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Effect of osteochondral defects on articular

cartilage

Contact pressures studied in dog knees

Ben H. Nelson', Donald D. Anderson?, Richard A. Brand'?
and Thomas D. Brown'?

Full thickness osteochondral defects 6 mm in diameter were created in the weight-
bearing regions of the femoral condyles in 5 adult mongrel dogs to study the contact
pressure changes accompanying healing. A digital imaging technique employing Fu-
ji Prescale film mapped contact pressures following 11 months of healing for com-
parison with contralateral normal knees, and knees with freshly made defects. Al-
though all defects healed uneventfully with subchondral plate reconstitution and
with growth restoration of the articular surface, the repair soft tissue appeared histo-
logically to be primarily fibrous tissue, with varying degrees of a fibrocartilaginous
component, The mean and peak stresses about fresh defects were not appreciably dif-
ferent from those about healed defects. Neither were there substantial differences in
the total cartilage area making contact, except when very low loads were appiied. The
results suggest that the repair tissue is of poor mechanical quality, and does not con-
tribute appreciably to weight bearing. The cartilage adjacent to the defect did not ex-
perience high stresses; neither gross nor light microscopic evidence of degeneration
appeared at 11 months. If degeneration does occur following such defects, our data

suggest that it is not because of elevated contact stresses.

The recent availability of pressure-sensitive film plus
the development of optical scanning techniques for
high-resolution analysis of the films has made it possi-
ble to determine local contact pressures on articular
surfaces (Fukubayashi and Kurosawa 1980, Kimizuka
etal. 1980, Hehne et al. 1981, Dorenberg 1983, Tarret
al. 1985, Brown et al. in press). We report on altera-
tions in local joint contact pressures and contact areas
produced by defects in the dog femoral condyle, both
acutely and after healing.

Material and methods

Five conditioned adult mongrel dogs weighing 21 to
25 kg were anesthetized with barbiturate. They under-
went median parapatellar arthrotomies, three bilateral
and two unilateral (i.e., eight knees, 16 defects). We
drilled osteochondral defects 6 mm in diameter in the
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anterior weight-bearing portions of both the medial
and the lateral femoral condyles. The defects were
made in that portion of the femur that contacts the tibia
during stance phase, i.e., 30°—40° of flexion (Adrian et

al. 1966). Postoperatively, the dogs were allowed free
activity. After 47 (42-54) weeks, the animals were
killed and their knees harvested.

After removal of extracapsular tissue, the femurs
and tibias were potted in screw-reinforced dental-
grade polymethylmethacrylate (PMMA). The patellar
tendon and patella were then reflected and the capsule
was removed, including collateral ligaments, but spar-
ing menisci, meniscotibial and cruciate ligaments. Aft-
er India-ink staining (Meachim and Stockwell 1979)
and gross photographs, the knees were mounted in a
materials testing machine. The tibial mounting al-
lowed the joint to seek its most stable position when
loaded in compression, by incorporating semicon-
strained rotation and limited varus-valgus freedom.
The femur was fixed rigidly to the load cell of the test-
ing machine. The amount of knee flexion was adjust-
able to allow positioning of the defect in the joint con-
tact area. No attempt was made to load both compart-
ments equally because medial and lateral defects did
not usually fall within their respective contact patches
at the same degree of flexion. Instead, the knees were
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placed in slight varus (medial compartment) or valgus
(lateral compartment) angulation to ensure defect cen-
tering within the individual contact regions. This load-
ing technique introduced variability in the load trans-
mitted across the measured compartment; that is, of the
applied 300 N load, most would be transmitted by the
compartment being studied, but a variable amount
would also be transmitted by the other compartment.

Contact recordings were made by placing cello-
phane-wrapped Fuji Prescale film between joint sur-
faces and applying a load of 300 N (0.1 second to
achieve full load, load held for 0.2 seconds, and 0.1
second to release). Two film grades were used, so as to
obtain two ranges of sensitivity: the low pressure film
accurately measured 2 to 7, and medium pressure film
5 to 20 MPa. In four condyles, pressure recordings
were unsatisfactory owing to the placement of the
chronic defects, i.e., only a small amount of the defect
and surrounding area was included in the pressure trac-
ing. This left a total of 22 determinations in 12 con-
dyles. Similar pressure measurements were made on
three of four unoperated condyles and on four with
“acute” defects.

