Thermal Chondroplasty with Radiofrequency Energy 

An In Vitro Comparison of Bipolar and Monopolar Radiofrequency Devices 

Yan Lu, MD*, Ryland B. Edwards, III, DVM*, Brian J. Cole, MD
 INCLUDEPICTURE "http://ajs.sagepub.com/math/dagger.gif" \* MERGEFORMATINET 


 and Mark D. Markel, DVM, PhD*, 
* Comparative Orthopaedic Research Laboratory, Department of Medical Sciences, School of Veterinary Medicine, University of Wisconsin-Madison, Madison, Wisconsin
[image: image2.png]


Department of Surgery, Rush Presbyterian Saint Luke’s Medical Center, Rush University, Chicago, Illinois 
[image: image3.png]


Address correspondence and reprint requests to Mark D. Markel, DVM, PhD, Department of Medical Sciences, School of Veterinary Medicine, University of Wisconsin-Madison, Madison, WI 53706–1102
	[image: image4.png]



	   ABSTRACT 

	
TOP


 INCLUDEPICTURE "http://ajs.sagepub.com/icons/toc/dot.gif" \* MERGEFORMATINET 
[image: image6.png]



ABSTRACT

INTRODUCTION


 HYPERLINK "http://ajs.sagepub.com/cgi/content/full/29/1/42?maxtoshow=&HITS=10&hits=10&RESULTFORMAT=&andorexactfulltext=and&searchid=1&FIRSTINDEX=140&sortspec=relevance&volume=29&resourcetype=HWCIT" \l "SEC1" 
[image: image8.png]


MATERIALS AND METHODS


 HYPERLINK "http://ajs.sagepub.com/cgi/content/full/29/1/42?maxtoshow=&HITS=10&hits=10&RESULTFORMAT=&andorexactfulltext=and&searchid=1&FIRSTINDEX=140&sortspec=relevance&volume=29&resourcetype=HWCIT" \l "SEC2" 
[image: image9.png]


RESULTS


 HYPERLINK "http://ajs.sagepub.com/cgi/content/full/29/1/42?maxtoshow=&HITS=10&hits=10&RESULTFORMAT=&andorexactfulltext=and&searchid=1&FIRSTINDEX=140&sortspec=relevance&volume=29&resourcetype=HWCIT" \l "SEC3" 
[image: image10.png]


DISCUSSION


 HYPERLINK "http://ajs.sagepub.com/cgi/content/full/29/1/42?maxtoshow=&HITS=10&hits=10&RESULTFORMAT=&andorexactfulltext=and&searchid=1&FIRSTINDEX=140&sortspec=relevance&volume=29&resourcetype=HWCIT" \l "SEC4" 
[image: image11.png]


CONCLUSIONS


 HYPERLINK "http://ajs.sagepub.com/cgi/content/full/29/1/42?maxtoshow=&HITS=10&hits=10&RESULTFORMAT=&andorexactfulltext=and&searchid=1&FIRSTINDEX=140&sortspec=relevance&volume=29&resourcetype=HWCIT" \l "BIBL" 
[image: image12.png]


REFERENCES




 
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 cm) from eight cows were divided into four groups (three treatment patterns and one sham-operated group with eight specimens per group). The three treatment patterns consisted of 1) radiofrequency energy 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/sec in a noncontact mode (1 mm between probe tip and articular cartilage surface), and 3) radiofrequency energy smoothing of abraded cartilage during arthroscopic visualization. Thermal smoothing of the abraded cartilage surface was accomplished with all three devices. Significant chondrocyte death, as determined by confocal laser microscopy and cell viability staining, was observed with each device. The bipolar radiofrequency systems penetrated 78% to 92% deeper than the mono-polar system. The bipolar systems penetrated to the level of the subchondral bone in all osteochondral sections during arthroscopically guided paintbrush pattern treatment. Radiofrequency energy should not be used for thermal chondroplasty until further work can establish consistent methods for limiting the depth of chondrocyte death while still achieving a smooth articular surface. 
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Articular cartilage is a specialized tissue 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 characteristics, and loss of cartilage structure and function leads to chondromalacia and osteoarthritis.3

