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1. Abstract

: Chondron density within the Superficial Zone has been shown to decrease with age,Objective
disease, injury, and in response to some interventions and may predispose articular cartilage to
extracellular matrix-based failure through an inability to support the mechanotransductive demands
of physiologic loading. Since chondron shape and orientation reflect inter-territorial extracellular
matrix architecture, chondron density is an important descriptor for functional cartilage. Interventions
that alter chondron density may provide insight into the treatment outcome of focal lesions. This
study evaluated radiofrequency energy effects on native Superficial Zone chondron density in
articular cartilage demonstrating early lacunar emptying without significant surface fibrillation. 

: Radiofrequency energy was delivered by two methods for both 5 second and 10 secondDesign
durations to  femoral condyle osteochondral specimens obtained from patients undergoingex-vivo
total joint replacement; Ablation and Non-Ablation. Untreated control and treated specimens were
sectioned, prepared with Live/Dead cell viability stain, and assessed by confocal fluorescence laser
microscopy. : The mean total Superficial Zone cell number in control sections was 1480 perResults

mm . The Ablation method fully corrupted the Superficial Zone by volumetric loss or near complete2

cellular necrosis with a mean post-treatment depth of necrosis of the remaining residual cartilage at
the treatment site of 140 µm (range 104 µm - 199 µm) at 5 seconds and 226 µm at 10 seconds (range
140 µm - 334 µm) through the Transitional Zone tissue. The Non-Ablation method retained the

Superficial Zone with a mean total number of cells of 1468 per mm  (no statistical difference from2

control) with a 12% increase in live chondron density of over control (p < 0.02). Chondrocyte viability,
intra-chondron chondrocyte geographic pattern, chondron image character, and the Transitional
Zone was not altered in the non-ablation treatment group; the increased live chondron density
partially originated from preferential extracellular matrix volume contraction of the Superficial Zone. 

: This report suggests that non-ablative radiofrequency energy can preferentially increaseConclusions
articular cartilage Superficial Zone live chondron density. The Superficial Zone extracellular matrix,
because of its distinctive composition, is uniquely suited to manipulative structural reorganization.
Resetting functional chondron density patterns may have the potential to create a more
chondro-supportive environment for articular cartilage as it inherently responds to focal disease.

2. Purpose

Articular cartilage disease constitutes a large burden for our population which needs to be addressed

with practical socioeconomic solutions . Because articular cartilage has offered surface changes as(1-5)

the first readily diagnosable visual and tactile cue of its degeneration, the orthopedic surgeon has

been given the responsibility of first responder . This responsibility has led to the limited adoption(6-9)

of mechanical shavers and thermal or plasma ablation devices as a viable treatment for early articular

cartilage disease due to the collateral damage and lesion progression they can cause . The(7)

opportunity to achieve successful early surgical intervention for articular cartilage lesions rather than
waiting for full-thickness lesions to develop has recently been made possible with the advent of

non-ablation radiofrequency technology .(10, 11)

Non-ablation radiofrequency technology enables the selective targeting and removal of the damaged
tissue associated with early articular cartilage disease without causing necrosis in the contiguous

cartilage tissue surrounding the lesion . This is accomplished by a protected electrode architecture(10)

(Figure 1) that prohibits electrode-to-tissue contact so that the resistive tissue heating and tissue
electrolysis induced by electrical current and associated with tissue necrosis do not occur like in
thermal and plasma ablation devices. The protective housing creates a primary reaction zone that is
shielded from the large physical fluid-flow and convective forces present during surgical application



enabling deployment of low-level radiofrequency energy to create low-energy physiochemical
conversions that can be used for surgical work. A repetitive molecular energy conversion loop under
non-ionizing electromagnetic forces is created wherein the rapid splitting and reconstitution of the
water molecule occurs. A sister technology to the fuel cell that harnesses energy from the molecular
bonds of water, these physiochemical conversions create products that are concentrated through
techniques such as capacitive deionization and concentration enrichment and delivered to the
treatment site in a controlled and localized fashion through precipitation, sedimentation, thermal, or

chemical gradient forces via redox magnetohydrodynamic fluid flow . Thermal and plasma(11)

ablation devices have exposed electrodes making any attempt at low-energy physiochemical
conversions inconsequential due to the large physical fluid-flow and convective forces present during
surgical application; hence, their design necessitates a large amount of energy delivery to the
treatment site that leads to collateral damage around the tissue target.

