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investigators (Vangsness and Chaden, 193), our team pioneered the fust successful

demonstration of laser-assisted cartilage reshaping (Helidonis et al., 1993i Sobol er
at.,1994\. Additionally, we identified ttre primary biophysical Process. The phenom-

enon of stress relaxation and reshaping of cartilage under laser radiation is described

in papers by Helidonis et al. (194), Sobol (1995) and sobol et aI. (1994,19%a). It

was established that laser-assisted cartilage reshaping is dependent on a temperature

sensitive, bound-to-free water phase transition (Sobol, 1D5; Sobol et aI., 1Qp7;

Bagratashvili et at., 1997). Under ordinary conditions, mechanical resistance to

cartilage reshaping originates in the large molecular forces between water and

proleoglycan (PG) molecules. Under moderate laser heating, the intemal stress

normatty present in the cartilage is momentarily reduced when water bound to the
pGs is liberated. If the bound-to.free water phase transition is effected without

damage to the surrounding protein or carbohydrate molecules, then stable modified

cartilage configurations may be achieved. It was shown that the process of laser-

assisted cartilage reshaping is accompanied by changes in the mechanical, thermal,

and the optical properties of the tissue; changes which can be measured (Omel'chenko

et aI.,1999a; SoUot, t99S; Sobol et at.,1996a; Sviridov et al., l96iryong et al.,

1997, 1998a).
The fi13t laboratory demonstration of laser-assisted reshaping of cartilage was

obtained using radiation (10.6 pm) emitted from a COr laser (Helidonis et al-,1993;

Sobol er al-,1994; Sobol, 1995; Velegrakis et at.,1994). Later, studies utilizing a

Ho:YAG laser indicated that 2.1 Fm (wavelength) radiation allows reshaping of I mm

thick cartilage specimens without overheating or destruction of structures near the

tissue surface (Sobol et aI., 1996b; Sviridov et at., 1998'). Altemative laser wave-

lengths of lA4pm (Wang et al., 1995, I 996) and 1.32 pm(Wong et al', 1997' l98b)

have been used successluly for reshaping of deformed cartilage. In vivo animal

experiments have shown thaiit is possiUL to get a new stable confrguration ofporcine

ear cartilage while therc are three different time-scales of the stability of a new shape

obtained: days, weeks and 'permanent' (ie for a period of at least three months). The

results of operations on ttre nasal septum of ,10 patients performed at the Medical

Academy oi Mor"oru in 1998 have been very promising. A non-destructive laser

treatment of a bovine knee capsule has also recently been reported and attributed to

collagen denaturation (Naseef et cI. , lgg/). More recently, the clinical results of non-

ablative laser shrinkage and tightening of intervertebral and hermated cervical spinal

disks have been documentea (Cfriu er al., 198). Thus' non-destructive laser reshaping

and treatrnent of a deformed cartilage has the potential to become a new powerful

application of lasers in medicine.
In this review, we exainine the progless that has been - and is being - made, and our

state-of-the-art understanding ofthe mechanism oflaser-induced stress relaxation in

cartilage, and present recent results in laser reshaping of cartilage in vivo.

Laser modification in vito of cartilage shape

When one tries to give cartilage a new shape, the arising sfiess retums the tissue to its

initial configuration. Iocal irradiation of area "11ff::^1.,:T::?f,::.yf 
iitil
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Figure 20.1. Modification of cartilage shape: (a) before, (b) after laser treatment (Sobol' 1995)'
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Figurc203. optirnalcorrditionforcartilagereshapingwith,aHolrniumlaser.(Soboletal., 
1999a).laser

fl'encc (flur densityl vs. exposr'e-ti* ior"various vat-ues of diffusion 1englh: | = l'2 mm' a = 40 crn-r' f

= 5 Hz. solid curvo rr" "ur"or"ti"* iot tl>t=zp' (2) 6 rr' (3) 12 p' (a) 15 p'.(5) 25 p'Dashedcurves

curcspond to cxpcrinrental;il"b,"i# with aHolmium laser: (a) Oueshold for denaturation (upper

d.a,"d'lt*), O) rittoton fo. stress relaxation (lower doncd line)'

No dramatic structural alterations in the tissue were observed using the conventional

histological technique for some regimes of laser reshaping of cartilage' The structural

integrity of the tissue appears to sririve when the laser energy and exposure times are

not too large.
Thereareconditionsforcartilagereshapinginvitrowhichproducenopronounced

changes in the matrix structure as-"ieweO ty tigttt.i"-t"opy (Sviridov et aI',1998)'

In comparison to the effects (on the basis of histological analysis) on cartilage

resfraeO by laser radiation with wavelengths of 10'6 pm (Helidonos et al" 1994'

195;Ovchinnikov,lgg5)orl.44pm(WanCetal"1995'1996)'observationsby
Sviridov et al. (lg....�q11)on tie effects of a Holmium laser define a 'window of energy

density' which rep,resents laser reshaping without damaging the cartilage matrix

(Figure 20.3). ltis seen that' for pieces of cartilage of 1 mm- in thickness' a laser

teatment time of 4 seconds can be sufficient to allow stress relaxation to occur, but

an energy density of less thanl.2Jlcm2is inadequate to cause a significant alteration

io "urtitii" ,tn "ior". m" 'whtdow'between the conditions needed for laser reshaping

and those that produce structural changes in the cartilage manix decreases with

treaunent time. A reafinent time, for example, of 9 seconds produces laser shaping'

but it is accompanied by pronounced changes in the structure. This phenomenon can

easily be undentood i" ierms of the procesi of PG denaturation or degradation taking

more time than that required for the stress relaxation process whichoccurs as a result

of the reorganization and short-range movement of water molecules' The use of a

different cartilage tt i"to"*, type ofiaser or other conditions may alter the 'window'
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at which stress relaxation occurs, and the same time avoids producing tissue damage.

In particular, our recent experiments with a 1.56 pm laser radiation (Sviridov et aI.,

unpubtished) have demonstrated that an exposure time of 0.5 s is sufficient to produce

a new stable configuration ofcartilage of0.5 rnm in thickness. The optical properties

of cartilage in vitro can differ from that of living tissue, and also depend on the age and

type of cartilage. The optimum conditions for laser treatment have been investigated

by in vivo studies, as we will consider below.