 HYPERLINK "http://ajs.sagepub.com/cgi/content/full/29/1/42?maxtoshow=&HITS=10&hits=10&RESULTFORMAT=&andorexactfulltext=and&searchid=1&FIRSTINDEX=140&sortspec=relevance&volume=29&resourcetype=HWCIT" \l "R4" ,4 The mechanisms underlying the pathophysiology of these diseases involve progressive cartilage erosion and reactive synovitis secondary to cartilaginous debris and cytokine production.2-4
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When presented with patients suffering from joint pain, the orthopaedic surgeon has few options for the treatment of swollen fibrillated cartilage and partial-thickness cartilage defects. Mechanical debridement (chondral shaving) 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 modification of soft tissue structures within the joint (Refs. 7, 8, 24; J. R. Andrews, unpublished data, 1999; D. D’Alessandro, unpublished data, 1999; G. S. Fanton, unpublished data, 1999; and R. F. Warren, unpublished data, 1999). Monopolar and bipolar radiofrequency energy have become frequently used arthroscopic techniques for the thermal modification of intraarticular 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 inexpensive 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 potentially widening the margin of safety when treating intraarticular structures. The effects of radiofrequency energy on the periarticular soft tissue structures have been investigated,9-12
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Thermal modification might allow alteration of the mechanical or structural properties of the superficial portion of articular cartilage and slow or stop the degenerative changes seen in osteoarthritic or chondromalacic cartilage.25 It is hypothesized by surgeons who use radiofrequency energy that the alteration of the cartilage surface may also reduce the release of collagen and proteoglycan epitopes into the synovial fluid and reduce the cycle of cartilage degradation, synovial inflammation, and further articular degeneration. Based on the sales of radiofrequency energy systems and their application, it appears that many orthopaedic surgeons in the field of sports medicine are actively using radiofrequency energy to modify the articular surfaces of damaged cartilage during the arthroscopic examination of abnormal joints. While anecdotal reports through discussions with surgeons and second-look arthroscopy might indicate that patients are clinically improved after the radiofrequency treatment of the articular cartilage surface, a long-term objective assessment of cartilage modification by radiofrequency energy has not been performed. Three in vivo studies using animal models to investigate the effects of radiofrequency energy on articular cartilage report conflicting outcomes.15
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 HYPERLINK "http://ajs.sagepub.com/cgi/content/full/29/1/42?maxtoshow=&HITS=10&hits=10&RESULTFORMAT=&andorexactfulltext=and&searchid=1&FIRSTINDEX=140&sortspec=relevance&volume=29&resourcetype=HWCIT" \l "R25" ,25 The purpose of this in vitro study was to assess the effects of monopolar and bipolar radiofrequency energy systems on articular cartilage at the manufacturer’s recommended settings. We hypothesized that thermal smoothing of the articular cartilage surface can be achieved with these devices, but that unacceptable thermal injury to the chondrocytes would occur with the available radiofrequency energy systems at the manufacturers’ recommended settings. 
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Thirty-two fresh bovine osteochondral sections (approximately 3 x 4 x 5 cm) from the distal femoral condyles of eight cows were divided into four groups (eight specimens per group). Cartilage thickness of the distal femoral condyle ranged from 2 to 3 mm and was considered consistent with the thickness of the human femoral condyle.1 All treatments were performed with the specimen in physiologic saline (0.15M) at 22°C. In each treatment group, eight different osteochondral sections with macroscopically normal cartilage from eight separate cows were treated using one of three radiofrequency devices: TAC-C probe, ElectroThermal System ORA-50 (Oratec Interventions Inc., Menlo Park, California); VAPR Flexible Side Effect Electrode (3.5-mm), Mitek VAPR System (Mitek Products, Inc., a division of Ethicon Inc., Westwood, Massachusetts); 3.0 mm x 90° ArthroWand #A 1330, Arthroscopic 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 assigned in random fashion. 
Radiofrequency effects on cartilage were assessed after each of three different treatment applications. One radiofrequency 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, controlled pass across the cartilage with contact (single-pass contact mode). Fifty grams of pressure had previously been determined 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 maintained 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 custom-made tool that created 0.5-mm clefts and fibrillation within the cartilage surface. This area was treated in a clinical manner (paintbrush treatment pattern) using an arthroscopic technique until smoothing of the surface was observed. Each section was treated using the manufacturer’s recommended settings (Oratec, 55°C/25 W; Mitek, V2:40 W; ArthroCare, controller setting of 2). Treatment of the abraded cartilage surface was terminated when the surface was considered smooth as determined by two experienced surgeons, and treatment time was recorded. The two bipolar systems (ArthroCare and Mitek) were used in a 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 irrigation to prevent frictional heat, into small osteochondral blocks, including the treated area, with 0.5 cm of its associated subchondral bone. 