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Abstract 

In this report, we review data dealing with radiation 
effects on cartilage. More specifically, we emphasi:re on 
alterations caused in the extra-cellular cartilage matrix. 
Although radiation studies predominantly describe the ef
fect on the structure of DNA and on the mitotic activity 
of cells, alterations caused by the effect on the non
mitotic activity can also be important. Cartilage, having 
an extracellular matrix composed of 2 major compo
nents, aggrecan and collagen, provides a good model to 
study this kind of radiation effects. The following topics 
concerning literature data are summari:red: effects on the 
amount of matrix synthesi:red, effects on the activity of 
certain enzymes and effects on the structure and mor
phology of the matrix. Some new findings concerning 
the radiation effect on the si:re distribution of aggrecan
aggregate populations, de novo synthesi:red by chondro
cyte cultures, either derived from calcifying or from 
non-calcifying cartilage, are given. 

Key Words: Embryonic cartilage , ionizing radiation, 
extracellular matrix , aggrecan-aggregates, molecular 
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Introduction 

Although radiation studies predominantly describe 
damage caused by ionizing radiation on the structure of 
DNA and alterations in the mitotic activity of cells, 
alterations caused by the effect on the non-mitotic 
metabolism can also be important. Cartilage provides a 
good model to study this kind of radiation effects. The 
main metabolic activity of chondrocytes is the synthesis 
of extracellular material, consisting of two major compo
nents: the glycoprotein collagen II and the cartilage 
specific proteoglycan aggrecan. Collagen II is present 
in the matrix as fine, 20 nm thick fibrils. The aggrecans 
are mainly present in the matrix as large aggregates, 
composed of a central hyaluronan backbone to which 
several aggrecans are attached. Alterations in the 
metabolic activity, caused by irradiation , should be 
observable as alterations in the synthesis and/or the 
structure of these matrix molecules. 

Literature dealing with the effect of irradiation on 
cartilage, however, is scarce and contradictory. This 
effort represents a mini-review dealing with radiation 
effects on cartilage, not intending to be all inclusive, but 
rather reflecting the work of others as it impacts ongoing 
work of our laboratory. For this reason , we will 
emphasi:re data dealing with alterations caused by ion
izing radiation in the "metabolic• , non-mitotic activity of 
cartilage and in the structure and morphology of the 
cartilage matrix . 

Literature Survey 

Alterations in the "metabolic" activity caused by 
ionizing radiation 

First, we consider data dealing with the effect of 
ionizing radiation on the amount of matrix synthesi:red 
post-irradiation. Next, we consider data dealing with 
radiation effects on the activity of certain enzymes. 

Data dealing with the effect of irradiation on the 
amount of matrix synthesi:red are contradictory . Using 
in vivo experimental models, some authors describe an 
increase of matrix synthesis after irradiation. Engstrom 
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Figure 1. Light micrographs of non-calcifying sternal 
cartilage of a stage 41 chick embryo, cultured for 14 
days: (a) sham-irradiated control; and (b) irradiation 
with 50 Gy. After irradiation, some of the remaining 
viable cells show an enhanced staining with Alcian blue 
around their surface, indicative for an enhanced GAG
synthesis (arrows). This enhanced staining is absent in 
the control cartilage. 
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et al. (1983b), Macpherson et al. (1962) , and Tefft 
(1972) reach this conclusion based on histological obser
vations. They describe an increase in deposition of ex
tracellular material between the cell columns in epiphy
seal cartilage. Engstrom et al. (1983b) mention that an 

