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Chemical composition of human femoral head
cartilage: influence of topographical position and
fibrillation
M. F. VENN

From the Bone andJoint Research Unit, Arthritis and Rheumatism Council Building, London Hospital Medical
College, Turner Street, London El 2AD

suMMARY Topographical variations in the composition of cartilage have been described in post-
mortem femoral head cartilage. Weight bearing cartilage of the superior region was considerably
thicker and had a higher glycosaminoglycan content and lower water and collagen content than
cartilage at the periphery and below the fovea. These topographical variations in composition may
result both from variations in thickness of the cartilage and from regional areas of degeneration.
The composition of cartilage at different depths and with different surface characteristics from dif-
ferent areas of the femoral head was measured. Fibrillated cartilage both from the inferior and
superior perifoveal areas had a reduced glycosaminoglycan content and higher water content than
intact post-mortem specimens. Cartilage adjacent to fibrillated areas from the superior region did not
differ in composition from intact areas of cartilage from the zenith of the femoral head.

The chemical composition of articular cartilage
varies with age (Hjertquist and Lemperg, 1972;
Ruttner et al., 1974; Venn, 1978) and with degen-
erative change (Ficat and Maroudas, 1975; Venn and
Maroudas, 1977). Degenerative changes themselves
are age-related (Collins and Meachim, 1961;
Bullough et al., 1973). In addition cartilage compo-
sition varies between different joints (Maroudas,
1975) and with topography on a single joint (Bjelle,
1974). Cartilage composition is known to influence
the mechanical functioning of the tissue. For
instance, the weight bearing areas of the femoral
head are associated with both high compressive
stiffness and high glycosaminoglycan content
(Kempson et al., 1970). Thus a detailed study of
topographical variations in the chemical compo-
sition of normal cartilage is important both for
an understanding of the mechanism of joint
function and as a basis for the study of the changes
in composition which occur as a result of age and
degeneration.
A certain amount of confusion exists in the liter-

ature regarding the degenerative changes of clinical
osteoarthrosis and normal post-mortem fibrillation,
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and in some cases the terms have been used syn-
onymously. However, in the post-mortem femoral
head fibrillation generally occurs in the inferior
region in the perifoveal area, and at the periphery, in
contrast to osteoarthritic specimens, where bone
exposure at the zenith of the femoral head is fre-
quently surrounded by areas of thinned or fibrillated
cartilage (Byers et al., 1970). Thus the 'progressive'
fibrillation in weight bearing areas leading to
development of osteoarthrosis is probably caused by
different factors from those which cause degeneration
of the non-weight bearing areas, and osteoarthrosis
of the hip may be the end result of several different
pathological processes (Kellgren, 1961). If this is the
case, the sequence of biochemical events may well
differ between fibrillation and osteoarthrosis, and
the assumption that the degenerative changes noted
in fibrillated post-mortem cartilage merely differ
in extent from those which occur in osteoarthrosis
may not be valid.
The present study is an extension of work pre-

viously reported (Venn and Maroudas, 1977) and
has been undertaken to establish the effect of topo-
graphical situation on the chemical composition of
femoral head cartilage and to evaluate the effect of
fibrillation in cartilage from different areas of the
femoral head.
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58 Venn

Materials and methods

MATERIALS
Human femoral heads were obtained at necropsy
and stored at -20°C until use. Surface character-
istics were visualised by Indian ink staining
(Meachim and Stockwell, 1973); all specimens which
showed uptake of stain after gentle wiping were
classed as fibrillated. Full-depth cartilage plugs were
cut with a cork borer (1 cm diameter) and were
excised from the bone with a sharp scalpel. In order
to determine biochemical variations with depth of
200 sum slices were cut parallel to the cartilage surface
with a freezing microtome.

