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Abbreviations and definitions

app

BMC
Ct
CT
CC
CI
Ci
cm

COPD
DHCC
Ei

E2

FOV
Ff
S
HU
Hgh

HCC
Io
I

KVp
KeV
1

Lx-5

mci
mAs
P
ppm

PTH
pH
R
ROI
r.

apposition of bone
bone mineral content
calcitonine
computed tomography
cholecalciferol
cortical index

,

curie
centimeter
chronic obstructive pulmonary disease
dihydroxycholecalciferol (i ,25 or 24,45)
oestron
oestradiol
field of view
focus-film distance
gram
Hounsfield unit
human growth hormone
hydroxycholecalciferol (25)
detector output signal before attenuation
detector output signal after attenuation
kilo voltage peak
kilo electron volt
liter
the first up to the fifth lumbar vertebra
metacarpal index
milliampere /second
p value
parts pro million
parathyroid hormone
the negative logarithm of the H + ions concentration
röntgen (unit of exposure)
region of interest
regression or correlation coefficient

r
res

SD
SED
Sm
Ss

TLD
tg
T1-12

u
VitD

vv
X-ray
X

y

z

raa (roentgen aDsorbeG dosej
resorption of bone
standard deviation
somatic effective dose
somatomedine
spine score
thermo luminescent dosimeter
tangens
the first up to the twelfth thoracic vertebra
linear attenuation coefficient
vitamin D
volumetric density value
roentgen ray
mean x-value
mean y-value
atomic number

Accuracy: accuracy in the general statistical sense denotes the closeness of
computations or estimates to the exact or true values.
Precision: the closeness of agreement between the results obtained by applying the experimental procedure several times under prescribed conditions.
Repeatability: the closeness of agreement between successive results obtained
with the same method on identical test material, under the same conditions (same operator, same apparatus, same laboratory and short intervals of time).
Reproducibility: the closeness of agreement between individual results obtained with the same method on identical test material but under different
conditions (different operators, different apparatus, different laboratories and/or different times).

CHAPTER I

Introduction

The skeleton is a dynamic tissue with continuous reconstruction and remodelling by means of bone resorption and formation. This process is described as bone turn-over. During the progress of age a net loss of total bone
mass occurs, which is variable in each individual. Giroux et al. (1975) performed histomophometric estimations in transiliac bonebiopsy specimens of
men and women of different ages to collect normal values. Before the menopause bone mineral content (BMC) in women was revealed to be higher
than in men. After the menopause however BMC in women was considerably lower (fig. 1-1).
Duursmaetal. (1979) andjacobson (1980) stated that the term osteoporosis should only be used in cases where the amount of bone is not sufficient to
sustain the normal forces which act upon the skeleton during lifetime.
Osteoporosis will be a final state when the X-ray attenuation in the skeleton
is diminished and in combination a fracture can be demonstrated. If only a
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Fig. /-/. Histomorphometricvolumetricdensities in healthy men (continuous line) and women
(dotted line) according to age (Giroux et al., 1975).
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diminished amount of bone without a dear fracture is found the term osteopeniawill be most suitable. In this study the tenn osteoporosis will be used
in all rases of diminished bone mineral content, with and without fractures.
Several methods for evaluation of patients v»'ith metabolic bone diseases
are available at this moment.
a Labaratory tests including metabolic balance studies, serum estimations
of vitamin D metabolites, parathyroid hormone, calcium, phosphate, alkaline phosphatase and acid phosphatase: calcium, phosphate and hydroxyproline in the urine (Duursma <-t al., 1981).
b Histomorphometrie investigation of tran.siliac bone biopsy specimens
provide useful information on BMC (Mcunier et al., 1973 and Girouxet al..
1975). This volumetric estimation, with its advantage of being performed in
trabecular bone, needs careful interpretation (Visser et al.. 1980:.
r Measurements by non-invasi\e techniques.
1 Neutron activation analysis is at this moment the only available method
to evaluate total body calcium iCohn et al.. 1971 ).
2 Radiological methods are based on measurements of linear attenuation

B
C
Pig. 1-2. Demonstration of thr influence of radiographic techniques on observers impression
concerning bone mineralization: A under-penetraled film, B adequate technique, c overpenetrated film.
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coefficients (uj of material in one or more skeletal sites. The attenuation
coefficient (J can be related to bone mineral content.
The radiological methods for evaluation of bone mass depend on the
observers impression. For example, in a single lateral lumbar spine radiograph (fig. i -2A, B, c). The description of BMC depends upon the ideas of the
observer, size and weight of the patient and roentgen technical factors (Stein,
'937)Osteoporosis is a widespread disorder and leads very often to hospitaliza*: n. Twentyfive percent of all women in the United Slates, of 60 years and
o\ ?r, show for instance one or more vertebral fractures due to osteoporosis
(Heaney, 1962). Early recognition of this disease may be helpful in the prevention of fractures at the critical sites of the skeleton; the vertebral body, the
femoral neck and the radius. The interest of the clinician is obvious. He
wishes to be informed of the exact amount of bone mass, or bone mineral
content (BMC), preferably in the above mentioned critical sites of the skeleton, in order to know when treatment of the suspected osteoporosis should
have to start, or to evaluate the production of bone and the mineralization
during therapy.
The ideal and most feasible method in determining BMC would be:
/ Non-invasive.
2 Easy to perform and causing no or slight discomfort to the patient.
3 A possibility to make serial estimations of BMC with high precision,
accuracy and reproducibility.

stage 3

stage 2

stage 1

Fig. 1-3. Staging of osteoporosis according to Singh ct al. (1970).
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Fig. 1-4. Representation of the spine score (Ss). Spine score is

x 100% (Barnett et al.,
AB

i960).

4 An opportunity to select the measurement of bone mass or bone content
in both cortical and trabecular bone, especially in the critical sites.
5 Independent of individual variation of shape and size of the bone and of
intrinsic soft tissue like fat or muscle.
The first signs of bone loss can be observed in the trabecular bone. Secondly endostal resorption and cortical thinning can be watched, so the advantage of a method detecting early trabecular bone loss in vivo is evident.
Another point is that estimations performed in the peripheral skeleton do not

Fig. 1-5. Determination of the m< tacarpal index D 2 - d2 (Barnett et al., i960).
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reflect the exact mineralization status in the axial skeleton as represented by
the vertebral column (Isherwoodet al., 1976 and Adams etal., 1976).
Another example is the staging, according to Singh et al. (1970, 1972) of
the trabecular architecturein the proximal femur (fig. 1-3). Stage 1 -3 means
osteoporosis and stage 4,5 and 6 is supposed to be normal. Several investigators, such as Kranendonk et al. (1972) consider this method of no value in
diagnosing and staging osteoporosis.
Photodensitometry can be performed on radiographs of long bones, by
means of a densitometer with or without a computer and a reference, for
example an aluminium step wedge. Even with the help of a computer this
method often depends on several technical factors and individual variation
in interpretation (Hruskaetal., 1978).
Measurements on lateral spine radiographs, the so-called spine score is
represented by the formula
CD

x 100 (fig. 1-4) (Barnettet al., i960).

A spine score of less than 80 means osteoporosis. This method is controversial
at the moment. A significant correlation to age and other methods was not
found (Barnettetal., 1969).
The estimation of the metacarpal index is a more reliable method (fig. 15). The outer diameter of the middle of the second metacarpal (D) and the
endostal diameter (d) at the same place is measured with an appropriate
measuring device. The estimations are performed on hand radiographs with
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Fig. 1-6. Normal metacarpal index values for men and women according to age (Exton-Smith
etal., 1969).
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the help of mammographic techniques to achieve the best possible resolution. The metacarpal index (D 2 -d 2 ) depends on age and sex (fig. 1-6, ExtonSmithet al., 1969).
Since a discrepancy is noticed between left and right, the right hand
should be used to estimate the metacarpal index (Adams etal., 1969, 1970).
Some authors like Exton-Smith et al. (1969) also add the length of the metacarpal bone as a quotient in the formula to diminish individual variation.
Adams et al. (1970) state that the inter - and intra observer error for this
method is up 1040%. Besides, this method estimates the BMC in the co. tex of
the peripheral skeleton, whereas the correlation with the mineralization in a
critica! site, like the vertebral body, is still under evaluation.
Photon absorptiometry according to Cameron and S^renson (1963, 1968)
is one of the most frequently used methods for measuring BMC. Monochromatic photon radiation from a I 1 2 5 source, together with an appropriate
scintillation detector is used. The detector picks up the transmitted radiation
and with a complex calculation, the absorbed radiation is presented (fig. 17).
The estimations are performed in the distal third of the radius and normal
values are presented infig.1-8 (S0rensen et al., 1967 and Cameron et al.,
• 968).
This method claims a reproducibility of 2% and a precision of 2%
(Cameron et al., 1968). The disadvantage of the method is its incapability to
differentiate between cortical and trabecular bone and practically only the
cortical component of BMC is estimated. The fact that peripheral mineralidetector

photonsource

Fig. 1-7. The principles of the y-absorptiometer.
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Fig. i-8. Normal values in photon absorptiometry for men and women according to age
(Cameron et al., 1968 and S^rensen et al., 1967).

zation does not necessarily reflect the situation in the earlier mentioned
critical sites is another shortcoming (Isherwood et al., 1976, Rutherford et
al., 1976 and Revak, 1976).
Computed tomography is a rather new modality, which allows measurements and estimations oflinear attenuation coefficients within a cross section
of an object. The attenuation coefficients are computed from a set of X-ray
transmission measurements using an X-ray source together with a detector
system. Computation of the derived data enables absorption values
(Hounsfield Units) to be obtained from a region of interest (ROI) in the
scanned object (Hounsfield, 1973). CTscanning is the first modality capable
to estimate BMC in the trabecular bone of a corpus vertebrae which, in
metabolic bone diseases, is the most important critical site in the skeleton.
The technical capacities and the high resolutionability are very promising
and in theory this method approaches the ideal situation for bone mineral
estimations (Isherwood et al. 1976).
Utilization of this technique will be the scope of this study and - in comparison with other techniques - the following questions will have to be
answered:
/ Which vertebrae in the human spine will generally be subject to collaps?
2 Is estimation of bone mineral content, by means of computed tomography, a reliable and repeatable method?
JJ Is it possible to calculate a predictive value of BMC by means of computed tomography (CT), regarding the threatening of a vertebral collaps?
4 Is the predictive value of BMC, regarding the threatening of a vertebral
collaps, represen table for any site in the axial skeleton?

CHAPTER 2

Bone anatomy, physiology and pathology

Bone anatomy
Bone tissue can be differentiated into trabecular bone, also called spongy
bone consisting of trabeculae and marrow tissue and cortex or compact
bone, consisting of concentric lamellar bone. Bone contains cells, collagen
fibres, mucopolysacharides, proteins, fat and minerals (mostly Ca 10 (OH) 2
(PO 4 ) 6 = crystalline apatite). Four types of cells can be distinguished in
bone: lining cells (flat cells along the surface of the bone), osteoblasts (which
are involved in bone formation), osteoclasts (large cells which are involved in
the resorption of bone) and osteocytes (located within the bone).
The bone as a whole is surrounded by a membrane of lining cells and
osteoblasts. The periostal layer, located on the outside of the bone, is involved in growing and causes an increase in bone width. The endostal layer, on
the inside of the bone, is very active during life in diaphysis formation. Bone is
not a static tissue. A constant turn-over and remodelling is going on. Resorption will be followed by bone formation and mineralization ofosteoid tissue.
In osteopenia thinning of trabeculae and cortical bone will occur, often
accompanied by an increasing amount of medullary non-bone tissue like fat.
Physiology of bone
The amount of mineralized bone is influenced by two systems, concerning
calciumhomeostasis and bone turn-over.
Calciumhomeostasis. The normal daily calcium intake in human beings in
Western Europe is about 800 mg. Net absorption in the intestine is approximately 200 mg and the kidneys excrete approximately 200 mg daily .400 mg
calcium will be built into the bone daily and the same amount will be mobilized during the day by break-down of bone.
Plasma calcium concentration remains within rather strict limits by
several regulating factors such as vitamin D (cholecalciferol: CC), parathyroid hormon (PTH) and calcitonine (Ct). Vitamin D will be supplied by the
skin, undtr the influence of ultra violet irradiation, or alimentory (D2 from
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plants and D3 from animals). CC will be resorbed in the intestine and is
hydroxylized in the liver to 25 hydroxycholecalciferol (25 HCC). In the
kidney a second hydroxylation step takes place to 1,25 dihydroxycholecalceferol or 24,25 dihydroxycholecalciferol (1,25 DHCC or 24,25 DHCC) depending on blood calcium concentration. Is plasma concentration
< 2.20 mmol/1, then 1,25 DHCC is produced. Is plasma calcium concentration > 2,60 mmol/1, 24,25 DHCC is produced. Intestinal calcium absorption is improved by 1,25 DHCC and it activates a calcium dependent
ATP-ase. The function of 24,25 DHCC is not yet fully understoad.
PTH will be produced if the plasma calcium concentration is < 2.20
mmol/1 and will be partially broken down in the liver or the kidneys. The
1-34 part has the same metabolic activity as the whole PTH molecule.
Increased PTH and 1,25 DHCC concentrations lead to increased intestinal
calcium absorption, increased bone resorption and increased re-absorption
of calcium in the tubuli of the kidneys.
Is the plasma calcium concentration > 2.60 mmol/1, the production of
PTH will stop and the production of calcitonine (Ct) starts. Ct acts as an
antagonist for PTH, decreasing plasma calcium concentration by inhibiting
osteoclastic activity and increasing calcium excretion in the urine.
The four hormones PTH, Ct, 1,25 DHCC and 24,25 DHCC together keep
the plasma calcium concentration within normal limits.
Bone turn-over. Configuration and amount of bone are determinated genetically but mechanical and hormonal factors and age are also important.
Osteoblasts and osteoclasts always act together in close harmony. The formation and resorption of bone tissue is influenced by growth hormone,
oestrogens, somatomedine, thyroxine, PTH, Ct and the dihydroxylated
vitamin D metabolites.
The interaction between hormones involving in calcium and bone metabolism is put down schematically in fig. 2-1.
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Pathology of bone
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O s t e o p e n i a m e a n s too little mineralized b o n e (Jacobson, 1980) a n d can be
divided by its origins into osteoporosis, osteomalacia, h y p e r p a r a t h y r o i d i s m
a n d miscellaneous causes of osteopenia.
1 Osteoporosis (bone quality n o r m a l , q u a n t i t y deficient). T h e causes of
osteoporosis according to J a c o b s o n (1980) are congenital disorders, malassimilation deficiences, immobilisation a n d disuse, endocrine disorders, h e m a tological diseases a n d miscellaneous disorders a n d diseases.
2 Osteomalacia ( i n a d e q u a t e osteoid mineralisation in adults which is called
rickets in the i m m a t u r e skeleton). T h e causes of osteomalacia are deficiencies, gastro-enterogenous disorders and renal disease.
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Fig. 2-t. The interaction between hormones involved in calcium- and bone metabolism. Hgh:
human growth hormone, Ct: calcitonine, th: thyroid hormone, PTH: parathyroid hormone,
vit. D: vitamin D, Sm: somatomedine, E,: oestron, E2: oestradiol, res.: resorption of bone, app.:
apposition of bone.

j Hyperparathyroidism

a Primary hyperparathyroidism: etiology: congenital, parathyroid hyperplasia, adenoma or carcinoma.
b Secondary hyperparathyroidism: etiology: any longstandig osteomalacic process, longstanding uremia due to renal disease and secondary to
chronic renal failure.
4 Miscellaneous causes of osteopenia: multiple myeloma, association with
neoplastic disease, Waldenstr^m disease and amyloidosis.

CHAPTER 3

Review of literature concerning BMC determination

Conventional methods
The subjective evaluation of a roentgenogram in order to measure the state
of mineralization of the skeleton has been proven to be unreliable for a long
time already (Stein, 1937). Photometry and conversion to an equivalent
amount of reference material has been applied to many kinds of bone (Stein,
1937 and Bywaters, 1948). Mainly because of the rather thin layer of soft
tissue around them, the phalanges, radius and ulna have been studied (Mack
etal., 1939).
The degree of osteoporosis in the hand in a small group of aged people was
stuc-ied by Gershon-Cohen et al. (1955)- Their results were rather amazing
because not a decreasing but an increasing level of bone density was found
with advancing age.
In order to provide approximately the same covering of soft tissue around
the bone to be investigated, flattening out of soft tissue (Henny, 1950) or
submersion of the limb to be investigated in a waterbath has been used
(Doyle, 1961).
Photometry and conversion to equivalent amount of reference material
was later performed semi-automatically (Mack et al., 1952). The validity of
BMC estimations by means of a bone density computing apparatus in the
femur of the rat was described by Schraer et al. (1959). Calcium changes of
4% or less were detectable and the ashweight was highly correlated to in vivo
densities.
A new method of bone mineral estimation using an unmodified clinical Xray set was desribed by Archer-Hall et al. (1973). Output variations were
compensated by a two detector system. Two scintillation crystals were
coupled to photo-diodes to measure the intensity of two neighbouring X-ray
beams. One was passing through a reference filter and the other through the
limb to be investigated. The ulna was scanned in a secured position.
An X-ray tube together with a special high-voltage generator and a filtering unit were used by Gustafson et al. (1974). This combination produced
two narrow energy bands. Two wedges, corresponding to bone and soft
tissue, were withdrawn when the object was placed in the beam, this displa-
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cement constituting a quantitative measure of the analyzed substances.
Histological, radiological and gamma transmission methods were correlated with each other in osteoporotic patients with a hip fracture by Alhalva
(1974). Mean trabecular width was determined in iliac bone biopsy specimens, staging of the trabecular architecture was done in the proximal femur
according to Singh (1970) and the cortical index according to Virtama et al.
(1962) was estimated at the narrowest point of the medullary canal. A
positive correlation was established between mean trabecular width of the
iliac crest and mineral density of the metaphysis of the radius. The femoral
cortical index and femoral trabecular pattern did not correlate with the
mineral density.
Early radiographic manifestations of secondary hyperparathyroidism associated with chronic renal failure were studied byjensen et al. (1977). They
used posterior-anterior pictures of each hand on mammography film.
Examination was done with a handlens. Intracortical, subperiostal and
endostal resorption was evaluated using a grading scheme (intracortical
striation, subperiostal resorption and cortical thickness concerning the
endostal resorption). A correlation between subperiostal and intracortical
resorption was found. Patients with endostal resorption also showed subperiostal resorption and intracortical resorption.
The relationship of serum biochemistry, radiographic analysis and bone
mineral analysis to bone histomorphometry in uremic patients was investigated by Hruska et al. (1978). Circulating levels of immunoreactive parathyroid hormone and alkaline phosphatase, as well as radiographically
apparent subperiostal resorption were most predictive of osteitis fibrosa.
Bone densitometry proved to correlate poorly with the osteitis fibrosa and
not with the histologically measured bone volume. Only in the biopsy specimen it was possible to assess the amount of ostoid tissue.
Barnettetal. (i960) presented an approach in which the femur score and
hand score were taken together as total peripheral score and the lumbar
spine score of L3 was determined. In femoral cortex measurements the
homogeneous and compact cortex was measured only. Measurement of
metacarpal cortex was less accurate because of the smaller dimensions.
Osteoporosis was defined in the following arbitrary manner: / spine score
^ 80 (spinal osteoporosis), 2 total peripheral score ^ 88 (peripheral osteoporosis), 3 both 1 and 2 (mixed type osteoporosis). Statistically there was no
correlation between age and peripheral scores, nor in the spine scores.
A correlation between cortical thickness measured by means of callipers
on the proximal radius and graded spine density from lumbar radiographs
was found by Saville (1967). Men and women with rheumatoid arthritis had
significantly thinner cortices than controls.
The cortical thickness was investigated by Morgan et al. (1967). The
metacarpal index and aluminium equivalent of the second metacarpal bone
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were studied. Determination of cortical thickness was the most satisfactory
method and the most simple one as well. Normal values were presented.
Observers errors in measurements of the metacarpals were studied by
Adams et al. (1969). Thickness of the cortex and the metacarpal width have
been measured. Measurements have been performed at the midshaft of the
second metacarpal of both hands. Thickness and diameter were measured
with callipers and a ruler. In cortical thickness estimations the standard
deviation of the intraobserver difference was 0.45-0.5 mm, for interobserver
differences 0.5-0.6 mm. In metacarpal diameter measurements the intraobserver differences SD was 0.2-0.3 mm, the SD for interobserver differences
was 0.3 mm. Slight positive correlations were found between cortical thickness and diameter particularly for the right hand. The metacarpal index
(ratio of cortical thickness to diameter as a percentage) showed standard
deviations of the intra observer differences of 5.5-6.5 mm and inter observer
differences of 6.5-7.5 m r n Barnett et al. (i960) stated that the lower limit for cortical thickness and
metacarpal diameter was 43% of the mean normal value. Both cortical
thickness and metacarpal diameter of the right hand was on average greater
than in the left hand. The diameter difference was significant between both
hands. They concluded that the metacarpal index should not be used, left
and right hand should be considered separately.
Exton-Smith et al. (1969) described their method of measuring cortical
thickness and diameter in the middle of the second metacarpal (ruler and
Vernier micrometer). Metacarpal index D 2 — d 2 gives the best indication of
the amount of bone compared with ashweight. Variations in size are corrected by taking into account the product of length and external shaft diaD 2 - d2
meter.
= the dimensionless ratio cortical area/surface area. Percentile curves for women and men were presented.
The effect of ageing on bone mass in measurements of the second metacarpal cortex was studied by Adams et al. (1970). Bone loss takes place at
different rates. Women tend to loose bonefaster than men. Changes in bone
mass in the metacarpal were not related to loss of height, changes in body
weight and/or the occurence of fractures nor the presence of backache. All
measurements were reduced to 0.5 mm. The cortical thickness decreased in
both sexes. Men had a wider metacarpal diameter than women, but the
lattter showed an increase in diameter during ageing.
The geometric proportions of the second metacarpal bones were discussed
by Horsmanet al. (1972). It is possible to apply the cylinder model but even
then the estimates are inaccurate.
Morgan (1973) again mentioned the several indices for assessment of
BMC in the metacarpal bone. Measuring cortical thickness is the most
simple method and the most complex one is the calculated cross sectional

