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ABSTRACT

The purpose of this study was to examine the in vitro
effects of three radiofrequency energy devices (two
bipolar devices and one monopolar device) for the
performance of thermal chondroplasty. Thirty-two fresh
bovine femoral osteochondral sections {approximately
3 X 4 X 5 om) from eight cows were divided into four
groups (three ireatment patterns and one sham-oper-
ated group with eight specimens per group). The three
freatment patterns consisted of 1) radiofrequency en-
ergy delivered by a mechanical jig at 1 mm/sec in a
contact mode (50 g of pressure), 2) radiofrequency
energy delivered by a mechanical jig at 1 mm/secin a
noncontact mode (1 mm between probe tip and artic-
ular cartilage surface), and 3) radiofrequency energy
smoothing of abraded cariilage during arthroscopic vi-
sualization. Thermal smoothing of the abraded carti-
lage surface was accomplished with all three devices,
Significant chondrocyte death, as determined by can-
focal laser microscopy and cell viability staining, was
observed with each device. The bipolar radiofrequency
systems penetrated 78% to 2% deeper than the mono-
polar system. The bipolar systems penetrated to the
level of the subchondral bone in all ostecchondral sec-
tions during arthroscopically guided paintbrush pattern
treatment. Radiofrequency energy should not be used
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for thermal chondroplasty until further work can estab-
fish consistent methods for limiting the depth of chon-
drocyte death while stifl achieving a smooth articular
surface,

Articular cartilage is a specialized tigssue that plays a
crucial role in the absorption and distribution of forces
encountered during daily activities. Cartilage depends on
an intact matrix for its biochemical and mechanical char-
acteristics, and loss of cartilage structure and function
leads to chondromalacia and osteoarthritis,®* The mech-
anisms underlying the pathophysiology of these diseases
involve progressive cartilage erosion and reactive synovi-
tis secondary to cartilaginous debris and cytokine
production. 24 19.20

When presented with patients suffering from joint pain,
the orthopaedic surgeon has few options for the treatment
of swollen fibrillated cartilage and partial-thickness car-
tilage defects. Mechanical debridement (chondral shav-
ing) is a common approach in the management of partial-
thickness cartilage defects, but it results in fine surface
fibrillation of the remaining debrided cartilage after the
procedure is completed. The goal of chondral shaving is to
selectively debride the affected cartilage regions without
deleteriously affecting the surrounding healthy cartilage.

Radiofrequency energy is gaining widespread use in the
field of sports medicine surgery for the thermal modifica-
tion of soft tissue structures within the joint (Refs. 7, 8, 24;
J. R. Andrews, unpublished data, 1999; D. D’Alessandro,
unpublished data, 1999; G. 5. Fanton, unpublished data,
1999; and R. F. Warren, unpublished data, 1999). Monopo-
lar and bipolar radiofrequency energy have become fre-
quently used arthroscopic techniques for the thermal mod-
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ification of intraavticular soft tissue structures. The use
of radiofrequency energy for thermal chondroplasty
also has gained tremendous popularity over the past 3
years for several reasons. Radiofrequency energy is an
inexpensgive surgical tool that is relatively safe for the
patient, surgeon, and operative personnel, and it may be
delivered arthroscopically with a wide variety of probes
that offer extended flexibility to the surgeon. Monopolar
radiofrequency energy also has the added advantage of
providing temperature-controlled application, thus poten-
tially widening the margin of safety when treating intra-
articular structures. The effects of radiofrequency energy
on the periarticular soft tissue sfructures have been
investigated,®~1%1721 hut limited investigation of its use
on articular cartilage is present in the peer-reviewed
literature. 1525

Thermal modification might allow alteration of the me-
chanieal or structural properties of the superficial portion
of articular cartilage and slow or stop the degenerative
changes seen in ostecarthritic or chondromalacic carti-
lage.”® Tt is hypothesized by surgeons who use radiofre-
quency energy that the alteration of the cartilage surface
may alse reduce the release of collagen and proteoglycan
epitopes into the synovial fluid and reduce the eyele of
cartilage degradation, synovial inflammation, and further
articular degeneration. Based on the sales of radiofre-
quency energy systems and their application, it appears
that many orthopaedic surgeons in the field of sports
medicine are actively using radiofrequency energy to mod-
ify the articular surfaces of dammaged cartilage during the
arthroscopic examination of abnormatl jeints, While anec-
dotal reports through discussions with surgeons and sec-
ond-look arthroscopy might indicate that patients are clin-
ically improved after the radiofrequency treatment of the
articular cartilage surface, a long-term ohjective assess-
ment of cartilage modification by radiofrequency energy
has not heen performed. Three in vivo studies using ani-
mal models to investigate the effects of radiofrequency
energy on articular cartilage report conflicting out-
comes.'® % The purpose of this in viiro study was to
assess the effects of monopolar and bipolar radiofrequency
energy systems on articular cartilage at the manufactur-
er's recommended settings. We hypothesized that thermal
smocthing of the articular cartilage surface can be
achieved with these devices, but that unacceptable ther-
mal injury to the chondrocytes would occur with the avail-
able radiofrequency energy systems at the manufacturers’
recommended settings.