METHODS
Cartilage thickness was measured with a millimeter
micrometer. The wet weight of cartilage specimens
was determined after soaking for 30 minutes in
0415 M NaCl in order to ensure rehydration after
dissection. Negligible amounts of glycosamino-
glycans were lost in this period. The dry weight of
each sample was determined by weighing to constant
weight after drying to 67°C. Fixed charge density
(FCD) was determined by the tracer cation method
as previously described (Maroudas and Thomas,
1970). Cartilage was digested in papain solution
(1 mg per 20 mg dry weight) overnight at 67°C
(Hjertquist and Lemperg, 1967) prior to chemical
analysis. Uronic acid was determined by the Bitter
and Muir (1962) procedure as modified for auto-
mated analysis (von Berlepsch, 1969). Hexosamine
was determined by the Elson and Morgan reaction
(1933) after hydrolysis for 4 hours at 100°C and
drying in vacuo overnight. Hydroxyproline content
was determined using the Stegemann (1958) method
modified for automated analysis by Grant (1964).

CALCULATIONS
Collagen content was calculated by multiplying the
hydroxyproline content by 7 6 (Eyre, private com-
munication). Chondroitin sulphate content was
estimated from the uronic acid content (mM/g) and
keratan sulphate was estimated by subtracting the
uronic from the hexosamine content (mM/g)
as previously described (Venn and Maroudas,
1977).

Results

CHEMICAL COMPOSITION WITH POSITION
ON THE FEMORAL HEAD
Full-depth plugs of cartilage 1 cm diameter were
excised adjacent to each other at a distance 1 cm
from the fovea. Cartilage plugs were also cut across
the superior surface of the femoral head to give a

profile from the fovea to the outer peripheral
region of the femoral head. Measurements were
made on 8 femoral heads (mean age 48, range 36 to
58) selected to include only specimens with cartilage
in good condition. Surface fibrillation as shown by
Indian ink staining occurred at position points
1, 2, 12, 13, and 16 (Fig. 1), that is, surrounding the
fovea, in the inferior region, and at the periphery.
Mean values for thickness, collagen, water, fixed
charge density, chondroitin, and keratan sulphate
contents are shown in Table 1 (position points as in
Fig. 1). A similar pattern was found in all specimens.
In general, cartilage was thickest at the zenith of the
femoral head and thinnest below the fovea and
at the periphery.
Water content was lowest in the superior region

and greatest in the fibrillated regions below the
fovea and at the periphery. Total glycosamino-
glycan content as measured by fixed charge density
was maximal in the superior region and at a point
midway between the fovea and the periphery (Table
1 and Fig. 1). Both the chondroitin and keratan
sulphate contents showed a similar variation with
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Fig. 1 Variation offixed charge density, keratan,
and chondroitin sulphate content with position over the
femoral head (N=8, mean age 48, age range 38-58).
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Human femoral head cartilage 59

Table 1 Variation of thickness, water content, collagen content, fixed charge density, chondroitin, and keratan
sulphate content with position over the femoral head. Same specimens as Fig. 1. Position points as in Fig. 1
Position Thickness Water content Collagen content FCD meqlg Chondrotin sulphate Keratan sulphate
point mm % wet weight Y. dry weight wet weight mM/g wet weight mM/g wet weight

Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

1 1.37 0-13 74-28 0.52 71-96 5.35 0.091 0-013 0.034 0-0056 0.023 0-0071
2 1.39 0.09 74-04 0-60 63-94 4.40 0-103 0-014 0.039 0-0048 0-031 0-0067
3 1-40 0.09 72-88 0-85 61-31 4.36 0.130 0.011 0-046 0-0037 0.039 0-0064
4 1.66 0.11 72-25 0.49 57-70 4.80 0-150 0-006 0.052 0.0022 0-049 0-0046
5 1-90 0.10 70-80 0-51 55-94 4-58 0.154 0.006 0-056 0-0025 0-053 0-0060
6 1*93 0.12 70-97 0.43 56-48 5.85 0-155 0-007 0.056 0-0023 0.048 0-0039
7 1*75 0.09 70-63 0.66 59*10 4-90 0-152 0.009 0.057 0.0024 0-048 0.0057
8 1.74 0.15 70-52 0-52 60-64 4.55 0.149 0-006 0-056 0.0021 0-047 0.0086
9 1.74 0.16 70-91 0.45 60-06 4-22 0-146 0.006 0-054 0-0014 0.043 0.0073
10 1.51 0.14 71-12 0-52 66-29 4-67 0-140 0.008 0.050 0-0017 0-033 0.0076
11 1.36 0.08 71.20 0-67 67-72 6.08 0.133 0.007 0-045 0-0058 0.026 0.0102
12 1-42 0-10 72-64 0-67 75-53 10-68 0.111 0.017 0.041 0.0069 0.026 0-0152
13 2-01 0-17 72-40 1.09 63-06 3.98 0.133 0.008 0-049 0-0022 0-040 0.0047
14 1.92 0.14 70-87 0.56 57-29 3-58 0-153 0.006 0-056 0-0019 0.051 0-0059
15 1.61 0.15 71-70 1.31 60-46 1-92 0.142 0.007 0.047 0.0029 0.047 0-0053
16 1.30 0.13 73-07 1*38 63-50 1.61 0-108 0-007 0.029 0-0053 0.028 0.0041

position (Table 1 and Fig. 1), though keratan sul-
phate was more variable than the chondroitin
sulphate content. Collagen content (percentage dry
weight) was greatest in the fibrillated regions below
the fovea and at the periphery, as would be expected
in regions of low glycosaminoglycan content.
The gradual increase of glycosaminoglycan

content from a minimum below the fovea to a
maximum in the superior region could not be entirely
accounted for by surface fibrillation, since in the
specimens selected Indian ink uptake was confined
to limited areas below the fovea, surrounding the
fovea, and at the periphery (Fig. 1). In addition
similar topographical variations have been observed
in young specimens (under 20 years of age), though
to a less marked extent owing to the small amount
of keratan sulphate present in this age group.
However, the topographical variation of glyco-
saminoglycan content in intact cartilage correlated
well with cartilage thickness (Fig. 2), while fibrillated
cartilage always had a lower glycosaminoglycan
content than intact cartilage of the same thickness.

EFFECT OF FIBRILLATION WITH DEPTH IN
CARTILAGE FROM DIFFERENT REGIONS
Fibrillated cartilage was removed from post-mortem
femoral heads at a position either above or below
the fovea as illustrated (Fig. 3). Adjacent areas with
an intact surface were also analysed t ogether with a
control plug from the superior region. Fibrillated
cartilage from both inferior and superior regions
had a lower glycosaminoglycan content than the
control cartilage (Fig. 4). Cartilage adjacent to
fibrillated areas from the superior surface had a
similar glycosaminoglycan content to the control
cartilage. Areas adjacent to fibrillation in the inferior
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Fig. 2 Correlation offixed charge density with cartilage
thickness in intact andfibrillated specimens. Mean
values 8 samples per point (same specimens as Fig. 1).

region showed some slight surface degeneration.
They had a lower glycosaminoglycan content than
adjacent areas from the superior surface, consistent
with the findings of full depth cartilage from this
area.

Similar results were obtained for chondroitin
(Fig. 5) and keratan sulphate (Fig. 6) contents,
though keratan sulphate was more variable than
chondroitin sulphate and proportionally lower in
fibrillated than intact cartilage.

There was a marked increase in water content in
fibrillated cartilage throughout the depth of the
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Fig. 3 Position ofsampling points for study of
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c
006

ta 005 e

E 004
E

a0

cn
-O 0023

002
z
U 0.01

CL

0 Intact superior

X Fibrillated superior

* Fibrillated inferior

A Adjacent to fibrillated
area superior

A Adjacent to fibrillated
area inferior

I 2xSEM

2 3 4 5

Slice number
6 7

Fig. 5 Variation of chondroitin sulphate with depth.
Same specimens as Fig. 4.

