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Introduction

Osteoarthritis is a painful, disabling disease of synovial 
joints, characterized by erosion of articular cartilage, osteo-
phyte formation, increases in subchondral bone mass and 
subchondral bone cysts.1 Histologically, advanced osteoar-
thritis involves changes in matrix composition, including 
net loss of collagen type II and aggrecan, decrease in tissue 
cellularity, progressive fissuring, pannus formation, and 
vascular invasion.2 The disease progresses because of a 
gradually increasing imbalance between anabolic and cata-
bolic processes required for normal tissue homeostasis.3-6 
The main functions of the articular cartilage are mechanical—
to allow frictionless motion and to absorb and distribute 
loads. Forces outside the physiological range or an intrinsic 
inability of the articular cartilage to manage normal loads are 
sufficient to initiate osteoarthritis.7,8

Animal models have been developed to study the role of 
mechanical disruptions such as trauma, instability, and wear 
in osteoarthritis pathogenesis.9,10 Noninvasive wear models 

are most physiological, but the time and location of disease 
onset are unpredictable and imprecise and the forces respon-
sible are difficult to define. Instability and chondral defect 
models, such as anterior cruciate transection, debridement, 
and microfracture, have similar experimental complications 
and introduce forces and factors that do not replicate most 
osteoarthritic pathogenesis in the human condition.11 Impact 
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Abstract

Objective: In this study, we applied a spring-loaded impactor to deliver traumatic forces to articular cartilage in vivo. Based 
on our recent finding that a 0.28-J impact induces maximal catabolic response in adult bovine articular cartilage in vitro 
using this device, we hypothesize that this impact will induce the formation of a focal osteoarthritic defect in vivo. Design: 
The femoral condyle of New Zealand White rabbits was exposed and one of the following procedures performed: 0.28 J 
impact, anterior cruciate ligament transection, articular surface grooving, or no joint or cartilage destruction (control). After 
24 hours, 4 weeks, or 12 weeks (n = 3 for each time point), wounds were localized with India ink, and tissue samples were 
collected and characterized histomorphometrically with Safranin O/Fast green staining and Hoechst 33342 nuclear staining 
for cell vitality. Results: The spring-loaded device delivered reproducible impacts with the following characteristics: impact 
area of 1.39 ± 0.11 mm2, calculated load of 326 ± 47.3 MPa, time-to-peak of 0.32 ± 0.03 ms, and an estimated maximal 
displacement of 25.1% ± 4.5% at the tip apex. The impact resulted in immediate cartilage fissuring and cell loss in the 
surface and intermediate zones, and it induced the formation of a focal lesion at 12 weeks. The degeneration was defined 
and appeared more slowly than after anterior cruciate ligament transection, and more pronounced and characteristic than 
after grooving. Conclusion: A single traumatic 0.28 J impact delivered with this spring-loaded impactor induces focal cartilage 
degeneration characteristic of osteoarthritis.
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models promise the application of a defined mechanical 
insult at a specific time and place to permit the study of 
osteoarthritis pathogenesis. The applications of defined loads 
in vivo that induce osteoarthritic changes have been difficult 
and infrequent with notable exceptions.12-18 The greatest 
challenge has been to quantify the impact in magnitude, 
speed, and area, and to characterize the pathogenesis of the 
osteoarthritic condition following the injury.

Previous impact model studies have often used young, 
skeletally immature animals. However, cellular and matrix 
alterations occur during aging and are correlated with infe-
rior mechanical performance of articular cartilage.19 These 
alterations may increase the susceptibility of the tissue to 
traumatic forces and are likely to be relevant to the develop-
ment of osteoarthritis in humans. The goal of this study was 
to develop a consistent, reproducible, adult small animal 
model to study the onset and early pathogenesis of posttrau-
matic osteoarthritis in middle-aged animals.

