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HIGH POWER, LOW FREQUENCY ULTRASOUND: MENISCAL TISSUE

INTERACTION AND ABLATION CHARACTERISTICS

BRENDAN J. O’DALY, EDMUND MORRIS, GRAHAM P. GAVIN, CONOR O’KEANE, JOHN M. O’BYRNE,

and GARRETT B. MCGUINNESS

Abstract—This study evaluates high power low frequency ulfrasound transmitted via a flat vibrating probe tip as
an alternative technology for meniscal debridement in the bovine knee. An experimental force controlled testing
rig was constructed using a 20 kHz ultrasonic probe suspended vertically from a load cell. Effect of variation in
amplitude of distal tip displacement (242-494 pum peak-peak) settings and force (2.5-4.5 N on tissue removal
rate (TRR) and penetration rate (PR) for 52 bovine meniscus samples was analyzed. Temperature elevation in
residual meniscus was measured by embedded thermocouples and histologic analysis. As amplitude or force
increases, there is a linear increase in TRR (Mean: 6.9 to 11.2 mg/s) and PR (Mean: 0.08 to 0.73 mm/s) Maxionm
mean temperatures of 84.6°C and 52.3°C were recorded in residual tissue at 2 mm and 4 mm from the ultrasound
probe-tissue interface. There is an inverse relationship between both amplitude and force, and temperature eleva-
tion, with higher seftings resulting in less thermal damage. (E-mail: garrettmegninness@deniie)

INTRODUCTION

Powered cutting tools are increasingly used in ortho-
paedic surgery, in particular injoint arthroscopy. Instru-
ments used’ for the debridement of degenerative or
post-traumatic cartilage and meniscal tears -include
hand tools, rotary shavers, lasers and radiofrequency
ablation probes. The aim of meniscal debridement isto
preserve critical knee function in articular congruency,
cartilage protection, motion and load  distribution, :as
well as to relieve pain. Operating time, temperature eleva-
tion and thermal damage in adiacent tissue have been
vited as-drawbacks to existing meniscal debridement
technologies {Sherk et al. 2002y, The effects of morpho-
logic changes on meniscal tissue, knee biomechanics and
joint reaction force have not been evaloated. The use of
high-power low frequency ultrasound ablation instru-

ments operating in the 20-60 kHz frequency range for
this ~application is appealing since high power, low
frequency ultrasound probes are known to fragment
both bone and, in combination with suction; soft tissues
(Wells  1984; Cimino and Bond  1996). Ultrasonic
instruments have not been evaluated either for meniscal
debridement, or more generally, for the debridement of
hard fibrous tissues. This is despite their continued use
as . a treatment. mainstay for numerous other biologic
tissue cutting, fragmentation and removal applications
(O Daly et al. 2008}, Potential clinical benefits of this
strategy include efficiency, reduced operating time, and
reduced temperature generation and thermal damage.
Meniscal tissue'is composed of water, proteoglycan
and “collagen (98% type I collagen), with the collagen
fibres arranged in radial. circumferential and axial direc-
tions (Fithian et al. 1990). The meniscus behaves inload
deformation’ as a fibre-reinforced  porous-permeable
composite - material, with creep and. stress-relaxation
behaviour determined by frictiona drag caused by fluid
flow. The meniscus behaves anisotropically under uncon-
fined compression as-a consequence of collagen fibre



orientation in the matrix (Gabrion etal. 2005}, Ultrasonic
devices are frequently claimed to exhibit the property of
“tissue selectivity,” which allows them to safely destroy
hard tissues, while leaving nearby soft tissues unharmed.
The unquantified risk of thermal ‘necrosis in adjacent
cartilage and bone, as well’as neurologic or vascular
damage remains a concern for orthopaedic. surgeons
and “underpins their reticence to use-this technology.
The objective of the current study is, therefore, to estab-
lish the fundamental “potential’ of  high  power, low
frequency ultrasound technology for - debridement- of
fibrous meniscal and cartilaginous tissues, This study
will examine the effect of contact between a flat-tipped
probe; . vibrating at low ultrasonic frequencies (20-60
kHz range), and meniscal tissue samples, separate from
any potential effects that could arise from complex tip
geometries, or sharp or serrated edges. The intention is
1o isolate effects due to contact with a surface vibrating
at these frequencies from any other modes of cutting or
tissue dissection, which might be associated with specific
device designs. Experimental evidence: of the tissue
removal rate, probe penetration rate, temperature effects
and histologic damage for a probe relying entirely on
ultrasonic vibrations to ablate tissue will establish the
intrinsic capability of the technology for debridement
of fibrous tissues.

Literature reporting investigations of high-power
uitrasonic surgical ablation and tissue failure mode’in
the frequency range of 20-60 kHz is limited for all tissue
types (Wells 1984; Amso 1994). Mechanical aspects of

