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Free Electron Laser Ablation of Urinary Calculi:
An Experimental Study

Kin Foong ChanMember, IEEEBernard Choi, Gracie Vargas, Daniel X. Hamidember, IEEEBrian Sorg,
T. Joshua Pfefer, Joel M. H. Teichman, Ashley J. Welch, and E. Duco Jansen

Abstract—Infrared laser ablation of urinary calculi was investi- Threshold fluences and ablation depths are a function of the
gated as a function of wavelength to determine the relation of ab- wavelength dependent absorption properties of the calculi. These
lation threshold fluences, ablation depths, and optical absorption. observations suggest that the 3sm and 6-um absorption bands
A simple photothermal ablation model was employed to examine are optimal for ablation or fragmentation of urinary calculus.
this relationship.

Human urinary calculi composed of >95% uric acid, >95%
cystine, >95% calcium oxalate monohydrate (COM), and>90%
magnesium ammonium phosphate hexahydrate (MAPH) were
used. Various wavelengths between 2.1 and 64m were selected
to perform threshold fluence and ablation depth measurements.

The laser source for this study was the tunable pulsed infrared . . .
free electron laser (FEL) at Vanderbilt University. NTERVENTIONAL treatments of urinary calculi have im-

Experimental results indicated a correlation of threshold fluence proved drast.icallly over the past two decades. By the eE_‘”y
and ablation depth to the optical absorption properties of the cal- 1990s, four major lithotripsy modalities have been used clin-
culi. When calculus optical absorption increased, the threshold flu- jcally to remove urinary or renal calculi. They include elec-
ences decreased. Although the ablation depths increased with Ca"trohydraulic lithotripsy (EHL), ultrasonic lithotripsy, extracor-

culus optical absorption, results indicated that in certain calculi the . - . .
ablation depth was affected by optical attenuation through the ab- poreal shockwave lithotripsy (ESWL) and laser lithotripsy [1].

lation plume. These observations were in agreement with the pho- Each of these modalities has its limitations. EHL, which uses
tothermal ablation model, but fractures in striated calculi at higher ~ shockwaves induced by electrical discharges, is only suitable
optical absorptions indicated the contribution of a photomechan-  for fragile calculi and may cause perforation of the ureter and
ical mechanism. adjacent tissue. Ultrasonic lithotripsy has been shown to be ef-
fective for the removal of both ureteral and renal calculi, but

. . . _ the 11.5 French ureteroscope that must be used to deliver the
Manuscript received May 22, 2001; revised October 30, 2001. This work w;

fBrge ultrasonic probe (6 French) restricts it to the |
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healthy tissue. To achieve this, the physical processes of laser
ablation must be understood. Unfortunately, these processes are
complicated. Previous studies indicate that the physical mech-
anism is a function of laser parameters and physical proper-
ties of the material to be ablated [10]. Some researchers have
shown that laser pulse duration determines whether an ablation
process is predominantly photothermal or photoacoustical [10],
[11]. 1zattet al.[12] and more recently Nahegt al.[13] have
explored the effect of debris screening during a laser pulse upon
ablation efficiency. Walsh and Cummings [14], and Jaretexh.
[15] have examined the dependence of optical absorption upon
temperature at 2.94 and 1.2, and how dynamic changes in
absorption affect the outcome of the ablation process. The roles
of tissue mechanical properties such as tensile strengths and vis-
cosity on ablation have also been explored [16]-[18]. Absorbance Unit (a.u.)