Materials and Methods
A custom-engineered, spring-loaded impactor (Fig. 1A) 
was designed to deliver 100 to 2000 N using interchange-
able springs and a smooth, stainless steel hemispherical tip 

with a radius of 2.5 mm. The compression of the 5-mm 
spring in the load mechanism is controlled by the threaded 
screw (1 mm compression/turn) mated with the housing of 
the impactor (Fig. 1A). Thus, the force applied to the mis-
sile on spring release is linearly related to the turns of the 
screw. A critical element of the device design is that suffi-
cient travel between the piston and projectile is allowed so 
that the piston does not contact the missile at the time of 
cartilage impact. Although originally intended for handheld 
use, a fixation device was added to clamp the impactor and 
an ex vivo sample chamber to create a rigid system (Fig. 1B). 
Impact forces were recorded with two 10 to 200 lb quartz 
force sensors (QFG 200, Cooper Instruments, Warrendale, 
VA) fitted in-line between the internal piston and impactor 
projectile (Fig. 1A). Force profiles were sampled at 200 
kHz using a signal conditioner model QSC 484 (Cooper 
Instruments), an analog-to-digital converter model NI-9215 
(BNC-USB; National Instruments Corp., Austin, TX) and 
LabView 7.0 software (National Instruments). Force curves 
were analyzed in Microsoft Excel (Redmond, WA). Impact 
area, defined as the maximum tissue surface area contacted 
by the hemispherical projectile tip during an impact 
motion, was measured using medium sensitivity Fuji 
Pressurex pressure-sensitive film (Sensor Products, Inc., 
East Hanover, NJ) placed between the impactor tip and the 
articular surface. Impact footprints were digitally scanned 
using a Microtek flatbed scanner, rendered in Adobe 
Photoshop CS2 (Adobe, San Jose, CA) and analyzed for 
geometry using NIH ImageJ 1.62.

Based on our recent findings, we determined that a 
36-MPa impact using the novel spring-loaded device 
described above induced a reproducibly damaging impact 
to adult bovine articular cartilage of the patellofemoral 
groove. This impact induced maximal levels of cell death, 
release of sulfated glycosaminoglycans nitric oxide, and 
prostaglandin E2, as well as the expression of specific 
matrix metalloproteinases (Table 1). The impact was found 
to be traumatic in nature, characterized by a rise-to-maxi-
mum load time less than 2 ms (0.47 ± 0.02 ms), a loading 

Table 1. Induction of Key Markers of Early Cartilage Damage 
After Impact in an In Vitro Study Using Adult Bovine Articular 
Cartilage

Markers of cartilage 
damage 17-MPa impact (%) 36-MPa impact (%)

Cell deatha 22 ± 5 53 ± 9
GAG releasea 218 ± 42% 309 ± 34
NO releasea 256 ± 78 605 ± 135
PGE2 releasea 183 ± 41 424 ± 111
MMP with increased 
expressiona

MMP9, MMP13 MMP3, MMP9

Note: GAG = glycosaminoglycan; NO = nitric oxide PGE2 = prostaglan-
din E2; MMP = matrix metalloproteinase.
aCompared with control levels of cartilage damage marker.

Figure 1. (A) Impactor schematics. The compression of the spring 
in the load mechanism (A1) is controlled by the threaded screw 
(A6; 1 mm compression/360° of turn) mated with the housing of 
the impactor (not shown). Thus, the force applied to the missile 
on spring release is linearly related to the turns of the screw. 
Compression is accomplished by pulling the tensor knob (A7) 
until the release mechanism (A5) engages a notch in the piston. 
Activating the release mechanism (A5) releases the piston (A2) 
that collides with the interchangeable impactor missile (A3), which 
ultimately strikes the cartilage. The internal load cell (A4) is places 
in-line between the piston (A2) and missile (A3), and fixed to the 
latter. There is sufficient travel between the piston and projectile so 
that the piston does not contact the missile at the time of crtilage 
impact. (B) Setup for ex vivo impact of 5-mm cartilage plugs. (B) 
Setup for in situ impact showing the completed impactor (B1) in 
a fixed armature (B2) with a hemispherical tip B5) in contact with 
the left stifle, medial femoral condyle (B3) of a New Zealand White 
rabbit (euthanized) placed in its own armature (B4) contiguous 
with that of the impactor, and signal lead (B6) of internal load cell.
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rate of rise-to-peak force of 970 × 106 N/s, and an average 
stress rate of 77.14 ± 5.62 × 1033 MPa/s (Table 2). The 
36-MPa setting was used for all impacts in this study. As 
described below, impacts were performed in situ with both 
the right knee and impactor locked in a rigid armature. In 
addition, the disease progression of the impact model is 
compared with that of an anterior cruciate ligament transec-
tion (ACLT) or groove model.

