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Demonstration of Subchondral Bone Density Patterns by 
Three-Dimensional CT Osteoabsorptiometry as a 

Noninvasive Method for In Vivo Assessment of Individual 
Long-Term Stresses in Joints 

M A G D A L E N A MÜLLER-GERBL, 1 REINHARD PUTZ, 1 and ROLF K E N N 2 

AUSTRAGT 
Since the work of Pauwels and his successors, it has been possible to use the distribution of subchondral 
bone density within a Joint surface as a metric parameter that can reflect the principal long-term stress acting 
upon a Joint. However, the x-ray densitometry method he employed cannot be applied to living people. A 
procedure was therefore developed whereby CT osteoabsorptiometry (CT OAM), based on the use of com-
puted tomography, allows the distribution pattern of the density to be demonstrated in living subjects. This 
method has now been further developed, so that the form of the individual Joint surfaces can be included by 
means of a three-dimensional reconstruction program. This method is presented here. In addition, selected 
representative examples of various joints from normal people, athletes, and patients are used to demonstrate 
the use of CT OAM. In these examples from living subjects, regularly occurring, reproducible distribution 
patterns of subchondral bone density can be recorded, reflecting changes in mechanical Stresses on a Joint 
(increased stress, reduced stress, and disorders of Joint mechanics). CT osteoabsorptiometry is demonstrated 
as a suitable noninvasive technique for investigating the individual long-term stresses (loading history) acting 
on a living Joint. 

INTRODUCTION 

TH E MAGNITUDE OF LOAD acting locally is without doubt 
a decisive factor in the regulation of bone density, par-

ticularly in regions adjacent to joints (e.g., Refs. 1-3). Fur-
thermore, certain sports, or a gain in weight, lead to a gen-
eral increase in bone density, ( 4~ 8 > whereas weight loss or a 
decrease in physical activity (e.g., immobilization or bed 
rest) leads to extensive osteoporosis. (9-1 n 

Investigations carried out by Pauwels* 1 1 2 ) showed that 
the distribution of the principal resultant stress in a Joint 
surface is related to that of the bone density. This relation-
ship, which is true for both spongy and subchondral bone, 
led him to speak of a verkörpertes S p a n n u n g s f e l d (materi-
alized field of stress) in the subchondral lamellae. Further 
investigations by Kummer, ( 1 3 ) Knief, < l 4 ) and Amtmann ( 1 5 ) 

confirmed the high correlation between the degree of x-ray 
absorption (taken as a measure of bone density) and the 
distribution of stress as demonstrated in the photoelastic 
stress model. This endorsed Wolffs hypothesis<2) that 
bone adapts to functional necessity by a remodeling pro-
cess, thus reflecting the distribution of the resultant force 
acting on it. A Photographie procedure estimating the den
sity distribution from an x-ray picture was introduced by 
Konermann< 1 6 ) and further developed and refined by 
Schleicher et a l . < 1 7 ) It is today regarded as an established 
method of x-ray densitometry. 

A l l these methods that demonstrate the density distribu
tion over the subchondral Joint surface suffer from a dis-
advantage, however. They are applicable only to thin sec-
tions and therefore cannot be used in a living subject. 

Since Information about the distribution of bone density 

anatomische Anstalt der Ludwig-Maximilians-Universität München, Germany. 
2Radiologische Abteilung der Chirurgischen Klinik Innenstadt der Ludwig-Maximilians-Universität München, Germany. 

S411 
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is of great diagnostic value for evaluation of the mechani
cal condition of individual joints, we used computed to-
mography (CT) to develop a procedure (CT osteoabsorpti
ometry (CT O A M ) ( 1 8 ) that allows calculation of the area 
distribution of the subchondral bone density of a Joint by 
computed tomography in the living subject. Thus, both the 
course of normal adaptation in the mechanics of a Joint, as 
well as pathologic aberrations, can be monitored. 

This article describes a further development of the origi
nal method ( 1 8 ) by which the subchondral pattern of miner-
alization within individual types of Joint surfaces can be 
documented. Selected examples of various joints were used 
to demonstrate the pattern of mineralization in normal 
subjects, athletes, and patients and to illustrate the possi-
bilities of the CT O A M technique. 