increase is already observable 1 day post-irradiation for 
radiation doses of 5. 8 and 10 Gy, but not for a radiation 
dose of 2 Gy. Using a radioactive matrix precursor 
(N11is35o4), Myers et al. (1989) describe that in vitro 
organ cultures from in vivo irradiated articular cartilage 
show an increase in GAG-synthesis of 21 %. Others, 
also using in vitro cultures derived from in vivo irradi 
ated cartilage, have reached different conclusions con
cerning the effect on the amount of matrix synthesis. 
Hugenberg et al. (1989) describe a decreased synthesis. 
Mosier et al. (1983) mention that an increased or de
creased synthesis, of collagen as well as of proteogly
cans, depends on the post-irradiation time. For experi
ments where not only the incorporation of radioactive 
precursors, but also the irradiation was performed in 
vitro, Cornelissen et al. (1990) and De Craemer et al. 
(1989) describe that the matrix synthesis, the collagen 
synthesis as well as the proteoglycan synthesis, is a 
radioresistant process. Data are based on short post
irradiation periods (3 days) for cultured cartilaginous 
chick-tibiae, derived from 7 day old chick embryos . 
Even radiation doses of 50 Gy had only a limited effect 
on the amount of matrix synthesired (a decrease of about 
25 % was observed). The same conclusion can be reach
ed from data provided by Bigger s and Gwatkin (1964) 
and De Ridder et al. (1988a,b) who describe the radia
tion effect on the lengthening of 7-day old embryonic 
chick tibiae . Even after a radiation dose of 50 Gy, 
tibiae increase equally in length during the first 3 days 
after irradiation . After a longer post-irradiation time, a 
decrease of 25 % is reported by Biggers and Gwatkin 
(1964) . According to these authors , a significant 
decrease at this time can be observed after administra
tion of 6.4 Gy. Nijweide et al. (1978, 1980), on the 
other hand , describe that a dose of 5 Gy results in a 
significant decrease in lengthening of radii and meta
tarsal bones of 14-17 day old mice-embryos , already 2.5 
days post-irradiation. Using organ cultures of non-cal
cifying cartilage, derived from the caudal part of embry
onic chick sterna of 14 day old chick embryos, Cornelis
sen et al. (1993a) also show that after a longer post-ir
radiation period, the effect on the matrix synthesis is 
limited. A radiation dose of 50 Gy caused a decrease of 
about 35 % fourteen days post-irradiation. Histological 
observations showed that after irradiation, some of the 
remaining "viable" cells, showed an enhanced matrix 
synthesis (Fig. 1). 

In a second part, data concerning the radiation effect 
on enzymes are considered. Literature data describe 
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Figure 2 . Electron micrograph of aggrecan-aggregates , synthesized by chondrocytes isolated from stage 41 embryonic 
chick stema during a 7 day culture period. Controls (C) and radiation doses of 10, 20 and 50 Gy are given. No struc
tural alterations due to irradiation are observed (bar = 200 nm). Aggregates consist of a central hyaluronan back bone 
to which several aggrecans are attached. Also , some free, non-attached aggrecans are seen. 

alterations in the activity of enzymes as well as alter
ations in the distribution of enzymes in different regions 
of the cartilage tissue. According to Melanotte and 
Follis (1961), alkaline phosphatase, normally restricted 
to the chondrocytes of the late hypertrophic area, is also 
found in the epiphyseal chondrocytes after irradiation. 
According to Engstrom et al. (1983a,b), a decreased or 
increased activity is dependent on the post-irradiation 
time. They describe alterations in the activity of certain 
enzymes in the epiphysis of tibiae. One day after irradi
ation, a decrease in alkaline phosphatase but an increase 
in acid phosphatase and glucose-6-dehydrogenase is ob
served (8-10 Gy, in vivo). Three days after irradiation, 
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all three enzymes were increased to regain the normal 
level 30 days post-irradiation. Concerning the radiation 
effect on the acid phosphatase activity, Cornelissen and 
De Ridder (1990, 1991) not only found variations due to 
the post-irradiation time, but also dependent on the type 
of cartilage tissue. They describe a different behaviour 
in calcifying and in non-calcifying cartilage. In calcify
ing cartilage, radiation seems to have a stimulatory ef
fect on the activity of acid phosphatase: the number of 
acid phosphatase positive cells increased with the radia
tion dose and the post-irradiation time. In non-calcify
ing cartilage, no correlation between radiation and acid 
phosphatase activity was observed. 
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Table 1. Characteristics of aggrecan-aggregate popula
tions, synthesized after different radiation doses during 
a 7 day post-irradiation period for the caudal (non-calci
fying) and the cephalic (calcifying) cultures. The aver
age aggregate ( expressed as the number of aggrecans per 
aggregate) and the number of aggregates containing 
more than 50 aggrecans (promille) are given. For each 
experiment, 900 aggregates were studied. 