In Vivo Impact and Osteoarthritis Development
Thirty-six New Zealand White rabbits aged 18 to 24 months 
(retired breeders; Covance, Gaithersburg, MD) underwent 
survival surgery to their right knee via a medial parapatellar 
arthrotomy. All animals were anesthetized and laid on a 
heated pad. The left hind stifle was mounted on a fixed, 
aluminum armature of 2 vertical posts that held 2 parallel 
bars height-adjustable to compensate for the size of the 
animal. The hind stifle was stretched such that the knee was 
above the upper bar. The knee was flexed to position the 
ankle behind the lower bar. In this position, the knee was 
flexed approximately 145° to 160°. The knee was pressed 
tightly against the upper rod such that no additional fixation 
was required. After the medial parapateller approach, the 
impactor tip was positioned immediately above the articular 
cartilage of the medial femoral condyle in the most posterior 
location possible with this approach. Polyethylene encased 
pressure-sensitive paper was placed between the cartilage 
and impactor tip. The impact was then delivered by releas-
ing the spring. In a separate group of animals, ACLT was 
accomplished using a small iris scissors in the left knee of 
the hind stifle as a model of instability,20 or articular surface 
defect was produced by fitting a 1-mm radius burr to a 
pneumatic drill.21 A 3- to 4-mm long region of articular 
cartilage on the medial femoral condyle was removed. Care 
was taken to avoid violating the subchondral bone. A sepa-
rate set of animals was used for sham control. Postoperative 
radiographs confirmed that the subchondral bone was not 
fractured or significantly violated. Animals were then sacri-
ficed at 24 hours, 4 weeks, or 12 weeks. During the postop-
erative period, animals were caged in pairs, given 
appropriate enrichment and encouraged to run and play in a 

polyvinyl carbonate children’s pool for 1 hour each day. 
Hopping was considered critical since extension was 
required for the impacted area to experience physiological 
loads.

Histological Analysis
After sacrifice, both the impacted knee and uninjured con-
tralateral control knees were fixed in 4% paraformaldehye, 
rinsed in phosphate-buffered saline, stained with India ink, 
and photographed with a Qimaging Micropublisher 5.0 
CCD color camera (Bumbay, BC, Canada) mounted on a 
Leica MZFl III dissecting microscope. Five weightbearing 
areas per knee were isolated and processed for histology: 
the injury site, an uninjured, neighboring region of the 
medial femoral condyle, a portion of the medial tibial 
plateau, and corresponding surfaces from the lateral femo-
ral condyle and lateral tibial plateau. All tissue samples 
were decalcified in Immunocal (Decal Chemical Corp., 
Tallman, NY) for 14 days at 4 °C and paraffin embedded. 
Specimens were sectioned perpendicular to the articular 
cartilage surface at 8 µm thickness and stained with 
Safranin-O/Fast Green, hematoxylin/eosin, or Hoechst 
33342 fluorescent nucleic acid stain according to the manu-
facturer’s protocols (Molecular Probes, Eugene, OR). 
Quantification of cell loss was accomplished through 
image processing in ImageJ and involved the counting of 
Hoechst 33342 stained nuclei (characteristic of viable cell 
nuclei) in 3 randomly chosen regions of fixed area in the 
impact zone. All chemicals were purchased from Sigma 
(St. Louis, MO) unless specified otherwise. Cartilage 
depth from surface to tidemark was measured microscopi-
cally at regions adjacent to the impact and employed to 
calculate maximum displacement. Cartilage degeneration 
was evaluated using the Mankin score.2

In Situ Impact Verification
New Zealand White female rabbits aged 18 to 24 months 
(retired breeders; Covance, Gaithersburg, MD) underwent 
nonsurvival surgery to their right knees with a medial 
parapatellar arthrotomy as described above. After impact, 