Because of the many advantages of the mid-infrargg) ;  prediction of the relationship between ablation threshold fluence and
holmium laser over the flashlamp pumped pulsed-dye lassisorbance for some hypothetical tissues with different heat of abl&tion,
in clinical lithotripsy, researchers have pondered over thgthis caseiVaniz > Wavie > W
most efficient wavelengths for such a procedure. However,
the role of wavelength dependent optical absorption and f§ chemical decompositiorY, is the ambient temperaturé,
effect on urinary calculi ablation has not been extensive(y/9) is the latent heat for vaporization, melting, or chemical
studied. Daidotet al. [19] have suggested that 3 and;#n decomposition, andV,y, is the heat of ablation (J/chh As-
may be the optimum wavelengths for ablating calcium oxalag¢iming that the calculus density, specific heat, and threshold
monohydrate (COM) and uric acid calculi because of their petmperature are constants, the heat of ablation is also a con-
absorptions. Unfortunately, these authors did not introducest@nt thermal property of a particular calculus type. The pre-
sound theoretical or physical basis for their postulation. In a rdicted dependence of the threshold flueiit;g on the calculus
cent study of the dominant ablation mechanism in long-puls@@tical absorption as a function of the heat of ablation is illus-
Ho:YAG laser lithotripsy [9], [20], we observed that thetrated in Fig. 1 for three values of the heat of ablation, where
holmium laser-calculus ablation dynamics are comparable Wb < Waniz < Wapiz.
several previous studies of hard-tissue laser ablation [12], [21].The photothermal ablation model used in this study has been
A photothermal ablation model was used in these studiesderived by previous researchers for ablation studies in dentine
analyze the experimental results [12], [21]-[24]. We hypottand beef shank bone [23], [25]-{27]. During the period of no
esize that the optimal wavelength(s) in the infrared spectrutgat conduction, the ablation depttf:m) is
for calculus ablation is highly dependent upon the optical 1 P
absorption properties as specified by the value of the absorption d=—1In {l < — 1) + 1} (2)
coefficienty, (mm~!). The optimal wavelength can be defined 7 Lie \Hu

as the wavelength at which ablation efficiency, as measurgflere, is the intrapulse debris attenuation coefficient (¢

in terms of mass-loss/Joule (mg/J), or ablation depth/JOyRq A is the incident laser fluence (J/&nDetailed derivation

(umA), etc., is the highest relative to other achievable lasgy(2) is discussed elsewhere [28], [29]. Ostertagl.and Hibst

wavelengths. . . et al.[25], [26] have verified this model in their studies of den-
Most urinary calculi strongly absorb infrared energy fromine aplation depth as a function of incident laser fluence. Izatt

2 to 10um with relatively low scattering. Acoustic velocitiesegt 5], [30] has attempted to apply this ablation model to intersti-

in the dense crystal structures of urinary calculi are similar to g water vaporization and expansion for extracting the optical

higher than the speed of sound in water< 1520 m/s) [24]. properties of beef bone shank.

Thus, for highly absorbed wavelengths that are used for ab?aﬁ multiple laser pulses are employed to achieve sufficient

tive purposes, microsecond or longer laser pulses are not stigggiion depth for accurate measurement, and if one pulse does

confined, and therefore do not cause fragmentation by meg{a} affect the result of the next pulse, then the total ablation
of shock waves as do submicrosecond laser pulses. When dagih is

process is not stress confined, ablation becomes dominated by

075 |

0.50 |

025 |

Ablation Threshold Fluence (a.u.)

0.00 |
0O 10 20 30 40 50

photothermal mechanisms such as vaporization, melting, and ‘(1 v ( Hp
chemical decomposition [20], [24]. A simple model introduced d= Z {; In [u— <H1 - 1) + 1} } 3)
by Olmeset al.[23] for determining the threshold fluencH,, n=1 o N
(J/ent), for thermal ablation can be expressed as whereH,, is the laser fluence of individual pulses for a total of
1 W ¢+ pulses. Equation (3) assumes the laser pulses do not overlap
Hy, = " [pe(Tin — T,) + Lp] = e (1) intime, and that successive pulses are sufficiently far apart in

time that debris screening from a previous pulse does not affect
wherey, (cm™!) is the optical absorption coefficient of the calthe next pulse. Pulse-to-pulse variation in material optical and
culus,p (kg/m?) is the calculus density, (J/g.K) is the specific thermal properties would affect the accuracy of (3) where we
heat, T}, is the threshold temperature for vaporization, meltinggssume constant parameters. We have extended the theoretical
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Fig. 2. Experimental setup for measuring the threshold fluences and ablation depths. BS: Beam splitter.