the tissue ablation and damage mechanism: are poorly
understood ‘and strategies for residual tissue damage
minimisation have  not  been adequately jaddressed.
Where mechanisms of interaction are reported, ‘the
available evidence is limited and frequently conflicting,
The intersction between ultrasound and living tissue is
complex. It depends son: the type. condition and
composition of tissue, mode of ultrasound ‘application
and several acoustic parameters, including frequency,
amplitude of vibration, tip area, tip geometry and the
resulting pressures or intensities (Cimino and- Bond
1996; O'Daly et al. 2008). Few studies have quantified
the relative importance. of  amplitude - of - vibration;
frequency, tip design, suction or target tissue fo
ultrasonic device performance (Stumpff et al. 1975
Duarte 1983; Chan et al. 19867 Krattiger ¢t al." 1990
Cimino and Bond 1996, Wiksell et al, 2000y and none
refate to fibrous” meniscal cor cartilaginous  tissue;
Frequency and amplitude of tip displacement are critical
factors in  the ‘ultrasound Gssue interaction ‘and their
relative contribution determines the efficiency of tissue
fragmentation and degree of residual tissue dwmage.
Quantification of vltrasonic device. efficiency for
soft tissue fragmentation, as well as parameters affecting

cutting and removal rate, have been examined in experi-
mental studies. Chan et al {19863 described - tissue
removal using # 20 kHz ultrasound aspirator in terms of
rate per unit ime using ox-tissue liver as the test material.
Their method permitted examination of the effect on the
rate of removal “of independently varying frequency,
amplitude:: of vibraiion and suction: pressure. Using
a similar quantitative method, Cimino and Bond (1996)
identified distal tip peak-to-peak displacement - and
suction ay the two most significant operating parameters
affecting rate of fragmentation of visceral tissues. More
recently, experimental investigation has focused on guan-
tifying the effect of ‘dissipated ultrasonic energy and
resultant damage in residual tissue for individual tissue
types. Recent clinical studies have highlighted the delete-
rious thermal and mechanical effect of ultrasonic energy
in residual tissue (Emam and Cuschiert 2003; Koch et al.
2003). Although equivalent experiments have not been
performed ‘for harder fibrous tissues. Vangness et al
{2003) Have investigated the thermal damage effects of
radio-frequency on the human. meniscus in a force
controlied experimental model. They measured a mean
depth of thermal damage in residual tissue of under
2 mm for three commercially available devices operating
in the radiofrequency range.

Three modes of interaction are recognised for ultra-
sound soft tissue interaction. These are (1} direct-contact
ablation, (2) acoustic effects in the tissues or fluids,
including “acoustic. streaming and cavitation; (3) and
thermal effects (NCRP 1983 Cimino-and Bond 1996;

O Daly et al. 2008), Combined. they result in shear,
fracture and material removal at the tissue surface. Soft
tissue removal and damage occurswhena vibrating
metal’ probe is brought into contact with tissue. Energy
is concentrated at a narrow tip, resulting in acoustic
power densities at the probe-tissue interface that are
much higher than that of diagnostic and physical therapy
ultrasound  devices, with values ranging from 23 to 850
Wiem® (Cimino 19993 Ablation and fragmentation
effects are seen in tissues in direct contact with the ultra-
sonic probe and in adjacent tissue over a range believed to
be in the order of 0.01-0.1 cm (Carnes and Dunn 1986},
The treatment goal is destruction or alteration of tissues in
close proximity to the probe tissue inmterface rather than
propagation of vibratory energy in the tissues.

For hard fibrous tissues, interaction and debridement
characteristics are not known. No evaluation of the
acoustic energy delivered or the mode of interaction has
been reported. In contrast w visceral tissue, the efficiency
of ultrasonic ablation devices has not' been quantified.
Little is known about the relative contribution of acoustic
parameters (o efficacy and damage mechanisms. There is
a pancity of studies quantifying microscopic damage in
residual tissue (O Paly eral. 2008): Neither has the range



or area over which clinically relevant deleterions effects
oeeur in these systems been subjected to rigorous investi-
gation,

This study will investigate whether high power low
frequency ultrasound “transmitted vie o flat vibrating
probe tip can debride and damage hard fibrous meniscal
tissue to a‘degree that would meaningfully assist joint
arthroscopy - without  causing - unacceptable levels wof
damage in restdualadjacent tissue.

Aims

The purpose of this study is to explore the resistance
of bovine knee meniscus, a fibrous tissue, to ablation by
contact with blunt high power; low frequency ultrasound
probes. The specific objective of this study, therefore, is
to- quantitatively . investigate the - interaction -between
a high power, low frequency ultrasonic probe and hard,
fibrous bovine meniscal tissue; in terms of the influence
of . vibration amplitude and applied force -on: tissue
removal rate, penetration rate, temperature generation
and tissue damage. This study is conducted as a quantita-
tive analysis of the parameters that contribute to this
interaction.

MATERIALS AND METHODS

Ulrrasonic device
A commercially available acoustic hom connected to
an ultrasonic generator was used {Branson Digital Sonifier

Load cell connected to == 500

Materials testing machine

Converior

Tapered microtip (3mm)

Water bath {18-20°C}) =t

Specimen holding chamber —1-

450D+ Branson Ultrasonics Corporation, Danbury, CT,
USA). A 3 mm ultrasonic probe was connected to the
acoustic hovh (Branson Tapered Microlip 3 nun; Bransou
Ultrasonics Corporation). The ultrasound probe operated
at 20 kHz in-continuous (nonpulsatile) mode. Amplitude
séttings quoted correspond to-manufacturer’s calibration
andi-are based on total peak-to-peak movement in
microns measured on minimum and maximum amplitude
settings ‘of the output-conirol. Amplitudes {p-p)-of 242
m,- 368 am and 494 pmecorrespond to calculated
spatial-average-temporal-average - intensity  values of
312, 720 and 1298 Wiem®, respectively (Wu and
Nyborg 2006}