TIIE EFFECT OF LASER IRRADIATION ON CHONDROCYTES

Chondrocytes are more sensitive to damage by laser treatnent than the cartilage

matrix. In the experiments of Sviridov et al. (1998),laser shaping with a holrnium

laser was accompanied by some alterations in chondrocyte morphology. Two types of

cell alteration were distinguished: cytoplasmic focal vacuolation (FV), which may be

associated with reversible cell injury, and nuclear condensation (NC), which is

generally regarded as being indicative of cell death. The histological changes in

chondrocytes have been quantified using a semiquantitative rating of severity

according to the proportion of cells affected.

However, Sviridov et al. (1998) also showed that there are conditions (such as a

laser'fluence' (flux density) of 1.7 J/cm2 at an exposure time of 4 s) which allow laser

shaping without nuclear condensation and only pnrduce minor cell vacuolation. Laser

heating with lower values for these parameters produces only minimal cell damage

but, unfortunately, no laser shaping. If the flux in laser energy is increased or the

treatnent time pnolonged, significant nuclear condensation occurs. Histopathological

analysis has also revealed that the amount of chondrocye damage varies throughout

the thickness of the cartilage: the more superficial cells showed morphological

evidence of damage, whilst many of the cells in the deeper main body of the cartilage

remained undamaged. The effect of cytoplasmic vacuolation alone on the long-term

integrity of the cartilage is not known, and an in vivo study is planned to examine this.

The possibilify that laser energy might stimulate chondrocyte metabolism cannot

be ruled out. This question has been studied by several workers in connection with

arthritis, but the results have been rather contradictory. Pullin er c/. ( I 996) have found

chondrocye formation close to a 'crater' which had been created by a holmium laser

in the articular cartilage of horses in vivo, but regeneration of cartilage was not

reported. Dillingham et al. (1993) found a substantid reduction in the inllammation

of the synovial region when an articular lesion was treated with holmium laser

radiation. Sato et al. ( 199) studied the effect of laser radiation on chondrocytes when

suspended in solution. These workers discovered that there is an optimal amount of

laser energy corresponding to the maximal content of chondrocytes in the solution.

Chao et aI. (unpublished) have studied the effect oflaser radiation on chondrocytes by

using an isotope technique. Laser irradiated cartilage grafts were evaluated for

viability by measuring the incorporation of sodium35 sulphate into proteoglycan (PG)

macromolecules in whole tissue culture. PG synthesis rates were determined by

measuring scintillation counts in lyophilized specimens and normalizing these values

for the total protein content of each specimen. It was shown by Sato et al. (1999) that
FG svnthesis rates decreased with increasine laser exDosure, and were always higher
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shown that laser radiation might activate regeneration processes in the tissue. The

mechanism through which laser irradiation affects chondrocytes is not yet fully

understood. It could be postulated that laser radiation could influence the pore

structure, water permeability of the ECM, and the rate and efficacy of chondrocyte

nutrition. It is known also that biological cells are sensitive to environmental

conditions, in particular to the temperature and stress distribution. Since laser

radiation induces a local heating and stress relaxation, it alters temperature and stress

distribution and can affect chondrocyte function.

One of the reasons for cartilage degradation is cell death due to a decrease in the

permeability of the ECM. There is some preliminary data (Sobol er a/., unpublished)

which shows that irradiation of rabbit and porcine cartilage leads to increased cell

proliferation, the formation of chondrocyte clusters within the tissue, and the growth

of the new cartilage of the 'hyaline type' in the laser treated zone. This phenomenon

may be caused by changes in the water diffusion kinetics in cartilage and the

relaxation of the ECM. Cell surface receptors can detect small changes in their

external environment, which could lead to changes in the metabolic and proliferative

activity ofthe cells.

Thermal, mechanical, and optical effects

The stgdy ofthe physical processes underlying the laser-induced stress relaxation has

shown a number of thermal, optical and mechanical effects accompanying laser

reshaping of cartilage:

(1) Calorimetric measurements reveal a peak at - 70'C which disappean when the

sample is examined forthe second time, and appears once again whenthe sample

is examined after keeping immersed in a water bath for 20 minutes (Bagatashvili

et al.,1997i Wong er al.,199,9).
(2) AchangeofslopeoftheheatingcurveisevidentatT0"C(Figure20.4).Whenthe

rate of laser heating is not very high, the time dependence of temperature of

cartilage being heated with constant laser power density is nearly constant at a

temperature of -7}'c(sobol et al.,1994; Sobol, 1995). From the duration of this

constant section in the heating curve, these workers estimated the value of energy

requirement of such a transition to be between 1,200 and 1,8fi) J/cm3. It was

postulated (sobol et al., 1994; Sobol, 1995) that this energy consumption

represents the transition of water from a bound to a free state.

(3) Laser-induced changes of the slope of a 'stress-strain' curye which manifests a

decrease in cartilage elasticity (Omel'chenko et aI., l99a).

(4) A maximum at 70'C for the temperature dependence of the intemal friction in

cartilage undergoing forced oscillation (Sobol et al',1996a,1997)'
(5) Laser radiation accelerates a stress drop in cartilage when the temperafure

reaches 70"c (Sviridoy et a1.,1998; Wong et al.,lD7; Figure 20.4).ln the early

stages of the laser treatment process, the increase in stress may be due to tissue

exfansion under heating when the water being irradiated does not have enough

time to diffuse to the periPhery of the laser spot ('water inertial effect')' After a

few seconds, the movement of water leads to a redistribution of stress and results

in stress relaxation.,
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(6) Opto.acotrstic response of cartilaginous tissue alten under laser radiation due to

alierations in tissue mechanical properties (Omel'chenko et al., 1999b). Figure

20.5 shows the acoustic signal to a single laser pulse (a) at the beginning of the

laser treatment, and O) after the tissue temperature has exceeded 70'C and sbess

relaxation has occurred.
(7) Light scattering kinetics in cartilage being irradiated demonstrates an increase (a
- ' 

cnLge of the sign of the slope) when stress begins to drop (Sviridov et al.,1996;

Wong er cl., l98a,b). This may arise from the nucleus of a new phase (water

droplets, micropores) that increases the number of light scattering centres.
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It can therefore be deduced from these studies that there is a strong correlation
between temperature, shess and light scattering detected during laser reshaping of
cartilage. The process of laser-induced shess relaxation in cartilage appears like a
phase transformation of the first kind, and there is evidence that this transformation is
connected with a transition in cartilaginous water.