Non-ablation radiofrequency treatments are a surface-based intervention useful for surface-based
conditions such as early articular cartilage damage. The low-level energy delivery is configured to
modify/precondition diseased articular cartilage to a state amenable to a safe and effective gentle
mechanical débridement with the protective housing leading edge. The non-ablation radiofrequency
energy products effect the accessible and degenerate surface matrix structure of damaged cartilage
tissue preferentially rather than the intact chondron and matrix tissue deep to the surface lesion level.
In this manner, the non-ablation energy takes advantage of the altered pericellular and extracellular

matrices of diseased cartilage  by preparing damaged tissue for subsequent débridement with(12-21)

the protective housing leading edge through augmented and/or naturally facile tissue cleavage

patterns . As early articular cartilage disease manifests as matrix failure, non-ablation(10)

radiofrequency technology creates a matrix-failure-based intervention that corresponds to cartilage
biology.

The matrix failure of surface fibrillation remains an attractive therapeutic target for early surgical

intervention modalities . By safely removing diseased surface fibrillation that serves as both a(7)

mechanical stress riser and a source of biologic load that propagate damage , these lesions can(19-30)

be stabilized . Lesion stabilization remains a necessary prerequisite toward articular cartilage tissue(10)

preservation since a residually healthy lesion site is an essential substrate for permitting or inducting
effective healing responses. It has been demonstrated (see Figure 2) that Superficial Zone
characteristics with viable chondrocytes can be preserved during the targeted removal of surface

fibrillation . Since the area adjacent to surface fibrillation often exhibits a soft character as noted by(10)

tactile cues , it would be useful if this tissue could be treated concurrent with the surface fibrillation(7)

whereby such a procedure would serve both as a therapeutic intervention for the tactile soft lesion
and as a defined safety margin during the targeting of surface fibrillation lesions.

Chondron density has been shown to decrease with age, disease, injury, and in response to some
interventions and may predispose articular cartilage to extracellular matrix-based failure through an

inability to support the mechanotransductive demands of physiologic loading . Since(12, 13)

chondron shape and orientation reflect inter-territorial extracellular matrix architecture, chondron

density is an important descriptor for functional and degenerating cartilage .(12, 13, 31, 32)

Interventions that alter chondron density through matrix modification may provide insight into the
treatment outcome of focal lesions. We have shown previously (see Figure 2) that chondron density
with live chondrocytes preferentially increases within the residual Superficial Zone after targeted

removal of surface fibrillation with non-ablation radiofrequency techniques . This study evaluates(10)

both ablation (thermal and plasma ablation) and non-ablation radiofrequency energy effects on



native Superficial Zone chondron density in articular cartilage that demonstrates early lacunar
emptying without significant surface fibrillation.

3. Methods and Materials

Osteochondral femoral condyle specimens were harvested from patients undergoing total knee
replacement under an approved Institutional Review Board protocol. Specimens were included that
demonstrated an area of uniform tactile soft chondromalacia adjacent to areas of surface fibrillation
(partial thickness damage) of sufficient size from which test samples could be obtained that
demonstrated geographically similar characteristics. After harvest, specimens were divided and each
part was randomly sequestered into a treatment group and immediately transferred to an ex vivo
arthroscopic treatment setting. Three treatment groups were established with a part from each
specimen; Control (which received no treatment), Ablation (thermal and plasma ablation), and
Non-Ablation.

Each treatment group was assigned its own station with an  arthroscopy set-up. Standardex vivo
arthroscopic fluid was used at room temperature with a fluid-flow rate of 30cc/min ± 5cc/min which
created consistent fluid dynamics in the set-up typical of  arthroscopy. The flow was measuredin vivo
and recorded at each station throughout the study and was maintained constant for all testing. The
radiofrequency systems were used at the generator settings recommended by their manufacturer's

design : thermal and plasma Ablation included Glider  (Smith and Nephew, Inc.; Andover,(10) ®

Massachusetts) and Paragon  (Arthrocare, Inc.; Austin, Texas); Non-Ablation included Ceruleau® ®

(NuOrtho Surgical, Inc.; Fall River, Massachusetts).