Farce/displacement ieasurement system

The acoustic horn was suspended vertically from
a 500 N Joad cell (500 N KAP-TC; Angewandte System
Technik [AST], Dresden, Germany} in a materials testing
machine (Zwick Roell Z005; Zwick Roell GmbH, Ulm,
Germany) by means of a rigid holding rig (Fig.-1). The
tip of the probe is aligned in the rig so that it moves verti-
cally downwards into the centre of the specimen holding
chamber. This arrangement cnsures that all load cell
forces are applied vertically and perpendicular to the

meniscal tissue surface, allowing measurement of down-
ward force by the Toad cell as the tip of the instrument is
placed in contact with the tissue for a range of force and
amplitude settings. The load cell is interfaced 1o
computer software and provides a method of direct force

To ultrasound generator
{not illustrated)

Embedded
thermocouplies al
2mimiand 4mm

Restraining plate

Fig. 1. Experimental rig suspended from 300 N load cell,



measurement applied to the tissue “samples by the
vibrating ultrasonic probe. The arrangement of the load
cell is illustrated in Figure 1. To examing the effect of
variations in force on tissue removal rate, for each exper-
iment, a specified starting force is selected (range:2.5~
4.5 N). Starting forces were selected based on measured
values for clinicians ‘using an experimental ‘ultrasonic
chisel for cutting bone (Khambay and Walmsley 2000},
Crosshead starting position is fixed at 1.5 mum above the
tissue sample and the force is zero-set. Prefiminary exper-
inients were conducted - in which. the ultrasonically
vibrating tip was held at a distance of 1 mm from the
surface of the meniscal tissue. For the amplitudes under
investigation” in this study, no damage to tissue was
observed grossly or microscopically in these noncontact
experiments.

Test software

The-crosshead is interfaced to a computer running
TestXpert (v. 1 1:2) software (Zwick Roelt GmbH, Ulm;
Germany). The initial displacement of the crosshead to
find the predetermined sturting force (range: 2.5-4.5 Nj
is set at | mm/s: Load and displacement data are recorded
every 0.1 5.

Ulrrasound

The ultrasonic generator is started manually for each
experiment when the predetermined starting foree is
reached. The continuous (nonpulsatile) mode is used:
The ultrasound generator #s switched ofl when the'probe

Meniscal harvesting and storage

Meniscal samples were harvested from bovine knee
joints of freshly slaughtered 127 to 15-month-old steer
obtained from .a local abattoir. All meniscal samples
were used within 24-48 h of slaughter. En bloc koees
were stored at 4°C before experimentation. At the time
of experiment, knee joints were disarticulated, Each tibial
plateau, with the menisci intact was grossly examined to
ensure that there was no damage to the menisci. Menisci
were harvested and frozen in 0.15 M (0.9%) Na(l solu-
tion with protease inhibitors (N-ethylmalemide, 10
mM: benzamide HCL 5 mM; ethyldiaminetetraacetic
acid, 2 mM: and w-toluenesulphonyl fluoride, | mM
(Sigma-Aldrich fnc., St. Louis, Mi, USA) and storedin
a freezer at —20°C. All specimens were removed from
the freezer and allowed to defrost at room temperature
for:-12 h prior to testing.

Specimen preparation

Uniformly circular meniscal (16 mm} specimens
were cut'from the meniscus using a 16 mm steel press
cutting punch, Specimens were taken from tissue sections

focated at the avascular region of the meniscus {inner or
medial one-third); Distance from the peripheral rim to
the most peripheral edge of all specimens was consis-
tently maintained at 25%-40% of meniscal width, to
include as  little of the vascular ‘zone as. possible
(Fig. 2). Two surgical blades orientated in paraliel
{5 mm apart) were used fo obtain uniformly thick 5 mm
sections from circular mieniscus samples. Actual sample
thickness was measured using a digital micrometer with
three: measurements ~taken for each meniscus and
a ‘mean -thickness caleulated. -Specimens were dried
with absorbent paper and weighed in a weigh boat using
4 balance to obtain initial weight. Specimens were
removed and: placed .in 0.15°M NaCl solition with
protease inhibitors until testing, to maintain hydration.

Meniscus testing

A raised specimen-holding chamber (16 mm diam-
eter. X 5-'mm) was placed.in a 1500 ml water bath
(0,15 M NaCl solution with protease inhibitors) at room
temperature. ‘Dimensions of the water ‘bath were 190
mm (w) X 190 mm () X 130 mm (h). Temperature in
the water bath was maintained @t room lemperature
{18=20°C), to simulate arthroscopic conditions. Meniscal
specimens were placed in the specimen holding chamber
and a restraining plate placed over the holding chamber
and screwed into position, submerged in the saline solu-
tion bath (Fig. 3. Meniscal tissue was treated in a repro-
ducible manner according to the force and amplitude
settings of the experimental group,

Experimental design

To handle the complexity and difficulty associated
with interacting parameters, a respoase surface method-
ology (RSM) design was used with both input variables

Fig. 2. Meniscal specimen (16 X 5 mm) prepagation,
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(A = amplitude; B = force) treated- as continuous
(Design-Expert v. 8.0.3, Stat-Ease Inc., Minneapolis,
MN, USA}). The individual and interactive effects of these
(process parameter) variables were studied by conducting
the experiment at randomly selected and different Jevels
of both factors (Tuble 1)..A face-centred central composite
design (o = 1) was selected to avoid testing-machine
constraints at low force settings (Montgomery 1997,
Montgomery and Runger 1999). This approach selects
a limited number of actual experimental combination or
“design points,” yet provides a statistically relevant
assessment of the experiment (Box and Draper 1971
Myers and Montgomery 2002). This method allows
probing into possible experimental interaction between
parameters - studied and their effect on  penetration
rate, tissue removal rate and temperature: generation,

A 13-trial experiment. with eight unique and five
replicate trials was used, each with a specified force and
amplitade setting. A total- of 32 experiments were
performed, with four repeat experiments for each force
and amplitude setting and their mean value entered in
the RSM model.