MATERIAL AND METHODS 
CT data sets with a section thickness of 2-4 mm from 

the persons listed in Table 1 provided the basis for arriving 
at the osteoabsorptiometric values. 

C T osteoabsorptiometry 

Values on the Hounsfield (HU) density scale were calcu-
lated with the EVADOS radiotherapy planing Computer 
(Siemens, Erlangen, Germany) used in x-ray therapy (Fig. 
1). ( 1 8 ) Conversion into the SIDOS-TELE format allowed 
calculation of geographic differences in density. These re-
sulting images were then further processed by image-ana-
lyzing methods, and a false-color scheme was used to 
visualize regions of equal density. 

To obtain a projection of the subchondral density onto 
the Joint surface, the density values of Single sections were 
measured at a predetermined depth of 1.5 mm and the re-
sults were transferred to a contour map of the Joint, so 
that comparative analysis of the distribution of material 
over the entire Joint surface became possible. 

C T O A M by three-dimensional reconstruetion 

A further development of the method (Fig. 2) was 
achieved by introduetion of a CT program for three-di
mensional reconstruetion, by means of which the density 
distribution of the subchondral mineralization was ob-
tained in the computed tomogram itself. With this pro
gram, it was possible to reconstruet the Joint surface itself, 
as well as the various density zones separately. An image-
analyzing System was then able to provide a false color 
scheme demonstration of the density grades and their 
superimposition. 

RESULTS 
Hip Joint 

In young people, the maximal density is always localized 
in the ventral and dorsal regions of the socket. Density 
Charts of the elderly, on the other hand, usually show a 
maximum in the central part of the facies lunata of the 

TABLE 1. JOINTS U N D E R INVESTIGATION 
BY C T O A M 

J o i n t a n d n u m b e r of persons Age (years) 

Hip Joint 
20 healthy persons 18-90 

Shoulder Joint 
20 healthy persons 22-86 
11 male gymnastsa 16-29 
1 patient with dislocation*> 45 

Femoropatellar Joint 
20 healthy persons 25-72 
1 patient with poliomyelitisc 36 

aHighly trained athletes who had pursued an intensive 
training program for 10 years. 

bMale patient with traumatic dislocation of the Shoul
der Joint whose numerus had remained unreduced for 3 
months. 

cMale patient with a history of childhood Poliomyeli
tis whose left leg was able to bear only about 10% of the 
normal load. 

acetabulum (Fig. 3). The corresponding conventional an-
teroposterior (AP) x-rays, however, show in both cases the 
same shape for the subchondral layer (Fig. 4). 

Shoulder Joint 

In young people, the zone of greatest density is found to 
be ventral and dorsal. In the elderly, however, it lies in the 
central region of the glenoid cavity (Fig. 5a and b). 

The density in the glenoid cavity of gymnasts is mark-
edly higher compared to nonathletes and is localized over a 
wide central area (Fig. 5c). 

The patient with a long-term unreduced traumatic dislo
cation revealed a distinctly lower degree of mineralization 
throughout the Joint (Fig. 5d). 

F e m o r o p a t e l l a r Joint 

In normal subjects there is a patellar maximum in the 
proximal part of the lateral Joint facet (Fig. 6a). In the pa
tient with poliomyelitis the regions of maximum density 
were in the correct position in both knees. However, the 
affected knee showed much lower mineralization than the 
nonaffected knee (Fig. 6b and c). 

DISCUSSION 
Our investigations have shown that the articular sur

faces, at least of the larger joints, manifest a regularly oc-
curring, reproducible distribution pattern of subchondral 
bone density, which can be made visible by means of CT 
osteoabsorptiometry. The surface representation of the 
density distribution makes it possible to estimate the indi
vidual distribution of material easily and quickly and thus 
provides Information about the individual loading history 
of the Joint. The advantages offered by the new procedure, 
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FIG. 1. CT osteoabsorptiometry of a right hip Joint, (a) Axial CT section. (b) Isodensities in subchondral region of 
the acetabulum and femoral head. (c) Diagram of the articular surfaces of the hip Joint showing regions of different 
density (copied from false color display). (d) Method of producing density maps from Single sections. 

which employs three-dimensional reconstruetion, are that 
the accurate projection of the subchondral density onto 
the individual shape of each Joint surface is now possible 
and can, additionally, be done in a much shorter time 
compared with the former method. 