Treatment of the tactile soft cartilage surfaces was performed by one practicing surgeon accustomed
to radiofrequency débridement chondroplasty. The goal of the treatment was to utilize the same
technique typically deployed to remove fibrillated cartilage and smooth the articular surface as
determined by visual cues. Energy delivery treatment time was divided into 5 and 10 second groups
with a technique of moving the probe tip back and forth at the treatment site with a consistent
application pressure and speed as judged by the surgeon to mimic  treatment conditions. Within vivo
the ablation devices, the surgeon used the active electrode as a mechanical implement for gentle
electrode contact, consistent with their design, by moving the electrode across the articular surface
during the allotted energy deposition time. With the Non-Ablation system, the surgeon used the
protective housing edge to mechanically brush the surface of the tissue concurrent with energy
delivery for the allotted treatment time. Immediately after each treatment, three 0.5 mm coronal
sections of each sample were obtained referencing the center of the treatment site. The sections were

prepared for staining by washing in HEPES buffered saline solution. Live/Dead  Reduced Biohazard®

Cell Viability Kit #1 green and red fluorescence, SKU #L-7013, (Invitrogen™, Carlsbad, California) was
used per manufacturer’s specification to stain specimens. Specimens were gluteraldehyde fixed,

transferred to standard flat glass slides, and flooded with VectaShield  fluorescence protection oil®

prior to the placement of #1.5 borosilicate glass cover slips over each specimen section.

Confocal fluorescence laser microscopy analysis was performed by personnel blinded to the identity
of the treatment groups for each specimen part. Confocal imaging was performed with an Olympus
IX-81 inverted microscope coupled to an Olympus FV300 confocal laser scanning unit (Center Valley,
Pennsylvania, USA) using 488 nm laser excitation. Live cells were captured under green fluorescent
channel (505-525 nm) and dead cells were captured under red fluorescent channel (577-634 nm),
generating a Live image, a Dead image, and an Integrated Live/Dead image.

The extent of collateral damage induced by each treatment was determined based upon both the
amount of initially non-damaged cartilage tissue removed from the treatment site when compared to
control specimens and the condition of the residual tissue remaining at the treatment site. Depth of



necrosis of the residual tissue post-treatment for both the 5 and 10 second groups was determined by
measuring the distance from the center of the residual tissue surface after treatment to the lowest
depth of dead cells observed. Total number of cells, number of dead cells, and number of live cells per

mm  were counted for the treatment site of each group. Chondrocyte geographic profile (i.e. single,2

pairs, strings, or clusters) and chondron image character (i.e. shape, dimension, lacunar fill, orientation)
were compared between Group specimens and between pre-and post-treatment specimens by
combining patterns into comparable categories. Chondron density was determined both by

quantifying cell populations per mm  in two-dimensional section images integrated at the tissue2

surface and by measuring inter-chondron distances. These calculations were designed to
accommodate the problem of volumetric tissue ablation extraction observed with ablation devices 

, and therefore included counts and measurements spanning the Superficial and Transitional(10)

Zones, if present, at the tissue surface. Multiple range ANOVA analysis and two sided t-tests were
performed for differences in depth of cartilage tissue necrosis, number of chondrocytes, and chondron
population for each group.

4. Results

Six patients yielding six separate specimens were included for study, generating twenty-four
osteochondral parts tested. Residual post-treatment tissue characteristics varied significantly between
the treatment groups (Figure 3).

The Control specimens demonstrated tactile soft surfaces adjacent to areas of surface fibrillation
consistent with gross visual inspection of the harvested tissues. Early lacunar emptying was evident
mostly limited to the surface portion of the Superficial Zone (Figure 4). Chondrocytes with a flattened
chondron appearance typical of this zone remained present within the tactile soft surfaces with
chondrocyte geographic patterns including singles, pairs, strings, and clusters as noted in Figure 3.
Live cells were abundantly present in chondrons in and around the tactile soft areas exhibiting lacunar
emptying with evidence of chondrocyte depletion and some dead cell populations mostly at surface

positions (<13% per mm ). Cell population densities within each specimen group remained constant2

as the sample parts of each group originated from the same specimen. Inter-specimen comparisons
did not reveal significant differences in relative cell population density, chondrocyte geographic
profile, chondron image character, or inter-chondron distance confirming similar lesion type included
for study.

