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INTRODUCTION 

Urethral and bladder neck strictures occur in 5-20 % of all prostate cancer surgeries, 
resulting in urinary incontinence [1,2]. Conventional treatments for stricture (including 
balloon dilation, cold knife incision, electrocautery, and Holmium laser incision) have 
widely variable success rates with sub-optimal long-term results [3-6]. The failure of 
these conventional stricture treatments is presumably due to mechanical and/or thermal 
damage to the urethral wall during the procedure. The purpose of this research project 
is to test a new laser, the Erbium:YAG laser, which is capable of precisely incising the 
urethral stricture with minimal peripheral damage to adjacent healthy tissue [7,8]. We 
hypothesize that the minimal side-effects caused during Erbium laser incision should 
translate into limited scarring and improved procedural success rates. The first year of 
this project was devoted to optimization of the laser [9] and optical fiber delivery system 
[10] for rapid and precise cutting of urethral tissue. We have successfully accomplished 
these tasks, and published our findings in the form of four manuscripts and two 
abstracts. 

BODY 

Below is a list of the tasks from the approved "Statement of Work" for Year 1. 

YEAR1 

Task #1. Modification of Erbium:YAG laser system (Months 1-6) 
a. Modify electronics in laser power supply to produce shorter laser pulses, more 

uniform temporal beam profile, and higher pulse repetition rates. 

b. Optimize laser ablation parameters (laser energy, pulse duration, repetition rate, and 
irradiation time) using in vitro tissue samples. 

Task #2. Determination of optimal optical fiber delivery system (Months 7-12) 
a. Test fiber optic damage thresholds with chemical and microscopic analysis of fiber 

tips after laser ablation with fiber in contact with tissue. 

b. Design side-firing laser fibers w/ varying delivery angles for incision of urethral wall. 

c. Build hybrid fibers combining flexible germanium oxide trunk fiber with durable 
sapphire probe tip to prevent fiber damage. 

Table 1. Status of assigned tasks in ttie "Statement of Worl<" 

Task Status Description 
1.a Completed P. 5 
1.b Competed Pp. 6-8 
2.a Completed Pp. 9-10 
2.b Not Completed - Unnecessary Pp.11 
2.C Completed Pp. 11-14 



' Task 1.a. Modification of Erbium Laser 

Problem: Our original Erbium:YAG laser system was limited by a fixed laser pulse 
length of approximately 250 [is and a low pulse repetition rate of less than 5 Hz. These 
laser parameters are sub-optimal for rapid and precise cutting of the urethra and 
bladder neck. The long laser pulse duration results in more peripheral thermal damage 
to adjacent tissue than is necessary and the low pulse repetition rate prevents rapid 
tissue removal, which is required for clinical use. 
Solution: We replaced our original high-voltage laser power supply with a variable pulse 
power supply (Model 8800V, Analog Modules, Orlando, FL). This power supply allowed 
us to operate the Erbium:YAG laser system with pulse lengths ranging from 1-500 ^is 
and with pulse repetition rates of 1-50 Hz. Figure labc shows the shorter pulse lengths 
achieved with the variable power supply, while Figure Id shows the long-pulse profile of 
our original laser system. 
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Figure 1. Temporal pulse profiles for ErYAG laser operated with pulse lengths of 1, 8, 70, and 220 fis. 



Task 1.b. Optimize Laser Ablation Parameters with In Vitro Tissue Samples 
Problem: The optimal laser parameters (laser energy, pulse length, repetition rate, and 
irradiation time) for precision cutting of urethral tissue have never been studied. 
Solution:   Studies were conducted to determine the laser parameters which provided 
the most rapid and efficient cutting of urethral tissue, while also minimizing peripheral 
thermal damage to surrounding healthy tissue. 

Tissue Studies 

Fresh prostatic urethral tissue samples were obtained from male dogs (25-30 kg) 
after sacrifice for unrelated experiments at the Johns Hopkins Medical School. The 
posterior urethra was dissected from the prostate, spatulated, sectioned into 1 x 1 cm 
samples, stored in saline, and refrigerated. For the ablation measurements, tissue 
samples were sandwiched between microscope and plexiglass slides to a fixed 
thickness (350 + 50 |am), and the optical fiber tip positioned in contact with the sample 
through 2-mm-diameter holes drilled in the front plexiglass holder. The tissue samples 
were kept hydrated with saline using a syringe during the ablation experiments. The 
samples were placed in front of a pyroelectric detector, and the number of pulses 
required to perforate each sample was measured. 

Ablation Results 

The ErYAG ablation rates are shown in Figure 2 for the ex vivo tissue experiments. 
Perforation of the tissue samples was achieved at laser fluences of 3-5 J/cm^ and pulse 
energies of 1.5 - 2.5 mJ, without advancing the fiber into the tissue. There was an 
almost two-fold increase in the ablation rate for a given fluence when reducing the laser 
pulse duration from 220 i^s to 70 [is. The 220-ns line shows an ablation rate of 4 [im 
per J/cm^, while the 70-|as line shows an ablation rate of 7 |am per J/cm^. Reducing the 
pulse length to 8 |as produced a minor increase in the ablation rate, but at the expense 
of much lower laser energy output and peripheral mechanical tissue damage. 
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Figure 2. ErYAG ablation rates using laser pulse lengths of 8, 70, 220 \is, and plotted as a function of 
laser fluence. Bars signify mean values + S.D. (n=6). Note that the perforation threshold decreases as 
the laser pulse is decreased, and ablation is also more efficient. 



Figure 2 demonstrates that we can predict exactly how much tissue is 
removed per laser pulse as a function of the laser energy and pulse length, and 
therefore we can precisely control the incision depth during Erbium laser 
treatment of strictures. Figure 2 also demonstrates that by shortening the laser 
pulse length from 220 //s to 70 jus, we can almost double the rate at which tissue 
is removed, making the Erbium laser more efficient. 

Thermal Damage Measurements 

Histological measurements of thermal damage were conducted as a function of laser 
pulse duration. The results for the ex vivo tissue studies are shown in Figure 3. When 
the ErYAG laser was operated in its normal long pulse mode (220 |as pulse length), a 
thermal damage zone of 30-60 ^m was observed. Shortening the laser pulse to 70 (is 
resulted in a reduction of the thermal damage to 15-30 |im. The shortest laser pulse, 
measuring 8 \is, further reduced the thermal damage zone to 10-20 |j,m, but also 
resulted in a rougher cut, due to mechanical tissue-tearing effects. Figure 3 shows that 
by shortening the laser pulse length from 220 jus to 70 //s, we also decrease the 
amount of undesirable peripheral thermal damage by a factor of 2. 

200 M-m 
* '=^ i*: 

^■H 

t     "- t^*" 
'., ' ;•' > ^ ; 

^'  ' 
u' p. 
1 
\ / 

(a) 220 (xs; Damage: 30-60 j^m     (b) 70 |is; Damage: 15-30 nm (c) 8 \xs; Damage: 10-20 i^m 

Figure 3. Photomicrographs showing H&E stained histologic cross-sections of ureteral tissues ablated 
with the Er:YAG laser, ex vivo. The thermal damage zone decreases as the laser pulse duration is 
decreased. Rough, jagged borders of the ablation crater produced by 8 |iS laser pulses may be due to 
mechanical tissue-tearing caused during ablation. 

An ex vivo study was also performed to determine whether the thermal damage 
zone would increase with laser operation at higher pulse repetition rates, due to residual 
heat accumulation in the tissue with deposition of successive laser pulses. The pulse 
duration, energy per pulse, and total number of pulses were all kept constant at 70 |is, 
10 mJ, and 20 pulses (total energy = 200 mJ), respectively, while the pulse repetition 
rate was varied from 10-30 Hz. The thermal damage zone increased as the laser pulse 
repetition rate increased, and a large increase in thermal damage was observed when 
the pulse repetition rate was increased from 20 to 30 Hz (Figure 4). 



:^200 urn ■■'^-. 
/:      '             ' 

• > 
%: 

s- 

r''f .'-. 
^-■v> 1   .••.;;■   . • 

'» ti "^^ :• 

20^im 

,,,,.. j f S'" :  :\* £  • •**" .""r-l 1   .*'X 

f  > 
.-•' / f ■*•; ••=     -V i            *♦ 

\.^   j 

'%- 
6'"" 

,r«p ' <»  ., 

(a) 10 Hz; Damage: 20-40 ^m (b) 20 Hz; Damage: 30-60 ^m       (c) 30 Hz; Damage: 60-120 ^m 

Figure 4. Photomicrographs showing H&E stained histologic cross-sections of urethral tissues ablated 
with the ErYAG laser, ex vivo, with varying laser pulse repetition rates of 10-30 Hz. Energy was kept 
fixed at 10 mJ per pulse with a total of 20 pulses (200 mJ) delivered to the tissue. Note that there is a 
large increase in the thermal damage zone from 20 - 30 Hz, due to residual heat accumulation in the 
tissue during ablation. The dotted lines demarcate the border of the thermal damage zone. 

Figure 4 shows that if the Erbium.YAG laser is operated at a pulse repetition rate 
higher than approximately 20 pulses per second, then the peripheral thermal 
damage to adjacent healthy tissue will increase and reach unacceptable levels, 
capable of causing increased scarring and increased probability of stricture 
recurrence. 

The Er.YAG laser, operating at a pulse duration of - 70 /js, a fluence of 4 
J/cm^, and a repetition rate of 20 Hz, is capable of rapidly incising urethral tissues 
with minimal thermal and mechanical side-effects. The Er.YAG laser is more 
efficient than the Ho.YAG laser for cutting ureteral and urethral tissues, with 
perforation thresholds measuring 2 J/cm^ versus 34 J/cm^, respectively. The 
Er.YAG laser is also more precise than the Ho:YAG laser, with peripheral thermal 
damage zones measuring 10-20 /um versus 300 ^m, respectively. 



Task 2.a. Test Damage Thresholds of Optical Fibers 

Problem: Erbium:YAG laser energy (wavelength = 2.94 iim) cannot be delivered 
through conventional silica optical fibers because glass does not transmit light at 
wavelengths beyond approximately 2.5 [ivn. Specialty mid-infrared optical fibers are 
needed to transmit the Erbium:YAG laser energy. Although there are several types of 
optical fibers and waveguides available for delivery of mid-infrared laser radiation, 
including chalcogenide, zirconium fluoride, sapphire, germanium oxide, and hollow silica 
waveguides, all of these delivery systems have major limitations [11,12]. The 
chalcogenide fibers cannot handle high power, they are toxic, and they break easily. 
The zirconium fluoride fibers are also brittle, hygroscopic, and toxic in tissue. The 
sapphire fibers suffer from mechanical stress and breakage during tight bending 
conditions. The germanium oxide fibers have a low melting temperature preventing 
their use in contact mode at high powers. The hollow silica waveguides are not 
biocompatible and have limited bending ability with high transmission losses during tight 
bending. Thus, the ideal mid-infrared optical fiber that combines high-power delivery, 
flexibility, chemical and mechanical durability, and biocompatibility, has yet to be 
developed. 

Solution: The germanium oxide optical fiber represents the most promising type of mid- 
infrared fiber for use in treating strictures because it is capable of delivering high laser 
power and it is also the most flexible of the mid-infrared fibers, making it suitable for use 
with flexible endoscopes in urology [13]. The goal of this study was to determine the 
limitations of the germanium fiber, and identify areas at which it can be improved for use 
as an optical fiber delivery system for the treatment of urethral and bladder neck 
strictures. 

Methods 

Laser ablation tests were conducted with 250-|j,m-core and 425-|j.m-core germanium 
oxide fibers in direct contact with urological soft tissue samples. A total of 500 pulses 
was delivered to the tissue. Pre- and post-ablation fiber output energies were 
measured to determine whether any damage occurred to the fiber tip. An optical 
microscope was used to analyze the output ends of the germanium fibers for evidence 
of fiber tip degradation after contact tissue ablation. 

Fiber Damage Thresholds 

The fiber damage thresholds for the soft tissue studies were 4 mJ (7 J/cm^) and 9 
mJ (6 J/cm^) for the 250 jim and 425 |am fibers, respectively (Figure 5). These values 
are above the threshold for perforating samples of ureteral tissue, 2 mJ (4.1 J/cm^) and 
5.1 mJ (3.7 J/cm^), respectively. These results demonstrate that the germanium 
oxide fiber is capable of ablating soft tissues without fiber tip damage. However, 
the fiber is limited to operation at relatively low laser energies during contact 
tissue ablation, which may not be practical for clinical applications requiring 
rapid and efficient tissue ablation. 
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Figure 5. Germanium fiber damage tiiresholds for (a) 250-|im-core fibers, and (b) 425-(xm-core fibers, 
placed in direct contact with soft tissue. A total of 500 pulses were delivered with a pulse length of 70 \xs 
and repetition rate of 10 Hz. Error bars signify a + 5% variation in pulse to pulse energy stability. 