Table 2. Comparison of Impact Characteristics Delivered Using a Spring-Loaded Impactor on Bovine Cartilage In Vitro and Lapine 
Cartilage In Vivoa

Impact area 
(mm2)

Time to  
peak (ms) Peak force (N)

Normalized 
peak impact 
stress (MPa)

Maximum 
displacement 

(%)

Spring 
potential 
energy (J)

Loading rate to 
peak force (×103 

N/s)

Average stress 
rate (×103 

MPa/s)
Average strain 
rate (×103 %/s)

In vitro (adult bovine 
articular cartilage)

12.6 ± 2.7 0.47 ± 0.02 453.52 ± 82.1 36.05 ± 5.62 38.55 ± 3.54 0.27783 970.44 ± 81.81 77.14 ± 5.62 82.50 ± 3.54

In vivo (adult lapine 
articular cartilage)

1.39 ± 0.11 0.32 ± 0.04 236 ± 95.2 169 ± 68.4 21.5 ± 4.5 0.27783 737.5 ± 182 528.1 ± 69 67.2 ± 4.6

aImpacts delivered using a 9-mm spring compression setting (0.28 J) and a mass of 220 g. In vitro: adult bovine patellofemoral groove articular cartilage 
without subchondral bone. In vivo: adult lapine articular cartilage of the medial femoral condyle.
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the femoral condyles were isolated and placed in growth 
medium (Dulbecco’s modified Eagle’s medium, 10% fetal 
bovine serum, 3-fold penicillin/streptomycin/fungizone, 
and 50 mM ascorbate) for 24 hours at 37 °C. Condyles 
were rinsed with phosphate-buffered saline, the injuries 
visualized with India ink, and photographically recorded 
with a Qimaging Micropublisher 5.0 CCD color camera 
(Bumbay, British Columbia, Canada) mounted on a Leica 
MZFl III dissecting microscope. In a different set of 
experiments, isolated femoral condyles mounted in meth-
acryate were subjected to 5 impacts with the impactor set 
to the previously determined 36 MPa load level of spring 
compression. Each impact was monitored sequentially with 
pressure-sensitive paper of decreasing force sensitivity, 
from super low force sensitivity (5–25 kg/cm2; 0.49–2.45 
MPa) to super high force sensitivity (1300–3000 kg/cm2; 
127–294 MPa).

Results
Impact Characteristics

On intact articular cartilage in vivo, the hemispherical tip 
(Fig. 2A) delivered an impact with a regular shaped area 
(1.39 ± 0.11 mm2; n = 3; Fig. 2B). The defined footprint 
allowed the use of the geometry of the hemispherical tip to 
estimate the average maximum displacement of the impac-
tor tip into the cartilage as a result of the impact. The in vivo 
impacts measured with an internal load cell revealed a 
maximum force of 236 ± 95.2 N over a period of 1.5 ± 3.1 
ms and 0.32 ± 0.04 ms time-to-maximum force (Table 2). 

Calculation of load was based on the area of the footprint 
as a uniform impression, with a value of 1.39 ± 0.11 mm2, 
showing that the impacts delivered were 169 ± 68.4 MPa. 
Maximal tissue displacement (strain at the apex of the tip) 
was calculated from the radius of the footprint and mea-
surement of unimpacted cartilage thickness adjacent to the 
wound, yielding a value of 21.5% ± 4.5%.

To independently verify the internal load cell readings, 
Fuji Pressurex pressure-sensitive film ranging in sensitivity 
from 0.49 to 294 MPa (super low to super high load detec-
tion range) was laid on femoral condyles in situ, which were 
impacted as described above. Analysis of the footprints 
(Fig. 2C) yielded an estimated load of 330 ± 50.3 MPa from 
which the force of impact (439 ± 50.1 N) was calculated. 
Strain was calculated from the diameters of the impacts 
(1.03 ± 0.12 mm2) and a mean cartilage thickness (surface 
to tidemark) derived from the condyles struck and analyzed 
in this study. Although higher than the loads reported with 
the internal load cell, the forces and loads reported by the 
Pressurex pressure-sensitive paper compared well (26% 
and 35% differences, respectively; Table 3).

