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Summary

Objective: The purpose of this study was to develop a long-term model of cartilage injury that could be used to compare the effects of radio-
frequency energy (RFE) and mechanical debridement as a treatment.

Methods: Partial thickness fibrillation of patellar cartilage was created in 16 mature ponies. Three months after the initial surgery all injured
patellae were randomly selected to receive one of the four treatments (n¼ 8/treatment): (1) control, (2) mechanical debridement with a motor-
ized shaver, (3) TAC-CII RFE probe, and (4) CoVac 50 RFE probe. The ponies were euthanized 22 months after treatment. Macroscopic
appearance of the cartilage surface was scored, vital cell staining was used to determine chondrocyte viability and light microscopy was
used to grade the morphometric changes within the cartilage. Mechanical properties (aggregate modulus, Poisson’s ratio and permeability)
also were determined and compared to normal uninjured cartilage.

Results: There were no differences in the cartilage surface scores among the treatment groups and control samples (P> 0.05). The maximum
depth of cell death and the percentage of dead area in control and mechanical debridement groups were significantly less than those in both
RFE groups. There were no significant differences in maximum depth and the percentage of dead area between the two RFE treatment
groups. Histologic scores demonstrated better cartilage morphology for the control and mechanical debridement groups than those of RFE
groups. However, even with full thickness chondrocyte death, the matrix in the RFE treated sections was still retained and the mechanical
properties of the treated cartilage did not differ from the mechanical debridement group.

Conclusion: RFE caused greater chondrocyte death and more severe morphological changes compared to untreated degenerative cartilage
and mechanical debridement in this model.
ª 2006 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Introduction

Focal and diffuse partial thickness fibrillation, chondral frac-
ture, and partial thickness erosion are commonly encoun-
tered by orthopedic surgeons and create significant pain
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and gradual loss of joint function for patients1,2. The intrinsic
repair capabilities of cartilage are limited and the resulting
tissue produced in adult patients is generally inferior to nor-
mal cartilage3e5. Historically, multiple treatment modalities
have been used to address focal lesions and include arthro-
scopic lavage, laser thermal chondroplasty, subchondral
microfracture, autogenous chondrocyte grafting, and
mosaicplasty6,7.

Appropriate animal models represent one of the obsta-
cles to developing clinically successful cartilage repair ther-
apies8e10. Numerous strategies have been developed for
cartilage repair with varying degrees of success; however,
complete, functional permanent repair has never been re-
ported in the postnatal animal. Cartilage thickness varies
considerably across species, anatomy varies due to quad-
ruped vs biped mechanics, and healing may actually be
faster in the human because of the ability to use postoper-
ative rehabilitation techniques in combination with patient
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compliance10. Furthermore, a principal outcome measure in
the human, which is pain, can only be assessed indirectly in
animals through measures such as heart rate, kinematic
analysis or force plate analysis.

Radiofrequency energy (RFE) has been used for years in
general surgery, neurosurgery, oncology, cardiology, oph-
thalmology, and most recently in musculoskeletal surgery
for a variety of indications11e13. Currently 18% of articular
cartilage debridement procedures involve the use of RFE.
However, this remains a controversial treatment due to con-
flicting reports of clinical and in vitro and in vivo experimen-
tal studies11,14e16. The popularity of RFE has resulted from
three major factors: the rapid smoothing and contouring of
fibrillated cartilage without irregularities produced by motor-
ized shavers, significant improvement in clinical signs after
surgery with a low complication rate, and in vivo and in vitro
reports demonstrating little to no chondrocyte injury or
necrosis adjacent to the treated regions14,17,18. Further
in vivo and in vitro work and clinical reviews have resulted
in conflicting reports regarding the effects of RFE on articu-
lar cartilage and chondrocyte viability19e24. RFE can create
a stable articular surface that has been demonstrated to re-
sist surface fibrillation for up to 6 months after treatment
overcoming the issues of excessive tissue removal and pro-
ducing smoother, more rapid contouring than can be
achieved with mechanical debridement22. These improve-
ments over mechanical debridement have led to continued
clinical use and set the challenge to develop better probes
that allow surface contouring but avoid the undesirable ef-
fects such as cell death25.