Input and owtput vaviables
Input variables peak-to-peak amplitude of distal tip
displacement (gm) and force (N) were examined. Tissue

Table L. Levels of process parmmeters tsed in the
response surface experiment

Levels
Process paremeier -1 & 1
Apphied force (N} 25 33 4.5
Vibration amplitude {p-p) {gem)® 242 368 494

* Amplitude settings quoted correspond o manufaciurer’s calibrativon
and sre bated on total peak-to-peak movement in microms memsured on
inimm asd maximum amphitade settings of the output control. (Peak-
peuk amplitude 242 gm corresponds o setting 3: 368 o corresponds (o
setting 5; 494 pm corresponds 1o setting 7 of Branson Digital Sonifier
450Dy

vemoval rate, penetration rate and temperature at speci-
fied locations. were the measured  puiput’ parameters.
The time ‘taken for crosshead displacement of 4.5 mm
through the tissue specimen was measured. Once the
crosshead has travelled this distance, it is: withdrawn
away from the specimen and returns to its starting point.
At the end of the experiment, the specimen is removed
from the specimen holding container. The specimen i$
carefully dried with absorbent paper. Attention is taken
not to-remove any debris still attached to the specimen.
After drying, the specimen i§ re-weighed (Chan et al.
19%6: Ciming - and  Bond: 1996}, The  differencein
weight {Aw) for each specimen before (wi} and-after
(w2} ultrasound application is:taken as the amount of
meniscus reinoved by the ultrasonic device:

A==y

The tissue removal rate is a time-averaged measure-
ment (Au/r). For each experimental trial, this procedure
was * repeated 10 times. Similarly, penetration rate
(mm/s) was calculated as the penetration in mm by the
ultrasonic probe, calculated as the difference in position
of the crosshead at the start of the experimental -trial
{d 1) and the end of the experimental trial (d2):

Adzdg‘”d;

The penietration rate is a time-averaged measure-
ment {Ad/)

Temperature measurement

Thermocouples (type K) (T. M. Electronics; Goring,
W Sussex, UK} with negative temperature coefficient and
exposed junction were used for temperature measurement
as-a surrogate marker of protein denaturation and tissue
necrosis. Two thermocouples  were embedded into
the 16 mm diameter meniscus samples, at distances of
2 mm and 4 mm from the probe-tissue interface respec-
tively (Fig. 3). Electrical resistance was measured using
analogue to digital meters (Picolog ADC TC-O8; Pico
Technologies, Cambridgeshire, UK). The meter was inter-
faced to a computer running Pico Log software (R 5. 18.0;
Pico Technologies). Graphs were plotted for temperature
{*Cyas:a function of time ().

Caleulation of temperature elevation

Temperature clevation was analysed by examining
maximum temperatures generated at each thermocouple,
as well as the calculation of duration of time during which
the temperature was elevated above 40°C for each ultra-
sound application. - This temperature. was selected as
protein denaturation occurs at a minimum temperature
elevation of 4°C above body temperature (Amaral 1994),
Necrosis in adjacent bone occurs when temperatures of



45 to 47°C “are sustained for periods exceeding 1min
(Goldberg et al. 2005). The area under the curve for which
the temperature was greater than 40°C (AU C ) was ealce-
Tated for each graph of temperatiire {°C) as a function of
time () by the formula:

w1
ﬁl}(«},{){)l = Z(fw; “’f;}{(j;‘?(-«g@;}/z
§=

‘Where:

AUC 0_r = Arcaunder acurve (>40°C fortime D10 )
= Time values

€ = Temperature >40°C, e.g., C, at time t;; where C
represents °C > 40

1= Total number of time temperature points

i = Reference index for i temperature-time value.

A graphic representation of calculation of AUCy0 is
depicted in Figure 4.

Histologic analysis

For histologic analysis, meniscal specimens were
fixed in. 10% formaldehyde in a phosphate buffer (pH
7.0 @ 25°C histologic fixative;: VWR  International
Ltd., Lutterworth, UK). Samples were -dehvdrated in

graded series of alcohol and embedded in paraffin. Six-
micron {6 gm) sections were cut and stained with hema-
toxylin and eosin (H&E). Digital Images were captured
using the Aperio ScanScope XT Slide Scanner (Aperio
Technologies Inc., Vista, CA, USAJ. A blinded histologic
analysis was performed using image analysis microscopy
{(imageScope v. 10.0, Aperio Technologies Inc.) by the
principal ‘investigator (B.O.D.) with verification “of
methods by a consultant pathologist with a musculoskel-
ctal interest (C.O.K.). The zone of tissue necrosis and
sone of thermal alteration were determined by examining
the differential staining of the: connective tissue and
measuring the maximum lateral thermal alteration in
tissue adjacent to the cut edges of the meniscal specimen.
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Fig. 4. Graphical representation’of caleulation of arca under the
curve for temperatures greater than 40°C (AUCy).