In Vivo Impact Wound Development
We initially compared the cartilage degeneration induced 
by a traumatic impact versus that induced by an instability 
model such as ACLT and direct cartilage injury resulting 
from debridement by grooving (Fig. 3). Three months after 
injury, Safrinin O/Fast Green staining of sections through 
the center of the area of degeneration revealed a significant 
difference in degree and extent of cartilage degeneration 

Figure. 2. Hemispherical impactor tip geometry (A) and a representative Pressurex pressure-sensitive film impact pattern (B). (C) 
Footprints recorded with different sensitivity Pressurex pressure-sensitive films under equal loads (set to deliver 588 N [120 MPa] as 
described in Materials and Methods) delivered to rabbit condyles in situ were calibrated and parsed in 10% increments for load (MPa).
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between these 3 models. In 12 weeks, ACLT induced rapid, 
widespread, and severe cartilage degeneration (Fig. 3C). 
Cartilage was eroded to the calcified zone, and large fibrous 
structures negative for proteoglycan were seen forming on 
the margins of the joint. In contrast, grooving induced 
proteoglycan and cell loss only in the margins of the defect 
(within 2–300 µm; Fig. 3B). Otherwise the articular carti-
lage appeared relatively normal. In the impact model, we 
observed an intermediate level of degeneration in which 
deep fissuring was observed, some proteoglycan and cell 
loss, and evidence of clonal expansion (Fig. 3D). These 
features are all hallmarks of osteoarthritic degeneration. 
Independent Mankin scores averaged between 10 and 12 in 
the region of the defect (data not shown).

Development of Focal Lesion Induced by  
In Vivo Impact
Twenty-four hours after impact, Safranin O/Fast Green 
staining of impacted articular cartilage revealed impact-
induced focal damage (Fig. 4C) as compared with control 

(Fig. 4A). The hemispherical tip did not penetrate the car-
tilage or damage the subchondral bone; however, small 
fissures extending into the transition zone were evident 
(Fig. 4C). Irregularities in the superficial zone were also 
evident, indicative of shear or tensile stress during the 
impact. At 24 hours after impact, cell loss was restricted 
largely to the intermediate and superficial zones (Fig. 5C) 
as compared with sham-operated controls (Fig. 5A). Deep 
zones of the articular cartilage were only mildly affected in 
the blunt impact.

Three months postimpact, the degenerated cartilage at 
the site of impact induced by the hemispherical tip had sev-
eral features characteristic of advanced osteoarthritis 
(Fig. 4D), including erosion of the superficial zone, fissuring, 
overall hypocellularity, clonal expansion in specific areas, 
and reduction in sulfated proteoglycan content. Evidence 
of tidemark remodeling was also apparent. These changes 
were not accompanied by joint enlargement, effusion, or 
macroscopically observable synovial tissue growth in the 
time frame examined. Cell loss in the intermediate and 
deep zones was partial, and there was considerable clonal 

Table 3. Comparison of Impact Parameters Measured In Situ Using Internal Load Cell Versus Pressure-Sensitive Filma

Detection method Force (N)
Absolute area 

(mm2)b
Calculated  
load (MPa)

Maximum 
displacement (%)c

Internal load cell 326.9 ± 47.30 1.39 ± 0.11 212.9 ± 21.2 21.50 ± 4.50
Pressurex pressure-

sensitive film
439.3 ± 50.13d 1.33 ± 0.42 330.3 ± 50.3 14.23 ± 3.33e

aAll impacts generated using a blunt hemispherical tip.
bArea determined through upper 88 % intensity (LUT function, NIH Image 1.6) of total footprint.
cCartilage depth determined by comparison of light micrographs of impacted and neighboring unimpacted cartilage.
dMagnitude calculated from the footprint obtained using medium-grade Pressurex pressure-sensitive film footprint.
eBased on average lapine articular cartilage thickness in this study, 378 ± 87 mm.