Microscopic Analysis of Fiber Tips 

The primary mechanism of germanium fiber damage during contact tissue ablation is 
melting of the fiber tip due to the high ablative temperatures. Figure 6 shows the fiber 
tips at different stages of meltdown, beginning with a normal tip surface, then particle 
formation, cracking and charring, and finally catastrophic meltdown with crystalline 
formation. During these phases, the fiber output energy also steadily dropped. 

(a) (b) (c) (d) 

Figure 6. Mechanism of germanium oxide fiber tip damage when tested in contact with tissue, (a) normal 
fiber tip, (b) particulate formation on the fiber tip, (c) cracking and charring, and (d) crystalline 
formation. The progressive deterioration is due to melting of the fiber tip when in contact with the tissue 
during high-temperature tissue ablation. Fiber tip damage was not observed during non-contact ablation 
studies. The parameters were: 425-nm-core fiber, 10 mJ/pulse, 70-|xs-pulse duration, 10 Hz pulse 
repetition rate, and a total of 500 pulses. 
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Task 2.b. Design Side-Firing Laser Fibers for Incision of Urethra! Wall. 

We did not complete this task. After performing extensive studies characterizing the 
germanium fibers, we found that it was not necessary to design side-firing fibers to 
complete the other goals of the grant. The endoscopes and germanium fibers used in 
this research have proven to be sufficiently flexible for our application. If there becomes 
a crucial need for side-firing fibers, then we will develop them in Year 2 of the grant. 

Task 2.C. Build Hybrid Optical Fibers that are both Flexible and Robust 

Problem: Studies performed in Task 2.a. showed that the germanium fiber is limited to 
operation at very low Erbium:YAG laser energies when the fiber tip is in contact with 
tissue. This is a problem for laser treatment of strictures, which may require application 
of higher pulse energies for rapid and efficient incision of the urethra and bladder neck. 

Solution: The goal of this study is to test a hybrid optical fiber with the Erbium:YAG 
laser, which combines the high-power transmission and flexibility of the germanium 
oxide fiber with the robust and biocompatible !ow-OH silica fiber tips currently in clinical 
use with the Holmium:YAG laser. This study demonstrates that long hybrid fibers are 
capable of being assembled with a simple process that reduces many of the limitations 
associated with current mid-IR optical fibers, and that sufficient ErYAG laser energy 
can be transmitted through these fibers during insertion into a flexible endoscope for 
use in applications requiring soft tissue ablation. 

Hybrid Germanium I Silica Fiber Assembly 

The hybrid fiber consisted of a 1-cm-long, 550-|am-core, low-OH silica fiber tip 
attached to either a 350-fxm- or 425-nm germanium trunk fiber. For the initial fiber 
preparation, the germanium fiber jacket was softened using chemical treatment (1- 
methyl-2-pyrrolidinone at 150 °C for 2 min. then isopropanol for 3 min.) and then 
stripped with a razor blade. The germanium and silica fibers were polished with rough 
600-grit and then fine 5-micron sandpaper. The fibers were then aligned under a 
microscope using a laboratory-constructed mechanical setup. 

Several different methods of attachment were explored (Figure 7). First, index- 
matching UV-cured optical epoxy (Norland, New Brunswick, NJ) was applied with a 
syringe needle either around the fibers or at the fiber interface (n = 10 fibers). Second, 
30-gauge PTFE heat shrink tubing (normal ID=850 ^m, shrunk ID=375 |j,m, wall 
thickness = 150 |j,m, length = 5 mm) was shrunk around the germanium/silica fiber 
interface using a heat gun (n = 10 fibers). The PTFE tubing (Small Parts, Miami Lakes, 
FL) also served the purpose of acting as a biocompatible jacket surrounding any 
exposed germanium fiber. Third, stainless steel hypodermic tubing (Small Parts, 
ID=0.675 mm, OD=1.05 mm) was used to align the fibers (n = 5 fibers). Fourth, glass 
capillary tubing (VitroCom, Mountain Lakes, NJ, ID=0.7 mm, OD=0.87 mm) was used 
for fiber attachment. Two attachment methods were explored: the fibers in contact at 
the interface (n = 10 fibers) or with an air gap (-200 jam) at the interface (n = 10 fibers). 
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(a) 

Figure 7. (a) Experimental setup used to assemble the hybrid fibers, (b) Image of the germanium / silica 
hybrid fibers assembled using 5 different methods: (1) heat-shrink tubing, (2) glass capillary tubing, (3) 
glass tubing with an air gap at the fiber interface, (4) stainless steel hypodermic tubing, and (5) UV-cured 
optical epoxy. For all of the methods, an approximately 1 cm-long, 550-^m-core, low-OH silica tip was 
attached to a 425-|am-core germanium trunk fiber. Bail-shaped glue drops are present in Figures b-e at 
the interface between the yellow germanium jacket and the conduit material and at the interface between 
the silica tip and the conduit. The ruler lines = 1 mm. 

To overcome the limitations of the germanium fiber for contact tissue ablation, a 
hybrid fiber consisting of a short low-OH silica fiber tip was attached to the germanium 
trunk fiber using several different methods. Table 2 shows the average output energy 
transmitted through the fiber for each of these methods before a drop in output energy 
was observed due to damage at the germanium / silica interface. The damage 
threshold for the germanium fiber without silica tip during contact soft tissue ablation is 
also included for comparison. Using the heat-shrink tubing method, hybrid fiber 
output energies measured 180 + 30 mJ before fiber damage was observed (n=10), 
a 20-foid increase over the bare germanium fibers which damaged at only 9 mJ in 
contact with tissue (n=3). 

Table 2. Comparison of results for different methods used to construct germanium / silica hybrid fibers. 

Assembly Method' Maximum Pulse Energy (mJ) N 

Germanium tip only 
Silica tip attached with: 

UV-cured epoxy 
Steel hypodermic tubing 
Glass capillary tubing: 

with air gap at interface 
without air gap at interface 
Heat-shrink tubing  

9 + 1 

10 + 5 
109 + 47 

104 + 38 
139 + 49 
180 + 30 

10 
10 

10 
10 
10 

^ All fibers were constructed using a 425-|im-core germanium trunk fiber and a 1-cm-long, 550-^m-core 
silica fiber tip. The fibers were tested using an ErYAG laser with a 220 us laser pulse length at 3 Hz. 

^ Values for the germanium fibers without silica tip represent maximum pulse energies achieved during 
contact soft tissue ablation. No problems were encountered during non-contact ablation. 
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Fiber Bending Tests 

Preliminary fiber bending tests were conducted witli germanium and sapphire optical 
fibers, ranging in core diameter from 150 - 500 ^m. The fibers were inserted into a 15 
Fr flexible cysto-urethroscope with a 7 Fr working channel. Basic fiber testing was 
performed to determine whether the fiber could withstand high mechanical stress under 
tight bending conditions and whether the fiber presence hindered maximum deflection 
of the scope. Peak ErYAG energy transmission through the hybrid fibers was then 
measured for both straight and bent configurations. 

Earlier tests showed that the sapphire optical fibers were more robust than the 
germanium fibers, as evidenced by the difference in their melting temperatures (2030 
°C versus 680 °C) and the absence of fiber tip damage during contact soft tissue 
ablation. However, the sapphire fiber was not pursued further because both 250-nm- 
and 425-nm-core sapphire fibers suffered multiple fractures upon insertion into the 
flexible cysto-urethroscope under tight bending conditions (Table 3). While the 425-|am- 
core germanium fibers also fractured upon repeated bending, the 150-|am-, 250-|am-, 
and 350-|am-core germanium fibers suffered no mechanical damage under similar test 
conditions. Figure 8 shows a 350-^m-core germanium oxide fiber inserted through the 
7 Fr working channel of a 15 Fr flexible cysto-urethroscope. The scope was deflected 
at a maximum angle corresponding to a bend radius of approximately 15 mm with and 
without the fiber inserted. 

Table 3. Bending tests performed using a 15 Fr flexible cysto-urethroscope with 7 Fr working channel 
and ~ 15 mm bend radius. 

Fiber Type / IVIinimum Flexible Scope 
Core Size Bend Radius' Breaking Test 
Sapphire 

150 nm 20 mm Passed 
250 |am 30 mm Failed 
325 lam 60 mm Not tested 
425 nm 80 mm Failed 

Germanium Oxide 
150 nm 5 mm Passed 
250 nm 10 mm Passed 
350 i^m 15 mm Passed 
425 nm 25 mm Failed 
500 i^m 40 mm Failed 

^ Minimum bend radius values are taken from commercial literature (www.photran.com and 
www.infraredfibersystems.com). 
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Figure 8. Images of a 350-nm-core germanium / silica hybrid fiber inserted through a 15 Fr flexible cysto- 
urethroscope with a 7 Fr working channel, (a) The fiber is bent to a ~ 15-mm bend radius without 
breaking under maximum scope deflection, (b) Maximum deflection of the scope without fiber present 
also corresponds to a ~ 15-mm bend radius, demonstrating that the fiber does not hinder scope 
deflection, (c) The fiber is successfully inserted at a 30-degree angle into the working channel. 

Both the 350/550 and 425/550 germanium/silica hybrid fibers showed a significant 
decrease in energy output when bent to just above their minimum bending radius, 15 
mm for the 350 |am trunk fiber and 25 mm for the 425 ^im trunk fiber (Table 4). The 
damage mechanism was usually observed as sparking at the germanium/silica fiber 
interface, resulting in a melting of the germanium surface at the fiber interface, and 
noted as an immediate loss in energy greater than 5%. The difference in results 
between the 250-, 350- and 425-(im trunk fibers can be explained in part by the 
difference in the cross-sectional area at the germanium fiber tip. Assuming the melting 
temperature of the germanium fiber tip at the interface is the limiting factor, the 
maximum fluence that the interface can handle before melting is a function of both 
energy and fiber diameter. Thus, a larger trunk fiber diameter transmits greater energy, 
as observed in Table 3. 

Table 4. Damage thresholds during germanium / silica fiber bending tests. 

Fiber Core (jam) 
(Trunk / Tip) 

IVIaximum Energy (mJ) 
Straight Bent 

Bend Radius (mm) N 

425 / 550 
350 / 550 
250 / 365 

180 + 30 
93 + 13 
27 + 8 

82 + 20 
65 + 20 
28 + 9 

30 
20 
20 

10 
10 
8 

Overall, our results show that by adding a robust silica fiber tip to the 
germanium fiber, fiber output energies may be increased to 180 + 30 mJ (76 + 13 
J/cm^) and 82 + 20 mJ (35 + 9 J/cnr), in straight and tight bending configurations, 
respectively, without fiber damage. This represents a 20'fold increase over the 
9 mJ (6 J/cm^) peak energy achieved during testing of the bare germanium fiber in 
contact with soft tissue during Task 2.a (Figure 5b). These results demonstrate 
that the hybrid germanium / silica fiber transmits sufficient energy for contact 
soft tissue ablation through a flexible endoscope. 
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KEY RESEARCH ACCOMPLISHMENTS 

- Determined the energy threshold for Erbium:YAG laser ablation of urethral tissues. 

- Constructed a chart measuring tissue removed per a laser pulse as a function of laser 
energy and pulse duration. This chart is important because during clinical studies it 
will provide the urologist with a method for choosing and predicting how deep to make 
the laser incision, based on the laser energy level and number of laser pulses 
delivered to the tissue. Thus, a laser incision in the scar tissue can be made without 
cutting too deep into healthy tissue. 

- Decreased the peripheral thermal damage zone in urethral tissue caused by the 
Erbium laser by a factor of 2, from 30-60 ^m to 15-30 |am. For comparison, the 
Holmium laser currently used in urology for incision of urethral and bladder neck 
strictures causes a minimum of 300-400 |am of thermal damage. Thus, our Erbium 
laser is 10-20 times more precise than the Holmium laser. 

- Increased the rate of Erbium laser tissue cutting rate by a factor of 2, by reducing the 
laser pulse length from 220 to 70 ^is. This will result in more rapid and efficient tissue 
cutting for clinical use. 

- Determined the damage threshold and damage mechanism for the germanium optical 
fibers when used in contact mode for tissue ablation. This will allow the urologist to 
operate the laser at laser parameters that provide rapid and precise incision of tissue, 
without concern about permanently damaging the optical fiber delivery system. 

- Constructed hybrid germanium / silica optical fiber delivery system capable of being 
used with flexible endoscopes for laser incision of strictures. Damage threshold of the 
hybrid fibers was measured to be 20 times greater than that of conventional 
germanium oxide fibers alone, making contact fiber optic tissue cutting feasible. 