Examination of the fine structure of cartilage

The fine structure of cartilage and its alterations under laser radiation has been
examined by atomic force microscopy (AFM) (see Mertig et al.,1997b; Sobol er al.,
2000a). In these studies, the surface of cartilage samples have been imaged with a
commercial multimode microscope, NanoScope trIa with phase extender (Digital
Instruments, Santa Barbara) operated in tapping mode at about 300 kHz. Scanning
with a scan rate of about I Hz had been performed with silicon tip cantilevers
(Nanohoberu, 125 mm) applying tapping amplitude between 30 nm and 50 nm. The
main components of the ECM collagen fibres and proteoglycan 'clouds' are shown in
Figure 20.6 (a). Examination by AFM (Sobol et al.,2000a) has shown that, depending
on the laser treatment conditions, various peculiarities of irradiated structure can
arise: for example, micropores (Figure 20.6 QoD, which could be traces of pGs
detached as a result of laser radiation and small sub-micron crystals (Figure 20.6 (c)),
which are not observed in normal, non-irradiated tissue.

A direct comparison of irradiated and non-irradiated tissue clearly indicates that
short-time irradiation produces little change in the surface structure of cartilage
(Sobol et al.,2ffia),The only observed change that is characteristic of all the samples
that have been investigated in this way (Sobol et al., 2000a) is the additional
appearance of channels of 100 nnr400 nm in size which present themselves as holes
and ditches in cut sections from the cartilage. The corresponding phase mode images
exhibit clear thread-sha@ structures with an average lateral width (calculated from
the power spectral density of the images) of about 80 nm. It could be supposed that the
observed features correspond to the fully hydrated core-proteins of the proteoglycan
acid aggregates (Comper, l9l).

When the exposure time was increased up to 30 s, Sobol et al. (2000a) found that
the cartilage structure appeared to have significantly changed in comparison to both
untreated samples and also to samples exposed to 3 s laser irradiation. The charac-
teristic proteoglycan nrorphology could no longer be observed with the sample
appearing unstructured, indicating thermal destruction of the cartilage. For some
samples irradiated invitro, small crystals of 100 nm to 80O nm in size were also found
by these workers (Figure 20.6 (c)). Electron diffractionD(-ray analysis (EDX) of the
chemical composition of these crystals demonstrated that they consist mainly of
sodium carbonate. This is not chemically stable and so the crystals formed should
eventually re-dissolve. Small crystals ofa few hundred nm in size were also observed
for cartilage samples four months after in vivo irradiation for 3.5 s: the extra stability
here indicates crystals of a calcium rather than a sodium salt.

Usually, the process of mineral formation in cartilaginous tissue is strongly
inhibited. However, it has been shown that local destmction of the proteoglycan
structure can cause subsequent mineralization of cadilage @oole, 1987). This process
can be initiated artificially by chemical means, or may occur naturally as a result of
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Iysing the hyaluronic acid backbone by means of hyaluronidase: results consistentlyshow that prolonged laser heating or cartitage induces denaturatiory'degradation ofproteoglycan and can also result in local mineralization of the cartilaginous mahix.The smalr channers seen on a secrion of cartilage t "&.I ilil may facilitatetransport oftraces ofplotgoqlrcan unirs split from the hyaruronicbactuone (Sobor eral.' 1999a). The size of the hores found in cartilage -"t i* "o..rpona, well with aproteoglycan unit possessing a length of - 300 nm-400 nm and u *ion of - g0 nm(comper, l99l). These resu-tt1 "l.o "oorrpond weil with the changes in lightscattering behaviour observed in cartilage iter laser-induced stress relaxation andreshaping of cartilage_occur (Sviridov etir.,lgg6;wong et ar., tqgga,ui, the numberof scattering centres first increases due to the short-time liberation of proteoglycanunits and then decreases again after the new proteoglycan configuration has beingformed' As water transport in cartilage matrix is essential for the survival and functionof this tissue (Caplan, 1984), the o""urr"n." of additional channels induced by thelaser treatnent may also have a positive impact on the healing of diseased cartilage.

Ihe mechanism of stress rrlaxation

It has been suggested trrat.the underrying mechanism of laser reshaping is mainlyconnected to a phase transitiorr oJcartilagrnou, bound water to free water taring placeat a 
Pmryra:u* 9f 4 =70oC (Sobol eiat., t994,1997; Sobot, tggj). Uowever, tneprecise details of this mechanism are stil under investigation. It is stin an openquestion as to how the phase transition of the stale of water can cause an irreversiblesEess relaxation' Several possible mechanisms for the laser-induced stress relaxationaccompanying the liberation of bound water in cartilage have been considered (Sobol,1995; sobol et al', l,', 

l'-ot fintly, rocal mineralization of the tissue caused byneutralization of negatively charged goups of the proteoglycan by positive Na, orca2' ions without alterin-g either th-e "ollug"n and proteoglycan microstructure(Figure 20.7 (a)); secondly, tocal depoly.Jrir"tion of proteoglycans aggregaresunder short-time laser heating to temperatures above zo"c tluoweily a re_formationofthe proteoglycan structure without pronounced denaturation (and resulting dramaticstnrctural changes) of the cartilage mabix (Figure 20.7 b)'and Figure 20.7 (c)):thirdly' short-time breaking or uonos betrveen-the co[agen urra pro"t ogtycan sub-.systems facilitating a decrease in internal stress in the cartiiage by the alteration ofthespatial struch'e of the proteoglycans; and fourthry, aestrucition 1oe-porymerization)of the collagen network.
A better understanding of the precise mechanism of laser-induced stress relaxation

T 
cartilage could possibly be obtained from information on both the degree and thecharacteristic lenglh scale oflocal structural alterations that accompany the process ofIaserreshaping ofcartilage. In this regard, sobol eral. (2000a) have recentry obtainedsome indirect evidence of the first nvo possible mechanisms above on the basis ofAFNI (Figure 20.Q and-right scatteringtechniques measurements . Figure 20.6 (c)(Sobol et al', 2o0oa) shows smalr (sib-mic.ony cryst ts arising from co, laserradiation for 30 s. As the EDX analysis has shown, these crlstals are sodiumcarbonate, which, as we have noted above, is a chemically unstable compound and

disappean in a few days. Therefore, the local mineralization with sodium carbonatecrystals could tre r.esponsible forjust the short-term stability oflaser-treated cartilage.
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Sobol and co-workers have recently studied porcine ear cartilage irradiated in vivo