The impact of CT O A M is particularly well demon
strated by the acetabulum. Although the subchondral scle-
rosis in both the A P x-rays shown in Fig. 4 exhibits the 
same form ("sourcil"), the CT O A M reveals fundamentally 
different distribution patterns. This makes it clear that 
summation x-rays do not allow a differentiated localiza-
tion of density differences within a Joint surface to be 
elicited. Our new method permits Information to be ob-
tained not only in the frontal plane but also in the sagittal 
plane. For other Joint surfaces, such as the glenoid cavity 
or the patella, Information about the density distribution 
can be obtained only by means of CT O A M . 

Comparison of the results obtained from the glenoid 
cavity in young and old normal subjects points to an age-
dependent Variation in the morphologic and mechanical 
conditions of the Shoulder Joint, thus adding to our earlier 
studies on elderly dissecting room cadavers,(19) in which a 
central maximum for mineralization was found. This age 
dependence of mineralization corresponds to findings in 
the acetabulum of the hip Joint. The body of this Joint 
shows an incongruence, (20'21) which tends to disappear 
with increasing age. Investigations of the contact surfaces 
in young people revealed corresponding contact zones in 
the anterior and posterior regions of the socket, whereas in 
older people these are central. 

The age dependence of the morphologic findings also 
shows that the mechanics of a Joint are largely determined 
by age changes. Therefore, the morphologic findings ob
tained from a particular group cannot be applied to other 
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FIG. 2. Three-dimensional CT osteoabsorptiometry of a left hip Joint by three-dimensional reconstruetion. (a) The 
whole hip bone and the different density zones resulting from the three-dimensional reconstruetion (seen from 
lateral), (b) Method of producing density maps in a false color display. (c) Resulting image. 

FIG. 3. Density maps of the entire lunate facet of the hip Joint (seen from lateral) of (a) an 18-year-old girl: the zones 
of highest density are found ventrally and dorsally; and (b) a 68-year-old woman: the maximum is localized in the central 
part of the acetabulum. 
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FIG. 4. A P x-rays of the hip Joint of the same persons as in Fig. 3. Despite the different density patterns by CT O A M , 
the shape of the subchondral layer of the acetabulum (arrows) show no difference in both x-rays: (a) 18-year-old girl; (b) 
68-year-old woman. 

age groups, and an age dependence that is of therapeutic 
value may emerge. Furthermore, these data may be impor-
tant for the design of prostheses. 

In accordance with the interdependence already men-
tioned, continual remodeling changes in bone take place 
and constitute an adaptive reaction to each mechanical Sit
uation of the Joint. Increased loading leads to increase in 
bone density, < 4" 8 > reduced loading to bone resorption.< 9 _ 1 1 ) 

This is very clearly supported by the findings in the socket 
of the Shoulder Joint in gymnasts, as shown by density val
ues, which are markedly higher than in normal subjects. It 
is well known that, in ring gymnasts, the body weight may 
during certain practice phases undergo a fivefold increase. 
This is confirmed by the investigations of Bodem et a l . , ( 2 2 > 

which offer a clear explanation for the increased mineral
ization. High, intermittently appearing resultant forces in a 
Joint lead to the appearance of repeated peak pressure 
points in the central region of the socket, which thus be-
comes excessively in demand as a contact area. This can be 
seen as a biologic Stimulus, leading to an increase in the 
mineralization in the region. 

Decreased mineralization as the result of reduced de
mand was apparent in the patient in whom a dislocated 
Shoulder Joint remained reduced for 3 months. The patient 
with Poliomyelitis also reflected the failure to use his left 
leg fully by showing a marked reduction in the mineraliza
tion of the patella on the paralyzed side. These examples 
are regarded as representing the final Situation of increased 

or decreased stress acting over a long period of time but do 
not provide Information on the temporal course of the 
density changes themselves. 