model to evaluate the dependence of the ablation depth on thie acid, >95% cystine,>95% calcium oxalate monohydrate
optical properties of the urinary calculi and ejected particles ICOM), and>>90% magnesium ammonium phosphate hexahy-
the infrared wavelengths using the free electron laser. By unddrate (MAPH) and were obtained from a calculus analysis lab-
standing the ablation dynamics, and calculus optical propert@story (Louis C. Herring Company, Orlando, FL). The calculi
it may be possible to determine the optimum wavelength ferere cut with a diamond saw, producing samples 2-3 mm in
fragmentation. thickness with flat (approximately parallel) surfaces. After cut-

The objectives of this study are: 1) to investigate the mecting, the calculi were dehydrated in a lyophilizer and stored in
anism(s) involved in urinary calculus ablation; and 2) to de&sample container with room air until the time of use.
termine the threshold fluences for ablatiéh;,, and the cor-
\r,\?ifﬁznd_mg ablat|or! depths and to examine their correlatlonl?: Laser Source and Delivery

ptical absorption. The most common human urinary cal

culi are used in thisn vitro study in which their optical ab-  The pulsed infrared Free Electron Laser (FEL) at Vanderbilt
sorption properties are known, for the purpose of investigatitgniversity, which is tunable from 2.1 to 9,8m, was used for
the physical dynamics involved in the ablation process as wtiis experiment. The FEL macropulseg ¢ 3-5 s FWHM)
as addressing their relevance for future clinical studies. Expepnsisted of a sequence of 1-ps micropulses with a 350-ps inter-
imental observations and deviations from (1) and (3) are uspdise interval. Hence, one macropulse had approximately 8550
to determine the contribution of other physical mechanisms atwl14 250 micropulses. The FEL had a Gaussian beam profile,

dynamic properties involved in the ablation processes. exhibiting laser emission with the TEM mode. These were
the characteristic pulse structures and properties of the FEL
Il. MATERIALS AND METHODS at Vanderbilt University. Although it was not known if indi-

vidual picosecond micropulses might contribute to fragmenta-
tion, the short macropulse duration ensured thermal confine-

Four types of human urinary calculi were used in this exnent in highly absorbing specimens demonstrated in all pre-
periment. These calculi were composed of, respectivedp% vious and current clinical laser lithotripsy modalities.

A. Calculus Specimen
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Single pulses were used for threshold measurements, whei
a repetition rate of 5 Hz was used for ablation rate measu 0.9 4
ments. Wavelengths used in this experiment were 2.12, 2.! |
2.94, 3.13, 3.21, 3.62, 4.00, 4.57, 4.74, 4.77, 5.00, 5.60, 5.!
6.04, 6.17, 6.20, 6.26, 6.29, 6.31, and 6;48. The 2.12 and 7]
2.94 um wavelengths correspond to the wavelengths for tiZ o.6 -
Ho: YAG laser and Er: YAG laser, respectively, and served
references for comparison to results from commercial las
Wavelengths were chosen to correspond to the peaks, incli
tions, and valleys within the infrared absorption spectra of inc 0.3 4
vidual calculus types referenced from Dao and Daudon [31] a
Daidohet al.[19]. The absorption spectra from these referenci
are in relative optical absorbance units (a.u.) and not absol %11

Probabil
o
w

Probit Cune
- - - - Lower Fiducial Limit
Upper Fiducial Limit
e Raw Threshold Data

values of absorption coefficients (crh). 0 6—o—s-eoZ en snmeme ‘ ;
The experimental setup for the measurement of threshold f 0 0.1 0.2 0.3 0.4 0.5
ence and ablation depth is illustrated in Fig. 2. The FEL bes Incident Laser Fluence (J/cm?)

was delivered via a vacuum beam transport system, and reached
our setup through a Bafindow. A footswitch-controlled me- Fig. 3. Aprobit curve for uric acid calculus irradiated at 3.2&. The probit
. curve determines the probability of ablation given a range of incidence laser

chanical shutter blocked the laser beam. When the shutter Washces (J/cif). The fiducial limits, which express the confidence interval,
opened, the laser beam was delivered to the urinary calcuhse setat63%i(/ e) for all of our calculations. The threshold fluence is defined