£
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area of bone corrected to the standard size of bone. Both indices has advantages over others and provide identical information. The former is also
the simplest in practice.
The inter- and intra observor errors for measurements of the external and
internal diameter of the right second metacarpal bone have also been indicated by Mac Lennan et al. (1973). Especially the variation for the internal
diameter was considerable. Impact on cortical thickness determinations is
clear. Inter observer variations were much greater than intra observer variations.
Thinning of the cortex of the clavicle, measured on a standard chest radiograph, could be indicative of osteoporosis; ^ 1.5 mm means osteoporosis.
The midpoint of the clavicle was measured (Anton, 1969). A correlation
between thinning of clavicular cortex and other radiological signs of osteoporosis was present.
Evaluation of the trabecular architecture in the upper end of the femur
was described by Singh et al. (1970, 1972). Their findings were correlated
with iliac crest biopsy specimens. Six different patterns of trabecular architec'ure were recognised with increasing degrees of bone loss. These patterns
could be utilized on a radiographic scale for the diagnosis and grading of
osteoporosis. They described trabecular bone loss in women as being greater
than in men after the age of 50 years. 33 patients below grade four were
studied, 11 had vertebral compression fractures.
The relationship between the femoral rating system according to Singh
and radial midshaft BMC was sudied by Kranendonk et al. (1972). No
correlation was found either directly or after correction for age. The Singh
method is said to be of little or no help in establishing the severity of
osteoporosis.

Photon absorptiometry
The reliability of the photon absorptiometric technique using a 100 mCi 1125
source together with a detector system was discussed by S^rensen et al.
(1967). Accuracy and reproducibility is 2%. BMC changes of 6% may be
detectable.
The accuracy of the bone mineral determination by direct photon absorptiometry was also mentioned by Cameron etal. (1968). A I 1 2 5 or Am 241
source was used, together with a collimated scintillation detector putec
height analyzer system. They found a high correlation between absorption of
the photon beam by bone and the weight of standard sections on excised
bone (r. = 0.97 to 0.99). Scans on tissue covered cadaver forearms were
highly correlated (r. = 0.96) with the weight of underlying bone components. The precision was 2% and the accuracy (4 to 7% error) was the
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highest ever demonstrated for a radiologie method of bone mineral content
determination.
In vivo BMC measurements by photon beam scanning were performed by
West et a!. (1970). An Am 241 source together with a pcindllation detector
were used. The femur was scanned -5 of the distance from lateral epicondyle
to greater trochanter. Scanner measurements were recorded by a digital rate
meter and a computer analysis was performed. The reproducibility of the
method was 2% and the variation coefficient was 3%.
The accuracy and reproducibility of the photon absorptiometric method
in the midshaft of the metacarpal bone, the midshaft of the radius and the
femur was determined by Shimminset al. (1972). Determinations were also
performed in the distal radius. Midshaft metacarpal and midshaft radius
determinations proved to be the most accurate estimations.
The state of demineralization in two groups of females older than 50 years
was studied by Smith et al. (f972). One group with and the other without
collapsed vertebrae. The photon absorptiometric results were, both in trabecular and cortical bone of the radius, signifcantly less in the group with
collapsed vertebrae. They found a good correlation between the appendicular skeleton and the vertebrae.
Johnston et al. (1970) provided evidence that the distal portion of the
radius and the middle phalanx of the little finger reflects the state of mineralization of the spine.
Two methods for determination of electron densities in a non-uniform
object were presented by Clarke et al. (1973). Two beams of gamma rays
were manipulated. Two intensities of transmitted beams were measured, as
well as two intensities of scattered radiation. No dependence on thesizeofthe
test object was shown. Relative electron densities were in good agreement
with the calculated values.
A technique for determination of absolute bone density was described by
Olkkonen et al. (1975). Both transmitted and scattered photons, emitted
from a 650 mCiTc 1 7 0 source, in a narrow beam, were measured. Due to the
changing in bone composition during bone resorption a change in effective
Z/A as a function of bone density was determined. The reproducibility was
2%. A good correlation with results obtained by application of the
Archimedes principle was found.
Lumbar BMC was investigated by Kroner et al. (1980) with the help of
Gadolinium! 53 dual photon absorptiometry. Mean lumbar BMC of women
with clinical osteoporosis was 17% lower than of an age matching control
group. Two years therapy with oestrogens showed an increase of BMC of
5.5%. In a group of prednisone treated RA patients no change in BMC was
noted.
BMC in the axial skeleton, the hip and the column was measured by Dunn
et al. (1980) with the help of a modified dual probe scanner. A computer
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system and a Gd 153 source with a Nal detector were connected to the system.
The method was said to besuperior to single energy photon absorpiometry in
the radius.
The reliability of photon absorptiometry has been lately studied by Rustgi
et al. (1980). Measured BMC was compared with absolute values obtained
by the ashing method. The instrument BMC was found to be higher by about
6.5%.
Computed tomography
Isherwood et al. (1976) mentioned the fact that trabecular bone changes
more rapidly with advancing age than total or cortical bone. CT densitometry has the advantage that it is very precise and can pick up that part of the
bone which will change first. Measurements were performed in the distal
part of the radius. A good reproducibility was found. Densitometry of the
vertebral body was thought to be very promising.
Rutherford et al. (1976) stated that, despite the polychromatism of the Xray beam, in CT scanning precise measurement of absorption coefficients
of small elements of tissue in vivo at voltages ranging from iooKVp to
140 KVp is possible. Computer algorithm implemented by the machine
calculates absorption values that have a linear relation to the absorption
coefficient of the material at particular energies. This measurement capability enables measuring in vivo electron density and effective atomic
number of tissue. They used an EMI brain scanner to determine BMC in the
distal radius and ulna. A perspex tank containing a hand grip and three
sampling solutions of CaCl2 was filled with water. Two cross sectional scans
were obtained, 1.3 cm proximal to the ulnar styloid at 100 KVp/60 mA and
140 K.Vp/28 mA (dual energy to distinguish bone mineral from bone mass).
A measure of trabecular bone content was determined by obtaining the sum
ofa4 x 4 matrix of values at the centre of the trabecular space. Reproducibility of measurements was 0.2% (in exactly the same position). Five scans
obtained over a period of seven days showed a reproducibility at 100 KVp of
2% and at 140 KVp of 1.4%. This difference is not significant. BMC of distai
radius does not necessarily represent BMC of the spine. Only by dual energy
scanning electron density and effective atomic number can be calculated.
Movement of the patient leads to difficulties since absorption value changes
may be magnified into huge errors.
Reich et al. (1976) determined the BMC with the Nordland-Cameron
bone mineral analyzer and a Delta scanner. A reasonable correlation was
found (r. = .72). The correlation between average delta numbers and actual
calcium content in cadaver bones was excellent (r. = .97). Because of the
inability of the Cameron method to consider the factor of volume in its
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measurements, a better correlation between CTand photon absorptiometry
was not obtained.
Rüegsegger et al. (1976) performed gamma CT with the help of a I 1 2 5
source and found an accuracy in the forearm according quantification of
bone mineralization of + 2%. Exact positioning and motion artifacts were
problems.
Posner et al. (1977) also presented their results in comparing CT densitometry with photon absorptiometry in the appendicular skeleton. A correlation between the two methods of 0.9942 was found. Correlation between
photon absorptiometric techniques and CT values were 0.9981 and 0.9962.
The precision of repeated scans was 2%. This technique was said to be
suitable for any bone disease like osteoporosis, Paget disease, osteomalacia or
renal osteodystrophy.
Joseph et al. (1978) described a method for correcting bone induced artefacts in CT scanning caused by alteration of the energy spectrum of the Xray beam. A first reconstruction established the amount of bone along each
ray and thus the approximate distribution of the bone and the second reconstruction enabled the artefacts to be eliminated. Line integrals could be
corrected in this way.
Pullan et al. (1978) performed bone mineral estimations using a modified
head scanner in right hindlegs of rabbits in which osteoporosis was induced
by prednison. CT densitometry was compared with photon absorptiometry
and the radiographic microdensity method (the limb in a watertank, photographed together with a step wedge, then density tracing with a scanning
densitometer of the limb and the wedge). A similarity of T values
( = difference in the major values divided by the standard error of the difference) between photon beam scanning and radiographic methods was
found. The CT value has a T value of more than double of that of the other
methods (the greater the T value, the more sensitive the method).
Marshall et al. (1978) were the first investigators to report on CT densitometry in the human spine. They stated that human vertebral bone is very
sensitive to changes in calcium homeostasis and that the mineral turn-over is
said to be eight times as high as in cortical bone. This because of the fact that
the vertebral column consists of nearly 75% trabecular bone. They also
stressed the clinical importance of measurements in the vertebral body
because of the incidence of compression fractures. There was a linear correlation between EMI numbers and BMC. The sensitivity was 12 EMI numbers (1 % ) . The mineral selectivity was as such that only half of the change in
EMI numbers arising from progressive osteomalacia reflected change in
actual mineral content. The other half is merely due to changes in bone
density which accompanies demineralization. The effect of beam hardening
was demonstrated and was said to be significant.
Lange et al. (1978) reported an almost linear relationship between CT
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densities and the concentrations of bone equivalent substance K 2 HPO 4 . By
means of a special computer program the spongiosa and cortex of both forearm bones were analysed and the reproducibility was estimated. The variation coefficient was 5%. Senile demineralization affects the cortex most
severely. In renal osteodystrophy however demineralization predominantly
involves the spongiosa.
Huang et al. (1978) evaluated calcium concentrations in bone using CT
scanning in in-vitro specimens (fresh cadaveric lumbar vertebrae). A water
phantom was used as a zero reference. Calcium content was estimated in
exactly the same field of view and thickness as on CT scanning. A linear
relationship between CT values and calcium content was found. They also
did CT studies on bone changes in lower extremeties of human amputees.
The amputated limbs showed a decrease in CT numbers and cortical width.
The differences in CT numbers between normal and amputated limbs increased in distal direction.
Wilson et al. (1978) also discussed single and dual energy CT densitometry. The effect on accuracy and precision of non-uniform slice thicknesses
was discussed. Beam polychromatism and choice of beam energy were mentioned. A high degree of correlation between BMC of excised bone from the
appendicular skeleton and mass determined by CT was found (r. = .994).
The variation in repeated scans at a fixed location was less than 1%. Fat
within the spongy bone decreases the measurements of bone mass. This effect
can be reduced by dual energy KVp approach.
Rosenfeld et al. (1978) did an analytic study using multiple energy CT for
BMC measurements. They demonstrated the need for solving polychromatic errors. A calibration for scanner independence was also needed.
Abols et al. (1978) used CTdensitometry in the vertebral body ofLx and
L2. Two additional slices were obtained at 80 and 120 KVp. The average CT
number was obtained within an ellipse positioned inside the cortical shell. A
poor correlation was found between CT determinations in cancellous bone
in the spine and the Cameron determination of BMC in the radius. Positioning in the spine was crucial. A considerable variation in bone density was
found from endplate to endplate. Improved positioning and thinner cuts
(0.5 cm) gave better results. Day to day variation in phantom studies was
approximately 5% in CT numbers.
Banzer et al. (1979) found correlations between CT values and concentrations of calciumchloride solutions (r. = 0.99). CT values in cadaver vertebrae were compared with the Cameron method and the ash weight. Exact
anatomic positioning is very important. The density within a region of interest in the middle of the spongy bone can be compared with the average
density of the complete trabecular bone in the section.They also stated that
in the lumbar spine bony changes will occur earlier than in the long bones.
Measurements were done in a vertebral body in an abdominal phantom. A
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linear relationship (r. = 0.998) was found between increasing concentrations of calciumchloride solutions and CT values. The CT values correlated
well with the ashcontent (r. = 0.90). The influence of fat on the trabecular
bone proved to be negligible. An anatomic landmark for the middle of the
corpus vertebra is the location where the basivertebral vein enters the vertebral body on the backside. The reproducibility was good, the variation
coefficient in thespongiosa was 1.2%. Error sources such as beam hardening,
artifacts and partial volume effects have to be considered.
Laval-Jeantet et al. (1979) came to rather disappointing results in CT
densitometry of the vertebral body. Correlation with ashweight was
moderateand lower than results obtained with standard methods. Errors are
related to polychromatism of X-beam, artefacts, partial volume effect, intervertebral bonefat. A slow, second generation scanner was used, which
explains a lot of the described problems.
Orphanoudakis et al. (1979) used single energy scanning of the radius; it
has a higher degree of precision. Dual energy CT scanning on the contrary
has a higher accuracy rate. Identifying patients with metabolic bone disease
should be done with dual energy scanning. Longitudinal studies of patients
with known disease should be done with the single energy technique, which
has a high degree of precision. CT densitometry was said to be a reliable and
reproducible method for assessing bone mineral content.
Exner et al. (1979) used y-ray CT on a special purpose scanner. They
estimated local linear absorption coefficients in compact and trabecular
bone. The trabecular bone density was said to be independent from sex anri
age in the range 4-40 years. The compact bone density increases after puberty in both men and women. There is a correlation between bodyweight and
total absorption. They also investigated increased trabecular bone density in
children with chronic renal failure with y-CT densitometry. Renal osteodystrophy includes all abnormalities in the skeleton associated with chronic
renal insufficiency, such as osteomalacia, osteosclerosis, metastatic calcifications and osteitis fibrosa. AIL previous methods including photon absorptiometry do not give as exact information on mineral distribution as CT
does (no differentiation between compact and spongy bone). Their report is
said to be the first in vivo verification of radiographic osteosclerosis as an
increase in trabecular bone density. The photon absorptiometry failed to
pick up increased trabecular bone density even when the radiographic sign
of osteosclerosis was present. This lack of precision in identifying osteosclerosis or osteoporosis explains the discovered discrepancy between normal
X-ray and CT.
Cannetal. (1979) noted a day 10 day scanner drift of about eight HU. A
long term drift causes differences of 11 to2oHU. Simultaneously scanning a
phantom, containing varying concentrations of K2HPO4, cann correct the
drift. Positioning errors of 1-2 mm causes measurement differences of four
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HU. Larger variations in positioning gives errors of up to 30 HU. Precise
positioning by software manipulation of data was advocated. Multiple slices
of five mm through the vertebral body are made and then a ten mm slice is
reconstructed exactly through the midplane of the vertebral body.
Repositioning error by this method is 1-1^ mm. Precision was 4.8 HU =
0.4%.
Mazess et al. (1979) also stressed the fact that spinal bone is sensitive to
bone disease and immobilization. This is not very well reflected by iliac crest
biopsy specimens, total body calcium measurements and photon absorptiometry of peripheral bones. CT densitometry in spinal bone was compared
with dual photon absorptiometry. Repeated measurements in a spinal
phantom with no movement between scans showed a variation of two CT
numbers = 0.2% in u. ( = attenuation coefficient). Movement of phantom
in between however caused errors of 11 CT numbers or 1 % in u (attenuation
coefficient). Variation in different locations within the centre is relatively
large, 7-10% in u. A large region of interest is advisable. Dual energy photon
absorptiometry gives a lower dose (one milirem versus three rem) but it
cannot separate changes in the centre from changes in the whole of the
vertebrae.
Jensen et al. (1979) tried to identify in vivo changes in cortical and trabecular bone mass in the peripheral skeleton with the help of CT. The radius
was scanned within a device to minimize motion and beam hardening artifacts. The computer generates several indices of cortical and trabecular
bone mineralization including a closed boundary traced through local
maxima of cortical bone. Bone mass measured by CT correlates well
(r. = .95) with trabecular bone determined by quantitative histomorphometry of transiliac bone biopsy specimens. Computersoftware will be modified to handle a fourfold increase in the amount of data resulting from future
scanning with 0.5 mm pixel size. Three dimensional reconstruction is said to
be able to determine spatial distribution of bone mineral changes.
Schneider et al. (1979) estimated bone mineral by using I 125 y CT densitometry in tibial and calcaneal trabecular bone.The percentage of trabecular bone decreased rapidly in the tibia going distal. The calcaneus looses
during prolonged bedrest as a weight bearer almost double the amount of
bone mineral. CT scanning easily picks up bone loss during immobilization.
Revak (1979) did CT densitometry into the femoral cortex. He simultaneously scanned a reference phantom which resembled the thigh in X-ray
attenuation proportions and in annular configuration. Thus reciprocal
beam hardening is obtained in the standard as well as in the object to be
scanned. The cortex of the femur is uniform for many centimeters along the
midshaft. Only the highest CT numbers forming a one pixel thick ring are
considered. This feature minimized beam hardening and partial voluir"*
errors since the linear attenuation coefficients and CT numbers of the
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standard phantom were known. The coefficient of the femur could be determined easily. In the beginning the findings were thought to be paradox.
Osteoporotic patients had a normal or near normal bone mineral. Osteoporosis however occurs predominantly in the endostal region. The outer
cortex will be involved very late. This method selects the densest outer
zones. The investigator stated that a small fractional change in high mineral
content of cortical bone is more sensitive to skeletal metabolism than
changes in the low mineral content trabecular bone.
Gordan (1979) mentioned the fact that men in all ages in all ethnic
groups have more bone than women. Men don't lose bone before the age of
70. Women start loosing at 50 at a rate of 3% per annum for six years, then
1-2% each year. No significant loss before the menopause or oophorectomy
takes place. Oestrogens prevent bone loss.
Ettinger et al. (1979) studied bone mineral changes in women who underwent oophorectomy. Measurements were done within the month of surgery and after six, 12, 24 and 36 months. CT determinations were performed in Lj and L2. Cameron absorptiometry was also performed. CT
proved to be the most sensitive indicator of bone mineral loss. The cortical
thickness proved to be the least sensitive method.
Orphanoudakis et al. (1979) also compared bone mass determined by CT
in the peripheral skeletion with trabecular bone volume determined by
quantitative histomorphometry of transiliac bone biopsy specimen and
found a positive correlation.
Cann et al. (1979) also stressed the much more sensitive indication of
bone status by CT than by linear photon absorptiometric methods. Precision for repeated measurements of vertebral mineralization is 2.8%. Short
term variation in repeated measurement is 0.9%. A reduction of the scanner
dose to 50 mAs increases this variation to 1.5%. It seems to be possible to
maintain good quantitative capability with a long term precision of about
3,5% and reduce patient exposure to about 100 millirem per study from the
current level of 450 millirem.
Adams et al. (1980) used a whole body scanner to do precise and reproducable estimations of compact and trabecular bone in the peripheral and
axial skeleton. A method of remote radiography for registration of the plane
of the scan through T5 was used. The reproducibility was 1.4%. A positive
relation of attenuation values with calcium content was found in cadaver
vertebrae which were scanned first and later investigated by chemical analysis. No correlation with the fat content was discovered.
Jensen et al. (1980) did an assessment of bone mass in the distal radius
with CT. The spine contains a larger volume of trabecular bone and is often
the site of symptomatic disease in patients with bone disease. The major
disadvantage is the fact that demineralized patients often sustain compression fractures which will lead to increased CT values. There is a good
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correlation between distal radius and lumbar spine determinations and between CT studies of the distal radius and transiliac bone biopsy specimens as
well. The CT reading was said to be an average of all tissues in the region of
interest. For instance, in severe osteoporosis bone will disappear and be
replaced by fat with a CT value below zero. The idea was to assess bone
mass, not bone mineral content. Thus a single energy technique was used
instead of a dual energy technique, which is more suitable in bone mineral
content estimation. Osteoid tissue is not included in trabecular bone volume
whereas this rather dense tissue is detected by CT resulting in a higher CT
number. In measurements in cortical bone a reproducibility was found of
0.6% and in trabecular bone of i .2%.
Revak (1980) estimated calcium content in the cortex of the femur and
tibia. A calibration standard was scanned concurrently with the bones
being measured. The standard contained high and low density substances
arranged so that the errors due to beam hardening and partial volume effect
were minimized. Because of the uniformity of the cortical bone repositioning errors were insignificant. The method was accurate and precise. Both
cortical and trabecular bone are said to be subject to the same skeletal
dynamics. The surface to volume ratio of cortical bone is about j of that of
trabecular bone and mineral changes only take place at bone/soft tissue
interfaces. 80% of all skeletal mass is compact bone.
Cann et al. (1980) again stressed the fact that bone mineral content in the
radius does not necessarily match with the situation in the axial skeleton.
The clinically most important problems take place in the vertebrae.
Changes in trabecular bone are earlier detectable than in cortical bone. The
beam hardening effect can be corrected by a special beam hardening correction software program or avoided by dual energy scanning in which two
sets of data are set up corresponding to a soft tissue and a mineral image. In
single energy scanning soft tissue, like fat, also attributes to the obtained
average density. Precision is limited by long and short term scanner drifts
caused by X-ray tube aging, detectors drifts anC hard-and software modifications. Repositioning errors also are very important. Each slice should be
in the same position of the corpus vertebrae and angulation as well is a very
important factor. Five mm thick slices were obtained covering three contiguous lumbar vertebrae in a vertebral specimen from a fresh cadaver. The
midline was derived in a sagittal reconstructed image. A 9.5 mm thick slice
was reconstructed exactly in the midline of the corpus vertebrae. The
average CT value within a region of interest of 3,7 cm2 approximately two
mm from the cortical shell and four mm from the anterior wall of the spinal
canal was determined. The CT density of the ROI together with the density
of the calibration solutions were used to calculate the mineral equivalent in
terms of milligram K 2 HPO 4 /ml. A small change in position of the ROI may
cause a change in mean CT density up to 15% of the overall error in ver-

