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INTRODUCTION 
Knee osteoarthritis (OA) afflicts approximately 3% of 
individuals worldwide, leading to serious joint pain, 
debilitation, and morbidity [1].  Abnormal knee joint 
mechanics are believed to play a critical role in the 
development and progression of the disease, by placing loads 
on the joint cartilage that it cannot safely sustain [2].  Altered 
joint kinematics and kinetics have been identified in patients at 
high risk for developing knee OA [3] or who exhibit 
progressive levels of the disease [4] as compared to healthy 
controls.  However, the means by which these altered states 
contribute to debilitating cartilage degradation remains 
unclear. This knowledge is critical to developing more 
effective strategies to prevent and treat knee OA. 
 
Elucidating the connection between altered knee mechanics 
and cartilage degeneration relies on an accurate and detailed 
characterization of cartilage mechanics across the tibiofemoral 
joint. The mechanical properties of articular cartilage are 
believed to vary significantly across the joint surface [5, 6].  
However, these variations have not been mapped over the 
entire tibiofemoral joint with high resolution and at a 
physiological strain rate.  Detailed knowledge of these region-
specific properties will provide necessary insight into the 
sensitivity of cartilage stresses to changes in joint mechanics.  
Therefore, the purpose of this study was to develop a detailed 
regional map of physiological cartilage stiffness across the 
tibial surface.    
 
METHODS 
Specimen Procurement. We obtained two fresh frozen female 
Caucasian knee joints without history of knee OA, rheumatoid 
arthritis, or surgery (knee 1: 55 years old, 24 BMI; knee 2: 41 
years old, 19 BMI; Anatomy Gifts Registry, USA). The knees 
were thawed overnight at room temperature prior to 
dissection. The knee joint was disarticulated and the menisci 
removed to expose the tibial cartilage surface.  The locations 
of the menisci on the tibial plateau were photographed prior to 
removal.  The dissected tibias were wrapped in surgical towels 
soaked in phosphate buffered saline (PBS) and re-frozen.  This 
step was needed to obtain the cartilage plugs, which were best 
obtained from frozen tissue. 
 
Full-depth cylindrical cartilage plugs, each containing surface, 
intermediate, and deep zones, were cut from standardized 
locations across the frozen tibial (n=23) cartilage surfaces 
(Figure 1) using a standard 4-mm diameter, round-hole hand 
punch (McMaster-Carr, USA).  The plugs were carefully 

removed from the subchondral bone using a scalpel and 
immediately placed in individual Eppendorf tubes filled with 
PBS. Plugs were refrigerated until mechanical testing. 

 
Figure 1:  Test sites on the tibia from which cartilage plugs 
were removed for mechanical testing.  
 
Mechanical evaluation. The stress-strain response of each 
plug was determined within 36 hours of procurement.  
Unconfined compression was performed using a custom 
compression tester that has been described previously [7]. The 
plugs were immersed in a room-temperature PBS bath 
throughout testing. Blue microspheres (25-μm diameter, 403-
125 IMT, USA) were adsorbed onto the exposed surface of the 
plug to facilitate optical determination of strain along the 
length of the plug.  The specimen was held in place under a 
minimal tare load.  Plug length and diameter were measured 
optically via microscope. 
 
For each trial, the plug was compressed at a prescribed true 
strain rate for a given half-time (e.g. time to peak strain) and 
then immediately unloaded with the same rate and half-time. 
A custom LabVIEW program (National Instruments, USA) 
controlled the stepper motors, while synchronized force and 
image recordings were collected. The prescribed true strain 
rate reflected the rate of the stepper motors which, due to 
compliance of the system, was generally twice the magnitude 
of the resultant cartilage strain rate.  Five pre-conditioning 
trials were performed followed immediately by six 
experimental trials designed to replicate physiological loading 
profiles (rate: 0.5, 0.5, 0.8, 0.8, 1, 1 strain/sec; half-time: 2, 2, 
1, 1, 1, 1 sec).  The tare force and specimen length were 
checked periodically throughout the test to ensure that no 
creep or stress relaxation occurred.   
 