caudal 

average 

> 50 

cephalic 

average 

> 50 

control 

27 

120 

20 

65 

10 Gy 

26 

106 

21 

59 

20 Gy 

25 

97 

15 

30 

50 Gy 

25 

100 

14 

25 

Structural, morphological alterations caused by 
ionizing radiation 

In growing long-bones, abnormal arrangements of 
the chondrocytes in the columns are described (Engstrom 
et al., 1983a,b; Melanotte and Follis, 1961; Nijweide et 
al., 1978). Other authors describe cartilage necrosis, 
due to irradiation. Nuclear pyknosis is often used as a 
criterium. Macpherson (1962); Melanotte and Follis 
(1961); Rubin et al. (1972) describe that nuclear pykno
sis is predominantly occurring in the dividing chondro
cytes of the proliferative rone. Non-proliferative carti
lage, evaluated on the occurrence of necrosis, on the 
other hand, seems to be more radioresistant. Articular 
cartilage, irradiated with 50 Gy, and observed during a 
3 to 9 months post-irradiation period, showed no degen
erative alterations (Takahashi et al., 1992). The elastic 
cartilage in the ear of the rabbit even did not show ne
crosis up to a dose of 150 Gy, whereas the surrounding 
connective tissue was already damaged after a dose of 
10 Gy (Langler et al., 1982). 

Also, the quality of the cartilage can change due to 
irradiation. Fragmentation of the matrix, decrease in 
metachromatic staining and aggregation of collagen fi
brils have been described (Langler et al., 1982; Mela
notte and Follis, 1961; Mosier et al . , 1983; Nijweide et 
al., 1978; Tefft, 1972). Early ossification due to irradi
ation is also mentioned. Tefft (1972) describes a slight 
increase in ossification in long bones. Mosier et al. 
(1983) show an increase in the number of matrix vesi
cles, indicative for a premature calcification . Others 
(Nijweide et al., 1980; Wientroub, 1990), however, 
describe an inhibitory effect of ionizing radiation on 
ossification. 
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Finally, direct irradiation of aqueous solutions of 
matrix molecules results in structural alterations . Hyal
uronan as well as aggrecan-aggregates and collagen are 
described to depolymerize (Balazs et al., 1967; Bates et 
al., 1984; Chung et al., 1984; Greenwald and Moy, 
1976, 1980; Lamberts and Alexander, 1964; Roberts et 
al., 1987). Cornelissen et al. (1993c) used a combina
tion of in vitro agarose cultures of isolated chondrocytes 
and a specific technique to liberate the synthesized ag
grecan-aggregate populations to discuss the radiation ef
fects on the molecular structure and on the size-distribu
tions of de novo synthesized aggregate-populations. 
They describe that after single radiation doses of 10, 20 
and 50 Gy no structural alterations in the molecular 
morphology could be detected (Fig. 2). However, radia
tion doses of 20 and 50 Gy caused a decrease in the 
number of large aggregates, synthesized by the chondro
cyte cultures. Only about 65 promille of the aggregates 
contained more than 50 aggrecans, compared to about 
125 promille for the control and the 10 Gy irradiated 
cultures. An average aggregate contained about 20 ag
grecans in cultures irradiated with 20 or 50 Gy and 
about 27 aggrecans in control cultures and cultures irra
diated with 10 Gy. 

To put these findings in a proper perspective, some 
new data concerning the radiation effect on aggrecan
aggregates, de novo synthesized after irradiation are 
given. We discuss the size-distributions in aggrecan
aggregate populations, synthesized during a 7 days post
irradiation period by irradiated chondrocytes. For this 
reason, chondrocytes were enzymatically isolated from 
cartilaginous embryonic chick sterna (stage 41 according 
to Hamburger and Hamilton, 1951). One population 
was derived from the calcifying cephalic part, and the 
other from the non-calcifying caudalic part. Isolation 
was performed as described earlier by Verbruggen et al. 
(1990). Single radiation doses of 10, 20 and 50 Gy 
were used. After the 7 days culture period, a specific 
technique was used to liberate and visualize the aggre
can-aggregates (Cornelissen et al., 1993b). Size-distri
butions of the newly synthesized aggrecan-aggregate 
populations were arrived at by expressing the number of 
aggrecans per aggregate. For each radiation dose, 3 ex
periments were performed. For each experiment, 300 
aggregates were counted for the irradiated, as well as 
for the control cultures. Results are given in Table 1. 

