mathe
matical defined curve with a minimum deviation from the registered curve. The 
formular for this curve was determined and used for the "translation program" of H1e 
computer. 
First, the fit of a linear, a quadratic and a logarithmic curve were compared to select 
the most suitable mathematical formula. The fit of these three curves in relation to 
the real data-points is shown in fig. 1. 

The deviations of the three curves from the correct value are shown in fig. 2. 

The quadratic curve-fit shows the least deviation from the correct data and was 
therefore used for the transformation of the readings into AI. eq values in the compu
ter calculations (fig. 3.). 
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3.3. Aids to improve repositioning. 
Various methods have been used and described in chapter 2.2. It was concluded that 
development of a positioning instrument was necessary for the purpose of precise 
repositioning. A constant target to film distances and correct beam angulations will 
be more easily attained by means of the extension-tube paralleling technique. This 
improves the reproducibility of the measurements and makes serial images possible. 

The Positioning Instrument (P.I.) 

The P.l. was designed and produced by the "Centrale Research Werkplaats" Depart
ment (Erasmus University, Rotterdam) (fig. 4.). It is made of nylon (Diller 1978) because 
this material has suitable properties: a low specific gravity, a smooth surface, is 
easily obtainable and also has a low X-radiation absorption. 
The P.l. consists of: 
A a biteblock with a sleeve to accept the interchangeable acrylic resin impression of 

patients. It contains a stepless AI. calibrating wedge to provide a continuous alu
minum th-Ickness scale. The wedge dimensions are: length 26 mm, width 4 mm, 
height varying from 0 to 12 mm. 
The biteblock also has eight measuring points, constituted by injection needle seg
ments with a length of 1 mm and a diameter of 0.4 mm_ 

B_ a filmholder 3 x 4 em for radiographs. Two wires were mounted perpendicular to 
each other in the filmholder_ The image of these lines on the radiograph serve to 
start the computer program. 

C. a direction indicator rod with protective shield and diaphragm. 
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Fig. 4. Positioning Instrument P.l. Positioned on the mandible. 

3..4. X-ray apparatus, X-ray beam. 
The X-ray beam contains a mixture of radiation with different wavelengths. Fluctua
tions in line voltage affect the composition of the beam. From the heterogeneous 
radiation, the radiation with a longer wave length will be absorbed more than the radi
ation which has a shorter wave length. The choice of a suitable quality of radiation is 
important for a quantitative radiological investigation. 

Tungsten Iorge\ 

Fig. 5a. The stationary-anode 
X-ray tube. 
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The inclination of the target gives a significant decrease in the intensity of the X-rays 
from the cathoce towards the anode (heel-effect) (fig. 5a., 5b.). 
The uniform emission of X-rays is often disturbed, due to roughening of the target. 
The radiation source used for our investigations was a Ritter Explorer Dental X-ray 
unit type Ill, with a long-cone and a total aluminum equivalence filtration of 3 mm. The 
film and specimen were exposed (15 mA and various kV) to a target at a film distance 
of 40 em. Various exposure conditions were used for each specimen. 

200Aoodo ~ 

Focal spot 

A +-- Tungsten target 

& 
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1-' ... 4--- Diaphragm 

<t---- Long cone 

40 em. 
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Fig. Sb. The heel-effect as given in the 
literature adapted to the long-cone 
technique (ref. The Fundamentals of 
Radiography). 



3.5. Image recording by the microdensitometer. 
A light beam of high intensity is used to measure the density of a radiograph. This 
beam passes the film perpendicularly. The transmitted (and part of the scattered) 
light, was measured by an extremely sensitive photomultiplier. The instrument used 
to measure optical densities is called a microdensitometer (fig. 6.). A microdensito
meter Gamma Scientific (2900 HR) was used. 

..!!':._ • 

Fig. 6. Schematic drawing of a microdensitometer. 

o. Eye 

b, P"o'"""IHplier 
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All recording microdensitometers consist of a light source (h) an optical arrange
ment (f, g) for illuminating the sample (e) an optical arrangement for collecting the 
light transmitted by the sample (d) a receiver to sense the collected energy (c) a de
vice to measure the energy (b) and a read-out device (fig. 8.). The illuminator and the 
collector are microscope components with varying apertures, the light detector is a 
photomultiplier. The view attachment (a) permits focusing of the microscope upon 
the desired area. 
The film is mounted on a motor-driven stage and its movement is synchronized with a 
chart-recorder on which the photomultiplier output is plotted against the distance. 
Unsuccessful experiments and incorrect film orientation can be eliminated by a 
visual inspection of the plot on the chart-recorder. The unit automatically reads and 
records photomultiplier outputs of each of the desired areas of the film. The chart
recording shows the mV output of the photomultiplier as it passes the image of the 
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mineral distribution of the bone section (fig. 7.). It can be noted that soft tissues also 
contribute to the mV values. If an exact replica of the positioning of the scanned track 
can be obtained, it is possible to compare the signals obtained from radiographs 
made at different moments. 

Fig. 7. Bone scan on 
the chart·recorder. 

The instruments comprising the scanning and recording system are shown in fig. 8. 

Fig. 8. 
A. Gamma Scientific densitometer B. Read-out device C. Chart-recorder D.lnstrumentation-recorder. 
The values, obtained from the densitometer, are stored on an instrumentation-recorder (Racal Store 14). 
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3.6. Computer Processing. 
Variations in optical density occur in the image of the bone. Recording of these varia· 
lions with a densitometer and computer processing can be useful for the develop
ment of a fast system for the evaluation of optical bone density and bone pattern. 
!\ computer program was developed for processing bone density measurements. 
The complete system is shown in block design (fig. 9.). 

Microdensitometric laboratory II Computer room 

II 
II 
II A I 

Digital 

II / I plotter 
D I 

:=',) ' X-foto 
Micro I nstrumentot ion 0 1 P. D.P. 11/10 

densitometer Recorder c I computer 

II 0 

r I I II 0 
; 

: II 
II 
II I Computer 

II 
display 

r- II 
Control r------ Y' II T erminol 

unit recocde• 
II 
II 
II 

Fig. 9. Diagram of computing facility and microdensitometric laboratory. 

During replaying for digitization, the Analog Digital Converter of the computer (Digital 
P.D.P. 11/10) converts the measured values of the densitometric scan of the X-ray 
image into a digital signal. These values are recorded on a disk for subsequent cal· 
culations. 
The wedge-image is scanned and the resulting transmission data stored in terms of 
wedge-thickness. The bone image is scanned and the resulting transmission-data 
stored. After the wedge and bone scans have been completed, the computer cali· 
brates the stored bone data in terms of AI. eq wedge thickness, using the stored 
wedge data. 
The system provides a storage capacity for 240 samples along the wedge and 400 
samples for the bone scan. The distance between the samples is 0.066 mm. The 
sample rate of 5 Hz, as indicated on the graphs, is equivalent to this inter-sample 
distance. The data relating to each scan is stored in the computer for future evalua
tion. Computer input and commands can be performed manually or in automatic 
batch mode. The computer terminal monitor shows the AI. eq values. A crosshair 
cursor is used to enable the operator to designate a specific section of the curve. 
The computer program can make calculations with the data from selected areas 
and the resulting values are recorded. For example: the average of the values of a 
scantraject was calculated; this was repeated for five adjacent scans (the distance 
between two successive scans was 0.2 mm). The average value of five adjacent 
scans, a track of 1 mm, was calculated and gave the mean AI. eq values of 1 mm'; 
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the standard deviation can also be produced. The value (fig. 10a., 10b.) can be used 
to study changes ·,n the AI. eq values of bone which take place with time. If the loca
tion of the measurement can be reproduced exactly, we can subtract the primary 
values to compare the density values. Instead of adjacent scans, scans of different 
radiographs of the same subject can be evaluated. If a horizontal alignement is not 
correct, the computer can correct the scan position until a maximum correlation 
between the scans is obtained. 

.....: Calibrating wedge 

-....r: Reference l'lne (measuring po'1nts) 
-"'Il( Startline computer 

....: Area covered by five scans in alveolar ridge. 
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Fig. 10a, 10b. 
Radiograph and 
computer -generated 
scan showing the 
average AI. eq 
values/mm2 and the 
standard deviation. 



CHAPTER 4 

THE SYSTEM PRECISION 
(REPRODUCIBILITY). 

THE PilOT STUDY. 

The precision denotes the reproducibility of repeated measurements irrespec
ti11e of their absolute accuracy. 
The microdensitometric technique depends on equipment which, nowadays, has pro· 
bably attained a sufficient degree of technical perfection. 
In this chapter, the technical and mathematical aspects of the procedure will be 
studied. 

The following aspects were tested for precision: 
4.1. The precision along the calibrating wedge. 
4.2. The precision of the positioning instrument. 
4.3. The precision of the X-ray timer. 
4.4. The homogeneity of the X-ray beam. 
4.5. The precision of the X-ray film and the developing procedure. 
4 .. 6. The influence of the exposure time on the AI. eq value determination of: 

a. an AI. phantom 
b. a mandible phantom. 

4.7. The influence of a soft tissue substitute on the precision. 
4.8. The precision of the microdensitometer and recording system 

a. positioning of the film 
b. fluctuations in the intensity of the light beam 
c. direction and speed of the motor-driven assembly 
d. the response of the photomultiplier to density variations. 

4-.1. The precision along the calibrating wedge. 
Relatively small irregularities are visible in the curve of the image of the AI. calibra
ting wedge. Investigation is necessary to ascertain whether these irregularities could 
be caused by the AI. wedge. 
The calibrating wedge was machined in one piece from an aluminum block and tape
red from 0- 12 mm AI. Aluminum 51ST= 98.4% AI, 0.6 Mg, 1% Si. Variations in the 
image of the calibrating wedge give an indication of the homogeneity of the material. 
The following method was used: five adjacent scans were made, parallel with the 
long axis and in the centre, in order to ascertain whether the location of the scantra
ject is important (table I.). 
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Table 1: AI. eq values of the five scans in the centre of the wedge. 

Selected areas of one mm wedge, in mm AI. eq 

Scan no. 

1 10.95 9.91 9.31 8.62 8.20 7.85 7.24 6.75 6.29 5.70 5.25 4.62 4.03 3.37 2.81 2.'8 

2 11.4110.25 9.49 8.91 8.47 7.89 7.47 6.89 6.36 5.76 5.14 4.61 4.04 3.44 2.84 2.14 

3 11.0910.07 9.49 8.95 8.41 7.95 7.40 6.74 6.25 5.84 5.07 4.59 4.02 3.40 2.75 2.13 

4 11.2110.26 9.60 9.01 8.51 8.00 7.32 6.91 6.42 5.82 5.24 4.71 4.01 3.39 2.83 2.11 

5 11.36 10.30 9.67 8.98 8.38 8.07 7.46 6.89 6.46 5.91 5.28 4.65 4.07 3.33 282 2.17 

Mean 11.20 10.16 9.51 8.89 8.39 7.95 7.38 6.84 6.36 5.81 5.20 4.64 4.03 3.39 2.81 2.15 

SD 0.19 0.16 0.14 0.16 0.12 0.09 0.10 0.08 O.Q9 0.08 0.09 0.05 0.02 0.04 0.04 0.03 

Coefficient 
1.7 1.6 1.4 1.8 1.4 1.1 1.3 1.2 1.4 1.4 1.7 1.0 0.6 1 2 1.3 1.3 of variation 

In the five adjacent scans, small variations in the measurements were found between 
scans at 0.2 mm distance along the axis; the variation coefficients ranged from 1.8 to 
0.6%. It can be concluded that the selection of a scan traject of the calibrating wed
ge within a path of one mm shows only small differences. 

4.2. The precision of the positioning instrument (P.I.) 
For testing of the developed P.l. (3.3.) and long-cone technique, a dried mandible was 
used to test the precision of the method. An autopolymerizing acrylic block was made 
on the molars and premolars of the mandible. A connection was made with the P.l. by 
means of a slot, in such manner that the film was parallel to the axis of the teeth. 
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Fig. 11. Scan of 
traject d. (fig. 12.) 
showing the border 
of the landmark 
indicated by the 
cursorline 
(sample 135). 