(Sobol et al.,2OOOb) and shown that much more stable crystals (probably calcium

carbonate crystals) are evident in the laser treated zone even four months after laser

irradiation. On the other hand, comparison of irradiated and non-irradiated cartilage

(Figure 20.6 (a) and (b) shows that laser radiation may promote the forrnation of

roti" po."r in the ECM. These additional pores could be traces of the PG or cs

leaving their sites at the hyaluronic acid or protein core. To test this assertion, those

wortei canied out the following experiment. Cartilage pieces immersed in buffer
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Table 20.1. Effect of laser radiation on molecular weight (weight avenrge, M*) of chondroitin

sulphate (from lumel et aL,2CoO)

Sample Solution temperatue
(as a rcsult of irradiation)

M"(g/mol)

Chondmitin sulphate, non-irradiated
Chondroitin sulphate, iradiated
Chondroitin zulphate, irradiated

diffuse away from the matrix and into the sunounding aqueous medium as a result of
laser treatment. Analysis by molecular hydrodynamics using both 'SECA{ALLS'

(size exclusion chromatography coupled to multi-angle laser light scattering) and
sedimentation velocity measurements in the analytical ultracentrifuge have shown

that: (a) laser irradiation decreases the molecular weight (molar mass) of chondroitin

sulphate (see Table 20. I and Jumel et aL,2000); and O) laser irradiation of cartilage

induces diffusion of macromolecules into the medium. As far as those PGs that cannot

diffuse through the ECM, this last result suggests that the mechanism of laser induced

stress relaxation could be connected with separation and motion both of PG units and

chondroitin sulphate (CS) chains. The molecular aspects of laser effect on cartilage

and its component is clearly an area of fruitful study and, in the future, will provide

valuable underpinning information to the macroscopic studies'

Water exchange and transport in cartilage

It is well known that the process of water movement in cartilaginous tissue is of great

importance, and controls cartilage nutrition. The two different forms of water in

cartilage, namely 'free' and 'trapped' (ie exchangeable and non-exchangeable), have

been the subject of intense discussion in the past. For example, Maroudas (1970),

Maroudas and Schneiderman (1987) concluded that all waterin cartilage is exchange-

able, whereas Torzilli et al. (1982) and Torzilli (1985, 1988) has suggested the

existence of a considerable fraction of'trapped' water that does not participate in

water movement through the biological tissue. The mechanism for water diffusion

and the role of tissue consolidation in the transport of water through cartilage have

been studied by Torzilli and Mow Qnq.
AFourierTransforrnlnfraRed (FIIR) absorption spectrumforcartilageis presented

in Figure 20.8. It was shown by Bagratashvili et al. (1997) that the shape of a spectral

line of the first overtone (ca. 5,300 cmr) of bound water in the cartilage differs both

from that of free water and from that of pure distilled water. FTIR spectra of water

obtained by Bagratashvih et al. (1997) at different times and different temperatures

were used to estimate the water content in heated cartilage. It was shown by these

workers ttrat the water liberation kinetics could not be described by a simple

exponential function of tirne. For moderate heating temperatures, there are three

t"!i-"r of water liberation: slow (at the beginning of the heating process), then quick,

-a fnn||y slow again. The rate of liberation of water is smongly dependent on the

sample ttrickness. The dimensions of cartilage samples decreased in the course of the

drying process. The kinetics of water re-absorption in dried cartilage is fully reversible

for drying temperatures less than 65oC, and non-reversible for higher temperatures'

When cartilagJ was dried at 3zf0 K for a long period of time (24 hours), and then

Ambient
70" c
900 c

21,200 * 4,800
17,4N x.2,4AO
15J00 r 2,500
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figurc 20-S. Absorption specrra of cartilagc (Sobol ct al'' 1999b)'

placedinwater,itsinitialweightvaluewasnotre-attaine4andacalculationshowed

iio, ,fr" cartilage did not reabsorb rrp to l3Eo of its original water' ,
Consideringtheresultsofcalorimetricmeasurements'itmightbeconcludedthat

the 70.c maximum con"spond, to the bound-to-free phase transiti.gn of water in the

cartilage whict controts cuitilage reshaping under lasei irradiation (Sobol et al"l994:

Sobol, 1gg5). The second."*L*, around 100"c, corresponds to the energy input

required for the evapor'ation of free water' By measuring the areas under the peaks

(approximatea as C",rssi* shaped curves), it is possible to obtain a value for the ratio

;6iO --0.25 where O- is th; heat of evaporation of water and Qis the heat of

transformation of Uoonjlto-n"" *",", io .*tilug", assuming Q, = (1 '5 t 0'3) kJ/g and

g-=2.3kJ/g (Sobol et al.'1996c\where e is the fraction of bound water and Q'and

Q., n"find e = (0.04 * 0.08)' Thus, the proportion of bound water in cartilage is

around 4%.ltisn"ortt, ootirrg.that this value is less than the proportion of 'trapped'

warer found by ToniUi ei ot."(tggZ)and Torzilli (19S?) for articular cartilage' which

has a different structure,.o*p*d to hyaline cartilage used in the experiments of

Sobol and co'workers.
Mass transfer of water in the bulk cartilage' as opposed t9 :g::" 

evaporation

kinetics appears to ue ue dominant process (Bagntashvili et al., |991): t}ris assertion

arises from the depenJence of tfre 'qu"" of the drying tim.9 upon the sample

thickness. The strong ioo""," observed in the drying rate- with temperature also

shows that the process is thermally controlled. A value for the activation energy of

water diffusio 11, g = l.i Wtg, fras 6een obtained which is consistent with the heat of

transformation of uound+o-iiee water in cartilage, g,= (1.51 o :).|lls (Sobol et a/',

1996c).Fromthisithasbeendeducedttratwatermovementincartilageisconnected
withthealtemateu'"'t"g"unoformationofbondsbetweenwatermoleculesand
Dr..c Thc erisrence of suJh proteoglycan 'traps' leads tO a decrease in the diffusion
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coefficient by an order of magnitude compared to that typical for various organic
compounds in free water, or for the self-diffusion of water (Kikoin, 1976). This
process is similar to the diffusion and trapping of hydrogen in metal containing pores,
micro-cracks and other structural defects (Oriani, 1970). One can speculate that the
mechanism of water diffusion in cartilage is adsorption and de-sorption by
proteoglycans.