0 Intact superior

X Fibrillated superior

* Fibrillated inferior

A Adjacent to fibrillated
area superior

A Adjacent to fibrillated
area inferior

I 2xSEM

1 2 3 4 5
Slice number

3:a)
005

) 004
E
E

Q)00

Ln
C 002
a
a)

_.

67

Fig. 4 Variation offixed charge density with depth
in samples from different areas of the femoral head
(sampling positions shown on Fig. 3). Five samples
per point, mean age 67, range 58-76.

cartilage (Fig. 7). This was especially true in fibril-
lated areas below the fovea. Adjacent areas from the
inferior region had a slightly higher water content
than the intact cartilage, but there was no significant
difference between intact and adjacent samples in
the superior region. In all groups of cartilage, fibril-
lated or not, the slope of the water content profile
with depth was similar, being greatest at the surface
and decreasing gradually with depth.

0 Intact superior

X Fibrillated superior

* Fibrillated inferior

A Adjacent to fibrillated
area superior

A Adjacent to fibrillated
area inferior

I

Slice number

Fig. 6 Variation of keratan sulphate content with
depth. Same specimens as Fig. 4.

Finally, one marked difference between samples
from the different regions of the femoral head is the
variation in thickness, cartilage being significantly
thinner in the inferior regions.

Discussion

It could be argued that the variations of glyco-
saminoglycan content with topography noted in this
study are due to loss of glycosaminoglycans through
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Fig. 7 Variation of water content with depth. Same
specimens as Fig. 4.

minimal surface defects not visualised on Indian ink
staining. Indeed areas of low glycosaminoglycan
content (below the fovea and at the periphery of the
femoral head) are normal foci of fibrillation in post-
mortem specimens (Meachim and Emery, 1973).
However, the specimens used in this study were

selected for the integrity of their cartilage surface,
and the only regions showing surface fibrillation
were in the inferior region, around the fovea, and
at the periphery. In addition the other character-
istics of fibrillated cartilage (high water and collegen
contents) were noted only in areas of Indian ink
staining. Thus it is likely that the gradual reduction
of glycosaminoglycan content from the superior
to the inferior region is due to factors other than
surface damage.

Human femoral head cartilage 61

The most likely explanation for the topographical
variation of gylcosaminoglycan content is that it is
related to cartilage thickness. The observed variation
in thickness (cartilage is thickest at the zenith of the
femoral head and thinnest at the periphery and below
the fovea) correlates well with the variation in gly-
cosaminoglycan content. In thin cartilage from the
inferior region the profile of glycosaminoglycan
content with depth is similar to that for thicker
cartilage, but a higher proportion of the cartilage
is made up of the low glycosaminoglycan-contain-
ing surface regions and proportionately less consists
of the glycosaminoglycan-rich deeper zones.
The results of the present study are in good

general agreement with those of Bjelle (1974), who
found a reduction of glycosaminoglycan content in
the non-weight bearing areas of the femoral condyle
and a greater variation in keratan than in chond-
roitin sulphate with position. However, in that
study the effect of cartilage thickness was not taken
into account. Cartilage stiffness also varies with
position over the femoral head (Kempson et al.,
1971); cartilage is stiffest at the zenith of the femoral
head, where both thickness and glycosaminoglycan
content are greatest. This area of thick cartilage
with a high glycosaminoglycan content coincides
with the loaded area between the femoral head and
the acetabulum (Greenwald, 1970).