REVIEW OF LITERATURE CONCERNING BMC DETERMINATION

?

j

,j
!

i

;

23

tebral and mineral determination. Short term variability was 1.5%. Long
time variation coefficient was 2.8%. Short time scannerdrift was eight to ten
HU. Long term drift was 30 to 40 HU.
Marshall et al (1980) mentioned the fact that pre-reconstruction exact
dual energy CT scanning accurately separates total CT attenuation into
two values representing compton and photo-electric attenuations without
polychromatic distortion. Solutions of varying effective atomic number and
electron densities and specimens of normal and pathologic tissue and patients have been scanned. The technique is accurate enough to provide clinical tissue information.
Cann et al. (1980) presented their results in quantitative bone mineral
conten t of the lumbar vertebrae using CT. 120 patients with metabolic bone
disease were compared with over 100 age and sex matched controls. 20% of
the patients had a fo'.Iow-up to determine changes in bone mineral content
during treatment. Normal values were found by comparing mineral content in the radius obtained by photon absorptionmetry. Vertebral mineral
for both control males and females in the age of 25-45 ' s I n t n e range of
170-190 mg K 2 HPO 4 per cm 3. Mineral loss after the age of 45 is 1.5-2%
anually for normal males and 2-3% anually for females. 30-35% of the
patients referred for osteoporosis had a normal peripheral, but low spinal
mineral content. The population will be evaluated for the predictive value
for vertebral mineral measurements for increased susceptibility to vertebral
fracture.
Crouch et al. (1980) developed an energy selective (dual energy) CT
method for exact quantitative mineral analysis based on CT projection data
obtained by scanning two different X-ray tube potentials and solving a set
simultaneous equations in terms of high-Z and low-Z calibration materials
(aluminium and plastic). Calibration curves are generated with each patient by simultaneous scanning of a set of mineral equivalent solutions and
are linear within 2-3% up to a dense bone equivalent (400 mg
K 2 HPO 4 /cm 3 ).
Reiser et al. (1980) investigated bone mineral distribution within a
lumbar vertebral body with the aid of CT. Mean density within a ROI in
cranial, medial en caudal slices of a four mm thickness roomly positioned
within the endplates were investigated by computed tomography. The ashweight of the very same ROI has been determined also. CT values, ashweight and photon densitometric values showed a high degree of correlation. CT value distribution is said not to be equal within the vertebral
body trabecular bone. The mean density within a ROI will decrease in
slices positioned more caudal.
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Summary
Densitometry performed on normal roentgen radiographs is very inaccurate. Morphometry on roentgen radiographs of the skeleton like staging according to Singh proved to have no clinical significance.
Handmorphometry is rather inaccurate. Intra-and interobserver errors up
to 40% have been reported. Photon absorptiometry proves to be a very
accurate method. However only bone mineral content determination in the
perpendicular skeleton can be done and it is impossible to discriminate cortical from trabecular bone with this method. BMC determinations in peripheral skeleton do not reflect the mineralization in the axial skeleton.
Mineralization changes in metabolic bone diseases and in aging can be detected in an earlier stage in trabecular than in cortical bone. Computed
tomography enables measurements in vivo in the so-called critical sites of
the axial skeleton such as the vertebral bodies of the spine. CT has the ability
to discriminate between cortical an trabecular bone. A good correlation
between CT values and ash weight, CT values and photon absorptiometry
and CT values and histomorphometric estimations in transiliac bone biopsy
specimens have been reported. Several factors are limiting the precision of
CT densitometry, such as positioning errors, motion artifacts, beam hardening effect, partial volume effect, long and short term scanner drifts. The
beam hardening effect may be corrected by either software beam hardening
correction programs, or by dual energy scanning. Single energy scanning
has the best precision, dual energy scanning the best accuracy. The data
displayed in the largest possible region of interest (ROI) positioned in the
middle of the corpus vertebrae has to be indicated to achieve a good average
mean density. The cortical shell has to be avoided. The entrance of the
basivertebral vein indicates the middle of the vertebral body. In compressed
vertebrae the CT values of the trabecular bone may be increased because of
the thickening of the trabeculae and the partial volume effect. CT densitometry of the axial skeleton is a very promising non-invasive method in
quantificatingBMC.
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CHAPTER 4

Methods in CT densitometry

Principles of CT scanning
An X-ray transmission computed tomography system consists mainly of a
gantry containing a movable yoke with a fixed X-ray source which are
moving around an object to be scanned and a detector system. The detector
system transmits the attenuation measurements to a computer which will
reconstruct the image (note : attenuation -•= photo-electric absorption+ compton scatter).
The first generation CT scanner is based on one single X-ray beam and
one collimated detector on the yoke on opposite sites of the patient. The
yoke is moved at constant speed in a direction perpendicular to the tube detectorline in order to obtain a set of transmission measurements (translation movement). Subsequently the yoke will be rotated by a small angle
around the centre of the image and a new translation movement is made
after each stepwise rotation within a total rotation angle of 180° (fig. 4-1 A).
After data acquisition the full data set is recorded for image reconstruction.
The reconstruction starts as soon as the first profile is recorded.
In second generation CT scanning an array of detectors instead of one is
positioned within a small angle into a fanshaped X-ray beam.
As many parallel views as detectors are present and these are recorded in
different directions simultaneously (fig. 4-1B). The rotation increment is as
large as the top angle of the X-ray beam. Because of the fact, that no measurements are possible between the movements of the yoke, the first and
second generation scanners are very susceptible to motion artifacts.
Third generation CT scanning is completely different. The translation
movement has been abandoned and the fan -beam angle is widened in order
to incorporate as much as possible of the whole body cross-section. Three
hundred to 500 detectors are lined up in an array (fig. 4-1C). The third
generation CT scanner is much faster than the previous types and much less
sensitive to motion artifacts. Spatial resolution, precision and accuracy is
much improved.
In all types of CT scanners the computer will be able to interprete the
detector output data and to reconstruct an image which is represented by a
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matrix of attenuation numbers. This matrix is a two dimensional array of
picture elements, the so called 'pixels'. Considering the height of a pixel
(which is equal to the slice thickness) the resulting volume element is called a
'voxel'. In CT scanning the distribution of linear attenuation coefficients (p.)

translation

rotation

translation
rotation

Fig. 4-1. A Principles of first generation CT scanning; complex translation and rotation movement. B Principles of second generation CT scanning; fan shaped X-ray beam, translation and
rotation movement, c Principles of third generation CT scanning; wide angle fan shaped X-ray
beam, only rotation movement. (Courtesy of F. Zonneveld, Philips Medical Systems.)
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Fig. 4-2. Attenuation coefficients of different tissues (X-axis) in HU (Y-axis). (Courtesy of F.
Zonneveld, Philips Medical Systems.)

in an object or a patient is usually determined in a transverse slice. The data
profiles are calibrated, filtered and back-projected on the matrix. In this way
in each pixel the average linear attenuation coefficient is obtained (averaged
with respect to voxel volume and radiation energy). Conversion to CT numbers takes place in which the linear attenuation coefficients of all pixels are
related to the linear attenuation coefficient of water by means of the formula:
CT number =

x iooo Hounsfield Units (HU)
Hw at 73 KeV

In the Hounsfield scale water has a density of o HU. Air has a density of
— 1000 HU and cortical bone has a density of + 1000HU (fig. 4-2). The CT
numbers are displayed as different shades of grey on a TV monitor screen.
All registered measurements can be stored in a memory and transferred to
a flexible magnetic disc (floppy disk) or tape.
Since it is not possible to represent 2000 different CT numbers by 2000
shades of grey (diagnostic relevant differences may be in the order of 5 HU)
during the display of a CT image the so-called window manipulation technique is used. This is a method of selective contrast enhancement. The selected window-level indicates the centre and the selected window-width indicates the width of the range of CT numbers in which the observer is interested and which are represented by the available limited range of grey levels
(fig- 4-3)The CT numbers are displayed in these grey levels. CT numbers below the
lower window limit are represented as black and all CT numbers above the
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Fig. 4-3. Principles of window width and window level. (Courtesy of F. Zonneveld, Philips
Medical Systems.)

upper window limits as white. The CT numbers between these limits are
displayed in all different shades of grey depending upon their level within the
window. The window-level settings may be changed by the operator and the
image can be manipulated in terms of enlargements, CT number measurements and histograms. Different shaped and sized regions of interest (ROI)
can be processed and manipulated. Profiles along lines in the image, distance
measurements and zoom reconstructions are possible.

problem

solution

wasted detectors

Fig. 4-4. Principles of geometric enlargement; the focus/object distance is decreased while the
focus/detector distance remains fixed.
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The Philips Tomoscan 300
The Tomoscan 300 employed in this study is a fast third generation CT
scanner. The scantime is 4.2 seconds with a pulsetime of 2 msec resulting in
an exposure time of 1.2 sec/single scan. A slice thickness of 3, 6, 9 or 12 mm
may be used. A 100 120 KVp range and a r 00-500 mA range is possible. The
patient aperture is 56 cm. The gantry tilt is maximum 12o° in cranial and
caudal directions. An array of 288 Xenon high-pressure detectors are linedtip in the bananashaped detector bracket.
The field of view (FO V) varies from 480mm, 400 mm, 240 mm to 160 mm,
which is made possible by the geometric enlargement. The distance between
the X-ray source and the axis of rotation is changed while the X-ray sourcedetector distance remains fixed (fig. 4-4).
In this way it is possible to utilize the maximum number of available
detectors. This is particularly useful in scanning smaller structures in the
body. If in such a case the scanned area becomes smaller than the crosssectional diameter of the patient one may speak of'target scanning'.
By means of geometric enlargement spatial resolution is improved. Pixel
size in the 400 mm FOY is 1.56 x 1.56 mm on a fixed 256-256 matrix. In
ideal circumstances the spatial resolution during target scanning will be
approximately 1 mm but is rather system dependent. Doubling the number
of detectors will improve spatial resolution to a value of approximately 0.7
mm. Using geometric enlargement will also improve precision and
accuracy.

g- 4S A f see p. 30]
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Fig. ,f-r}. A, B, c. Representation of the scanning protocol; tin- i-nlrame of t he l>asi vertebral vein
is clearly visible in front of the spinal canal.
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The Tomoscan 300 has the ability to produce projection radiographs by
keeping the X-ray-detector system in a fixed position while moving the
object or patient to be scanned into the gantry opening. In the meantime the
X-ray tube is pulsed. The radiograph achieved in this way is called the
scanogram. On the scanogram the exact location of the slice to be made can
be indicated by means of a light pen. The gantry tilt can be adjusted adequately and the scan can be made at the indicated position.
The computer connected to the detector system isa Philips P857 with 128
k 16 ofmemory and an additional fast array processor with 59 k32 ofmemory.
Digital filing is possible on a magnetic disk (600 images), a floppy disk (20
images) and a magnetic tape (300 images).
Photographs of the images can be made by means of a multiformat
camera.

I
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Performance of CT densitometry
Scanning protocol. The patient is lying down in a supine position with the head
placed in the gantry opening. The legs arc slightly flexed in order to decrease
lumbar lordosis.
A lateral scanogram is made.
W i t h the help ol'thc light pen the exact transverse midplane of the fourth
lumbar vertebral body is indicated (L 4 ).
The gantry tilt is adjusted to lumbar lordosis.
Three overlapping slices (three mm overlap! are made slice thickness
six mm, iGommFOY, 120 K V p a n d 450 111A1.
The midplane of another vertebral body is indicated on the scanogram
(T 1 2 , I M o r L 5 ) .
Again the gantry tilt is adjusted and subsequently three slices are made
(fig. 4-5A, B. <:).

Fig. 4-6. A Demonstration of the best visibility of the basiverlebral vein entrance, B slightly
above the level of the bcsl visibility, o slightly below (his level, D indicalion of the basiverlel>ral
vein entrance on a conventional lateral spine radiograph (black arrow 1.
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The exact middle of a vertebral body is indicated by the best visibility of
the basivertebral vein entrance. This entrance is demonstrated on the transverse slice as a wedge-shaped triangular hypodense structure located in front
of the spinal canal (see fig. 4-5B, c and fig. 4-6).
Mean trabecular bone density determination. After C T scanning the floppy disk

is read out on the physicians console. The best transverse section in the
vertebral body is considered to be the one on which the basivertebral vein
entrance is shown most clearly (see fig. 4-6A). After manipulation by the observer a circular region of interest (ROI) of349pixels (amidlineof 13mm) is
positioned well within the margins of the cortical shell. Extreme care is taken
to avoid regions of quite different densities such as the hypodense basivertebral vein entrance. The mean CT density within this ROI is calculated.
Measurements at level L 4 proved to be the most reliable ones (see p. and
chapter 8).

CHAPTER 5

Problems and errors

In this capter problems arising from different sources will be discussed.

Device dependent problems

'/
1

Beam hardening effect. In computed tomography cross-sectional slices are reconstructed based on the fact that the attenuation ofdifferent X-ray energies
are integrated. The lower energy photons will be absorbed more in the object
than the higher energy photons. When the polychromatic X-ray beam
passes through an object the effective photon energy distribution curve shifts
towards the higher photon energy values. This is caused by the fact that the
lower energies are filtered out of the X-ray beam. The remaining X-rays will
be relatively hard with a high effective photon energy. As a result of this
phenomenon the effective linear attenuation coefficient (u) will decrease
with increasing material thickness (d). The top of the photon energy distribution curve will shift to the higher KeV region (fig. 5-1).
This phenomenon is called the beam hardening effect and will result in
decreased CT density values (fig. 5-2).
In other words: if in the formula |id = — In—— the factor d increases, the

j
•

factor u. will decrease resulting in a decrease in CT value. I o represents the
detector output signal before attenuation and I represents the detector
output signal after attenuation.
As a result of the beam hardening so-called 'cupping' or 'pseudo-cortex'
artifacts may be observed when scanning without correction means. For
example when a round homogeneous object (a water phantom) is scanned
the image will show higher reconstructed u values at the edges of the object
which will decrease towards the centre in a meniscus-shapedlike manner.
Several procedures are utilized to correct beam hardening:
- Linear beam hardening correction, in which the ud values are linearised by
a rather simple analytic procedure to ud'. This will provide reliable results if
the object is more or less homogeneous.
- Material selective beam hardening correction. In this case the beam har-
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i

100

125

photon energy KeV

Fig. 5-/. Principles of beam hardening; shift of the photon energy distribution curve to the right.

dening correction is no longer a function of the u,d values. Based on uncorrected or linear corrected data it is already possible to differentiate between
different tissues in the body. However a forged distribution of materials will
be shown because of the beam hardening effect. An iterative mathematic
correction procedure, such as the material selective beam hardening cor-

11
ii
£8

homogeneous
thickness of a homogenous absorbing material

Fig. 5-2. Beam hardening in practice; non-linearity of ud values as a result. (Courtesy of F.
Zonneveld, Philips Medical Systems).
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Fig. 5-3. Relation of photo-electric and compton effect; dependence on photon energy level.

rection, may help to solve this problem. Not only the quality of the image will
be improved by this procedure but also the influences on quantitative abilities are quite positive. Quantitative errors of approximately 1% will be
possible after correction (Rüegsegger et al., 1976).
- Dual energy scanning. Simply by scanning the same transverse slice of an
object at two different K Vp levels it is possible to make use of the difference in
energy dependence of the photo-electric and compton effect. Separate
images are reconstructed of the photo-electric and the compton part of the
attenuation. In the lower photon energy range the photo-electric effect is
dominant. In the more higher photon energy range however the compton
effect takes over gradually (fig. 5-3).
The earlier mentioned pair of reconstructed images will not show any beam
hardening artifacts because of the fact that the energy dependence has been
taken into account. The effective absorption ability of all substances in the
body can be calculated. The effective atomic number (Z) and the electron
density (N) can therefore also be calculated.
Thickness of slice in relation to partial volume effect. The slice thickness is an

important factor in quantitative CT studies and is variable from three to 12
mm (Tomoscan 300). Thick slices may be used in order to make better use of
the available radiation. As a result the noise (quantum noise) in the image
will be reduced. This will provide a better accuracy in mean CT density
estimations within a more or less homogeneous structure. The spatial resolution however will decrease due to partial volume effects which may introduce artifacts for instance in those areas where bone and air are combined in
one voxel. The partial volume effect may be caused by the fact that an object
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Aig. j-4. Demonstration of partial volume effect of the upper cndplatr in slice A.

of quite different densities partially is positioned within the slice to be measured. This will result in forged reconstructed images (fig. 5-4).
The impact in quantitative estimations is evident. A thinner slice such as
the 6 mm slice thickness utilized in this study has the advantage of increasing
spatial resolution due to a reduced partial volume effect. The line- and
streak-shaped artifacts will be restricted to a minimum.
Type of the CT scanner. The third generation CT scanner will not demonstrate motion artifacts, which is due to the swift rotation movement and the
absence oftranslation movements. In contrast to first and second generation
CT scanning continuous data sampling during the rotation movement is
possible. This will reduce degradation of the image drastically, especially in
areas where high contrast transitions occur (bowel-gas, surgical clips-soft
tissue and skull-brain). By using a large amount of detectors the spatial
resolution will be improved (up to 1.25 mm) especially when using the geometric enlargement possibility. Both accuracy and precision will be increased. The noise level will decrease to 0.5 1 %. The possibility to select the
exact site of the slice by light pen indication on the scanogram simplifies the
scanning protocol. The gantry tilt may be adjusted which enables scanning
in the exact transverse midplane;
Patient dependent problems
In case of BMC determinations in osteoporotics the patient may be of old age
and may have difficulties to lie down at ease on the gantry table in a supine
position. Extreme lumbar lordosis makes it rather difficult to obtain a true
transverse slice because of the limited gantry tilt abilities. The lordosis may
be straightened to certain extent by slightly flexing the knees over a pillow
(»'g- 5*5 )•
A scoliosis may also cause positioning difficulties and in extreme cases a
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arching of pelvis and spine

spine flattenend

Fig. j-5. The effect of knee bending on lumbar lordosis,

true transverse slice may not be possible. In partially and totally collapsed
vertebral bodies the endplates will approach each other. This may complicate positioning on thescanogramdue to the difficulty in indicating a line
just between the two endplates in order to avoid partial volume effect (fig. 56A, B).