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-mm 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 incubation in a 1.0-ml phosphate-buffered saline solution containing 0.4 µl calcein (acetoxymethylester)/13 µl ethidium homodimer (Molecular Probes, Eugene, 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.22 The cell membranes of dead, damaged, or dying cells are penetrated by ethidium homodimer to stain their nuclei red. Living cells with intact plasma membranes and active cytoplasm metabolize calcein (acetoxymethylester) and show green fluorescence. 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 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 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.22 These images can be shown on a red-green-blue (RGB) screen. All cartilage samples were examined blindly. The confocal laser microscope was calibrated using a micrometer measured through the objective lens (x4) used for this project. The pixel length measured on images was converted to micrometers. The radiofrequency energy depth and width of penetration were determined in each confocal image of the osteochondral section with Adobe PhotoShop (Adobe PhotoShop, Version 5.0.2, San Jose, California). 
The articular surface of the cartilage block cut for scanning 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 fixed in modified Karnovsky’s solution (2% glutaraldehyde in 0.1 mol/L sodium 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/L 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 a Bio-Rad E5000M gold coater, and examined with a Hitachi S570 scanning electron microscope (Hitachi Ltd., Tokyo, Japan). 
Analysis of variance (ANOVA) was used to evaluate the effect of the device on treatment depth, width, and treatment time. When the ANOVA revealed significant differences among groups, a post hoc t-test (Duncan’s) was performed to analyze the differences. Comparison of the full-thickness penetration of cartilage among devices was performed using Fisher’s exact test. Differences were considered to be significant at a probability level of 95% (P < 0.05). All statistical analyses were performed with a commercially available software program (SAS Version 7.1, SAS Institute Inc., Cary, North Carolina). 
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Thermal smoothing of the abraded cartilage surface was accomplished with all three radiofrequency energy devices when used under arthroscopic visualization in a clinical manner as directed by the manufacturer (Fig. 1). When abraded osteochondral sections were treated via arthroscopy, 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 observed with each device, and the ArthroCare and Mitek systems penetrated 92% and 78% deeper, respectively, than did the Oratec system (Fig. 2, Table 1). The Mitek and ArthroCare systems penetrated to the level of the subchondral bone in all eight osteochondral sections during the arthroscopically guided paintbrush pattern treatment, while penetration never reached the subchondral bone during treatment with the Oratec system. 
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	Figure 1 Scanning electron microscopy image of the abraded and radiofrequency energy treated cartilage surface. A, control, the normal cartilage surface was abraded by a custom-made tool. The abraded cartilage surface appears rough with clefts and fibrillation (x1000). B, Oratec monopolar radiofrequency energy treatment, the treated cartilage surface appears smooth and melted (x1000). C, Mitek bipolar radiofrequency energy treatment, the treated cartilage surface appears smooth and melted (x1000). D, ArthroCare bipolar radiofrequency energy treatment, the treated cartilage surface appears very smooth and completely melted (x1000).
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	TABLE 1 Treatment Time, Subchondral Bone Penetration, and Depth and Width of Chondrocyte Death[image: image41.png]
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	Figure 2 Confocal microscopic image demonstrating radiofrequency energy-treated cartilage surface (top of each image) and subchondral bone (bottom of each image) using paintbrush pattern (original magnification, x2). The green dots indicate viable chondrocytes and the red dots indicate dead chondrocytes. A, control. B, Oratec monopolar radiofrequency energy treatment caused immediate chondrocyte death and penetration of cell death did not extend to subchondral bone. C, Mitek bipolar radiofrequency energy treatment caused immediate chondrocyte death and penetration of cell death extended to subchondral bone in eight of eight specimens. D, ArthroCare bipolar radiofrequency energy treatment caused immediate chondrocyte death and penetration of cell death extended to subchondral bone in eight of eight specimens. The white bars demonstrate the boundary between the cartilage and subchondral bone.