The kinetics of water liberation may be described on the basis of the theory of phase
tansformation. Assuming that the transformation rate is proportional to the bulk of
the remaining initial phase, and to the probability of the liberation of water molecules,
Sobol (195) has given the following relation:

da /dt = (1- o) Nv exp (-QM/RT) (20.1)

where <o is the proportion of new phase, N is the density of water molecules bound by
PGs, M is the molecular weight of water (18 g/mol), Q is the heat of transformation,
and v is the vibration frequency of bound water molecules. Integrating Equation 20.1 ,
we obtain, (for constant N and 7)

ro = l- exp (-Kt), where K = Nv exp (4M / Rf) (20.2)

Equation 20.2 describrs the water liberation kinetics well, when T <3N K. The Q
value evaluated by means of Equation 20.2 is 1.6 kJ/g, which is very close to the
activation energy of diffusion.

The study of the kinetics of water absorption by dried cartilage shows that both
processes are fully reversible when the drying temperature is less than the temperature
of any detectable bound-to'free water transformations (T < 330 K). The partial
ineversibility of the drying process at higher temperatures may be due to pronounced
alterations in PG and collagen structue (Sobol et al., 1994, 19%c). Note that both
above QM nd Q,M values are close to the characteristic value of the energy of
hydrogen bonds in ice, which is 25 U/mol (Whalley, 1976); indeed, they are
somewhat higher than that for pure water ( 16 kJ/mol) and much higher than the typical
energy for weak Wan der Waals bonds (from 5 to l0 kJ/mol) (Luck, 1976).

The above phase transition could be related to a denaturation/degradation of the
collagenmicro-system in cartilage.Ilescher et al.(1974)has reportedthe denaturation
energy of 12 callg (5O Jlg, corresponding to the value for intermolecular hydrogen
bonds). The important role of water in stabilizing the structure of collagen molecules
has been established (Yanas and Tobolsky , 1967). The transformation which occurs
when collagen is heated is known to be influenced by the water content of collagen
and has been interpreted as a first-order phase transition involving the melting of
crystalline regions in the collagen molecules. But, as shown by Bigi et al. (1987),

water acts as a swelling agent on dried collagen, increasing chain mobility wittt
resultant disorder of the structure.

Ctrain mobility is decreased in airdried samples. Calorimetry experiments have
shown @ig1 et a1.,1987) that there is denaturation peak in air-dried collagen, but this
peak disappears when the examination is repeated immediately after denaturation.
When the sample is stored in air for two months after denaturation, the maximum
appears again at the same temperatwe (52'C). When the sample is stored in water for
an hour, the peak appears again @ut at a higher temperature of about 80'C). The
enthalpy for the denaturation process is -40to 45 J/g, corresponding to a temperature
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rise from 51"c (for rehydrated sample) to 
1'12:c 

(for air-dried sample)' So' when

waterisremovedfr :*"v"il;;iilo'"'"*,"tion;llk5;1m:lll1"iif"1
*llnn"*1r,"'::::l;;*H"::l'fi:ii'iitdft;"inca*'agea'owssome
sesments of the PG ';;;;;ve relative other Darts of the ECM'

iorzilli (1993) n* '*ilJ'"*' t'un'r"'otuJou*otp"unds 
in ECM and shown

that increasin, "*,"."iT"i"i"1o"""*u,ir" ;-ioGfda results in. no significant

change in the rate "r.J;;; of "*i"ur'toi"""i"s (glucose' inulin' dextran)

into a cartilage matnx'

Values for the activation energy fo'Tft'||" diffrrsion of water an^d also PGs in

ECM are close to "t" #;;;6ii"i "' o''' 1996";l;eson et at'' 198?)' As shown

bv scott (1e88), 'h" "";; ;; iio"Li'i' *ro';;;;;"tion is 21 kJ/mol' which is

"so close to th"r" """:::i,;, ;;;"f.* airrr"utito iotntifv the process responsible for

the value of ttre energy of activation Q measured'

rheoretical modelling 
ly charged groups in the polymeric

l;,Hf lft ';T'ltr'[:*JHT*ffi 
''*:#i:ffiTi':

molecular source oI l:

due to redistribution;;; p'roteogtycan structure to make it more homogeneous'

From this, it could t r",tila ttrlt'.to ?ryJ; 
;; *lT"o:::":'1" parts of the

proteoglycan r'uu" tJ *'i""i "rntntl{ G" u"ro* a 'characteristic distance') to

iacititate u r"aist iuoion of the charge lTl"Kilt"ytopolymers, both the local size

"miiX***.t:1iliffitJ,.il1"il"ffi "'#ffi ;stransrerareunknown
andmaychans"d",i;;"#;;"::'l'::-T3;lf H;**mf"TJ,li',',:ilfl
ng:*$lruti*Fm,,r-#:*lxtlfx'rmm-;
g"oi''"ttv' .tttur l-"n,u, data (rorzilli, lee;;;";;9-tnat afrs]11 in proteoglvcan

iuppott"auy"*p"l'with temperature *t;t1; tig"ftcant dependence on size or

,o^totiont increases :i$,iTf.t:: l'l'"i"t-it ""tnrist"r,t *itn ttt" view of mass

;;;i* weight' Additionallv''Tl^i :T;;iludsorption and desorption of*ffi*l 
ffi;fF?XJtr4'"'"'," i''- l*D' rhis moder'rustrates the

principle fea$res ti;;""ffi;ng ang '*"itta "r"*ioT *- t*l"ge and allows

examination or various process control p*"."iJ" *a prediction of the condition for

laser reshaping and denaturahon' i
It is known trtuitt'" water containel-1t*n cartilage is of importance for main-

taining its strucrure-Ao;per' 1?1)' 'an{;'"-**tri 
temperature T' = 70"C' the

'bound'+o-'fre"' t;;;tt'J;i cartilaginous *"e;"*** -"ql mobilitv of parts

of the matrix *d;;i; i" *"*11"51#ilii"'"*t'i'" 
(sobol' 1ee5; Sobol

et al',1997;u"r'"1#n"'i"'J- 
rg9?l' rne association of proteoglycan aggregates

and irreversibre reorganizati- :{ *: nii::tl'T :|xfffi#H:""9tffit":$t?
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The theoretical model oflaser-induced structural alteration and stress relaxation in
gartilage proposed by sobol et al. (1999a) is based on the assumption that laser
heating resulting in bound-to-free transition of water allows *." purt (segments) of
the PG micro-system (pG units or/and cS) to move relative to othei parts of the ECM.
According to this model, the displacement of these segments only takes place when
the temperature rises above 70'C and will result in an irreversible alteration of tissue
strucfure.