Tre biteblock can be reseated for each examination. A metal wire (landmark) was in
corporated in the mandible to simulate soft tissues (cheek) and a 2 em thick layer of 
perspex® was used. Five radiographs were made of the molar region, since differen
ces in the positioning of the X-film influence the reproducibility of the measurements. 
To test the reproducibility (precision) of serial radiographs, distances were measured 
according to the following criteria (landmarks): the position of the startlines of the 
computer in the P.l. both in relation to the image of the wire in the mandible. 
The reproducibility of consecutive measurements (a horizontal distance on the graph 
of fig. 11.) depends, among other factors, on the error made in identifying the border 
of the wire. This error will be small when the vertical parts in the curves are used and 
the error will be larger for less steep sections in the curve. In general, well defined 
landmarks with vertical borders in the graphs were used. 

Horizontal and vertical scans were made to test the reproducibility of the five diffe
rent radiographs. 

Reference line ,.... 

Fig. 12. Schematic drawing illustrating the 
scantrajects on the radiograph. 

The following scantrajects were used: in order to measure horizontal distances c. 
and d. (fig. 11, 12.) scans were made passing the vertical startline and passing 
respectively, the top and the bottom of the wire. The length of the scantrajects was 
also determined in order to measure the vertical distances v, and v, between the hori
zontal startline and the top and the bottom of the wire. 
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Table II: The number of samples along the four scan lines c, d, v1 and v2 . 

Radiograph Horizontal scan Vertical scan 
in samples in samples 

C. d. v, v, 

1 169 142 79 91 

2 169 143 80 85 

3 170 143 80 74 

4 170 143 71 83 

5 169 140 80 88 

Mean 169 142 78 84 

so 0 55 1.30 3.94 6.46 

Results. 
The horizontal scans show small differences (1 sample). As expected, the vertical 
scans showed larger differences for the vertical traject v,, a mean of 78 samples SO 
3,94 coefficient of variation 5% and for the vertical traject v2 , a mean of 84 samples 
SO 6,46 coefficient of variation 8%. 
The investigated vertical scan trajects form a more unfavourable, small angle with 
the border of the object. This might explain why the coefficient of variation is higher in 
comparison with the horizontal distances. 
The precision of the repositioning was also tested by the mean AI. eq value of a scan
traject in a radiograph of the mandible. The same 5 radiographs, used for investigation 
of the distance measurements, were evaluated. 

Table Ill: The mean AI. eq values of five radiographs. 

Radiograph Mean AI. eq (mm) bone traject. 

1 7.32 

2 7.30 

3 7.28 

4 7.30 

5 7.27 

Mean 7.29 

so 0.02 

We found small differences in AI. eq values between the 5 measurements, the SO of 
the AI. eq value was found to be 0.02. 
It can be concluded that reproducible "high precision" radiographs can be made of a 
dried, human mandible. A small coefficient of variation was found, namely 0.3%. 
In chapter 5 the additional influence of the clinical circumstances will be studied. 

4.3. The precision of the X-ray timer. 
Serial exposure with the same kV and mA demands negligible exposure time errors in 
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order to eliminate variations in blackening. For this reason, the reliability of the X-ray 
tirner was tested. The method is based on the fact that the unit produces radiation du
ring only half the duration of each line voltage cycle. If the input current has 50 cycles 
per second, the tube produces 50 radiation emissions per second. 
We used a fluoroscopic screen in combination with photosensitive transistors for the 
production of an image on a storage oscilloscope. It is possible to count the number 
of pulses that occur during the exposure. If the frequency of the line voltage is stable, 
the measuring system can be considered as reliable. There is a reduced output in the 
in1tial stage of each exposure (fig. 13.). 

Fig. 13. Photograph of the 
monitor screen of the 
storage oscilloscope 
showing differences in 
output per each period of 
1/50 sec. The oscillogram 
reoresents a set of 
radiation pulses. Especially 
during the initial stage, 
there is a reduction in the 
height of the pulses. 

Tl1e relation between the time of exposure and the exposure setting is shown in fig. 14. 

Fig. 14. Graph showing the relation between 
the exposure time and the exposure setting. 
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The time error is less than 10%. Only the time of 1s. is accurate. Later on, it will be 
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shown that even exposure time variations of 100% do not influence the AI. eq value 
determination of an aluminum testobject or bone phantom. The timer error can, there
fore, be considered as having no significance. 

4.4. The homogeneity of the X·ray beam. 
In a longitudinal investigation, it is reasonable to expect that the calibrating wedge, the 
location of the scan traject of the object and the X-ray beam will have the same position 
in relation to each other. It is, therefore, useful to investigate the non-uniformity effects 
of the X-ray beam. The heel-effect can exercise a negative influence on the AI. eq values 
in an object (fig. 5b.) 
Homogeneity was investigated with the aid of an aluminum sheet with a thickness of five 
mm. Differences in the shape and properties of the object were thus eliminated. 
The object was radiographed simultaneously with the P.l. aluminum calibrating wedge. 
In order to investigate the heel-effect, two radiographs with identical exposures were 
made with 0 and 90 degree rotations of the X-ray tube (80 kV, 15 mA and 1 s). 

Table IV: Distribution of the AI. eq values in the two radiographs made with a rotation 
of 0 and 90 degrees of the X-ray tube. 

oo Rotation of the X-ray tube. (values in mm AI. eq) 

80kV15mA 0-4 4-8 8-12 12-16 16-20 
Mean SD Coefficient of 

1.0 s mm mm mm mm mm variation 

j 
o mm 5.22 5.12 5.08 5.08 5.16 5.13 0.06 1.2 

5 mm 5.34 5.20 5.20 5.23 5.26 5.25 0.06 1.1 

10 mm 5.38 5.30 5.24 5.30 5.37 5.32 0.06 1.1 

15 mm 5.50 5.41 5.44 5.46 5.48 5.46 0.03 0.6 

20 mm 5.59 5.58 5.54 5.56 5.51 5.56 O.Q3 0.6 

Mean 5.41 5.32 5.30 5.33 5.36 5.34 0.9 

SD 0.14 0.18 0.19 0.19 0.15 

Coefficient 
2.7 3.4 3.5 3.6 2.6 3.2 

of variation 

goo Rotation of the X-ray tube. (values in mm AI. eq) 

80kV15mA 0-4 4-8 8-12 12-16 16-20 Mean SD Coefficient of 
1.0 s mm mm mm mm mm variation 

j 
0 mm 5.15 5.15 5.17 5.09 5.20 5.15 0.04 0.8 

5 mm 5.16 5.21 5.21 5.23 5.21 5.20 0.03 0.5 

10 mm 5.23 5.32 5.26 5.32 5.35 5.30 0.05 0.9 

15 mm 5.42 5.46 5.44 5.44 5.42 5.44 0.02 0.3 

20 mm 5.61 5.65 5.64 5.49 5.51 5.58 0.07 1.3 

Mean 5.31 5.36 5.34 5.31 5.34 5.33 0.8 

SD 0.20 0.20 0.20 0.16 0.13 

Coefficient 
3.7 3.8 3.7 3.0 2.5 3.3 

of variation 
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Microdensitometric scans of the AI. object were made of five different tracks parallel 
with the short film axis. The track was divided into sections of four mm. Average mean 
AI eq values were determined for each section and these values were compared 
(table IV.) 

Tr1e non-uniformity effects of the X-ray beam on the radiograph can be divided into a 
horizontal, respectively vertical non-uniformity aspect. The horizontal non-uniformity for 
both radiographs was relatively small: coefficient of variation 0.9 respectively 0.8%, 
vert1cal non-uniformity 3.2 and 3.3%. 
It may be concluded that rotation of the X-ray tube has no influence on the distribution 
of the blackening. It can, therefore be concluded that the heel-effect has a relatively 
insignificant effect. 

4 .. 5. The precision of the X-ray film and the developing procedure. 
All the films used during the investigation period came from the same batch number 
in order to avoid the use of films of different makes with possible differences in the 
photographic emulsion. 
As an additional precaution, the radiographs were stored in the dark, in a refrigerator. 
Single filmpacks were used. 

S<ensitometric characteristic of the radiographs. 
The characteristic curve of Kodak U. Speed represents the relationship between pho
tographic density against the logarithm of the exposure times. Successive exposures 
were made with the available exposure setting on the X-ray timer. The curve obtained 
represents the reaction of the particular emulsion on the exposure and the proces
sing conditions to which it is subjected. The base density plus fog density can be 
determined by processing and measuring an unexposed film from the same batch. 
Part of the curve is a nearly straight line; it shows a linear relation between density 
and log exposure. All the exposed films were developed in an automatic developing 
machine (Siemens Pantomat) under standardised conditions, with fresh developer 
and fixative, at a temperature of 28.0°C. 
The short axis of the film was brought first into the developing machine, to avoid in
consistencies in the development direction. Film sensitometry was carried out to 
assess the properties of the Kodak X-ray films used during the year of investigation 
and the resulting characteristic curves for the respective periods Sept. 1980 and June 
1981 were thus obtained. 
The slope of the curve indicates the contrast of the film. The estimated slopes for the 
two periods are shown in fig. 15. The decrease in the slope of the curve could be the 
result of: 
a. a change in the properties of the X-ray film; 
b. a change in the developing procedure. 
Density variations on radiographs are caused by background irradiation during storage 
and/or emulsion and processing inconsistencies. 
Technical discrepancies and processing techniques limit the scope of radiographic 
interpretation. If an AI. calibrating wedge is radiographed simultaneously with the 
object, it can be assumed that both have the same exposure and developing factors. 
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Fig. 15. Character'1stic Curve Kodak 
Morelight U. Speed OF. 57. 
Standardised Processing. 
Investigation 1980- 1981. 

Differences in blackening of the radiograph are thus eliminated by comparing the 
density values of the structures with the values of the calibrating wedge. 

Differences on the X-ray films. 
Differences on X-ray films can be divided into two categories: differences between 
individual X-ray films and differences within the X-ray films themselves. 
In order to study the influence of film differences and developing procedures be· 
tween and within films, five films were exposed simultaneously with a sheet of alumi
num, radiographed five times (80 kV, 15 mA 1 s) and developed. The AI. eq values were 
then determined. 
Five tracks, covering the whole film, were used at a distance of 5 mm (table V.). This 
shows the local values of these five films. Table VI gives the mean values of these 
five tracks for each film and table Vila., b. give the selected local values of each film. 

Table V: Distribution of the AI. eq values in five radiographs of an object of five mm 
thickness with a 1 s exposure. Complete information used to study the precision 
between and within films. 

Radiograph I. (values in mm AI. eq) 

80kV15mA 0·4 4-8 8-12 12-16 16·20 Mean SD Coefficient of 
1.0 s mm mm mm mm mm variation 

j 
Omm 5.33 5.21 5.19 5.15 5.17 5.21 O.D7 1.4 

5 mm 5.43 5.30 5.29 5.28 5.31 5.32 0.06 1.2 

10mm 5.53 5.40 5.35 5.38 5.38 5.41 O.D7 1.3 

15 mm 5.76 5.66 5.62 5.57 5.62 5.65 O.D7 1.3 

20 mm 5.89 5.82 5.80 5.77 5.72 5.80 0.06 1.1 

Mean 5.59 5.48 5.45 5.43 5.44 5.48 1.3 

SD 0.23 0.25 0.25 0.24 0.23 

Coefficient 
4.2 4.7 4.6 4.5 4.2 4.4 

of variation 
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Radiograph II. (values in mm AI. eq) 

80kV15mA 0-4 4-8 8-12 12-16 16-20 
Mean SD Coefficient of 

1.0 s mm mm mm mm mm variation 

j 
0 mm 5.42 5.25 5.25 5.24 5.26 5.28 0.08 1.5 

5 mm 5.44 5.33 5.33 5.36 5.40 5.37 0.05 0.9 

10 mm 5.57 5.43 5.42 5.40 5.46 5.40 O.D7 1.2 

15 mm 5.79 5.70 5.63 5.69 5.68 5.70 0.06 1.0 

20 mm 5.89 5.79 5.81 5.78 5.75 5.80 0.05 0.9 

Mean 5.62 5.50 5.49 5.49 5.52 5.52 1.1 

SD 0.21 0.23 0.23 0.23 0.20 

Coefficient 
3.7 4.3 4.2 4.2 3.7 4.0 

of variation 

Radiograph Ill. (values in mm AI. eq) 