The Ablation specimens demonstrated large charred tissue segments, generalized gelatinization of
tissue indicative of altered matrix properties, and loss of cartilage thickness above that of control
throughout the treatment site. Tissue charring ranged from light-brownish color to near black or dark
grey indicating severe char and tissue damage for the thermal ablation specimens. The gelatinized
tissue was observed to have a semi-translucent appearance and much softer consistency than the
surrounding cartilage in the plasma ablation specimens. Areas of tissue fragmentation indicating
ablation extraction as is typically observed during standard electrocautery procedures were evident
for both the thermal and plasma ablation specimens (Figure 5). No treated specimens yielded either a
visually or histologically smooth cartilage surface when compared to control. The tissue surface was
replaced with a residual layer of necrotic and damaged tissue in all instances completely eliminating
Superficial Zone characteristics due to volumetric tissue loss exceeding the level of disease
pre-treatment (Figure 3). Consequently, evaluations of Superficial Zone chondrons was not possible at
the treatment site. Cellular density, geographic chondrocyte profile, chondron image character, and
inter-chondron distance of the residual tissue under the necrotic layer depicted an altered and
damaged Transitional Zone when compared to control specimens (Insert A). Dead cells were present
in all specimens independant of chondrocyte geographic profile and occasionally intermixed with live
cells to a varying degree (Insert B). As depicted in Figure 6, the mean post-treatment depth of necrosis



was 140 µm (range 104 µm - 199 µm) at 5 seconds and 226 µm at 10 seconds (range 140 µm - 334 µm)
through the residual Transitional Zone tissue (as distinct from necrosis through Superficial Zone tissue
as this Zone had been volumetrically removed due to ablation tissue extraction).

The Non-Ablation specimens demonstrated a smooth residual surface at the treatment site with no
areas of charred, gelatinized, or color altered tissue and without bulk tissue loss. All specimens
retained intact Superficial Zone characteristics in the residual tissue at the treatment site (Figure 3).
The chondrocyte geographic pattern and chondron image character of the retained Superficial Zone
were not altered over control, with live chondrocytes persisting independent of their geographic
profile (Insert C). Live cells were evident throughout the treatment site with chondrocytes residing
closer to the surface and with a general decrease in inter-chondron measurement when compared to
Control. This finding indicated a relative increase in surface-based cellularity post-treatment in the
retained Superficial Zone of the treatment site. Areas of lacunar emptying and chondrocyte depletion
evident in the Control specimens were generally not present. The Transitional Zone did not
demonstrate altered cell density pattern, geographic chondrocyte profile, inter-chondron
measurement, or evidence of cellular death. As depicted in Figure 6, no areas of necrosis or dead cells
were observed at 5 seconds and only one treatment sample demonstrated any cell death at 10
seconds. In that sample, 3% of cells were found dead up to 67 µm deep limited to the Superficial Zone.

Figure 7 displays the comparison of cell counts for each treatment Group. Because of the volumetric
tissue loss that occurred in the Ablation group, the comparison depicted is between the Control
specimens with a Superficial Zone, the Ablation specimens without a Superficial Zone and an exposed
Transitional Zone, and the Non-Ablation specimens with a retained Superficial Zone. The mean total

cell number in Control sections was 1480 per mm . Even though the Ablation method fully corrupted2

the Superficial Zone, the mean total cell number in the residual Transitional Zone tissue was 1546 per

mm  (no statistical difference from control; p < 0.92); yet, with a decreased live cell density of 36%2

over control (p < 0.02) without necrosis preference relative to chondrocyte geographic profile within
the chondrons. The Non-Ablation method which retained Superficial Zone characteristics

demonstrated a mean total number of cells of 1468 per mm  (no statistical difference from control; p2

< 0.92) with increased live cell density of 12% over control (p < 0.02) independent of geographic
chondrocyte profile within the chondrons. Cell count remained consistently proportional to chondron
count throughout the sections. The decreased live chondron density of the Ablation group reflected
primarily an increased cellular necrosis induced in the residual tissue commensurate with the
volumetric ablation extraction of the tissue surfaces; whereas, the increased live chondron density of
the Non-Ablation group reflected both a preferential extracellular matrix volume contraction whereby
additional live cells were brought into the surface quantification area and a small cleavage plane
surface removal of diseased Superficial Zone tissue (Figure 8). Multiple range ANOVA analysis
demonstrated a statistically significant difference between the depth of cartilage tissue necrosis (p <
0.004) and percent chondrocyte death (p < 0.003) between the Ablation group and the Non-Ablation
group.