The zone of thermal necrosis was defined as that area of
meniseus with collagen denaturation, eosinophilic depig-
mentation and cell necrosis. The zone of thermal alter-
ation was defined ‘as’ that area- of meniscus with
abnormal staining pattern, as compared “with control
menisci, with only mild alteration of the extracellular
matrix (Sherk et al. 1995; Vangsness et al. 1995
Jazeawi et al. 2003). Owing to frequent irregularities in
prepared sections and in line with:other investigators,
a 300 pm zone at the surface . of the meniscus and also
at the tip of the cut were excluded by drawing two
paratlel lines to the surface of the meniscus {Plowz et al.
1997}, The damaged zone between these two lines was
measured as the area of tissue necrosis and alteration on
both sides of the cut, The average extent of tissue damage
was determined as the area on each side divided by the
depth of the zone, and a mean value calculated. Histology
sections were prepared for one randomly selected spec-
imen, at each of the: 13 trial experiment settings as deter-
mined by the RSM design. To investigate the relationship
between temperature -elevation and thermal damage,
depth of thermal necrosis and alteration for each selected
specimen were correlated with AUC46 2 mm and AUC4n
4 mm data for that individual specimen,

Staristical analysis

Normality was tested using  Shapiro-Wilk “test.
Values-for tissue removal rate {mg/s) penetration rate
{mm/s) and AUC, (°C.s) are expressed as mean 4 stan-
dard deviation. A two-way independent between groups
analysis of variance (ANOVA) was conducted to explore
the impact of input variables {amplitude, force) on output
parameters with post-hoc comparison by Tukey's hon-
estly significant difference (HSD) test. Statistical analysis
was performed using PASW Statistics (v.18; IBM SPSS
Statistics, Chicago, [L, USA). For each response (e.g«
tissue removal rate, penetration rate, AUCs 2 mm) all
possible models from the mean to sixth-order polynomial
were calculated using Design Expert software. Initial
madel selection was based om (1) lack of any aliased
terms: (23 Tow residuals; (3) low p value; ¢4) significant
lack of fit; (3} low standard deviation:(6} high R, Rzmﬁ
and Rz,,mi: {7} close agrecment  between RZM and
Rzma; and (%) low prediction error sum of squares
(PRESS) value in relation to the other models.

The selected -model was then.. further evaluated
according to a battery of adequacy tests {Anderson and
Whitcomb 2005). Normality was determined by exami-
nation of a normal probability plot of the internally stu-
dentized residuals and assuring that the residuals fit
closely to-a straight line. Constant variance was deter-
mined by plotting the internally studentized residuals
versus the predicted responses. If the points fell within
an interval of =3 standard deviatiotis (¢} and exhibited



a2 constant range of residuals across the ‘graph, constant
variance was assumed. Values for tissue removal rate
{efs), penetration rate (mm/s) and AUCy Jmm CC8)
are expressed as mean = standard deviation,

RESULTS

Effect of amplitude and force on: tissue removal rare
Large “vatiations ' in  tissue removal rale were
observed  for different combinations: -of =~ parameter
settings.: As amplitude increased (from 242 gm to 494
w, there was a Hunear increase in tissue removal rate
(range: 0.92 = 041 to 1116 = 4.97 mgfs) (Fig. 5a).
There was a statistically significant main effect for ampli-
tade [F(2,42) = 1024, p-<< 0.001] (partial eta squared
(n2)= 3283 and force [F{2,42) = 1097, p <. 0.001]
(n° = .343). Post-hoc comparisons using the Tukey
HSD test indicated that the mean TRR for 242 um
(M =172, SD =0.89) p-p amplitude was significantly
different from both 368um (M = 6.03, D = 3.09) and
494 um (M = 7.06, SD = 5.48) p-p amplitude settings.
The mean TRR for 2.5N force (M = 1.80, SD = 111}
was significantly different from both 3.5 N (M = 5.69,
SD = 306) and 4.5 N (M = 8.39, SD = 5.52) settings.
In addition, the mean TRR for 3.5 N force was signifi-
cantly different from the mean TRR for 4.5 N. The inter-
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Fig' 5. (a1} Effect of variation 'in force on tissue removal rafe

{TRR) tmgfs) for p-p amplitude settings 242494 g (n = 4).

b} Response surface methodology (RSM} model for tissue

removal rate (TRR) (mg/s} for input parameters A = amplitude;
B.= force.

action effect [F(442) = 174, p = 0.16] ("= .142) did
not reach statistical significance. The inter-relationship
between tssue termoval rate, amplitude and force is
shown in Figwre 3b,

Effect of amplitude and force on pewetrvation rate

A similar correlation- between increases <in either
force or amplitude and increased penetration rate was
observed, As amplitude’increased (242 um to 494 um),
we observed a linear increase in penetration rate {range!
008 = 0.04 10073 = 0.18mm/s) (Fig 6a). There
was astatistically significant main effect’ for amplitude
[F(2.42) = 33.15, p << 0.001] ("= .612) and force
[F(2.42) = 22,60, p < 0.001} (f = .518). Post-hoc
comparisons using the Tukey HSD test indicated that
the mean PR for 242 um (M = 0.12,5D = 0.06) p-p ampli-
tude was significantly different from both 368 pm (M =
0.40, SD = 0.12) and 494 um (M = 0.51, $D = 0.28)
p-p amplitude settings. The mean PR for 2.5 N force
(M = 0.16, SD = 0.F1) was significantly different from
both 3.5 N (M = 040, SD = 0.16) and 453 N (M =
0.52, SD "= 027) settings. The interaction effect
[F(4,42) = 3.23, p = 0.21] did not reach statistical signif-
icance. The relationship between penetration rate, ampli-
tude and force is shown in Figure 6b. From the plot,
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fmaifs) for pop amplitude setings 242494 pm (n = 43
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a penetration rate for any combination of force and ampli
tude can be obtained.