80kV15mA 0-4 4-8 8-12 12-16 16-20 
Mean SD Coefficient of 

1.0 s mm mm mm mm mm variation 

j 
0 mm 5.50 5.44 5.42 5.38 5.42 5.43 0.04 0.8 

5 mm 5.59 5.54 5.53 5.53 5.59 5.56 O.D3 0.6 

10mm 5.68 5.58 5.52 5.50 5.58 5.57 O.D7 1.3 

15 mm 5.78 5.70 5.81 5.74 5.79 576 0.04 0.8 

20 mm 6 10 6.10 6.04 6.06 6.08 6.08 O.D3 0.4 

Mean 5.73 5.67 5.66 5.64 569 5.68 0.8 

SD 0.23 0.26 0.26 0.27 0.25 

Coefficient 
4.0 4.5 4.5 4.7 4.5 4.4 

of variation 

Radiograph IV. (values in mm AI. eq) 

80kV15mA 0-4 4-8 8-12 12-16 16-20 
Mean SD Coefficient of 

1.0 s mm mm mm mm mm variation 

j 
0 mm 5.36 5.23 5.17 5.19 5.20 5.23 0.08 1.5 

5 mm 5.35 5.22 5.12 5.12 5.13 5.19 0.10 1.9 

10 mm 5.41 5.26 5.24 5.21 5.25 5.27 0.08 1.5 

15 mm 5.74 5.59 5.62 5.54 5.57 5.61 0.08 1.4 

20 mm 5.84 576 5.67 5.66 5.65 5.72 0.08 1.4 

Mean 5.54 5.41 5.36 5.34 5.36 5.40 1.5 

SD 0.23 0.25 0.26 0.24 0.23 

Coefficient 4.2 4.6 
of variation 

4.9 4.5 4.4 4.5 

39 



Radiograph V. (values ·m mm AI. eq) 

80kV15mA 0-4 4-8 8-12 12-16 16-20 
Mean so Coefficient of 

1.0 s mm mm mm mm mm variation 

l 
0 mm 5.28 5.24 5.14 5.20 5.28 5.23 0.06 11 

5 mm 5.32 5.26 5.19 5.23 5.37 5.27 007 1.4 

10 mm 5.27 5.19 5.26 5.25 5.31 5.26 0.04 0.8 

15 mm 5.53 5.48 5.44 5.52 5.57 5.51 0.05 0.9 

20 mm 5.77 5.74 5.76 5.73 5.77 5.75 0.02 0.3 

Mean 5.43 5.38 5.36 5.39 5.46 5.40 0.9 

so 0.22 0.23 0.25 0.23 0.21 

Coefficient 
4.0 4.3 4.7 4.3 3.8 4.2 

of variation 

The differences between the mean AI. eq values in the live films (table VI.). 

Table VI: Mean AI. eq values of five radiographs of a 5 mm Aluminum object 

Radiograph Exp. time Object 5 mm AI. 

Mean so 
1 1 s 5.48 007 

2 1 s 5.52 0.05 

3 1 s 5.68 0.03 

4 1 s 5.40 0.08 

5 1 s 5.40 0.04 

Mean 5.50 0.12 (2%) 

From table VI it can be concluded that five radiographs produce an average mean AI. 
eq value of 5.5 SD 0.12 and a coefficient of variation of approximately 2%. 

The differences between the 5 selected areas in the same series of 5 radiographs 
(table VIla.) were investigated. 

Differences were analysed by comparing the coefficients of variation of the five 
radiographs_ From table Vila. it can be concluded that the maximum for the coeffi
cient of variation was 2.9% and the minimum for the coefficient of variation was 
1.6%. The coefficient of variation has a tendency to be slightly larger than the coeffi
cient of variation of the mean for the whole film_ 

Dillerences within the X-ray film. 
In the 5 radiographs (table V.) the difference between the coefficients of variation for 
the horizontal trajects was approximately 1 % and the difference between the coeffi
cients of variation for the vertical trajects was approximately 4%. 
A summary of the values of selected sections (x) of four mm in the five tracks 
choosen in five radiographs and given in table Vllb_ 
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Table VIla: AI. eq values of five selected areas in the same series of five radiographs 
as in table VI. 

X 1 2x 

3 X 

x4 5x 

Radiograph Section 
1 2 3 4 5 

1 5.33 5.17 5.35 5.89 5.72 

2 5.42 5.26 5.42 5.89 5.75 

3 5.50 5.42 5.52 6.10 6.08 

4 5.36 5.20 5.24 5.84 5.65 

5 5.28 5.28 5.26 5.77 5.77 

Mean 5.38 5.27 5.36 5.90 5.79 

so 0.08 0.10 0.12 0.12 0.17 

Coefficient 1.6 1.8 2.2 2.1 2.9 
of variation 

Table Vllb: AI. eq values of five selected areas in the same series of five radiographs 
as in table VIla. 

X 1 2x 

3 X 

x4 5x 

Radiograph Section 
1 2 3 4 5 

1 5.33 5.17 5.35 5.89 5.72 

2 5.42 5.26 5.42 5.89 5.75 

3 5.50 5.42 5.52 6.10 6.08 

4 5.36 5.20 5.24 5.84 5.65 

5 5.28 5.28 5.26 5.77 5.77 

Mean 5.38 5.27 5.36 5.90 5.79 

From table VII b. it can be concluded that the local vertical differences in the mean AI. 
eq values in each film between the top (section 1 - 2) and the bottom (section 4- 5) 
were approximately 10%. 
The local horizontal differences were approximately 1%. 
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4.6. The influence of the exposure time on the AI. eq value deter· 
mination. 
The experiments on the influence of the exposure time ·In the precision of the AI. eq 
values involved an investigation of aluminum and a bone phantom. Specimens of alu
minum (5 mm) and bone (mandible) were radiographed with use of the P.l. 

a. The influence of the exposure time tested with an aluminum phantom. 
The 5 mm AI. object was exposed (80 kV, 15 mA) with increasing exposure times. 
Mean AI. eq values were calculated (table VIII). 

Table VIII: The AI. eq values of the 5 mm AI. phantom with different exposure times. 

Radiograph Exp. times Mean AI. value 

1 0.75 5.39 

2 0.90 540 

3 1.00 541 

4 1.25 5.15 

5 1.50 5.39 

Mean 5.35 

SD 0.11 

Coefficient of variation 2.1 

A series of increasing exposure times gives a mean AI. eq value of 5.35 SD 0.11 ana 
a coefficient of variation 2.1 %. It may be concluded that the developed conversion 
method can eliminate changes in the exposure times with an increase of 100% in the 
0.75- 1.50 s range. 

b. The influence of the exposure time tested with a bone phantom. 
A series of three radiographs of the mandible were made with different exposure 
times (0.5, 1 and 1.50 s, 90 kV and 15 mA). The relation object-film was fixed. The 
microdensitometric analyse of each radiograph is shown (fig. 16.), five scans, cove
ring the same area, were made at a distance of 0.2 mm. 

Table IX: Mean AI. eq values of bone phantoms with exposure times of 0.5, 1 and 
1.50 S. 

Exp. time Visual interpretation. Mean AI. eq value Mean AI. eq value, I mm track. 

0.5 s. light 7.11 4.93 

1.0 s. good 6.88 4.80 

1.5 S. too dark 6.83 4.57 

Mean 6.94 4.77 

so 0.15 0.18 

Coefficient of variation 2.2 3.8 
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Fig. 16. Mean AI. eq value of the 
five scans and the standard 
deviation are shown. A one mm 
section of the curve track 
(sample 180 to 195) is evaluated in 
table IX. 
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From the graph (fig. 16.) it can be seen that the resolution of details in the image 
decreases in dark radiographs. 
The effect of the exposure time (table IX.) on the mean AI. eq value of the bone scan 
is small, the average mean AI. eq value is 6.94 SO 0.15, the coefficient of variation 
2% and for the track sample respectively 180- 195, mean 4.77 SO 0.18, coefficient 
of variation 4%. 

4. 7. The influence of a soft tissue substitute on the precision. 
In order to investigate the influence of a soft tissue substitute on precision, a layer of 
25 mm Perspex® was used. It simulates the cheek and covers the complete area of 
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investigation, as well as the aluminum sheet with a thickness of 5 mm, including the 
calibrating wedge. Two radiog raphs were made: one with the 25 mm Perspex® layer 
and one without the Perspex® (80 kV 15 mA 1 s- table X.). 

Table X: Mean AI. eq values in two radiographs of an aluminium object (one covered 
by Perspex® ). 

Without 25 mm Perspex<ll (values in mm AI. eq) 

80 kV 15 mA 0·4 4·8 8-12 12-16 16-20 Mean so Coefficient of 
1.0 s mm mm mm mm mm variation 

1 

Omm 5.36 5.23 5.17 5.22 5.20 5.24 0.07 1.4 

5 mm 5.35 5.22 5.12 5.15 5.13 5.19 0.10 1.8 

10mm 5.41 5.26 5.24 5.24 5.25 5.28 0.07 1.4 

15 mm 5.74 5.59 5.62 5.57 5.57 5.62 0.07 1.3 

20 mm 5.84 5.76 5.67 5.69 5.65 5.72 0.08 1.4 

Mean 5.54 5.41 5.36 5.37 5.36 5.41 1.5 

so 0.23 0.25 0.26 0.24 0.23 

Coefficient 4.2 4.6 4.9 4.5 4.4 4.5 
of variation 

With 25 mm Perspex® (values in mm AI. eq) 

80 kV 15 mA 0-4 4-8 8-12 12-16 16-20 Mean so Coefficient of 
1.0 s mm mm mm mm mm variat ion 

1 

Omm 5.47 5.26 5.19 5.05 5.16 5.23 0.16 3.0 

5mm 5.31 5.21 5.07 5.04 5.16 5.16 0.11 2.1 

10 mm 5.49 5.26 5. 16 5.12 5.22 5.25 0.14 2.8 

15mm 5.62 5.36 5.20 5.26 5.32 5.35 0.16 3.0 

20 mm 5.68 5.53 5.47 5.40 5.41 5.50 0.1 1 2.1 

Mean 5.51 5.32 5.22 5.17 5.25 5.29 2.6 

so 0. 14 0.13 0.15 0.15 0.11 

Coefficient 2.6 2.4 2.9 3.0 2.1 2.6 
of variation 

The mean AI. eq values of the object radiographed, respectively without and with the 
Perspex® layer, were 5.41 and 5.29 mm AI. It appeared that the influence of the 
Perspex® on the AI. eq values is relatively small. There was a greater similarity 
between the coefficients of variation for the horizontal and vertical values in the 
radiographs made with the Perspex® layer. This material probably influences the 
distribution of secondary radiation reaching the f ilm. 

4.8. The precision of the microdensitometer and recording system. 
The reproducibility also depends on the mechanical construction of the densito
meter. Differences can be expected between readings made at different moments on 
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the same instrument. In order to understand the causes of such discrepancies, it is 
necessary to analyse the factors influencing the readings. The following factors were 
investigated: 
a. the precision of repositioning of the film in the densitometric system. 
b. the fluctuation in the intensity of the light source. 
c. the direction and speed of the motor-driven assembly. 
cl. the photomultiplier response to density variations. 

ad. a. In order to test the precision of the repositioning in the densitometric system, 
one dental radiograph was repositioned five times in the densitometer. The area of 
investigation was determined in the following way: we chose a traject parallel to the 
reference line. The identified area of interest has a fixed vertical distance from the 
reference line (fig. 17.) 

Fig. 17. The 
spread of five 
identical trajects 
of 0.2 mm and 
the mean AI. eq 
values. 
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The mean AI. eq values of the five scans were calculated as 6.48 mm AI. eq SO 0.02 
and a coefficient of variation of 0.3. In conclusion: it is possible to reposition a film in 
the microdensitometric system with an extremely small coefficient of variation. 

ad. b. The fluctuation in the intensity of the light source. 
The influence of the warming-up time of the densitometer can be avoided by starting 
the measurement after 30 minutes warming-up. Time instability of the light source 
was determined by a repeated density recording of a 6 mm AI. image on a non
moving film for 30 minutes (fig. 18.). 
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Results. 

Fig. 18. Scan 
indicating variations 
in half an hour. 

During the 30 min. test there is a maximum deviation of 0.05 mm AI. which is negli· 
gible. Since stabilization of the electronics of the densitometer is very expensive, the 
variation was accepted and classified as an "error of the method". 

ad. c. The direction and speed of the motor-driven assembly. 
Precision depends upon constancy of the scanning speed. It was, therefore, neces· 
sary to determine whether there is any difference between the L · Rand R. L speeds. 
The densitometer has a motor-driven assembly which passes through the film via the 
light beam. It is possible that the scan-speed may not be constant. In order to check 
the motor-driven assembly, two plots of a sample were made in opposite directions. 
The scans should be identical, irrespective of the direction Left to Right or Right to 
Left. The signal was transmitted to the chart-recorder. 