The purpose of this study was to utilize a large animal
model that mimicked cartilage injury and the subsequent
degenerative process, characterized by softening of the
cartilage and partial thickness fibrillation of the cartilage sur-
face. This model was then used to compare the treatments
of mechanical debridement and RFE and determine the po-
tential benefits of these treatments. Specifically, the macro-
scopic appearance of the cartilage surface, the long-term
chondrocyte viability, and light microscopy were used to as-
sess the effect of these treatments on injured cartilage com-
pared to untreated control. In addition, there are no reports
describing the long-term changes in mechanical properties
of articular cartilage after RFE treatment. Recently, reports
of in vitro application of low energy (�30 W) RFE on arthritic
femoral articular cartilage showed no significant immediate
differences in stiffness pre and posttreatment26. We hypoth-
esized that the use of RFE for thermal chondroplasty would
produce a stable articular surface with less surface fibrilla-
tion than mechanical shaving and enhanced long-term me-
chanical properties compared to mechanical debridement
and untreated control, but would result in significant thermal
injury to chondrocytes.

Materials and methods

Sixteen mature ponies, ranging in age from 4 to 6 years
and weighing between 130 and 190 kg (147� 7; mean
� S.E.M) were used in this study. All experimental protocols
were approved by the Institutional Animal Care and Use
Committee. Following induction of general anesthesia, bilat-
eral femoropatellar arthroscopy was performed as previ-
ously described27,28. A custom-designed, stainless steel
abrading tool (4 mm� 4 mm with four cutting edges
500 mm in height) for roughening the cartilaginous surface
of the patella was applied bilaterally to the patellar surface
to create an abraded surface approximately 2� 2 cm2 that
would approximate Grade 2e3 partial thickness cartilage
injury with surface fibrillation and chondral fracture. After
the initial surgery, the ponies were restricted to stall rest
(20� 20 feet stalls) for 14 days and then provided paddock
turnout for 76 days. A second arthroscopic procedure using
the previously described approach was performed 90 days
after the cartilage abrasion and one of the four treatments
(surgical control, TAC-CII RFE probe, CoVac 50 RFE probe
and motorized shaving; n¼ 8 patellae/treatment group) was
applied to each patellar surface as determined by pre-
surgical random block design.

Untreated cartilage lesions in control joints were arthro-
scopically examined at 90 days after the cartilage abrasion,
an instrument portal was established, and the fibrillated car-
tilage region on the patella was examined with a blunt
probe. Prior to treatment, a 2.0-mm osteochondral biopsy
was taken with a 13-gage Jamshidi biopsy instrument and
placed in sterile PBS for analysis of cell viability and carti-
lage thickness by confocal laser microscopy. For the me-
chanical debridement group, the debridement was
performed using a 3.5 mm oscillating blade (full radius re-
sector, C9800, Linvatec Corporation, Largo, FL). The fronds
in the fibrillated region were resected and an attempt was
made to smooth the surface without removing excessive
cartilage. RFE treatments were performed using a paint-
brush pattern for both RFE devices. TAC-CII (Vulcan EAS
coupled with TAC-CII probe at the setting of 70�C/15 W,
Smith & Nephew, Endoscopy, Andover, MA) was applied
in light contact, and the CoVac 50 (ArthroCare 2000 cou-
pled with CoVac 50 probe at setting of 2, ArthroCare Corpo-
ration, Sunnyvale, CA) was used in short 2e3 s activation
periods in a non-contact manner. The selected RFE set-
tings were the manufacturers’ recommended settings at
the time of the study. Based on previously reported ther-
mometry studies, continuous lavage (200-mL/min) was
used during CoVac 50 application in an attempt to reduce
surface heating. However, when the TAC-CII was used, la-
vage was stopped to prevent cooling of the RFE probe tip
with concomitant increased power application23. For each
4 cm2 degenerative area of the patella, the RFE treatment
time was limited to contouring the surface and removing
fine fibrillations. When large fronds were present, they
were removed with grasping forceps before RFE was ap-
plied. Postoperative exercise restrictions were identical to
the first surgery.

All ponies were euthanized 22 months after the second
surgery. The patellae were harvested and photographed
for evaluation of macroscopic appearance of the cartilagi-
nous surfaces using a subjective scoring system by three
senior researchers that were unaware of the treatments
used (Table I). The patellae were cut by band saw irrigated
with saline solution into smaller osteochondral blocks with

Table I
Macroscopic appearance of RFE treated cartilage surface

Macroscopic appearance of RFE treated
cartilage surface

Score

No cartilage loss and smooth 4
No cartilage loss and relatively smooth 3
Minimal cartilage loss with rough and
irregular surface

2

<25% Cartilage loss with minimal subchondral
bone exposed

1

>25% Cartilage loss with substantial amount of
exposed subchondral bone

0
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at least 1.0 cm of subchondral bone for biomechanical, vital
cell staining or histological analysis. A low-speed saw irri-
gated with saline solution (Buehler, Isomet 2000, Lake Bluff,
IL) was used to cut the osteochondral block into slices with
a thickness of 1.5 and 2.5 mm. The 1.5 mm thick slices
were analyzed for chondrocyte viability by confocal laser
microscopy on the day of the harvest. The 2.5 mm thick sli-
ces were used for histologic analysis by light microscopy.