Using the technique of Singerman et al. (1987), the
staining intensity was digitized and integrated using an
Eye-Com II scanner, allowing the calculation of con-
tact area, total load, and peak and mean contact pres-
sures. The scanner divided a given view field into a
large number of pixels. The magnification of the scan-
ner is variable; for this experiment, resolutions corre-
sponding to 25 to 32 pixels per square millimeter were
used. Each pixel was automatically assigned one of
256 integers, representing a “shade of gray” derived
from its film-staining intensity. The loading pressure
experienced by a given pixel was computationally de-
termined by comparing its shade of gray to those of
identical film stained under known loading conditions.
The number of pixels stained mutiplied by the pixel
area yielded the total contact area. Incremental load
histograms were calculated by multiplying the number
of pixels in a given range of staining intensities (shades
of gray) by the mean pressure in that range, as deter-
mined from the calibration curve for that knee. The
sum of these incremental loads from the various ranges
approximates the total applied load. Previous studies
have demonstrated recovery of approximately 85 per-
cent of applied load using this technique (Lorenz et al.
1983, Tarr et al. 1985, Brown et al. 1988).

Following the loading experiments, six of the eight
femurs and tibias were decalcified, sectioned, and
stained with hematoxylin and eosin (H&E) and with
Safranin O and examined microscopically.

Results

All the wounds healed uneventfully. After 10 to 12
months, none of the dogs limped, although 1 doghad a
25° flexion contracture in one knee. The defects were
readily apparent (Figure 1) after 10 to 12 months, with
fibrillated tissue projecting above the surface of the ad-
Jjacent cartilage. Histologic studies showed reconstitu-
tion of the subchondral plate in all the chronic defects.
Variable amount of fibrocartilage filled the defects, the
surface of which was was usually fibrillated. Whereas
the defect replacement tissue was cartilaginous, virtu-
ally no Safranin O staining occurred in that tissue, indi-
cating the nearly complete absence of proteoglycans.
The cartilage immediately adjacent to and opposite the
defects (on the tibia) was normal, both on H&E and
Safranin O staining.

The loads calculated from integrating the measured
compartment pressures varied from 49 to 347 N. Al-
though we attempted to load primarily the compart-
ment of interest, some of the 300 N load was transmit-
ted by the other compartment. The single case of re-
covery higher than the applied load (i.e., the 347 N
load) demonstrates that the process of integrating the
pressures is accurate only within the range of 15 per-
cent.

The calculated contact area ranged from 40 to 166
mm?, and increased with applied load. These contact
area determinations did not include the approximately
28 mm? area of the defects. Mean pressure values (cal-
culated load divided by contact area) ranged from 1.06
to 2.64 MPa, whereas peak pressures ranged from 2.5
to 12.3 MPa. Mean and peak pressures increased with
applied load, both in acute and chronic defects (Figure
2). Correlation coefficients for pressure versus load
ranged from 0.35 to 0.79 for the mean pressure and
from 0.22 to 0.99 for the peak pressure.

Load-versus-area plots demonstrated similar con-
tact area curves for medial and lateral condyles with
chronic defects (Figure 3). Combined, their correlation
coefficient with applied load was 0.93. The contact ar-
ea curves for knees without defects and those with
acutely formed defects were nearly superimposable
and were slightly beneath (about 12 mm?) the chronic
defect curve. Correlation coefficients were 0.99 for no
defect and 0.97 for the acute defect.

Discussion

Numerous morphologic and biochemical studies have
documented the inability of superficial cartilage de-
fects to undergo repair (Calandruccio and Gilmer
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Figure 1. Canine knee with 6-mm chronic defscts.