	


 
All devices produced visual smoothing of the articular cartilage surface (visual examination and scanning electron microscopy analysis) when radiofrequency energy was applied with the mechanical jig in a contact mode. The depth of penetration was 100% deeper for the ArthroCare system and 125% deeper for the Mitek system when compared with the Oratec monopolar system, and the width of chondrocyte death was 128% greater for the ArthroCare system and 100% greater for the Mitek system compared with the Oratec system when all devices were assessed with the mechanical jig in a contact mode (Fig. 3, Table 1). Penetration reached the subchondral bone in three of eight sections treated with the ArthroCare and Mitek systems, and in none of the sections treated with the Oratec system in a contact mode with the jig (P < 0.05). 
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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, x2). The green dots indicate viable chondrocytes and the red dots indicate dead chondrocytes. A, control. B, Oratec monopolar radiofrequency energy treatment caused immediate chondrocyte death and a clear "dead zone" appeared. C, Mitek bipolar radiofrequency energy treatment caused immediate chondrocyte death and a clear dead zone appeared wider and extended 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.



	


 
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 system penetrated 29% deeper and 75% wider compared with the Mitek system in a noncontact 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 sections) 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 noncontact 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 contact and noncontact modes (Table 1). 
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	Figure 4 Confocal microscopic image demonstrating radiofrequency energy treated cartilage surface (top of each image) and subchondral bone (bottom of each image) using a mechanical jig in noncontact mode (original magnification, x2). The green dots indicate viable chondrocytes and the red dots indicate dead chondrocytes. The control specimen is the same as that shown in Figure 3. A, Oratec monopolar 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 clear 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.
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The experimental protocols of this study were designed to determine the effect of thermal chondroplasty on chondrocyte survival using fresh bovine osteochondral sections from the distal femur treated with either bipolar or monopolar radiofrequency energy systems at the manufacturers’ recommended settings. Confocal laser microscopy 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 design provided a means to evaluate the effects of radiofrequency energy in a manner similar to the clinical application of radiofrequency energy. During arthroscopic visualization in this study, the bipolar systems were used in a noncontact manner and the monopolar system was used in a contact manner. Use of a mechanical jig for the two methods of application allowed evaluation of the systems without introducing bias by the operator. 
Thermal chondroplasty performed with monopolar and bipolar radiofrequency energy systems at the manufacturers’ recommended settings achieved macroscopic smoothing of the articular cartilage surface and this was confirmed by scanning electron 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 bone. Although these were the manufacturers’ recommended settings at the time of the study, the probes, generators, and recommended settings are rapidly evolving based on this and other similar studies. These settings and devices may be modified in the future after further studies are performed in an attempt to determine more optimal settings. 
Currently, both monopolar and bipolar radiofrequency energy probes are available for arthroscopic use. The principle of radiofrequency energy heating with a monopolar probe uses an alternating current between 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 probe itself.8