In case of severe osteoporosis positioning with the help of the scanogram
may seem impossible because of the radiolucency of the spine. Hardly a
structure may bedetectable. Several random sequential slices are advocated
in such a case. After the scanning procedure the observer may .select a slice
through the midplane of the vertebral body.

l'ïg.j-flA
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Fig. 5-6. A Mean CTdensity value determination by means of the standardized met hod; partial
volume effect of the cndplale in a cod fish shaped vertebral bod\ will cause erroneous measurements. B CT image representing a totally collapsed vertebral body; trabecular bone measurements are not possible due to partial volume effects of the crushed cndplates; no free trabecular
meshwork is left.

The computed data are to be annotated and will be stored on a magnetic
tape and a floppy disk. The physician can display the floppy disk on a separate physicians console. A slice through the exact midplane of the vertebral
body is to be selected. The window-level settings have to be adjusted properly in order to be able to manipulate a ROI of 349 pixels into the right
position. Clare will have to be taken in order to avoid the corticall shell.
Inclusion of the hypodense basivertebral vein entrance will have to be
avoided as it will decrease mean C T density values within the ROI (fig. 5-7A,
B).

After considering all mentioned possible problems and error sources, in
most cases the produced information is proven to be satisfactory.
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Personnel dependent problems
The professional skill of the individuals who actually perform the investigation may be a very important factor in avoiding erroneous estimates in CT
densitometry. Understanding of the protocol is obligatory. The gantry tilt
has to be properly adjusted to remaining lumbar lordosis. The appropriate
technical factors in CTdcnsitometrv will have to be taken into account (slice
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Fig. 5-7 B

Fig. 5-7. Demonstration of inadequate (A) and proper i »' ROI positioning.

thickness six m m , F O V I(JO m m , i j o K V p and 400 m . \ . A transverse slice
t h r o u g h the exact rnidplatu* of the vertebral body may not be achieved with
one single cut. Sequential slices m a y be necessary. The best visibility of the
basivcrtebral vein e n t r a n c e indicates the exact transverse m i d p l a n e of the
vertebral body. 1 his vein e n t r a n c e is shown on the ( ' I image as a wedgeshaped hypodense structure just in front of the spinal canal.

CHAPTER 6

Phantom studies

Reliability of the method
In order to verify the accuracy of the achieved CT readings in densitometric
in vivo studies, phantom studies were performed which simulated the in vivo
situation as good as possible. An appropriate phantom was not available. A
special purpose antropomorphic phantom was contructed on reqkest
(Scanplas Inc, Great Britain). It is composed according to the actual anatomical and physical status in an average human body transverse section in
the region of the fourth and fifth lumbar vertebral body (fig. 6-1).
The cortical bone substitute SB3 simulates the formulation of hard or
cortical bone given by Woodward (1962). The inner bone substitute is of an
average bone composition including red marrow and is based upon the ratio
of 22.4% bone and 77.6% soft tissue (by weight). As soft tissue substitute a
water substitute WTI/35 is incorporated. Within the fake vertebral body a
hole, with a diameter of 20 mm, has been drilled. Within this hole close-

330x230 mm. Section: region LV
20 mm diam. polypropylene tube
of shape to exclude trapped air

spongy bone/marrow IB7
cortical bone SB3

Fig. 6-1 A
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Fig. 6-/. A The physical capacities concerning the materials utilized in the body-equivalent
phantom, B Actual shape and aspect of the Scanplas phantom.

fitting exchangable polypropylene tubes can be placed containg different
concentrations of test solutions or calibration liquids.
As mentioned in chapter 4 the CT scanner is calibrated to water following
the equation: CT value =

—— x 1000 in HU. Scanning a water
V

phantom should theoretically provide mean CT density values of o HU in a
region of interest manipulated anywhere within the field of view 1KOY1.
Cupping effects however due to beam hardening may be demonstrated resulting in higher readings on the edges of the field of view and lower readings
in the middle. Additionally ring shaped artifacts may be seen in the images
due to detector output.signal discontinuities caused by an even/uneven effect
in the detectors. These are hard to compensate in high )j.d values. These
artifacts can be eliminated by calibration scans (cal scans). 'The constant
present ring shaped artifacts will be subtracted mathematicalK' from the raw
data. This correction remains present in the reconstruction mode. After
installation of the CT scanner, revisions, reparative maintainance and factory modifications a full calibration will be performed. For the different
technical factor combinations (scan protocols) the system is calibrated and
the u,d values are linearised. Scanner drift of the Tomoscan 300 is minimized
during daily scanning routine. A theoretical drift is possible because of

y
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overheating the X-ray tube electrodes (local spot drift). U n d e r normal
circumstances however, X-ray tube load is watched carefully. Subsequently
short term scanner drift d u r i n g the d a y could not be d e m o n s t r a t e d . A long
term scanner drift m a y easily be eliminated by air scanning.
In M a r c h 1979 a water p h a n t o m and a factory p h a n t o m c o n t a i n i n g d e s tilled water, together with several structures of different densities, were
scanned in a F O V of 400 m m and 160 m m . T h e scope was to d e m o n s t r a t e the
reliability of q u a n t i t a t i v e C T scanning in vitro and to prove the benefits of
the geometric enlargement ability of the scanner. After calibration the mean
density within a region of interest of 349 pixels <0 = 1 3 m m ! was r a t h e r
constant, n e a r zero. A small s t a n d a r d deviation was noticed. Repeated
s c a n n i n g in the smaller F O V of [60 m m decreases the variation of the readings a n d the S D . S c a n n i n g the second p h a n t o m d e m o n s t r a t e d well the imp o r t a n c e of processing and m a n i p u l a t i n g the ROI in a p r o p e r way.
It is i m p o r t a n t to avoid structuies with quite different densities because of
their influence on the readings. Partial volume effect m a y cause erroneous
readings.
The p h a n t o m studies were repeated i n j a n u a r y 1981 in order todetect any
possible differences with the studies of M a r c h 1979. Again the water
p h a n t o m was scanned in the 160 m m F O V m o d e . In general a m e a n density
of five HL" was measured and subsequently corrected to two a n d three H L '
after air scanning. Ring shaped artifacts were eliminated by calibration
scanning. T h e image showed regular mottling without any artifacts left.
M e a n C T density values within a ROI of 349 pixels a n y w h e r e in the F O V
varied from 1 2 HL*. T h e S D was varying from 5 7 H L ' . Within this uniform
p h a n t o m a precision and accuracy of two %« was noticed. S c a n n i n g the
.second p h a n t o m , containim* the several structures with q u i t e different densities, p r o d u c e d a minimal alteration in C T density values. T h e mean C T
value in w a t e r was somewhat higher 14 5 HL" but the S D remained small
12 3 HL"). T h e accuracy was decreased f04 5%» but the precision remained
on a constant level of two "Am.

Determination of accuracy and precision
Further phantom studies were performed making use of the 'Scanplas' body
equivalent phantom with the exchangeable propylene tubes. This body
equivalent phantom provides the possibility to mimic the actual anatomic
and physical situation in a transverse slice of a person of average size and
shape at the level L 4 -L 5 . Determination of accuracy and precision in this setup comes to the actual situation in vivo.
In CT scanning precision may be defined as noise (McCullough et al,
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Table 6.1

10 mg/ml CT readings
score (SD = 8)

"9
3

20

21

6

I

300 mg/1CT readings
score (SD = 8)

347

348

349

1

2

7

1974, 1978) and accuracy as scanner drift and size independenci' (not to be
mixed up with spatial independence which means uniformity).
Scanning a polypropylene tube filled with destilled water placed in the
body equivalent phantom provides interesting features. Theoretically the
mean density within a ROI of 349 pixels manipulated roomly within the
tubing should bezero.Thedensityisofcour.se dependen ton the scanner drift
and subsequently also dependent on scanner drift corrections. In this study a
variance during a period of time was observed ranging from 3 8HU which
means an accuracy of 3-8 %o. At least one before the last digit is constant.
This means an accuracy of ^ one %.
The precision proved to be determined in a more complex way. Two
different concentrations of K 2 HPO 4 solutions (iomg/ml and 300 mg/ml)
have been scanned ten times each at random. CT. readings within a ROI of
349 pixels inside the tubes were scored and noted for both concent rations and
the SD was estimated (table 6-1).
The variation within the two different concentrations is in both cases three
HU.A precision of three %o has been assumed.

Translation of HU in terms of bone mineral content
Human bone consists mainly of crystalline calcium hydroxyapatite represented by the chemical formula Ca 10 (PO 4 ) 6 (OH) 2 . As is mentioned by
Table 6.2
concentration K2HP04 in mgjml

CT density in HU

3_o

349/348
295/294
240/239
183/183
126/126
103/103
80/ 80

250
200

150
100

80
60
40

57

20

33

10

20/

0

8

20
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180
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150

200

250

K2HP04mg/ml

Fig. 6-2. Correlation between different concentrations of K 2 HPO 4 solutions and CT density
values.

several autors (Lange 1978, Cann 1979, 1980) solutions of K 2 HPO 4 and
CaCl2 are said to be isodense to calcium hydroxyapatite and are easily
available. By means of simultaneously scanning some known concentrations
of these solutions, bone mineral content may be expressed for instance not in
HU but in mg/ml K2HPO4-equivalent. In the body equivalent phantom
different known solutions of K 2 HPO 4 have been scanned in 160 mm FOV
mode in order to find a correlation with the CT readings (table 6-2).
Plotting out the CT density of the solutions on the Y-axis against the
concentration K 2 HPO 4 in mg/ml on the X-axis (see fig. 6-2) provides a very
good regression or correlation coefficient (r. = 0.99).
The slope of the regression line (tg oc) is 1.13. The linearity follows the
equation Y = 1.13 X + n .42.
Conversion of HU to mg/ml K2HPO4-equivalent was felt not to be satisfactory in our opinion and an easy alternative way was found to express
bone mineral content in grams/volume unit calcium hydroxyapatite. In
chemical laboratories commercially available calcium h>droxyapatite in a
gel form is very frequently utilized for calibration purpose in column
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Table 6.3
concentration hydroxyapatite in gjioo ml

0.41
4.16
8-34
17. to

CT value in HU

7/8
45/46
96/93
195

r:
i
}
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HU
200 v
180.
120
80
40
0
4

8

12

18

20

hydroxyapatite g/100 ml

&£• 6'3- Correlation between four different concentrations of hydroxyapatite supension and
CT density values.

chromatography (Bio-gel HTP*, Biorad). Diluting this hydroxyapatite gel
with water leads to the formation of a suspension. A pilot class of four different concentrations was manufactured at the institute of Pharmacy in the
University Hospital, Utrecht. A phosphate buffer was used according to the
manufactory prescriptions containing a mixture of NaH 2 PO 4 and
Na 2 HPO 4 in a 0.05 Molair solution with a pH of 6.8. Table 6-3 indicates the
correlation between the concentrations of hydroxyapatite and the corresponding CT densities. The phosphate buffer was scanned solitary and the
noticed CT value of six HU was subtracted from the obtained hydroxyapatite readings.
A good correlation was found. The correlation coefficient was 0.99 and the
regression line followed the equation Y = 11.35 X + 0.31 (fig. 6-3).
Table 6.4
X

y
0.41
1.6

]O

19

2.8

3'

4.16

42

6

66
96

8.34
11

128
162

17.1

•99
265

24

x = concentration hydroxyapatite in g/100 ml.
y = CT density in HU.
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8

12

18

hydroxyapatite g/100 ml

Fig. 6-4. Correlation between ten different concentrations of hydroxyapatite supension and
CT density values.

Because of the fact that the phosphate buffer does not alter the behaviour
of the hydroxyapatite in suspension a new serial class often different concentrations of calcium hydroxyapatite was manufactured without a phosphate
buffer. The ten concentrations were scanned and the corresponding CT
densities were noted (table 6-4).
A good correlation was found (r. = 0.99). The slope of the regression line
(tg a) was 11.22. The linearity followed the equation Y = 11.22 X + 1.43
(fig. 6-4).
Based on the good correlation between the concentrations of hydroxy-

Table tf.5
CT value in HU

hydroxyapatite
equivalent g/ioo ml
hydro)

25

2.16

5°

4-35
6.57

75
100

125
150

8.80
11.03
'3-25

'75

15-5°

200

17-65
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Fig. 6-5. Positioning of the TLD badges on the Scanplas phantom.

apatite and the CT density values and using the equation Y = 11.2X+ 1.4,
the CT values can be converted into the corresponding equivalents of hydroxyapatite in g/100 ml (table 6-5).
In the treatment of osteoporosis fluoride is administered orally (see
Chapter 14). Fluoride replaces an OH group in the hydroxyapatite molecule
and produces fluoride-hydroxyapatite (Ca 10 (PO 4 ) 6 <£ H ). The question
rose whether this replacement of an OH group in the hydroxyapatite
molecule by a fluoride atom would be detectable by CT densitometry or not.
Two different concentrations of NaF solutions have been scanned in the
body equivalent phantom (100 mg = 100 ppm and a 1000mg = ioooppm
solution). Compared to water, the 100 ppm solution NaF did not demonstrate an increase in CT density. The 1000 ppm solution however showed an
increased density of three HU repeatedly. A fluoride concentration in bone
of o. 1 % (1000 mg/kg) causes an increase in density of three HU. A fluoride
concentration exceeding 0.6% causes fluorosis and has to be avoided
(Glerum, 1981). 6000 mg/kg means 6000 ppm, which will result in an increase in CT density of 18 HU. The primary goal in therapy is a fluoride
concentration in bone of 0.2 to 0.3%. This may be followed by a possible
increase in density of six to nine HU. Discrimination of the fluoride from the
other part of the fluoro-hydroxyapatite molecule is not possible.
It is impossible to state that the increase in CT density is caused by the
replacement of an OH group by an F atom and/or by improving bone
mineral. The possible increase in CT density value may be statistically
crucial because of the fact that the increase in HU may not exceed the SD.

18

16

Fig. 6-6. Positioning of the numered TLD badges on an average sized and shaped patient.
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Table 6.6. TLD estimates (in mR)
TLD unit no.
ia
ib
2a

ab
3a
3b
4a
4b
5a
5b
6a
6b
7a
7b
8a
8b
9a
9b
10a
10b

exposure in mR
16.4
17.4
32.6
37-4
151

169
3424
2721
82.8
78.7
38.8
34-9
19.2
ig.6
10.3
10.1
<5
<5
<5
<5

TLD unit no.

exposure in mR

na

3800
316
4184
6
94
'55°
3792
3216

lib
12a
12b
13a
13b
14a
14b
15a
15b

3723
5'99
2152
1621
5106

16a
16b
17a

322

•7b
18a
18b
19a
19b

3685
33'
3711
<5
<5
<5
<5

20a
20b

Dosimetry
K

In literature concerning bone mineral content determination in the vertebral body only a few authors reported about patient dose. Cann et al.
(1979) mentioned the fact that reduction of scanner dose to 5omAs mayreduce patient dose to 100 mrem/study instead of the current level of 450
mrem. Mazess et al (1979) mentioned a patient dose in single energy scanTable 6.7. Absorbed dose in fiGray
investigation

gonadal dose

thyroid dose

bone marrow
dose

total body
dose (SED)

lumbar spine AP

women 470
men 160

-

180

310

lumbar spine lateral

women 470
men 160

-

77°

400

hand radiograph AP

-

-

—

CT scanogram +
one transverse slice

women 600 (max)
men negligible

-

no

2-5
women 40
men
60
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ning of three rem/study. In dual energy a significant lower patient dose of one
rem/study was reported.
A very practical method for appropriate patient dose determination in
CT scanning was described in 1979 by Yalcintas et al. This method has been
modified in order to fit our purpose. In this dosimetric study, instead of
plastic tubes filled with TLD powder, TLD chips (thermoluminescent dosimeter) have been used. The TLD material was lithiumfluoride (LiF). The
applicable dose range varied from 1 o ~ 2 rad to 1 o 4 rad. A linearity is present
in the dose range from io~ 2 rad to io 2 rad. Incase the dose exceeds 350 rad,
supralinearity will result. This is not a problem if the dose-response curves
are determined by calibration.
Two TLD chips are packed in one sealed soft, plastic badge with a width of
6 mm. Twenty badges were numbered and aft< r exposure sample TLD reading was performed on a Harshaw automatic TLD reader (TNO, Arnhem,
the Netherlands).
Badge nr 11-19 were attached and positioned by means of tape on the
outside of the 'Scanplas' phantom. The badges were arranged in a clockwise
pattern, 450 after each other in the middle between the phantom edges (fig.
6-5)Care was taken to position each badge well into the X-ray beam and one
scan was performed at 120 KVp~44omA 1.2 sec in the 160 FOV mode in
order to evaluate the average patient exposure within the direct bundle
(focus-detector distance 115 cm). As a next procedure r 1 TLD badges were
lined up on a tape. The distance between each badge was five cm. The array
of TLD badges was positioned in the midiine in cranial-caudal direction on a
normal sized and shaped individual in order to measure a profile. Badge nr
19 was positioned four cm caudal to the jugular notch and badge nr one was
positioned exactly on the symphysis ossis pubis (fig. 6.6).
Badge nr 20 was used as the background reference. A scanogram and one
transverse scan through badge nr four were performed. Table 6-6 shows the
resulting exposures in mR.
The TLD estimates in table 6-6 demonstrate some remarkable features.
Badge nr 11 — 19 have been positioned within the direct X-ray bundle with
the help of the positioning light beam. Apparently some chips seemed to have
been placed just outside the direct X-ray bundle. An amazing decrease in
exposure was noticed which resulted in two complete different estimates
within one badge (nr 11, 12, 16, 17 and 18). Thus only the estimates of the
chips presenting the highest readings were taken into account.
From the achieved TLD data actually representing averages of skin doses
the absorbed doses have been calculated (Beentjes and Glas; personal communication, 1981. Health physics department University of Nijmegen).
These doses also have been compared with average absorbed doses in
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normal spine and hand radiographs (Beentjes, 1967; table 6-7). The doses
are given in (iGray (100 (iGray = 10 mrad).
These red bone marrow and total body doses are remarkably low in comparison with absorbed doses during conventional spine radiography. One
has to consider the fact that often more transverse slices will have to be made
in order to achieve adequate estimates. In normal circumstances total body
absorbed dose will not exceed 400 u,Gray (40 mrad).
Notice the difference between gonadal dose in women and men. The
ovaries may be positioned just within the direct bundle. This explains the
detectable gonadal dose in women (up to 180 mrad). Gonadal dose in men
and thyroid absorbed dose in both sexes are negligible. These organs are not
positioned within the direct bundle. Scatter radiation in CT scanning is, in
comparison with conventional radiography minimized because of the highly
collimated X-ray beam.
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CHAPTER 7