Figure 3. Comparison of cartilage damage at 12 weeks following injury onset: (A) sham control, (B) groove, (C) anterior cruciate 
ligament transection, and (D) impact. Sections of designated samples were stained with Safranin O for proteoglycan and with Fast 
Green as counter stain. Bar = 100 µm.
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expansion among the presumed surviving cells (Fig. 5D). 
Quantification of cell death in the surface, intermediate and 
deep zones of the cartilage at 24 hours and 12 weeks after 
impact revealed that immediately after impact, cell death 
was most prominent in the surface and intermediate zones; 
however, by 12 weeks, the deep zone in particular lost a 
large percentage of cells, whereas the increase in cell death 
in the surface and intermediate zones was marginal or 
insignificant (Fig. 6). Importantly, minimal cell loss was 
observed in the calcified cartilage zone or in the subchon-
dral bone. Impacted cartilage scored between 8 and 10 on 
the Mankin scale as compared with neighboring, unim-
pacted regions and unimpacted control condyles, which 
scored 0 or 1.

Discussion
In this report, we describe the development of an in vivo 
impact-induced model of posttraumatic osteoarthritis. At 12 
weeks, the damaged areas show fracturing of the articular 

cartilage extended to the tidemark, loss of sulfated proteo-
glycans, overall hypocellularity, and clonal cell clusters, 
suggesting that the mechanisms of degradation resulting 
from the modeled impact in this study are similar to those 
in clinically observed posttraumatic osteoarthritis. 
Furthermore, these changes occurred in the absence of 
observable synovitis and joint effusion characteristic of 
inflammatory arthritis or late-stage osteoarthritis. By defi-
nition then, this model produced primary osteoarthritis, in 
which damage to the articular surface initiates the disease 
process.

The impacts produced by the spring-loaded device are 
greater and faster than physiologically relevant events that 
include loads up to 10 to 12 MPa, and stress rates of 100 
kN/s.22 Impacts mimicking traumatic events in the course of 
exercise and sports or major accidents (such as automobile 
accidents) are represented by loads of 25 to 100 MPa,7,23,24 
although higher loads are possible in crashes exceeding 
35 mph.25-27 Previous studies of high-intensity impacts to 
articular cartilage in vivo have employed forces of 600 to 

Figure 4. Histological detection of articular cartilage degeneration after impact. Sections in the impact zone of rabbit femoral chondyles 
were stained using Safranin O and Fast Green: (A and B) Sham-operated controls, (C and D) impacted condyles at 24 hours (A and C) 
and 12 weeks (B and D) after impact injury. Magnification, 4–6x; scale bar = 200 µm.
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700 MPa24,28 or 14 to 51 MPa29,33 with speed or time to peak 
of 3.5 to 6 ms or 420 to 500 ms, respectively (Table 4). 
Between the impacts produced using the hemispherical tip 
described here and pointed tip configurations (data not 
shown), we measured forces between 2- and 10-fold larger 
than previously reported models.

The immediate damage observed 24 hours after trau-
matic impacts with the hemispherical tip described here is 
consistent with other reported studies applying impacts 
with similar characteristics.24,28 The similarities in damage 
include the extent and depth of fissuring and cell death pat-
terns in relation to fissure boundaries and concentration in 
the transition zones.24,29,34,35 We observed fibrillation pat-
terns similar to those previously documented.36 The frac-
tures initially extended into the surface and intermediate 
zones, at angles to the surface zone similar to collagen fibril 
split lines.37 Studies have shown that at time to peak speeds 
of 100 ms or less the movement of water is inconsequential 

Figure 5. Cell loss in the impacted zone of articular cartilage of the rabbit femoral condyle detected by Hoechst 33342 nuclear. (A 
and B) Sham-operated controls, (C and D) impacted condyles at 24 hours (A and C) and 12 weeks (B and D) after impact injury. 
Magnification, 4–5x; scale bar = 500 µm.

Figure 6. Quantification of cell death in impacted cartilage in 
vivo. Three sections from impacted femoral condyles at 24 hours 
and 12 weeks (n = 3 for each group) were stained with Hoechst 
33342 nuclear staining. Cell loss in each zone (superficial, interme-
diate, and deep) of impacted cartilage is expressed as a percentage 
of total cell number in each zone as compared with neighboring 
unimpacted cartilage. Values are the mean (SD of 3 samples from 
one experiment (*P < 0.01).