5. Conclusions

This study demonstrates that non-ablation radiofrequency energy can be used to preferentially
increase the density of live chondrons in the Superficial Zone independent of geographic chondrocyte
profile and without causing cellular necrosis in tactile soft articular cartilage displaying early lacunar
emptying adjacent to fibrillated lesions. These findings are similar to those we reported previously in
the residual tissue after targeted removal of surface fibrillation where Superficial Zone characteristics
were retained and chondron density with live chondrocytes was increased without an increase in dead

chondrocytes . This study demonstrates that the effects of Non-Ablation radiofrequency energy as(10)

characterized by confocal live/dead fluorescence laser microscopy can be limited to the Superficial



Zone matrix with no evidence of decreased cellular viability or of alterations in geographic
chondrocyte profile, chondron image character, or the Transitional Zone. These effects partly reflect a
relative preferential extracellular matrix (ECM) modification through a volume contraction; and,
provide confirmation of a defined safety margin qualified to the targeting of surface fibrillation lesions
with non-ablation radiofrequency techniques. Since this study evaluated two dimensional integrated
images from the tissue surface, it remains unknown whether the matrix modification of ECM volume
contraction is disparate in the , , and  coordinates. As others have observed a uniformx y z

chondron-to-matrix density pattern , suggesting that biologic constraints exist to maintain(31, 32)

tissue integrity against the development of focal matrix-failure lesions, resetting functional chondron
density patterns in early lesions may have the potential to create a more chondro-supportive

environment for articular chondrocytes  as they inherently pursue matrix maintenance (12, 13, 31, 32)

 and respond to focal disease .(13) (33)

Consistent with numerous previous studies , and even though safer than(for review see 7, 10)

mechanical shavers, thermal and plasma ablation treatments fully corrupted the Superficial Zone,
both the matrix and cellular structures, with electrocautery-like tissue extraction, leaving an exposed
and damaged Transitional Zone in place of the original tactile soft Superficial Zone. Since the control
group exhibited significant live chondrocyte populations in the Superficial Zone, this study provides
further evidence that thermal and plasma ablation treatments do not have a role in early intervention
for articular cartilage lesions. Volumetric tissue loss can only contribute to articular cartilage lesion
progression by converting a potentially salvageable lesion with Superficial Zone characteristics to one
that may not be salvageable with an exposed and damaged Transitional Zone that can lead to

accelerated wear . Unnecessarily induced volumetric tissue loss and cellular necrosis has been(19-30)

deemed inappropriate for an early intervention strategy; rather, the interest in treating early cartilage
disease is that based upon tissue biology.

For the surgeon, the earliest visual and tactile cues of articular cartilage degeneration reside in the
Superficial Zone, causing this anatomic region to be an appropriate focus for early intervention
strategies and placing it into a crucial role for articular cartilage tissue preservation. Because of its
distinctive structure and composition, the Superficial Zone is uniquely suited as a therapeutic surgical
target from both a diagnostic and a cell-matrix perspective. The Superficial Zone has several layers of
varying degree disc-shaped flattened chondrocytes within a matrix of densely packed bundles of thin
collagen and elastin fibers oriented parallel-oblique to the articular surface with relatively low

proteoglycan content . These layers can serve as physical delamination or cleavage planes(20, 34, 35)

between damaged and undamaged areas  that can be exploited to stabilize lesions once(20, 21)

matrix failure begins to manifest in the most superficial layers . Left untreated and as lesions(10)

progress to exhibit further matrix disruption, the resident chondrocytes lose the ability to maintain

tissue integrity ; conversely, stabilized lesions that preserve Superficial Zone characteristics and(13)

viable chondrocytes can retain the healing potential of this zone's cellular phenotype. For a matrix
modification procedure to hold relevance for early intervention, preserving viable chondrocytes after
lesion stabilization remains important. Further studies by our team with non-ablation radiofrequency
energy designed to treat early articular cartilage lesions have verified no decrease in chondrocyte

viability post-treatment when bulk tissue specimens were incubated for 96 hours .(unpublished data)