Degenerate cartilage is characterised by a low
glycosaminoglycan content (Matthews 1953; Bollet
et al., 1963; Bollet and Nance, 1966) and a high
water content (Bollet and Nance, 1966; Venn and
Maroudas, 1977). Glycosaminoglycan content is
reduced throughout the cartilage thickness in speci-
mens showing overt fibrillation (Maroudas et al.,
1973), and, as has been confirmed in this study,
adjacent areas with an intact surface show no
reduction in glycosaminoglycan content. In the
patella the glycosaminoglycan content does not
vary with position in cartilage of the same thickness
but is reduced in thin and/or fibrillated cartilage
(Ficat and Maroudas, 1975).
One of the most noticeable differences between

intact and fibrillated post-mortem femoral head
cartilage is the increase in water content in fibrillated
specimens. However, the profile of water content
with depth remains similar in the 2 groups, unlike
that for osteoarthritic femoral head cartilage,
where water content is maximal in the mid zones
(Maroudas, 1976; Maroudas and Venn, 1977).
The swelling of the mid zones of osteoarthritic
cartilage is thought to be due to damage of the col-
lagen framework which is no longer capable of
restraining the swelling pressure of the proteo-
glycans. The difference in the pattern observed
in osteoarthrosis as compared to post-mortem
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62 Venn

fibrillated cartilage may result from a difference in
the nature of the initial damage to the cartilage, or
it may be a result of topographical differences. In
osteoarthrosis cartilage is frequently eroded at the
zenith of the femoral head (Byers et al., 1970), while
fibrillated cartilage occurs in the peripheral, inferior,
and perifoveal regions.

It is unlikely that the pattern of water content
with depth generally observed in fibrillated post-
mortem cartilage could lead to the type of profile
seen in osteoarthritic specimens. However, it must be
emphasised that the 2 patterns do overlap to some
extent, and that occasionally osteoarthritic cartilage
shows a profile for water content similar to that for
post-mortem cartilage and vice versa. In addition
there may be a variation in cartilage from other
joints. For example, in fibrillated post-mortem
patella cartilage the profile of water content with
depth is similar to that for osteoarthritic femoral
head cartilage (Maroudas, personal communication).

The study was supported by a grant from the Medical
Research Council.

References

Bitter, T., and Muir, H. (1962). A modified uronic acid
carbazole reaction. Analytical Biochemistry, 4, 330-334.

Bjelle, A. 0. (1974). Variations in content and composition
of glycosaminoglycans within the lower femoral epiphysis
of an adult. Scandinavian Journal of Rheumatology, 3, 81-
88.

Bollet, A. J., and Nance, J. L. (1966). Biochemical findings
in normal and osteoarthritic articular cartilage. II Chond-
roitin sulphate concentration and chain length, water and
ash content. Journal of Clinical Investigation, 45, 1170-
1177.

Bollet, A. J., Handy, J. R., and Sturgill, B. C. (1963). Chond-
roitin sulphate concentration and protein-polysaccharide
composition of articular cartilage in osteoarthritis.
Journal of Clinical Investigation, 42, 853-859.

Bullough, P., Goodfellow, J., and O'Connor, J. (1973). The
relationship between degenerative changes and load
bearing in the human hip. Journal of Bone and Joint Sur-
gery, 55B, 746-758.

Byers, P. D., Contepori, C. A., and Farkas, T. A. (1970).
A post-mortem study of the hip joint. Annals of the
Rheumatic Diseases, 29, 15-31.

Collins, D. H., and Meachim, G. (1961). Sulphate (85SOQ)
fixation by human articular cartilage compared in the
knee and shoulder joints. Annals ofthe Rheumatic Diseases,
20, 117-129.

Elson, L. A., and Morgan, W. T. J. (1933). A colorimetric
method for determination of glucosamine and chondro-
samine Biochemical Journal, 27, 1824-1828.

Ficat, C., and Maroudas, A. (1975). Cartilage of the patella.
Topographical variation of glycosaminoglycan content
in normal and fibrillated tissue. Annals of the Rheumatic
Diseases, 34, 515-519.

Grant, R. A. (1964). Estimation of hydroxyproline by
AutoAnalyser. Journal of Clinical Pathology, 17, 685-689.

Greenwald, A. S. (1970). The transmission of loads through
animal joints. Ph.D. thesis. University of Oxford.