The spine in osteoporosis

I
1

As stated in the Introduction (chapter 1) the word osteoporosis is often
misused. In case of increased loss of bone mineral without fractures the word
osteopenia has to be used. The term osteoporosis should be reserved for loss of
bone mass combined with fractures. In practice both words are mixed up
very easily. In this study the term osteoporosis is used in all cases of diminished bone mineral content, with and without fractures.
Discussion on osleoporotic changes in general. Osteoporosis may be demon-

strated on normal radiographs if the amount of bone reaches a low level. This
is individually determined and, as mentioned in chapter 1, will depend on
several factors such as size and shape of the patient, technical factors and
equipment abilities. Severe demineralization will result in radiographically
detectable changes in the spine. Increased translucency, cortical thinning
and loss of trabecular bone are present. This can be noticed as lamellating of
the trabeculae in the vertebral bodies. Bone resorption will also result in
decreased cortical and endplate thickness.
In severe osteoporosis, after a minor trauma, one or more vertebral bodies
may be compressed. Other vertebral bodies may show the typical cod fish
vertebra appearence. This is caused by the fact that the vertical positioned
trabecular struts are no longer able to sustain normal cranio-caudal, flexion
and rotation forces (Bell, 1966).
Frequency of vertebral collaps. The general opinion in radiology and the clinical point of view concerning usual locations of vertebral compressions frac-

Table 7 . ; . Scored collapses in the tkoraco-lumbar spine in too osteoporotic patients
level

score

Ti

Ta
T3
T4
T5
T6

4
4
8

level

score

4
8
8

Li

32
24

L3

8

12

L4
L5

16
16

level

score

T7
T8
T9
Tio

Tn

16

T12

36

L2
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20—

%

frequency of vertebral collaps

16. .

12. .

8_

4_

FT
10

r-

12

H

/<ï^. 7-/. Thr frcrjuem y of vertebral collaps in IOO osteoporotic patients is plotted on the Y-axis
against (he thoraco-lumbar level on the X-axis. The preference for collaps on the levels T, 2 . L,
and L2 is well demonstrated.

ture frequency are rather uniform. Mid thoracic vertebrae are said to be
most frequently subject to compression fractures. A short study was set up to
confirm this general opinion. Lateral radiographs of the thoracic and
lumbar spine taken of an at random group of hundred osteoporotic patients
with one or more vertebral compression fracture have been reviewed. The
collapsed vertebrae were scored. The results of this short study are presented
in table 7-1 and in fig. 7-1.
The striking preference for vertebral collaps in the thoraco-lumbar region
(T , L, and L2) of the spine is in contrast with the earlier mentioned general
opinion. From a more physical and mechanical point of view, this preference
is not remarkable. The thoracic vertebrae are more or less connected to each
other by the rib cage, with intercostal muscles and ligaments, which will act
as shock absorbers during sudden mechanical forces. Rotation and flexion
movements in anterior, posterior and in lateral directions will take place to a
rather great extent in the thoracolumbar region. Because of the fact that
these vertebrae are subject to hugecranio-caudal, flexion, friction and rotation forces, a certain threshold in vertebral strength may be passed and a
compression will be the result.

CHAPTER 8

Methods and material

Methods
Since August 1977 a second generation Philips Tomoscan 200 was available
in the University Hospital of Utrecht. From the beginning of 1978 until
February 1979 a pilot study was started in order to evaluate the application
of CT scanning in quantification of bone mineral in the axial human skeleton. Thirty four patients from a clinical research group for bone metabolism
(botstofwisseling werkgroep) have been investigated and the results were
correlated to quantitative histomorphometric estimations in transiliac bone
biopsy specimens.
In theory the new modality CT scanning seemed to come close to the ideal
method in BMC determination as mentioned in chapter I. CT scanning
provides the opportunity to quantify bone mineral in trabecular bone within
the critical sites of the axial skeleton, such as the vertebral bodies. No or
hardly any literature was available concerning this subject. Only some
experimental studies and some work concerning CT densitometry in the
peripheral skeleton had been presented (Rutherford et al. 1976, Isherwood
etal. 1976, Riiegseggeretal. 1976, Reich etal. 1976 and Posneretal. 1977).
Nothing was known about normal CT densities within the axial skeleton and
nothing concerning the most appropriate site for skeletal BMC determination by means of CT.
The purpose of this study was primarily to achieve experience in the application of CT scanning in densitometry. Secondary to estimate the most
appropriate site in the axial skeleton to focus on. Several try-outs have been
performed. Measurements have been done in the left and right iliac wing
spongy bone around the sacroiliac joints and within the vertebral bodies (S1,
L 5 and L 4 ). Estimations within the iliac wings and in the region of the
sacroiliac joints revealed not to be satisfactory. Trabecular architecture is
very inhomogeneous in these areas. Exact positioning in these regions is very
crucial even if a survey, made with an indicator system, would be available.
The amount of trabecular bone is relatively small in these locations and as a
consequence partial volume effect is hardly avoidable. This may result in
erroneous readings.

I
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The vertebral body actually possesses a considerable amount of rather
homogeneous trabecular bone. Exact positioning for a really transverse slice
is not too difficult especially when a scanogram or scoutview ability is
available together with an indicator system.
The preference for vertebral collaps in the lower thoracic and upper
lumbar region has been demonstrated (chapter 7). The fifth lumbar vertebra is, because of the great angle with the body axis, not the most appropriate site for BMC determination by CT scanning. The fourth lumbar
vertebral body seems to be more accessible. L 4 is subject to vertebral collaps
in a relatively low frequency and the angle with the body axis is mostly rather
small. This means that a proper perpendicular transverse slice is mostly
possible.
Determination of BMC with the help of the Tomoscan 200 was in normal
practice very unsatisfactory. The possibilities of this second generation
scanner were restricted by its speed. Because of the large scan time motion
artifacts were very common, which caused unreliable and erroneous readings. The instability of the Tomoscan 200 urged concurrently scanning of a
waterbag as a zero reference.
As a first result the application of CT scanning in bone mineral content
determination seemed to be rather disappointing. A significant correlation
between CT densities of the fourth lumbar vertebral body and the corresponding histovolumetric density (Vv) in transiliac bone biopsy specimens
was not found.
A third generation CT scanner- The Philips Tomoscan 300 - became
operational in the University Hospital Utrecht during February 1979.
Employing this fast CT scanner with scanogram and indicator abilities,
together with geometric enlargement capacities, seemed to eliminate all the
restrictions earlier mentioned.
The pilot study had provided a lot of experience and information and in
the meantime more literature became available concerning this subject.
Abols et al. (1978) stressed the fact that a considerable variation in bone
density was present from endplate to endplate. Improved positioning and
thin transverse slices gave better results. Banzer (1979) mentioned the entrance of the basivertebral vein on the backside of the vertebral body as an
anatomical landmark for exact repositioning. The mean density within a
processed ROI avoiding structures of quite different densities will represent
the average density of the trabecular bone in the complete transverse section.
A protocol for bone mineral content determination by means of computed
tomography was designed and has already been discussed in chapter 4.
Especially the fourth lumbar vertebra is taken as important and will act as.
the site of the axial skeleton from which a sample will reflect the state of
mineralization in the whole axial skeleton.
Concurrently alternative conventional BMC determination methods
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have been used in order to evaluate their dagnostic value and to compare
their results with the CT density estimates.
The morphology of the spine or lateral radiographs was evaluated and a
grading system was utilized representing the vertebral column appearence
of each patient (see table 12-1). Stage 0 represents patients with no vertebral
loss of height, stage a patients with oneor more cod fish shaped vertebrae, stage
b patients with one or more wedge-shaped vertebrae and stage c pa tien ts with
one or more totally collapsed vertebrae.
CD
The spine score (Ss) is represented by the formula—— x ioo%(seefig. 1Ar>
4). A spine score of < 80 means osteoporosis. The Ss of L 3 and L 4 are measured with che help of a ruler. On a lateral lumbar spine radiograph the cranialcaudal distance ofthefrontside of the vertebral body (AB) is measured together with the smallest distance from the superior to the inferior endplate
(CD).
The metacarpal index (mci) is estimated on hand radiographs manufactured with the help of mammographic techniques (35KVP, 140 mA,
1.3 sec, Ff distance 50 cm, Kodak minR film and Cronex loo dose screens). A
ruler is utilized to indicate the middle of the right second metacarpal bone. A
Peacock micrometer is used to measure the outherdiameterD and the inner
Table 8.1. Histovolumetrk density valuesfor healthy men and women according to age. The age is given in
decades vertically and iuyears horizontally. /„ values in mm3lwon mmi
age

o

1

2

20

238

233

30
40

209

208

196
188

'95
'87

t8i

180

•76

'75

20

240

239

3°

23'
222

5<>

232
223
206

203

200

60

'77

'75

7°

152

150

'7'
148

80

138

'37

3

4

5

6

7

10

5O
60

70

8

9

243

241

212

211

[<)0

198
189

188

183

183

182

181

'77

•77

176

'74

'78
'74

236

236

235

235

228
218

226
213

197
168
146

195
165
144

227
217
192

227

220

228
206

224

220

218

217

205

203

202

201

2'5
199

'94

'93

192

192

'9'

186

185

180

184
179

183
178

'75

'79
•75

'75

238

237

230

229

22]

'97

women
10

40

163
142

215
190
160
141

187
158
140

241

241

a

33

233

225

184

224
209
180

'55
'39

'53
.38

211
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Tabel 8.2
referring institution

number ofpatients

outpatients department for metabolic bone diseases
outpatients department of internal medicine
department of internal medicine
outpatients department of rheumatoid diseases
department of neurology
outpatients department of pulmonary diseases
outpatients
outpatients department of haematology

66
12
12

6
5
2
2
1

diameter d (see fig. 1-5). The entity D2-d2 represents the metacarpal index
in mm 2 . Normal values for men and women have been presented (fig. 1-6).
The histovolumetric density value estimations (Vv values) are determined
with the help of a computer image analyzer system in transiliac bone biopsy
specimens taken from the left or right os ilium 2 cm dorso-caudal from the
spina iliaca anterior superior by means of a biopsy drill with an internal
diameter of 8 mm2. The amount of mm 2 trabecular bone within a FOV of
1000 mm 2 is determined automatically in the image analyzer and the estimates are converted to mm3/1000 mm 3 by means of the introduction of a
certain mathematic factor (Visser et al. 1980). Normal histovolumetric density values for women and men have been presented by Giroux et al. (1973)
and are given in table 8-1.

Material
From February 1979 until March 1981 a group of 106 patients had been
referred to the X-ray department for CT densitometry by different institutions from in and outside the University Hospital Utrecht (table 8-2). Of the
106 patients 59 were female and 47 were male.
During the study a follow-up was realized. Twenty patients have been
subject to BMC determination by means of CT twice, 17 patients underwent
a third CT investigation and one individual was studied four times.
Quantitative histovolumetric determinations in transiliac bone biopsy specimens had been performed in 28 patients. Conventional thoracic and lumbar
spine radiographs were availabel from 73 patients. Hand radiographs on
mammographic film were present from 68 patients. From some patients
neither hand or thoracical and/or lumbar spine radiographs were available.

f:

CHAPTER 9

Results

In table 9-1 the patients are numbered from 1-106. The date of investigation, the age and sex are recorded. The clinical diagnosis is based on data
acquired before these investigations have been made. The morphology of the
thoracic and lumbar spine is described in short using the staging earlier
mentioned in chapter 8-1.
The spine scores of L 3 and L 4 and the metacarpal index are presented. The
histovolumetric density values in transiliac bone biopsy specimens are given.
After the Vv values arrows have been used to indicate whether these values
are abnormal in comparison with normal Vv values corrected for sex and
age. Values in the range + or — 10% of the normal value are presented as n;
between + or — 10 and 20% are presented as f or {, between 20 and 30% as

t t or [I and > 30% as f Tt or UIThe vertebral CT density values are presented and have been compared
with normal CT density values corrected for sex and age as given in chapter
10. In the last column the final diagnosis based on all data available is
presented. In this column only a distinction is made between the diagnosis
osteoporosis or normal condition. One patient (nr 29) had osteopetrosis.

Comments
Due to its physical and technical capacities (chapter 6 and 7) CT densitometry will act in this study as the 'golden standard' and is said to be determinating in end diagnosis assesment. Several and different discrepancies are noticed between clinical and end diagnosis and conventional and CT densitometric results.
In 58 patients the clinical diagnosis osteoporosis has been compared with
the end diagnosis. In 55 patients (94.8%) the clinical diagnosis was proven
correct. In 3 cases (5.2%) the clinical diagnosis was not confirmed.
In 46 patients the clinical suspicion of osteoporosis has been compared
with the end diagnosis. In 35 patients (76.9%) the suspicion of osteoporosis
was proven being correct and in 11 cases (23.1%) the suspected osteoporosis
was not confirmed.
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Table Q.i
date of
investigation

age

sex

clinical
diagnosis

morphology of spine

i

03-12-1980

77

{

2

66

f

total spine: stage a
T8: stage c
total spine: stage a

3

24-10-1979
09-12-1980
10-12-1980

67
59

f

4.
5

09-12-1980
21-07-1980

59

m
f

osteoporosis
M Kahler
osteoporosis
RA
osteoporosis?
prednisone user
osteoporosis?
osteoporosis

m

COPD
osteoporosis

patient

nr

77

normal
total spine: stage a
6 midthoraral vertebrae: stage c
Li: stage b

NaF
6

12-10-1979
18-07-1980
22-01-1981
07-07-1980

74
75
75
56

05-08-1980
05-08-1980
14-10-1980
24-10-1980
10-10-1980

66

7

L") and L2: stage r
L5 and L2: stage c
L.2, 3, 4 and 5: stage r
collaps Li: stage b/r
collaps Li: stage b/r

NaF
f

osteoporosis

f
f
f
m
f

osteoporosis?
osteoporosis?
osteoporosis
osteoporosis
osteoporosis

m
m
f
f

osteoporosis
osteoporosis?
osteoporosis
osteoporosis

f
f
f
f

osteoporosis?
osteoporosis
osteoporosis
osteoporosis

NaF
8
9
1O
11
12

15
16

07-10-1980
30-12-1980
15-01 -1981
19-12-1980

17
18

oi-i2-ig8o
26-09-1980

'9

11 -11-1980
12-1 i-ig8o

'3
'4

20

63
55
69
81
70
24
60

77
57
83
58
61

-

normal
normal
L2 and L4: stage b
3 midthoraral vertebrae: stage e
diseitis L2/L3
normal
T12: stage b
Li: si age a
T12: stage b
Li: stage a
L2: stage b

total spine: stage a
normal
T12: stage b

NaF
2!

22

12-11-1980
16-12-1980

20-03-1980

30

m

osteoporosis

3'

NaF

45

granulorytopcnia
prednisone user
osteoporosis

m

total spine: stage b

total spine: stage a

NaF
23
24
25
26

27

02-02-1981

46

0

62
62

f

osteoporosis?

normal
normal

57

f

osteoporosis

-

37
59

m
f

osteoporosis?
osteoporosis
COPD
prednisone user
hyperparathyroidism

kyplioscoliosis

9- 0 5-'9 8 °

19-08-1980
22-05-1980
14-04-1981
20-06-1980
17-06-1980
06-10-1980
27-01-1981
27-06-1980

60
60

57

f

-

Li: stage b
-

y

RESULTS

' spine score %
Lj
L4

metacarpal
index mm2

Vvmm3lcm3

CT density value HU
T12
Li
L2

ƒ,••ƒ

final
L$

L4

54

62

—

3»

45

69

-

31

68

79

-

i72
|8o

76
93

50.38

'47
48

59
56

63.68

77

75

69.06
51.40

126

108

35

26

3i

'38 1

56.95

50

25

29

26
26

35

0

H 3 II
—

100

43
80
45
45
76

47-92

71
89

68

56-15

67

75

77
79
76
48

78
65
75
56

58.64
35-34
67.16

54 111

78
-

63
-

76.03
-

-

73

69

55-'9

-

-

81.60

55-°°
66.97

1

82

-

92

40

43
•43

-

79
46

75

'43

'44
63
149

94

osteoporosis
osteoporosis
osteoporosis
osteoporosis

79

92
26

osteoporosis
osteoporosis
osteoporosis

'55

osteoporosis

96

°5

82

96

78
99
84

80
108
178

188

210

68

67

60
60

59

57
~

normal

75

84.76

68.64

16

03

86

normal
osteoporosis
osteoporosis
osteoporosis

127

154

95

osteoporosis
osteoporosis
osteoporosis
osteoporosis
osteoporosis
osteoporosis

23
156

134
111

70

osteoporosis
osteoporosis

7"

7°

—

—

osteoporosis
osteoporosis
osteoporosis

60

49
'7

69 111

64.91
i
1 ~~

84
89
'32

77
52
60
72

diagnosis

osteoporosis

3°

42
135

6l

97

97

osteoporosis
osteoporosis
osteoporosis
osteoporosis
osteoporosis
normal
normal
osteoporosis
osteoporosis
osteoporosis
osteoporosis

62
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Table o. / (continued)
patiënt

m
28

date of
investigation

age

sex

clinical
diagnosis

morphology of spine

27-06-1980

75

f

osteoporosis

Li: stage b

NaF
29

01-07-1980

67

m

osteopetrrosis

3°

27-06-1980
17-07-1980
26-06-1980
06-05-1980

60

69

f
f
m
f

07-01-1980
07-10-1980
06-04-1981

60
60
61

f

osteoporosis?
osteoporosis
osteoporosis?
osteoporosis
NaF
osteoporosis
N'aF

35

3' -05-1979

5°

m

osteoporosis?

