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Free Electron Laser Lithotripsy: Threshold Radiant Exposures

KIN FOONG CHAN, M.S.E.,! DANIEL X. HAMMER, M.S.E.,! BERNARD CHOI, M.S.E.,2
JOEL M.H. TEICHMAN, M.D., FRCSC,*> H. STAN McGUFF, D.D.S.,* HANS PRATISTO, Ph.D.,’
E. DUCO JANSEN, Ph.D.,’ and ASHLEY J. WELCH, Ph.D.!?

ABSTRACT

Purpose: To determine the threshold radiant exposures (J/cm?) needed for ablation or fragmentation as a
function of infrared wavelengths on various urinary calculi and to determine if there is a relation between
these thresholds and lithotripsy efficiencies with respect to optical absorption coefficients.

Materials and Methods: Human calculi composed of uric acid, calcium oxalate monohydrate (COM), cys-
tine, or magnesium ammonium phosphate hexahydrate (MAPH) were used. The calculi were irradiated in air
with the free electron laser (FEL) at six wavelengths: 2.12, 2.5, 2.94, 3.13, 5, and 6.45 pm.

Results: Threshold radiant exposures increased as optical absorption decreased. At the near-infrared wave-
lengths with low optical absorption, the thresholds were >1.5 J/cm?. The thresholds decreased below 0.5 J/cm?
for regions of high absorption for all the calculus types. Thresholds within the high-absorption regions were
statistically different from those in the low-absorption regions, with P values much less than 0.05.

Conclusions: Optical absorption coefficients or threshold radiant exposures can be used to predict lithotripsy
efficiencies. For low ablation thresholds, smaller radiant exposures were required to achieve breakdown tem-
peratures or to exceed the dynamic tensile strength of the material. Therefore, more energy is available for
fragmentation, resulting in higher lithotripsy efficiencies.

INTRODUCTION

ASERS HAVE BEEN USED EXTENSIVELY for frag-
menting urinary'-8 and biliary®~!! calculi. The fragmenta-
tion mechanism for the Q-switched Nd:YAG and pulsed-dye
lasers is predominantly photomechanical or photoacoustical.!?
In the former, both optical breakdown of water and bubble col-
lapse generate shockwaves on the order of 100 bar that frag-
ment the calculus.!3-15 In the latter, plasma expansion gener-
ates a smaller shockwave than is produced by the bubble
collapse, and this second shockwave produces calculus frag-
mentation.”-!415
Recently, the long pulsed Ho:YAG laser (A = 2.12 um) has
become popular for clinical lithotripsy.!®-2* The fragmentation
mechanism is predominantly photothermal, with concomitant
chemical breakdown of the irradiated calculus.'!?*27 The
Ho:YAG laser has a penetration depth of about 400 um in water
and a pulse duration of 250 usec that provides thermal confine-
ment within the irradiated water and calculus volume. As a result,
calculus fragmentation is highly localized and directional.2!-%2

This condition effectively minimizes or prevents collateral tissue
damage. In addition, the ablation process yields smaller fragments,
allowing easier passage through the urinary tract.28

The thermal fragmentation process by the Ho:YAG laser
suggests that other wavelengths in the infrared spectrum
might be more efficient for calculus fragmentation. Daidoh
and associates?® predict that the optimum wavelengths for
fragmentation may occur at the major optical absorption
peaks of uric acid and calcium oxalate monohydrate (COM)
calculi at 3 um and 6 um. Chan and coworkers3® have shown
that the fragmentation efficiencies are higher at 3.13 um and
6.1 um than at the holmium wavelength of 2.12 um for these
two types of calculi. However, the dependence of fragmen-
tation efficiency on the optical absorption coefficient has not
been confirmed.

Assuming a photothermal fragmentation mechanism similar
to that of the Ho:YAG laser with no heat conduction beyond
the irradiated calculus volume (which is a good assumption for
laser pulse durations less than a few hundred microseconds),
the relation for threshold radiant exposure for ablation?! is
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a

Hy = [J/em?] (N
where Hy, is the threshold radiant exposure (J/cm?), p is the ma-
terial density (kg/cm®), and c is the material-specific heat
(J/kg°C), AT is the difference between the breakdown temper-
ature and the ambient temperature (°C), and u, is the optical
absorption coefficient (cm~!). Equation 1 implies that the
threshold radiant exposure for ablation or fragmentation is in-
versely proportional to the optical absorption coefficient.

In this study, we measured the threshold radiant exposures of
various urinary calculi at different wavelengths selected within
the infrared spectral regions with low absorption and high ab-
sorption (Fig. 1). As shown for this example, 2.94, 3.13, 5, and
6.45 pm fall within the high-absorption regions around the ab-
sorption peaks in the 3.3-xm and 6-um ranges, whereas 2.12 and
2.5 pum fall within the near-infrared low-absorption region (A
<2.7 pm). No measurement was performed in the mid-infrared
low-absorption region (4.1 um <A < 4.8 um). According to
equation 1, one expects 2.94, 3.13, 5, and 6.45 um to exhibit low
ablation thresholds and 2.12 and 2.5 um to show high ablation
thresholds. Note that 2.12 um is equivalent to the wavelength of
the Ho:YAG laser used as a reference in our study, and 2.94 um
is equivalent to the Er:YAG laser wavelength.