BIOMECHANICAL ANALYSIS

Four osteochondral sections were collected for mechani-
cal testing: the treated region, the upper border of treated
region (border area), the same facet of the treated area
(superiolateral area), and the opposite facet (medial area)
of the patella (Fig. 1). All the sections were of at least
2.25 cm2. The collected samples were wrapped in gauzes
soaked in 0.9% NaCl solution with protease inhibitors (ben-
zimidine hydrochloride, 5 mmol/L; N-methyl malamine
10 mmol/L; ethylene diamine tetra acetic acid 2 mmol/L;
phenyl methyl sulphonyl flouride, 1 mmol/L) and stored at
�80�C.

Each specimen was thawed in 0.9% NaCl solution with
protease inhibitors at room temperature for 1 h. Each osteo-
chondral specimen was subjected to one freeze thaw cycle,
which is not believed to affect the tissue’s biomechanical
properties29. The osteochondral specimens were tested
with an automated creep indentation apparatus to obtain
creep and recovery behavior of the articular cartilage29e31.
For testing, each specimen was mounted with cyanoacry-
late cement to the base of a bath, containing 0.9% NaCl
with protease inhibitors. A flat ended, cylindrical, rigid, po-
rous indenter tip of 1 mm diameter, made of sintered steel
and having a much higher porosity than articular cartilage,

Fig. 1. Schematic of the articular surface of the patella demonstrat-
ing the treated region and the sites used for biomechanical testing:
T e treated area, B e border between treated and untreated areas,

S e superiolateral area, and M e medial area.
was used. Perpendicularity of the indenter tip was achieved
using a small cylindrical metallic bit with flat ends placed on
the area to be tested on the surface of the sample. By care-
fully moving the stage, the indenter tip and the bit was po-
sitioned in co-linear alignment so that flat surfaces of both
were made parallel to each other. Once surfaces of the in-
denter and the bit became parallel, the experiment was
started after removing the bit. Perpendicularity was
achieved in 30e60 s.

After equilibrium to a tare load of 0.0049 N was reached,
a main load of 0.098 N was applied until equilibrium. The
main load was then removed automatically at equilibrium
and the recovery phase began under the tare load. After re-
covery equilibrium, the load was removed and the tissue
was allowed to recover unloaded completely for 30 min in
the solution. The thickness of the cartilage at the site of test-
ing was measured using a needle probe29e31. Once the tis-
sue resistance to the needle reached 2.45 N the needle
was automatically withdrawn and the thickness was deter-
mined based on the graph plotted.

CONFOCAL LIGHT MICROSCOPY

Cell viability was determined using previously described
techniques using 0.4 ml calcein (acetoxymethylester)/10 ml
ethidium homodimer (Molecular Probes, Eugene,
OR)22,32,33. A confocal laser microscope (MRC-1024, Bio-
Rad, Hemel Hempsted/Cambridge, England) equipped
with a krypton/argon laser and the necessary filter systems
(fluorecein: 522DF32 and rhodamine: 585EFLP) was used
to examine the stained sections. All cartilage samples
were examined without knowledge of treatment and un-
treated regions were included within the field of view to
serve as control. The maximal RFE depth (deepest point
of thermal dead area), mean depth of penetration (dead
area/width of dead area), percentage of RFE dead area
[dead area/(dead areaþ live area)%], and mean cartilagi-
nous thickness [(dead areaþ live area)/width of image]
were determined in each confocal laser microscopy image
of the osteochondral section with NIH Image software
(NIH, Bethesda, MA).

HISTOLOGICAL ANALYSIS

The 2.5 mm thick cartilage slices were fixed in 10% neu-
tral buffered formalin, then decalcified and embedded in
paraffin. Five-micrometer thick sections were cut and
stained with hematoxylineeosin or Safranin-O. Cartilage
thickness, chondrocyte viability, Safranin-O staining, cell
morphology, cartilage structure, and tidemark integrity
were assessed for each section. Cell viability was evaluated
based on the information from confocal laser microscopy
and added to the analysis after light microscopic data
were obtained to prevent bias. Each of these characteristics
was given a score according to the scoring system de-
scribed in a previous study22 (Table II). Higher scores rep-
resent better histologic appearance. Each section
examined by three senior researchers without knowledge
of treatment.

