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Many attempts have been made to induce 
osteoarthritis in experimental animals by 
altering mechanical forces across the joints. 
This has been accomplished by immobiliza- 

excision of the medial collateral and cruciate 
1igaments.lI ** l8 Results using these methods 
seem to mimic the course of degenerative 
joint disease caused by abnormal biomechan- 
ical conditions such as cast immobilization 
with forced position, joint instability or de- 
formity. The animal models do not, however, 
produce an arthritic pattern which is entirely 
analogous to the situation in man. In the 
human knee joint, the osteoarthritic changes 
are usually focal in character and are first 
confined to one of the femoral condyles or 
tibia1  plateau^,^^ l4 whereas the existing ani- 
mal models cause damage in both com- 
partments of the knee. An attempt was made 
in the present investigation to produce a 
mechanical derangement which would cause 
a gradually progressive unicompartmental 
osteoarthritis without opening or immobiliz- 
ing the knee. This paper presents our tech- 

From the Division of Orthopedic Surgery, De- 
partment of Surgery, Washington University 
School of Medicine, St. Louis, Missouri 63 110. 

tion,6.12, 13,24,25 compression,% 11. 21, 23 and 

Received: April 8, 1977. 

nique for producing vans  stress in non- 
immobilized rabbit knees and describes the 
morphological changes which occur with this 
model. 

MATERIALS AND METHODS 
New Zealand white rabbits weighing 1.82- 

3.40 kg were used as experimental animals. 
Under intravenous pentobarbital anesthesia, 
threaded Kirschner wires were placed trans- 
versely through the distal metaphyses of the 
right femurs and the proximal metaphyses of 
the right tibiae approximately at 1.5 cm from 
the joint line using aseptic technique. The wires 
were left protruding through the medial side 
and were connected by springs adjusted to ap- 
ply varus stress to the knee joints. The distance 
between the Kirschner wires and the length of 
the springs were measured with the knees in 
full flexion, 90" flexion and full extension. A 
standard stress-strain curve was made for the 
springs using a tensiometer and the tension was 
adjusted so that with the knees in 90" flexion, 
the varus stress ranged between 350 and 1150 
grams. Most rabbit knees were subjected to 
forces between 700 and 900 g. The tension of 
the spring was minimal with the knee in full 
flexion, ranging between zero and 300 g. The 
left knees were used as controls and threaded 
wires of the same size were placed in the distal 
femurs and proximal tibiae, but springs were 
not applied (Fig. 1). After the operative pro- 
cedure, the rabbits were observed to use their 
operated extremities for normal activity in their 
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FIG. 1. Postoperative roentgenograms of the 
rabbit knee joints and photograph of anterior 
aspect of the right knee with varus stress 
applied. 

cages. The animals were divided into 6 groups 
oi 8 rabbits each which were examined at in- 
tervals of 1, 2, 3, 4, 6, and 8 weeks after the 
application of the springs. 

At necropsy, the tensions of the springs were 
recalibrated; there was generally a slight loss of 
tension (= - 10%). Internal rotation of the 
right legs ( 15 - 30") was noticed in almost all 
animals. Each knee joint was carefully inspect- 
ed and the lesions of the articular cartilage of 
the proximal tibiae were graded grossly as 0, I, 
11 and 111 using the classification system of 
Sclter and Field:21 Grade 0-normal; Grade I- 
loss of normal luster and translucency with yel- 
lowish discoloration of the cartilage and in- 
creased softness to touch; Grade 11-partial- 
thickness loss of cartilage or blister formation 
in center of lesion with Grade I change in the 
periphery; Grade 111-loss of full thickness of 

cartilage. exposing subchondral bone in the 
center of the lesion with less severe changes in 
the periphery. 

Two or 3 rabbits in each group were selected 
a1 random for  microscopic studies. The  proxi- 
mal and distal thirds of the tibia and femur 
respectively were fixed in 10% neutral forma- 
lin, decalcified in a formic acid-citric acid solu- 
tion and processed by routine procedures t o  ob- 
tain paraffin section. Serial sections cut paral- 
lel to the long axis of the bone were stained 
with hematoxylin-eosin, alcian blue in 0.4- 
0.5M M,CI,, toluidine blue and safranin-0. 
The rest of the rabbits were used for biochemi- 
cal studies of articular cartilage (to be reported 
separately). 