MATERIALS AND METHODS

Specimens

Human calculi composed of >95% uric acid, >95% cystine,
>95% COM, and >90% magnesium ammonium phosphate
hexahydrate (MAPH) were obtained from a stone analysis lab-
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FIG. 1. Absorption spectrum of uric acid calculi (from refer-

ence 34). Arrows indicate wavelengths at which experiments
were conducted. Shaded areas are optical high-absorption re-
gions.
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oratory (Louis C. Herring Co., Orlando, FL). The calculi were
cut with a dental diamond saw to produce a flat surface for laser
irradiation.

Free electron laser

The FEL (Vanderbilt University, Nashville, TN) with tun-
able wavelengths from 2 to 10 m and a macropulse duration
from 3 to 5 usec (full-width-half-maximum) was used in the
study. The macropulse consisted of a train of picosecond mi-
cropulses. Each pair of micropulses was separated by a 350-
psec interval; a total of 17,000 micropulses formed a
macropulse. A maximum repetition rate of 30 macropulses/sec
was available. In our experiments, single macropulses were
used. Six wavelengths were involved in the study: 2.12, 2.5,
294, 3.13, 5, and 6.45 pm. The wavelengths were associated
with either the spectral regions of low or high absorption for
the various types of urinary calculi (see Figs. 4 through 7 be-
low).

Threshold radiant exposure for
ablation or fragmentation

The ablation threshold was defined as the minimum laser en-
ergy per unit area (J/cm?) required to produce visual damage
on the calculus surface. A double-blind study was performed
in which the laser energy was varied above, at, and below the
thresholds for ablation unknown to the observer. The experi-
mental set-up for irradiation of the calculi is shown in Figure
2. Initially, the energy ratio between the target and the refer-
ence was measured. During the experiment, the energy mea-
sured at the reference was used to determine the energy at the
target. The laser spot size at the calculus surface was measured
with the knife-edge technique.?? Spot diameters ranged from
185 um to 310 pm. Typically, the spot diameter increased with
wavelength. The spot area and the laser energy were used to
calculate the radiant exposure. Random levels of single-shot
laser energy were delivered to a 7 X 7 grid on the calculus sur-
face (Fig. 2). The observation of either ablation or no ablation
for a maximum of 49 single pulses was processed using probit
analysis.3* The estimated dose for a 50% probability of abla-
tion (EDsp) values of the probit curves were specified as the
threshold radiant exposures (Fig. 3).

For all compositions, the threshold results were categorized
by wavelength into three groups: within the high-absorption
spectral regions, the near-infrared low-absorption region, or the
mid-infrared low-absorption region. Student’s ¢-tests were per-
formed to test the null hypothesis that the first group is statis-
tically similar to the latter two groups. A P value <0.05 was
considered significant for rejecting the hypothesis (unequal).

RESULTS

Figures 4 to 7 show the results of the threshold radiant ex-
posure measurements using probit analysis for the uric acid,
COM, cystine, and MAPH calculi. Also shown in each figure
is the calculus absorption spectrum, described as the relative
absorbance in arbitrary units,3* not to be confused with the ab-
sorption coefficient in cm™!. Regions of low absorption are in-
dicated in white, and high absorption regions are shaded. For
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FIG.3. Example of probit curve for uric acid calculus at 3.13
pm. Fiducial limits, which express confidence interval, were
set at 95% for all calculations. Curve shows probability of ab-
lation as function of radiant exposure (J/cm?). Threshold radi-
ant exposure is defined as value at which probability of abla-
tion is 50% (estimated dose; EDsg), which in this case is Hy, =
0.19 J/cm?. Radiant exposures at ED3; and EDg; are used as
lower and upper bound, respectively, of error bars in Figures
4 through 7.

Experimental grid
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FIG. 2. Experimental set-up for
measurement of ablation threshold at
different wavelengths for various types
of calculi. BS = beamsplitter.

uric acid calculi (Fig. 4), the threshold radiant exposures were
0.18, 0.19, 0.5, and 0.28 J/cm? at 2.94, 3.13, 5, and 6.45 um,
respectively, in the high-absorption regions. The thresholds in-
creased to approximately 3.7 J/cm? and 3.8 J/cm? at 2.12 um
and 2.5 pm, respectively, in the near-infrared low-absorption
region. Similar trends were observed for all compositions,
where in general, high optical absorption resulted in low thresh-
old radiant exposures and vice versa (Table 1; Figs. 4 through
7). In COM and MAPH calculi, however, the thresholds at 5
um were not at levels comparable to those at 2.12 and 2.5 um
(Figs. S and 7). In fact, the threshold at 5 um was lower than
that at 6.45 um for the MAPH calculus. Relatively low ab-
sorption at 2.94 um by the cystine calculus also did not corre-
spond to a marked increase in ablation threshold (Fig. 6). Sta-
tistical analysis confirmed that the threshold radiant exposures
in the spectral regions of high absorption were statistically dif-
ferent from those in the near- and mid-infrared regions.