Data analysis

The mean and standard error of the mean (S.E.M.) were
determined for cartilage thickness and chondrocyte death
measurements. For subjective scores, medians and ranges
were determined. Differences in maximal depth of chondro-
cyte death, mean depth of chondrocyte death, percentage
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of dead area and mean cartilaginous thickness calculated
from confocal laser microscopy image were analyzed using
analysis of variance (ANOVA) (SAS, version 8.2, SAS Insti-
tute, Cary, NC). When ANOVA revealed significant differ-
ences among groups, a Duncan’s multiple range test was
performed to identify the differences among treatment
groups. Comparison of the subjective scores among treat-
ment groups based on gross appearance and histologic
scoring systems was performed using non-parametric
methods (ManneWhitney U test). The material properties e
aggregate modulus (HA), Poisson’s ratio (ns) and permeabil-
ity (k) were calculated based on linear biphasic theory34.
The effect of the experimental group and the area on the
material properties and thickness of the cartilage were ex-
amined using ANOVA (SAS version 8e; SAS Institute,
Cary, NC). Duncan’s multiple range test was used to com-
pare the means when the P value was significant. For all
analyses, differences were considered to be significant at
a probability level of 95% (P< 0.05). Interobserver preci-
sion error was determined among the researchers for the
macroscopic surface scoring and light microscopic analysis.
When comparisons were not significant, the difference (d)
between populations to detect a significant difference at
power¼ 0.8 and a¼ 0.05 was calculated.

Table II
Light microscopic grading format

Characteristic Score

Cartilage thickness (after treatment)
a. >75% Normal surrounded cartilage 4
b. 50e75% Normal surrounded cartilage 3
c. 25e50% Normal surrounded cartilage 2
d. <25% Normal surrounded cartilage 1
e. Exposed calcified zone or subchondral bone 0

Cell viability in treated area evaluated by confocal microscopy
(including all reparative mesenchymal cells and chondrocytes)
a. Approximate 95e100% alive 4
b. Approximate 75e95% alive 3
c. Approximate 50e75% alive 2
d. Approximate 25e50% alive 1
e. Approximate 0e25% alive 0

Safranin-O staining
a. Normal 4
b. Slight reduction 3
c. Moderate reduction 2
d. Severe reduction 1
e. No dye noted/no or minimal tissue 0

Cell morphology
a. Normal 4
b. Diffuse hypercellularity 3
c. Cloning 2
d. Hypocellularity 1
e. Severe cartilage loss 0

Cartilage structure
a. Normal 6
b. Surface irregularities 5
c. Pannus and surface irregularities 4
d. Clefts to superficial zone 3
e. Clefts to middle zone� loss of superficial zone 2
f. Clefts to deep zone� loss of middle zone 1
g. Absent down to the tidemark 0

Tidemark integrity
a. Intact 2
b. Crossed by blood vessels 1
c. Severe cartilage loss (no tidemark present) 0

Perfect score 24
Results

Mechanical abrasion of the patella surface followed by
a 90-day postoperative exercise period resulted in a fibril-
lated, irregular articular surface. Macroscopically the carti-
lage was softened and had an irregular surface, but the
soft, wispy fronds characteristic of degenerative disorders
such as chondromalacia were not confluently dispersed
over the entire treated surface. In some areas, cartilage
loss was visible, and furrows in the cartilage caused by
the abrasion tool could clearly be identified (Fig. 2). Based
on macroscopic appearance at the second arthroscopy,
and confocal laser microscopy of the biopsies, the model
was successful in creating chondromalacia with adjacent
chondrocyte death similar to previous reports35. However,
microscopically, deep fissures were evident in the cartilage,
some which penetrated as far as the subchondral bone and
these fissures often resulted in large cartilage flaps being
detached. Therefore, some regions were more consistent
with Grade 3 chondromalacia. The surface cartilage layer
was lost in the majority of samples with concomitant loss
of proteoglycans confirmed through Safranin-O staining.
Extensive chondrocyte cloning was localized around the fis-
sures in the tissue (Fig. 3). These findings are more repre-
sentative of a traumatic mechanical insult than the slow
progressive degenerative nature often associated with ma-
lalignment or maltracking conditions of the knee and femo-
ropatellar joint space36. No intraoperative or postoperative
complications were encountered during the duration of the
study.