The Superficial Zone chondrocyte population retains unique cellular properties depicting a healing
phenotype potential that is paramount to maintain in an early intervention approach to articular
cartilage disease. The chondrocyte geographic distribution within Superficial Zone chondrons occurs

in distinct patterns with horizontal chondron alignment , consistent with this zone's matrix(36)



structure of cleavage planes , rendering it amenable to targeted lesion stabilization from a(20, 21)

cellular perspective . When compared to other zonal phenotypes, these chondrocytes(7, 10)

demonstrate differences in metabolism , in chondron morphology , in geographic distribution(37) (38)

throughout the matrix based upon anatomic location , and in gene expression producing(39)

zone-specific molecules like clusterin, proteoglycan 4, and lubricin. The Superficial Zone has been

implicated as a driver of chondrocyte migration in response to focal partial-thickness lesions ,(33)

zonal reorganization , appositional growth , chondroproliferation , chondrocyte colony(40) (41, 42) (43)

formation , and a side population source of mesenchymal progenitor cells  that express(41) (41, 44, 45)

stem cell markers , contractile actin isoforms , progenitor cell signaling mediators (41, 46) (47) (46, 48,

, and monolayer expansion behavior while maintaining a chondrogenic phenotype .49) (41)

Treatments that eliminate the Superficial Zone chondrocyte population, like mechanical shavers and
thermal or plasma ablation devices, can leave residual Transitional Zone chondrocytes and their
accompanying matrix exposed to physiologic demands for which they are not designed to
accommodate. Further, a damaged and exposed Transitional Zone does not retain the healing
phenotype potential evident within the Superficial Zone chondrocyte population and unnecessarily
places an iatrogenic burden upon tissue contiguous to the lesion.

Aside from exploiting the mechanical cleavage patterns inherent in the Superficial Zone of early

disease for lesion stabilization , theoretical matrix modification of the Superficial Zone(10, 20, 21, 36)

without damage to the chondrocyte and chondron has been considered possible due to this zone's
unique matrix properties. Articular chondrocytes are surrounded by a protective layer, the pericellular
matrix (PCM), which is thought to function as a non-linear mechanical filter that modulates the
physiochemical and biomechanical environments experienced by chondrocytes through processes

like transmembrane signaling . The PCM displays distinct biomechanical properties when(50-57)

compared to the ECM . For example, the Young's modulus of the PCM is uniform with tissue(51, 54)

depth in that it is similar to the ECM modulus of the Superficial Zone but significantly lower than the

ECM modulus of the Transitional and Deep Zones . This disparity in properties, or(14, 15, 54, 55, 57)

stiffness ratio , allows the chondrocyte environment to be more consistent when confronted with(56)

large incongruities in local zone- and region-specific ECM forces . The PCM may protect(52, 53, 55, 57)

the micromechanical environment of the chondrocyte in regions of high local strain such as in the
Superficial Zone and may amplify lower magnitudes of local strain such as those occurring in the

Transitional Zone . Further, the fluid permeability of PCM relative to the ECM is much lower(50, 54)

allowing the functional phasic properties of the ECM during loading to be shielded from the

chondrocyte . These unique properties would allow the chondron and chondrocyte in the(55)

Superficial Zone to accommodate alterations in the ECM with a protective PCM posture; whereas once
the Transitional Zone chondron and chondrocyte are exposed to a surface-level environment due to
acute damage or disease, the PCM of the Transitional Zone may amplify the increased ECM strains
witnessed by the Transitional Zone's new surface locale to a detrimental level for both the
chondrocyte and matrix. These PCM properties may partially explain the retention of viable
chondrocytes in the Superficial Zone after non-ablation radiofrequency energy application; as well as,
the significant disease progression that can be induced by mechanical shavers and thermal or plasma
ablation devices that create an exposed and damaged Transitional Zone that is then subjected to
repetitive physiologic loading.