36

04-04-1979

73

f

osteoporosis
NaF

12-05-1980

74
m

osteoporosis
NaF
osteoporosis?
osteoporosis

31
32

33
34

37
38
39

40

4'

42

43
44

45

}6

17

04-04-1979
07-1 i-ig8o
12-10-1979
26-08-1978
26-02-1979
14-10-1979
02-11-1979

44
66

3°
3'

f
f

61
30

NaF

3°
3'
45

m

33

23-H-1979
22-12-1980
o3-°7-i979

55
56
7'

f

14-09-1979
19-03-1980

59

f

60

43
44
44

f

32

m

76
76
77
78
79

T12, Li and L4: stage b
-

21-09-1979
17-03-1980
23-10-1980
04-09-1979
27-06-1980

16-01-1981
18-10-1979
26-06-1980
15-01-1981
o
7-i2-i979
01-07-1980

irregular endplales
dense vertebrae
midthoracal region: stage c
scoliosis T12/L1: stage b
T6: stage b
normal

f

f

osteoporosis?
RA
osteoporosis?
granulocytopenia
prednisone user
osteoporosis
NaF
granulocytopenia
prednisone user
osteoporosis
NaF
osteoporosis
COPD
prednisone user
osteoporosis
NaF

osteoporosis
NaF

ankylosing spondylilis
thoraral spine: stage b
L3 and L4: stage a
T12 and Li: stage b
L2, L4 and L5: stage a
Li and L3: stage 0
T6, L1, L2 and L3: stage b
-

scoliosis, normal
-

Tio, 11, 12 and Li and L2: stage b
T10, 11, 12 and L1 and L2: stage b
normal
normal
normal
-

normal
-

scoliosis
-

T6 and 7: stage a

-

L2, 3, 4 and 5: stage a
L3 and L4: stage b
unchanged
-

T5-11: stage c; L3: stage b
-

m

osteoporosis
NaF

T6 and 9: stage c; T12: stage b
_

1

RESULTS

•..•'•' spine score % metacarpal F„mm3/cm3 CT density value HU
L3
L4
index mm2
T12 Li
L2
L3
68.38

73

-

83
73
69

66
74

77
8o

63
7'

170 T

66.60

-

58.94
53-27
47.70
33-OO

39-61
86

84

106

osteoporosis

250

313

osteoporosis

115

150

68

68

normal
osteoporosis
normal
osteoporosis

39
•49

"3

-

8o

74

57

40

56.60

-

57

42

50.20

-

127

82

54
54
74
68
72

66
79
68
71
80
80
80

-

140

-

59

67 UI
61 UI

57

54-77
55-'3
70.11

59-54
66.82

55

61

58
42
73

48
43
72

50.14
42-79
43-4'
60.02
56.40
57-37
56-25

normal

osteoporosis
osteoporosis
osteoporosis
osteoporosis

'35

'37

92

91

34

34

64

92

161

'43

osteoporosis
osteoporosis
osteoporosis
normal

.78

normal

194

normal
normal

81

140
log

osteoporosis
osteoporosis

88

92

osteoporosis
osteoporosis
osteoporosis

92

osteoporosis
osteoporosis

170 1

'74

170
111

91 111
88

47
86
94

183 n
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58

osteoporosis
osteoporosis
osteoporosis

partial
volume

132

54-29

3°44

66

129

41

78.57

66
57

partial
volume

H7

•55
47

2[

osteoporosis

41.92

38.34

•7[

66

34

48

Lj

42

-

final diagnosis
L4

173
28

76 UI

63

92

84

80
4i
30

49

[04

67
60

3°
'4
37

44
38

osteoporosis
osteoporosis
osteoporosis
osteoporosis
osteoporosis
osteoporosis

64
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Table g.i (continued)
date of
investigation

age

02-12-1979
24-10-1980

48
49

f

49

2

50

04-01-1980

57
56

r

5"

14-12-1979

59

m

patiënt
nr
48

5-°5-I979

sex

clinical

morphology of spine

diagnosis

m

osteoporosis
vasculitis
prednisone user
osteoporosis
osteoporosis?
RA
osteoporosis?

normal
_
normal
normal
lumbal osteoarthritis/
scoliosis
normal

RA
52

14-12-1979

48

m

53

28-08-1979
24-06-1980

f

54
55

21-03-1979
18-07-1979
30-05-1980
18-11-1980
30-03-1979
26-05-1979
18-07-1980
24-10-1979
19-12-1980
12-10-1979
11-12-1980

54
55
79

56
57
58
59

62
62

63
34
59

f
f

osteoporosis
osteoporosis
NaF

m
f

osteoporosis?
osteoporosis
NaF
osteoporosis
NaF
osteoporosis
NaF

60

66
67

f

71

f

72

60

21-12-1979

43

m

61

14-1I-I979
19-08-1980

7°

f

62

63

64

65
66
67

S8

so

02-03-' 981
13-10-1979
17-10-1979
09-05-1980
21-01-1981
22-1 I-I979
I 7- 1 2- I 980
16-02-I981
07-08-I979
16-IO-I980
r 8-12-1979
27-01-1978
08-06-1979
28-03-1980
19-12-1980
25-01-1980
23-01-1980

osteoporosis?
RA
osteoporosis

normal
L i : stage a
T i 2: stage c; L i : stage b
T12: stage b
radiolucent spine
T i 1, 12, Li, 2, 3 and 4: stage a
-

T6, 7 and 12: stage b

L3: stage b
-

block vertebrae L1 and 2
L3, 4 and 5: stage b/c
normal

osteoporosis?
RA
osteoporosis

-

thoracal spine: stage b
Li: stage c/La, 3 and 4: stage a

70

-

7i

59
76
77
78

m
f

osteoporosis
osteoporosis
NaF

61
62

f

osteoporosis
NaF

-

m

osteoporosis
NaF
osteoporosis?
osteoporosis
NaF
stomach resection

T7, 12 and Li, 2 and 4: stage 1)
unchanged
normal

60

55
61
62

—

unchanged

62

59

T12 and Li: stage c
Li: stage c

f
f

63
64

-

T7 and L2: stage c
-

67

m

osteoporosis

T7 and L2: stage c
midlower thoracal region: stage b
L3, 4 and 5: stage a

61

m

osteoporosis

-

RESULTS

spine score % metacarpal Vvmmijcmi CT density value HU
L3
L4.
index mm2
T12 Li
L2
73

73

72

72
75

77

8i

63
70

62
74

74

52

54

77

74
58
45

74
38
68

70.16

38.01
62.24

L5

"5
126

125
124

95

126

32-35

123 U I

55-48

130

125

64

60

7°
37
98

5<-8 7

on

9'
182 I
156 n

92 III
99 III

78
"5

3i
30

osteoporosis
osteoporosis
osteoporosis
osteoporosis
normal

182

41

normal

osteoporosis
osteoporosis
40
osteoporosis
osteoporosis
osteoporosis
osteoporosis
osteoporosis
13'
osteoporosis
32
osteoporosis
'7
osteoporosis
5°
osteoporosis
199 partial osteoporosis
volume osteoporosis

45

5°

52.40

45
59

64

69

104.14

213

220

40

40.30
40.30

53

32

43
55

osteoporosis
osteoporosis
osteoporosis
osteoporosis
osteoporosis
osteoporosis
osteoporosis
osteoporosis
osteoporosis
osteoporosis
osteoporosis
osteoporosis
normal
osteoporosis
osteoporosis
osteoporosis
osteoporosis
osteoporosis

158 n
108

81
72
67
72

66
70
72
75

117

43.16
45.00

4O-93
83
60

f

final diagnosis
L4

60.22

52-5°
47-38
81,. 70

65

86
80
80

5
6
80

64.67

48

69

62.85

~~
50
60

~~
70
52

48.54

43
64

21

39

90
81
82

102

67

100

63

123 |U
96
"7

77-9'

162 u

82.64

'9

63

•19 III

38
35
4
79

67
68
123
60
31-26
17

'7

normal

osteoporosis
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Tableg.i (continued)
date of
investigation

age

sex

clinical
diagnosis

morphology of spine

7°

22-01-1980

61

m

osteoporosis?

ig-o6-ig8o
18-01-1980

61

7'

53

m

72

01-02-1980

59

f

73

31-01-1980

68

m

osteoporosis?
RA
osteoporosis
NaF
panmyelopathia
prednisone user
osteoporosis

midthoracal region, 2 vertebrae:
stage b
unchanged
normal

74

07-03-1980

61

f

osteoporosis
NaF

61
62

75
76
77
78
79

19-12-1980
31-03-1981
07-05-1980
07-11-1980
21-11-1980
27-11-1980
05-01-1981

63
66

f
f
f
f
f

81

31-12-1980
24-12-1980

65
53

m

osteoporosis
osteoporosis?
osteoporosis?
osteoporosis
osteoporosis?
Crohns disease
osteoporosis?
osteoporosis

82

18-12-1980

85

f

83
84
85

05-08-1980
02-08-1979
14-11-1979
14-07-1980
17-05-1979
18-02-1980
20-01-1981
10-09-1979
'7-07-1979
ig-o3-ig8o
11-11-1980
08-03-1979
oi-o7-ig8o

66

f
f
m

patiënt

nr

80

86

87
88

89

30

V

10-02-1981
18-12-1979

21-05-1979
19-05-1980
i6-io-ig8o

57
45
60

61

36
37

7°

f

f

70

7'
74
45
46
46
59

m

m

m

61

66

f

31

m

32

osteoporosis
NaF

midthoracal 3 vertebrae: stage b
L3: stage c
ihoracal spine: stage b
L3: stage a
unchanged
unchanged
-

scoliosis
Tg and to: stage c
T12, Li and 2' stage b
osteoarthritis/scoliosis
total spine: stage a

-

T12: stage b
-

Li: stage b
-

L1: stage b

60

32

osteoporosis
NaF
osteoporosis?
osteoporosis?
osteoporosis?

Li and 2: stage D/L4: stage a

osteoporosis?
osteoporosis
NaF
alcoholicosteoporosis
NaF
stomach resection

-

T12: stage c
T12: stage c
T12: stage c
L4 and 5: stage b
T7 and 8: stage b/Li, 2, 3 and 4: stage b

unchanged
scoliosis
osteoporosis?
hyperparathyroidism/hyperthyroidism
osteoporosis
NaF
-

RESULTS

spine score % metacarpal Vvmm3jcm% CT density value HU
Z.J L4
index mm2
T12 Li
L2
L3

final
£5

L4

diagnosis

68

74

68.01

99

74

7°

78
68

75.60

106
140

53

-

65.08

73-79

,.' '2

77

49-35

43

27

osteoporosis

, 65

69

59

7"

osteoporosis

60

62

114

7"
«3

69
«5

52-17

68
63

95
111

4»
'53
72
66

70

58
65

56.76

132

64

124
130

"9

64

78
55

99

'72

49-88

58

40

osteoporosis

175

198

123

78

—

79

78

94.80

126 i
'•9

67.66
-

77
.

52

52

60.24

-

56

37

4'-39

67
76
79
7

105
126
81

57
35

160

-

68

248 TTT

normal
osteoporosis

'•*3
53

112

80

43

78-98

57-59

osteoporosis
ostroporosis
osteoporosis
normal
normal
osteoporosis
osteoporosis

osteoporosis
osteoporosis
osteoporosis
osteoporosis
osteoporosis
osteoporosis
osteoporosis
osteoporosis
osteoporosis
osteoporosis
osteoporosis
osteoporosis
osteoporosis

40

75

osteoporosis
normal

osteoporosis

45

83

osteoporosis

osteoporosis

56 partial
volume

:

67

9"
73

120

81

98
87

83

77

normal

osteoporosis
osteoporosis
osteoporosis

68

RESULTS

Table g. i (continued)
patient
nr

date of
investigation

age

sex

9*

17-1 o-1979
28-07-1980
06-01 -1981

(So
61
62

m

93

07-03-1980

68

f

94

17-01-1980

55

m

95

19-01-1981
19-01 -1981

68
65

f

97

29-01-1981

64

f

98

23-01-1981

59

f

99

03-02-1981

31

m

100

27-01-1981

72

101

26-01-1981

78

102
103
104

20-02-1981
06-03-1981
04-03-1981

51
49
62

m
m
f

105

17-01-1981

63

f

106

10-02-1981

49

m

clinical
diagnosis
osteoporosis

NaF
COPD
prednisonc user
osteoporosis
NaF
osteoporosis
NaF
osleoporosis
osteoporosis?
sartoidosis
prednisone user
osteoporosis

osl' oporosis?
rhron. hepatitis
prednisone user
osleoporosis
osleoporosis or
metastasis?
osteoporosis?

morphology of spine

Tf> and 12 and L4: stage b
T7: stage c/L.5: stage b
thoracal region: stage C/L4 and L5: stage I)
progression

Tf), 11 and 12: stage b/Li and L2: stage a
T7: stage b/Ti 2: stage r

T7 ant) 11: stage b/T<): stage c
l.i: stage I1/L3: stage a

Tf,. 6, 7 and 11: stage b

L4: stage c
T12: stage b
T7 and 8: stage 1>

hyperparathyroidism
osleoporosis?
stomach resection

L3 and 4: stage b/c

RESULTS

s

spine score % metacarpal Vvmm3jcmi CT density value HU
L3
L4.
index mm2
T12 Li
Ls
L3
75
70
75

63
66
64

86.54
87.58
87.36

54

4"

40.25

J 60

68

60.89

!

7

122 Hi

61
55
211
partial volume
35
49

81

/2

56

—

final
L5

40
62
180

"4 ill

-

L4

O-[

40
136

35
136

69

diagnosis

osteoporosis
osteoporosis
osteoporosis
osteoporosis
osteoporosis
osteoporosis
normal

''!

' 47

64
—

-

39-45

-

-

81

6
3'

'j 68

7'

67

5'-45
100.64

82

64

47-• 9

43

40

30.62

11

80
172

8»

78

66

64
l82

112

108
103

55

105

osteoporosis
osteoporosis
normal

l82

39

-

3

35

osteoporosis
osteoporosis

53

89
53

osteoporosis
osteoporosis
osteoporosis

81

88

40

osteoporosis

116

107

90

osteoporosis

f

-

•JO

RESULTS

In 68 patients the morphometric diagnosis osteoporosis by means of mci
estimations has been compared with the end diagnosis. In 18 patients (27%)
the morphometric (mci) diagnosis was proven correct. In 41 patients (60%)
however normal mci values were measured in osteoporotic individuals. In
two patients (3%) abnormal (too low) mci values were estimated while no
osteoporosis was present. In seven patients (10%) normal mci values were
estimated in normal individuals. One may state that mci value determinations are of no value in diagnosis and quantification (see also p. 77) of
osteoporosis.
In 77 patients the morphometric spine score diagnosis has been compared
with the end diagnosis. In 55 patients (71.5%) the spine score diagnosis
osteoporosis was proven being correct. In four patients (5.2%) normaal
spine scores were measured in osteoporotic individuals. In one patient
(1.3%) normal spine scores were determined in a normal individual. In
seven patients (9.2%) abnormal spine scores were estimated in normal individuals. In seven patients (9.2%) the spine scores had borderline values in
definitely osteoporotic individuals. In three patients (4.2%) the spine scores
had borderline values in definitely normal individuals. Spine score determinations may seem to have some sense in diagnosis of osteoporosis but not in
terms of BMC quantification (chapter 11).
In 68 patients the observer impression of osteoporosis being present or not
on normal spine radiographs has been compared with the end diagnosis. In
58 patients (67.8%) the spine views suggested an osteoporosis on definitely
osteoporotic individuals. In 12 patiens (13.8%) no osteoporosis being present had been suggested in normal individuals. In conclusion one may state
that review of normal spine radiographs is a better measure whether osteoporosis is present or not in comparison with spine score determination and mci
estimation. In terms of quantification none of the conventional radiological
methods seems to fit the purpose.
A combination of conventional thoracic and lumbar spine views together
with CT densitometry appears to be very adequate in diagnosis and BMC
quantification of osteoporosis.

CHAPTER I O

Assessment of normal values

Some literature was available concerning BMC determination in the vertebral body by means of CT (Marchall etal. 1978, Abolset al. 1978, LavalJeantetetal. 1979, Mazessetal. 1979, Ettingeretal. 1979, Cann et al. 1980
and Adams et al. 1980). No estimates in healthy men and women during
advancing age have been presented. On ethical principles it is not possible to
study a group of healthy individuals with this method.
The only possibility to obtain normal CT density values is by correlating
the obtained CT density values with another quantitative BMC determination method, representing the state of mineralization of the axial skeleton. Of
all the methods only quantitative studies of bone biopsy specimens can be
considered. In vivo vertebral bone biopsy would deliver the most ideal comparative material but is not available. Transiliac bone biopsies however are
frequently performed in metabolic bone disease and normal histovolumetric
density values for both sexes have been presented by Giroux et al. (1973).
They performed histovolumetric density estimations in transiliac bone

BMC
mm 3 /cm 3

200.
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100.

40

50
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70 'age years

Fig. 10-1. Histovolumetric density values for healthy men (continuous line) and women
(dotted line) according to age.
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70

age years

Fig. 10-2. Histovolumetric scale and Hounsfield scale plotted out against the age for men continuous line) and women (doited line). Conversion of normal Vv values inio normal OT values.

biopsy specimens from a large population of fresh male and female cadavers
of all age groups (table 8-1 and fig. IO-I).
Fig. IO-I demonstrates that the volumetric density in transiliac bone
biopsy specimens from women is higher than in men before 55 years of age.
After the menopause women loose bone, resulting in lower Vv values in
women than in men after the age of 60 years.
CTUHU
200

150

100

50

40

50
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70 age years 80

Fig. 10-3. Calculated normal CT density values of L 4 for men (continuous line) and women
(dotted line) according to age.
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Employing the normal Vv values of Giroux et al. (1973) as base line data
provides the possibility to convert normal Vv values into normal CT density
values as demonstrated in ug. 10-2.
Fig. 10-2 demonstrates the Hounsfield scale plotted out in HU on the right
vertical axis against the age in years on the horizontal axis. The Vv scale in
mm 3 /cm 3 is plotted out on the left vertical axis against the age in years on the
same horizontal axis. The curves represent the upper and lower limits of the
normal Vv values (mean + 1 x SD) for men and women. Since Vv values
and CT density values are volumetric densities with a scale ranging from
0-1000, the configuration of the curves representing the normal Vv values
can be used as a reference for the normal CT density values estimation.
Vv values corresponding with CT density values could be calculated from
the measurements in the patients from table 9-1. In 28 cases both Vv and CT
examinations were performed. The mean Vv valuewas 75 mm 3 /cm 3 and the
mean CT density value 130 HU. The numerical difference between the Vv
and CT density values in this group is 55 (130-75). With all restrictions to
this method it is possible to construct a curve for normal CT density values for
men and women as is presented in fig. 10-3.
The achieved normal CT density values are not pretending to be the
absolute exact normal values. They are obtained via a secondary pathway.
Nevertheless, these normal values provide a good and versatile indication
whether an estimated CT density value can be considered as normal or not in
clinical practice.

