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Summary

The use of radiofrequency ablation for thermomodula-
tion of connective tissues has gained acceptance with
some surgeons. It is now mainly used for shoulder
instability, and two techniques are commonly applied
— ablation in a uniform pattern (painibrush) and abla-
tion in a linearly dispersed fashion (grid). The use of
these techniques for shrinkage of tendons or cruciate
ligaments is not widely accepted but may be utilized
in selected cases. We assessed the effects of thermo-
modulation via monopolar radiofrequency ablation us-
ing these two techniques on the histological and bio-
mechanical properties of rabbit Achilles tendons.

16 paired rabbit achilles tendons were divided into two
treatment groups. Using a Monopolar RF device, eight
tendons were treated using the paintbrush technique,
and eight using the grid technique. The tendons were
shrunk to about 90% of their original length, and the
paired tendons were used as control. Following ther-
momodulation, tendons were pulled to tear using the
Instron 4502 (Instron, Mass.) device.

We found treated tendons were significantly less re-
sistant to tear when compared to control; the average
load to failure of the treatment group was 19.4% lower
(p=0.05) than the control group values and the average
tissue stiffness in the treatment group was 11.3% lower
(p=0.051) than the control group. We found a tendency
towards a lower resistance to pull in the tendon group
treated using the grid technique. Histological analysis
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demonstrated areas of collagen denaturation correlated
to areas of thermomodulation. A random point of failure
was found along the tendons in the paintbrush group
whereas the typical point of failure in the grid group
was located at the treatment point or at its margins.
Our findings demonstrate that use of the grid technique
in ablation of tendons creates typical failure points (lo-
cus minoris resistenci) which bring about failure and
alter the biomechanical properties of the thermomodu-
lated tendons. Thermomodulation of tendons may be
used efficiently in selected cases but its detrimental
effects to the biomechanical attributes of the tissue
should be considered.

Key words: ablation, collagen, length, patterns, radiofre-
quency, tendon.

Introduction

Soft tissue injuries about joints are very common in the or-
thopedic practice, and can be found in all areas of popula-
tion with no correlation to age, gender or type of activity.
Soft tissues around the joint fulfill important functions of
stabilization, movement creation and power transfer. The
treatment for soft tissue joint injuries with instability may be
conservative or surgical'3. The surgical utilization of thermal
ablation is mostly arthroscopic and is considered part of the
surgeons’ armamentarium of joint stabilizing procedures.
The use of thermal energy for the shrinkage of soft tissue is
accepted nowadays, mostly as an augmentation for capsu-
lar shift in the shoulder joint® and by some for wider indica-
tions. The use of this treatment method for the shrinkage
of thicker tissues like tendons is less common. Literature
considering this usage is scarce, and clinical studies pres-
ent controversial (mostly disappointing) results. The two
techniques most commonly used nowadays are the appli-
cation of energy in separate lines leaving untreated areas in
between them (Grid) or the application in one constant line
treating a wide tissue area leaving no untreated tissue in
between (Paintbrush). The aim of this study was to evaluate
the two RF thermo modulation techniques (Grid and Paint-
brush) through evaluation of histological and biomechanical
properties of affected tissue in a Rabbit in-vitro Achilles ten-
don model, supplying a basis for clinical application of RF
thermal shrinkage in the clinical setting.

Molecular anatomy and biomechanics

Collagen is the key protein responsible for the mechani-
cal properties of the musculoskeletal system. Soft tissues
about the joint are mainly made of collagen type 1- a triple
helix. The key factor differing between soft tissues —i.e. liga-
ments, joint capsule and tendons — is in the length of the
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collagen fibers, their number, arrangement and the number
of inter-fibrous bonds. As a part of aging processes, the
number of those bonds increases and the flexibility of the
bonds decreases.

Soft tissues have the ability to accept mechanical loads in
order to function properly. The mechanical properties of the
structure bone — ligament — bone can be presented on a
load — elongation triple phase curve, which evaluates the
tissue on one level'. The 1% phase is non-linear, present-
ing the preparation of the collagen fiber to requested re-
sistance. The 2" phase is a linear slope which defines the
change in tissue length in correlation to the load applied on
the tissue — the stretching of the collagen fibers. The slope
reaches the peak point of elongation — its point of failure —
where the 3™ phase begins — the ligament can not accept
any further load. Like this curve, mechanical properties can
be presented on a stress/strain curve, where stress is de-
fined as a load per area and strain as a change in length unit
(in percentage). The 2" phase of this curve is called tan-
gential modulus or the “Modulus of young”. The higher the
modulus is, the stiffer the tissue (e.g. more collagen per unit
area and a larger fiber diameter)'2. In vivo, the forces act on
the ligaments through different planes, which increase the
load and resistance required from the tissue. For example,
a rotational knee injury that caused an ACL tear, forced the
ligament through all phases of the modulus and the forces
which caused the tear can be demonstrated by the direct
load on the tissue in vitro. In shoulder dislocation the joint
capsule reaches the point of failure (even if not completely
torn) after which it can no longer fulfill its function.