- Determined the transmission losses of the hybrid germanium / silica fibers when used 
in a bent configuration. These studies define the limits of the fiber when used in 
extreme bending configurations in flexible scopes, thus avoiding fibers from beraking 
and permanently damaging the endoscope. 
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REPORTABLE OUTCOMES 

Manuscripts 

1. Fried NM, Tesfaye Z, Ong AM, Rha KH, Hejazi P. Optimization of the 
erbium:YAG laser for precise incision of ureteral and urethral tissues: 
in vitro and in vivo results. Lasers in Surgery and Medicine 33:108-114, 2003. 

2. Chaney CA, Yang Y, Fried NM. Hybrid germanium / silica optical fibers for 
endoscopic delivery of Erbium:YAG laser radiation. Lasers in Surgery and Medicine 
34(1 ):5-11,2004. 

3. Fried NM, Tesfaye Z, Ong AM, Rha KH, Hejazi P. Variable pulsewidth Erbium:YAG 
laser ablation of the ureter and urethra in vitro and in vivo: optimization of the laser 
fluence, pulse duration, and pulse repetition rate. Proc. SPIE: Lasers in Urology. In 
Press. 

4. Chaney CA, Yang Y, Fried NM. Assembly and testing of germanium / silica optical 
fibers for flexible endoscopic delivery of Erbium:YAG laser radiation. Proc. SPIE: 
Lasers in Urology, in Press. 

Abstracts 

1. Fried NM, Ong AM, Rha KH, Tesfaye Z, Hejazi P. Erbium:YAG laser 
incision of the ureter and urethra: optimization of the laser parameters. Journal of 
Endourology17(9):832, 2003. 

2. Fried NM, Chaney CA. Hybrid germanium / silica optical fibers for flexible 
endoscopic delivery of high-power Erbium:YAG laser radiation. Journal of 
Endourology17 (Suppl. 1):A40, 2003. 
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CONCLUSIONS 

In the first year of this research project, we have accomplished several 
objectives. First, we demonstrated that the Erbium:YAG laser is more precise 
than the Holmium:YAG laser (currently the laser of choice in urology) for incision 
of urethral tissue. The Erbium laser produces a factor of 10-20 times less 
peripheral thermal damage to adjacent healthy tissue than does the Holmium 
laser (15-30 |am for the Erbium versus 300-400 |am for the Holmium laser). This 
result is important because the amount of thermal damage is believed to be a 
major factor in causing tissue scarring during wound healing and stricture 
recurrence. 

Second, we constructed a novel optical fiber delivery system for delivering the 
Erbium laser radiation through either a rigid or flexible endoscope for use in 
minimally invasive laser treatment of strictures. This hybrid optical fiber 
combines the high laser power transmission of the germanium oxide fiber optic 
material used as a "trunk" fiber with a robust fiber tip made of silica, and able to 
withstand high laser powers without damaging. 

In the second year of this research grant, we will continue to improve our fiber 
optic delivery system. Then we plan to conduct in vivo animal studies in a pig 
model to quantify the wound healing process after Erbium laser incision. Acute 
studies will be conducted to verify that our in vivo results are comparable to the 
results of the ex vivo tissue studies described here. Then, chronic wound healing 
studies will be conducted to determine whether the minimal peripheral thermal 
damage caused by the Erbium laser will translate into significant scarring. Acute 
and chronic studies will also be conducted with the Holmium laser as a control 
arm for comparison with the Erbium laser. 
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Lasers in Surgery and Medicine 33:108-114 (2003) 

Optimization of the Erbium:YAG Laser for Precise 
Incision of Ureteral and Urethral Tissues: 
In Vitro and In Vivo Results 
Nathaniel M. Fried, PhD,^* Zelalem Tesfaye, MS,^ Albert M. Ong, MD,^ Koon H. Rha, MD, PhD,^ 
and Pooya Hejazi, MS" 
^Department of Urology, Johns Hopkins Medical Institutions, Baltimore, Maryland 21224 
^Department of Electrical Engineering and Computer Science, Johns Hopkins University, Baltimore, Maryland 21218 

Background and Objectives: Tissue damage during 
endoscopic treatment of urethral and ureteral strictures 
may result in stricture recurrence. The Erbium:YAG 
laser ablates soft tissues with minimal peripheral damage 
and may be a promising alternative to cold knife and 
Holmium:YAG laser for precise incision of urological 
strictures. 
Study Design/Materials and Methods: Optimization of 
the Er:YAG laser was conducted using ex vivo porcine 
ureteral and canine urethral tissues. Preliminary in vivo 
studies were also performed in a laparoscopic porcine 
ureteral model with exposed ureter. Laser radiation with a 
wavelength of 2.94 \im, pulse lengths of 8,70, and 220 micro- 
seconds, output energies of 2-35 mJ, fluences of 1-25 J/cm^, 
and pulse repetition rates of 5-30 Hz, was delivered 
through 250-nm and 425-nm core germanium oxide optical 
fibers in direct contact with tissue. 
Results: Ex vivo perforation thresholds measured 
2-4 J/cm^, with ablation rates of 50 [im/pulse at fluences 
of 6-llJ/cm^. In vivo perforation thresholds were approxi- 
mately 1.8 J/cm^, with the ureter perforated in less than 
20 pulses at fluences greater than 3.6 J/cm^. Peripheral 
thermal damage in tissue decreased from 30 to 60 \im to 
10-20 nm as the laser pulse length decreased from 220 to 
8 microseconds. Mechanical tissue damage was observed at 
the 8 microseconds pulse duration. 
Conclusions: The Er:YAG laser, operating at a pulse 
duration of ~70 microseconds, a fluence greater than 
~4 J/cm^, and a repetition rate less than 20 Hz, is capable 
of rapidly incising urethral and ureteral tissues with 
minimal thermal and mechanical side-effects. Lasers Surg. 
Med. 33:108-114, 2003.   © 2003 Wiley-Liss, Inc. 

Key words: stricture; urethra; ureter; Erbium; Holmium; 
laser; ablation; incision 

INTRODUCTION 

Urethral and ureteral strictures occur as a result of 
trauma to the tissues caused during surgery, for example, 
transurethral resection of the prostate, radical retropubic 
prostatectomy, minimally invasive thermal therapies of 
the prostate, and endosurgery of the upper urinary tract 

[1,2]. Scarring and narrowing of the lumen may then lead to 
incontinence and/or urinary tract infection. 

Several techniques are currently available for mini- 
mally invasive treatment of urological strictures, includ- 
ing balloon dilation, cold knife incision, electrocautery, 
and Holmium:YAG laser incision [1,2]. Balloon dilation 
and cold knife incision are the preferred endourologic 
methods of treatment for strictures, but they have widely 
variable success rates ranging from 20 to 80% [3-6]. 
Balloon dilation is ineffective in strictures where there is 
scar tissue present, and balloon expansion may cause 
further stress-induced damage to the urethral or ureteral 
wall. Cold knife incision may cause mechanical damage to 
the wall during cutting, resulting in stricture recurrence. 
Electrocautery and Ho;YAG laser produce significant 
thermal damage in adjacent healthy tissue, which may 
induce further scar formation and re-stricture. None of 
these methods are ideal for treating strictures and it is 
often necessary to repeatedly dilate or incise the stricture. 
Studies have shown, however, that multiple dilations or 
incisions in patients with complicated strictures do not 
provide increased benefit, leaving these patients without 
an effective method for treating recalcitrant scarring 
and secondary complications of voiding dysfunction and 
urinary incontinence [2]. 

A variety of lasers have been used for treating strictures 
over the past 20 years [7], including CO2 [8], argon [9,10], 
KTP [11,12], Nd:YAG [13-16], Ho:YAG [17-24], and ex- 
cimer [25] lasers. Outcomes of laser therapy have been 
sub-optimal due to stricture recurrence, presumably 
caused by excessive thermal damage to adjacent tissue 
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and subsequent scar formation. Recently, the Ho:YAGlaser 
has become the laser of choice in urology, because of its 
multiple uses, including treatment of urinary tract stones, 
strictures, and superficial bladder tumors. The HoiYAG 
laser, however, produces an average of 300 nm of residual 
peripheral thermal damage during soft tissue ablation, and 
therefore, may not be optimal for precise incision of 
strictures. Excessive thermal damage during stricture 
treatment may increase the probability of stricture recur- 
rence, as evidenced by the existence of animal models for 
thermal induction of strictures [26,27]. 

Previous studies have shown that the Er:YAG laser 
efficiently ablates soft tissues with minimal peripheral 
thermal damage. The Er:YAG laser is currently being used 
in several medical fields, including dermatology, dentistry, 
and ophthalmology which require precise ablation of de- 
licate tissues. Recent experimental studies have also ex- 
plored the use of the Er:YAG laser in urology for lithotripsy 
[28,29], and initial results in our laboratory have shown 
that the Er:YAG laser may also be promising for treatment 
of strictures [30,31]. The goal of this study is to optimize the 
Er:YAG laser parameters for rapid and precise incision of 
urethral and ureteral tissues. 

MATERIALS AND METHODS 

Laser Parameters 

An ErbiumrYAG laser (SEO 1-2-3, Schwartz Electro- 
optics, Orlando, FL) operating at a wavelength of 2.94 |im 
was connected to a variable pulsewidth laser power supply 
(Model 8800V, Analog Modules, Longwood, FL), produc- 
ing laser pulse lengths from 1 to 220 microseconds. The 
laser radiation was externally focused with a 50-mm-focal- 
length calcium fluoride lens into either 250 or 425-nm-core 
germanium oxide optical fibers (Infrared Fiber Systems, 
Silver Spring, MD). A green aiming beam (5 mW, 
X = 532 nm, Intelite, Minden, NV) was coupled into the 
fiber for alignment purposes. 

The laser was operated at pulse repetition rates of 
5-30 Hz, pulse energies of 2-35 mJ, and fluences of 
1-25 J/cm^. The laser energy was measured using a 
pyroelectric detector (Gentec ED-200, Ste.-Foy, Que.), and 
the pulse duration was measured using a photovoltaic 
infrared detector (PD-10.6, Boston Electronics, Brookline, 
MA). Figure 1 shows the temporal beam profiles from 1 to 
220 microseconds. Ablation rate studies were performed at 
only the 8, 70, and 220 microsecond pulse lengths, because 
there was insufficient output energy for tissue ablation 
at the 1 microsecond pulse duration (<0.2 mJ/pulse). The 
8 microseconds pulse consisted of a packet of two micro- 
pulses, and an output energy of up to 10 mJ, sufficient for 
tissue ablation at low pulse repetition rates of less than 
10 Hz. The 70 microseconds pulse duration produced 
enough output energy for laser ablation studies at pulse 
repetition rates of less than or equal to 30 Hz. Thermal 
lensing effects in the laser rod prevented operation of 
the laser at higher pulse repetition rates without a signi- 
ficant reduction of energy output to below tissue ablation 
thresholds. 

In Vitro Tissue Preparation 

Fresh ureteral tissue samples were removed from adult 
female pigs (100 kg) directly after sacrifice at the local 
slaughterhouse (Mt. Airy Locker Company, Mt. Airy, MD). 
Fatty tissue was shaved from the ureter with a #10 scalpel 
blade, the tissue was spatulated, cut into 1 x 1 cm samples, 
stored in normal saline, and refrigerated for use within 
24 hours. Fresh prostatic urethral tissue samples were 
obtained from male dogs (25-30 kg) after sacrifice for 
unrelated experiments at the Johns Hopkins Medical 
School. The posterior urethra was dissected from the pros- 
tate, spatulated, sectioned into 1 x 1 cm samples, stored in 
saline, and refrigerated. 

For the ablation measurements, tissue samples were 
sandwiched between microscope and plexiglass slides to a 
fixed thickness (350 ±50 ^m), and the optical fiber tip 
positioned in contact with the sample through 2-mm- 
diameter holes drilled in the front plexiglass holder. The 
tissue samples were kept hydrated with saline using a 
syringe during the ablation experiments. The samples were 
placed in front of a pyroelectric detector, and the number of 
pulses required to perforate each sample was measured. 
The pyroelectric detector was connected to an oscilloscope 
(Model TDS210, Tektronix, Beaverton, OR) and signals as 
small as 0.1 J/cm^ could be detected indicating perforation 
of the tissue. 

In Vivo Animal Experiments 

All animal protocols were reviewed and approved by the 
Animal Care and Use Committee at the Johns Hopkins 
University School of Medicine. A total of four female pigs 
(30-45 kg. Archer Farms, Belcamp, MD) were pretreated 
with acepromazine 0.39 mg/kg IM and ketamine 2 mg/kg 
IM. After the animals were sedated, intravenous access 
was obtained and normal saline administered as a 5 ml/cc 
bolus followed by a maintenance rate of 1.5 ml/kg/hour. 
Intravenous propofol was administered for anesthesia. 
After adequate depth of anesthesia, the animal was posi- 
tioned and laparoscopic ports were placed in the standard 
3-port configuration, using a Visiport (US Surgical Corp., 
Norwalk, CT) for initial access. Using laparoscopic in- 
strumentation, the ipsilateral ureter was identified and 
isolated, taking care to avoid excessive dissection and 
skeletonization. The distal ureter was ligated and trans- 
ected close to the bladder. A small incision was made in 
the body wall and the ureter brought external to the body. 
The ureter was then spatulated and marked with 6-0 
prolene sutures. The laser fiber was placed on the ureteral 
lumen, and the number of laser pulses required to perforate 
the ureter was recorded. An average of 12 perforations were 
made in each ureter, spaced approximately 5 mm apart, 
and marked by sutures on each side. Perforation was con- 
firmed by several indicators, including penetration of the 
green aiming beam, an audible change in the acoustic abla- 
tion signal during ablation, and later by histologic analysis. 