_ when the temperature drops, new bonds arise and new configurations result. So,
the degree of structure change depends on the spatially averagJd distance of mass
Fansfer. The effective mass transfer by diffusion takes placelnly during a given
f:{ 

dtr:,r, during which rhe temperature is higher rfr* 4,.Tire puqpose of the
sobol er al. (1999a) model is to provide a means foi calculatini the diistance (z) ofmass diffusion, assuming that the mass transfer takes place onty-at T, T*.when r is
much less than a 'characteristic distance' (see above) of proteoglycan aggregate r0,
the movement of separate elements cannot lead to a dramatic non-reversible structure
alteration (denaturation). Denaturation occurs when Z > d. proteoglycan aggregates
could be a few micrometres in size (comper, l99l). So, 

"a 
varue io, r" = !-10 pm

could be chosen as the conventional boundary between two regimes o'f laser treat_
nent: denoturation and non-destructive stress relaxation in cartilage. The approach to
the heating and mass transfer problems given by (Sobol et al,l999a1will now be
considered. These follow a scheme suggested earlier by sobol (lg5). It is assumed
that the diffusion coefficient sharply increases with temperature, and that mass
transfer processes do not have a sigrrificant affect on laser heating of a tissue.

TIIE HEAT TRANSFER PROBLEM

Assuming that the laser beam diameter (d) is much larger than the thickness of the
cartilage specimen (l), consider the onedimensional equation of thermal conductiv-
ity (Sobol, 195)

dTlOt = y@27/N) +f (x,t,T) (20.3)

(20.s)

Here z(.q r) is the tissue temperature depending on rime (l) and on distance (x) from
the irradiated surface,

f (x, t, T) = (EatpC)exp(_ar ) S(r) (20.4)
where cr is the effective coefficient of light absorption by cartilage depending on laser
wavelength, p u density, c is the heat capacity oicartilage, Tis the ttrermoaiffrrsivity,
E is the laser flux density, -9 srrt is the stepwise function describing a purse
repetition laser radiation (assuming the laser pulie intensity is uniform along a pulse
duration r).

The initial and boundary conditions for solving Equation 20.3 ate:

T (x, 0) = To = 293 K is room temperature;

(0 T/0 x), _ o = ft Qcr/L) exp (-e/RT)

(0 Th x),=, = 1v Qc{L) exp (-e/Ri')

The condition s (Equation 20.5) represent the caloric effect of water evaporation from
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bothsurfacesofacart i lageslab(x=0;x=l)andmakesolut ionofthethermal
conductivity problem norrrin"*. Here: o is the heat of evaporation of water, R is the

;;;;**r, Tris the ,orf""" temperature' v is the characteristic frequency of water

irot""rrt" osciliation, l. is thermai conductivity' c, = (cN^)B i: tp"f:td 
concen-

tration of water assumed to be constant" c is the watir concentration in a tissue' and N^

i, ano,"aro,s number. For small values of t, and for not very high temperatures

.'nn'*laserreshapingofcartilage,theamountofevaporatedwaterissmalland
#; "; neglect alteratid of c in the course of laser irradiation'

MASS TRANSFER PROBLEM

consider a transfer of proteoglycan units (or some other parts of proteoglycan

structure) during period Ji,irr"""rr", which tissue temperature Texceeds T,=-343K.

when the mass diffrrsion coefficient D is constant" diffrrsion length is approximately-

7=(Dlo)n.WhenDisafunctionoftemperatureandtime,theaveragelengthof
aifn rioi ."y be calculated by means of the relation (Sobol' 1995):

wherebisacoefficientdependingonthegeometryofthediffirsionproctssandonthe
U.*O.ty conditions of the respective mass transfer problem (S1bol' 

1995)'
Taking into account tt ut aifn"i"n only takes place when T' 

f, and that D

increases with temperature in accordance with the Arrhenius law (Bagratashvili etcl"

1997; Jamieson et al.,l98?)' it can be written:

(2O.6)

(20.7)
D (T) = aG -T) DrexP (-V{RT)

Here n(.x)istheunit stepfunction: u(x)=latr>0 andu(x) -0 atx<0' Voisthe

activation energy for proteoglycan diffrrsion and 4 is a pre-exponential factor

The solution or tne auove-treat and mass problems has been described in detail by

Soboletal.(199a).Inthatdescription,thetemperaturefie]rdT(x,t)anddiffusion
;;;;; *; given as tunctions of the following paftmeters: laser flux (E"-)' exPosure

time(r.),pulserepetition*t"(fl'cartilageslabtl-rickness(I)'andopticalabsorption
c.Jfi;flil tol. trt" followinj'characteristics of the canilage were used for the

calculations (au trrermo-ptrvriJl prop"rties ofcartilage have been taken as equal to

those for water): pc = aiilcm'K x'= l'4x l0-'crn27s' v = 9 x l0tt Hz; )' = 3 x lo

3 w cm-r K-r ; e = Mkil;i; ; = d.6' g"*'; V o = 27 kJ/mol, 4 : 1'^s:, 
tf cm 2/s; to

= t ms; b =i:T. = 343 K(Bagratashvili' 1957 ; Jamieson et al " 1987)'

Sobol er al. (lggga)have shiwn from the results of these calculations that:

(1) Water evaporation from the cartilage surfaces sftongly influences the internal

temPerature field'
(2) There is a temperature maximum Tnat adistance some x'from the irradiated

surface.
(3) The values of T- and x- increase with t. '/and decrease with ct'

(4) rhe tempe*tur" airt if'tion ch*g"s -tii"*""i1*Tt";Y#^"g5,l*::
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(5) The quasi-stationary value ofthe surface temperature (I) is reached faster than
that for the maximal temperahrre, T-. Sobol et al. (1999a) interpreted this to mean
that attempts to control the laser heating Process by measurement of the surface
temperature alone does not provide adequate information about the heating level
and structural alterations in the bulk cartilage sample.