CHAPTER I I

Correlation between CTdensitometry and other
measurements of BMC

Correlation between CT densitometry and spine score
determinations
Conventional lateral spine radiographs were available from 73 patients. A
spine score ^ 80% indicates no osteoporosis and a score < 80% is supposed
to represent osteoporosis (see chapter i and 8). In progressive osteoporosis
loss of height of the vertebral body will take place. First the distance between
the middle of the superior and the inferior endplates will decrease, resulting
in the typical cod fish vertebra appearence. Secondly, sometimes after a
minor trauma, impaction and collaps wilt occur. The cranio-caudal distance
of the front and backside of a vertebral body will be quite different in case of a
collapsed wedge-shaped vertebral body.
Which vertebra has to be focussed on is an important factor. Barnett et al.
(i960) estimated the spine score of the third lumbar vertebra. Referring to
our study, concerning the frequency of vertebral collaps (see chapter 7), this
location for spine score determination seems to be an appropriate one. Spine
score determination on one vertebral level may not be representative for
other vertebrae. In scoliosis or severe osteo-arthritic changes spine score
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Fig. ƒ/-ƒ. Correlation between the spine stores L3 and the CT density values of L4.
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Correlation between the spine scores L 4 and the CT density values of L4.

determinations are sometimes hard to perform. Severe osteoporosis may
make delineation of the vertebral contour crucial. Nevertheless spine score
determination has been a widespread procedure. According to Barnett et al.
(1960) spine score determination in collapsed vertebrae is not allowed.
In 73 patients (table 9-1) it was possible to evaluate the correlation between the spine score of L 3 and the CT density value of L 4 .90 corresponding
data were avilable. Two corresponding data were excluded because of
extreme Ss values of L3. The CT density value of L 4 was plotted out on the Xaxis and the spine score of L 3 on the Y-axis in fig. 11 -1.
A positive correlation (p<o.ooi for n = 88) is found. The correlation
coefficient (r.) is 0.407. The regression line follows the equation Y = o. 10
X + 58.02.
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Fig. 11-3. Correlation between the spine scores of L 3 and L 4 .
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The correlation between the spine score L 4 and the CT density value of the
same vertebral body was also determined. From 73 patients 90 corresponding data were available (table 9-1). Three corresponding data were excl uded
because of extreme Ss values L 4 . The CT density value L 4 was plotted out on
the X-axis and the spine score of the same vertebral body on the Y-axis in
fig. 11-2.
A positive correlation (p<o.ooi for n = 87) is found. The correlation
coefficient (r.) is 0.313. The regression line follows the equation Y = 0.008
X + 58.88.
At last the spine score of L 3 was correlated to the spine score of L4. From 73
patients 85 corresponding data were available (table 9-1). Four corresponding data were excluded because of the extreme values of L 3 or L 4 . The spine
score of the third lumbar vertebra was plotted out on the X-axis against the
spine score of the fourth lumbar vertebra on the Y-axis in fig. 11 -3.
A positive correlation (p<o.ooi for n = 81) is found. The correlation
coefficient is 0.589. The regression line follows the equation Y = 0.55
X + 29.74. As a conclusion of these comparisons it may be stated that the
spine scores of L 3 and L 4 correlate very well with the CT density value of L 4
and the spine scores of L 3 and L 4 also correlate with each other.
Correlation between CT densitometry and metacarpal index
estimation.
From 68 patients 88 corresponding data were available (table 9-1). The
metacarpal indices of the second metacarpal bones in the right hands were
correlated with the CT density values of the fourth lumbar vertebra. The CT
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Fig. 11-4. Correlation between the CT density values of L 4 and the mctararpal index values.
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density value of L 4 was plotted out on the X-axis against the metacarpal
index on the Y-axis in fig. 11 -4.
A positive correlation (p<o.ooi for n = 88) was found. The correlation
coefficient is 0.348. The regression line follows the equation Y = 0.107
X + 0.348. These results indicate that measurements in the peripheral skeleton correlate with the state of mineralization in the axial skeleton, although a
huge inter- and intra observer errors of up to 40% have been described.

Correlation between CT and histologic densitometry
r]

In 22 patients histovolumetric density measurements in transiliac bone
biopsy specimens and CT density value estimations of L 4 have been performed (table 9-1). One pair of corresponding data had to be excluded
because of a collapsed L 4 . The histovolumetric density values (Vv) were
plotted out on the horizontal axis and the CT density values L 4 on the
vertical axis in fig. 11-5.
A positive correlation was found (p < 0.001 for n = 21). The correlation
coefficient is 0.690. The calculated regression line follows the equation
Y = 0.54 X — 2.43. This correlation exists in spite of the fact that a precise
method as CT densitometry is compared with less precise histovolumetric
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Fig. ; / - j . Correlation between histovolumetric density values in transiliac bone biopsy specimens and CT density values in L4.
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density determinations in transiliac bone biopsy specimens, which are subject to individual sample variations up to 40% (Visseretal., 1980).
Comments
Comparisons of CT densitometry with the spine score determination, metacarpal index estimation and histovolumetric density measurements all
showed a positive correlation (p<o.ooi). The best correlation was found
between the CT densitometry of L 4 and the histomorphometric density from
the iliac crest (correlation coefficient 0.690). The correlations between the
CT densitometry of L 4 and the spine scores of L 3 and L 4 and the metacarpal
index were much lower and in the same range (resp. 0.407,0.313 and 0.348).
Based on the accuracy of the CT densitometry and the in the literature
proven less accuracy of the other methods, one can state that CT densitometry is a preferable method for measuring bone mineral content in the axial
skeleton, especially in the individual patient.

,1
> • , - _ , -

CHAPTER I 2

CTdensity values as a prediction for vertebral
fractures

In order to assess a CT density value, below which the risk of a vertebral
compression fracture exists, 88 patients of table 9-1 were divided into four
classes according to the X-ray appearence on lateral thoracic and lumbar
spine radiographs. Four different symbolic configurations were employed
representing each individual patient f table 12-11.
In fig. 12-1 the CT density values of L 4 are plotted out on the vertical axis
and the age in years on the horizontal axis. All the symbols representing each
patient as described in table 12-1 are drawn in this diagram. Two patients
with stage c for L 4 are excluded from this study.
A CT density value of 80 HU appears to be the critical CT density value. A
CT density value of L 4 below 80 HU may be considered as a symptom for the
risk of vertebral collaps anywhere in the spine. In fig., 12-1 horizontal lines
can be drawn at different CT density levels (120, 100,80,60 and 40 HU) and
the percentages of fractures and normal vertebral bodies have been calculated (table 12-2). Stage o (25 patients) and stage a (nine patients) are
considered to represent patients without a fracture. Stage b (32 patients) and
stage c (20 patients) represent patients with beginning fractures and vertebral collaps.
25 patients had a CT value L 4 > 100 HU and six (24%) showed a fracture
(b + c);
35 patients had a CT value L 4 > 80 HU and 11 (31.5% showed a fracture;
52 patientshad a CT value L 4 > 60 HU and 33 (42,5%) showed a fracture;
In patients with CT density value L 4 between 100 and 80 HU an increase
ofstage bis seen. Below 80 HU both stage b and c have a remarkable increase.
The CT density value of L 4 of 80 HU seems to be a critical value and can be

Table 12.1. Symbols representing vertebral column appearance
•
CJ
t>
C>

stage o: no vertebral loss of height
stage a: one or more cod-fish vertebrae
stage b: one or more wedge-shaped vertebrae
stage c: o n e o r m o r e totally collapsed v e r t e b r a e
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Fig. 12*1. The CT density values of L 4 are plotted out on the vertical axis against the age in years
on the horizontal axis. Thesymbols, as described in table 12-1, are utilized. Two patients with a
collapsed L 4 (stage c) are encircled and excluded.

Table iz.s. Proporlionat relation of different stages according to subsequent CT density levels
CT level
inHU

stage 0
score

stage a
score

stage b
score

stage c
score

>

120

12

0

5

0

>

IOO

'9

0

5

•

> 8o

2

3

1

10

1

> 6o

2

5

4

"7

6

> 40

25

6

24

11

DENSITOMETRY AND VERTEBRAL FRACTURES 8l

used as a threshold for vertebral fractures. The values between 80 and 100
HU reflect the zone of increasing risk.
In fig. 12-1 division is made in different classes according to age. In the
group from 50 to 60 years one has to notice the normal configurations which
may be combined with a low CT density value L 4 . Vertebral compression
apparently does not only depend on loss of bone mineral. Other factors such
as trauma, body weight and bone strength, in terms of brittleness, are also
important (Rockoff et al. 1969). In the ap;e group from 60-70 years the
critical value of 80 HU is very well demonstrated. In the age group from 70 to
80 years all patients had CT density values <8o HU.
One has to notice that patients in this study are a selected group. Only
individuals showing symtomatology have been included and a normal control group is not available. The implications and consequences of the assessed
critical CT value of L 4 of 80 HU can be an indication for the clinician to start
therapy, in order to avoid the development of vertebral compression
fractures.

CHAPTER 13

Correlation between C T density values in different
vertebrae

In the available literature no general opinion has been given concerning
proportional differences in CT density values in subsequent lumbar vertebrae, neither in healthy people, nor in osteoporotic patients. Some authors
(Cann et al., Gênant et al., 1980) tend to the hypothesis that in the normal
individual BMC determinations on each lumbar level may resul t in identical
CT density values. This in contrast to the osteoporotic patient in whom CT
density values on different levels may be unequal. In other words: the differences in CT density on subsequent vertebral levels might be individualdependent.
The measurements presented in table 9-1 have been reviewed in order to
investigate the correlations between the CT density values in different
lumbar vertebrae. Although the primary target has always been L4, many
measurements have concurrently been performed on other levels. Thus CT
density values on different levels could be compared with the corresponding
measurements in L4. Only CT measurements in not collapsed vertebrae
have been included (excluding stage c). The data were introduced into a
computer in order to detect any over-all proportional differences in the mean
CT density values in subsequent vertebrae. Table 13-1 gives the amount of
estimates corresponding to L 4 for each vertebral level.
In fig 13-1. 21 CT density values of T 1 2 were plotted out on the horizontal
axis against the matching CT density values of L 4 on the vertical axis. One
pair of corresponding data was excluded because of a collapsed Tj 2 and one
pair because of a collapsed L4.
The correlation coefficient is 0.862 (p<o.ooi forn = 21) which meansa
significant and good correlation. The regression line follows the equation
Y = 0.99 X — 11.26. The mean CT density value of T 1 2 is 91 6o and ofL 4
79.85. The mean CT density value of T 1 2 is 14.7% higher than the mean
value of L 4 .
Table 13.1. CT measurements on subsequent levels, matched to Z,4

vertebrae
number of estimates matched to L 4

T12
21

L,
34

L2
3

L3
4

L5
77

L
.
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Fig. 13-1. Correlation between CT density values of T, 2 and L4 in 21 patients.

Thirty-four CT density values of Lt have been plotted ou t on the horizontal axis against the matching CT density values of L 4 on the vertical axis in
fig. 13-2. Two pairs of corresponding data were excluded because of a collapsed T 12 , one pair because of a collapsed L 4 and two pairs because of unreliable measurements in L 4 .
The regression coefficient is 0.820 (p<o.ooi for n = 34), which means a
significant and good correlation. The regression line follows ihe equation
Y = 0.93 X — 4.77. The mean CT density value of L t is 83.50 and of L 4
73.26. The mean CT density value of Lj is 14% higher than the mean value
ofL 4 .
Seventy-seven CT density values of L s have been plotted out on the horizontal axis against the matching values of L 4 on the vertical axis in fig. 13-3.
Two pairs of corresponding data were excluded because of collapsed L 4 and
CT U HU
200.
160
120
80
40

T,2HU

40

60

120

160

200 CT L, HU

F'g- '3~2- Correlation between CT density values of L, and L 4 in 34 corresponding measurements.

84

MEAN CT DENSITY VALUES VERTEBRAE

240-

200-

160

120-

80-

40-

40

Fig. 13-3. Correlation between CT density values of L 5 and L4 in 77 corresponding measurements.

L 5 , one pair because of a collapsed L 4 and two pairs because of an unreliable
measurement of L4.
The regression coefficient is 0.952 (p<o.oor for n= 77) which means a
significant and excellent correlation. The regression line follows the equation
Y = 0.87 X + 5.14. The mean CT density value of L 5 is 89.96 and of L 4
83.13. The mean CT density value of L 5 is 8.2% higher than the mean value
ofL 4 .
In this study only 3 CT density values of L2 corresponding to CT density
values of L 4 and only 4 CT density values of L 3 corresponding were
available. This amount ofdata being too small in terms ofstatistics will not be
considered further in this study.
Considering the mean CT density values in subsequent vertebrae in comparison to the corresponding CT density of L4, one can notice the following
facts. The values ofT J 2 and Lj are higher than the corresponding values of
L 4 . In the group comparing L 4 and L 5 , the values of L 4 are lower than those
of L 5 . The first impression is that from L5 upto T 1 2 the values are increasing.
3ut regarding the absolute mean values, all data are within a small range,
between 73.26 and 91.60 HU. In accordance with the very good correlations
between T 1 2 and L 4 , L t and L 4 and between L 4 and L 5 we may conclude
that only small differences exist between the CT values of the vertebrae L5
uptoT 1 2 .
One has to notice the excellent correlation between the CT density L 5 and
L 4 and the slight difference between the mean CT value L 5 and L4.

J

CHAPTER 14

The effect of sodiumfluoride therapy

A group of 35 patients with osteoporosis derived from the population of 106
patients (table 9-1) has been treated with sodiumfluoride. Sodiumfluoride is
administered orally and stimulates the osteoblasts resulting in an increased
production of osteoid tissue. Fluoride is also built in in the apatite crystals,
which are more resistant to bone mineral loss than hydroxyapatite crystals.
As a consequence less calcium will be available from bone resorption and
more calcium is needed in order to supply the new bone. Based on theoretical
considerations and practical experiences in the University Hospital in
Utrecht sodiumfluoride therapy in osteoporosis is supplemented with calcium and vitamin D (Duursma et al., 1980 and 1981). Sodiumfluoride is
given orally as Ossin® in an average daily dosage of 80 mg. The dosage is
monitored by the serum fluoride concentration, which is kept between the
0.20 and 0.30 u,g/ml. A daily calcium intake is advised of 1000 mg, in the diet
or in tablets (Calcium Sandoz forte®). Vitamin D is administered orally as
o. 1 mg dihydrotachysterol (Dihydral®) every other day. This regimen will
result in an increase in volumetric density (Vv) in histovolumetric investigations in transiliac bone biopsy specimens (Olah et al., 1975 and Van Kesteren, 1978). An increased turnover with a positive balance after two years of
therapy was demonstrated. The duration of the fluoride therapy might be of
more influence than the dosage. After two years of therapy it can be expected, that the proces of osteoporosis has been stopped. An increase of BMC will
occur later because of the fact that sodiumfluoride causes a delay in the
mineralization process of osteoid tissue.
Within the group of 35 fluoride treated patients 28 individuals have been
subject to a follow-up (table 9-1). They have been reviewed in order to
evaluate the effect of therapy on the different BMC determinations. Twentytwo of the 28 patients had two or more times CT density measurements of L 4 .
One alcoholic male was excluded from this study because of the unusual
and complicated calcium metabolism. CT density measurements in vertebral bodies L 4 classified as stage c (see table 12-1) have also been excluded.
Table 14-1 demonstrates the effect of therapy in the 21 patients left. The
patient number (table 9-1) is mentioned. Of all BMC parameters (Ss L3, Ss
L4, mci and CT value L4) the in- or decrease of BMC is presented
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Table 14.1. The effect of sodiumfiuoride therapy on different BMC determinations
patient number

S>L3

6

+ 1

7

—

21
22

—
—

34
37
39
42

45
46
47
55
58
59
63
64
67
74
86

-3
—
_

+ 3
—
—

+8
+3
-

-16
—
-

+ 2

- 5

\_

mci

CTL4.

- 6.73
-17.66

-26

+ 5
-28

+ 26.41
—
—

+ 12
- 3
+ 5
+ 3'

+ 8.46
- 7-35

-30

-5
—

— 2.65

— 11

—
5-12

+ 23

—

— 1

+5
-

+ 1.84

+1
-7

-H-3'
+ 2.17

-

-

+ 8
— 20

+ 14
- 8
- 4
- 3
+ 55
+ 22

1

0

gj

—

—

—
—

92

0

+1

+ 0.82

+ 12

-16

+3

-14.12

- 0.76

+ 0.14

— 0.67

+ 59
+ 2.89

total in- or decrease
mean in- or decrease

—

+ 6

as + or — the amount of units in which the subsequent parameters are
expressed. Neither in, nor decrease is given as O. The change in values of the
different BMC determination methods is assessed from the start till the end of
the follow-up periods.
The summarized and mean values of eight patients from table 14-1, with
at least three of the four BMC parameters, are given in tabel 14-2 (number 6,
34,46,63,67, 74,86 and 92).
When considering the different BMC determination methods of table
14-1, nine patients with spine scores L 3 can be appreciated. Three patients
show an increased Ss L 3 (|), three neither in-nor decrease (o) and three a

Table 14.S. In- or decrease of BMC in patients with at least three or more different BMC determinations

total in-or decrease
mean in-or decrease

S^LT,

SSLI

mci

—16
—2

o
o

—18.86
— 3.14

CTLA

+54
+7

y
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Table 14.3. Number of patients presenting changes in different BMC determination method values
SSL3

SsLt

mei

CTL4

3T.3(o),3l

5T. i(o),3l

5T,6|

u | , 1(0), 8 J

decreased Ss L 3 (j). Nine patients had two or more spine scores L 4 . Five of
them demonstrate an increase, one neither in - nor decrease and three a
decreased Ss L 4 . Eleven patients had mci measurements. Five of them show
an increased and six a decreased mci. Of the 20 patients with two or more CT
density values L 4 , 11 demonstrate an increase, one neither in- nor decrease
and eight a decrease in CT density value L 4 (table 14-3).
On can appreciate in table 14-3 that the increase is on the average the same
as the decrease for all BMC parameters. Because of the poor quantification
abilities of the spine score determination and the huge inter- and intraobserver errors in metacarpal index estimations (see chapter 3 and 9) some
discrepancies can be noticed between the conventional BMC parameters
and the CT density values of L 4 (table 14-1).
Because of its physical and technical capacities CT densitometry is the
superior method in BMC determination.
Considering the CT density value changes during therapy as given in
table 14-3 one can state that in 55% (11 patients) an increase has been
measured. In five% (one patient) neither in-nor decrease is noticed and in
40% (eight patients) a decrease is seen. Of the 11 patients with an increased
CT density value L 4 , two had a treatment period < one year, five a period
> 1 but < 1.5 year and four a treatment period of > 1.5 year but < 2 year.In conclusion it can be stated that sodiumfluoride therapy was effective.
The decalcification proces in osteoporosis has been stopped and an increase
of BMC can be noticed or anticipated. Sodiumfluoride therapy can be monitored precisely and accurately with the help of CT densitometry.

CHAPTER 15

Summary and conclusions

Since the discovery of the Roentgen ray a precise and accurate assessment of
bone mineral content has been a challenge to many investigators. A number
of methods have been developed but no one satisfied. Considering its technical possibilities computed tomography is very promising in determination
of BMC. The new modality enables BMC estimations in the axial skeletal
trabecular bone. CT densitometry can be performed on a normal commercially available third generation whole body CT scanner. No dedicated device
in a special clinical set-up is necessary.
In this study 106 patients, most of them clinically suspected of osteoporosis, were examined. The new method CT densitometry has been evaluated. The results have been correlated to alternative BMC determination
methods.
Chapter 1 presents a short survey concerning the different methods in
BMC determination which have been utilized up to now. Criteria for an
ideal BMC assessment method are discussed. BMC estimation in trabecular
bone of the vertebral column provides the most adequate information concerning mineralization of the axial skeleton. Histomorphometric studies in
transiliac bone biopsy specimens also provide information concerning axial
skeletal BMC but these are not very accurate. Photo densitometry from
conventional radiographs is very unreliable. Determination of spine scores
is controversial and provides no real quantification of BMC. Assessment of
the metacarpal index is subject to huge observer errors. It only represents
the state of mineralization in the peripheral skeletal compact bone. Axial
skeletal CT densitometry is very promising.
Chapter 2 discusses bone anatomy. Bone physiology is described including the calcium homeostasis. The bone pathology is summarized in short.
Chapter 3 gives a review of the literature concerning BMC determination
dating from 1935. An important part of this chapter is reserved for discussion of the literature concerning BMC determination by means of computed tomography.
Chapter 4 summarizes the principles of CT scanning. The CT scanner
employed during this study is described including its technical capacities.
The protocol of axial skeletal CT densitometry is presented and discussed.
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An appropriate transverse slice is made through the middle of the vertebral
body of L 4 . The entrance of the basivertebral vein indicates the exact middle
of the vertebral body. A standardized region of interest of 349 pixels is processed in the middle of the trabecular bone. Structures of different densities
will have to be avoided. Determination of the mean CT density value on level
L 4 acts as a sample from the axial skeleton.
Chapter 5 discusses the problems and errors arising during axial skeletal
CT densitometry. Beam hardening effect caused by filtering of the X-ray
beam may result in erroneous CT density values. Partial volume effect may
be an important error factor especially in partially collapsed vertebral
bodies. Accurate positioning and utilization of thin slices may help to solve
this problem. A fast third generation whole body CT scanner will have to be
employed in order to avoid motion- and beam hardening artifacts. The
constitution of the patient may cause serious problems. Extreme demineralization may make the indication of a transverse slice on the scanogram
impossible. Exact positioning of the patient is extremily important. True
transverse slices must be made utilizing the gantry tilt ability. Appropriate
manipulation of the standardized region of interest in the middle of the
vertebral body trabecular bone is obligatory.
Chapter 6 describes and discusses the phantom studies performed in order
to evaluate the new method of CT densitometry in the in vitro situation. The
reliability of the method is tested and discussed. A body-equivalent phantom
was utilized. The scanner drift is found to be minimal. Factory calibrations,
air scanning and calibration scanning, will maintain the stability of the
scanner. An accuracy of less than one % was assessed. A precision of three %o
has been determined. A conversion of HU to g/100 ml hydroxyapatiteequivalent has been performed by scanning different solutions ofhydroxyapatite. Dosimetry has been performed in order to assess the patient absorbed dose during the procedure. A scanogram, together with one transverse
slice, will result in a total body absorbed dose (SED) of approximately
60 uGray.
Chapter 7 discusses the changes in the osteoporotic skeleton. The midthoracic vertebral bodies are said to be most frequently subject to compression fractures. In this chapter it has been revealed that the vertebral
bodies in the thoraco-lumbar region are most frequently subject to collaps.
This preference is from an anatomical and mechanical point of view not
remarkable.
Chapter 8 describes the maturation of the CT densitometry. The reasons
for CT density value assessment on level L 4 are summarized. The performance of conventional BMC determination methods such as spine score
estimation, metacarpal index determination and thé assessment of histovolumetric density in transiliac bone biopsy specimens is described. The patient material is discussed in short.