The regulär occurring, reproducible distribution patterns 
of subchondral mineralization appearing in the articular 
surfaces of large joints are an expression of each mechani
cal Situation, revealed as remodeling changes in the bone 
and reflecting the loading history. 

It must be expressly emphasized that the methods we re-
port do not deal with the calculation of absolute values but 
are much more concerned with demonstrating differences 
in relative concentration within a Joint surface. In contrast 
to the usual methods of CT densitometry used for the di-
agnosis of osteoporosis, CT osteoabsorptiometry, because 
of various radiologic effects (partial volume effect and 
beam hardening), can only be used with reproducible re-
sults on the subchondral bony lamellae or on compact 
bone. ( 1 8 ) To obtain objectively quantified density values 
available over a period of time, quantitative dual-energy 
computed tomography (QDECT) must be used or the mea-
surements compared with a reference phantom control. 

An important question arising in connection with these 
distribution patterns is whether changes in bone mass den
sity (physical density) as a whole are being demonstrated, 
or merely differences in the degree of mineralization. In a 
comparative investigation employing quantitative dual-
energy computed tomography with basis material decom-
position, ( 2 3 > it was possible to show that the distribution of 
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> 1000 HU 

800 - 999 HU 

600 - 799 HU 

400 - 599 HU 

200 - 399 HU 

< 200 HU 

FIG. 5. Density maps of the glenoid cavity of the Shoulder Joint (lateral view) of (a) a 36-year-old healthy man: zone of 
greatest density is found to be ventral and dorsal; (b) a 78-year-old healthy man: the maximum lies in the central region 
of the glenoid cavity; (c) a 23-year-old gynmast: the overall density is markedly increased and localized over a wide cen
tral area; and (d) a 45-year-old male patient with traumatic dislocation without reduction of the humerus for 3 months. 
This density pattern revealed a clearly lower degree of mineralization throughout the Joint. 

mineralized tissue within a Joint surface can be demon
strated by CT O A M . 

Any possible correlation of these patterns of mineraliza
tion with the mechanical properties of bones—strength or 
stiffness, for example—remains to be tested. 

The diagnostic value of the method can only be assessed 
during further prospective studies with carefully chosen 
patient and control groups. This is also true for the time 
needed for adaptation to changes in the mechanical stress 
to occur. 

CLINICAL RELEVANCE 
Our findings show that CT osteoabsorptiometry offers a 

wide ränge of applications. It can be employed for diag

nostic purposes to gain Information about the individual 
mechanical Situation of a Joint. It also provides a proce
dure for use in basic clinical research, since it is a noninva
sive technique that does not unreasonably bürden the pa
tient. 

In our opinion, this method can be used in those areas 
of medical practice dealing with sport or in industry, where 
heavy demands are made upon the joints, for the early de-
tection of altered loading conditions. This methodology 
may be useful in following the clinical course of patients 
with mild to moderate osteoarthrosis. 

The value of CT O A M for biomechanics lies in its ability 
to demonstrate the morphologic counterpart of the long-
term stress acting on a Joint in the living subject and also 
to follow the mechanical changes that take place in the 
course of a lifetime. For example, CT O A M can be used to 



THREE-DIMENSIONAL CT OSTEOABSORPTIOMETRY S417 

FIG. 6. Posterior view of articular surface of patella showing the subchondral density distribution of (a) a 46-year-old 
healthy man (right knee): the maximum is in the proximal part of the lateral Joint facet; (b) a 36-year-old man with a his
tory of childhood poliomyelitis (right, nonaffected knee); and (c) the left knee of the same patient (affected leg). The re
gions of maximum density lay in the same position on both sides, but the mineralization is generally lower on the affected 
side. 

monitor the resultant changes in mechanical force distribu
tion pre- and postoperatively in correction Operations, 
such as femoral, supracondylar femoral, or high tibial os-
teotomy. At present it is not possible to display the pro-
gress of stress distribution in the bone surrounding a total 
Joint prosthesis, because our technique cannot be used in 
the presence of metallic devices since they produce arte-
facts leading to false density values. 
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