 HYPERLINK "http://ajs.sagepub.com/cgi/content/full/29/1/42?maxtoshow=&HITS=10&hits=10&RESULTFORMAT=&andorexactfulltext=and&searchid=1&FIRSTINDEX=140&sortspec=relevance&volume=29&resourcetype=HWCIT" \l "R23" ,23 The specific amount of energy applied to the tissue and the current path resulting in energy application 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 determined by the impedance encountered as it passes along the cartilage surface and may be influenced by the cartilage thickness, water content, proteoglycan concentration, collagen content, subchondral bone thickness, and the conductive characteristics of the irrigation solution selected. In contrast, energy produced by bipolar probes follows the path of least resistance through a conductive irrigating solution around the probe tip. Consequently, energy application by bipolar radiofrequency energy systems is different from that of monopolar systems.8 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 ArthroCare device in a noncontact mode may be related to probe tip design differences between the ArthroCare and Mitek devices, resulting in increased 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 noncontact mode is similar to using a laser 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 ArthroCare device in a contact mode may increase the impedance between the anode and cathode of the device and reduce the temperature achieved at equivalent power settings 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 ablation.8

 HYPERLINK "http://ajs.sagepub.com/cgi/content/full/29/1/42?maxtoshow=&HITS=10&hits=10&RESULTFORMAT=&andorexactfulltext=and&searchid=1&FIRSTINDEX=140&sortspec=relevance&volume=29&resourcetype=HWCIT" \l "R11" ,11

 HYPERLINK "http://ajs.sagepub.com/cgi/content/full/29/1/42?maxtoshow=&HITS=10&hits=10&RESULTFORMAT=&andorexactfulltext=and&searchid=1&FIRSTINDEX=140&sortspec=relevance&volume=29&resourcetype=HWCIT" \l "R17" ,17

 HYPERLINK "http://ajs.sagepub.com/cgi/content/full/29/1/42?maxtoshow=&HITS=10&hits=10&RESULTFORMAT=&andorexactfulltext=and&searchid=1&FIRSTINDEX=140&sortspec=relevance&volume=29&resourcetype=HWCIT" \l "R21" ,21 Turner et al.25 reported that ablation using bipolar radiofrequency energy resulted in a better outcome than conventional mechanical shaving of abraded articular cartilage in a sheep model. Power settings and energy delivery were not reported in that study. In addition, currently accepted methods for evaluating cell viability were not used, making interpretation of the results very difficult. Before the study reported here, monopolar and bipolar radiofrequency energy have not been compared with each other for performing thermal chondroplasty. Confocal laser microscopy was used to evaluate chondrocyte viability after both monopolar and bipolar radiofrequency energy treatment with three types of treatment (paintbrush pattern under arthroscopic visualization, single-pass contact mode, and single-pass noncontact mode). 
Analysis of chondrocyte viability demonstrated that all three radiofrequency energy systems produced immediate chondrocyte death at the manufacturers’ recommended settings. Bipolar systems caused significantly more chondrocyte death and a larger thermal lesion than the monopolar system. In a 1995 reprinted manuscript by Hunter14 originally published in 1743, he stated, "From Hippocrates to the present age it is universally allowed that ulcerated cartilage is a troublesome thing and that, once destroyed, it is not repaired." Chondrocytes are responsible for the synthesis, maintenance, and gradual turnover of the extracellular matrix composed of collagen fibrils, proteoglycans, and noncollagenous proteins and glycoproteins.3-5