Temperature medsurement

Maximum mean temperatures of 84,6 12.1°Cand
523+ 10.9°C were recorded in residual tissue at 2 mm
and 4 mm from the probe-tissue interface, respectively:
Minimum ‘mean temperatures of 659 = 11.8°C and
39.7:% 7.1°C were recorded in residual tissue-at 2 mim
and 4 mm, respectively. Temperature readings-greater
than 40°C were recorded for 101 s for:low amplitude
{242 pm) and low force (2.5:N) settings. In contrast for
high amplitude (494 um) and high force (4.5 N} settings,
temperature readings greater than 40°C were recorded
only for'13's,

The highest mean value for AUC,, of 17549 =
1322.1°C.s was recorded at 2 mm from the probe-tissue
interface for amplitude setting 242 um and force setting
of 2.5 N. The lowest mean value for AUCy at 2 mm
was 2727 * 215.1°C’s, recorded for an amplitude setting
494 pum and force setting of 4.5 N (Fig. 7a). Similarly, at
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Fig. 7. (a) Bffect of variation in force on area under the curve
for temperatures greater than 40°C {AUC) (°Csy at 2 mum
(blue) and 4 mm {orsnge} from probe-tip interface for p-p
amplitude settings 242-494 gm (n = 4}, (b} Response surface
methodology (RSM} model for arca wnder the carve at 2 mm
for temperatures greater than 40°C (AUCa) (°Cush for input
parameters A= smplitader B = foree.

a distance of 4 mm form the probe-tissue interface, the
highest mean value for AUCs was 2446 = 60.6°Cs.
This value was recorded for low amplitude (242 pm)
and low force (2.5 N setting. The lowest mean value
for AUC,,, at 4 mm wds 16.0 2 27.8°C.s, recorded for
an amplitude setting 494 um and force setting of 45 N
For AUC 0 at 2 mm, there was a statistically significant
main effect for amplitude {F241)y =371, p = 0.006}
(= .218)." Post-hoc  comparisons: indicated that ‘the
mean AUC o at 2 mm for 242 um (M = 1413.04, SD =
1114.93) p-p amplitude was significantly different from
that at 494 um (M = 541.9, SD = 538.9) p-p amplitude
setting. The 368 um p-p amplitude setting did not differ
significantly ‘from either of the other p-p amplitude
settings (M = 720.6, 8D = 411.1). For AUC  at 2 mm,
the main effect: for force [F(2 41 = 133, p = 042]
and the interaction effect [F(4,41) = 033, p = 0.86]
did not reach statistical significance. We found an mverse
relationship between both amplitude and force (Fig. 7b)
and temperature elevation, with: higher amplitude and
force settings resulting in less thermal damage in residual
tissue at distances of 2 mm from the probe-tissue inter-

face. For AUC,, at 4 mm, we found no statistical signif-
icant main effect for amplitude, force or theirinteraction,

Histologic analysis

The maximum depth of zone of thermal necrosis
was 184 pm, recorded for a p-p amplitude setting of
247 pm and & force setting of 3.5 N. The minimum depth
of zone of thermal necrosis was 35 gm, recorded for ap-p
amplitude setting of 494 wm and a foree setting of 43N,
The maximum depth of zone of thermal alteration wis
787 um. again recorded for a p-p amplitude setting of
368 um and 4 force setting of 3.5 N. The minimum depth
of zone of thermal alteration was 177 um, again recorded
for & p-p amplitude setting of 494 gm and a force setting
of 4.5 N (Fig. 8). As the selection of specimens for eval-
uation was random and based on the REM model, the
depths of the zones of thermal alteration and necrosis
for cach individual specimen has been plotted against
the ‘AUC,, recording for that sample (Fig. 8). For the
central design point (3.3 N, 368 pmy), where five repeat
trials were performed, the mean depth of zone of thermal
slteration was 396 & 251 um and the mean depth of the
zone of thermal necrosis was 97 & 44pm. Resulis were
not available for one specimen (settings of 2.5 N force
and 494 pm p-p amplitude) that was destroyed during
histologic preparation. In general, values recorded for
p-p amplitudes of 494 pm show a marked decrease
recorded in the depth of the zone of thermal necrosis
and zone of thermal alicration when compared with
values recorded for 242 gm and 368 gm p-p amplitede
settings for equivalent force settings. Histologic Hnages,
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illustrating the zone of thermal alteration and zone of
thermal necrosis are shown in Figure 9.

RSM analysis

Results for experimental and simulated values wre
listed in Table 2. Qutput parameters in exch experimental
run were analyzed using the software and fitted into
& multiple nonlinear regression model. The coefficient
of the model for the response was' estimated. using
multiple regression analysis technique included in the

RSM. The response was measured in terms of tissue
removal rate, penetration rate and temperature generu-
tion. The quadratic models obtained were . given a8
follows:

Vrep=5.2142,79X, + 238X, +1.70X, X~ 0.81X?