9°

SUMMARY AND CONCLUSIONS

Chapter 9 discusses the results of the subsequent BMC determination
methods as given in table 9-1. The clinical diagnosis osteoporosis has been
confirmed in 94.8% of the cases. The clinical suspicion of osteoporosis has
been proven correct in 76.9% of the cases. Normal mci values have been
estimated in 60% of the osteoporotic patients. The spine score diagnosis
osteoporosis has been confirmed in 72.8% of the patients. The diagnosis
osteoporosis revealed from conventional spine radiographs has been confirmed in 81.6% of the patients. Conventional methods are not adequate in
terms of BMC quantification. Conventional spine views together with CT
densitomctry are very reliable tools in terms of diagnosis and BMC quantification in healthy individuals and osteoporotic patients.
Chapter 16 discusses the assessment of the normal CT density values for
men and women during advancing age. Histomorphometric density values
in transiliac bone biopsy specimens of healthy men and women are known.
Via a secondary pathway the normal volumetric density values for men and
women could be converted into normal CT density values. These normal
values are not pretended to be exact. They nevertheless provide a suitable
guideline for diagnosis and follow-up in osteoporosis.
Chapter 11 discusses the correlations between CT density values L 4 and
the alternative methods in BMC determination. The best correlation was
found between the CT densitometry of L 4 and the histomorphometric density from the iliac crest. Based on the accuracy of the CT densitometry and
the less accuracy of the other methods, CT densitometry is preferable for
measuring BMC in the axial skeleton, especially in the individual patient.
Chapter 12 describes the assessment of the critical threshold of the CT
density value of L 4 , below which the risk of a vertebral fracture may be
present. A CT density value of 80 HU of L 4 appears to be the predictive
value in terms of vertebral collaps danger.
Chapter 13 discusses the CT density values determined on different
thoraco-lumbar levels. The mean CT density value of L 4 acts as a sample
representing BMC in de axial skeleton. A good correlation between the CT
density values of T 1 2 and L 4 was found. The CT density values of hl correlated also good to the CT density values of L 4 . The number of estimates on
level L2 and L 3 was too small to derive any significant conclusions. An
excellent correlation is noticed between the CT density values of L 5 and L4.
The mean values of the measurements of T, 2 , L 1; L4 and L5 were within a
small range (73.26 — 91.60HU). The impression is that only small differences exist between the CT values of the vertebrae L5 upto T 1 2 .
Chapter 14 discusses the effect of sodiumfluoride therapy on BMC. CT
densitometric and alternative densitometric results have been reviewed
during a follow-up period. A steady state in mineralization is granted as a
positive criterium concerning a success of therapy. 40% of the patients demonstrated a decrease of BMC despite of the therapy. 60% of the patients
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however showed an increase of BMC (55%) or a steady state in mineralization (5%). This indicates that the therapy with sodiumfluoride has been
successful.
Returning to the questions, mentioned in chapter 1, to be answered in
this study, the questions will be repeated and followed by the conclusions,
based on the obtained results.
Questions
1 Which vertebrae in the human spine will generally be subject to collaps?
2 Is estimation of bone mineral content, by means of computed tomography, a reliable and repeatable method?
3 Is it possible to calculate a predictive value of BMC by means ofcomputed tomography (CT), regarding the threatening of a vertebral
collaps?
4 Is the predictive value of BMC, regarding the threating of a vertebral
collaps, representable for any site in the axial skeleton?
Conclusions
1 The vertebral bodies ofT 12 , L t and L 2 will be most frequently subject to
osteoporotic compression fractures.
2 Axial skeletal CT densitometry is a very reliable and repeatable method
in evaluating axial skeletal BMC.
3 A CT density value of L 4 of 80 HU is the critical threshold below which a
risk
of vertebral collaps may exist.
4 The predictive value of CT densitometry inL 4 is valid and represen table
for any site in the axial skeleton.
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Sinds de ontdekking van de röntgenstraling is een exacte bepaling van het
botmineraalgehalte (BMG) een uitdaging geweest voor vele onderzoekers.
Talrijke methoden zijn ontwikkeld maar geen ervan kon zich in de praktijk
waar maken, CT (computertomografie) lijkt op grond van de technische
mogelijkheden zeer veelbelovend bij het bepalen van het botmineraalgehalte. Deze nieuwe methode verschaft de mogelijkheid het BMG te bepalen in
het trabeculaire bot binnen het axiale skelet, CT densitometrie kan worden
verricht met behulp van een normale 'total body' derde-generatie-CTscanner. Dit onderzoek werd verricht bij 106 patiënten, van wie bij de
meesten de klinische verdenking op osteoporose bestond. Deze nieuwe
methodiek, de CT-densitometrie, werd aan een kritisch onderzoek onderworpen en de verkregen resultaten werden vergeleken met andere, reeds
bekende BMG-bepalingsmethoden.
In hoofdstuk i wordt een kort overzicht gegeven omtrent de verschillende
BMG-bepalingsmethoden die tot nu toe werden toegepast. Eisen te stellen
aan een ideale BMG-bepalingsmethode worden besproken. BMG-bepaling in
het trabeculaire bot van de wervels verschaft in beginsel de meeste informatie omtrent de mineralisatie van het axiale skelet. Histovolumetrische
bepalingen in transüiacale botbiopten geven eveneens informatie betreffende deze mineralisatie, maar niet zo exact. Fotodensitometrie met behulp
van normaal röntgenonderzoek is uitermate onbetrouwbaar. Bepalingen
van de wervelindex zijn nogal controversieel en verschaffen geen echte
kwantitatieve gegevens over het BMG. Het bepalen van de metacarpaalindex gaat gepaard met grote waarnemingsfouten. Bovendien vertegenwoordigt deze index slechts de mate van mineralisatie binnen het
perifere skelet. CT-densitometrie van de wervelkolom biedt grote perspectieven.
In hoofdstuk 2 wordt een overzicht van de anatomie van het bot gegeven.
Eveneens wordt de botfysiologie, met inbegrip van de kalkhuishouding en
de botpathologie besproken.
Hoofdstuk 3 geeft een overzicht van de literatuur over de bepaling van
het BMG sedert 1935.
I n hoofdstuk 4 worden de principes van het CT-onderzoek uiteengezet. De
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CT-scanner die voor dit ond erzoek is gebruikt, wordt beschreven inclusief de
specificaties. Het gevolgde onderzoekschema wordt besproken. Voor de
metingen wordt een CT-snede gemaakt door het exacte midden van het
wervellichaam van L,, wat wordt aangegeven door de intreeplaats van de
v.basivertebralis aan de achterzijde van het wervellichaam. Een beperkt
gebied van 349 pixels (ROI), waarbinnen de metingen plaats vinden, wordt
in het midden van de spongiosa afgebakend, waarbij moet worden voorkomen dat gebieden met verschillende dichtheden hierin worden opgenomen.
De gemiddelde CT-waarde binnen deze ROI dient als een weergave van de
mineralisatie binnen het axiale skelet.
Hoofdstuk 5 bevat een bespreking van de moeilijkheden en potentiële
waarnemingsfouten tijdens CT-densitometrie. Hierbij wordt aandacht geschonken aan het 'beam hardening effect', dat veroorzaakt wordt door het
'opharden' van de röntgenbundel tijdens passage door een object en waardoor foutieve dichtheidswaarden kunnen worden gemeten. Het 'partial
volume effect' kan een foutenbron zijn, in het bijzonder bij metingen in
gedeeltelijk ingezakte wervels. Aangegeven wordt dat door exact positioneren als mede het gebruik van dunne sneden dit probleem kan worden
ondervangen. Alleen door het gebruik van een derde-generatie-CT-scanner
kunnen bewegings- en beam-hardening-artefacten worden vermeden.
Extreme ontkalking kan het aangeven van de te maken CT-snede op het
overzichtsbeeld (scanogram) bemoeilijken. Zuiver transversale sneden zijn
absoluut noodzakelijk om een betrouwbare ROI te kunnen positioneren in
het exacte midden van het wervellichaam.
In hoofdstuk 6 worden de fantoommetingen beschreven die zijn verricht
ter toetsing van de methode in de 'in vivo'-situatie. Een speciaal voor dit
doei geconstrueerd lichaamsequivalent fantoom werd gebruikt. Het verloop van de scanner bleek minimaal te zijn, mede als gevolg van het
toepassen van verschillende calibratietechnieken, die de mêtingsresultaten
stabiel houden. De accuratesse van de meetmethode bleek minder dan 1 %.
De precisie bedroeg 3%o* Door middel van TLD-dosimetrie werd een somatisch effectieve dosis gemeten bij een scanogram en een transversale snede
van niet meer dan 60 (iGray.
Een bespreking van de veranderingen in het osteoporotische skelet wordt
in hoofdstuk 7 gegeven. Algemeen wordt aangenomen dat midthoracale
wervels het meeste gevaar lopen voor compressiefracturen. In dit hoofdstuk
wordt echter aangetoond dat juist de wervels in het thoraco-lumbale
overgangsgebied het meest frequent onderhevig zijn aan compressiefracturen.
In hoofdstuk 8 worden de redenen voor irr-densitometrie op het niveau
L4 samengevat. De uitvoering van de conventionele BMG-bepalingen, zoals
het meten van de wervelindex, de metacarpaalindex en de histovolumetri-
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sche dichtheid in transiliacale botbiotpen w o r d t a a n een beschouwing
o n d e r w o r p e n . H e t p a t i ë n t e n m a t e r i a a l w o r d t kort beschreven.
Hoofdstuk 9 vermeldt d e resultaten v a n d e verschillende BMG-bepalings m e t h o d e n en geeft een kritische beschouwing d a a r v a n . D e klinische d i a g nose osteoporose werd bevestigd in 9 4 , 8 % v a n d e gevallen. I n 7 6 , 9 % werd
d e klinische verdenking o p osteoporose o n d e r s t e u n d . Normale m e t a c a r p a a l i n d e x w a a r d e n w e r d e n gevonden bij 6 0 % v a n d e osteoporotische
p a t i ë n t e n . D e diagnose osteoporose gesteld m e t b e h u l p van wervelindexm e t i n g e n werd bevestigd in 7 2 , 8 % van d e gevallen. D e diagnose osteoporose gesteld o p grond v a n conventioneel röntgenonderzoek van d e wervelkolom werd bevestigd in 8 1 , 6 % v a n de gevallen. D e conventionele m e t h o d e n blijken niet b r u i k b a a r voor kwantitatieve
BMG-bepalingen.
Conventioneel röntgenonderzoek v a n d e wervelkolom en CT-densitometrie
v a n L 4 blijkt een b e t r o u w b a r e combinatie te zijn voor d e diagnostiek v a n
osteoporose en voor d e kwantitatieve BMG-bepaling van het axiale skelet.
I n hoofdstuk 10 w o r d e n d e normale CT-waarden voor m a n n e n en
v r o u w e n in alle leeftijdsgroepen besproken. A a n d e h a n d v a n reeds b e k e n d e
histovoiumetrische n o r m a a l w a a r d e n k o n d e n n o r m a l e CT-dichtheidswaar-
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den van L4 worden gecalculeerd. Deze normale waarden verschaffen een
werkbare leidraad bij de diagnostiek en het vervolgen van osteoporose,
hoewel er geen absolute waarde aan toegekend mag worden.
In hoofdstuk 11 worden de correlaties besproken tussen CT-densi tome trie
op het niveau L4 en de alternatieve BMG-bepalingsmethoden. cr-densitometrie L 4 en histovolumetrische dichtheidsbepalingen in transiliacale botbiopten bl'_-ken het beste te correleren. CT-densitometrie blijkt een betere
methode bij het meten van het BMG in het axiale skelet, vooral bij de
individuele patiënt.
Hoofdstuk 12 geeft d e kritieke CT-waarde L 4 , bij welke een toegenomen
risico voor een wervelfractuur bestaat. E e n CT-waarde L 4 van 80 HU blijkt d e
kritieke grens te zijn voor wervellichaamfracturen o p elk niveau in d e
wervelkolom.
D e verschillende crr-dichtheidswaarden o p diverse thorecolumbale
niveau's worden in hoofdstuk 13 besproken. H e t blijkt d a t d e m e t i n g e n v a n
zowel T 1 2 als L t een g o e d e correlatie geven m e t die van L 4 . Een uitstekende
correlatie is aanwezig tussen d e c r - w a a r d e n v a n L 5 en L 4 . D e g e m i d d e l d e
CT-waarden v a n T 1 2 , L i ; L 4 en L 5 bevinden zich binnen n a u w e grenzen
(73,26-91,60 H U ) . D e indruk bestaat, d a t e r slechts kleine verschillen
b e s t a a n tussen d e CT-waarden v a n L 5 tot en m e t T 1 2 .
I n hoofdstuk 14 w o r d e n resultaten v a n therapie m e t natriumfluoride
n a d e r beschouwd. Zowel CT-densitometrie als andere BMG-bepalingsmet h o d e n werden g e d u r e n d e d e follow-up toegepast en vergeleken. O n d a n k s
t h e r a p i e werd een v e r m i n d e r d BMG a a n g e t o o n d bij 4 0 % v a n d e p a t i ë n t e n .
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60% echter had een gelijkblijvend dan wel een hoger BMG na therapie,
hetgeen op een positief therapeutisch effect wijst.
De conclusie kan worden getrokken dat, in vergelijking met de andere
niveau's, de wervellichamen T12, Lx en L2 gepredisponeerd zijn voor fracturen. CT-densitometrie op het niveau L4 is een zeer nauwkeurige en reproduceerbare methode voor het kwantitatief bepalen van het BMG. Tachtig HU
blijkt de kritieke CT-waarde L4; daaronder bestaat gevaar voor een wervelfractuur. De voorspellende waarde van CT-densitometrie op het niveau L, is
zonder meer geldig voor het gevaar van een wervelfractuur op elk niveau
van de wervelkolom.
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Curriculum vitae
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De schrijver van dit proefschrift werd op 28 april 1943 geboren in
Heerenveen (Fr.). Het HBS-B-diploma werd in 1962 behaald aan de RijksHBS te Heerenveen. Na het vervullen van de militaire dienstplicht ving hij
zijn studie aan de Faculteit der Geneeskunde van de Rijksuniversiteit
Groningen aan in september 1963. Het doctoraalexamen werd behaald op 8
juli 1970 met het predikaat 'met genoegen'. Het artsdiploma werd verkregen
op 25 juli 1972. Tot medio 1974 vervulde hij de functie van gouvernementsgeneeskundigeopSt. Eustatius (Ned. Antillen). Vervolgens was hij tot 1 juli
1977 werkzaam bij de Sociale Verzekeringsbank op Curacao als adviserend
geneeskundige. Zijn opleiding tot radiodiagnost volgde hij in het
Academisch Ziekenhuis te Utrecht vanaf 1 juli 1977 (opleiders: prof. dr.
C.B.A.J. Puijlaert en prof. dr. A.C. Klinkhamer). Op 1 juli 1981 werd hij
ingeschreven in het Specialisten Register der KNMG. Sedert 1979 verdiept hij
zich in de problematiek van de botdensitometrie met behulp van computertomografie. De resultaten van deze studie vormden de basis van dit proefschrift. Sedert 1 september 1981 is hij als radiodiagnost werkzaam in het
St. Elisabethziekenhuis te Tilburg. Hij is gehuwd en heeft drie kinderen.
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Stellingen
behorend bij het proefschrift
Axial skeletal CT densilomelry
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1. CT-densitometric van de wervels is een niet-invasieve, betrouwbare
methode voor het bepalen van het mineraalgehalte in het axiale skelet.
2. Het bepalen van de 'metacarpaalindex' is een discutabele methode
voor de bepaling van het botmineraalgehalte.
3. Het bepalen van de 'wervelindex' is een nutteloze handeling.
4. De combinatie van conventionele röntgenopnamen van de thoracale
en lumbale wervels en CT-densitometrie van L, verschaft naast kwantitatieve gegevens betrouwbare informatie voor de diagnose osteoporose.
5. De klinische diagnose osteoporose is in dit onderzoek bevestigd door
middel van CT-densitometrie in 95% van de gevallen,
gevallei terwijl de klinische verdenking op osteoporose in 77% is bevestigd.
6. Een therapeutisch regime bestaande uit het toedienen van fluoride,
vitamine D en calcium heeft een positieve invloed op het botmineraalgehalte bij osteoporotische patiënten.
7. De strooistraling tijdens CT-onderzoek is gering in vergelijking tot het
conventionele röntgenonderzoek.
v
8. Het niet op de juiste wijze beoordelen van een gemeten huiddosis
tijdens CT-onderzoek kan tot onjuiste conclusies leiden over de somatisch effectieve dosis.
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9. Chronische reumatoïde arthritis hoeft niet noodzakelijkerwijs samen te
gaan met osteoporosis.

'^

10. Zes procent van de opgeslagen röntgenmappen betreffende dit onderzoek bleek, ondanks een gecomputeriseerde archiefadministratie, onvindbaar te zijn.
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11. Het inversie-stress-onderzoek onder narcose en enkelarthrografie zijn
betrouwbare en gelijkwaardige methoden voor het aantonen van enkelbandafwijkingen (Van den Hoogenband et al. Ned. T. Geneesk. 32:
•3'3, 1981)-
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12. Met inachtneming van de absolute en relatieve contra-indicaties kan
de endoscopische retrograde cholangio-pancreaticografie een belang- rijke diagnostische betekenis hebben bij het onderzoek van de pancreas
ch de galwegen.
13. Wie wil meten moet weten, dat hij weet, wat hij meet.
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14. Het onbevredigde gevoel van de secretaresse tijdens het 'voor-dezoveelste-keer-uittikken-van-de-zoveelstc-versie-van-een-proefschrift'
staat in schrille tegenstelling tot het voldane gevoel van de auteur bij
het aanschouwen van zijn eindprodukt.

LEO E.H.LAMPMANN

Utrecht, 22 juni ig82
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