A. Fibrocartilaginous tissue fills the defects.

B. Safranin O preparation of a 6-mm chronic defect, demon-
strating nearly complete absence of proteoglycans in defect re-
pairtissue with normal staining adjacentto lesion. The subchon-
dral bone piate has been restored by a new ‘“plate.”
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Figure 2. Applied load (P) versus mean pressure (Pqyg) @nd maximum pressure (P,,.,,). Linear regressions and correlation coeffi-
cients for the chronic, acute, and no-defect groups, respectively, were

A 1.395 + 0.00259 P(N), = 0.020 B. 3.78 + 0.0162 P(N), = 0.050

———— 1.363+0.00318 P, 7=0.267 -———— 4.17+0.0115P, 7=0.338
..... — 1.492 +0.00291 P, P=0.617 r———.— 278 + 0.0232 P}, A= 0.996
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Figure 3A. Applied load (P) versus contact area (A) for chronic
defects in medial and lateral compartments. There is a strong
relationship between applied load and contact area. Linear re-
gressions and correlation coefficients for the medial and lateral
compartments, respectively, were

A(mm = 35.6 + 0.367 P(N), A= 0.769; and

A=14.8 +0.477 P, #=0.984,

1962, Campbell 1969, Convery etal. 1972, DePalmaet
al. 1966, Mankin 1974, Meachim 1963, Meachim and
Roberts 1971, Mitchell and Shephard 1976 and 1980,
Salteret al. 1980). However, if the defect involves sub-
chondral bone, acutely formed granulation tissue is
followed by hyaline-appearing cartilage or fibrous and
fibrocartilaginous tissue (Mankin 1982, Buckwalter
1983). Although the long-term effectiveness of this re-
pair process has been poorly documented, it forms the
basis for the clinical drilling of both acute and chronic
osteochondral defects (Rand 1985). A recent study by
Whipple et al. (1986) questions the ability of the fibro-
cartilaginous replacement tissue to substitute for hya-
line cartilage.

Histologic observations of the joints in the present
model were consistent with the resuits of previous
studies (Furukawa et al. 1980, Meachim and Roberts
1971, Mitchell and Shephard 1976). The tissue that
filled the chronic osteochondral defects was morpho-
logically fibrocartilaginous, but contained very little
proteoglycan. However, the question of whether repair
tissue is present is distinct from whether and how this
repair tissue functions. The degree to which repair tis-
sue functions may be reflected in its ability to distrib-
ute load.

The 300 N loads (roughly one times body weight)
used in our experiment were subphysiologic (Alex-

Applied Load (N)

Figure 3B. Applied load (P) versus contact area (A) for the
chronic defect, no defect, and acute defect groups. The respec-
tive linear regressions and correlation coefficients were

AMM? = 24.6 + 0.417 P(N), 7= 0.787;
A=14.4+0.402 P, P=0.493; and

A=16.7 + 0.378 P, #=0.984.

ander 1974), and may be viewed analogously to the
subphysiologic (1,000-2,000 N) loads previously
used for bicondylar contact studies of the human knee
(Ahmed and Burke 1983, Fukubayashi and Kurosawa
1980, Kimizuka et al. 1980). Contact areas in the hu-
man knee appear to saturate slightly above one times
body weight (Brown and Shaw 1984). Assuming that
the contact area of the dog knee approaches saturation
at joint loads slightly above one times body weight as
in the human, one would expect the local pressures to
increase approximately linearly with further increases
in joint loads beyond 300 N. It seems unlikely, there-
fore, that higher loads would eventually load the new
fibrocartilage in the defect.

Intuitively, acute defects would decrease available
surface area; but since the load-versus-area curves
without and with acute defects were virtually identical,
peripheral contact area was recruited rather surprising-
ly in an amount approximately equal to the defect area.
Presumably, this is owing to the compliance of the car-
tilage. Knees with chronic defects had slightly in-
creased contact areas at any given load when compared
with acutely created defects or with those knees with-
out defects. However, we doubt that such a small in-
crease has physiologic significance. None of this in-
crease was related to load of repair tissue, because in
no case did we see Fuji stain in the region of the de-
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fects. Thus, the area transmitting detectable load does
not seem to be dependent upon the presence of defects
of this size or whether or how they heal. Neither mean
nor peak pressures were detectably affected by the
presence of acute or chronic defects, but both in-
creased slightly with applied load in the load range
tested.

Our results suggest that articular cartilage of adult
dog knees can accommodate moderate incongruities
without major peak pressure alterations, and without
obvious morphologic consequences. Assuming that
the relationship between peak pressure and joint load is
linear for higher loads than those used here, our defects
would still not produce peak pressures above the 25
MPa maximum tolerable limit suggested by Repo and
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