Sources of thermal energy

The use of thermal energy for the treatment of joint instabil-
ity was first described by Hippocrates, where he describes
a hot probe placed in the axilla for the treatment of gleno-
humoral instability®. Nowadays, there are two main sources
of thermal energy used for soft tissue shrinkage.
Radiofrequency (RF) is the older one, was first described at
the end of the 19" century and is used in a wide variety of
medical conditions®. RF is an electromagnetic energy pro-
duced by an alternating electrical current. RF can be pro-
duced when the current passes between two electrodes (BI-
POLAR RF) or between the electrode and a “ground” pole
which is the patients’ body (MONOPOALR RF). Placing the
probe against the tissue and then passing an alternating
current, causes activation and movement of ions in the tis-
sue, thereby producing heat that is generated from the fric-
tion between the ions — designated as frictional heating*”.
In Monopolar RF devices the probe does not create heat
at all. It measures the heat created in the tissue using a
thermocoupling device located at the tip of the probe. The
data allows control of the energy levels and heat changes
in the tissue, thereby causing the change in collagen struc-
ture without causing major injury®'°, the heat produced by
the tissue reflects the current level (I= current level), as I?
and the time for the action (T=action time) and so the heat
from the probe equals I?T. Heat is lost by diffusion and fluid
conduction. Therefore, the actual thermal influence on the
tissue is the heat created by the probe subtracting the tissue
heat loss. Another type of heat source is the Laser beam.
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The laser most commonly used for thermal shrinkage is the
Holmium-Ytrium-Aluminum Garnet (Ho:YAG). This type of
Laser device was first presented in 1987 and was the first
to be passed through an optic fiber''. The laser beam con-
centrates light at a fixed wave length, usually in the infra-red
area. The physical properties of the Laser beam allow its
passing, spreading, breaking and absorption. The absorp-
tion of the beam heats the tissue'2'3. The heat created in the
tissue is the summation of the beam power, time of applica-
tion and area of application. The distance from the Laser
source and the color of the tissue influence the beam ab-
sorption as well™. The beam may be used in a stream orin a
pulsed manner. The pulsed manner allows the tissue to cool
down and thereby reduce the damage caused to the tissue.
If the Laser beam passes the ablation threshold, the light
energy will change to thermal energy and that will cause
evaporation of tissue and water. In an in vitro research that
compared the application of RF to Laser on the gleno-hu-
meral joint, the results were similar'®. The advantage of use
of a laser beam is that one can treat the tissue in a precise
manner and in a small and defined area'®. The disadvan-
tages of laser are its high cost and the need for special skills
and instrumentation. The cost of RF devices is much lower
and their use does not require special training or skills'5.