(6) Temperature oscillations reflect the pulse repetition character oflaser radiation.
The amplinrde of these oscillations increases with laser flux density and always
is higher at the front sample surface (x = 0) than that at x*

(7) When the laser treatment stops, the kinetics of cooling slightly depends on E, f
and t .

(8) The period of time, to when T u T*is strongly dependent on parameters d, E, f
and T..

One of the main parameters of laser treaunent is the depth of light absorption, (,,
which is inversely proportional to the absorption coeffrcient cr, depending on the laser
wavelength ),. (see Figure 20.8). The values of (, are l0 prn, 0.3 mm, 3 mm and I cm,
for 1. = 10.6 pm, 2.1 prn, 1.32 Sm and 1.06 pm, respectively. laser-induced stress
relaxation and structural alteration occur in the depth ( which is determined by both
parameters E, and q where t = (Xr ") 

rD is the 'heating depth' . To reshape cartilage of
thickness /, the value of ( must be comparable with the value of f. If ( >> /, the laser
irradiation affects the tissues behind ttre treated cartilage; if E << l, only a small part

of cartilage is affected by laser radiation. The theory predicts heterogeneity of
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tlgure 2l).9. Time dependence of the temperature in irradiated cartilage. Calculation, for cr = 3 l/cm
(Sobol et al., 1999a).
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strucfuralalterationanddenaturationoftheirradiatedcartilage'Thereisasharp
boundaryinthebulkofasamplebetweenareasofalteredandnon-alteredstructure.
Figure20.g (Sobol * ot.,- lgrigu>presents the time dependence of temperature in a

cartilage slab after heati"g *irr, i.iz *^.laser radiation (absorption coefficient a = 3

l/cm). It is seen th"t #;;;;;il"*itn1't is located at some distance from the

irradiated surface, and the stru"tu.at alterations could be more pronounced in the bulk

ofthetissueratherttratonitssurface.Therefore,histologicalanalysismaywell
provide different ,"roro u, iirr"rent distances from the inadiated surface- From the

work of Sobol er rr. ("lgyr:=;t rh"n" "pp"u, thresholds of laser-induced structural

alteration and denaoration, dcpending on 1u"", "*posure time and wavelength. Depth

of structural alteration ino"ur", withlaser flux density and exposure time' For small

E and r., whe n L < 5r.*, "ri"i",i*s of cartilage structure may lead to stress relaxation

without tissue oenaturaiioi. For higher E and r", mass transfer leads to non-reversible

*J-atu-uti" changes in structure (tissue denaturation)'

Anattempt.o,u--u,i'etheexperimentalconditionsforlaserreshapingof
cartilage when stress ."ioution occurs without visible (by means of an optical

microscope wittr a magiii*i* ,r-lml alterations in cartilage struchre has been

presented by Sobot er a'f' (lry") y su111{zed in Figure 20'3' Theoretical values

of energy density as a function of exposure time are ptott"a for various values of

diffrrsion length which "".iJ u" obtained with the given values for E and t.' small

values of the diffrrsion length (z - a few micromerei) represent structural alterations

accompanying th" tus";;sn*n, of cartilage' whereas the curve with L > 10 pm

corresponds more to tt" o"nutoruiion (visible changes in structure) of cartilage' The

two dashed curves in iirl" io.s correspond to the experimental boundaries of the

optimal condition ,"gioriioi cartilage r"itruping using a holmium laser (Sviridov er

al., 1998).Taking into account Uon tne low accuracy of the experimental measure-

ments (svirid ou ,, ot, lggg) and the approximate character of the theoretical model,

it is believed trrut tr,i, tr,"rry describes well the qualitative picture of the process and

"fr" p."ia"t u ,"-i-fo*titative treatrnent of the experimental results'

In vivostudy of laser reshaping of cartilage and clinical work

Abriefbutrepresentativepottedhistoryofthejnvivostudies-andthegroupsof
scientistsinvolved-maybereasonablygivenasfollows:

(l)Nasalseptumhasbeenremovedfromthenose'straightenedexvivo'irradiated
with a co, taser anJ then auto implanted for three patients' (8. Helidonis' E'

Sobol, G. Kawalos, Greece' 1992-1993)'

(2) Reshaping or "arlLirug" oi f*: fgli9 
with a Co' and a holmium laser (Yu'

Ovchinnikov, v' Suitnitt'tln' G' Nikiforova' E' Sobol' A' Sviridov' Russiq'

1994-1995)'
(3) Reshapingof thecollapledtrl\alcartilageof threedogswiththe l'44pmlaser

radiation (2. Wang, iut.vt. punt u,ou, dr. Perrault, s.M. Shapshay' u's'A',

1995).
(4) ReshapingorearcartlaqglorsevelPri:Jitnln:11T1*i,:tll;,",1i*lil'IT:



572 E. Sosot et al.

(5) Reshaping of ear cartilage for ten pigs with a holmium laser (N. Jones, E. sobol,
A. Sviridov, A. Omel'cherko, U.K., December 1998).

(6) Laser straightening of the nasal septum for 40 patients with a holmium laser (yu.
Ovchinnikov, V. Svistushkin, A. Shinaev, E. Sobol, A. Sviridov, Rzrsic l99g).

when the laser reshaping procedure was applied to ear cartilage, it was necessary
to bypass the skin before the laser light was delivered to the cartilage. Various
techniques have been employed to avoid the laser energy being absorbed by skin and
to rninimize skin damage (sviridov et al.,1999). The 'minimal skin damage criterion'
can be satisfied by what is known as the 'stab incision method', where a small stab
incision is made through a guide which has had holes bored at intervals of about 3 mm
and arranged in two or three straight parallel rows 3.5 mm apart. Using such a device,
sviridov et al. (1999) aimed the laser beam through a 0.6 mm diameter fibre
positioned perpendicular to the surface of the cartilage. A few pulses of this were
enough to penetrate through the skin using slight pressrue. The fibre was then placed
close to the surface of the skin and the irradiation procedure continued. In four days,
it was difficult to recognize the locations where the incisions had been made. The
initial observations from this procedure by S viidov et al . (l 999) have been encouraging
since the laser treatment produced changes in the shape of the auricular cartilage in
every ear examined: it was shown that the auricular cartilage is able to recover its
initial shape with time. The degree of stability depends on rhe cartilage thickness and
on the particular parameters of the laser beam used. To frnd the correct laser
conditions, sviridov et al. (1999) have varied the following parameters: laser energy,
exposure time, intervals between holes in the skin, the number of treatment lines and
treafinent interval times.