The matrix modification induced by non-ablation radiofrequency applications appears to be a relative
ECM rather than a predominant PCM phenomenon histologically. The PCM collagen structure, like its



mechanical properties , is uniform with tissue depth in articular cartilage, while the ECM(54, 55, 57)

displays zonal and regional inhomogeneities . The PCM in articular cartilage is generally(21, 56)

defined by the exclusive presence of type VI collagen defining its boundary with the ECM. Type VI
collagen exhibits unique properties which play important roles in mediating cell-matrix and
intermolecular interactions. In articular cartilage, type VI collagen serves as an extracellular adhesion
molecule that forms a network anchoring the chondrocyte cell membrane to the PCM through its
interaction with other extracellular matrix molecules like hyaluronan, biglycan, perlecan, heparin,
decorin, and fibronectin. Type VI collagen is responsible for the structural integrity and mechanical

properties, like stiffness, of the PCM ; and, it can self-assemble into disulfide-bonded dimers and(58)

tetramers leading to a distinctive thin-beaded filamentous network around cells . Type VI collagen(59)

consists of three different α-chains and contains a Kunitz-type proteinase inhibitor sequence in the α3

chain rendering it resistant to proteolysis . In general, the triple helical conformation of collagen is(60)

lost when its temperature exceeds 37  C; but, interestingly, there is evidence that Type VI collagen is0

partially resistant to heating up to 70  C , is only denatured by heating to 90  C in the presence of0 (61) 0

reducing agents , and is resistant to depolymerization . These structural nuances help to(61) (62)

explain why the PCM appears in this study to be less vulnerable to physiochemical matrix modification
than the ECM which is composed primarily of type II collagen and aggrecan. Chondron viability may
be protected during a matrix modification that appears to lead chondrons into an increased density
pattern by Superficial Zone ECM volume contraction.

Although osteoarthritic changes in the PCM and ECM mechanotransductive properties have been
shown to alter the mechanical environment of the chondrocyte, it remains unclear whether the PCM

and ECM properties change in a disparate fashion during disease progression ; and, how(17, 18, 55)

these changes might correlate to the relative matrix failure of early articular cartilage disease.
Characterizing these changes will assist in developing matrix modifications that are sensitive to the
changes in cell-to-matrix relationships that may alter the stress-strain and fluid-flow environment of

the chondrocyte . Because the water volume fraction in articular cartilage is critically dependent(55)

upon the function of the Superficial Zone in modulating drag forces, Superficial Zone chondron
density continues to be a relevant parameter of functional cartilage as degenerative changes are
assessed. The biologic role of structural matrix alterations has been the subject of recent modeling

studies . Additional attention toward the lamina splendens is also important ,(17, 18) (20, 34, 35)

particularly due to the unique role its interwoven collagen network plays in modulating proteoglycan

content and subadjacent collagen network orientation  that is accessible during Superficial Zone(20)

lesion stabilization. The observation that chondrocytes adhere to areas of lamina splendens disruption

 and the combined biomechanical effects of wear-line and split-line orientation  warrant(63) (64)

further investigation for early intervention strategies.

This study evaluated tactile soft articular cartilage displaying decreased chondron density associated
with early lacunar emptying and a small non-viable cell population concentrated in its Superficial

Zone. Chondrocyte depletion, whether by apoptosis, necrosis, or other mechanisms , may be a(65)

predisposing condition to surface fibrillation as noted in the adjacent regions of the tissue harvested
for this study. As shown in Figure 2, surface fibrillation often demonstrates intact chondrons within the
fibrillation itself, with extruded chondrocytes uncommonly noted in areas within and around the

surface fibrillation . This data provides some evidence that overt ECM failure rather than primary(7, 10)

PCM failure is the early condition presented to the surgeon for treatment consideration. Early
intervention remains attractive particularly since full-thickness lesions have received significant
attention and may be the next opportunity for which tissue preserving intervention might be



considered. Interestingly, a confluence of cell-to-matrix interaction research has been observed
through the treatment of articular cartilage with electromagnetic energy. Chondrocyte proliferation,
gene expression modification, temporal changes in matrix production, and lacuna formation in

response to single exposure electromagnetic fields  has been shown, which is consistent with(66)

observations of a cartilage response to voltage potential delivery at the disease locale of full-thickness

defects . Our team has observed similar findings (see Figure 9) in that these clinical responses(67)

occur more reliably for margin-intact lesions, implicating the resident Superficial Zone in the healing

response observed for full-thickness lesions . These responses might serve as a(unpublished data)

target substrate for non-destructive electromagnetic energy induced host-to-implant lateral

integration as an adjunct to implant-to-host approaches pursued for full-thickness defects . Not(68)

only does the healing potential phenotype of the Superficial Zone provide treatment substrate
options for Superficial Zone and full-thickness lesions, it may also provide additional treatment
substrate options for Transitional Zone lesions surrounded by an intact Superficial Zone.
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8. Mediafiles

Figure 1. A Non-Ablation Radiofrequency Device.