Data Analysis.  The second experimental trial (0.5 strain/sec, 2 
sec) was used for data analysis because it proved the most 
consistent within and across specimens.  Nominal strain (e.g., 
{current length – initial length}/{initial length}) was 
calculated from the relative displacement of the microspheres 
adsorbed to the cartilage.  Nominal stress (e.g., {current 
force}/{original cross-sectional area}) was calculated by 
assuming a circular cross-section.  The tangent modulus at 0.1 
MPa was determined from the loading portion of the resulting  
nominal stress-strain curve.    
 
RESULTS AND DISCUSSION 
The tangent modulus calculated at 0.1 MPa showed significant 
regional specificity in both knee joints (Table 1).  The 
magnitudes of the moduli agreed well with previously 
published data [5, 6].  The modulus was calculated at a 
constant stress rather than at a constant strain because the wide 
range of the strains precluded the identification of a single 
valid strain value that was common to all specimens.  

Figure 2 plots the stress-strain responses for several sites in 
Subject 1 (K1).  All tests were performed at similar strain rates 
and loading times, yet clearly show disparate mechanical 
responses.  This phenomenon was similarly evident in Subject 
2 (K2). The large inter-subject variability, however, precluded 
the preliminary identification of more specific regional trends.  

These data represent initial results of an ongoing study aimed 
at elucidating the mechanisms of knee OA development and 
progression. Its goals are two-fold: first, to determine the 
extent to which the mechanical properties of knee cartilage are 
region-dependent and second, to evaluate the feasibility of 
capturing this region dependence within a single cartilage 
“template map” that can be applied across subjects.  Thus, 
ongoing efforts include expanding the number of subjects and 
extending these analyses to include both femoral and tibial 
cartilage in a larger number of specimens.   
 
CONCLUSIONS 
Although the study included only two subjects, these results 
suggest that the physiological response of the cartilage is 

highly region-specific, even within a single articular surface. 
The development of knee OA is commonly hypothesized to 
result from altered joint contact patterns that shift loads onto 
cartilage regions that are mechanically ill-suited for them.  
The drastic variations in cartilage mechanical properties 
identified in this study appear to support this notion.   
Therefore, a high resolution mapping of the region-specific 
mechanical response of tibiofemoral joint cartilage could 
provide valuable insight into the relationship between altered 
joint loading profiles and OA development. 

These preliminary data also suggest that computational knee 
models that incorporate homogeneous cartilage may predict an 
overly simplistic tissue response.  By incorporating the 
stiffness map produced by this study, these models could 
enable deeper understanding of the biomechanical factors that 
most influence knee OA development and progression. 
Additional analyses are being undertaken to investigate the 
extent to which the presence of meniscal tissue over the 
cartilage can account for variations in regional properties, 
which would simplify the template map and enable more 
accurate implementation into subject-specific computational 
models.   Finally, future studies will explore the extent to 
which this regional dependence is sex- and age-specific. 
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Table 1. Cartilage properties across the tibial surface 
Tangent Modulus (MPa) at 0.1 MPa 

Lateral Tibial Plateau Medial Tibial Plateau 
Site K1 K2 Site K1 K2 

1 2.651 12.804 12 1.481 22.681 
2 21.505 11.905 13 4.082 11.084 
3 5.020 7.207 14 -- 35.754  
4 15.583 21.211 15 5.06 7.508 
5 5.325 6.1422 16 4.185 45.689 
6 2.126 8.126 17 5.078 -- 
7 3.942 1.306 18 2.534 -- 
8 3.075 3.864 19 19.170 4.476 
9 3.178 -- 20 15.466 21.085 

10 -- 17.730 21 5.906 -- 
11 1.880 9.689 22 15.262 12.817 

   23 9.687 -- 
“K1” – Knee 1; “—“ data excluded , poor plug quality 

Figure 2: Mechanical response of cartilage plugs from 6 
distinct sites of the lateral (1, 7) and medial (13, 18, 19, 20) 
tibial plateaus of a single knee specimen. The region 
dependency of the cartilage is clearly evident. 
 