RESULTS 
GROSS CHANGE 

Gross pathological changes were found 
only in the medial tibial and the medial fem- 
oral articular cartilage of the knees subjected 
to varus stress (Fig. 2 ) .  The obvious lesions 
were localized in the center of the tibial con- 
dyle not covered by the meniscus and in the 
posterior portion of the medial femoral 
condyle. No gross lesions were seen in the 
lateral compartments of the knees nor in the 
patelbfemoral joints. The left knees which 
were used as controls were unremarkable. 
After one or two weeks, the majority of the 
compressed cartilage showed Grade I change 
with loss of normal luster and yellowish dis- 
coloration. Although the correlation between 
the length of time the varus stress was ap- 
plied and the grade of lesion was not perfect, 
the severity of the lesions generally in- 
creased with the duration of the varus stress 
(Fig. 3). After 4-6 weeks, the majority 
showed Grade I1 and 111 changes; however, 
no further changes were developed after 8 
weeks. There was some variation in severity 
of the lesions among animals at each time 
period and even within each grade. 

MICROSCOPIC CHANGES 
In all groups of animals, the histological 

changes were confined to the medial compart- 



Number 129 Effect of Varus Stress on the Knee 315 
November-December, 1977 

ments of the knee joints with varus stress. 
The seventy of the histological changes ap- 
peared to be related to the length of time 
the varus stress was applied. In the first 2 
weeks of varus stress, no remarkable histo- 
logical changes were seen in the articular 
cartilage and subchondral bone, except in 
the center of the weight-bearing area. In these 
areas some pycnosis of chondrocytes was 
present and there was a slight reduction in 
the intensity of matrix staining with toluidine 
blue, alcian blue and safranin-0. More ad- 
vanced degenerative changes in the articular 
cartilage began to appear after 3-4 weeks 
of varus stress. In the center of the weight- 
bearing area we observed severe pycnosis, 
loss of numbers, and poor staining of cells. 
The cellular changes in the periphery of this 
center area were characterized by chondro- 
cyte cloning, and the cells and matrix were 
normal in appearance farther peripherally 
(Fig. 4). Early fasciculation and fibrillation 
were present at this stage. In some of the 
severely affected tibial condyles, there were 
areas of cyst formation within the articular 
cartilage. These intrachondral cysts were 
most prevalent deep in the noncalcified 
layer immediately adjacent to the tidemark, 
and were never found in the calcified layer 
(Fig. 5 ) .  They did, however, frequently ex- 
tend into the more superficial zones. Intra- 
chondral cysts were not found in the fem- 
oral articular cartilage. A marked reduction 
of staining with safranin-0 and alcian blue 
was seen in the non-calcified layer, suggest- 
ing a loss of mucopolysaccharide, and in par- 
ticular chondroitin sulfate; however, the cal- 
cified layer deep to the tidemark appeared 
to retain its normal histochemical character. 
No apparent changes were present in the sub- 
chondral bone. 

At 6-8 weeks, the cell clusters were more 
numerous, and in addition, the articular car- 
tilage in the center of the compressed area 
gradually decreased in thickness with an ap- 
parent loss of staining of the cell nuclei. 

FIG. 2. Gross path- 
ological changes are 
confined to the med- 
ial femoral (top) 
and tibial (bottom) 
articular cartilage. 
Arrows indicate the 
centers of the le- 
sions. 

Below, there were areas of disruption of the 
tidemark and the calcified layer of the ar- 
ticular cartilage. Increased vasculature of 
the subchondral bone was found in the areas 
adjacent to severe cartilage damage, but no 
remarkable thickening of the bony trabecu- 
lae were observed. At this time, in several 
sections, cartilaginous masses were noted in 
the adjacent subchondral marrow spaces. 
These areas of cartilaginous tissue appeared 
continuous with the damaged areas in the 
articular cartilage through gaps in the tide- 
mark (Fig. 6 ) .  

DISCUSSION 
It is generally accepted that human osteo- 

arthritis, in the absence of specific cartilage 
disease, results from abnormal mechanical 
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FIG. 3. Gross correlation of severity of lesion 

versus duration of varus stress. 
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FIG. 4. Articular cartilage of the distal femur 
shows severe pycnosis, loss of cellularity and 
a marked reduction in the intensity of matrix 
staining in the center of the lesion and chon- 
drocyte cloning in the periphery of the lesion. 
(Safranin-0. x 250) 

FIG. 5. Deep zones of tibia1 articular cartil- 
age. Note the intrachondral cysts which are 
most prevalent deep in the noncalcified layer 
immediately adjacent to the tidemark (Hema- 
toxylin+osin, x 450). 

forces applied across the joint during normal 
a ~ t i v i t y . ~ ~  7* 16122 Our experimental model 
causes osteoarthritic changes of the medial 
compartment of the knee which closely 
mimic this clinical situation. Although the 
gross and microscopic-histochemical changes 
were similar to those reported by other in- 
vestigators using compression or immobiliza- 
tion, our model produced much more gradu- 
ally progressive lesions. This may be because 
the joints were allowed to move, thereby 
facilitating nutrition of articular cartilage,% 20 

and also because the joints were probably 
partially unloaded in full flexion. 