330		  Cartilage 3(4)

and cartilage ceases to act as a viscoelastic tissue.36 At these 
impact rates, water acts increasingly as a solid, thereby 
more directly challenging the elastic components of the 
matrix. We also measured articular cartilage fractures that 
extended beyond the pressure-sensitive film’s reported 
impact radius, indicating high tensile force at the surface, 
which are expected from the hemispherical tip.

Cell loss increased dramatically in the transition and 
deep zones within 24 hours after impact and clearly contin-
ued, as shown by nuclear labeling at 12 weeks.30,35,38 Cell 
death was also highest along the margins of fissures. Unlike 
previous studies38 we did not observe high cell death in the 
superficial zone immediately following impact, although 
cell loss in this region clearly occurred as shown by the 
presence of a hypocellular surface zone at 12 weeks. In sup-
port of this, the characteristics of the wound produced here 
at 12 weeks are also similar to those described in other 
studies at 4 months or longer following other modalities of 
high-intensity traumatic impact.14,17,28,36,39,40 Several factors 
may contribute to the comparatively lower percentage of 
cell death observed here in the superficial zone 24 hours 
after impact. First, the superficial zone is adapted to tensile 
forces, and the cell death seen here is a testament to the high 
tensile forces generated by a spherical impactor. Second, 
the deep zone is not adapted to high tensile and shear forces, 
it and may be more highly susceptible to forces generated 
by the geometry of our impactor.

We also observed evidence of tidemark remodeling 
directly under the site of impact, which has been reported in 
some impact model studies.41,42 Importantly, we observed 
neither delamination of subchondral bone and articular carti-
lage nor subchondral bone fractures, which would have sug-
gested an extreme over load of the joint tissue. The tidemark 
remodeling may be evidence of an altered interaction 
between the cartilage and bone evident at the osteochondral 
junction (tidemark). Communication between articular carti-
lage and subchondral bone has been shown in healthy cartilage, 
and this communication is increased in osteoarthritis.43-45 
This remodeling may also be evidence of subchondral 

bruising, an excellent indicator of cartilage damage as well.46 
The bruising can lead to subchondral bone thickening asso-
ciated with osteoarthritis13,14,17,18,47 but is not specific to the 
development of osteoarthritis in animal models.28,41 The 
distinction is important because it has been hypothesized 
that changes in subchondral bone can drive the progression 
of osteoarthritis and even initiate it.48-52 In this study, we 
used only a maximal impact load, which clearly fractured 
the cartilage and killed many cells. The impact may also 
have been hard enough to simultaneously bruise the bone. 
Importantly, we did not observe any subchondral fractures 
by x-ray analysis, which would have clearly complicated the 
model with respect to osteoarthritis progression. Future stud-
ies in which the impact load is lowered to subacute levels 
while specifically assaying bone health and metabolism may 
help elucidate the role of subchondral bone in this model.

The scope of this study did not involve a microscopic 
examination of the meniscus, ligaments or synovial lining. 
These issues are important since osteoarthritis is a disease 
involving tissue of the whole joint, including the synovium, 
meniscus, tendon, ligaments, and subchondral bone. We 
do report that knees of animals that underwent ACLT 
were swollen, exhibiting obvious synovitis and effusion, 
and the animals mildly favored the diseased stifle while 
moving. On the other hand, those with an intra-articular 
impact showed no apparent synovitis or effusion. This 
difference may be a function of different rates of disease 
progression in the 2 models. After 12 weeks, ACLT sam-
ples already showed extensive cartilage fibrillation and 
erosion to the calcified cartilage and pannus formation. In 
the weightbearing regions, very little cartilage tissue was 
evident. We classified this as advanced osteoarthritis. 
Because all weightbearing areas are involved in instability 
models, the mechanical properties that initiated the carti-
lage breakdown in the ACLT model were extensive enough 
to activate an inflammatory response in the synovial lin-
ing, inducing (presumed) inflammatory cell infiltration 
(resulting in synovitis), the activation of which induces the 
release of inflammatory mediators accelerating the loss of 

Table 4. Summary of Reported Load Characteristics of Impacts Employed in Studies of High-Intensity Impacts In Vivoa