Hjertquist, S. O., and Lemperg, R. C. (1967). Studies of auto-
logous diced costal cartilage transplant. III with special
regard to glycosaminoglycans, hydroxyproline, calcium
and S35 sulphate incorporation in vitro after intramus-
cular transplantation. Acta Societatis Medicorum Upsali-
ensis, 72, 173-183.

Hjertquist, S. O., and Lemperg, R. C. (1972). Identification
and concentration of the glycosaminoglycans of human
articular cartilage in relation to age and osteoarthritis.
Calcified Tissue Research, 15, 237-243.

Kellgren, J. H. (1961). Osteoarthrosis in patients and popu-
lations. British Medical Journal, 2, 1-6.

Kempson, G. E., Muir, H., Swanson, S. A. V., and Freeman,
M. A. R. (1970). Correlation between stiffness and the
chemical constituents of cartilage in the human femoral
head. Biochimica et Biophysica Acta, 177, 492-500.

Kempson, G. H., Spivey, C. J., Swanson, S. A. V., and
Freeman, M. A. R. (1971). Pattems of cartilage stiffness
on normal and degenerate human femoral heads. Journal
of Biomechanics, 4, 597-609.

Maroudas, A. (1975). Biophysical chemistry of cartilaginous
tissues with special reference to solute and fluid transport.
Biorheology, 12, 233-248.

Maroudas, A. (1976). Balance between swelling pressure and
collagen tension in normal and degenerative cartilage.
Nature, 260, 808-809.

Maroudas, A., and Thomas, H. (1970). A simple physi-
cochemical method for determining fixed anionic groups in
connective tissue. Biochimica et Biophysica Acta, 215,
214-216.

Maroudas, A., Evans, H., and Almeida, L. (1973). Cartilage
of the hip joint: topographical variation of glycosamino-
glycan content in normal and fibrillated tissue. Annals of
the Rheumatic Diseases, 32, 1-9.

Maroudas, A., and Venn, M. (1977). Chemical composition
and swelling of normal and osteoarthritic femoral head
cartilage. II Swelling. Annals of the Rheumatic Diseases, 36,
399-406.

Matthews, B. F. (1953). Composition of articular cartilage
in osteoarthritis. Changes in collagen-chondroitin sulphate
ratio. British Medical Journal, 2, 660-661.

Meachim, G., and Emery, I. H. (1973). Cartilage fibrillation
in shoulder and hip joints in Liverpool necropsies. Journal
of Anatomy, 116, 161-179.

Meachim, G., and Stockwell, R. A. (1973). In The Matrix.
Adult articular cartilage, p. 1. Edited by M. A. R. Freeman.
Pitman: London.

Ruttner, J. R., Spycher, A. M., Werner, G., and Amado, R.
(1974). Biochemical and morphological studies on the
cartilage of the femoral head. Verhandlungen der deutschen
Gesellschaft fur Pathologie, 58, 392-394.

Stegemann, H. (1958). Microbestimmung von Hydroxy-
proline mit Chloramine-T und p-Dimethylaminoben-
zaldehyd. Hoppe-Seylers Zeitschrift fur physiologische
Chemie, 311, 41-45.

Venn, M. F. (1978). Variation of chemical composition
with age in human femoral head cartilage. Annals of the
Rheumatic Diseases, 37, 168-174.

Venn, M., and Maroudas, A. (1977). Chemical composition
and swelling of normal and osteoarthritic femoral head
cartilage. I. Chemical composition. Annals of the Rheu-
matic Diseases, 36, 121-129.

von Berlepsch, K. (1969). Two automated procedures for the
determination of uronic acid in acid glycosaminoglycans.
Analytical Biochemistry, 27, 424-429.

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://ard.bm

j.com
/

A
nn R

heum
 D

is: first published as 10.1136/ard.38.1.57 on 1 F
ebruary 1979. D

ow
nloaded from

 

http://ard.bmj.com/