Our results suggested that, within the 
range of varus stress used, duration appears 
to be more important than magnitude of 
varus stress in determining the severity of 
cartilage damage. Gritzka et ul." reached the 
same conclusion on the basis of rabbit ex- 
periments in which continuous compression 
was applied across the moving elbow joint. 

The histological studies presented some 
remarkable findings. The architecture and 
safranin-0 staining qualities of the calcified 
cartilage deep to the tidemark were relatively 
normal, despite advanced degenerative 
changes in the superficial and middle zones 
of the articular cartilage. This relative re- 
sistance to stress of the calcified zone com- 
pared to the more superficial layers may stem 
from a difference in nutritional pathwaysz3 
Since the superficial layers may receive their 
nutrition chiefly through diffusion from 
synovial fluid and the deep layers may be 
nourished by diffusion from the subchondral 
bone, as well as from the synovial fluid,I5 
it is possible that the layers deep to the tide- 
mark have some advantage in supply of 
nutrients during the development of the 
arthritic process. On the other hand, it is 
also possible that the mechanical properties 
of the calcified zone make it more resistant 
to shear and compressive forces.*O 
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In the tibial articular cartilage subjected 
to abnormal stress, fasciculation and degen- 
erative cysts were frequently found in the 
middle and deep zones of the noncalcified 
cartilage (especially along the tidemark), 
while the superficial layers were often spared. 
Goodfellow and his coworkersg have recently 
described degeneration in the basilar layers 
of the articular cartilage lining the human 
patella. As was found in our study, these 
lesions appeared to be concentrated in areas 
normally subjected to the highest compres- 
sive and shear stresses. The degenerative 
changes which we have described may, as 
Goodfellow has suggested, be explained by 
mechanical considerations. As Redler et d . 1 9  

suggested, the superficial layers of articular 
cartilage may be very compliant, and the 
layers deep to the tidemark are less compli- 
ant; thus a concentration of shear stresses 
along the tidemark might be expected. The 
compliant cartilage layers, adjacent to the 
tidemark then would be expected to develop 
early degenerative changes as a result of this 
excessive stress. 

Among the rabbits subjected to varus 
stress for 6-8 weeks, several animals de- 
veloped foci of highly cellular cartilaginous 
tissue in the subchondral marrow spaces of 
the distal femurs. This cartilaginous tissue 
appeared to be continuous with the overly- 
ing degenerated cartilage, but stained deeply 
with hematoxylin (suggesting a high degree 
of calcification) and with safranin-0 (sug- 
gesting high mucopolysaccharide content). 
The cellular morphology appeared to gradate 
from nondifferentiated fibrous tissue cells to 
well-differentiated cartilage cells, suggesting 
a metaplastic process. These findings are sim- 
ilar to those described in human osteoarth- 
ritis in which deeply-placed bits of cartilage 
.arise from cartilaginous metaplasia of mar- 
row cells. It is not possible in this study 
to determine the fate of these cartilaginous 
areas. It is conceivable that they may de- 

FIG. 6. Cartilaginous mass is noted in the 
subchondral marrow space which appears con- 
tinuous with the damaged areas in the articular 
cartilage. This cartilaginous body and calcified 
cartilage are stained deeply with safranin-0 
( X  250). 

velop into subchondral cysts, or mature into 
bony tissue and thus lead to subchondral 
sclerosis.*7 In our animal model, subchondral 
bone did not show remarkable changes de- 
spite advanced degenerative changes in the 
articular cartilage. This would suggest that 
the cartilage is highly susceptible to mechan- 
ical stress, and develops degenerative changes 
prior to any subchondral bone thickening. It 
is reasonable to expect that changes in sub- 
chondral bone will occur after a certain 
period of time since the overlying articular 
cartilage degenerates and loses its function as 
a “shock-absorber.” 

SUMMARY 
Unicompartmental osteoarthritis was pro- 

duced by applying varus stress to moving 
rabbit knee joints. Degenerative changes were 
confined to the medial tibial and the medial 
femoral articular surfaces. Within the range 
of varus stress used, duration appears to be 
more important than magnitude of v m s  
stress in determining the severity of cartilage 
damage. The calcified zone remained histo- 
logically unchanged despite advanced changes 
in the noncalcified zone superficial to the 
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tidemark. Intrachondral degenerative cysts 
were frequently found in the basilar layers of 
the noncalcified cartilage adjacent to the 
tidemark where shear stresses were likely to 
be highest and diffusible nutrients least avail- 
able. Highly cellular cartilaginous tissue was 
noted in the subchondral marrow spaces in 
the specimens with advanced cartilage degen- 
eration. These areas appeared to be continu- 
ous with the overlying degenerated cartilage 
through gaps in the calcified cartilage. Sub- 
chondral bone did not show remarkable 
trabecular thickening despite advanced de- 
generative changes in the articular cartilage. 
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