 HYPERLINK "http://ajs.sagepub.com/cgi/content/full/29/1/42?maxtoshow=&HITS=10&hits=10&RESULTFORMAT=&andorexactfulltext=and&searchid=1&FIRSTINDEX=140&sortspec=relevance&volume=29&resourcetype=HWCIT" \l "R13" ,13 If the chondrocytes are dead, the surrounding matrix cannot be maintained, and degeneration of the articular cartilage will ultimately occur.4
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 HYPERLINK "http://ajs.sagepub.com/cgi/content/full/29/1/42?maxtoshow=&HITS=10&hits=10&RESULTFORMAT=&andorexactfulltext=and&searchid=1&FIRSTINDEX=140&sortspec=relevance&volume=29&resourcetype=HWCIT" \l "R26" ,26 We hypothesize that cartilage treated with radiofrequency energy will ultimately degrade secondary to chondrocyte death and matrix degradation. 
The results of this study are in contrast to those of the study by Kaplan et al.15 in which the ArthroCare device was evaluated at three settings using a probe comparable to the one evaluated in this study. Although Kaplan et al. evaluated human tissue obtained from excision arthroplasty procedures, the authors used insensitive techniques, light microscopy with hematoxylin and eosin and periodic acid-Schiff, to determine chondrocyte viability. They reported no loss in cell viability, even directly adjacent to areas of cartilage that had 0.12 to 0.37 mm of cartilage surface ablated. The authors further stated that the temperature range of the bipolar device is 100°C to 160°C. Again, based on preliminary temperature studies, temperatures as low as 50°C may result in chondrocyte death, and while treatment with bipolar radiofrequency energy may result in acceptable smoothing of the surface, the resultant chondrocyte death secondary to these temperatures has yet to be determined in human cartilage with a sensitive method of measuring cell viability. 
Scanning electron microscopy analysis indicated that all three radiofrequency energy systems smoothed the cartilaginous surface compared with the control samples. Both bipolar systems required significantly shorter time than the monopolar system to smooth the roughened cartilaginous surface. When bipolar systems were used to smooth the cartilage surface, vaporization of water at the probe tip was always produced, whereas this effect was rarely seen with the monopolar system. The bipolar probe tips therefore achieve at least 100°C at the time of treatment, which may explain why the bipolar systems produced deeper and wider chondrocyte death than the monopolar system. Pilot studies conducted in our laboratory have measured temperatures in the irrigation fluid adjacent to the probes and within the cartilage of greater than 100°C during thermal chondroplasty using the bipolar devices. Temperature measurement in cartilage is difficult to conduct, even with state-of-the-art fluoroptic thermometry, but confocal microscopy results indicate that chondrocyte necrosis occurred during this application, most likely because of thermal injury. While the specific temperature at which chondrocytes undergo necrosis has not been described, it appears, based on preliminary work, that the critical temperature is close to 50°C, which is similar to that for osteoblasts.16 Further questions that need to be answered include whether there is a temperature- and time-dependent component that will result in chondrocyte necrosis or apoptosis, and whether there is an effect of the rate of temperature increase on cell viability. 
Several limitations deserve to be discussed regarding this study. The three clinical radiofrequency energy settings recommended by the respective manufacturers are not equal to each other, so direct comparison among the three systems cannot be made regarding power settings. The probe diameters of each system are not uniform, and therefore may contribute to variation in chondrocyte death produced. While the 8-liter saline bath in which testing was performed rapidly dissipated heat from the probe surface, this study did not evaluate the effects of fluid flow during the treatment of abraded cartilage, and future work should evaluate this effect. Also, further studies should evaluate the effects of radiofrequency energy on cartilage explants from naturally occurring pathologic cartilage in humans, and the response of chondromalacic cartilage to radiofrequency energy treatment in an in vivo animal model that matches the human cartilage thickness and presentation of chondromalacia should be performed. While caution should be used in extrapolating data from animal models to human disease, the similarities between human and bovine cartilage in terms of cartilage thickness and biomechanical and biochemical properties should allow this type of study to establish a foundation for studying the effects of radiofrequency energy on human articular cartilage. 
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This study indicates that the bipolar and monopolar radiofrequency energy systems evaluated produce immediate chondrocyte death when used for thermal chondroplasty in cartilage explants at the settings recommended by manufacturers. The bipolar systems created chondrocyte death that extended to the subchondral plate in many instances, and the monopolar system consistently produced chondrocyte death that extended 0.8 mm below the articular surface. We suggest that radiofrequency energy should not be used for thermal chondroplasty until further work can establish consistent methods for limiting the depth of chondrocyte death while still achieving a smooth articular surface. 
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