Summarizing : an average aggrecan-aggregate, syn
thesized by chondrocytes of the non-calcifying part of 
the sternum (caudal part) contained 27 aggrecans, an av
erage aggrecan-aggregate synthesized by chondrocytes of 
the calcifying sternal part (cephalic part) contained 20 
aggrecans. Both populations contained a number of 
large aggregates, with more than 50 aggrecans. For the 
non-calcifying culture, this number was 120 promille; 
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for the calcifying culture, 65 promille. Irradiation main
ly caused alterations in the cephalic cultures. After irra
diation with 10, 20 and 50 Gy, an average aggregate 
contained 21, 15 and 14 aggrecans, respectively. Si:zes 
of aggrecan-aggregates synthesized by the caudal, non
calcifying chondrocytes, were practically not influenced 
by irradiation. An average molecule after irradiation 
with 10, 20 and 50 Gy contained respectively 26, 25 and 
25 aggrecans. Also, concerning the presence of large 
aggregates alterations due to irradiation were mainly ob
served in the cephalic populations , starting from a radia
tion dose of 20 Gy. The numbers of these aggregates 
were reduced to about 25 promille in the cephalic cul
tures and only to about 100 promille in the caudal cul
tures. 

Discussion and Concluding Remarks 

Data from the literature, dealing with radiation 
effects on cartilage, are difficult to compare . Often, 
experiments are performed under very different experi
mental conditions. Nevertheless, the following conclud
ing remarks can be made. Compared to other tissues, 
cartilage is a radio-resistant tissue. Under experimental 
in vivo conditions, very high doses are used to observe 
disturbances in the cartilage. For example, I.angler et 
al. (1982), using single radiation doses of 10 to 430 Gy, 
describe that cartilage remains intact even when the 
surrounding connective tissue is already damaged. The 
fact that cartilage is devoid of blood vessels and has a 
large amount of inert extracellular material, separating 
cells, with a low mitotic activity, may lie at the basis of 
it's radio-resistance. Only proliferative cartilage seems 
to be more radiosensitive. A retardation in bone growth 
is observed due to the damage of the cells of the prolif 
erative zone. This retardation is only temporary and can 
be restored by some of the remaining viable cells that 
start to divide again (Kember , 1965, 1967). Even after 
administration of a single dose of 20 Gy, 10 to 15 days 
post-irradiation , the few surviving cells of the 
proliferative zone of an irradiated rat tibia start to 
produce "recovery" clones to repopulate the cartilage 
plate. From in vitro radiation experiments on long 
bones derived from embryo's, it can be deduced that the 
effect on the lengthening depends on the type of the long 
bone . According to Wolpert (1981) , the degree of inhi
bition depends on the contribution of proliferative cells 
to the lengthening. Long bones with an important con
tribution of proliferation to the lengthening seem to be 
more radiosensitive. This is supported by our own re
sults concerning radiation experiments with embryonic 
chick tibiae (De Ridder et al . , 1988a,b). In the tibia, 
where the contribution of cell proliferation to the length
ening is also minimal (no correlation was found between 
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thymidine incorporation and increase in length), the 
radiation effect to the lengthening was restricted. 