Data Analysis 

A minimum of six perforations were made for each set 
of laser parameters. Only three measurements were made 
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Fig. 1. Temporal pulse profiles for the Er:YAG laser operated with pulse lengths from 1 to 
220 microseconds. 

for energies below the perforation threshold. For the 
ex vivo tissue studies, ablation rates (nm/pulse) were de- 
fined as the sample thickness divided by the average 
number of pulses required to perforate the sample and 
recorded as the mean ± standard deviation (SD). Irradia- 
tion was stopped if perforation was not achieved after 
100 laser pulses. The optical fiber tip was kept fixed in 
contact with the tissue during the ex vivo tissue experi- 
ments. For the in vivo studies, the optical fiber was ad- 
vanced during ablation. The in vivo ablation results were 
recorded in terms of the number of pulses required to 
perforate the ureteral wall because it was not possible to 

control for the tissue wall thickness across different ureters 
and animals. 

RESULTS 

Ablation Rates 

The Er:YAG ablation rates are shown in Figure 2 for the 
ex vivo tissue experiments. Perforation of the 350-|.im-thick 
ureteral tissue samples was achieved at fluences of ap- 
proximately 3-5 J/cm^ and pulse energies of 1.5-2.5 mJ, 
without advancing the fiber into the tissue during ablation. 
There was an almost twofold increase in the ablation rate 
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Fig. 2. Er:YAG ablation rates for ex vivo ureter tissue using 
laser pulse lengths of 8, 70, and 220 microseconds, and plotted 
as a function of laser fluence. Bars signify mean values ± SD 
(n = 6). Note that the perforation threshold decreases as the 
laser pulse is decreased, and ablation is also more efficient. 
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Fig. 4. Perforation threshold for Er:YAG ablation of ureteral 
tissue measured using 1-mm-thick and 350-nm-thick tissue 
samples and a fixed fiber tip, compared with advancement of 
the fiber tip during in vivo ablation studies. All values corres- 
pond to a laser pulse duration of ~220 microseconds, for 
comparison. 

for a given fluence when reducing the laser pulse duration 
from 220 to 70 microseconds. Tissue removal rates 
increased from 4 microns per a J/cm^ to 7 microns per a 
J/cm^. Reducing the pulse duration further to 8 micro- 
seconds, however, produced only a minor improvement in 
the ablation rate, at the expense of much lower laser energy 
output and peripheral mechanical tissue damage, as 
described below. 

The in vivo ablation results are shown in Figure 3, plotted 
as the number of laser pulses to perforate the ureter, with 
the fiber advanced into the tissue during ablation. The 
ureteral wall was perforated with less than 20 pulses at a 
fluence of 3.6 J/cm^ for all of the laser pulse lengths tested. 
At the lowest fluence of 1.8 J/cm^, near the perforation 
threshold, the shorter laser pulse lengths were observed to 
be more efficient. This perforation threshold was lower 
than that observed for the ex vivo tissue experiments using 
thick or thin tissue samples, as shown in Figure 4. 
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Fig. 3. Er:YAG results for in vivo ureter ablation as a function 
of laser pulse length and fluence. The perforation threshold is 
approximately 1.8 J/cm^, based on the increase in the number 
of pulses for perforation, and the large spread in the data 
points. 

Thermal Damage Measurements 

Histological measurements of thermal damage were 
conducted as a function of laser pulse duration. The results 
for the ex vivo tissue studies are shown in Figure 5. When 
the Er:YAG laser was operated in its normal long pulse 
mode (220 microseconds pulse length), a thermal damage 
zone of 30-60 [im was observed. Shortening the laser 
pulse to 70 microseconds resulted in a reduction of the 
thermal damage to 15-30 nm. The shortest laser pulse, 
measuring 8 microseconds, further reduced the thermal 
damage zone to 10-20 |im, but also resulted in a rougher, 
jagged cut, due to mechanical tissue-tearing effects caused 
by the laser pulses. 

An ex vivo study was also performed to determine 
whether the thermal damage zone would increase with 
laser operation at higher pulse repetition rates, due to 
residual heat accumulation in the tissue with deposition of 
successive laser pulses. The pulse duration, energy per 
pulse, and total number of pulses delivered to the tissue 
were all kept constant at 70 microseconds, 10 mJ, and 
20 pulses (total energy = 200 mJ), respectively, while the 
pulse repetition rate was varied from 10 to 30 Hz. The 
thermal damage zone increased as the laser pulse repeti- 
tion rate increased, and a large increase in thermal damage 
was observed when the pulse repetition rate was increased 
from 20 to 30 Hz (Fig. 6). 

The in vivo histological results are shown in Figure 7, 
for the intermediate, 70 microseconds pulse duration. The 
thermal damage zone of 10-20 \im is slightly less than 
the 15-30 (xm of thermal damage observed in the ex vivo 
tissue studies for 70 microseconds pulse lengths and con- 
siderably less than the 30-60 nm of thermal damage 
observed for the long pulse mode of 220 microseconds. 

DISCUSSION 

Success rates in treating strictures vary widely from 20 to 
80%, dependent on a variety of factors, including surgical 
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Fig. 5. Photomicrographs showing H&E stained histologic 
cross-sections of ureteral tissues ablated with the EriYAG 
laser, ex vivo. Note that the thermal damage zone decreases as 
the laser pulse duration is decreased. Rough, jagged borders of 

the ablation crater produced by 8 microseconds laser pulses 
may be due to mechanical tissue-tearing caused during abla- 
tion. The dotted lines demarcate the border of the thermal 
damage zone. 

technique and skill, type of stricture, scar tissue caused 
by previous treatment failures, patient follow-up and 
evaluation, and definition of stricture. While the use of 
the Ho:YAG laser has resulted in improved treatment 
of strictures, we hjrpothesize that the further reduction 
of peripheral thermal damage to the urethral or ureteral 
wall with Er:YAG laser incision may further improve these 
success rates. By operating at the 2.94 |im wavelength of 
the Er:YAG laser, and shortening the laser pulse length to 
approximately 70 microseconds, the thermal damage zone 

has been reduced to 10-20 |im, in vivo. This represents a 
15-30-fold decrease in damage in comparison to the 300 nm 
of damage typically produced by the Ho:YAG laser, which is 
currently the laser of choice in urology. 

Our results are similar to those of previous studies using 
the Er:YAG laser for ablation of other soft tissues. For 
example, reported threshold fluences of ablation for the 
long-pulse Er:YAG laser are 0.6-1.5 J/cm^ for skin [32], 
~2 J/cm^ for aorta [33], ~1 J/cm^ for retina [34], and 
~1.8 J/cm^ for the ureter reported here. Note that these low 
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Fig. 6. Photomicrographs shovwng H&E stained histologic 
cross-sections of urethral tissues ablated with the EriYAG 
laser, ex vivo, with varying laser pulse repetition rates of 
10-30 Hz. Energy was kept fixed at 10 m J/pulse with a total of 
20 pulses (200 mJ) delivered to the tissue. Note that there is a 

large increase in the thermal damage zone from 20 to 30 Hz, 
due to residual heat accumulation in the tissue during abla- 
tion. The dotted lines demarcate the border of the thermal 
damage zone. 
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Fig. 7. Photomicrograph showing H&E stained histologic 
cross-section of ureteral tissue ablated with the EriYAG laser, 
in vivo. The thermal damage zone measures 10-20 |am. The 
dotted lines demarcate the border of the thermal damage zone. 

ablation thresholds also demonstrate that the Er:YAG 
laser is more efficient than the Ho:YAG laser, which has an 
ablation threshold of ~34 J/cm^. 

Thermal damage zones in other soft tissues for the long- 
pulse Er:YAG laser operated at low fluences (<25 J/cm^) 
have been reported to be 10-40 nm for skin [35], 10-20 nm 
for aorta [35], 20-40 ^m for cornea [35], <50 nm for trabec- 
ular tissue [36], 20-30 nm for retina [34], and 30-60 urn for 
ureter reported here. Mechanical tissue-tearing effects 
have also been observed in other tissues, for example, aorta 
and cornea [35], and at pulse lengths of 50 microseconds 
and shorter [36]. Although we did not observe any mech- 
anical tissue damage at the 70 microseconds pulse length, 
the 8-microseconds-pulse-length showed evidence of tissue 
shredding consistent with that observed in these previous 
studies. 

Problems with the fiber tip "sticking" to the tissue during 
contact tissue ablation with the Er:YAG laser have also 
been previously reported [37,38]. This phenomenon was 
explained by the presence of overheated tissue debris at 
the fiber tip. During our preliminary in vivo experiments, 
however, we did not observe any "sticking" effects during 
advancement of the fiber into the ureter. This may be due to 
the use of different laser parameters, optical fibers, and/or 
tissues, and needs to be further studied. 

In general, lower perforation thresholds, higher ablation 
rates, and less thermal damage were observed when pro- 
gressing from ex vivo to in vivo experiments. Several factors 
may have contributed to these differences. First, the ability 
to advance the optical fiber into the tissue during in vivo 
ablation studies resulted in lower perforation thresholds 

and higher ablation rates for a given fluence. This occurred 
because the fluence at the tissue surface was not dimin- 
ished due to divergence of the laser radiation at the output 
end of the fiber tip. Second, the decreased thermal damage 
seen in vivo may also be due to the level of hydration 
maintained in the tissue and absence of tissue desication 
which can occur during ex vivo tissue experiments. 

CONCLUSIONS 

The Er:YAG laser, operating at a pulse duration of 
~70 microseconds, a fluence greater than ~4 J/cm^, and a 
repetition rate less than 20 Hz, is capable of rapidly incis- 
ing urethral and ureteral tissues, in vivo, with minimal 
thermal and mechanical side-effects. The Er;YAG laser is 
more efficient than the Ho:YAG laser for cutting ureteral 
and urethral tissues, with perforation thresholds measur- 
ing 2 J/cm^ versus 34 J/cm^, respectively. The Er :YAG laser 
is also more precise than the Ho:YAG laser, with peripheral 
thermal damage zones measuring 10-20 |.im versus 
300 nm, respectively. Chronic animal wound healing 
studies are planned to quantify scarring induced during 
Er:YAG laser incision, and optimization of mid-infrared 
fiber optic delivery systems for endoscopic laser delivery 
has begun. 
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Hybrid Germanium/Silica Optical Fibers for Endoscopic 
Delivery of ErbiumiYAG Laser Radiation 
Charles A. Chaney, MS, Yubing Yang, PhD, and Nathaniel M. Fried, PhD* 
Biophotonics Laboratory, Department of Urology, Johns Hopkins Medical School, Baltimore, Maryland 21224 

Background and Objectives: Endoscopic applications 
of the erbium (Er):YAG laser have been limited due to the 
lack of an optical fiber delivery system that is robust, 
flexible, and biocompatible. This study reports the testing 
of a hybrid germanium/silica fiber capable of delivering 
Er:YAG laser radiation through a flexible endoscope. 
Study Design/Materials and Methods: Hybrid optical 
fibers were assembled from 1-cm length, 550-nm core, silica 
fiber tips attached to either 350- or 425-|.im germanium 
oxide "trunk" fibers. Er:YAG laser radiation (>. = 2.94 |im) 
with laser pulse lengths of 70 and 220 microseconds, pulse 
repetition rates of 3-10 Hz, and laser output energies of up 
to 300 mJ was delivered through the fibers for testing. 
Results: Maximum fiber output energies measured 
180 ± 30 and 82 ± 20 mJ (n = 10) under straight and tight 
bending configurations, respectively, before fiber interface 
damage occftirred. By comparison, the damage threshold for 
the germanium fibers without silica tips during contact soft 
tissue ablation was only 9 mJ (n = 3). Studies using the 
hybrid fibers for lithotripsy also resulted in fiber damage 
thresholds (55-114 mJ) above the stone ablation threshold 
(15-23 mJ). 
Conclusions: Hybrid germanium/silica fibers represent a 
robust, flexible, and biocompatible method of delivering 
Er:YAG laser radiation during contact soft tissue ablation. 
However, significant improvement in the hybrid fibers will 
be necessary before they can be used for efficient Er:YAG 
laser lithotripsy. Lasers Surg. Med. 34:5-11, 2004. 
© 2004 Wiley-Liss, Inc. 