MATERIALS AND METHODS

Thirty-two fresh bovine osteochondral sections (approxi-
mately 3 X 4 X 5 em) from the distal femoral condyles of
eight cows were divided into four groups (eight specimens
per group). Cartilage thickness of the distal femoral con-
dyle ranged from 2 to 3 mm and was considered consistent
with the thickness of the human femoral condyle.! All
treatments were performed with the specimen in physio-
logic saline (0.15M) at 22°C. In each treatment group,
eight different osteochondral sections with macroscopi-
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cally normal cartilage from eight separate cows were
treated using one of three radiofrequency devices: TAC-C
probe, ElectroThermal System ORA-B0 (Oratec Interven-
tions Inc., Menlo Park, California); VAPR Flexible Side
Effect Electrode (3.56-mm), Mitek VAPR System (Mitek
Products, Inc., a division of Ethicon Inc., Westwood, Mas-
sachusetts); 3.0 mm X 90° ArthroWand #A 1330, Arthro-
scopic Electrosurgery System (ArthroCare Corporation,
Sunnyvale, California). The remaining eight sections from
eight separate cows served as sham-operated controls.
Radiofrequency energy treatment of each section was as-
signed in random fashion,

Radiofrequency effects on cartilage were assessed after
each of three different treatment applications, One radio-
frequency probe pass was performed with a motorized jig
that applied 50 g of weight through the probe tip at a
velocity of 1 mm/sec to simulate a single, controltled pass
across the cartilage with contact (single-pass contact
mode). Fifty grams of pressure had previously been deter-
mined in pilot studies to approximate the pressure applied
when treating cartilage with the monopolar devices, The
second treatment was performed with a motorized jig that

"maintained the probe tip 1 mm from the cartilage surface

at a velocity of 1 mm/sec (single-pass noncontact mode),
The probes were maintained at 1 mm from the articular
cartilage surface with a standoff on the probe that main-
tained the desired distance. One millimeter was chosen as
an approximate or average distance used by orthopaedic
surgeons clinically. The third treatment was designed to
mimic the clinical application of radiofrequency energy for
thermal chondroplasty of abraded articular cartilage, The
cartilage surface (10 X 10 mm) was abraded using a cus-
tom-made tool that created 0.5-mm clefts and fibrillation
within the cartilage surface. This area was freated in a
clinical manner (paintbrush treatment pattern) using an
arthroscopic technique until smoothing of the surface was
observed. Hach section was treated using the manufactur-
er's recommended settings (Oratec, 55°C/25 W; Mitek,
V2:40 W; ArthroCare, contveller setting of 2). Treatment
of the abraded cartilage surface was terminated when the
surface was considered smooth as determined by two ex-
perienced surgeons, and treatment time was recorded,
The two bipolar systems (ArthroCare and Mitek) were
used in & noncontact mode and the monopolar system
{Oratec) was used in a contact mode, as recommended by
the manufacturers.

After treatment, osteochondral blocks were cut with a
band saw, under phosphate-buffered saline solution irri-
gation to prevent frictional heat, into small osteochondral
blocks, including the treated area, with 0.5 em of its asso-
ciated subchondral hone. A low-speed saw (Buehler,
Isomet 2000, Lake Bluff, Illionios) was used to cut the
osteochondral block into slices of 1.0 or 2.0 mm thickness.
The 1.0-mun thick slices were analyzed for chondrocyte
viability by confocal laser microscopy on the same day of
the treatment. The 2.0-mm thick slices were processed for
scanning electron microscopy.