; ; ; as the value at which the probability of ablation is 50% estimated to
via a 2_ |n_d|ameter, 290 mm focal Iength Galens. The FE_L be Hi, = 0.173 J/ent in [t)his caseYWe set the lower aﬁ?upper bounds of
beam is linearly polarized and the pulse energy was adlus@élérimental errors at 37% (EB) and 63% (ER:) probability for ablation,
by rotating a double Brewster plate polarizer located within thespectively, for all data points shown in Fig.edtepresents the raw threshold
vacuum chamber. A fast infrared (IR) photodetector (pyroe|e%e_1ta points = 45) recorded during the experiment. ED: estimated dose.

tric, Molectron P3-01, Portland, OR) was used to monitor the

temporal profile of the laser pulse on a digital oscilloscope (Telgtyzed usingProbit analysis [34] (Fig. 3). The threshold flu-
tronix TDS 640A, Beaverton, OR). Two energy probes (MoleGence H,,,, was specified as the laser fluence at which ablation
tron J-8LP, Portland, OR) were used prior to the experiment#curred with a 50% probability, Ef9. EDgz and EDy; were
measure the energy ratio (correction factooutput energy/ref- ysed as the upper and lower limits of the experimental error,
erence energy). During each experiment, only the reference gsspectively. This probabilistic approach was taken to account
ergy was recorded and was scaled afterwards according to ff€localized variations in the optical, thermal, and mechanical

correction factor. For each wavelength, the spot diameter of th@perties of a specimen that might have affected the threshold
incident laser beam was measured at the focal point using|#&nce values for ablation.

standard knife-edge technique [32]. The FEL spatial beam pro-
file was approximately Gaussian [33]. The FEL spot diameter .

used was 21@10 ;zm. The sample calculus was mounted oﬁ' Ablation Depth

a manual precisiom—y translation stage with its top surface For each calculus type, two cut samples from the same parent
aligned orthogonally to the optical axis and at the focal plangalculus were used. At each wavelength, ten ablation craters
Irradiation sites corresponded to ax77 grid (i.e., maximum yere made% = ]_())_ Each crater was produced by a fixed flu-
data pointsp. = 49, grid spacing= 1 mm). Post-experimental ence of 5 J/crh per pulse for a total of 10 pulses (or a total
calculation of the incident laser fluence was performed by diuence of 50 J/crf) gated to the calculus surface at a 5-Hz rep-
viding the corrected incident laser energy by the measured spgtion rate. The slow repetition rate was used to minimize in-

area based on thg/e” diameter. terpulse debris screening which was determined using fast-flash
photography [9], by estimating the period from laser onset to
C. Ablation Threshold Fluence when ejected particles have left the optical axis of the laser beam

(typically <10 ms). Post-experimentally, the ablation depths
The threshold fluencéd,,, for ablation was defined as thed were measured under a 112.5urgical microscope (Nikon

incident laser fluence required to produce mass ejection fr&@Mz-U, Melville, NY) by measuring the displacement in the
the urinary calculus. A single-shot laser pulse was gated (fpcal plane between the crater surface and the crater floor using
opening the shutter) to each point on the 7 grid. A double- a precision translation stage (MX700 Series Micromanipulators,
blind study was conducted in which an operator altered the pulSiskiyou Design Instruments Inc., Grants Pass, OR). The spa-
energy level around the anticipated threshold. The observer wiasresolution of this measurement was limited by the depth of
alerted before the operator gated a pulse to the calculus and dachis 20 ;;m) of the microscope lens.
pulse was scored as a 1 (mass ejection) or a 0 (no mass ejeé& CCD camera (HV-C20, Hitachi, Tokyo, Japan) and an op-
tion). Visual detection of plume formation was aided with fortical coherence tomography (OCT) system were used to acquire
ward illumination and a dark background as depicted in Fig. Bnages for qualitative post-ablation analyzes. The CCD images
No visual magnification was used. The double-blind study presere used to compare the surface effects on the calculi produced
vented biased decisions. Post-experimentally, results were Bp-ablation at different wavelengths. OCT images (spatial reso-
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Fig. 4. Ablation threshold fluences (J/énversus wavelengthu(mn) for (a) uric acid, (b) COM, (c) MAPH, and (d) cystine urinary calculi. The absorption
spectra of individual calculus types in unit absorbance, referenced from Dao and Daudon [31], are superimposed for comparison. In (e)—tldiedmess
are plotted as a function of absorbance unit for the corresponding calculus types. An experimental fit indicates that the measured threshale fiio goos
agreement with (1). A maximum of 49 data points were recorded with varying laser fluences around the threshold, each with a single pulse. Eicatebidrs ind
EDs» and ED;; values obtained from probit analysis for each data set.
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I —

air

(al a— (e]
caleulus I
4 us

N .. ;

ic) L . LE]

f) h)