Key words: erbium; laser; lithotripsy; stricture; ureter; 
urethra; germanium; sapphire; fiber 

INTRODUCTION 

The erbium (Er):YAG laser has been used extensively for 
precision ablation of tissue in medical fields which do not 
require a flexible optical fiber delivery system, such as der- 
matology [1,2], dentistry [3,4], and ophthalmology [5-11]. 
In these fields, the use of an articulated arm delivery 
system or semi-rigid optical fibers, although not ideal, are 
adequate for performing surgery. However, for medical 
applications requiring delivery of laser radiation through 
a flexible endoscope (e.g., the upper urinary tract), current 
laser delivery systems for the Er:YAG laser remain 
inadequate. 

Although there are several types of optical fibers and 
waveguides available for delivery of mid-infrared laser 

radiation, including chalcogenide, zirconium fluoride, sap- 
phire, germanium oxide, and hollow silica waveguides, all 
of these delivery systems have major limitations [12-14]. 
The chalcogenide fibers cannot handle high power, they are 
toxic, and they break easily. The zirconium fluoride fibers 
are also brittle, hygroscopic, and toxic in tissue. The 
sapphire fibers must be polished as well as cleaved, and 
suffer from mechanical stress and breakage during tight 
bending conditions. The germanium oxide fiber tips 
damage at low output energies during contact tissue 
ablation due to their low melting temperature. The hollow 
silica waveguides are not biocompatible and are limited in 
their bending ability with high transmission losses during 
tight bending. Thus, the ideal mid-infrared optical fiber 
that combines high-power delivery, flexibility, chemical 
and mechanical durability, and biocompatibility, has yet to 
be successfully tested. 

The goal of this study is to test a hybrid optical fiber with 
the Er:YAG laser, which combines the high-power trans- 
mission and flexibility of the germanium oxide fiber with 
the robust and biocompatible low-OH silica fiber tips 
currently in clinical use with the holmium (Ho):YAG laser. 
Although increased absorption limits the use of long low- 
OH silica fibers beyond wavelengths of approximately 
2.5 nm, previous studies have demonstrated that short 
low-OH silica fiber lengths, on the order of a few 
centimeters, are capable of transmitting sufficient Er:YAG 
laser energy for soft tissue ablation [5,6,8,15]. We demon- 
strate in this study that long hybrid fibers are capable of 
being assembled with a simple process that reduces many of 
the limitations associated with current mid-IR optical 
fibers, and that sufficient Er:YAG laser energy can be 
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transmitted through these fibers during insertion into a 
flexible endoscope for potential use in multiple soft and 
hard tissue laser ablation applications. 

MATERIALS AND METHODS 

Laser Parameters 

An Er:YAG laser (SEO 1-2-3, Schwartz Electro-Optics, 
Orlando, FL) operating at a wavelength of 2.94 \im was 
connected to either a fixed long-pulse laser power supply 
(220-microseconds pulse length, 400 mJ/pulse) or a variable 
pulse width laser power supply (Model 8800V, Analog 
Modules, Longwood, FL), producing up to 30 mJ per pulse 
at 70-microseconds pulse-lengths. The laser radiation was 
externally focused with a 50-mm focal-length calcium 
fluoride lens into either 250, 350, or 425-|im core germa- 
nium oxide optical fibers (Infrared Fiber Systems, Silver 
Spring, MD), with and without silica fiber tips attached to 
the output end of the germanium "trunk" fiber. Fiber 
output energy was measured using a pyroelectric detector 
(Gentec ED-200, Ste.-Foy, Que.), and the laser pulse dura- 
tion was measured using a photovoltaic infrared detector 
(PD-10.6, Boston Electronics, Brookline, MA). 

Germanium "Trunk" Fibers 

Preliminary laser ablation tests were conducted with 
250-|.im core and 425-nm core germanium oxide fibers in 
direct contact with ex vivo samples of soft urological tissues, 
including canine prostatic urethral tissue and porcine 
ureteral tissue. A total of 500 pulses were delivered with a 
pulse length of 70 microseconds and a pulse repetition rate 
of 10 Hz. Pre- and post-ablation fiber output energies were 
measured to determine whether any damage occurred to 
the fiber tip. A decay in fiber output greater than 5% of the 
initial energy was considered significant. An optical 
microscope was also used to analyze the output ends of 
the germanium fibers for evidence of fiber tip degradation 
after contact tissue ablation in an effort to gain insight into 
the mechanism of fiber damage. 

Hybrid Fiber Assembly 

The hybrid fiber consisted of a 1-cm long, 550-nm core, 
low-OH silica fiber tip attached to either a 350-nm core or 
425-nm core germanium oxide trunk fiber using several 
different methods. For all of these methods, the initial fiber 
preparation was similar. The germanium fiber jacket was 
softened using chemical treatment (l-methyl-2-pyrrolidi- 
none at 150''C for 2 minutes then isopropanol for 3 minutes) 
and then stripped with a razor blade. Both the germanium 
and silica fiber tips were polished with rough 600-grit and 
then fine 5-micron sandpaper. The fibers were then aligned 
under a stereoscopic microscope for attachment using a 
laboratory-constructed mechanical setup consisting of 
optical fiber chucks, positioners, and linear and rotational 
stages. 

Several different methods of attachment were explored 
(Fig. 1). First, index-matching UV-cured optical epoxy 
(Norland, New Brunswick, NJ) was applied with a syringe 
needle either around the fibers or at the fiber interface 
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Fig. 1. Image ofthe germanium/silica hybrid fibers assembled 
using five different methods: (a) heat-shrink tubing, (b) glass 
capillary tubing, (c) glass tubing with an air gap at the 
fiber interface, (d) stainless steel hypodermic tubing, and (e) 
UV-cured optical epoxy. For all of the methods, an approxi- 
mately 1-cm long, 550-nm core, low-OH siUca tip was attached 
to a 425-nm core germanium trunk fiber. Ball-shaped glue 
drops are present in (b-e) at the interface between the yellow 
germanium jacket and the conduit material and at the 
interface between the silica tip and the conduit. The ruler 
lines = 1 mm. 

(n = 10 fibers). Second, 30-G PTFE heat shrink tubing 
(normal ID = 850 nm, shrunk ID = 375 \xm, wall 
thickness = 150 |jm, length = 5 mm) was shrunk around 
the germanium/silica fiber interface using a heat gun 
(n = 10 fibers). The PTFE tubing (Small Parts, Inc., Miami 
Lakes, FL) also served the purpose of acting as a 
biocompatible jacket surrounding any exposed germanium 
fiber. Third, stainless steel hypodermic tubing (Small 
Parts, Inc., ID = 0.675 mm, OD = 1.05 mm) was used to 
align the fibers (n = 5 fibers). Fourth, glass capillary 
tubing (VitroCom, Mountain Lakes, NJ, ID = 0.7 mm, 
OD = 0.87 mm) was used as a conduit for fiber attachment. 
For the glass tubing, two methods of attachment were 
explored: with the fibers in contact at the interface (n = 10 
fibers) and with a small air gap (~200 ^im) at the fiber 
interface (n = 10 fibers). 

Fiber Transmission and Bending Tests 

Preliminary fiber bending tests were conducted with 
germanium and sapphire optical fibers, ranging in core 
diameter from 150 to 500 \im. The fibers were inserted into 
a 15 Fr (5 mm) flexible cysto-urethroscope with a 7 Fr 
(2.3 mm) working channel. After insertion, basic fiber 
testing was performed to determine whether the fiber could 
withstand high-mechanical stress under tight bending 
conditions and whether the fiber presence hindered meix- 
imum defiection ofthe scope. Peak energy transmission of 
the Er:YAG laser radiation through the hybrid fibers was 
then measured for both straight and bent configurations 
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(with the fibers bent just above their minimum breaking 
radius of 15 mm for the 350 nm fiber and 25 nm for the 
425 |im fiber). 

Stone Ablation Studies 

Limited studies were also performed with the Er:YAG 
laser and the hybrid (350/550 and 425/550) fibers for contact 
tissue ablation of urological stones. The goal of these 
studies was to demonstrate that sufficient energy could be 
delivered through the hybrid fibers in contact mode for 
endoscopic ablation of the stones. Human uric acid and 
calcium oxalate monohydrate (COM) stones were obtain- 
ed from a stone analysis laboratory (UroCore LabCorp, 
Oklahoma City, OK), sectioned with a water-cooled band 
saw into cylindrical samples (diameter = 8-10 mm), and 
then weighed with an analytical balance (dry weight = 
300-450 mg). The stone samples were then placed in a 
water bath, and the hybrid fiber tip placed in contact with 
the stone. Er: YAG laser radiation was delivered to the stone 
with pulse lengths of 220 microseconds, pulse repetition 
rates of 3 Hz, and fiber output energies of from 5 to 150 mJ. 

Data Analysis 

For the fiber damage studies, a total of 500 laser pulses 
was delivered through the fiber at each energy level 
between pre- and post-testing measurements. For the bare 
germanium fibers, the measurements were done during 
contact soft tissue ablation and represented the fiber tip 
damage threshold. For the hybrid fiber testing, measure- 
ments were initially made in air and then in contact with 
the stone samples. Maximum fiber output energy was 
recorded as the mean ± standard deviation (SD) for N 
samples tested. 

Statistical analysis was conducted between the data sets 
for maximum pulse energies achieved with each method of 
hybrid fiber assembly. Analysis of variance (ANOVA) was 
used to determine statistical significance between data 
sets. A value of P < 0.05 was considered to be statistically 
significant. 

RESULTS 

Germanium Trunk Fibers 

Preliminary laser ablation tests were conducted with 
250-|im core and 425-|.im core germanium oxide fibers in 
direct contact with ex vivo samples of soft urological tissues. 
For laser pulse lengths of 70 microseconds, the fiber damage 
thresholds were 4 mJ (7 J/cm^) and 9 mJ (6 J/cm^) for the 
250-|.im and 425-|jm fibers, respectively (Fig. 2). These 
values are above the threshold for perforating samples of 
ureteral tissue, 2 mJ (4.1 J/cm^) and 5.1 mJ (3.7 J/cm^), 
respectively [16]. However, the germanium oxide fiber by 
itself is nevertheless limited to operation at relatively low 
laser energies during contact tissue ablation due to the 
potential for fiber tip damage. 

The primary mechanism of germanium fiber damage 
during contact soft tissue ablation is melting of the fiber tip 
due to the high ablative temperatures. Figure 3 shows the 
fiber tips at different stages of meltdown, as described by 
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Fig. 2. Germanium oxide fiber damage thresholds for (a) 
250-|im core fibers, and Gt)) 425-nm core fibers. A total of 
500 pulses were delivered with a pulse length of 70 micro- 
seconds and a pulse repetition rate of 10 Hz. The fiber tip was in 
direct contact with the tissue. Error bars signify a ± 5% varia- 
tion in pulse to pulse energy stability. 

the transition from the normal tip surface to particle 
formation, cracking and charring of the fiber tip, and finally 
catastrophic meltdown and failure as evidenced by crystal- 
line formation. During these progressive phases of fiber 
degradation, the fiber output energy also steadily dropped. 

It should be noted, however, that there was no evidence of 
fiber damage when the germanium fibers were used 
previously for tissue ablation in non-contact mode. These 
trunk fibers have successfully transmitted up to 20 W of 
power (2 J at 10 Hz) without problem [17]. 

Hybrid Germanium/Silica Fibers 

To overcome the limitations of the germanium fiber for 
contact tissue ablation, a hybrid fiber consisting of a short 
low-OH silica fiber tip was attached to the germanium 
trunk fiber using several different methods, including: (a) 
UV-cured optical epoxy, (b) stainless steel hj^odermic 
tubing, (c) capillary glass tubing, and (d) heat-shrink 
tubing. Table 1 shows the average output energy trans- 
mitted through the fiber for each of these methods before a 
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Fig. 3. Mechanism ofgermanium oxide fiber tip damage when 
tested in contact with tissue. Clockwise images starting from 
top left show (a) normal fiber tip, (b) particulate formation on 
the fiber tip, (c) cracking and charring, and (d) crystalline 
formation. The progressive deterioration is due to melting of 
the fiber tip when in contact with the tissue during high- 

drop in output energy was observed due to damage at the 
germanium/silica interface. The damage threshold for the 
germanium fiber without silica tip during contact soft 
tissue ablation is also included for comparison. Using the 
heat-shrink tubing method, hybrid fiber output energies 
measured 180 ± 30 mJ (76 ± 13 J/cm^), before fiber damage 
was observed (n= 10). This was significantly higher than 
that achieved with germanium fiber and silica tips attached 
with any of the other methods (P<0.05). Although the 
results of the glass capillary tubing were more promising, 
there was no statistical difference between glass fiber 
assembly with or without a small air gap at the germanium/ 
silica interface (P = 0.10). 