DISCUSSIONS

This study demonstrated that the ablation threshold of uri-
nary calculi is dependent on the optical absorption. The opti-
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mum wavelength (or the lowest threshold) for fragmentation
occurred primarily in the infrared regions known to have high
optical absorption by all calculi used in this study: 2.94, 3.13,
5, and 6.45 pm for the uric acid calculus; 2.94, 3.13, and 6.45
um for the COM and MAPH calculi; and 3.13, 5, and 6.45 um
for the cystine calculus.

Our results are consistent with those of Daidoh and cowork-
ers,2? who suggested that the optimum wavelengths for frag-
mentation of both uric acid and COM calculi were at 3 um and
6 pm. Dretler® has shown an increase in fragmentation thresh-
old with increased wavelength for MAPH and calcium oxalate
calculi using a tunable pulsed-dye laser (A = 445, 504, and 577
nm). However, these results have not been compared with cal-

culus absorption. Coincidentally, Long and coworkers®> have
reported a decrease in absorption coefficient with increased
wavelength for pigmented biliary calculi in the visible spectrum
between 488 nm and 630 nm. Unfortunately, the compositions
of the biliary calculi are not known. It is not clear if the rela-
tion between the ablation threshold and absorption coefficient
found in this paper extends to the visible region (assuming sim-
ilar compositions), although the studies of Dretler and Long et
al. indicate that they may.

Calculus fragmentation at infrared wavelengths is mainly
photothermal.3? Our ablation threshold measurements follow a
trend suggested by equation 1, whereby an increase in the ab-
sorption coefficient results in a decrease in the threshold. A
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FIG. 6. Threshold radiant expo-
sure results for cystine calculus. At
top are threshold values and error
bars as defined in legend to Figure
3. Absorption spectrum of calculus
is superimposed on results. Shaded
areas are regions of high optical ab-
sorption. At bottom are P values for
threshold radiant exposures in in-
frared high-absorption regions com-
pared with near-infrared low-
absorption and mid-infrared low-
absorption regions. NA = no data
available for analysis.

FIG. 7. Threshold radiant expo-
sure results for MAPH calculus. At
top are threshold values and error
bars as defined in legend to Figure
3. Absorption spectrum of calculus
is superimposed on results. Shaded
areas are regions of high optical ab-
sorption. At bottom are P values for
threshold radiant exposures in
infrared high-absorption regions
compared with near-infrared low-
absorption and mid-infrared low-ab-
sorption regions.

TABLE 1. THRESHOLD RADIANT ExPOSURES OF VARIOUS URINARY CALCULI AT SiX WAVELENGTHS

Calculus 2.12 um 2.5 pm
Uric acid 3.72 3.79
COM 7.36 7.20
Cystine 3.72 7.79
MAPH 2.33 1.80

2.94 um

3.13 um

5 um 6.45 um

Threshold values are in units of J/cm?. Shaded cells designate threshold values in high optical absorption spectral regions.
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higher absorption coefficient implies a shorter penetration depth
and higher laser fluence within the irradiated volume, assum-
ing constant radiant exposure. Thus, the threshold radiant ex-
posure required to initiate ablation decreases as the absorption
coefficient increases. At radiant exposures above threshold, the
excess laser energy produces further fragmentation, and hence
increasing lithotripsy efficiency. This has been demonstrated in
a previous study,?® in which the lithotripsy efficiencies were
markedly higher at 3.13 and 6.1 um than at 2.12 um for uric
acid and COM calculi.

However, the dependence of threshold radiant exposure on
the absorption coefficient is nonlinear. Several discrepancies in
the trend predicted by equation 1 are observed. Although we
have taken the necessary measures to ensure consistency in our
experimental procedure, errors may still occur, as the experi-
ments relied on visual determination. Furthermore, impurities
in the sample (which also hindered visual determination be-
cause of the inhomogeneous and striated appearance) may con-
tain unknown local chromophores that alter the absorption spec-
tra and thus affect our experimental results. As mentioned
earlier, the FEL macropulse consists of a picosecond micropulse
train that may affect the laser—calculus interaction. Although
the peak power of individual micropulses may not be high
enough to generate a significant photomechanical response in
the calculus, the influence of pulse structure on ablation thresh-
old cannot be excluded.

Consistently lower threshold radiant exposures at 2.94 um
for all calculus types indicate that laser lithotripsy may be ef-
ficiently performed with the Er:YAG laser. With sapphire and
other new infrared fibers being approved for endoscopic deliv-
ery of the Er:YAG beam, the use of this laser for clinical
lithotripsy is worth exploring.

CONCLUSIONS

The threshold radiant exposure for ablation or fragmentation
is dependent on the optical absorption of urinary calculi. The
threshold radiant exposures are low in the infrared spectral re-
gions where the absorption coefficients are high. Therefore, it
may be possible to predict the lithotripsy efficiency on the ba-
sis of the optical absorption coefficients of various calculus

types.
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