As already mentioned, the metabolic activity of a 
chondrocyte predominantly involves the synthesis of the 
extracellular matrix. This matrix synthesis seems to be 
a radioresistant process. Some authors even mention a 
temporary increased synthesis after irradiation. Others 
however, mention a decreased synthesis. Especially, the 
post-irradiation time and, of course, the radiation dose 
are important variables which determine that radiation 
either results in an increased or in a decreased synthesis. 
According to our own findings, difficulties in interpreta
tion may also be due to the fact that radiation may affect 
different cells in the same tissue in a different way. In 
tissue cultures of irradiated sternal (non-calcifying) car
tilage, we observed that irradiation (50 Gy) results in the 
death of a large number of chondrocytes ( evaluated by 
the occurrence of pyknotic nuclei). Beside the dead 
cells, randomly distributed in the tissue, some viable 
cells remained , some of which showed an enhanced syn
thesis (Cornelissen et al., 1993a). Stimulation of some 
of the remaining viable cells after irradiation could ex
plain the limited radiation effect on the matrix synthesis . 

Also, causing part of the effect on the non-mitotic 
metabolism , are the radiation effects on the synthesis 
and on the activity of certain enzymes . Especially, the 
effect of irradiation on lytic enzymes (for example, acid 
phosphatase) is discussed in literature . Also , radiation 
effects on enzymes, involved in the calcification process 
(alkaline phosphatase), are subject of discussion. Both 
enzymes, acid phosphatase as well as alkaline phospha
tase, are described which may increase shortly after irra
diation ; after a longer post-irradiation time, they reach 
their normal levels again . According to our own results 
concerning the radiation effect on the acid phosphatase 
activity, a different behaviour is observed in cephalic 
calcifying cartilage compared to caudalic non-calcifying 
cartilage (Cornelissen et al ., 1990; Cornelissen and De 
Ridder, 1990, 1991). In calcifying cartilage , a correla
tion between radiation and acid phosphatase activity (ly
sosomal activity) is found; in non-calcifying cartilage, no 
correlation exists. So, unlike the description in earlier 
literature, the radiation effect on the acid phosphatase 
activity is not only dependent on the radiation dose and 
the post-irradiation time, but also on the type of cartilage 
(calcifying versus non-calcifying). This can be explain
ed by the fact that in calcifying cartilage, cells become 
hypertrophic before endochondral ossification starts. 
According to Matsuz.awa and Anderson (1971), this hy
pertrophy is characterized by an enhanced activity of 
acid phosphatase. The enhanced activity of acid phos
phatase could reflect a premature degeneration accompa
nying a premature ossification as a consequence of irra
diation. Also, the findings of Melanotte and Follis 
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(1961) indicate that irradiation of epiphyseal chondro
cytes results in a premature degeneration . They describe 
that alkaline phosphatase , normally restricted to the hy
pertrophic chondrocytes after irradiation, is also found 
in epiphyseal chondrocytes. Also, in general, beside 
cell death, acceleration of the differentiation process is 
known to be one of the possible effects caused by irradi
ation of cells (Tubiana et al., 1990). Moreover, in cal
cifying cartilage, where changes in acid phosphatase ac
tivity could already be detected after irradiation (before 
the occurrence of other morphological alterations), de
tection of acid phosphatase can be considered as an early 
marker of radiation damage. 