35N 35N 458
368um 494um 484um

Fig. 9. Histologic tissse specimens (hematoxylin and” eosin,
H&F; %5 power) llustrating zone of thermal necrosis and
zone of thérmal alieration:

Xy=gmplitude and Xy= force and Yo = tissue pemoval
fate

Vo +0.41+0.2X, +0.14X, +0.094X, X, ~0.029X]

—0.067X3
Ypp = penctration rute

Yo ™= 124 87 436.95X,—350.37X, +45 538X

+16181X2+111.36X2

Yot suun = area under curve (40°C) at2mm

Accuracy of the model

Analysis’ of variance (ANOVA) of regression is
summarized in Table . 30 The maximum  predicted
responses for optimum settings of applied force and
vibration amplitude was obtained through point predic-
tion method and surface response plots. The optimum
values of 4.49 N applied force and 493 um vibration
amplitude were determined. These values predict a menis-
cal TRR of 11.17 mgfs, a PR of 0.74 mm/s, AUC;s at 2
mm of 257.3°C.s. The correlation coefficient (R”) values
for the model are high (Table 3). The precision for the
chosen model indicates that the signal-to-noise ratio of
the data is adequate for these analyses. The coefficient
of variation (CV) for this response is low, indicating
very close agreement between duplicated measurements
i the model,

DISCUSSION

The purpose of this study was a quantitative in vitro
evaluation of ultrasound efficacy and tissue effects. The
intention was to measare tissue removal rate, penetration
rate, thermal and damage data on an ulirasound system
operating in a controlled setting. In this study, we have
shown that for meniscal tssue, responses in tissue
removal rate, penetration rate and temperature elevation
can be predicted for a force controlied ultrasonic prabe
on the basis of alterations in user amplitude and force
settings. Increases in amplitude and force setting resulied
in increased lissue ‘removal rate, increased penetration
rate and reduced temperature elevation in adjacent
residual meniscal tissue. In addition, this study provides
confirmatory evidence of tissue necrosis and tissue alter-
ation occurring at a cellular level in response (o wmpera-
ture elevation: We found that higheramptitude and higher
force settings are associated with better performunce
Gincreased TRR: increased PR and reduced wemperature
elevation and reduced tissue damage. Our findings
suggest that an ulirasonic instrument that exploits these
operating characteristics may have potential in. joint



Table 2. Ceatral composite design With actual and prediCied valie of output parameters

Asuphivude (am} Force (N} Tieste romoval vite fmafiy Peneteation rate (mmfs} Temperature generation (*C.s)

Run Codde: X Conder Xy Actual Predictied Actual Pradicted Avtoal Pradicted
i 242 4.5 320 223 [$5 14 .15 8892 W34
2 308 33 5,63 327 .34 041 657.6 Y
3 368 4.5 258 746 948 GA% £19.3 485.9
4 368 35 506 327 043 .41 389.7 7245
5 368 s 494 327 D45 041 7514 TG
& 494 2 308 305 627 .28 4361 2639
7 494 35 T3 .32 L6l 058 3438 497
b3 368 35 347 5.27 8,36 41 #I59 T
i 368 23 262 230 4,20 020 11724 FIRGG

1y 44 4.5 s 1r22 073 175 27230 256.29

3 368 35 s 327 Had 41 624.50 T2487

12 242 25 392 .87 G076 061 154,90 183093

13 242 35 1772 174 848 0.17 (84550 132363

arthroscopy for meniscal and other hard fibrous tissue
debridement i vive,

This study employs.a flat probe tip design without
modification; climinating artefacts of geometry that
might be associated with commercially available probe
tips for ultrasonic devices. We did not seek to address
how different probe tip geometries might affect perfor-
mance of an ultrasonic device with these operating
parameters. There is no accepted objective means of
measurement permitting comparison between individual
ultrasonic device control parameters (Cimino 2001}
This hinders comparison. between individual designs
and systems as a basis for interpreting clinical outcomes.
With this in’ vitro model, using fresh-frozen meniscal
tissue, we attempted to represent the acute mechanical
and thermal change that would be seen had the study
been performed in vive. The implications of the thermal
and histologic changes observed and more specifically,

Table 3 Analysis of variance of the calculated response
surface methodology (RSM} model

Temperatues
Fixsue removad P y fion
rate {TRRY rate PR §ALH,, 2w
Regression
Sum of squares 94.56 642 2050 % 10"
df 3 5 5
Mean squarcs 1891 0.084 4119 3100
F value 3TEH8 Hese 207
p valae® RSIRET S0 [ERE e
Resisdual
Sum of squates 036 oLz 1393 % {Y
oOf K 7 7
Moan squares GBSt CRGE R IR JORe 4%
Cevolation 69962 0873 (4366
covfficient (K7

Crethicient of & 6 1131 {654

variation (V)

* p yidie Jess than B.O500 indicate model terms age siguificant.

how they might relate to load transmission across the
knee isnol known.