' ' ' I/'', 

' ' 
,/ ' 

Fig. 19. Bone scans 
made in two 
opposite directions. 

It can be seen from the figure that the scan-speeds are not identical. The difference is 
approximately 1%. To overcome the influence of fluctuations in directional scanning 
speeds, only one direction will be used in future. The chosen direction is Left to Right. 
The absolute values, registered in both directions are, however, identical. 

ad. d. The photomultiplier response to density variations. 
The densitometer is used to analyse density patterns. It is probable that the photo
multiplier response can influence density measurement. The density, scanned at any 
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moment, should be the same, but there is a possibility of deviation from the exact 
values as a result of rapid density changes. 

Experiments were carried out to test: 
1. The step-response. The image of a step in the object between 11 mm AI. and 2 mm 

AI. was investigated. 
2. The time-response. A pattern was scanned at various scan-speeds. 

ad 1. The step between 11 and 2 mm AI. eq values was used to test the photomulti
plier response. Such extreme values occur in dental radiographs between enamel 
and bone. The results are shown in fig. 20. It can be seen that the step-up response 
0.18 s (black to white) is immediate whereas the step-down response o. 71 s (white to 
black) is more delayed. 

" 

• 
' 5 
' 

1.0 2.0 
Time in seconds J.O____., 

<.0 5.0 

Fig. 20. Step-up and step-down response. The values indicated correspond to 10% and 90% of the total 
step height. 

ad 2. The scan-speed is very important. If the scan-speed is such as to prevent the 
microdensitometer from attaining true equilibrium, there can be no correct response 
to variations in density. The quantitative performance of the densitometer can be 
studied by scanning a spatial black and white step-function pattern. This scanning 
pattern shows steps from white to black and from black to white. We can expect a 
symmetric response. The response was tested at two speeds: 2Vz mm/min. and 
18 1/z mm/min. 
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The recording (fig. 21.) was made from left to right. 

From the results shown in fig. 21, it can be concluded that: 
1. There is no symmetric response from this white and black test pattern and no 

super-imposing of the curves (small variations). Although the scan-speed does 
influence the recording, the differences are small. 

2. It is advisable to scan from high to low density (step-up response). 
3. If steps are to be recorded, difficulties may be anticipated when exceeding a diffe

rence of several mm AI. 
It should be noted, however, that the variations used in this experiment will never 
occur in the images of bone density. Consequently, the effects will be far less pro
nounced than was the case for this experiment. For practical reasons, a scan
speed of 18'12 mm/min. was selected for microdensitometric analysis. 

4.9. Conclusions and discussion of the precision of the system. 
To test the developed method which transfers density values of an object into mm AI. 
eq values, the value of a simultaneously radiographed calibrating wedge was used 
for conversion. Various conversion methods were analysed and a second degree 
function was selected for the computer calculation. 
In this chapter, our interest was centered on the precision of the microdensitometric 
method to quantify the bone in mm AI. eq values. 
The results of the study have been arranged in figures and tables, in which the 
standard deviation is given as a percentage of the mean "coefficient of varia· 
tion". 
This percentage gives an indication of the precision of the different steps in the newly 
developed method. Information concerning the errors in the method provides a 
measure of overall precision for the developed technique. 
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4.1. The precision along the AI. calibrating wedge. 
We found a coefficient of variation of approximately 1.3% between areas along five 
adjacent scans at 0.2 mm distance. The location of the scantraject used for conver
sion is not critical within a 1 mm band in the centre of the calibrating wedge. 

4.2. The precision of the positioning instrument (P.I.). 
The precision of the method was tested by means of measuring distances in a radio
graph of a bone phantom, using sharply defined landmarks. In a series of five radio
graphs, measurements were taken in two directions, as well as in horizontal as in 
vertical direction. As expected, we found a large coefficient of variation for small 
angles between the scan line and the border of the landmark 5% and 8%. 
The horizontal trajects which formed an angle of approximately 90° with the land
mark gave a coefficient of variation of ± 1%. When using the mean AI. eq value of a 
scantraject, we found a coefficient of variation of 0.3% between the five radiographs. 

4.3. The precision of the X·ray timer. 
The error margin is less than 10% and can be considered as insignificant, especially 
because radiographs with exposure variations of 100% have only a slight influence 
on the conversion in AI. eq values (see 4.6.). 

4.4. The homogeneity of the X-ray beam. 
The non-uniformity effect of the X-ray beam was investigated (heel-effect). Exposures 
of an aluminum testobject were made with a 0 and 90 degrees rotation of the X-ray 
tube. It was found that the X-ray tube rotation had no measurable influence on radiation 
distribution. 

4.5. The precision of the X·ray film and the developing procedure. 
The properties of X-ray films and the developing procedures influence the blackening 
of a radiograph. 
P,, long term investigation of the X-ray film indicated a decrease in the slope of the 
characteristic curve of the Kodak U. Speed film. The use of the calibrating wedge will 
practically eliminate this effect. 

The difference between films. 
This effect was investigated in a series of 5 radiographs, all with the same exposure 
of the aluminum testobject. The mean of the AI. eq values in a series consisting of the 
same 5 radiographs were calculated. This resulted in a coefficient of variation of 2%. 
Local differences between the films were found to vary between 1.6% and 2.9%. 

The differences within the film. 
The values for the horizontal, non-uniformity effects were respectively 1% and 4%. 
This effect was also investigated by comparing the horizontal AI. eq values at top and 
bottom of the object. The coefficient of variation was about 10%. For the vertical AI. 
eq values the coefficient of variation was about 1%. 
The effect of the differences between top and bottom of the radiograph can be avoi
ded in practice by giving the area of investigation and the calibrating wedge the same 
location on the X-ray film. 
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4.6. The influence of the exposure time on the AI. eq value determination. 
An aluminum and a bone phantom were exposed with an increase of 100% in the 
exposure time (from 0.75 to 1.5 s). 
For the AI. object, a coefficient of variation of 2.1% was found. In the mandible, the 
coefficient of variation between the mean AI. eq values of 3 films was 2.2% and 
3.8% for 1 mm of the tracks. It should be noted that the radiograph of the bone phan
tom with an exposure time of 1.5. s was too dark for visual interpretation. 

4.7. The influence of a soft substitute on the precision. 
Changes in the volume of the soft tissues of patients may influence the reproducible 
measurements. It was found that these soft tissues probably influence the distribu
tion of the secondary radiation reaching the film. 

4.8. The precision of the microdensitomeler and the recording system. 
The following factors were investigated: 
-the precision of repositioning of the film in the densitometric system. It appeared 

that a radiograph can be repositioned in the system with a high degree of precision 
(0.3%) 

-the fluctuation in the intensity of the light source can be estimated at approximately 
0.4%. 

-the direction and speed of the motor-driven assembly was chosen from left to right 
because the L - R and R - L speeds are not identical. 

-the photomultiplier response to density variations was tested. The bone scans do 
not contain sharp steps so that most of the response errors can be excluded. 
Response errors will occur during investigations which also include sharp step 
errors. 

Discussion. 
The differences within the film (discussed in chapter 4.5.) could not be explained. It 
would be of practical significance if they could be eliminated. Further investigation of 
this aspect is, therefore, needed. The same holds for the effects of the soft tissues as 
shown in chapter 4.7. 
In order to improve the precision of the method, it could be useful to pay more attention 
to the factors showing the largest coefficients of variation during further investiga
tion. From the information obtained with regard to the precision aspects of the 
method, it could be erroneously concluded that the total of all the coefficients of 
variation will indicate the precision of the method as a whole. 
It must be realised, however, that the factors could not be completely separated and 
that the coefficients of variation are not additioned. To give an example: the preci-
sion of the developed technique influences the coefficients of variation of all the 
other factors. Because of these overlaps, the total coefficient of variation is much 
smaller than the sum of the coefficients for the different steps of the procedure which 
are not distinctly separated. 
In chapter 5, an estimation of the precision in a clinical experiment will be determined 
and it will be used to estimate the minimum difference in AI. eq values which can be 
registered by comparing duplicate measurements. 
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CHAPTER 5 

CLINICAL INVESTIGATIONS 

When viewing a two-dimensional radiograph, the third dimension (depth) is absent. 
The interpretation of a radiograph is very complex, due to the superimposing of the 
structures. Knowledge of anatomy and particularly knowledge of cross-sectional ana
tomy is the basis for radiological interpretation. The axial cross-section is of interest 
because the spatial relationship of the structures can be seen. If two radiographs of 
one object are made in different directions, both views can be used to reconstruct a 
cross-sectional image which permits separation of the superimposed structures. 
An investigation of bone and the changes in bone preferably requires a method which 
consents measurement of an object in three dimensions. It depends on the technique 
whether a two-dimensional or a three-dimensional view can be obtained. Different 
techniques for the measurement of bone mineral content have been used. These 
include the 'Y absorption technique, dual energy computer tomography and radio
graphic densitometric methods. In the case of 'Y absorptiometry and dual energy 
computer tomography, the bone mineral is measured in vivo. Both methods are 
based on measurement of radiation transmission through a medium consisting of two 
dil'ferent materials: the bones and the soft tissues surrounding them. 
Dual energy computer tomography is based on measurement of the radiation trans· 
mission of two energies through the object. The beam passes through the layer to be 
visualised in all directions. Beam-hardening effects and the diameter of the X-ray 
beam influence the measurements. The computer performs a point-to-point determi· 
nation of bone mineral density in the field under investigation. In the reconstructed 
image, density determination of soft tissue, compact bone and spongy bone is pos· 
sible. 
The photonabsorption method is applied with a Norland Cameron Bone Mineral Ana· 
lyser which has been amply described in the literature. The method utilizes a mono
chromatic beam from a 125 J. source. The forearm is wrapped in a tissue-equivalent 
material to give an uniform, standardised thickness and is transversally scanned. The 
amount of bone mineral is inversely related to the integrated transmission-count rate 
across the bone. 

Tine bone width and Bone Mineral Content (BMC) per unit length of bone (gram 
bone mineral/em bone) are measured. 
Repeat scans of the same persons have a coefficient of variation of 2% and repeat 
scans made of the same persons at different moments have a coefficient of variation 
of 3 · 4% for the distal radius. They provide a simple, accurate and reproducible mi· 
neral estimation in a segment of the radius with a thickness of 3 mm. A more useful 
index is, however, necessary when comparing radiographs which concern groups of 
individuals with varying bone dimensions. 
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Bone Mineral Mass (BMM) was, therefore, introduced. It represents the Bone 
Mineral Content (BMC) value divided by the bone width of the investigated 
bone sample: gram bone mineral/em' of bone. 
Radiographs of the mandible offer a two-dimensional image of the object and tr1e 
bone mineral content equivalent values (3.6.) can be measured. Many experiments 
have been carried out with a densitometer in order to register the Bone Mineral Con· 
tent eq in the mandible: Omnell1957, Bergstrom, Matsue and Plotnic 1970 and 1972. 
Adolph, Lichtenau 1975, Duinkerke, Uchtenau 1976 and Uchtenau 1978. 
They demonstrated that the AI. eq values of bone in the mandible can be measured, 
but the method proved to be time-consuming in practice. Microdensitometry was 
also used for BMC eq measurements in the skeleton: Balz 1956 - thumb; Bentley 
1967- femur, hand and lumbar spine; Vose 1969- bone phantom; Nagel 197 4- calca
neum; Melsen 1975- iliac crest; Wing 1976- maxilla and phalanx Dig. Ill; King 1977-
bone phantoms; Pullan 1978- animal experiments; Lindsay 3rd metacarpal midshalt; 
Castel Is 1979 - phalanx; Paice - hands, phalanx and metacarpal and Parker - animal 
bone experiments. 
The departments dealing with metabolism and internal medicine, pathology, radiolo
gy, surgery and dentistry are all interested in bone or bone mineral from different 
points of view. This explains the variety in the bones chosen from the skeleton. The 
fact that diagnosis is only possible in cases of substantial bone loss and that clinical, 
radiographic criteria are not precise, explains the need to measure routine-made 
radiographs. The procedure for determination of the AI. eq values was analysed in an 
in-vitro study and the precision of the method was determined. 
In this chapter, the developed radiographic method was tested in-vivo, first to analyse 
the AI. eq values in a longitudinal study of the mandible in volunteers and secondly to 
analyse the AI. eq values of the phalanx in volunteers and patients. The results were 
compared with the BMC values of the radius, measured at 1/3 of the length from the 
distal end. 
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CHAPTER 6 

A STUDY OF THE Al. EQ VALUES 
OF THE MANDIBLE 

6.1. Introduction and aims. 
n,e changes in bone mineral which take place with time were studied on volunteers. 
The bone mineral content equivalent is the mineral content expressed in mm' 
AI. eq under the bone scan. 
The study comprised 4 investigations over a period of one year. In longitudinal stu
dies, the reproducibility of radiographs and identification of the same area for measu
rement may pose a problem. The technique submitted here is relatively simple and 
does not require great skill or complicated equipment, nor does it cause inconvenience 
to the patient. In each investigation, a pair of radiographs was made with the positio
ning instrument described in chapter 3.3., including the aluminum calibrating wedge 
which excludes variations in the radiographic exposure, in the energy spectrum and 
in the developing procedure. 