The 1.0-mm thick cartilage slices were stained by incu-
bation in a 1.0-ml phesphate-buffered saline solution con-
taining 0.4 pl calcein (acetoxymethylester)/13 pl ethidium
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homodimer (Molecular Probes, Fugene, Oregon) for 30
minutes at room temperature. The method of determining
the location of surviving cells was based on the knowledge
that viable and nonviable cells differ in their ability to
exclude fluorescent dyes.®* The cell membranes of dead,
damaged, or dying cells are penetrated by ethidium ho-
modimer to stain their nuclei red. Living cells with intact
plasma membranes and active cytoplasm metabolize cal-
cein {acetoxymethylester) and show green flucrescence.
The method of analysis was a 1.0-mm thick cartilage slice
that was placed on a glass slide and moistened by several
drops of phosphate-buffered saline. A confoeal laser micro-
scope (MRC-1024, Bio-Rad, Hemel Hempsted/Cambridge,
England} equipped with a krypton/argon laser and the
necessary filter systems (fluorecein, 522DF32, and rhoda-
mine, 585EFLP) was employed using the triple-labeling
technique, In this technique, the signals emitted from
double-stained specimens can be distinguished because of
their different absorption and emission spectra.*? These
images can be shown on a red-green-blue (RGB) screen.
All cartilage samples were examined blindly. The confocal
lager microscope was calibrated using a micrometer meas-
ured through the objective lens {(X4) used for this project.
The pixel length measured on images was converted {o
micrometers, The radiofrequency energy depth and width
of penetration were determined in each confocal image of
the osteoachondral section with Adobe PhotoShop (Adobe
PhotoShop, Version 5.0.2, San Jose, California).

The articular surface of the cartilage block cut for scan-
ning electron microscopy was rinsed thoroughly in three
changes of normal saline to remove synovial fluid. The 2 X
2 X 2 mm cartilage specimens were fired in maodified
Karnovsky’s solution (2% ghutaraldehyde in 0.1 mol/L so-
dium cacodylate buffer, pH 7.4) for 2 hours and then
washed in 0.1 mol/L sodium cacodylate buffer twice at
room temperature. The samples were stored in 0.1 mol/LL
sodium phosphate buffer for 8 hours at 4°C. The samples
were dehydrated in a graded series of ethanol (50%, 70%,
80%, 95%, 100% or absolute), air dried, coated with gold in
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a Bio-Rad E5000M gold coater, and examined with a Hi-
tachi S570 scanning electron microscope {(Hitachi Lid.,
Tokyo, Japan).

Analysis of variance (ANOVA) was used to evaluate the
effect of the device on treatment depth, width, and treat-
ment time, When the ANOVA revealed significant differ-
ences among groups, a post hoc #-test (Duncan’s) was
performed to analyze the differences. Comparigon of the
full-thickness penetration of cartilage among devices was
performed using Fisher's exact test. Differences were con-
sidered to be significant at a probability level of 95% (P <
0.05). All statistical analyses were performed with a com-
mercially available software program (SAS Version 7.1,
SAS Institute Ine., Cary, North Carolina).

RESULTS

Thermal smoothing of the abraded eartilage surface was
accomplished with all three radiofrequency energy devices
when used under arthroscopic visualization in a ¢linical
manner as dirvected by the manufacturer (Fig, 1). When
abraded osteochondral sections were treated via arthros-
copy, the ArthroCare and Mitek systems achieved visual
smoothing of the articular cartilage 500% and 230% faster
than the Oratec system (Table 1). Significant chondrocyte
death was obgerved with each device, and the ArthroCare
and Mitek systemms penetrated 92% and 78% deeper, re-
spectively, than did the Oratec systom (Fig. 2, Table 1).
The Mitek and ArthroCare systems penefrated fo the level
of the subchondral bone in all eight osteochondral sections
during the arthroscopically guided paintbrush pattern .
treatment, while penetration never reached the subchon-
dral bone during treatment with the Oratec system.

All devices produced visual smoothing of the articular
cartilage surface (visual examination and seanning elec-
fron microscopy analysis) when radiofrequency energy
wasg applied with the mechanical jig in a contact mode.
The depth of penetration was 100% deeper for the Ar-
throCare system and 125% deeper for the Mitek system

XEOOK 20um

Figure 1. Scanning electron microscopy image of the abraded and radiofrequency energy treated carlitage surface. A, control,
the normal carlilage surface was abraded by a custom-made tool. The abraded carlilage surface appears rough with clefts and
fibrillation (> 1000). B, Oratec monopolar radiofrequency energy treatment, the treated carlifage surface appears smooth and
melted (<1000). C, Mitek bipolar radiofrequency energy treatment, the treated cartilage surface appears smooth and melted
(x1000). B, ArthroCare bipolar radiofrequency energy treatment, the treated cartilage surface appears very smooth and

completely melted (< 1000).

Dowrtcaded from ajs.sagepub com at Galter Health Sciences Library on Decernber 14, 2010




Vol. 29, No. 1, 2001 In Vitro Comparison of Radiofrequency Therimal Chondroplasty 45

TABLE 1
Treatment Time, Subchondral Bone Penetration, and Depth and Widsh of Chondrocyte Death?