Fig. 5. Dynamics of ablation on a COM calculus. Within:& after laser onset, (a) debris was seen ejected from the surface at laser impact. At the end of the
laser pulse44 us), (b) the ablation plume continues to expand. It is possible that debris screening may have affected the amount of light absorption within the
calculus. By 2.5 ms, (h) most ejected particles were seen as out-of-focus debris, implying a much lower density of particles along the FEL beam path.

lution ~23 xm but better vertical cross-sectional visualization. Ablation Depth

were used to confirm the ablation depth measurements with the _ ) ) _
surgical microscope. Pump-—probe images (Fig. 5) show that an ablation plume is

visible as early as Ls after the onset of the 3+ long laser

. RESULTS pulse, indicating that plume attenuation might affect the ablation
) process during the laser pulse duration. In the same figure, it
A. Ablation Threshold Fluence can be seen that by 2.5 ms after the laser onset, most ejected

Results of threshold fluences for ablation are presentednrass was removed from the optical axis away from the beam
Fig. 4. Fig. 4(a)—(d) shows the threshold fluence as a functigath. At 10 ms after the onset no remaining debris was visible
of wavelength, with the relative absorption spectra (absorbaringhe beam path (image not shown). Since the experiment was
unit) of individual calculus types included for qualitative comperformed at 5 Hz, the interval between each subsequent pulse
parison. In general, threshold fluences are higher in regionsvedis 200 ms—20 times longer than the maximum lifetime of
low optical absorption for all calculi, and vice versa. Whethe plume. Hence, it is reasonable to assume that no interpulse
the threshold values are plotted as a function of absorbarEbris screening occurred at a pulse repetition rate of 5 Hz.
unit, the results [Fig. 4(e)—(h)] fit (1). The experimental fit in In general, the ablation depth caused by ten pulses with a flu-
Fig. 4(e)—(h) is performed by assuming the absorbance uniteisce (per pulse) of 5 J/énrincreases with absorbance or op-
in linear proportion to the absorption coefficient in (1), and thaikcal absorption (Fig. 6). The ablation depth as a function of
the heat of ablation is a constant parameter consisting of fixieder wavelength in comparison to the absorption spectra of indi-
thermal properties of each individual calculus type. Error bargdual calculus types is presented in Fig. 6(a)—(c). When plotted
representing the ED37 and ED63, are shown only for erraagainst the absorbance units [Fig. 6(d)—(f)], the results are in
larger than the size of the data points. fair agreement with (3). The experimental fit in Fig. 6(d)—(f) is
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Fig. 6. Ablation depthsy(m) versus wavelength«n) for (a) uric acid, (b) COM, and (c) cystine urinary calculi. The absorption spectra of individual calculus
types in unit absorbance, referenced from Dao and Daudon [31], are superimposed for comparison. In (d)—(f), the ablation depths are plottézhasf a funct
absorbance unit for the three types of calculi. An experimental fit indicates that the measured depths are in fair agreement with (3). A tota pbiets dat

(n = 10) were collected at each wavelength for each calculus types, with a constant laser fluence &ffodéctatal of 10 pulses at 5 Hz.

performed 1) by assuming the absorbance unit is in linear pgerimental value of incidence laser fluence. Ablation depth re-
portion to the absorption coefficient in (2); 2) with an increasingults for the MAPH calculi are not shown because of insuffi-
debris attenuation as a function of increasing absorbance uniént data points. Typical ablation crater vertical cross sections
3) by using the threshold fluence values estimated (experimeraatiuired by OCT for uric acid calculi irradiated at 2.12, 2.94,
fit values) in Fig. 4(e), (), and (h), respectively; and 4) the exand 5.99:m are shown in Fig. 7. The ablation depths increase
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150 umi

(L]} ich
Fig. 7. Effects on ablation depth as a function of increasing optical absorption, respectively, at fan2(b22.94:m, and (c) 5.99:m, on an uric acid calculus.