The active electrode is encased by a protective housing that prohibits electrode-to-tissue contact
and creates a primary reaction zone that is shielded from the large physical fluid-flow and
convective forces present during surgical application. This architecture eliminates the resistive
tissue heating and tissue electrolysis associated with the tissue necrosis induced by thermal and
plasma ablation devices and enables the use of low-energy physiochemical conversions to be
deployed for surgical work. Ceruleau®.



Figure 2. Targeted Removal of Surface Fibrillation.

Representative pre- and post-treatment integrated Live/Dead cell viability stain section images
demonstrating targeted removal of surface fibrillation without inducing necrosis in the contiguous
tissue at the treatment site. The non-ablation radiofrequency energy modifies/preconditions the
altered pericellular and extracellular matrices of diseased cartilage, preparing it for subsequent
débridement with the protective housing leading edge through augmented and/or naturally facile
tissue cleavage patterns.



Figure 3. Group Comparison of Section Images.

Representative integrated Live/Dead cell viability stain section images depicting the comparative
structural reorganization of the Superficial Zone of tactile soft articular cartilage. Note the
increased live surface chondron density of the Non-Ablation section and the ablation extraction of
the Superficial Zone and resulting Transitional Zone exposure of the Ablation section.

Figure 4. Enlarged Control Group Section Image.

Representative integrated Live/Dead cell viability stain section image demonstrating early lacunar
emptying with a small population of non-viable chondrocytes in the region.



Figure 5. Enlarged Ablation Group Section Image.

Representative integrated Live/Dead cell viability stain section image demonstrating ablation
tissue extraction and corresponding non-viable chondrocytes.

Figure 6. Depth of Necrosis Comparison between Groups.

Depth of necrosis noted by dead chondrocytes versus duration of treatment. Note that the
Ablation Group depicts Transitional Zone tissue due to volumetric tissue ablation extraction of the
Superficial Zone; while the Control and Non-Ablation Groups retain Superficial Zone characteristics
for depth of necrosis measurement.



Figure 7. Cell Count Comparison between Groups.

Total number of cells, number of live cells, and number of dead cells noted within the residual
tissue post-treatment. Note that the Ablation specimens did not exhibit Superficial Zone
characteristics due to ablation extraction of the tissue with the cell counts exclusive to the
Transitional Zone.

Figure 8. Enlarged Section Image of Superficial Zone Cleavage Plane.

Representative cell viability stain section image demonstrating the surface physical delamination
or cleavage planes that can be exploited for targeted intervention during lesion stabilization.



Figure 9. Intra-Operative Photograph during Second-Look Arthroscopy.

Healing response noted upon second-look arthroscopy at 357 days from the index procedure. The
initial lesion was a stable full-thickness margin-intact femoral trochlea defect treated with a
targeted constant alternating current voltage potential of 240V at 460kH applied to the lesion
margins without current deposition for 10 seconds.

Insert A. Ablation Induced Transitional Zone Alterations.

Representative integrated Live/Dead cell viability stain section image image depicting the residual
Transitional Zone after treatment with Ablation radiofrequency energy for 5 seconds. Original
Magnification 10x.



Insert B. Chondrocyte Geographic Profile after Ablation Treatment.

Representative integrated Live/Dead cell viability stain section image depicting ablation
chondrocyte death at the margin of treatment site damage still depicting Superficial Zone
characteristics. Note that chondrocyte death is independant of chondrocyte geographic profile of
single, pairs, strings, or clusters. Original magnification 10x.

Insert C. Chondrocyte Geographic Profile after Non-Ablation Treatment.

Representative integrated Live/Dead cell viability stain section image depicting live chondrocytes
post-treatment independant of chondrocyte geographic profile of singles, pairs, strings, or clusters.
Original magnification 10x.