Molecular and biomechanical effect

Depending on the thermal energy applied to the tissue,
the quartiary structure of collagen is broken followed by
unwinding of the triple helix'®. This causes a disruption of
fiber and histological structure. The tissue shortens signifi-
cantly and looses its primary elastic properties. In studies
it was shown that even at 55° Celsius there is a change
in collagen structure and shortening of fibers. The amount
of shortening increases as temperature increases, it was
shown that at 65° Celsius collagen shortens to 50 % of its
original length'’, while when temperature reaches over 80°
Celsius collagen looses its structure and function altogeth-
er'® In one study, performed on sheep joint capsules, it was
found that rising ablation temperature correlated with minor
changes in collagen structure to complete loss of normal
structure and eventual tissue necrosis' Yet another study
found there was no difference in shrinkage level once the
temperature rises above 75°“. In an in vivo study where
rabbit patello-femoral joint capsule was treated by Ho:YAG
Laser it was shown that the reaction to tissue injury was to
create new collagen tissue but the general tissue structure
remained short. 7 days following damage, a large number
of fibroblasts were demonstrated in the area of hyaline and
collagen deposition with no other cells. 30 days following
damage, fibrosis was evident with a loose connective tis-
sue matrix, with minimal collagen deposition . Another
study examined the response of shoulder joint capsule 180
days following Laser capsular shrinkage?'. The immediate
response was the same as described before. 30 days fol-
lowing shrinkage there were fibroblast infiltration and tis-
sue capillaries. 60 days following shrinkage collagen fibrils
were uniformly small but the tissue was otherwise normal.
90 and 180 days post shrinkage a normal tissue structure
was found, which was shorter than initially. Biochemical
evaluation using “tripsin sensitivity index” showed that the
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laser ablation caused collagen denaturation which returned
to its initial properties at healing completion. The index was
low at 7 days following ablation and returned to normal 180
days later. The higher the energy absorbed by the tissue,
the greater was the damage caused to the collagen fibers.
The energy distribution during application is of utmost im-
portance, influencing collagen denaturation and thereby its
biomechanical properties*. Too high an energy may cause
mesenchymal damage and interrupt the normal healing pro-
cess, and possible differentiation and migration of Tendon-
Derived stem cells®* Hayashi et al.?® treated rabbit patello-
femoral joint capsules by Ho:YAG laser using 5,10 and 15
watts per square centimeter. The capsules were shrunk to 9
to 38% of original capsule length. It was shown that in tissue
where 10 and 15 watts were applied, there was a significant
increase in tensile stiffness compared to untreated tissue. It
was also found that the load required for returning the ap-
plied tissue to its original length was significantly larger in
these groups. Vangsenss et al.’® examined the resistance
of human patella tendons to Ho:YAG Laser. After shrinkage
of 10% of tissue length, a 70% decrease in tissue tensile
strength was found. But when the beam was applied to one
area in the tendon, thus causing severe burn, failure of the
tissue was at that point i.e. the “locus minoris resistenci”.
Thus, since tissue should be shortened and remain at least
partially functional and later regain full functionality, an ac-
ceptable range of temperatures used for shrinking collagen
tissue has been derived. This range is between 60° and 70°
Celsius according to different studies*'>'"'92* Considering
tissue length, most studies show shrinkage of about 10%
of original length'®'°. The type of tissue — i.e. tendon liga-
ment or capsule — is important as well. It was also shown
that shrinkage percentage decreases as the tissue area ex-
posed to thermal energy decreases'® and this changes ac-
cording to heat application technique as well. The two tech-
nigues most commonly used nowadays are the application
in separate lines leaving untreated areas in between them
(Grid) or the application in one constant line treating a wide
tissue area leaving no unireated tissue in between (Paint-
brush)® '® This study was aimed at assessing the effects of
utilization of these two techniques on tendon biomechanical
and histological properties.

Clinical use of thermo-modulation

Thermal soft tissue shrinkage is acceptable nowadays as
treatment of loose tissue like the shoulder joint capsule.
This technique is used as augmentation in arthroscopic sur-
gery. It seems that appropriate use of thermal energy for
gleno-humeral capsule shrinkage allows joint stability with
no changes in the tissue functional properties® Effective-
ness of this technique in ligaments and tendon has not been
thoroughly studied. Recently published case reports reveal
an ambivalent to pessimistic picture. In one case, an ACL
reconstruction (hamstrings) in a 16 year old female athlete
was shrunk after it had been found to be lose using RF.
Three months later the reconstruction was found to be in a
state of auto digestion®. Carter et al.?” used monopolar RF
for shrinkage of ACL reconstructions (of different types) in
patients who demonstrated symptomatic instability of the in-
jured knee. 11 of 18 patients treated with RF shrinkage had
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gone through complete reconstruction 4 months following
shrinkage. 7 went back to normal activity at an average of
20 months following shrinkage. Indelli et al.?® used monopo-
lar RF in 28 patients for shrinkage of bone patellar-tendon-
bone ACL reconstruction, followed by at least 2 years of
follow-up. 96% of the patients went back to sports activities
similar to those before injury. One of their conclusions is
that a strict rehabilitation protocol and patient’s compliance
are as important as the form of application. No technique of
shrinkage (Grid vs. Paintbrush) is uniformly accepted.