Our new data concerning the size-distributions of 
aggrecan-aggregate populations, de novo synthesized af
ter irradiation (presented in Table 1 here) , also indicate 
a different radiation effect on cephalic calcifying and 
caudalic non-calcifying chondrocytes. Also , under nor
mal conditions , the appearance of smaller aggregates is 
described to accompany the process of calcification : the 
cephalic calcifying area (hypertrophic area) is character
ized by the presence of smaller aggregates, compared to 
the epiphysis and the proliferative zone (Buckwalter, 
1983). Our data, on the average size of an aggregate 
synthesized by a calcifying or non-calcifying culture (re
spectively containing 20 and 27 aggrecans) , indicate that 
under in vitro conditions these characteristics are retain
ed also . Our data, which describe the average aggre
gate-sizes after irradiation, show that alterations in size 
occur in the cephalic calcifying culture and not in the 
caudalic non-calcifying culture. We deduce that, as with 
the changes in acid phosphatase activity , this reduction 
in aggregate-size reflects a premature ossi ti.cation after 
irradiation . The underlying mechanism for the basis of 
the decrease in aggregate -size (under normal physiologi
cal conditions) is not completely understood. It is ac
cepted that smaller aggregates are not the result of an 
impaired synthesis but that they are the result of an ex
tracellular degradation of existing aggregates (Poole et 
al . , 1982). Proteolytic degradation of aggregates with 
proteases, acting on the core protein of the aggrecans , is 
not accepted as the mechanism since the process of cal
cification is not accompanied with a shortening of the 
subunits (Buckwalter and Rosenberg , 1981). Only deg
radation of the hyaluronan back-bone seems to occur. 
As a possible agent for the hyaluronan degradation, en
zymatic as well as non-enzymatic mechanisms are men
tioned in literature . As non-enzymatic mechanism, ef
fects of free radicals are mentioned (Bates et al., 1984; 
Chung et al., 1984; Greenwald and Moy, 1976, 1980; 
Roberts et al., 1987). However, degradation by free 
radicals seems unlikely in our in vitro system since free 
radicals have only a short activity time and since their 
formation is restricted to the short period of irradiation . 
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At that moment, no extracellular matrix is present 
around the chondrocytes. On the other hand, hyaluroni
dase, the enzyme capable of cutting the hyaluronan chain 
in pieces, could decrease aggregate-size without chang
ing the structure of the other subunits of the aggregates. 
However, this enzyme has not yet been detected in carti
lage and moreover, it has a low pH optimum (Sapolsky 
et al., 1974). Maybe, in our irradiated system however, 
acid hydrolases could be the basis of this degradation. 
In calcifying cartilage, the correlation of radiation and 
acid phosphatase activity on one hand, and radiation and 
decrease in aggregate-size on the other hand, gives an 
indication in that direction. 
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Disc~ion with Reviewers 

L. de Saint-Georges: What is the interest of the carti
lage as a model for the study of the effect of ionizing 
radiation to a non-mitotic metabolism system? The radi
ation effect on a non-mitotic system will only be detect
ed at very high doses, used in radiotherapy to damage 
locally transformed cells. The study of such doses on 
normal cells might present a rather limited interest. 
Authors: Indeed, at the start of our work, only after 
administration of very large doses of ionizing radiation, 
alterations could be observed on the metabolic activity or 
on the structural components in our cartilage model. 
Effects were only found with radiation doses of more 
than 150 Gy (de Ridder et al., 1988a). Later on, when 
looking at the effect on the molecular structure of newly 
synthesized proteoglycan molecules, effects were already 
visible at a dose of 20 Gy after a short post-irradiation 
period (7 days) (Cornelissen et al., 1993c). From the 
observed differences between the newly synthesized 
molecules from cephalic calcifying and caudalic non
calcifying cartilage cultures, it could be deduced that 
ionizing radiation in our cartilage model results in an 
acceleration of the differentiation process. 
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T.M. Seed: What is the statistical significance of the 
noted differences in the data listed in Table 1 as well as 
those described in the text? 
Authors: The noted differences concern the populations 
of very large aggregates, containing more than 50 aggre
cans per aggregate. Applying Poisson's statistics, no 
significant differences were observed after administration 
of 10 Gy compared to the controls. After a radiation 
dose of 20 and 50 Gy, significant differences (95 % 
confidence limit) were found . 

P.J. Nijweide: What is the molecular basis of the find
ing that cartilage cells of calcifying cartilage do respond 
to irradiation with the production of smaller aggregates, 
while cells of non-calcifying cartilage do not? 
Authors: The appearance of smaller aggregates in car
tilage is occurring under normal conditions (e.g., with 
increasing age and during the process of endochondral 
ossification) as well as under pathological conditions 
(e.g., in chondrosarcomas, osteoarthritis and rheumatoid 
arthritis). Looking at the molecular morphology of the 
aggrecans and aggrecan-aggregates after irradiation, it 
was seen that alterations occurred in the size of the ag
gregates, without changing the length of the aggrecans 
itself. These alterations are also described during the 
process of endochondral ossification for the aggregates 
found in the hypertrophic cartilage area (Buckwalter, 
1983; Buckwalter and Rosenberg, 1981). The described 
alterations do not fit with those described for chondro
sarcomas (larger aggregates and longer aggrecans) and 
arthritis (shorter aggrecans due to the cleavage of the 
protein-core). 
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