The method relies on measurement of the AI. eq values of a reproducible image of 
the mandible. The radiographs were studied by densitometric analysis, in order to 
compare the AI. eq values at regular intervals. The scans were examined to determine 
their reproducibility, together with possible changes in the AI. eq values with time. 

Tl1e regions were located in the duplicate radiographs and identified. Microdensito
metry is more reliable for measuring the changes in bone mineral content provided 
that the soft tissue component does not change to a significant extent. 
The effect on precision caused by variations in the scans with time must be quite 
small to permit a reliable, quantitative analysis of bone biology. 

The aim of this investigation was: 
--to test the microdensitometric method for reproducibility in a clinical study; 
--to analyse changes in mineralization (a) at 3 month intervals and (b) in a longitudi-

nal study using in-duplo determination of the AI. eq values; 
--to compare visual and microdensitometric interpretation. 

6.2. Volunteers and methods. 
Twenty individuals were investigated: 
Men: average age 43,7 years old SD 11 - range: 28- 61 years old. 
Women: average age 39,3 years old SD 13.6- range: 21 - 60 years old. 
As far as known, none of these volunteers suffered from specific diseases of the ske
leton. The mandible was studied at 3 month intervals over a period of 9 months. 
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The investigation-areas consisted mainly of cortical bone, but the overlying and un
derlying soft tissue contributed to the density. The analysis of the results obtained 
from reproducible radiographs, taken at different moments, is important for evaluation 
of changes which take place with time. We considered two interrelated items. 
-the findings concerning the reproducibility of radiographs taken during one ses-

sion and 
-the implications of these findings for evaluation of possible changes with time. 
Radiographs may be considered as identical when they can be perfectly superimpo
sed. To test the reproducibility of the technique, two radiographs of the same subject 
were taken during each session. Both under normal and pathologic conditions, a 
standardised paralleling technique is required when identical radiographs need to be 
compared in a longitudinal examination of bone changes. We used individual bite
blocks to obtain identical radiographs of the volunteers. An autopolymerizing, acrylic 
biteblock was made on a plaster model of each mandible, avoiding impressions of un
dercuts and then pressed into a slot prepared in the positioning instrument. These 
plastic biteblocks are interchangeable (fig. 22.). 

Fig. 22. Fixation of the film is secured by the acryl'lc bHeblock. 

-------
Diaphragm. 

Cotton roll 

Parol I eli ng instrument 
AI wedge 

Bite block 

Film 
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Fig. 23. Schematic represen
tation of the radiographic 
method for the estimation 
of bone density in the 
mandible. 



The film was placed parallel to the axis of the teeth and the patient was asked to hold 
tile biteblock in place with a finger. A cotton roll was sometimes used to secure the 
relationship object-film (fig. 23.). 
The biteblock was adapted for the first radiograph and then removed for insertion of 
tile second film for the same area. Any differences in the measurements on duplicate 
radiographs made in this manner will mainly be due to faulty repositioning of the bite
blocks. 
Most of the volunteers tolerated the radiographic investigation with minimum incon
venience. A few experienced slight nausea, but the symptoms disappeared after a 
few moments. 
The films (fig. 24.) were immediately developed in freshly prepared developer, using a 
Siemens Pantomat automatic processor, according to a standard procedure (4.5.). 

Fig. 24. Four radiographs taken 
at intervals of 3 months. 

The areas studied on the radiographs were determined as follows: we chose a traject 
parallel to the reference line (fig. 1 Oa.). We were thus able to identify the area under 
investigation. Sharply defined reference points such as the roots of molars were used 
for identification of the bone trajects. 
A series of five scans in the field of interest were made at a distance of 0.2 mm. The 
mean value and the standard deviation were determined (fig. 25.). 
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Fig. 25. Example o1 
the spread of five 
horizontal trajects 
of 0.2 mm and the 
average value 
(mean) in one 
radiograph. The 
mean AI. eq value 
over a scan length 
of one mm 
(15 samples) 
and the standard 
deviation of the five 
scans is g1ven. 

Measurements of the same traject were taken to evaluate the reproducibility in dupli
cate radiographs. The spread provides information on the differences which can be 
detected. The reproducibility error (precision of the method) was determined by eva
luating the differences between the two radiographs taken during one session. 
The difference between two bone scans was also calculated and is shown in the up
per curve (fig. 26.). 
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Fig 26. The 
mean values, 
each 
representing the 
mean of 5 scans 
on 2 radiographs 
used to analyse 
the precision 
between 
exposures taken 
during one 
seSSIOn. 



In order to make a comparison between measurements over a period of time, the 
mean values of two radiographs made during one session were used and expressed 
in mm AI. eq (fig. 27.). 

Fig. 27. Example 
of two scans 
illustrating the 
mean AI. eq 
values of two 
radiographs 
made during 
different sessions 
(interval of three 
months). 

ll.3. Results. 
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The total number of radiographs of the 20 volunteers which were suitable for the 
radiographic investigation was 160 (4 x 2 per person). The results of the densitome
tric measurements during the period are presented in table XI. The AI. eq values for 
individual volunteers were calculated. Separate linear regressions and correlation 
coefficients were calculated for the in-duplo AI. eq values. 
The duplicate of a measurement has been omitted in the cases where one scan did 
not cover the second one. (no. 4, 6, 10 and 22 in session II, IV, IV and Ill). 
The precision of the average of duplicate measurements (for comparison see Adden
dum page 90) S

2 
is the estimated standard deviation of the random error in the mean 

of two values obtained in one session. 
As shown in table XI, the S2 values were determined for each session and varied be
tween 0.09- 0.22. The mean 5, value was determined for the whole group S2 = 0.16, 
so it may be said that S2 approximately equals 0.2 mm AI. eq. 
The difference between two sessions contains a random error with a standard devia
tion of approximately V2 x 0.2 = 0.3 mm AI. eq. Consequently, such a difference 
may be considered a significant difference if it is greater than twice 0.3 = 0.6 mm AI. 
eq. When patients show no change with time, about five percent of the differences 
are erroneously considered as real differences (a = 0.05). 
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The analysis of the mean AI. eq values of the mandible, calculated lor lour ses
sions at intervals of 3 months. 

In the foregoing paragraph the standard deviation of the mean AI. eq values of the 
two duplicate radiographs from one session were calculated. 

Table XII: Mean AI. eq values of the duplicate radiographs over four sessions. 

Cf 
Session 6 Session 6 Session 6 Session 

I 1·2 II 2·3 Ill 3·4 IV 

1 7.58 +0.19 7.77 -0.20 6.96 +0.24 7.22 

2 7.45 +0.48 7.93 - 0.89" 7.04 +0.08 7.11 

3 6.20 -0.27 5.93 -0.15 5.77 +0.19 5.98 

4 7.15 +0.29 7.44 -0.44 7.00 +0.25 7.25 

5 7.05 -0.25 6.80 +0.13 6.93 +0.13 7.06 

6 9.11 +0.26 9.37 - 0.91" 8.46 -0.16 8.30 

7 9.87 - O.Q7 9.80 -0.10 9.70 +0.13 9.83 

8 9.10 -0.33 8.77 0 8.77 -0.03 8.74 

9 7.52 -0.71" 6.81 -0.30 6.51 -0.02 6.49 

10 9.07 -0.04 9.03 -0.16 8.86 -0.18 8.68 

9 
21 6.53 -0.29 6.24 -0.56 5.70 -0.Q3 5.66 

22 7.76 -008 7.68 -0.16 7.52 -0.49 7.03 

23 7.19 -0.18 7.01 -0.19 6.82 -0.81" 6.01 

24 8.49 -0.26 8.23 +0.05 8.27 -0.06 8.21 

25 5.30 -0.57 4.73 +0.20 4.92 -0.27 4.65 

26 7.31 -0.29 7.02 +0.10 7.12 -0.18 6.94 

27 6.19 +0.08 7.27 -0.26 6.00 +0.16 6.16 

28 7.00 +0.26 7.26 +0.08 7.34 +0.07 7.41 

29 9.26 -054 8.72 +0.17 8.89 +0.18 9.07 

30 8.14 -0.71" 7.43 +0.33 7.75 -0.29 7.46 

A difference between two sessions may be considered significant if this difference is 
greater than 0.6 mm AI. eq. This was the case for the male volunteers (indicated with 
a dot in table XII). for no. 2 session II- Ill 

no. 6 session II- Ill 
no. 9 session I · II 

for the female volunteers: no. 23 session II- Ill 
no. 30 session I - II 
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In another approach to analyse the effect of changes noted in individual volunteers 
over a period of time, the correlation coefficients and the linear regressions were 
determined from the values obtained in the course of the four sessions. A significant 
loss of bone mineral content with time was found in five volunteers and a significant 
increase of bone mineral content was found in one volunteer (nos. 6, 9, 21, 22, 23 and 
28) 

mm AI Eq. 

11 • Session I <1--... Session II 
o Session Ill ~ --- -· 
t:. Session IV 

1 0 

~ 

'~ \ ~ ,x 'd 
Ji 

' 
R 

\ ~ ~ 
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I 
~ " oJ 6 

' ' 's s' ~~ ' t 6 A 

' ' 1\ ~ 

20 25 30 35 40 45 so 55 60 

Age 

Fig. 27. Graphical representation of the changes in mean AI. eq values found during the whole obser
vation period (four sessions with intervals of three months). Significance is indicated with an S. 

In one patient there was a local change of the bone mineral in the alveolar ridge. The 
degree of resorption of the bone was determined (fig. 28.). The difference between 
the two bone scans reflects the loss of bone mineral in AI. eq values. 
During the experiment, the same areas were compared. The two scans were shifted 
horizontally to give a maximum fit between the scans. The decline of the bone mine· 
raJ '1n the first three months is evident. It can also be observed in the second period of 
three months but to a lesser degree. The comparison of the values from the bone 
scans indicates that there is a difference in the activity of the bone for the scan tra· 
ject, sample 90 · 210. 
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Fig. 28. 3. 

Decreased AI. eq 
values of scan 
traject over two 
periods of three 
months. 

A comparison between visual and microdensilometric interpretation. 
This study was carried out to determine whether subjective, optical density estimati· 
ons agreed with objective bone mineral AL eq values" Microdensitometry uses values 
which can be obtained with instruments; the radiologist assesses optical density visu· 
ally" Individual and age-dependent dilferences in the anatomy ol the mandible impede 
comparison between individuals" 
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Method. 
The bone mineral content of the basal region of the mandible was measured. The 
scan traject was positioned for the male volunteers at ± 18 mm from the occlusal 
surface and for females at ± 16 mm from the occlusal surface (fig. 29.). The AI. eq 
values from the scans were used for comparison purposes . 

....c: Occlusal surface 

......r( Basal region 

Fig. 29. Two radiographs with different optical densities. 

For males, the bone mineral AI. eq values ranged between 5.08 and 7.86 mm AI. eq 
and for females, the bone mineral AI. eq values ranged between 4.69 and 6.46 mm AI. 
eq (table XIII.). 

Visual interpretation. 
The optical bone density is constituted by the sum of the cortical bone and of the tra
becular bone which is a spongy network of boneplates creating a maze of intercon
necting cavities of various dimensions. The radiographs of the 20 volunteers showed 
considerable variation in optical dens·1ty and in spongy bone pattern. In order to distin
guish deviations from normal, it is essential to define the normal range of variations in 
bone density. Eight observers ranked the 20 radiographs of the mandible in order of 
bone density. 
The observers had no knowledge of the results obtained by densitometric analysis. 
The objective was to obtain an answer to the following question. 
What is the correlation between subjective ranking of density values and that 
of the objective AI. eq values of the basal region of the mandible? 