Radiofrequency energy system

Treatment method

Arthrocare Mitek Oratec

Arthroscopically guided treatment, paintbrush pattern

Time (seconds) 33 + 5° 60 = g° 196 x 20°

Penetration to subchondral bone (N) 8/8° 8/8° 0/8%
Mechanical jig application, contact mode

Depth (p2m) 1599 = 86° 1780 = 1272 793 = 48"

Width (um) : 5942 & 2647 5193 * 2327 2602 + 280°

Penetration to subchondral bone (N) 3/8¢ /8" 0/8%
Mechanical jig application, noncontact mode ‘

Depth (pem) 1931 * 109* 1498 + 255° Ne Effect”

Width (pm) 7368 + 465 4208 + 4545 No Effect?

Penetration to subchondral bone (N) /8% 278t /8’

$ Values represent means = SEM, Values within a row with different letters indicate significant difference (P < 0.05),

Figure 2. Confocal microscopic image demoenstrating radiofrequency energy-treated cartilage surface {top of each image) and subchondral
bone {bottom of each image) using paintbrush pattern (original magnification, X2). The green dols indicate viable chondrocytes and the red
dots indicate dead chondrocytes. A, cantrol. B, Oratec monopolar radiofrequency energy treatment caused immediate chondrocyte death
and penefration of cell death did not extend to subchondral bone. C, Mitek bipolar radiofrequency energy treatment caused immediate
chondrocyte death and penefration of cell death extended fo subchondrat bone in eight of eight specimens. D, ArthroCare bipolar
radiofrequency energy freatment caused immediate chondrocyte death and penefration of cell death extended to subchondral bane in eight
of eight specimens. The white bars demonstrate the boundary between the cartilage and subchondral bone.

when compared with the Oratec monopolar system, and system eompared with the Oratec system when all de-
the width of chondrocyte death was 128% greater for the vices were assessed with the mechanical jig in a contact
ArthroCare system and 100% greater for the Mitek moade (Fig. 3, Table 1). Penetration reached the sub-
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Figure 3. Confocal microscopic image demonstrating radiofrequency energy-treated cartilage surface (top of each image) and
subchondral bone (bottom of each image) using the mechanical jig in contact mode {original magnification, %2}, The green dots
indicate viable chandrocytes and the red dots indicate dead chondrocytes. A, confrol. B, Oratec monopolar radiofrequency
energy treatment caused immediate chondrocyte death and a clear "dead zone” appeared. C, Mitek bipolar radiofrequency
energy treatment caused immediate chondrocyie death and a clear dead zone appeared wider and exiended to subchondral
bone in three of eight specimens. D, ArthroCare bipolar radiofrequency energy treatment caused immediate chondrocyte death
and a clear dead zone appeared wider and also extended to subchondral bone in three of eight specimens. The white bar
demonstrates the boundary between the cartilage and subchondral’ bone,

chondral bone in three of eight sections treated with the
ArthreCare and Mitek systems, and in none of the sec-
tions treated with the Oratec system in a contact mode
with the jig (P < 0.05).

When evaluated with the jig in a noncontact mode, the
ArthroCare and the Mitek systems produced visual
smoothing of the articular surface, but there was no effect
with the Oratec system used in a noncontact mode. These
effects or lack of effect could be seen macroscopically and
with scanning electron microscopy. The ArthroCare sys-
tem penetrated 29% deeper and 756% wider compared with
the Mitek system in a noneontact mode. Chondrocyte death
extended to the subchondral bone more frequently when
using the ArthroCare device (seven of eight sections) than
when using the Mitek device (two of eight seetions) or the
Oratec device (zero of eight sections) (P < 0.05) (Fig. 4).
When evaluating depth and width of penetration {contact
versus noncontact) within devices, the ArthroCare system

penetrated 20% deeper and 25% wider when applied in a
noneontact mode compared with a contact mode with the
mechanical jig (Table 1). The depth and width of penetration
by the Mitek and Oratec devices was either the same or
reduced (18% to 100%} when comparing the cantact and
noncontact modes (Table 1).