This study uniquely provides thermal damage data
for a fibrous tissue subjected 1o a high-frequency low-
encrgy ultrasound device. We observed a maximum depth
of zone of therrmal necrosis of 184 um and a maximum
depth zone of thermal alteration of 787 pm in adjacent
residual tissue. Our figures are comparable with reported
tissue damage figures for electromagnetic and laser
meniscus laboratory surgery. In swdies evaluating laser
and electrosurgical devices, injury to cartilage and menis-
cal tissue has been reported, ranging from almost unde-
tectable 10 1980 wm in depth {Polousky et al 20068
Vangsness et al. 2002; King et al. 2005} Additionally,
large variations have been reported within experimental
groups (Vangsness et al. 2002). The large range of varia-
tion in thermal damage among studies may be explained
by differences in experimental protocol and by definitions

of what eonstitutes thermal damage. A laboratory study
examining the biologic effects of water-borne 23 kHz-
uhrasound on  musine testicular tissue - demonstrated
complete absence of thermal damage, instead implicating
ricrostreaming as the physical mechanism of ultrasound-
tissue interaction (Carnes and Dunn 1986}, Murine wstie-
whar tissue is known to have high water content and a low
ultrasound absorption coefficient value. In their stady,
duration of ultrasound exposure, and distance of the ultra-
sound device from the tissue specimen determined the
extent of histologic damage effects. The authors ruled
out thermal effects as the source of tissue damage by
calculating that temperanure elevation inrexcess of 1°¢
i testes tissue was not possible using their experimental
15 W/em? intensity ultrasound device. In comparison, we
found that the higher spatial-average-temporal-average
intensity values of 312-1298 Wiem' required for ultra-
sonie-ablation of hard fibrous meniscal tissue result in
thermat damage. In a histologic study of fracture healing



using Jow-intensity’ pulsed ultrasound i bone, Duarte
demonstrated a negligible thermal effect, with tempera-
ture elevation of less than 0.1°C {Duarte 19831 Results
in this study found that ultrasonic energy, with appros
priate parameters, can accelerate fracture bealing: Itis
conchided that 4 sonthermal origin plezoelectric effect
is. responsible for the stimulation mechanism- in hard
tissues such as bone. Resulis in both of these studies are
in contrast to our study, which implicates thermal damage
as a principal tissue damage mechanism in fibrous menis
cal tissue:

Results i this study can be compared with tissue
ablation: rates reported for visceral tissue (Chan et al
19%6; Cunine and Bond '1996). In common, we found
that p-p amplitude of distal tip vibration is an important
determinant of tissue removal’ rate. Rates of removal
reported for visceral tissue range from O mg/s for aorta,
25 mgfs for hiver tissue, to 484 mg/s for brain tissue
(Cimino  and Bond ©1996) In another study ‘using
a different device, Chan reported a removyd rate of 131
mgfs for liver tissue (Chan et al. 1986). Qur maximum
rate of 11 mygfs falls within the range reported. Neither
of the studies on visceral tissue address thermal or other
damage in adjacent residual tissue. In comparison to the
current study, neither study attempted to control for
applied user force. However, our results demonstrate
that afteration in user force significantly affects rate of
tissue removal.

There are a number of Hmitations toour study design.
This experiment aimed to standardise meniscal ablation
by using an experimental set-up employing a range of
forces (2.5-4.5 Ny that might be applied manually inaclin-
ical setting. A similar force-controlled’ experbmental
set-up has been used by Vangness-et al. tostudy meniscal

ablation by radiofrequency ablation. (Vangsness et sk
204323 Although it is clear that clinical arthroscopic use
involves moving an instrument over the surface of
a meniscus, this study employs an plirasonic probe held
in contact with meniscal tssue at a single point for the
entire duraton of the experiment, polentially exagger-
ating damage effects in residual tigsue, It is highly unlikely
that any arthroscopic technigue would reguire holding the
instrument in a single position for a prolonged period of
rme and sctual dumage in tssue may be less. Swudies of
bone cutting have shown that i a high temperature is
maintained only for very short periods, temperatures in
excess of the commonly cited temperature of thermal
necrosis will not result in‘necrosis {(Mualawer et al, 1999,
Lucas et al. 2005). Notwithstanding. we believe that our
force controlled experimental design slfows maximum
control over input parameters and vields useful data that
may be apphicd clinically in instrument design.

We observed farge variations in vidues recorded for
AU, data, with low wst-retest reliability between four

identical experimental settings at cach of 13 trial experi-
ment settings; Variations in time taken for the ultrasound
probe to penetrate the tissue sample are primarily respon-
sible for this difference. The observed variation may
result from the heterogeneous composition of, and aniso-
tropic response o loading in meniscal tssue samples
{Fithian et al. 19905, Others have also reported large vark
ations in thermal damage for meniscal tissue within
experimental groups (Miller: et al (1987 Vangsness
et al. 2002) The use of AUC values as @ swrrogate
marker . for tissue necrosis and alteration s further
questioned by the findings of large differesces m values
fordepth of zone of thermal necrosis and depth of zone
of thermal alteration among individual specimens. As
only one specimen was  tested at each of 13 triad
setfings, rather than all four-and o mean obtained,
findings in the current experiment clearly need to be
interpreted “with caution.  Although a general trend
toward:a reduction in thermal damage at a cellular level
is seen with increases in both force and amplitude, it is
not apparent why this is not true at the lowest input
setting for both parameters, in this experiment (242 pm;
2.5 N}. Further work is required to determine what
modes of tissue-ultrasound interaction are occurring at
each input parameter setting and whether cavitation is
occurting at low amplitude settings for this device
{Wells 1984),

The results in this study suggest that by judicious
control of amplitude and load, it is possible to design
an-ujtrasonic cutting device for meniscal and fibrous
tissue debridement that minimizes tissue damage during
eutting. This technology warrants’ further investigation
and refinement, to demonstrate equivalence or superiority
to current meniscal resection methods,
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