Instruction. 
Each observer was asked to put the radiographs in an order ranging from low to high 
optical density in the indicated region. 
The ranking numbers (1 - 1 0) were so designated that a low optical density correspon
ded to a low ranking number and a high optical density corresponded to a high ran
king number. The radiographs were presented in a darkened room and observed on a 
viewbox with adjustable light intensity. The radiographs of the individuals (code 1 -10 
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and 20 - 30) were examined, classified and arranged in rank from low to high 
density. 

Results. 
The relationship between the quantitative radiographic density determinations and 
the subjective findings are summarized in table XIII. 

Table XIII: Ranking of bone density in the periapical region by visual interpretation of 
radiographs as compared to the corresponding quantitative microdensitometrical 
data. 

Code AI. eq Visual density 

Ct value Observer 

Code AI. eq Visual density 

9 value Observer 

1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8 

9 5 08' 3 3 4 3 4 2 2 8 27 4.69' 6 3 3 2 4 2 6 8 

3 5.52 1 1 1 1 1 1 1 1 21 5.21 1 1 1 1 3 1 1 1 

5 5.64 7 7 7 9 10 5 6 9 24 5.54 9 9 7 9 9 9 9 4 

4 5.90 5 5 6 4 3 4 5 4 25 5.61' 7 6 8 8 7 5 5 5 

1 6.22' 2 2 2 2 7 3 3 2 26 5.91 8 7 5 5 1 3 4 6 

2 6.32 8 10 10 7 8 8 4 3 30 6.03 2 2 2 3 2 4 8 7 

8 6.91' 4 6 8 10 9 7 8 7 23 6.06 4 4 6 4 5 6 2 2 

6 7.54 10 9 9 8 6 9 7 10 29 6.39 5 5 4 7 8 8 7 9 

10 7.55 9 8 3 6 2 6 10 5 22 6.46' 3 8 9 6 6 7 3 3 

7 7.86' 6 4 5 5 5 10 9 6 28 - --------

The variation in optical bone density between the radiographs is small. This partly ex
plains the variations in ranking by the observers. We therefore divided our material in
to two groups according to the mean densitometric characteristics indicated by a dot 
in table XIII: 
For the men (group I) four levels with a difference of ± 1 mm AI. eq values ranging 
between 5.08- 7.86 mm. 
For the women (group II) three levels of ± 1 mm AI. eq values, ranging between 4.69-
6.96 mm. 

Table XIV: The ranking given by the observers. 

AI. eq Observer 
Ct value 1 2 3 4 5 6 7 8 

5.08 1 1 1 1 2 1 1 4 

6.22 3 3 3 2 1 2 2 1 

6.91 2 4 4 4 4 3 3 3 

7.86 4 2 2 3 3 4 4 2 

9 
AI. eq Observer 
value 1 2 3 4 5 6 7 8 

4.69 2 1 1 1 1 1 3 3 

5.61 3 2 2 3 3 2 2 2 

6.46 1 3 3 2 2 3 1 1 
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These findings demonstrate the unreliability of the clinical judgement. Two observers 
in group 1 and three observers in group II were able to detect the order of density ac
cording to the AI. eq values correctly. On the other hand. two observers gave a reverse 
ranking. Comparison of the microdensitometric determination of mineral content and 
the visual, radiographic interpretation indicates that the predictive potential of the lat
ter is limited. It is difficult for the observer to exclude the surrounding optical densi
ties and structures during interpretation. Furthermore, radiographic density criteria 
are not precise and this could well explain the discrepancies between the visual inter
pretations and the microdensitometric analysis. 

6.4. Conclusions and discussion. 
The results of this longitudinal study have been presented in a number of ligures and 
tables in which reproducibility, bone mineral content changes with time and a compa
rison between visual interpretation and the AI. eq values were analysed. 

A. Inter and intra-individual differences are significant when the differences between 
the average of duplicate measurements exceeds 0.6 mm AI. eq. 
In the follow-up observations, differences of > 0.6 were found in 3 male and in 
2 female volunteers. Statistically, approximately 3 cases must be attributed to 
chance in the 60 comparisons made. 
A persistent tendency to bone mineral loss was observed in five individuals and 
bone mineral gain was observed in one individual by means of regression analysis 
These results cover twenty cases so that only one case is likely to have ocurred by 
chance. In the course of follow-up observations, a local change was found in the 
alveolar bone of one person. 

B. Comparison between visual estimation of bone density and the measured AI. eq 
values of bone showed considerable discrepancies. For group I, 2 observers out 
of 8, for group II 3 observers out of 8 were able to detect the order of bone density 
correctly. 

Discussion. 
The experiments described in this chapter were carried out with two aims: 
-to test the developed method in a longitudinal study of healthy control groups and 
-to investigate the accuracy of visual interpretation of bone mineral on radio-

graphs. 
As a result of in-vitro studies of the mandible, the difficulty of observing changes in 
the structure of spongy bone has been recognized, together with the fact that cortical 
bone must be affected in order to make it possible to detect changes (ref: chapter 
2.1.). Some data is available in literature (ref: chapter 2.2.) concerning the quantity of 
bone mineral in the mandible, but no estimates of the physiological loss of bone mine
ral in healthy volunteers. 
In this investigation, mean AI. eq values of a 1 mm track were calculated and these 
values were used to determine the precision of the method by measuring two radio
graphs made during one invest"1gation session. The reproducibility must be taken into 
account in order to be able to detect the real bone mineral changes which take place 
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intra and interindividually with time. The average AI. eq value of the investigated 
tracks in the alveolar process was 8 mm AI. eq. Differences between the average of 
duplicate measurements which exceed 0.6 mm AI. are significant. This implies that 
discrimination of differences< 0.6 is not possible. In other words, small bone mineral 
changes cannot be detected. Intra and interindividual differences were found be
tween the volunteers, but it should be noted that about five percent of the differences 
compared will show significant differences purely by chance and these will be erro
neously interpreted as real differences (false positives). The series of radiographs did 
not show any changes related to dental illness and bone lesions were not noticed du
rin() the investigation period. 
The observers' evaluation of the radiographs according to increasing density steps 
showed considerable, individual differences in their ranking of the films. It is possible 
that observation conditions for location of the comparable trajects were not optimal 
and this may be one of the reasons for the differences in the opinions of the observers. 
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CHAPTER 7 

A STUDY OF THE Al. EQ VALUES 
OF THE PHALANX. 

7.1. Introduction and aims. 
For estimation of the amount of mineral present in bone, it is preferable to use a 
recording method capable of measuring in three dimensions. For this reason, the 
analysis was based on radiographs of the mid-phalanx (Dig. II) made with beam direc
tions of 0 and 90 degrees in relation to the object. From these 2 two-dimensional radio
graphs, it is possible to obtain mean bone mineral concentration values. 
In order to determine values which can be compared to BMC determinations, the sur
face under the bone scan was included in the calculations. To exclude the effect of a 
rotation of the phalanx on the results, the separate data obtained from two radio
graphs taken perpendicularly to each other was combined. The data corresponding 
respectively to the soft tissue and to the cortical and trabecular bone was separated 
and the value corresponding to the soft tissue was subtracted to determine the real 
bone values. 
Measurements on specific areas of one bone do not necessarily reflect the changes 
in mineral content of this entire bone and still less that of the entire skeleton. 
The microdensitometry of the phalanx and "Y -ray photonabsorptiometry of the radius 
have been compared in this study. 

7.2. Method. 
Phalanx radiography. 
The volunteer's right finger is placed flat against the paralleling instrument with the 
a~:is parallel to the short axis of the X-ray film. Two perpendicular views of the object, 
are obtained. The X-ray exposure factors are 80 kV, t 5 mA 0.9 s, focal distance 
40 em. 

Fig. 30. Postero-anterior 
and lateral radiograph 
of the phalanx Dig. II. 
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Marking oil. 
The interpreter records the location of the midshaft by tracing the field of interest, 
using a fine point marking pen. The middle of each phalanx is marked by a line in the 
center of the object, perpendicular to the long axis (fig. 30.). The dimensions of the 
various components, soft tissue and cortical bone of the phalanx were measured with 
a magnifying-glass equipped with a micrometer. The quality of the radiographs 
makes it possible to distinguish compact from spongious bone. A distinction can fur
thermore be made between bone and the covering soft tissues. 
A scan, perpendicular to the axis, is passed through the mid position of each phalanx. 
A section with a thickness of 0.2 mm is obtained with the densitometer (fig. 31.). 

x-rays x-rays 

llll llll 
P.A. Lat. 

x-ray film. 

Fig. 31. Diagrammatic representation of two exposures of axial sections of the middle phalanx at right 
angles to each other. 
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Fig. 31a. lllustrativEl 
scan in the centre of 
the middle phalanx 
Dig. II. of a postero
anterior radiograph 
with soft tissue 
density values. d1 
and d2. 



Fig. 31 b. Illustrative 
scan in the centre of 
the middle phalanx 
Dig. II. of a lateral 
radiograph with soft 
tissue density 
vaiJes. d4 and d5 . 
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The cross-section of the phalanx in the midshaft suggests an ellipse and that of the 
metaphyseal region a circle. These cross-sections can be divided into a bone (d3 and 
d6) and the soft tissue component (d, d2 d, and d5). As can be seen in fig. 31., the blank 
sections in the drawing (soft tissue) do not contribute to the AI. eq value of the bone. 
In the following text, an attempt is made to exclude the contribution made by the soft 
tissues to the AI. eq values obtained. The surface of the bone cross-section can be 
determined from the values L, and 4o (fig. 31 a., fig. 31 b.). The surface of the bone sec
tion is indicated by: 

A =L.L.7C 
surface 3 6 4 

The AI. eq value of the surface of the cross-section under the bone scan in the 
postero-anterior direction (D,) and in the lateral direction (D2) is expressed in mm' AI. 
eq by the formulas: 

It should be noted that a more accurate value will be obtained if the shaded sections 
in fig. 31. are subtracted. In other cases, there may be four instead of two shaded 
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sections to be subtracted. In this prelim'1nary approach, no correction of these ·Imper
fections in the calculations was made. Both the values D1 and D2 were used for cal
culation of the Bone Mineral Content Equivalent (BMCE) according to the formula: 

D,+D, 
2 

Since the BMCE values represent the Bone Mineral Content of phalanges which may 
have different dimensions, it is adv·lsable to determine the average bone mineral con
tent per mm' surface area of the cross-section of the phalanx. This is accomplished 
by dividing the BMCE value by the surface of the cross-section. The figures obtained 
will be referred to as the Bone Mean Mineral Equivalent (BMME). 

D BM ME mean (mm2 Al.eq) 

Asurface (m m2skeleton} 

To obtain an impression of the precision of the radiographic technique and the deve
loped measuring method, the phalanges of 10 volunteers were radiographed in triplo, 
in postero-anterior and in lateral directions (experiment 1). 
To estimate the variation of the measurements along adjacent scan lines in the centre 
of the midphalanx, one radiograph was scanned five times in adjacent zones in an 
area of one mm (experiment II). 
The same volunteers mentioned in chapter 6.2., (1 0 males and 10 females) were in
vestigated 4 times at three month intervals. Two radiographs were taken during each 
session, resulting in a total of 160 radiographs. Measurements of the midsection of 
the phalanx Dig. II. were taken, BMCE and BMME values, linear regressions and cor
relation coefficients were calculated (experiment Ill). 

Results. 
Measurements in the midsection of the phalanx were taken and the BMCE and 
BMME values were calculated (experiment 1). The calculated values are shown in 
Table XV. 

Triplicate radiographs, made on the same persons had a coefficient of variation for 
BMCE values of 4% and a coefficient of variation for BMME values of 3%. 

The values of the densitometric measurements of the five adjacent scans were deter
mined (table XVI) (experiment II). 
The five adjacent scans show small variations in the measured values, coefficient of 
variation 1 % (fig. 32.). 

In order to permit analysis of changes during the investigation period, the coefficients 
of variation, the linear regression and correlation coefficient were determined for the 
BMCE and BMME values of the group (experiment Ill, table XVI Ia, XVIIb). 
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Table XV: Mean BMCE and BMME values of the phalanx, calculated from three 
postero-anterior and three lateral radiographs with standard deviation and coefficient 
of variation. 