Fiber Bending and Transmission Tests 

Earlier tests showed that the sapphire optical fibers were 
more robust than the germanium fibers, as evidenced by the 
difference in their melting temperatures (2,030 vs. 680°C) 
and the absence of fiber tip damage during contact soft 
tissue ablation [12,18]. However, the sapphire fiber was 
not pursued further because both 250- and 425-|im core 

temperature tissue ablation. Fiber tip damage was not 
observed during non-contact ablation studies. The parameters 
were: 425-nm core fiber, 10 mJ/pulse, 70-microseconds pulse 
duration, 10 Hz pulse repetition rate, and a total of 500 pulses. 
[Figure can be viewed in color online via www.interscience. 
wiley.com]. 

sapphire fibers suffered multiple fractures upon insertion 
into the flexible cysto-urethroscope under tight bending 
conditions (Table 2). While the 425-nm core germanium 
fibers also fractured upon repeated bending, the 150-, 250-, 
and 350-|im core germanium fibers suffered no mechanical 
damage under similar test conditions. Figure 3 shows a 
350-|im core germanium oxide fiber inserted through the 
7 Fr working channel of a 15 Fr flexible cysto-urethroscope. 
The scope was deflected at a maximum angle corresponding 
to a bend radius of approximately 15 mm with and without 
the fiber inserted (Fig. 4). 

Both the 350/550 and 425/550 germanium/silica hybrid 
fibers showed a significant decrease in energy output when 
bent to just above their minimum bending radius, 15 mm 
for the 350 |im trunk fiber and 25 mm for the 425 nm trunk 
fiber (Table 3). The damage mechanism was usually 
observed as sparking at the germanium/silica fiber inter- 
face, resulting in a melting of the germanium surface at the 
fiber interface, and noted as an immediate loss in energy 
greater than 5%. The difference in results between the 
350- and 425-nm trunk fibers can be explained in part by the 
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TABLE 1. Comparison of Results for Different 
Materials and Methods Used to Construct 
Germanium/Silica Hybrid Fibers 

Assembly method" 
Maximum pulse 

energy (mj) N 

Germanium tip only 9±1 
Silica tip attached with 

UV-cured epoxy 10±5 
Steel hypodermic tubing 109 ±47 
Glass capillary tubing 

With air gap at interface 104 ±38 
Without air gap at interface 139 ±49 

Heat-shrink tubing 180 ±30 

10 
10 

10 
10 
10 

"All fibers were constructed using a 425-nm core germanium 
trunk fiber and a 1-cm long, 550-nm core silica fiber tip. 
The fibers were tested using an erbium (Er):YAG laser with a 
220 microseconds laser pulse length at 3 Hz. 
"Values for the germanium fibers without silica tip represent 
maximum pulse energies achieved during contact soft tissue 
ablation. No problems were encountered during non-contact 
ablation. 

difference in the cross-sectional area at the germanium 
fiber tip. Assuming the melting temperature of the germa- 
nium fiber tip at the interface is the limiting factor, the 
maximum fluence that the interface can handle before 
melting is a function of both energy and fiber diameter. 
Thus, a larger trunk fiber diameter transmits greater 
energy, as observed in Table 3. 

Lithotripsy Studies 
Both the 350/550 and 425/550 hybrid germanium/silica 

fibers were tested for Er;YAG laser ablation of uric acid and 
COM stones. The ablation threshold for the stones and the 
peak energies transmitted through the fibers before fiber 

TABLE 2. Preliminary Bending Tests Performed 
Using a 15 Fr Flexible Cysto-Urethroscope With a 
7 Fr Working Channel and a Bend Radius of ~15 mm 

Fiber type/core size 
Minimum bend 

radius" 
Flexible scope 
breaking test 

Sapphire 
150 nm 
250 nm 
325 ^m 
425 urn 

Germanium oxide 
150 urn 
250 urn 
350 nm 
425 urn 
500 urn 

20 mm Passed 
30 mm Failed 
60 mm Not tested 
80 mm Failed 

5 mm Passed 
10 mm Passed 
15 mm Passed 
25 mm Failed 
40 mm Failed 

"Values  for the minimum bend radius  are taken from 
commercial literature (www.photran.com and www.infrared- 
fibersy stems, com). 

interface damage occurred was measured (Table 4). Abla- 
tion craters were first observed in the stones at energy 
levels of 15-23 mJ. There was no statistically significant 
dependence on stone type or trunk fiber used. The peak 
energies, however, were again dependent on fiber trunk 
diameter (350 or 425 ^m), similar to the previous results for 
the fiber bending studies. 

DISCUSSION 
Several applications in urology may benefit from the 

availability of a suitable optical fiber delivery system for 
tissue ablation using the erbium:YAG laser. Potential 
applications include more precise laser incision of ureteral 
and urethral strictures and more efficient laser lithotripsy. 
Previous studies by our research group suggest that 
Er:YAG laser incision of the ureter and urethra reduces 
peripheral thermal damage by a factor of 10 in comparison 
with the Ho:YAG laser (30 ± 10 vs. 290 ± 30 |im), which may 
translate into less scarring and improved success rates 
during clinical application [14,16,18]. 

Teichmann et al. have reported that Er:YAG laser 
lithotripsy is approximately 2.4 times more efficient 
than Ho:YAG laser lithotripsy (53.6 ±38.7 vs. 22.6 ± 
6.4 gum/J), and that the lack of a reliable optical fiber 
delivery system is the major limitation to clinical applica- 
tion of EriYAG laser lithotripsy [19]. They demonstrated 
that both the 425-|jm core sapphire and germanium fibers 
suffered significant degradation during Er:YAG laser 
lithotripsy studies, with fiber output energies declining to 
less than 70% of their initial 100 and 200 mJ energies, 
respectively [20]. Other experiments with the sapphire 
fiber were limited to energies of 50 mJ (35 J/cm^) to 
minimize fiber damage [21]. 

Recently, Papagiakoumou et al. have also reported the 
characterization of the germanium oxide fibers for flexible 
transmission of Er:YAG laser radiation [22]. They reported 
that the fibers exhibited no significant bending losses when 
bent to a radius of 40 mm and transmitting up to 20 mJ of 
energy. While these testing conditions were different than 
those of the current study (e.g., no silica tip, lower energy 
transmission, and higher bend radius), they nevertheless 
further demonstrated the potential of the germanium fiber 
as a flexible delivery system. 

When comparing our methods used to assemble the 
hybrid fibers, it should be noted that there was a large dif- 
ference in peak output energy between some of the 
methods. The bare germanium fibers and hybrid fibers 
attached with epoxy performed poorly in comparison with 
the hybrid fibers attached vrith metal, glass, and heat- 
shrink tubing. This can be explained again by considering 
the low-melting temperature of the germanium fiber. The 
epoxy presumably acted as an absorbing material, result- 
ing in thermal buildup at the interface, and eventual fiber 
decay and transmission loss. On the contrary, the heat- 
shrink and glass tubing were more efficient in transmitting 
coupling losses at the fiber interface through the wall, 
resulting in less thermal buildup. Also, it should be noted 
that alignment of the germanium/silica fiber interface 
inside the steel tubing was difficult because the material 
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a 

Fig. 4. Images of a 350-nm core germanium/silica hybrid fiber 
inserted through a 15 Fr flexible cysto-urethroscope with a 7 Fr 
working channel, a: The fiber is bent to a radius of 
approximately 15 mm without breaking under maximum 
scope deflection, b: Maximum deflection of the scope without 

was not transparent, unlike the other materials used for 
assembly (glass, heat-shrink tubing). 

The performance of the hybrid fibers was also limited 
when the fibers were placed either in tight bending 

TABLE 3. Damage Thresholds During Germanium/ 
Silica Fiber Bending Tests 

Fiber core (nm) 
(trunk/tip) 

Peak energy (mJ) 
Bend radius 

(mm) Straight         Bent N 

425/550 
350/550 

180 ±30      82 ± 20 
93 ±13      65 ± 20 

30 
20 

10 
10 

fiber present also corresponds to a radius of approximately 
15 mm, demonstrating that the fiber does not significantly 
hinder scope deflection, c: The fiber is successfully inserted at a 
30° angle into the working channel. 

configurations or in contact with hard tissue (e.g., stones). 
Some of the fiber damage and transmission losses may be 
due to limitations in the spatial and temporal beam quality 
of the input laser beam and the introduction of higher 
modes during bending. Future research will focus on 
delivering a single mode Gaussian or fiat-top spatial beam 
profile and eliminating the micro-pulse spikes that compose 
the Er:YAG temporal beam profile [16]. 

Overall, however, our results show that by adding a 
robust silica fiber tip to the germanium fiber, fiber output 
energies may be increased to 180 ± 30 mJ (76 ± 13 J/cm^) 
and 82 ± 20 mJ (35 ± 9 J/cm^), in straight and tight bending 
configurations, respectively, without fiber damage. This 
represents a large improvement over the 9 mJ (6 J/cm^) 
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TABLE 4. Results Using Hybrid Germanium/Silica Fibers for Er:YAG Lithotripsy 

Fiber core (nm) Stone Stone ablation Fiber damage 
(trunk/tip) type threshold (mJ) threshold (mJ) N 

350/550 Uric acid 15±2 55±8 3 
COM 22±5 63 ±11 3 

425/550 Uric acid 19±1 90 ±32 4 
COM. 23±9 114 ±8 4 

COM, calcium oxalate monohydrate. 

peak energy achieved during testing of the bare germanium 
fiber in contact with soft tissue (Fig. lb). While these results 
demonstrate that the hybrid germanium/silica fiber cur- 
rently transmits sufficient energy for contact soft tissue 
ablation through a flexible endoscope, further improve- 
ments will be necessary before the hybrid fiber can be used 
effectively for Er:YAG laser Uthotripsy. These fiber output 
energies are still too low to efficiently ablate stones at a rate 
suitable for clinical use. We are currently working to 
further refine our hybrid fiber assembly method to provide 
even higher and more consistent Er:YAG laser output 
energy and smaller, more flexible fibers for use in flexible 
endoscopes. 

CONCLUSIONS 

A robust, flexible, and biocompatible hybrid germanium/ 
silica fiber was assembled capable of delivering EriYAG 
laser radiation through a flexible endoscope. This fiber may 
serve as a reliable delivery system with the Er:YAG laser 
for applications in the urological tract, which may benefit 
from more precise and efficient laser ablation. Such applica- 
tions may include laser incision of urethral and ureteral 
strictures and laser lithotripsy. Assembly of smaller dia- 
meter hybrid fibers, more rigorous endoscope bending tests, 
and achievement of higher fiber output energy thresholds 
will all be pursued in the further development and testing of 
these hybrid fibers. 
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ABSTRACT 

Stiicture recurrence frequently occurs due to mechanical or thermal insult during endourologic treatment of ureteral 
and urethra! strictures. Optimization of the Er:YAG laser for precise incision of strictures was conducted using 
ureteral and urethral tissue samples, ex vivo, and a laparoscopic porcine ureteral model with exposed ureter, in vivo. 
Erbium:YAG laser radiation with a wavelength of 2.94 microns, pulse lengths of 8, 70, and 220 microseconds, 
output energies of 2-35 mJ, fluences of 1-25 J/cm^, and pulse repetition rates of 5-30 Hz, was dehvered through 
germanium oxide optical fibers in contact with the tissue. Incision of the ureteral wall was achieved in vivo with 
less than 20 pulses at a laser fluence of 4 J/cm^. Thermal damage was reduced from 30-60 microns to 10-20 
microns by shortening the laser pulse duration from 220 to 70 microseconds. Pulse repetition rates above 20 Hz 
resulted in larger thermal damage zones ranging from 60-120 microns. The Er:YAG laser, operating at a pulse 
duration of approximately 70 microseconds, a fluence of 4 J/cm^ or greater, and a repetition rate less than 20 Hz, is 
capable of rapidly incising urethral and ureteral tissues, in vivo, with minimal thermal and mechanical side-effects. 

Keywords: erbium, laser, stricture, urethra, ureter 

1. INTRODUCTION 

Urethral and ureteral strictures occur as a result of trauma caused during surgery (e.g. transurethral resection of the 
prostate, radical retropubic prostatectomy, minimally invasive prostate thermal therapies, and upper urinary tract 
endosurgery) [1,2]. Lumenal scarring and narrowing may then lead to incontinence and urinary tract infection. 

Several minimally invasive techniques are available for treatment of urological strictures [1,2]. Balloon dilation and 
cold knife incision are the preferred methods of treatment, but they have widely variable success rates ranging from 
20-80 % [3-6]. Balloon dilation is ineffective when there is scar tissue present, and may cause fiirther stress-induced 
damage. Cold knife incision may also cause mechanical damage, resulting in stricture recurrence. Electrocautery 
and Ho:YAG laser produce significant thermal damage, which may induce further scar formation and re-stricture. 
None of these methods work well, and it is often necessary to repeatedly dilate or incise the stricture. However, 
multiple dilations or incisions of complicated strictures do not provide increased benefit, leaving patients without an 
effective method for treating recalcitrant scarring, voiding disfunction and urinary incontinence [2]. 