Each radiofrequency device was able to contour the artic-
ular surface of the abraded patella and remove fine fibrilla-
tions. Mechanical debridement was able to contour the
surface in a manner that removed the large fronds and car-
tilage flaps, but resulted in a surface that was mildly irregu-
lar at the completion of the debridement.

There was no difference in the cartilage thickness among
treatment groups (biopsy samples before treatment) as
measured by confocal laser microscopy (P> 0.05) (Table
III). However, the treated area was thinner than the other
three areas (border, superiolateral, and medial area) for
all experimental groups (P< 0.001) with a 45e55% reduc-
tion in thickness compared to the medial area.

CoVac 50 and TAC-CII treatments resulted in twice the
maximum depth of chondrocyte death compared with

Fig. 2. Arthroscopic image of the articular surface of the patella (top
of photo) demonstrating the partial thickness cartilage injury prior to

treatment.
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mechanical debridement (P< 0.05) (Table III), and 3.5e4.6
times the mean depth and area of chondrocyte death com-
pared with mechanical debridement (P< 0.05) (Table III)
[Fig. 4(AeD)]. In addition, reduced viability, loss of Safra-
nin-O staining, and abnormal cell morphology resulted in
lower individual and total light microscopy scores for the
RFE treated groups compared to control and mechanically
debrided areas (P< 0.05) (Table IV) [Fig. 5(AeD)]. There
was no difference in cartilage structure (surface topogra-
phy) among the experimental groups (P> 0.05) (Table
IV). There was no difference in the cartilage surface scores
among the treatment groups; MD¼ 1.3 (0, 3.1) (median,
range); CoVac 50¼ 1.2 (0.0, 3.1); TAC-CII¼ 1.0 (0.1, 2.7)
and control¼ 2.5, (1.3, 3.3) samples (P> 0.05). The intra-
observer and interobserver precision errors for macroscopic
surface scores were 23.4% (Grade¼ 0.4) and 24.1%
(Grade¼ 0.4), respectively.

There were no significant differences in the aggregate
modulus among experimental groups in treated, border or
medial areas. However, the superiorelateral area of the
TAC-CII group showed a significantly lower aggregate mod-
ulus compared to the other groups. Within each experimen-
tal group, aggregate modulus values significantly differed
among the four areas (P< 0.0001). The medial area had
the highest aggregate modulus in all groups while the
treated area showed the lowest value. Treated and border
areas showed an approximately 60e75% decrease in

Fig. 3. Safranin-O stained light microscopy of osteochondral sec-
tion from control animal. This image demonstrates surface fibrilla-
tion, chondrocyte cloning, and loss of proteoglycan staining.

Articular surface is toward the top (original 200�).

Table III
Cartilage thickness, maximum and mean depth of chondrocyte

death, and area of chondrocyte death

Cartilage
thickness

(mm) before
treatment

Chondrocyte death
after treatment

Mean
(mm)

Maximum
(mm)

Area
(%)

Control 1308� 116a 207� 54a 764� 110a 17� 5a

Mechanical
debridement

1367� 152a 166� 34a 586� 63a 13� 3a

CoVac 50 1122� 81a 609� 122b 1162� 364b 55� 10b

TAC-CII 1320� 141a 735� 58b 1187� 83b 60� 7b

Values represent means� S.E.M. Different superscript letters

within a column represent differences among groups (P< 0.05).
aggregate modulus compared to that of medial area. There
were no significant differences in aggregate modulus be-
tween the treated and border areas in any of the experimen-
tal groups (Table V). The aggregate modulus values of
superiorelateral areas were 30e40% less than that of me-
dial area. The Poisson’s ratio was significantly higher in the
treated area compared to other areas in all experimental
groups. In all of the experimental groups except the control
group, the permeability values were higher in the treated
area compared to other three areas. Within the experimen-
tal groups, except for the control group, the superiorelateral
area showed significantly lower permeability value com-
pared to the treated area. Except the border area, none of
the tested areas showed any significant influence of the
type of treatment in permeability values.