Each ablation crater was irradiated with a total fluence of 509{¢em pulses at 5 J/chat 5 Hz. Each vertical cross-sectional ablation crater images was recorded
using an OCT system having a longitudinal spatial resolution g 23

Uric Acid

Fig. 8. Examples of surface images of ablation crater of (a) uric acid, (b) COM, and (c) cystine calculi. For each calculus type, the images frotiotop to bo
(i)—(iii), illustrate the effects of infrared laser ablation as a function of increasing optical absorption (in absorbance unit). Wavelengtbseuadd@;m (i),
6.20pem (i), 5.99m (iii) for the uric acid calculus; 2.12m (i), 6.04,m (i), 6.17 em (iii) for the COM calculus; and 2.12m (i), 3.13pm (ii), 6.31zm (iii) for

the cystine calculus. Each ablation crater was irradiated with a total fluence of 50@/@rpulses at 5 J/ct) at 5 Hz. Laser spot size was 23010 zm. Images

were recorded using a surgical microscope (1%3.8nd a color CCD camera.

slowly as a function of rising optical absorption in this sequenaairrounding the craters of COM calculi [Fig. 8(b)(i-iii)] at all
of OCT images. In all OCT images recorded, no internal fragvavelengths tested.

ture (limited to fracture sizes 23 um) is seen surrounding the

craters, although debris seems to have remained within some IV. DISCUSSION

cratgrs. Fig. 8 shows the surface of craters recorded with thqn order to identify the optimal wavelengths and elucidate
surgical microscope (112§ and a color CCD camera. They,e apiation mechanism, ablation threshold values and ablation
figure shows craters ablated at wavelengths with low absoiies for the most common types of human urinary calculi were
tion to high absorption (in relative absorbance unit) from top {Qeasured over a broad range of the infrared spectrum. In this
bottom, for various urinary calculi. With a 5-Hz pulse repetitioRydy, the measured threshold fluences for ablation in the in-
rate, no carbonization indicative of thermal damage around thgred spectrum are strongly influenced by the optical absorp-
craters is seen. Surface fractures or adjacent mechanical dampgeof the calculi. The experimental results indicate that if cal-
are observed surrounding the craters of uric acid [Fig. 8(a)(iilduli are irradiated at wavelengths with higher optical absorp-
cystine [(Fig. 8(c)(iii)], and MAPH (not shown) calculi at wave-tion, the laser fluences required to initiate ablation can be sig-
lengths with higher relative absorbance. No fracture is apparefficantly reduced [Fig. 4(a)—(d)]. In general, threshold fluences
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are proportional to the reciprocal of the absorbance, and thus té\nother possibility is that the mechanical integrity of the uric
the absolute absorption coefficients [Fig. 4(e)—(h)]. These raeid molecule may have been compromised by wavelength spe-
sults and (1) suggest that the heat of ablatidg,, is a constant cific absorption of intramolecular bonds. In this case, the irradi-
thermal property that is not wavelength dependent. With highance wavelengths of 3.13 and 3.6rh are associated with the
optical absorption, less laser fluence is required to reach the hela¢rgy band close to the OH group in the uric acid calculus [19].
of ablation. The excess laser fluence beyond threshold is spenAblation crater images obtained with OCT (Fig. 7) resemble
on the removal of calculus mass and progression of the ablatimedictions from a two-dimensional ablation model proposed by
front. The change in ablation depth as a function of absorbaridajaron and Lukac that accounted for ablation front inclination
is in fair agreement with this photothermal model [(2)]. [22]. These craters are well demarcated with a tapered profile
For low optical absorptions in all calculus types, ablatiofrom the calculus surface to the crater base. The OCT crater
depth increased as absorption increased [Fig. 6(d)—(f)]. Hoimages support the suggestion that pulsed laser ablation using
ever, ablation depth was bounded for higher absorption coeffifrared lasers with a pulse duration greater thamslis pre-
cients, and eventually a decrease in ablation depth occurreddominantly photothermal [9], [20]. The crater shape (Fig. 7) is
even higher optical absorption in uric acid, cystine, and COMhcharacteristic of photomechanical or photoacoustical interac-
calculi [Fig. 6(d)—(f)]. These results are in agreement with (2)ions [7], [35], which often exhibit irregular surfaces due to large
which considers attenuation of the laser beam by the ablatipagment dissociation and fractures.
plume. The experimental results indicate some plume generaPhotothermal ablation of hard tissue in the infrared spectrum
tion 1 us after the onset of the laser pulse [Fig. 5(a) and (b)§ evidenced by melting and recrystalization of particles [8],
When the attenuation coefficient of the ablation plume or dehemical decomposition [38], and stress due to rapid heating
bris, v, is much smaller than the calculus absorption coeffid0]. In a previous FEL calculus ablation study, we reported