BMCE BMME 
Nr. Mean SD % Mean SD % 

1 21.94 0.10 0.5 0.42 0.01 2 

2 10.57 0.96 9 0.34 0.01 3 

3 20.28 0.90 4 0.42 0.02 5 

4 10.25 0.41 4 0.32 0.02 6 

5 14.26 0.36 3 0.47 0.01 2 

6 12.86 1.19 9 0.45 0.01 2 

7 18.97 0.38 2 0.39 0.01 3 

8 19.60 0.70 4 0.41 0.02 5 

9 15.72 0.24 2 0.38 0.01 3 

10 14.76 0.31 2 0.37 0.00 0 

Coefficient of variation 4% Coefficient of variation 3% 

Table XVI: AI. eq values of five adjacent scans with mean standard deviation and 
coefficient of variation. 

Fig. 32. The five adjacent 
scans. 

Scan AI. eq value 

1 3.17 

2 3.22 

3 3.25 

4 3.20 

5 3.15 

Mean 3.20 

SD 0.04 

Coefficient of variation 1 % 
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The BMCE values had a coefficient of variation of 8% and BMME values one of 7% 
for the group. 
These values are greater in comparison with the previous reproducibility determina
tion of 4% and 3% and may be the result of changes in the bone mineral over the du
ration of the investigation. For the second individual approach, separate correlation 
coefficients were taken for the BMCE and BMME values. 
For the assessment of the changes with time, the correlation coefficients were evalu
ated for significance. One significant bone change was found: an increase of the 
BMME value in volunteer no. 28. 

7.3. Clinical investigations. 
In order to evaluate the usefulness of BMCE and BMME AI. eq values, we exam·lned a 
group of healthy volunteers and a group of patients suffering from Chronic Renal 
Failure CRF (a selected group of patients under treatment at the Department of Inter
nal Medicine Ill). Twenty persons in the age group 30- 47 and free from skeletal dis
ease were examined. This control group consisted of 10 men, 37.0 SD 3.89 years of 
age and 10 women 36.2 SD 4.24 years of age. The patient group was made up as fol
lows: 12 men and 8 women in the age group 21 -61 with the distribution: male 43.83 
SD 11.34 and female 51.13 SD 7.97 years of age. 
Immediately after photonabsorptiometry of the right radius at 1/3 of its length from 
the distal end, radiographs of the midphalanx of the Dig. II. were obtained, for visual 
interpretation and for microdensitometry. 
The diaphyseal portion of the phalanx is a relatively uniform shaft of compact bone: 
1/2 the distance point was selected. The metaphyseal region contains more trabecular 
bone, a cross-section at V. point of the length of the bone from proximal was selected. 
The V. and y, points of the length from the proximal of the phalanx Dig. II. were loca
ted on the postero-anterior and lateral radiograph and the widths were measured. A 

Fig. 38a. Radiograph of phalanx of a volunteer. Fig. 38b. Radiograph of phalanx of a CRF patient. 
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densitometric scan was made across the phalanx at these points. The reproducibility 
of the method has been described previously and the calculation has been outlined. 
Microdensitometric measurements of the diaphyseal and the metaphyseal part of the 
midphalanx Dig. II. were correlated with the results of the 'Y photonabsorption analy
sis of the radius. 
The correlation between the measurements of the bone mineral of the phalanx and 
the measurements of the bone mineral of the radius was investigated and also the 
correlation between the measurements at the Yz and V. point of the phalanx. 

7.4. Results. 
The data obtained from microdensitometry and from photonabsorptiometry are 
shown in Table XVIII. 

Table XVIII Findings on controls (A). 

Control()' BMC BMCE BMME 
group y, 'I< 'h 'I< 

1 ge 1.124 19.24 23.50 0.43 0.32 

2 gd 1.142 17.11 24.20 0.36 0.32 

3 gc 1.292 18.59 27.65 0.42 0.35 

4gb 1.122 14.23 17.57 0.36 0.29 

5 ga 0.952 13.33 15.24 0.32 0.23 

6 gn 1.235 15.42 18.32 0.36 0.30 

7gm 1.358 23.78 28.34 0.45 0.34 

8 gi 1.172 21.12 25.81 0.42 0.33 

9 91 1.100 17.70 24.48 0.46 0.38 

10 gk 1.160 19.05 23.31 0.41 0.32 

Mean 1.166 17.96 22.84 0.40 0.32 

SD 0.11 3.15 4.39 0.05 0.04 

Control

9 
BMC BMCE BMME 

group y, y, 'I' 'I< 
1 go 0.912 13.13 17.57 0.36 0.31 

2 gp 0.842 12.77 19.60 0.35 0.31 

3 gf 1.010 20.50 22.76 0.44 0.34 

4 gg 0.966 19.75 25.72 0.41 0.32 

5 gi 0.950 21.12 25.81 0.42 0.31 

6 gr 1.212 24.56 24.34 0.52 0.38 

7 gt 0.875 16.25 18.19 0.52 0.36 

8 gh 0.912 12.91 16.12 0.35 0.28 

9 gq 0.996 16.16 20.07 0.40 0.30 

10 gs 1.064 14.24 17.93 0.47 0.33 

Mean 0.974 17.14 20.81 0.42 0.32 

SD 0.11 4.11 3.58 0.06 0.03 
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Table XVIII: Findings on CRF patients (B). 

Pat1ent CJ' BMC BMCE BMME 
y, 'I< 'h v. 

1 a 1.075 20.57 23.86 0.35 0.23 

2c 1.284 16.32 18.75 0.38 0.24 

3g 1.384 20.57 34.78 0.44 0.36 

41 0.988 17.32 22.20 0.36 0.32 

5 h 1.290 33.46 40.22 0.47 0.37 

6 f 1.254 15.85 26.19 0.35 0.32 

7 j 1.240 19.82 23.24 0.36 0.29 

8 k 0.966 15.59 18.26 0.41 0.32 

9o 1.128 17.24 18.59 0.34 0.24 

10 t 1.193 16.62 17.93 0.35 0.27 

11 p 0.910 13.06 20.59 0.37 0.31 

12 q 1.008 20.58 22.59 0.40 0.26 

Mean 1.143 18.92 23.93 0.38 0.29 

SD 0.153 5.16 6.93 0.04 0.05 

Patient 9 BMC BMCE BMME 
y, v. y, v. 

1 b 0.772 12.20 15.03 0.36 0.28 

2d 0.738 13.53 16.26 0.39 0.25 

3e 0.854 7.43 11.11 0.18 0.24 

41 0.658 10.47 16.64 0.29 0.25 

5m 0.760 8.76 15.61 0.29 0.24 

6n 0.793 11.71 13.69 0.37 0.28 

7 r 0.694 16.55 19.69 0.44 0.32 

8 s 0.860 16.53 21.50 0.45 0.37 

Mean 0.766 12.15 16.19 0.34 0.28 

SD 0.071 3.32 3.26 009 0.05 

Correlation was attempted lor the following groups: 
A between BMC and BMCE Y, and BMCE V. respectively in the whole group and: 
B. between BMME y, and BMME V. tor the control and patient groups. 

A there is a significant correlation between BMC of the radius and BMCE y, and 1/4 
values of the phalanx P < 0.001 r = 0.657 and r = 0.642. (fig. 39a., 39b.). 

B. significant correlations between BMME y, and BMME V. respectively (P < 0.001) 
were obtained in controls and patients (fig. 40.) (lor males and females). 
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Fig. 39a. Scatter diagram 
showing the relation 
between BMCE Y2 and 
BMC. 

Fig. 39b. Scatter diagram 
showing the relation 
between BMCE % and 
BMC. 

BMCE 1/2 

55.00 

50.00 

45.00 

40.00 

35.00 

30.00 

25.00 

20.00 

15.00 

10.00 

5.00 

0.50 

5MCE 1/4 

N = 40 

correlation coefficient: 0.642 

.. 

.. .. 
" .. .. " .. •• ... .. """ • .. ... ..... 

" ... .. .. 
"" .. .. .. 

• 
0.60 0.70 0.80 0.90 1.00 1.10 1.20 1.30 

55.00 N ~ 40 

correlation coefficient: 0.657 
50.00 

45.00 

40.00 

35.00 

30.00 .. 
25.00 .... .. .. .. 

-•.""" .. - .. .. 20.00 ••• • .. .. .. 
•• • • ••• •• 15.00 .. ... 

• 
l 0.00 • 
5.00 

.. 

1.40 1.50 

0.50 0.60 0.70 0.80 0.90 1.00 1.10 1.20 1.30 1.40 1.50 

77 

BMC 

BMC 



o. 6 
cf 

0. 6 I' 
control group control group 

0. s 0 .s •• 
• • •• • 

0. 4 ••• 0. ... ... •• 
0. 3 • 0. 3 

0. 2 0. 2 

o.; 0.; 

o.; 0. 2 0. 3 0. 4 o. s 0. 6 0. J 0. 2 o. 3 o. 4 o. s 0. 6 

0. 6 cf o. 6 'i' 
patients patients 

0. s o. s 
• • • • 

0. 4 • • 0. 4 
• 8 .... ~ • o. 3 0. 3 •• 

0. 2 0. 2 • 
0.; 0.; 

0.; 0. 2 0. 3 o. 4 0. s 0. 6 0.; 0. 2 0. 3 o. 4 0. s 0. 6 

F'tg. 40. Scatter diagram showing the relation between BMME of % point and BMME of 112 point for 
control group and CRF patients. Lower BMME values can be seen in the female patients. 

An additional scatter diagram shows that there is no relation between BMME of V4 
point of the phalanx and age (fig. 41a., 41b.). 
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7.5. Conclusions and discussion. 
The following conclusions concerning AI. eq values of the phalanx were reached: 
Precision of the developed technique was determined for the phalanx Dig. II., the 
coefficient of variation was found lor BMCE 4% and for BMME 3%. 
The coefficient of variation of five scans covering a band of one mm was 1 %, as 
found on one radiograph. 
In the following observations, we found over a period of nine months, a coefficient of 
variation for BMCE and BMME for the whole period of respectively 8% and 7%. It in
dicates a change during the investigation period. The BMME values were lower in the 
patients than in the volunteers, but the groups were small and such variables as age 
and sex account for variations. 
Correlations were obtained between BMC and BMCE Y,, and BMCE V. respectively: 
A. a significant correlation, between BMC of the radius and both BMCE v, and % of 

the phalanx in the whole group. 
B. a significant correlation, between BMME 1/2 and BMME V. in controls and pa

tients; no significant correlation between BMME V. and age. 

Discussion. 
In order to test the method, the bone mineral was quantified for determination of the 
AI. eq values of the phalanx. When the precision of the method was measured, it 
appeared that the BMCE values and the BMME values have approximately the same 
precision. When the BMCE and BMME values of the same traject were compared, it 
appeared that the coefficient of variation of the BMCE values is comparable with the 
coefficient of variation of the BMME values. BMCE and BMME values were investiga
ted in a follow-up examination of volunteers during a period of one year. The coefficient 
of variation of the group and the linear regressions and the correlation coefficient of 
each volunteer were determined. The coefficient of variation of the BMCE values and 
of the BMME values were also comparable. The coefficient of variation shows, how
ever, greater values in comparison with the triplicate determination in one session. 
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For determination of significant, individual bone mineral content changes, the calcu
lated correlation coefficient was analysed. A sign-Ificant increase in bone mineral 
content was found in one volunteer. 
The clinical application of the recording method was tested on the volunteers and on 
the CRF patients and compared with the photonabsorption method. These methods 
do not show significant differences, they measure g.bone mineral/em BMC values 
and mm' AI. eq/mm BMCE values but no definite conclusion concerning the useful
ness of the BMCE and BMME values can be drawn at the moment. Further investiga
tion is necessary on that subject. 
Both methods resulted in similar findings. However, microdensitometry also provides 
a detailed, qualitative assessment of bone characteristics and spatial distribution of 
bone mineral changes (see appendix). 
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CHAPTER 8 

GENERAL DISCUSSION. 