Discussion

This study aimed to develop an animal model of cartilage
injury (partial thickness cartilage fibrillation) that would be
representative of the clinical situation and could be used
to compare the treatments of mechanical debridement
and RFE with particular attention paid to contouring the
damaged articular surface, the effects on chondrocyte via-
bility, and the long-term histologic and mechanical charac-
teristics of the cartilage matrix. A pony model was
selected due to the joint similarities with that of the human
in terms of overall size, thickness of the articular cartilage,
forces acting on joint surfaces and degenerative disease
progression37. The joint size also allows the use of clinically
applicable probes and arthroscopy systems as well as in
vivo indentation testing devices. However, the RFE settings
recommended by manufacturers used in this study were for
human patients, they may not be optimal for the treatment
of horses because of the different body size and weight be-
tween humans and horses. Differences were found be-
tween the experimentally created model of cartilage injury
used in this study and some injuries seen clinically, thus
emphasizing the limitations and difficulties in developing an-
imal models which are representative of the clinical situa-
tion. Specifically, the model developed in this study was
more representative of a traumatic insult than the slow, pro-
gressive degeneration associated with clinical changes
seen in maltracking or malalignment leading to chondroma-
lacia patella. Macroscopically, deep furrows were visible
which correlated with the coarseness of the abrasion tool
and histologically chondral fractures were observed which
in some cases extended down to the subchondral bone
(ICRS Grade 3b)38.

In this study, the cartilage surface was macroscopically
smoothed with each RFE device during arthroscopy in
a manner that was visually superior at surgery compared
with mechanical shaving, however, this visual effect was
not maintained over the 22 month duration of this study.
In addition, there were no morphometric or biomechanical
differences among the four experimental groups and overall
morphometric scores for all groups were low indicating the
aggressive nature of the model. Furthermore, extensive
cell death associated with the RFE treatments occurred in
this study. Lu et al. 21,22,24,32,39e41 have demonstrated
chondrocyte death, including the penetration of the sub-
chondral bone with application of both monopolar and bipo-
lar RFE. Others have questioned the validity of these
studies18, specifically the significance of viability testing at
time zero compared to viability over time after thermal expo-
sure. Recently, Kaab et al.16 also demonstrated that RFE



174 R. B. Edwards et al.: Treatment of partial thickness cartilage injuries
Fig. 4. Collage of the confocal laser microscopy images demonstrating increased cell death for both bRFE and mRFE compared to control and
mechanical debridement. Confocal laser microscopy and vital cell staining of osteochondral sections, articular surface is toward the top (orig-
inal 20�). Green dots are viable cells, red dots are dead cells. A: Control; B: mechanical debridement; C: CoVac 50 probe coupled with

ArthroCare 2000 generator; D: TAC-CII probe coupled with Vulcan EAS generator.
caused thermal damage to cartilage 24 weeks after applica-
tion in a sheep model as previously reported by Lu et al.22.
In addition, Caffey et al. evaluated five RFE systems cur-
rently on the market to determine the thermal effects on hu-
man articular cartilage42. The results of his study showed
significant cellular death caused by these RFE systems.

The regions with partial thickness cartilage loss and fibril-
lation had inferior mechanical properties in the area of abra-
sion compared to the non-abraded area. The indentation
response of articular cartilage is dependent upon the high
tensile stiffness of the superficial collagen layer, in addition
to the compressive stiffness provided by proteoglycans in
the matrix43. The superficial collagen layer was damaged
in all the groups in the study, which is partially responsible
for the reduced stiffness properties demonstrated in the
treated area. In healthy cartilage during loading, the surface
zone and the intermediate zone form a common functional
unit providing a high degree of fiber cross linkage to in-
crease zonal compressive stiffness, and an intact superfi-
cial zone helps prevent peaks of surface tensile strain44.
The greatly diminished flow-dependent mechanisms of
load support due to loss of upper layers of cartilage can
lead to increased stress on the solid matrix, a decrease in
elastic modulus of collagen and fibril lengths and resultant
cyclic fatigue45,46. The results reported here also suggest
a gradient change in mechanical properties while moving
away from the treated area, with the highest stiffness in
the area farthest from the damaged portion. Progression
of cartilage degeneration from focal areas of damage to
the adjoining areas due to the release of inflammatory
agents is well established45,46. The stiffness in articular
cartilage after RFE treatment to be decreased compared
to normal healthy cartilage has been reported by Uthaman-
thil et al.31.