cient 11, but increases withi,, there is a predicted decreasehermal damage (charred laye20 :m) around a cystine crater
in ablation depth ag:, becomes large [13], [28], [29]. The when the repetition rate was increased to 15 Hz for a total of 25
bounding of ablation depth at higher optical absorption is copulses at 2.12:m [39]. When the firing rate is increased and
sistent with a thermal mechanism but contrary to a process daimktal irradiation time extended beyond the thermal relaxation
inated by a photomechanical or photoacoustical mechanisime, sufficient heat is transferred beyond the volume of direct
The photomechanical or photoacoustical mechanism removlight absorption to carbonize the sides of the crater.
calculus by large fragment dissociation [35], whereas the pho-The effect of individual micropulses (1 ps) in the FEL
tothermal mechanism removes fine particles and creates wetlacropulse (3-5:S) on stress generation in the irradiated
demarcated craters [36]. The plume contains ejected fragmerdfume is inconclusive [10]. No acoustic measurement is
that absorb and scatter the incident laser beam, thus redudingwn to us that could temporally resolve the FEL micropulse
the amount of energy available for ablation. By performing thieain-induced acoustic transients. Therefore, the potential
ablation at a relatively low repetition rate (5 Hz), interpulse desontributions of micropulse-induced photomechanical damage
bris screening of consecutive laser pulses was negligible coimthis experiment is not known. Fig. 8(a)(iii) and (c)(iii) show
pared to intrapulse debris screening. At higher optical absothat fractures occurred surrounding the ablation crater surface
tion, the debris limits the amount of laser energy available féor uric acid and cystine calculi with striated formation or
ablation and ablation depth decreases. In addition, more lagéth porous structures when the wavelengths selected coincide
energy may be coupled in acoustic energy that fractures thigh relatively high optical absorptions (absolute absorption
crater proximity but is not strong enough to cause mechanicalefficients unknown). It is possible that the FEL micropulses
ablation [Fig. 8(a)(iii) and (c)(iii)]. accumulate mechanical stresses with a sharper pressure gra-
We believe the ablated mass from the irradiated calculdgnt within the optical penetration depth at higher absorption
volume was removed before significant heat conduction coutdefficients. Therefore, at higher optical absorptions, the
occur. While no explicit data on the thermal diffusivity ofmicropulses may affect the ablation process in the calculus.
urinary calculi were found in the literature, analysis of data dn fact, a theoretical study by Uhlhorn where the pressure
similar materials such as bone and teeth (enamel and dentmhsients due to individual FEL micropulses were calculated
[37] indicate that thermal confinement is met for absorptionsing a hydrodynamic code (LATIS-3D), indicate that even
depths>2 um (i.e., ue < 5000 cm~!). Experimentally, this though the absolute pressures are small, pressure gradients as
assumption is supported by the fact that no carbonization ligh as 800 bay/m are expected to be generated by individual
areas surrounding the crater was observed at 5 Hz (Fig. 8). FEL micropulses [40]. However, in the present study, photome-
While threshold fluence data and ablation depth measudtanical disruptions did not result in gross detachment of the
ments generally followed the predictions from the thermal ablaalculi beyond the irradiated areas. No fracture was observed
tion model, some discrepancies occurred. For example, at 3iAZOM calculi for all the laser wavelengths we used. This is
and 3.64um in uric acid calculus [Fig. 6(d)], the ablation deptmot surprising given that the COM calculus is known to be the
was much higher than expected, indicating that the actual optibarder calculus type among typical urinary calculi [41].
absorption of the calculi used in the experiment deviated fromOverall, results indicated that optimal wavelengths for ab-
the absorption spectra reported by Dao and Daudon [31]. Station occurred at the 3m and 6xm high absorption bands
ated and irregular appearance of the urinary calculi suggesfedmost urinary calculi examined (Fig. 6), as previously sug-
the presence of impurities (i.e., unknown amorphous orgamjested by Daidokt al.[19] for uric acid and COM calculi. The
compounds or crystalline minerals) and inhomogeneities (i.agreement of the experimental threshold fluence and ablation
regions containing the dominant constituents but at differedépth data with the photothermal model indicates that in laser
densities). lithotripsy, unlike bone ablation recently reported by Peaty
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al. using the FEL, the laser wavelengths may be chosen bas@isms such as photomechanical disruptions might be involved.
upon the mean optical absorption spectrum of the calculus a@ivena priori knowledge of laser—tissue interaction processes