Materials and methods

16 white adult rabbits, with equal age and weight were sac-
rificed using an acceptable protocol for animal experiments
and with animal committee authorization. 16 paired Achilles
tendons were harvested. The paired tendons were divided
into two groups containing 8 paired tendons each. Thermal
modulation was performed in a saline bath using a Mono-
polar RF device (VAPR Radiofrequency system, DePuy Or-
thopaedics, Warsaw, Indiana, USA). In each group one of
the paired tendons was treated with Monopolar RF and the
other used as control. In group A, the thermo-modulation
was performed along the tendon, implementing the Paint-
brush technique in an effective time of 1 minute per tendon.
In group B, thermomodulation was performed in separate
lines parallel to tendon width implementing the Grid tech-
nique in an effective time of 1 minute per tendon. The power
of the device was 5 kilovolts. The length of treated tendons
was measured before and after thermal treatment. Tendons
were bathed in a 37° saline bath. Up to 2 hours from thermal
treatment, the tendons were mounted on a 10 Kilo-Newton
load-cell device (Instron 4502, Canton, Mass.) via clamp-
ing jigs (Fig. 1). The tendons were connected to the jigs
with no resistance or stretch, anchor points were frozen
using liquid nitrogen, and the tendons were pulled to tear
at a 500 mm/min speed while load and deformation were
acquired automatically (series IX, Instron, Canton, Mass.).
Data concerning force at tear and stiffness characterizing
the Young’s modulus were extracted. Tendons were sent
to histological examination following mechanical testing. A
simple t-test was applied to assess significance of results.
Statistical significance was set at p=0.05. The specimens
were processed and stained with Hematoxylin & Eosin
stain. The histologic preparations were assessed for failure
location and local tissue denaturation.

Results

As a result of thermal modulation, denaturation marks (color
changes, shortening of the tendon, appearance of a rigid
clear area) appeared in all treated tendons. Treated tendons
demonstrated an average shortening of 9.13% (8.76% in
the Paintbrush group and 9.50% in the Grid group). In gen-
eral, the stiffness (Young’s modulus) was lower in treated
tendons compared to control. The average load at failure in
the treated group was 19.4% lower compared to the control
group (p=0.05). The load at failure of the treated tendons
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was lower than the control group; the average tissue stiff-
ness in the treated group was 11.3% lower than that of con-
trol (p=0.05). (Tab. 1) This was also found true when com-
paring each treated tendon to its control. Treated tendons
from group A (Grid) demonstrated a lower resistance to
stretching than treated tendons from group B (Paintbrush).
Average load at failure in group A (Grid) was 19.4% lower
than in group B (Paintbrush) (p=0.092), and the average
tissue stiffness was 14.1% lower (p=0.088). In treated ten-
dons of group A (Grid), failure occurred consistently at the
transition point between the treated and untreated areas. In
treated tendons of group B (Paintbrush), the point of failure
was found at an incidental point along the tendon. In the
control group there was no specific point of failure either.
Histological examination of the treated tendons, using He-
matoxylin & Eosin stain demonstrated areas of denaturation
and defects to the normal collagen structure in the areas
of thermal manipulation. In the treated tendons of group A
(Grid), there were areas of denaturation and loss of normal
structure lying aside areas of normal collagen structure. In
the treated tendons of group B (Paintbrush), there was a
large consistent area of denaturation and destruction of nor-
mal structure of long collagen fibers.

Mean tissue i Treatment groups
Mean load to failure (N)
strength (N/mm?2)
Paintrush
8.35 446.75
(n=8)
Grid
7.18 360.00
(n=8)
Control
8.75 500.56
(n=16)

Table 1. Mean tissue strength and load at failure.

Figure 1. At right - Tendon in the process of pull to tear, while
freezing the anchor points by spraying liquid Nitrogen. At left -
the tendon after completion of the process.

Discussion

Thermal modulation of soft tissue alters normal collagen
structure and, as a result, the tissue will shrink. Our results
show that thermal modulation decreases tendon resistance
to stretch when compared to control, and that thermal mod-
ulation using the Paintbrush technique causes less dam-
age to tendon resistance than thermal modulation using the
Grid technique. The reasoning behind using the Paintbrush
technique is that collagen modulation will be done uni-
formly; this will allow for initiation of rehabilitation following
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surgery with a lessened chance of failure and in hope that
the healing process will be uniform as well. The reasoning
behind using the Grid technique is that, theoretically, leav-
ing healthy areas adjacent to treated areas will allow better
tendon healing, since the tendon is a living tissue carrying
self-healing abilities 2%. During the healing process, fibro-
blasts migrate from the peritendon and tendon sheath to the
damaged area. Those fibroblasts will produce collagen that
will help the healing tissue regain its structure and return to
near normal strength when healing is completed. On-the-
other-hand, this technique creates possible points of failure
in the vicinity of the treated areas, which may fail during
the tendon healing period, especially when challenged by a
rehabilitation process.