The thickness of the injured area was lower compared to
other areas of untreated cartilage in all groups, although it is
a limitation of this study that no baseline thickness mea-
surements were taken prior to injuring the tissue. Thinning
of injured cartilage is known to occur after injury47. Thinning
in all groups may be due to continual degeneration of the
Table IV
Light microscopic analysis of thickness, visibility, Safranin-O staining, morphology, structure, and tide-mark integrity

Thickness Viability Safranin-O Morphology Structure Tide-mark integrity Total

Control 3.0 (1.0, 3.7)a 3.0 (2.3, 3.3)a 2.5 (1.7, 3.0)a 2.0 (1.8, 2.0)a 1.7 (1.0, 2.0)a 1.9 (1.0, 2.0)a 13.3 (10.2, 15.3)a

Mechanical
debridement

3.0 (1.7, 3.7)a 3.0 (2.3, 3.0)a 2.2 (1.3, 3.0)a 2.0 (1.8, 2.0)a 1.7 (1.0, 2.3)a 2.0 (1.0, 2.0)a 13.8 (9.8, 16.0)a

CoVac 50 2.8 (1.7, 3.3)a 0.5 (0.0, 2.3)b 1.2 (0.0, 2.3)b 1.1 (0.7, 1.7)b 1.7 (1.0, 3.3)a 2.0 (1.0, 2.0)a 8.4 (5.3, 13.3)b

TAC-CII 3.0 (1.7, 3.3)a 1.5 (0.0, 2.3)b 1.3 (0.3, 2.0)b 1.5 (0.7, 1.8)b 1.2 (0.7, 2.0)a 1.5 (1.0, 2.0)a 9.2 (5.2, 12.8)b

Values represent median, range. Different superscript letters within a column represent differences among groups (P< 0.05).
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Fig. 5. Collage of histologic images of osteochondral sections from each group at the endpoint of the experiment. Articular surface is toward
the top (Safranin-O staining, original 40�). A: Control; B: mechanical debridement; C: CoVac 50 probe coupled with ArthroCare 2000 gener-

ator; D: TAC-CII probe coupled with Vulcan EAS generator.
cartilage associated with loss of proteoglycans and colla-
gen denaturation further exacerbated by chondrocyte apo-
ptosis and necrosis7. It is surprising that the loss of
thickness was not greater in the mechanical debridement
group due to actual removal of tissue during the treatment
process. In the RFE treated groups, collagen shrinkage
due to heating and RFE ablation may also have played
a role in cartilage thinning. Hogan and Diduch also reported
a case of progressive thinning of cartilage after treatment
with RFE48.
Table V
Biomechanical characteristics of the treated and untreated patellar regions

Experimental Group Treated (T) Border (B) Superiolateral (S) Medial (M)

Aggregate modulus HA (MPa)
Control 0.155� 0.035a,* 0.213� 0.069a,* 0.303� 0.103b,*,** 0.428� 0.114c,*
MD 0.190� 0.100a,* 0.206� 0.047a,* 0.274� 0.019b,*,** 0.448� 0.048c,*
TAC-CII 0.163� 0.060a,* 0.185� 0.074a,* 0.244� 0.042b,* 0.411� 0.146c,*
CoVac 50 0.148� 0.045a,* 0.185� 0.092a,* 0.323� 0.067b,** 0.521� 0.076c,*

Permeability k (m4/N s� 10�15)
Control 2.906� 1.004a,* 2.922� 0.550a,*,** 2.658� 0.548a,* 3.238� 0.764a,*
MD 3.544� 1.368a,* 2.435� 0.653b,* 2.407� 0.470b,* 2.812� 0.656a,b,*
TAC-CII 5.520� 4.363a,* 3.357� 0.979a,b,*,** 2.569� 1.021b,* 3.507� 1.097a,b,*
CoVac 50 4.718� 2.994a,* 4.253� 2.981a,b,** 2.126� 0.715b,* 2.731� 0.562a,b,*

Poisson’s ratio ns

Control 0.039� 0.052a,* 0.00b,* 0.00b,* 0.00b,*
MD 0.045� 0.063a,* 0.00b,* 0.00b,* 0.00b,*
TAC-CII 0.030� 0.050a,* 0.00b,* 0.001� 0.003b,* 0.00b,*
CoVac 50 0.035� 0.038a,* 0.008� 0.024b,* 0.00b,* 0.00b,*

Thickness h (mm)
Control 0.96� 0.39a* 1.49� 0.35b,* 1.64� 0.41b,* 1.74� 0.28b,*
MD 0.99� 0.65a* 1.51� 0.35b,* 1.86� 0.38b,* 1.88� 0.38b,*
TAC-CII 0.85� 0.38a* 1.19� 0.39a* 1.85� 0.42b,* 1.72� 0.34b,*
CoVac 50 0.75� 0.32a* 1.46� 0.37b,* 1.73� 0.37b,* 1.68� 0.29b,*