Several different lasers have been used for treating strictures [7], including CO2 [8], argon [9,10], KTP [11,12], 
Nd:YAG [13-16], Ho:YAG [17-24], and excimer [25] lasers. Laser therapy has been sub-optimal due to stricture 
recurrence, caused by excessive thermal damage to adjacent tissue and subsequent scar formation. Recently, the 
Ho:YAG laser has been used for incision of strictures. However, the Ho:YAG laser produces 300-400 |am of 
peripheral thermal damage during soft tissue ablation, and therefore, may not be optimal for incision of strictures. 
Excessive thermal damage during stricture treatment may increase recurrence, as shown by animal models [26,27]. 

Previous studies have shown that the Er:YAG laser efficiently ablates soft tissues with minimal peripheral thermal 
damage. The Er:YAG laser is being used in several medical fields (e.g. dermatology, dentistry, and ophthalmology) 
which require precise tissue ablation. Recent applications of the Er: YAG laser in urology have also been reported, 
including lithotripsy [28,29], and incision of soft tissues for potential treatment of strictures [30,31]. The goal of 
this study is to optimize the Er:YAG laser parameters for rapid and precise incision of urethral and ureteral tissues. 

*nfried@jhmi.edu; phone: 1 410 550 7906; fax: 1 410 550 3341 



2. MATERIALS AND METHODS 

2.1 Laser Parameters 
An Erbium:YAG laser (SEO 1-2-3, Schwartz Electro-optics, Orlando, FL) operating at a wavelength of 2.94 |xm 
was connected to a variable pulsewidth laser power supply (Model 8800V, Analog Modules, Longwood, FL), 
producing laser pulse lengths from 1-220 |xs. The laser radiation was focused with a 50-mm-FL calcium fluoride 
lens into either 250-nm or 425-(im germanium oxide optical fibers (Infrared Fiber Systems, Silver Spring, MD). 
The laser was operated at pulse repetition rates of 5-30 Hz, pulse energies of 2-35 mJ, and fluences of 1-25 J/cm . 
The laser energy was measured using a pyroelectric detector (Gentec ED-200, Ste.-Foy, Quebec), and the pulse 
duration was measured using a photovoltaic infrared detector (PD-10.6, Boston Electronics, Brookline, MA). Figure 
1 shows the temporal beam profiles from 1-220 us. Ablation rate studies were performed at only the 8, 70, and 220 
|xs pulse lengths, because there was insufficient output energy for tissue ablation at the 1 ps pulse duration. 

(b) 8 us 

25 

.—. 20 
3 
R1 

15 
.-S" 
(A 
C 10 
Q) 

C 5 

1 
1 1 1 1 

n h 
- J  

\il/W__ 
-20 20 40 

Time (us) 

(c) 70 ixs 

60 80 -50 50        100       150 
Time (us) 

(d) 220 us 

200 250 

Figure 1. Temporal pulse profiles for the Er:YAG laser operated with laser pulse lengths of 1, 8, 70, and 220 us. 

2.2 In Vitro Tissue Preparation 
Fresh ureteral tissue samples were removed from adult female pigs (100 kg) directly after sacrifice at the local 
slaughterhouse (Mt. Airy Locker Company, Mt. Airy, MD). Fatty tissue was shaved from the ureter with a scalpel 
blade, the tissue was spatulated, cut into 1 x 1 cm samples, stored in normal saline, and refrigerated for use within 24 
hours. Fresh prostatic urethral tissue samples were obtained from male dogs (25-30 kg) after sacrifice for unrelated 
experiments at the Johns Hopkins Medical School. The posterior urethra was dissected from the prostate, 
spatulated, sectioned into 1 x 1 cm samples, stored in saline, and refrigerated. 

For the ablation measurements, tissue samples were sandwiched between microscope and plexiglass slides to a fixed 
thickness (350 + 50 pm), and the optical fiber tip positioned in contact with the sample through 2-mm-diameter 
holes drilled in the front plexiglass holder. The tissue samples were kept hydrated with saline using a syringe during 
the ablation experiments. The samples were placed in front of a pyroelectric detector, and the number of pulses 
required to perforate each sample was measured. 



2.3 In Vivo Animal Experiments 
All animal protocols were reviewed and approved by the Animal Care and Use Committee at the Johns Hopkins 
School of Medicine. A total of 4 female pigs (30-45 kg, Archer Farms, Belcamp, MD) were pretreated with 
acepromazine 0.39 mg/kg IM and ketamine 2 mg/kg IM. After the animals were sedated, intravenous access was 
obtained and normal saline administered as a 5 ml/cc bolus followed by a maintenance rate of 1.5 ml/kg/h. 
Intravenous propofol was administered for anesthesia. After adequate depth of anesthesia, the animal was 
positioned and laparoscopic ports were placed in the standard 3-port configuration, using a Visiport (US Surgical 
Corp., Norwalk, CT) for initial access. Using laparoscopic instrumentation, the ipsilateral ureter was identified and 
isolated, taking care to avoid excessive dissection and skeletonization. The distal ureter was ligated and transected 
close to the bladder. A small incision was made in the body wall and the ureter brought external to the body. The 
ureter was then spatulated and marked with 6-0 prolene sutures. The laser fiber was placed on the ureteral lumen, 
and the number of laser pulses required to perforate the ureter was recorded. An average of 12 perforations were 
made in each ureter, spaced approximately 5 mm apart, and marked by sutures on each side. Perforation was 
confirmed by the green aiming beam, an audible change in the acoustic ablation signal, and by histologic analysis. 

2.4 Data Analysis 
A minimum of six perforations was made for each set of laser parameters. For the ex vivo tissue studies, ablation 
rates (i^m/pulse) were defined as the sample thickness divided by the average number of pulses required to perforate 
the sample and recorded as the mean + standard deviation (SD). The optical fiber tip was kept fixed in contact with 
the tissue during the ex vivo tissue experiments. For the in vivo studies, the optical fiber was advanced during 
ablation. The in vivo ablation results were recorded in terms of the number of pulses required to perforate the 
ureteral wall because it was not possible to control for the tissue wall thickness across different ureters and animals. 

3. RESULTS 

3.1 Ablation Rates 
The Er:YAG ablation rates are shown in Figure 2 for the ex Vivo tissue experiments. Perforation of the ureteral 
fissue samples was achieved at laser fluences of 3-5 J/cm^ and pulse energies of 1.5 - 2.5 mJ, without advancing the 
fiber into the tissue. There was an almost two-fold increase in the ablation rate for a given fluence when reducing 
the laser pulse duration from 220 ^s to 70 \is. The 220-|is line shows an ablation rate of 4 |im per J/cm^, while the 
70-|is line shows an ablation rate of 7 ^m per J/cm^. Reducing the pulse length to 8 |as produced a minor increase in 
the ablation rate, but at the expense of much lower laser energy output and peripheral mechanical tissue damage. 

The in vivo ablation results are shown in Figure 3, plotted as the number of laser pulses to perforate the ureter, with 
the fiber advanced into the tissue during ablation. The ureteral wall was perforated with less than 20 pulses at a 
fluence of 3.6 J/cm^ for all of the laser pulse lengths tested. At the lowest fluence of 1.8 J/cm^, near the perforation 
threshold, the shorter laser pulse lengths were observed to be more efficient. This perforation threshold was lower 
than that observed for the ex vivo tissue experiments using thick or thin tissue samples. 
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Figure 2. Er:YAG ablation rates for ex vivo ureter tissue 
using laser pulse lengths of 8, 70, 220 us, and plotted as a 
function of laser fluence. Bars signify mean values + S.D. 
(n=6). Note that the perforation threshold decreases as the 

laser pulse is decreased, and ablation is also more efficient. 

Figure 3. Er:YAG results for in vivo ureter ablation as a 
function of laser pulse length and fluence. The perforation 
threshold is approximately 1.8 J/cm^, based on the increase 
in the number of pulses for perforation, and the large spread 
in the data points. 



3.2 Thermal Damage Measurements 
Histological measurements of thermal damage were conducted as a function of laser pulse duration. The results for 
the ex vivo tissue studies are shown in Figure 4. When the Er:YAG laser was operated in its normal long pulse 
mode (220 |is pulse length), a thermal damage zone of 30-60 ^m was observed. Shortening the laser pulse to 70 \is 
resulted in a reduction of the thermal damage to 15-30 ^im. The shortest laser pulse, measuring 8 |xs, further reduced 
the thermal damage zone to 10-20 i^m, but also resulted in a rougher cut, due to mechanical tissue-tearing effects. 
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Figure 4. Photomicrographs showing H&E stained histologic cross-sections of ureteral tissues ablated with the Er:YAG laser, ex 
vivo. The thermal damage zone decreases as the laser pulse duration is decreased. Rough, jagged borders of the ablation crater 
produced by 8 (is laser pulses may be due to mechanical tissue-tearing caused during ablation. 

An ex vivo study was also performed to determine whether the thermal damage zone would increase with laser 
operation at higher pulse repetition rates, due to residual heat accumulation in the tissue with deposition of 
successive laser pulses. The pulse duration, energy per pulse, and total number of pulses were all kept constant at 
70 us, 10 mJ, and 20 pulses (total energy = 200 mJ), respectively, while the pulse repetition rate was varied from 
10-30 Hz. The thermal damage zone increased as the laser pulse repetition rate increased, and a large increase in 
thermal damage was observed when the pulse repetition rate was increased from 20 to 30 Hz (Figure 5). 
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Figure 5. Photomicrographs showing H&E stained histologic cross-sections of urethral tissues ablated with the Er:YAG laser, 
ex vivo, with varying laser pulse repetition rates of 10-30 Hz. Energy was kept fixed at 10 mJ per pulse with a total of 20 pulses 
(200 mJ) delivered to the tissue. Note that there is a large increase in the thermal damage zone from 20 - 30 Hz, due to residual 
heat accumulation in the tissue during ablation. The dotted lines demarcate the border of the thermal damage zone. 

The in vivo histological results are shown in Figure 6, for the 70 (xs pulse duration. The thermal damage zone of 10- 
20 |im is slightly less than the 15-30 pxn of thermal damage observed in the ex vivo tissue studies for 70 |as pulse 
lengths and considerably less than the 30-60 ^m of thermal damage observed for the long pulse mode of 220 \xs. 
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Figure 6. Photomicrographs showing H&E stained histologic 
cross-sections of ureteral tissue ablated with the Er:YAG laser, 
in vivo. The thermal damage zone measures 10-20 i^m. The 
dotted lines demarcate the border of the thermal damage zone. 

4. DISCUSSION 

Success rates in treating strictures vary widely from 20-80 %, dependent on a variety of factors, including surgical 
technique and skill, type of stricture, scar tissue caused by previous treatment failures, patient follow-up and 
evaluation, and definition of stricture. While the use of the Ho:YAG laser has resulted in improved treatment of 
strictures, we hypothesize that the further reduction of peripheral thermal damage to the urethral or ureteral wall 
with Er:YAG laser incision may ftirther improve these success rates. By operating at the 2.94 (im wavelength of the 
Er:YAG laser, and shortening the laser pulse length to approximately 70 ^s, the thermal damage zone has been 
reduced to 10-20 ^m, in vivo. This represents a 15-30 fold decrease in damage in comparison to the 300 ^m of 
damage typically produced by the Ho:YAG laser, which is currently the laser of choice in urology. 

This study has focused on the optimization of the EriYAG laser for rapid and precise incision of urological tissues. 
Our results are similar to those of previous studies using the Er:YAG laser for ablation of other soft tissues. For 
example, reported threshold fluences of ablation for the long-pulse Er:YAG laser are 0.6-1.5 J/cm^ for skin [32], ~ 2 
J/cm^ for aorta [33], ~ 1 J/cm^ for retina [34], and ~ 1.8 J/cm^ for the ureter reported here. Note that these low 
ablation thresholds also demonstrate that the Er:YAG laser is more efficient than the Ho:YAG laser, which has an 
ablation threshold of ~ 34 J/cm^. 

Thermal damage zones in other soft tissues for the long-pulse Er:YAG laser operated at low fluences (< 25 J/cm^) 
have been reported to be 10-40 ^m for skin [35], 10-20 (^m for aorta [35], 20-40 ^m for cornea [35], < 50 ^m for 
trabecular tissue [36], 20-30 |im for retina [34], and 30-60 ^m for ureter reported here. IVlechanical tissue-tearing 
effects have also been observed in other tissues, e.g. aorta and cornea [35], and at pulse lengths of 50 ^is and shorter 
[36]. Although we did not observe any mechanical tissue damage at the 70 |is pulse length, the 8-(^s-pulse-length 
showed evidence of tissue shredding consistent with that observed in these previous studies. 