DISCUSSION

The experimental protocols of this study were designed to
determine the effect of thermal chondroplasty en chondro-
cyte survival uging fresh bovine osteochondral sections
from the distal femur treated with either bipolar or mono-
polar rvadiofrequency energy systems at the manufactur-
ers! recommended settings., Confocal laser micrascopy in
conjunction with cell viability staining provided a means
of determining the thermal effect of radiofrequency energy
on chondrocyte survival in this in vitro study. The study
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Figure 4. Confocal microscopic image demonstrating radiofrequency energy treated cartilage surface (top of each image) and
subchondral bone (hottom of each image) using a mechanical jig in noncontact mode (original magnification, X2). The green dots
indicate viahle chondrocytes and the red dots indicate dead chondrocytes. The control specimen is the same as that shown in Figure
3. A, Oratec monopotar radiofrequency energy treatment did not cause immediate chondrocyte death, but no effect was seen on the
articular surface. B, Mitek bipolar radiofrequency energy treatment caused immediate chondrocyte death and a dear dead zone
appeared wider and extended to subchondral bone in two of eight specimens. C, ArthroCare bipolar radiofrequency energy treatment
caused immediate chondrocyte death and a clear dead zone appeared wider and also extended to subchondral bone in seven of eight
specimens. The white bar demonstrates the boundary between the cartilage and subchondral bone.

design provided a means to evaluate the effects of radio-
frequency energy in a manner similar to the clinical ap-
plication of radiofrequency energy. During arthroscopic
visualization in this study, the bipolar systems were used
in a noncontact manner and the moneopolar system was
used in a contact manner, Use of a mechanical jig for the
two metheds of application allowed evaluation of the sys-
tenmis without introducing hias by the operator,

Thermal chondroplasty performed with monopelar and
bipolar radiofrequency energy systems at the manufactuir-
ers’ recommended settings achieved macroscopic smooth-
ing of the articular cartilage surface and this was con-
firmed by scanning elecfron microscopy. However,
treatment resulted in significant chondrocyte death with
each radiofrequency energy system evaluated, and in
some cases chondrocyte death extended to the level of the
subchondral bene. Although these were the manufactur-
ers’ recommended settings at the time of the study, the
probes, generators, and recommended settings ave rapidly
evolving based on this and other similar studies. These
settings and devices may be modified in the future after
Turther studies are performed in an attempt {o determine
more optimal settings.

Currently, both monopolar and bipolar radiofrequency
energy probes are available for arthroscopic use. The prin-
ciple of radiofrequency energy heating with a monopolar
probe uses an alternating eurrent hetween the application
probe and the grounding plate, This ionic current density
produces molecular friction in tissue that results in tissue
heating. Frictional or resistive heating of tissue around
the probe tip is the primary source of heat, rather than the
prabe itself.%22 The gpecific amount of energy applied to
the tissue and the current path resulting in energy appli-
cation cannot be specifically determined even under these
controlled conditions, When used arthroscopically, the
monopolar delivered energy may pass from the probe
through the cartilage surface and subchondral bone to the
grounding plate on the skin, or from the probe through the
irrigation solution to the joint capsule and then to the

grounding plate. The path selected is most likely deter-
mined by the impedance encountered as it passes along
the cartilage surface and may be influenced by the carti-
lage thickness, water content, proteoglycan concentration,
collagen content, subchondral hone thickness, and the
conductive chavacteristics of the nrrigation solution se-
lected. In contrast, energy produced by bipolar probes
follows the path of least resistance through a conductive
irrigating solution around the probe tip. Conseguently,
energy application by bipolar radiofrequency energy sys-
tems is different from that of monopolar systems.® This
difference in current path may help explain the difference
in depth of penetration between the bipolar devices when
evaluated in contact and noncontact modes,

The first reason for increased penetration for the Ar-
throCare device in a noncontact mode may he related to
probe tip design differences hetween the ArthroCare and
Mitek devices, resulting in inereased heating at 1 mm
from the probe tip with the ArthroCare device. A second
explanation for the increased depth of penetration with
the ArthroCare device is that use of the probes in a non-
contact moade is similar to using a lager in a defocused
mode, A larger volume of tissue is heated, and this may
allow the tissue to serve as a thermal mass, resulting in
increased conductive heating. In addition, using the Ar-
throCare device in a contact mode may increase the im-
pedance between the anode and cathode of the device and
reduce the temperature achieved at equivalent power set-
tings when comparing contact and noncontact modes.

In the past several years, both monopolar and bipolar
radiofrequency energy systems have gained popularity for
performing soft tissue shrinkage, cutting, and abla-
tion 11172 Turner et al.?® reported that ablation using
bipolar radiofrequency energy resulted in a better out-
come than conventional mechanical shaving of abraded
articular cartilage in a sheep model, Power settings and
energy delivery were not reported in that study. In addi-
tion, currently accepted methods for evaluating cell via-
bility were not used, making inferpretation of the results
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