Values represent mean� S.E.M. Values within a row with superscripts of differing letters are significantly different. Values within a column

with differing number of asterisks (*, **) are significantly different. Significance P< 0.05.
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A surprising result was that there were no significant dif-
ferences among the groups in the permeability of treated
and untreated areas as a previous study reported31. The
reason for this may be due to the sensitivity of the biome-
chanical test used in this study, which may not be sufficient
to show differences between the groups. Other biomechan-
ical tests may be capable of distinguishing the differences
among the groups. There has been much discussion about
the ability of RFE to anneal and seal the cartilage surface;
however, it is yet to be determined whether the ability to
seal the cartilage surface has any benefit, as it would be
a balance between preventing the release of degenerative
cytokines from the injured cartilage and detrimental effects
on nutrient flow and pH. In a recent study, a decrease in per-
meability of the matrix was observed immediately after treat-
ment with RFE on osteoarthritic femoral articular cartilage49.

Lu et al. demonstrated in a sheep model of a focal defect
in a non-load-bearing site that RFE was able to stabilize the
articular cartilage and maintain a non-fissured surface 6
months after treatment in spite of full thickness chondrocyte
death22. However, in this model at 22 months, the cartilage
surface of RFE treated regions was as fibrillated as the
untreated controls and mechanically debrided regions. It
is possible that several factors caused the recurrence or
persistence of the microscopic fibrillation identified on light
microscopy in this study. First, the tool used to abrade the
cartilage surface created wide clefts with cartilage loss in
some instances and chondral fracture that extended deep
into the cartilage matrix. Light intermittent application of
RFE may not have sealed or annealed the articular surface
and remaining clefts may have propagated over time, fur-
thermore over treatment may have occurred in an attempt
to smooth the surface, resulting in further deleterious effects
on cell viability. Even more aggressive treatment with the
RFE devices may have prevented continued fibrillation
from occurring, but would have most likely resulted in
more extensive chondrocyte death24. In addition, the dena-
turation of collagen in the matrix may have led to weakening
of the articular cartilage and subsequent matrix fissuring.

Similar to previously published in vitro work, RFE treat-
ment resulted in loss of matrix staining for proteoglycans us-
ing Safranin-O22,24. This is most likely caused by
a combination of factors. Abrasion of the cartilage surface
and disruption of the normal collagen architecture results
in altered matrix biomechanical characteristics and in loss
of proteoglycans. In addition, based on the in vitro studies
and loss of proteoglycans staining with RFE treatment
alone22,24, it is likely that thermal denaturation of proteogly-
cans occurs during treatment and massive chondrocyte
loss prevents proteoglycan replacement within the treated
matrix. The loss of proteoglycan correlates with the inability
of RFE to seal the cartilage surface in this model and the
lack of increased chondrocyte metabolism at the margins
of injury as reported by Hunziker and Quinn50.

Caution should be used when using RFE probes for treat-
ing articular cartilage with large clefts that penetrate deep
into the tissue. However, RFE may have a role to play in
treatment of injured articular cartilage, particularly in the
light of the symptomatic relief given to patients, the ability
to smooth the surface initially without removal of uninjured
tissue and the ability to maintain function even in the pres-
ence of full thickness cell death in a non-load-bearing site.
Ongoing research and reports document that the depth of
chondrocyte injury can be controlled in part by modifying
RFE probe design25. Moreover, future studies are required
to further develop animal models that are more representa-
tive of the clinical situation.
One important limitation of this study merits discussion.
There was not a control group that was euthanized at the
time of the second surgery to assess the cartilage biome-
chanics and detailed light microscopy of the injured carti-
lage prior to treatment to give baseline measurements on
the degeneration of the tissue. Therefore, it cannot be con-
firmed that this damage was a direct result of the mechan-
ical abrasion and not a result of the applied treatment,
however the untreated controls were found to have similar
macroscopic and histological characteristics to all the three
treatment groups.

The ability to induce cartilage defects representative of
clinical situation remains an experimental challenge. In
this study, the aggressive cartilage injury resulted in defects
with deeper crevices and larger fibrillations than what is typ-
ically seen clinically in Grade 2 chondromalacia and chon-
dromalacia associated with malalignment and maltracking,
however, it is consistent with Grade 3 cartilage injury, a par-
tial thickness lesion that warrants investigation. The clinical
use of current RFE devices for the management of severely
damaged articular cartilage should be approached with cau-
tion. However, the enticing visual effects, the ability to
smooth the articular cartilage surface in manner far superior
to that of motorized shaving and the lack of any other viable
alternative indicates that further work is warranted to deter-
mine what parameters exist and if the probes or power gen-
erators can be modified to optimize clinical application of
thermal chondroplasty.
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