Most of the experimental conditions examined by Sviridov et at. (1999), and in
particular, the 'optimal' conditions established in vitro, were unfortunately
inadequate to obtain a stable configuration of cartilage irradiated in vivo. A poss-
ible reason for this is that it was not always possible to meet the condition ( = / (see
above). When the laser affected zone was much smaller than tissue thickncss or
laser flux and exposure time were too small, it was not possible to obtain a new
stable configuration of cartilage. If the laser flux density and exposure time are too
high, some inflammation and necrosis of inadiated tissue can be observed. Some-
times, a new desirable shape of cartilage was obtained, only for it to, unfortunately,
subsequently prove unstable.

Sviridov et aI. (1999) have found an optimum condition for laser reshaping of
cartilage of - I mm in thickness with a holmium laser operating with a pulse
repetition rate of 5 Hz: laser flux density of 15 J/cm2, exposure time 8 s, laser spot
diameter of I mm with a distance between laser spots of 3 mm. These conditions
appear from these studies to permit a new stable configuration of porcine ear to be
acquired (see Figure 20.2) for at least 3 months. It is important to note that these
workers have shown that the above conditions are different from those found in
vitro (as we have already considered above). Furthermore, histological exam-
ination of ear cartilage irradiated with the above regime has shown that new
growing cartilage of hyaline type replaces old partly damaged irradiated EXM
(Figure 20.10). Hyaline cartilage differs from elastic cartilage in that it has no
elastic fibres. It appears that hyaline cartilage can be formed as a result ofthe effect
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Figur.e 20.10. Histological examination of cartilage structure. The area of laser trcated cartilage in 98

davs after operation. e - oe ne"io.ir ton", B - rcge-nerated hyaline cartilage,-^chondrocyes with specific

r"Jun^ *"L". colouring by hematoxylin-eosine, x 400 (sviridov et aI.,1999\.

of mechanical stress on chondrocyte function. Sviridov et al. (1999) found that, in

cases where stable changes in the auricular shape were attained, elastic hbres were

destroyed and did not ieform in the regenerative zone. It appears that cartilage

regeneration occurs more intensely near the area close to where the laser has caused

sole structural alteration or damage. It is, therefore, possible from these studies to

hypothesize that the regeneration oicartilage is probably stimulated by laser-induced

stress redistribution, and also by a break of some chemical bonds in the tissue' It is

possible that an alteration in porous structure of the ECM may promote tissue

regeneration by an improvement in the diffusion of nutrients through the area of

altered structure to chondrocytes.

The clinical results of laser reshaping of nasal septum cartilage performed at the

Medical Academy of Moscow by SJb,ol er al. (2000b) have shown promising results'

Forty patients have been operaied on using a holmium laser to correct a deformed

"unitui" (Sobol et at.,2ouib\. The laser reshaping is a bloodless' pui{:tt procedure'

which-takes only a few minutes to straighten nasal septum' The stability of the new

shape and porriLl" side effects have been examined during a twelve-month period'

noiSO of tirese patients, headaches and other negative symptoms have disappeared

within one or two weeks as a result of laser treatment' Examination of the nose before

the operation and in six months after the laser irradiation have been shown by these

*o.k"r, to produce pronounced improvement of the airway for 32 patients (see
.^ r r\ /-^#A^rinn nf rhc rvirlth nf the nasa'l airwav of a human nOSe iS ShOWn
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INHALATION (b) EXHATATON INHAI.ATION

Flgune 2{).11. Rhino-gasometrical examination of the human nose (a) before and ft) six months after the
laser reshaping (Sobol ar al., 200Ob).

improvement after the fust laser reshaping procedure, and have been treated for the
second time with a higher laser flux density. only 2 patients from 40 did not show
any improvement. These 2 patients, in fact, had thicker and crested nasal septa,
which could not be heated enough by holmium laser irradiation. Further increase of
laser flux applied, for one of these patients, led to overheating of the nasal septum
in which some holes occurred after a month after the laser treatment. since the
laser method clearly failed for these patients, conventional surgery was resorted to.
No secondary effects were observed for all the patients undergoing tlre laser
reshaping procedure.

(a) (b)
Figure 20.12 Corrcction of the width of tlre airway of a human nose (a) before, O) after the laser
reshaping of nasal septum (Sobol e/ ul., 2O00b).
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Conclusions

From the recent studies we have surveyed here, it aPPears that laser shaping oftissue

rr", u po*n ial use in those types of surgery that involve cartilage, particularly

otorhinolarytgology, orthopaedtcs and Plastic surgery. Its potential applications

include: the correction of a bent nasal septum; the treaunent of the stenosis of a

mcheal cartilage; correction of the shape of the pinna or external "T; 
-tht 

correction

of nasal tip cartilage; making cartilage implants in reconstnrctive and plastic surgery;

the correction of deformitiei in spinal discs; and regeneration of diseased cartilage'

The results of all the rn vivo studies and clinical examinations performed by various

groupsofworkersappealverypromising,althoughtheinvestigationsofthisnew
i"ctoique for non-destructive iaser treatrnent of deformed and diseased cartilage are

inprogress.Theadvantagesoflaserradiationoverotherheatsourcesderivefromthe
combination of abulkenlrgy penetration effect and also the shorttime of heating and

simplicity of the delivery J"n"tgy to the tissue. The appropriate conditions for laser

rest apini clearly aep"ni on tte tuser wavelength used, and tissue optical properties

and thickness. The optimal conditions in vivo aPpear to differ from those ir vitro' and

this is a problem that is currently under investigation'

The following issues thus remain open:

.whydoesnewgrowingcart i lagesomet imesnotkeepthenewconf igurat ion

obtained as a result of lui, t "ut-"nt, ie is there a 'memory' of its previous shape?

. what are the secondary effects on skin and other components of the ECM (in

particular, of the elastic fibres)? These need to be fully understood and ways

develoPed to Prevent them.
. Why do the conditions for laser reshapin g in vivo differ dramatically from those

in vitro'! lt could be evidence of the importance of the effect of tissue regeneration'

we have yet to understand the mechanisms by which lasers affect chondrocyte

movements,theirmultiplication,andtheirabilitytoproducenewECM'

Theabovequestionscanorrlyreallybeproperlyaddressedbyamultidisciplinary
approach involving both molecular and macroscopic study'
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