In our study we utilized RF energy on an in vitro rabbit
Achilles tendon model and did not utilize laser energy. This
was done as the goal of the study was to evaluate the me-
chanical effects of the different energy implementation tech-
niques, i.e. grid as opposed to paintbrush. We believe that
use of laser has merit as an alternative source of thermal
energy and hence it is described in the introduction.

Our study has several limitations to it, most notably the fact
it is an in vitro study may be rendered a downside where
performing an adjunctive assessment on an in vivo model
may elucidate behavior of the tissues in a larger span of
conditions and add to our understanding of the impact of
use of the grid and paintbrush modes of thermal energy ab-
lation. This study is also limited by the use of tendons and
not joint capsule or ligaments in that although the molecular
composition is similar the fiber orientation and arrangement
may be different in these tissues. We decided to use the
Achilles tendon model due to the rotational orientation of the
fibers within the tendon itself and the uniformity and ease of
performing the biomechanical testing on this tissue.

Few studies evaluated the effects of thermal modulation on
the biomechanical properties of soft tissue. Lu et al.®° com-
pared the effect of thermal shrinkage on joint capsule of
sheep, using Grid and Paintbrush techniques. They evaluat-
ed the level of shrinkage and the healing abilities after mod-
ulation. Comparing the shrinkage level, no statistical differ-
ence was found, as in our study. Comparing tissue healing
abilities, it was found that at the end point of the study (12
weeks of treatment) tissue strength was similar, but the joint
capsules that were treated by the Grid technique, reached
peak strength 6 weeks before the joint capsules treated by
the Paintbrush technique. Lu et al.® claim that treatment us-
ing the Grid technique in gaps of 5mm between treated lines
decreases the amount of damaged tissue and allows better
contact between living and necrotic tissue. Accordingly, this
contact enables more effective fibroblast passage and bet-
ter replacement of necrotic tissue by new tissue. This study,
however, did not evaluate the influence of implementation of
these techniques on mechanical properties.

Clinically, the Paintbrush technique is much more com-
monly used. In this technique, the surgeon passes the RF
probe in a uniformal manner along the treated tissue leaving
no untreated areas. Indelli et al.?8, published their experi-
ence with 28 patients who suffered from clinical instability
following ACL reconstruction. All patients were treated using
monopolar shrinkage of their reconstructed ligament in ac-
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cordance with the Paintbrush technique leaving only 4mm
gaps at the ends of the graft. At 2 years, 96% of patients
went back to the activity level as prior to the injury, and knee
stability was normal or near normal. They emphasized the
importance of immediate rehabilitation treatment after ther-
mal shrinkage as well. In their study, the treated knee was
protected by a knee brace with non weight bearing for the
first 6 weeks, with passive mobilization and ROM training
beginning the second week after the thermomodulation pro-
cedure. This protocol is based on an in vivo study, showing
that after thermal shrinkage using RF energy, tissue regains
its mechanical strength 6-8 weeks following manipulation3'.
Other studies involving thermal ACL reconstruction shrink-
age did not emphasize the rehabilitation protocol and pre-
sented ambivalent results?> 2. We believe our results may
shed some light on these results in showing that treated
tissue fails at smaller loads and, thus, when thermal energy
is used as a surgical tool strict rehabilitation protocols are
called for and should be adhered to.

Our findings do not coincide with those of Lu et al.5, how-
ever, who found no significant differences between tissue
that was treated by either the Grid or Paintbrush techniques
at the 0 and 2 week intervals from treatment. In our study
we found that using the Grid technique weakened the tissue
such that the load to failure in the Grid group (A) was 19.4%
lower than in the Paintbrush group (B) (p=0.092). Although
we did not evaluate the healing process in vivo, we assume
that treatment using the grid technique will require strict re-
habilitation, while remembering treated tissue is most vul-
nerable during the first few weeks after treatment.

In conclusion, the findings of our study show that thermal
modulation causes changes in the mechanical and histo-
logical properties of rabbit Achilles tendons. Our findings
show that utilizing the Grid technique causes a point of fail-
ure along the treated tendons and thus they are less re-
sistant to stretch. Our findings demonstrate the need for a
conservative rehabilitation protocol for patients intending to
go through thermal RF shrinkage and to regard patient will-
ingness and ability to adhere to conservative rehabilitation
as one of the inclusion criteria for such treatment.
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