Radiology is based on visual interpretation of radiographs and is directly connected 
with important decisions in the diagnosis sector. Radiologic interpretation is impor
tant in diagnosis, despite the fact that its reliability has frequently been questioned. 
A consequence of the imperfection of the qualitative, visual evaluation method is that 
its application produces results which are not suitable lor comparison purposes. 
Moreover, analysis of an object during a case history, requires reproducible radio
gmphs which can be considered part of the standard radiographic technique. Radio
graphs with standardised projections may, however, still differ considerably in 
blackening, due to technical factors. The bony structures also vary considerably 
between individuals. These two factors complicate the estimation of bone densities. 
One of the fundamental problems in the visual determination of bone densities on 
individual images is the absence of useful criteria. Moreover, visual estimation of 
bone density is not optimal and this leads us to the conclusion that the results are not 
reliable. 
It leads also to the conclusion that a more wide-spread use of measuring instruments 
should be encouraged, in order to make use of more of the information contained in 
the radiograph. The question arises whether visual radiologic interpretation without 
quantitative evaluation is justified. 
Microdensitometry may increase the reliability of some diagnostic decisions 
and open a new field of information. 
The precision ol the method was determined and this could be useful for future 
experiments, e.g. when planning the length of observation periods, the number 
of films to be taken in each session and the number of patients in test and con· 
trol groups. 

Volunteers and patients were investigated for the purpose of testing the developed 
method clinically and determining its precision. 
During a longitudinal study of bone changes in the mandible, the in-duplo method was 
tested and used at three month intervals. The degree of precision between the radio
qraphs taken at two different sessions was calculated and it was noted that signifi
cant bone changes had taken place during the intervening three months. The in-duplo 
values obtained over the investigation period made it possible to analyse the effects 
which take place with time. Significant bone changes were observed in six volun
teers. Three of them also showed bone changes in the short term analysis. 
The information was limited to a relatively small series in which sex, age and case 
history were not given sufficient consideration. In one case, for instance, use of con
traception pills was probably the cause of bone diminuation in one female volunteer. 
Up till now, there is insufficient information available on calcium mobility at different 
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skeletal s'ites and 'it is difficult to explain the changes noted in radiographic density 
within a single bone. 
Phys·lological bone (mineral) loss in the peripheral skeleton (e.g. in metacarpal corti
cal bone) increases progressively, from the age of about 45, to 1 percent per annum 
in women and 0.3 percent per annum in men (ref. Garn 1967). CT-scanning has 
shown that the loss of bone (mineral) in the axial skeleton which consists largely of 
trabecular bone (the first and second lumbar vertebrae) is five times greater in 
women during 1 - 2 years after oophorectomy than in the radial diaphysis as measured 
by photonabsorptiometry (ref. Cann 1980). It must be stressed that measuring carried 
out by the same method has shown that even the yearly peripherical (cortical) bone 
loss can take place at a rate of 2- 3 percent per annum during the 4- 6 years follo
wing oophorectomy. This loss can be prevented by treatment with oestrogens (ref. 
Lindsay 1980). 
It is not known whether the ratio of axial to peripheral loss in normal individuals is in 
the same order of magnitude nor how the normal mandible behaves in this respect. It 
is possible that the relative content of trabecular bone in the mandible and changes in 
mechanical stress are factors which contribute to a considerable loss of bone 
(mineral) in this part of the skeleton, even in middle-aged people. 
In order to obtain more information about the AI. eq values of the phalanx, we compa
red microdensitometry with r absorptiometry. The radiological method of investiga
ting CRF patients relies on visual interpretation of radiographs of the hand and other 
skeletal sites and on r absorptiometry of the radius. In this investigation, we radio
graphed the phalanx Dig. II. Our immediate aim was to see whether or not there is 
any correlation between absorptiometry of the radius and microdensitometry of the 
phalanx. The significant correlation noted demonstrates the usefulness of the 
method. It not only determines bone mineral values, but also provides detailed know
ledge of the mineral distribution over a bone cross-section. 
The experiments described in this thesis evoke many, further questions. Knowledge 
in the field of bone biology has increased, but additional research is necessary to pro
vide standard tables of norm values, as reference on individual patients and to gain 
more insight into bone morphology in order to learn more about the changes caused 
by bone healing and the basic mechanism of morphological bone changes. 
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Summary 

Chapter 1 contains a general Introduction to the problems involved in the method 
for quantitative bone analysis. This is followed by a definition of the Aims of this stu
dy, namely to establish and develop the densitometric analysis method, to permit 
quantification and qualification of the various components of the image which is nor
mally assessed visually by the radiologist. 

Chapter 2 contains a Review of Literature which elaborates the problems inherent 
to the basic aspects of radiographic technique and microdensitometry. This is follo
wed by Conclusions. 

Chapter 3 describes the Measuring and Recording System, including the Data 
Processing System. It explains the importance of the various components selected 
for the investigation and contains a description of the criteria, conversion methods, 
techniques and instruments used. 

Chapter 4 deals with System Precision. It is obvious that experiments carried out in 
a phantom set-up study provide more definite information and greater, detailed know
ledge of the influence of the different aspects of the system on precision. A selection 
of compatible combinations was made by means of experiments. The purpose of the 
experiments described was to obtain better insight into the clinical situation. 

Chapter 5 describes the Clinical Investigation with a survey of methods and tech
niques suitable for measuring bone mineral content in-vivo. A clinical study was ad
ded to test the radiographic microdensitometric method in practice. 

Chapter 6 contains a Study of the AI. eq values of the Mandible. It starts with an 
Introduction, followed by an analysis of the procedures and their consequences for 
the X-ray department. Reproducible radiographs of the mandible were measured in a 
longitudinal study and the methods used for analysis of the density values are des
cribed. 
The aim was to test the method in practice and no attention was paid to the case 
t1istory or age distribution of the volunteers. 

Chapter 7 contains a Study of the AI. eq values of the Phalanx. Standardised ra
diographs of the phalanx in postero-anterior and lateral directions were analysed in 
various ways, to determine the bone mineral eq values. 

Chapter 8, contains a General Discussion in which the significance of the method 
and its practical application are handled. 
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Samenvatting. 

Het onderzoek, dat in dit proefschrift wordt beschreven, is gericht op het verkrijgen 
van meer kennis over densitometrische waarden van het bot en botstrukturen. 
In hoofdstuk 1 worden het probleem en de doelstelling van het onderzoek uiteengezet 
en een densitometrische methode voor een kwantitatieve en kwalitatieve analyse 
van het rbntgenbeeld beschreven. Het literatuuronderzoek in hoofdstuk 2 betrelt 
basale radiologische en microdensitometrische technieken met de konklusies. 
In hoofdstuk 3 wordt het belang van de verschillende komponenten, die gebruikt zijn 
bij het onderzoek, aangegeven. Bovendien worden de verrekeningsmethoden, kri
teria, technieken en instrumenten toegelicht. 
In hoofdstuk 4 worden achtereenvolgens de faktoren, die de precisie van het 
systeem bepalen, onderzocht. 
Hoofdstuk 5, omvat de introduktie van een klinisch onderzoek om de ontwikkelde 
techniek in de praktijk te toetsen en een bespreking van de gebruikte methoden ter 
bepaling van bot mineraal gehalte. 
In hoofdstuk 6 worden reproduceerbare rontgenopnamen van de mandibula in een 
longitudinaal onderzoek geanalyseerd. Een beschrijving wordt gegeven van de analy
semethode. De meetmethode in de kliniek te testen was de primaire opzet van dit on
derzoek. Er wordt geen aandacht besteed aan faktoren zoals anamnese en sa
menstelling van de proefpersonengroep. 
In hoofdstuk 7 worden gestandaardiseerde rbntgenopnamen gemaakt van de pha
langs Dig. II. Twee opnamen onder een hoek van 0 en 90 graden worden gemaakt. 
Een beschrijving wordt gegeven hoe men de verkregen densitometrische waarden 
uit de posterior-anterior en uit de laterale rontgenopnamen kan analyseren en kom
bineren_ 
Voor een juist inzicht in de botstofwisseling zou bij een statistisch verantwoorde op
zet een onderzoek gedaan moeten worden, waarbij tevens de anamnese van belang 
is. 
In hoofdstuk 8 wordt ingegaan op de vraag welke praktische betekenis aan deze 
methode toegekend kan worden in de radiodiagnostiek_ 
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Appendix. 

In radiographs, not only the amount, but also the structure ol the spongy bone is ol 
importance lor bone evaluation. These !actors are usually assessed according to the 
subjective judgement ol the observer. 
Tl1e specific trabecular patterns are based on the patterns formed by trabecular and 
medullary spaces. Dillerent classifications ol trabecular patterns are possible. The 
number and size ol trabeculae and medullary spaces are measurable !actors. Rectili· 
near scans permit visualization ol the structures. The visual interpretation should be 
replaced by an estimate ol the bone quality through pattern classification. 
Radiological diagnosis is based on the recognition ol patterns. However, the recogni
tion is subjective and not sullicient to qualify the various bone patterns. 
It is possible to obtain objective information by using a Fast Fourier Transform, 
F.F.T., ol the scan which results in a frequency spectrum. It may be possible to clas
sify bone patterns by using these frequency spectra. This technique could be a new 
supplement to the existing routine procedures and could provide quantitative and 
qualitative information. 
To demonstrate the relation between a signal and the frequency spectra, three simu
lated mathematical models were analysed (fig. 42.). A possible scheme lor interpreta
tion ol the frequency spectra ol bone patterns is presented, showing scan lines and 
related frequency spectra lor a line and a coarse bone pattern. 

M. 0. M. FREQUENC'I' SPECTRUM 
PRTI ENT :BLOCK SCAN:999 

I 

' - -j 

I -----

Fig. 42a. Spectrum of block model. 
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M. 0. M. FREQUENCY SPECTRUM 
PRTIENT:SINUS SCRN:999 

G.O! 0.01 o.OI 

0.0 

Fig. 42b. Spectrum of sinus modeL 

M.D. M. FREQUENCY SPECTRUM 
PRTIENT:TRIRNGLE SCAN~999 

o.; ;.o '·' 
Fig. 42c. Spectrum of triangle model. 
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Computer simulated models. 
A block, sinus and triangle with horizontal distances of 15 samples (1 mm) 30 sam
ples per period were simulated, we chose a traject of 128 samples. 
The characteristic frequency spectra were determined to grade the pattern into a 
classification. There are considerable frequency components of 0. 7 lp/mm and few 
low frequency components after 1 lp/mm. 

Fig. 43a. Radiograph of phalanx with a coarse 
bone pattern. 

Fig. 43b. Radiograph of phalanx with a fine 
bone pattern. 

To recognize the differences in bone patterns, a coarse and a fine bone pattern was 
analysed (fig. 43a., 43b. ). 
Frequency spectra were produced and the values were determined in order to grade 
the patterns into a classification. 
The X-ray pattern shows details of different sizes, the properties of the pattern can be 
analysed to determine the frequency content or the spectrum of the scan. 
The characteristic scan traject was 128 samples long, frequency components were 
<Jetermined and contain linepairs/mm. varying between 0.5- 1 - 1,5- 2- 2,5 lp/mm., 
indicating distances of 1, 0.5, 0.33, 0.25 and 0.2 mm. 
The objective values can be used for a statistical analysis and it must be possible to 
•:Jetermine the significantly representative class values. 
The comparison of the spectrum of two objects, a phalanx with coarse and one with 
fine bone pattern shown together (fig. 44a., 44b.) reveals the presence of low spatial 
frequencies for fine bone pattern and considerably higher frequency components of 
0.5 to 1.5 lp/mm. for coarse bone pattern. 
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Fig. 44a. Bone scan of phalanx of 114 point 
from proximal and frequency spectrum of 
fine pattern. 
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Addendum. (Drs. H.J.A. Schouten).* 

Measurement Errors Mandible. 

The measured value from a radiograph may be written as: 

measured value= true value+ random error 

Since measured values are to be compared with one another, it is not necessary to 
take a possible bias into account. 
The true value may be considered as the mean of a great many measured values, i·f 
these could be obtained. 
An estimate of the standard deviation of the random error is: 

~lf"7 
S,=V2n 

Where the sum is taken over n patients and 6 is the difference between the values of 
two radiographs in one session. 
This means that the difference between measured value and true value is about s1 , 

and this difference is less than 2 x s, in about 95% of the cases. 
An estimate of the standard deviation of the random error in the mean of two measu
red values from two radiographs is: 

s~ 
' 4n 

The difference between this mean measured value and the true value is about s2 and 
this difference is less than 2 x s2 in about 95% of the cases. 
Thus s, and s2 indicate the order of magnitude of the random error. 

* Wetenschappelijk Hoofdmedewerker Biostatistica. 
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