not the chromophores-specific absorption spectra [42]. Interesihd physical properties such as the absorption coefficients, the
ingly, Peavyet al. concluded that in bone ablation, if any chrooptimal wavelengths may be selected for infrared laser ablation
mophores (i.e., water and hydroxyapatites) other than type-I cel-fragmentation of urinary calculi.

lagen were targeted, the mechanical strength of the collagen re-
sisted the removal of tissue even though destruction of the other
constituents occurred.

From the standpoint of clinical application, the markedly
lower threshold fluences and higher ablation depths around?!
the 3u:m absorption peak compared to other Wavelengths[2]
implicated the potential of the Er: YAG laser, which produces
radiation at 2.94um. It can be seen from Fig. 4 that the [l
threshold fluences at 2.94m are 5.6 times lower for cystine
calculus, 15.7 times lower for COM calculus, and 20.8 times [4]
lower for uric acid calculus as compared to those at .42
Meanwhile, the ablation depths at 2.9¢h are 1.2 times higher
for uric acid calculus, 2.9 times higher for COM calculus, an
1.7 times higher for cystine as compared to those at 2rh2
the wavelength of the Ho: YAG laser, as shown in Fig. 6. If
the Er: YAG laser is operated at comparable pulse durationd®
(i.e., 200-30Qus) to that of the Ho : YAG laser in clinical laser
lithotripsy, it may be a reasonable assumption that similar[7]
trends or results in the threshold fluences and ablation depthfgl
are expected.

Since clinical laser lithotripsy is performed in a saline envi-
ronment, the dynamics of ablation under water for these wave{°]
lengths must be considered [43]. Am vitro study in water
shows that the Er: YAG laser lithotripsy is more efficient than
the Ho : YAG laser lithotripsy for the COM calculus [44], [45], [10]
supported by the fact that water absorption and typical absor[?h]
tions for common human calculi are higher at 2,94 than they
are at 2.12um. However, the clinical use of infrared laser radi-
ation at 6m is at the present time not ready for widespread
use in a clinical setting. Clearly, the use of the FEL for med-12
ical applications, due to cost, space, and technical issues, is lim-
ited to few unique facilities. No commercially available or af-
fordable 6xm laser for clinical applications is known to the [t
authors. However, recent technological advances indicate that
novel solid-state devices such as an OPO may become availaljig]
in the near future that are amenable to clinical ablation purposes.
Moreover, light delivery in this spectral band can now be acys
complished by hollow waveguides [33], [46]-[49] or fiber optic
materials such as chalcogenide [50] or silver halide [51], [52],
thus allowing delivery of pulsed laser radiation in a noninvasivei 6]
catheter-based fashion. Although no clinical endoscopic use %
such fibers is known in surgical urology, research activities are
emerging in this area. For instance, iarvitro investigation of ~ [17]
Er: YAG laser lithotripsy using sapphire fibers has been per-
formed, yielding very promising results that warranted furthenisg)
in vivo studies [45], [53], [54].

g B

]

V. CONCLUSION [19]

We have demonstrated in this study that the ablation process
is highly dependent upon optical absorption. The threshold flup,q,
ence for ablation of urinary calculi is inversely proportional to
the absorption coefficient. The ablation mechanism exhibited b%/21]
the free electron laser( = 35 us) in the infrared is predomi-
nantly photothermal, although results indicated that other mech-
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