Report Model Method Load (MPa) Duration (ms)

Atkinson et al. (2001)31 Canine patellofemoral joint Drop tower, noninvasive 44.6 5.1
Borelli et al. (2003)32 Rabbit femoral condyle Pendulum, invasive 80.5 21
D’Lima et al. (2001)30 Rabbit patellofemoral joint Drop tower, noninvasive 14.0 500
Ewers et al. (2002)28 Rabbit patellofemoral joint Drop tower, invasive 615 4.5
Milentijevic et al. (2005)29 Rabbit femoral condyle Pneumatic impact, invasive 40 420
Rundell et al. (2005)24 Rabbit patellofemoral joint Drop tower, noninvasive 676.0 3.5
Zhang et al. (1999)33 Rabbit femoralcondyle Drop tower, noninvasive 51.8 Not reported
Current study Rabbit femoral condyle Spring-loaded impact, invasive 394.0 1.5

aOnly maximum reported loads and time to peak are listed.
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cartilage and producing high joint fluid volumes (effusion). 
In the impact model, the initially affected area is very 
small. The matrix fragments and inflammatory mediators 
we assume are produced by the surviving chondrocytes are 
present and participating in the local destruction of the 
cartilage but are not yet released in high concentrations to 
activate an inflammatory response in the synovial lining. 
We hypothesize that if the impact model animals had been 
allowed to live longer, the degeneration would have 
proceeded and eventually the symptoms of a more global 
disease would become evident.

The properties and consistency of the impacting device 
give us confidence that we can reproducibly load the articu-
lar cartilage, estimate the magnitude of that load and, 
through calculation, the energy of the impact with reason-
able accuracy. It is the distribution of energy and the dis-
placement of the tissue that we cannot measure or describe 
here. Several factors limit our ability to measure or calcu-
late the impact load leading to the apparent overestimation 
of load as compared to the wound produced in vivo. First, 
there is significant energy loss within the device itself as 
demonstrated using the external load cell (19% ± 2%). 
Second, we recognize an unquantified loss of energy 
absorbed by the surrounding tissues including the subchon-
dral bone, soft connective tissues, underlying musculature 
and dermis during in vivo impacts. After further study, a 
conversion factor may be used to more accurately quantify 
the impact. Third, the area of impact was calculated using 
only medium-range pressure-sensitive film, and the foot-
print was used as a “binomial” report of contact and force. 
Further experimentation and modeling of force distribution 
will be required to characterize the load delivered by this 
method. Fourth, the spherical geometry of the impactor 
produces force vectors that radiate perpendicularly from the 
tangent of the impactor tip surface, which changes for any 
point of the articular cartilage surface throughout the impact 
duration. Further modeling of force distribution will be 
required to quantify the force delivered by this method.

Our impactor system design described here shows 
promise in delivering and studying the effects of single 
traumatic impacts of various intensities at different loca-
tions within the joint. The wound geometry is easily 
adjusted by changing tips, while alteration in magnitude 
of impact is accomplished by a change in the properties of 
the springs. The calibration of the impactor in vitro using 
adult bovine articular cartilage in preparation of impact-
ing rabbit cartilage in vivo was not translatable (Table 1). 
The two types of cartilage samples are very different in 
geometry and biomechanics, and the impact surface is 
very rigid in vitro even in the absence of subchondral 
bone, whereas in vivo impact surface is less rigidly secured 
given the soft tissue underneath the knee during impact. 
Optimization and calibration of the impactor must be 
accomplished in situ for each species, joint, and impact 

tip. Nonetheless, this preliminary study of the in vivo 
effects of our impactor have shown that the impacts deliv-
ered are very consistent. We believe the progression of 
osteoarthritic degeneration in the impact model presents 
several opportunities. First, there is a defined area, time 
and mechanical insult that can be manipulated to aid in 
identification of critical parameters in disease initiation. 
Second, the pace of disease progression is slower, giving 
us greater opportunity to observe and assay the interac-
tions of cartilage and bone at the tidemark, and cartilage 
and synovium at the level of inflammatory interactions. 
Third, the focal nature of the defect will allow us to test 
various cartilage repair modalities.
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