Problems with the fiber tip "sticking" to the tissue during contact tissue ablation with the Er:YAG laser have also 
been previously reported [37,38]. This phenomenon was explained by the presence of overheated fissue debris at 
the fiber tip. During our preliminary in vivo experiments, however, we did not observe any "sticking" effects during 
advancement of the fiber into the ureter. This may be due to the use of different laser parameters, optical fibers, 
and/or tissues, and needs to be fijrther studied. 

In general, lower perforation thresholds, higher ablation rates, and less thermal damage were observed when 
progressing from ex vivo to in vivo experiments. Several factors may have contributed to these differences. First, 
the ability to advance the optical fiber into the tissue during in vivo ablation studies resulted in lower perforation 
thresholds and higher ablation rates for a given fiuence. This occurred because the fluence at the tissue surface was 
not diminished due to divergence of the laser radiation at the output end of the fiber tip. Second, the decreased 
thermal damage seen in vivo may also be due to the level of hydration maintained in the tissue and absence of tissue 
desication which can occur during ex vivo tissue experiments. 



5. CONCLUSIONS 

The Er: YAG laser, operating at a pulse duration of ~ 70 ^is, a fluence of 4 J/cm^, and a repetition rate of 20 Hz, is 
capable of rapidly incising urethral and ureteral tissues, in vivo, with minimal thermal and mechanical side-effects. 
The Er:YAG laser is more efficient than the Ho:YAG laser for cutting ureteral and urethral tissues, with perforation 
thresholds measuring 2 J/cm^ versus 34 J/cm^, respectively. The EriYAG laser is also more precise than the 
Ho:YAG laser, with peripheral thermal damage zones measuring 10-20 |xm versus 300 |im, respectively. Chronic 
animal wound healing studies are planned to quantify scarring induced during Er:YAG laser incision, and 
optimization of mid-infrared fiber optic delivery systems for endoscopic laser delivery has begun. 
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APPENDIX   4 

Assembly and Testing of Germanium / Silica Optical Fibers for 
Flexible Endoscopic Delivery of Erbium: YAG Laser Radiation 

Charles A. Chaney, Yubing Yang, Nathaniel M. Fried* 
Dept. of Urology, Johns Hopkins Medical Institutions, Baltimore, MD 21224 

ABSTRACT 

Endoscopic applications of the Erbium: YAG laser have been limited due to the lack of an optical fiber delivery 
system that is robust, flexible, and biocompatible. This study reports the assembly and testing of hybrid optical 
fibers consisting of 1-cm-length, 550-micron-core, silica fiber tips attached to either 350-micron or 425-micron 
germanium oxide "trunk" fibers. Er:YAG laser radiation with a wavelength of 2.94 microns, pulse lengths of 70 and 
220 microseconds, repetition rates of 3-10 Hz, and laser output energies of up to 300 mJ was delivered through the 
fibers for testing. Maximum fiber output energies measured 180 + 30 mJ and 82 + 20 mJ (n=10) under straight and 
tight bending configurations, respectively, before fiber interface damage occurred. By comparison, the damage 
threshold for the germanium fibers without silica tips during contact soft tissue ablation was only 9 mJ (n=3). 
Studies using the hybrid fibers for lithotripsy also resulted in fiber damage thresholds (55-114 mJ) above the stone 
ablation threshold (15-23 mJ). Hybrid germanium / silica fibers represent a robust, flexible, and biocompatible 
method of delivering Er:YAG laser radiation during contact soft tissue ablation. Significant improvement in the 
hybrid fibers will be necessary before their use in Er:YAG laser lithotripsy. 

Key Words: ablation, erbium, holmium, laser, lithotripsy, stricture, ureter, urethra 

1. INTRODUCTION 

The Erbium:YAG laser has been used extensively for precise tissue ablation in medical fields which do not require a 
flexible optical fiber delivery system, such as dermatology [1,2], dentistry [3,4], and ophthalmology [5-11]. In these 
fields, the use of an articulated arm delivery system or semi-rigid optical fibers is adequate for performing surgery. 
However, for medical applications requiring delivery of laser radiation through a flexible endoscope, such as the 
upper urinary tract, current optical fibers and waveguides for the Er:YAG laser remain inadequate. 

Although there are several types of optical fibers and waveguides available for delivery of mid-infrared laser 
radiation, including chalcogenide, zirconium fluoride, sapphire, germanium oxide, and hollow silica waveguides, all 
of these delivery systems have major limitations [12-14]. The chalcogenide fibers cannot handle high power, they 
are toxic, and they break easily. The zirconium fluoride fibers are also brittle, hygroscopic, and toxic in tissue. The 
sapphire fibers suffer from mechanical stress and breakage during tight bending conditions. The germanium oxide 
fibers have a low mehing temperature preventing their use in contact mode at high powers. The hollow silica 
waveguides are not biocompatible and have limited bending ability with high transmission losses during tight 
bending. Thus, the ideal mid-infrared optical fiber that combines high-power delivery, flexibility, chemical and 
mechanical durability, and biocompatibility, has yet to be developed. 

The goal of this study is to test a hybrid optical fiber with the Erbium:YAG laser, which combines the high-power 
transmission and flexibility of the germanium oxide fiber with the robust and biocompatible low-OH silica fiber tips 
currently in clinical use with the Holmium:YAG laser. Although increased absorption limits the use of long low- 
OH silica fibers beyond wavelengths of approximately 2.5 |im, previous studies have demonstrated that short low- 
OH silica fiber lengths, on the order of a few centimeters, are capable of transmitting sufficient Er:YAG laser energy 
for soft tissue ablation [5,6,8,15]. This study demonstrates that long hybrid fibers are capable of being assembled 
with a simple process that reduces many of the limitations associated with current mid-IR optical fibers, and that 
sufficient Er:YAG laser energy can be transmitted through these fibers during insertion into a flexible endoscope for 
use in applications requiring soft and hard tissue ablation. 

*nfried@jhmi.edu; phone:  1 410 550 7906; fax: 1 410 550 3341 



2. MATERIALS AND METHODS 

2.1 Laser Parameters 
An Erbium:YAG laser (SEO 1-2-3, Schwartz Electro-Optics, Orlando, FL) operating at a wavelength of 2.94 |am 
was connected to either a fixed long-pulse laser power supply (220-ns-pulse length, 400 mJ/pulse) or a variable 
pulse width laser power supply (Model 8800V, Analog Modules, Longwood, FL), producing up to 30 mJ per pulse 
at 70-|as-pulse-lengths. The laser radiation was externally focused with a 50-mm-focal-length calcium fluoride lens 
into either 250, 350, or 425-^ni-core germanium oxide optical fibers (Infi-ared Fiber Systems, Silver Spring, MD), 
with and without low-OH silica fiber tips attached to the output end of the germanium "trunk" fiber. Fiber output 
energy was measured using a pyroelectric detector (Gentec ED-200, Ste.-Foy, Quebec), and the laser pulse duration 
was measured using a photovoltaic infrared detector (PD-10.6, Boston Electronics, Brookline, MA). 

2.2 Germanium "Trunk" Fibers 
Preliminary laser ablation tests were conducted with 250-(im-core and 425-|im-core germanium oxide fibers in 
direct contact with ex vivo hard and soft tissue samples, including porcine ureters, and uric acid and calcium oxalate 
monohydrate (COM) stones. A total of 500 pulses were delivered to the tissue. Pre- and post-ablation fiber output 
energies were measured to determine whether any damage occurred to the fiber tip. An optical microscope was used 
to analyze the output ends of the germanium fibers for evidence of fiber tip degradation after contact tissue ablation. 

2.3 Hybrid Fiber Assembly 
The hybrid fiber consisted of a 1-cm-long, 550-nm-core, low-OH silica fiber tip attached to either a 350-|im- or 
425-).im germanium trunk fiber. For the initial fiber preparation, the germanium fiber jacket was softened using 
chemical treatment (l-methyl-2-pyrrolidinone at 150 "C for 2 min. then isopropanol for 3 min.) and then stripped 
with a razor blade. The germanium and silica fibers were polished with rough 600-grit and then fine 5-micron 
sandpaper. The fibers were then aligned under a microscope using a laboratory-constructed mechanical setup. 

Several different methods of attachment were explored (Figures 1 and 2). First, index-matching UV-cured optical 
epoxy (Norland, New Brunswick, NJ) was applied with a syringe needle either around the fibers or at the fiber 
interface (n = 10 fibers). Second, 30-gauge PTFE heat shrink tubing (normal ID=850 \xm, shrunk ID=375 \xm, wall 
thickness = 150 jxm, length = 5 mm) was shrunk around the germanium/silica fiber interface using a heat gun (n = 
10 fibers). The PTFE tubing (Small Parts, Miami Lakes, FL) also served the purpose of acting as a biocompatible 
jacket surrounding any exposed germanium fiber. Third, stainless steel hypodermic tubing (Small Parts, ID=0.675 
mm, OD=1.05 mm) was used to align the fibers (n = 5 fibers). Fourth, glass capillary tubing (VitroCom, Mountain 
Lakes, NJ, ID=0.7 mm, OD=0.87 mm) was used for fiber attachment. Two attachment methods were explored: with 
the fibers in contact at the interface (n = 10 fibers) or with an air gap (-200 |am) at the interface (n = 10 fibers). 

- -      ,'    \ 

(a) (b) 

Figure 1. (a) Experimental setup used to assemble the hybrid fibers, (b) Image of the germanium / silica hybrid fibers 
assembled using 5 different methods: (1) heat-shrink tubing, (2) glass capillary tubing, (3) glass tubing with an air gap at the 
fiber interface, (4) stainless steel hypodermic tubing, and (5) UV-cured optical epoxy. For all of the methods, an approximately 1 
cm-long, 550-mm-core, low-OH silica tip was attached to a 425-mm-core germanium trunk fiber. Ball-shaped glue drops are 
present in Figures b-e at the interface between the yellow germanium jacket and the conduit material and at the interface between 
the silica tip and the conduit. The ruler lines = 1 mm. 
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Figure 2. Diagrams of the dimensions of the 425/550 hybrid fiber assembled using (a) heat shrink tubing, and (b) glass capillary 
tubing with epoxy and an air gap at the germanium / silica interface. 

2.4 Fiber Transmission and Bending Tests 
Preliminary fiber bending tests were conducted with germanium and sapphire optical fibers, ranging in core 
diameter firom 150 - 500 |xm. The fibers were inserted into a 15 Fr flexible cysto-urethroscope with a 7 Fr working 
channel. Basic fiber testing was performed to determine whether the fiber could withstand high mechanical stress 
under tight bending conditions and whether the fiber presence hindered maximum deflection of the scope. Peak 
Er: YAG energy transmission through the hybrid fibers was then measured for both straight and bent configurations. 

2.5 Stone Ablation Studies 
Limited studies were also performed with the Er:YAG laser and the hybrid (350/550 and 425/550) fibers for contact 
tissue ablation of urological stones. The goal of these studies was to demonstrate that sufficient energy could be 
delivered through the hybrid fibers in contact mode for endoscopic stone ablation. Human uric acid and calcium 
oxalate monohydrate stones were obtained from a stone analysis laboratory (UroCore LabCorp, Oklahoma City, 
OK), sectioned with a water-cooled band saw into cylindrical samples (~ 10-mm-diameter), and then weighed with 
an analytical balance (dry weight = 300-450 mg). The stone samples were then placed in a water bath, and the 
hybrid fiber tip placed in contact with the stone. Er:YAG laser radiation was dehvered to the stone with pulse 
lengths of 220 |xs, pulse repetition rates of 3 Hz, and fiber output energies of from 5-150 mJ. 

2.6 Data Analysis 
For the fiber damage studies, a total of 500 laser pulses was delivered through the fiber at each energy level between 
pre- and post-testing measurements. For the bare germanium fibers, the measurements were done during contact 
soft tissue ablation and represented the fiber tip damage threshold. For the hybrid fiber testing, measurements were 
initially made in air and then in contact with the stone samples. Maximum fiber output energy was recorded as the 
mean + standard deviation (S.D.) for N samples tested. Statistical analysis was conducted between the data sets for 
maximum pulse energies achieved with each method of hybrid fiber assembly. ANalysis Of Variance (ANOVA) 
was used to determine statistical significance between data sets (P < 0.05 was considered statistically significant). 

3. RESULTS 

3.1 Germanium Trunli Fibers 
Preliminary laser ablation tests were conducted with 250-|am-core and 425-|im-core germanium oxide fibers in 
direct contact with ex vivo samples of hard and soft urological tissues. The fiber damage thresholds for the soft 
tissue studies were 4 mJ (7 J/cm^) and 9 mJ (6 J/cm^) for the 250 jxm and 425 |xm fibers, respectively (Figure 3). 
These values are above the threshold for perforating samples of ureteral tissue, 2 mJ (4.1 J/cm^) and 5.1 mJ (3.7 
J/cm^), respectively [16]. For the hard tissue studies, the fiber damage thresholds measured 12 mJ and 30 mJ (22 
J/cm^), for the uric acid and COM stones, respectively (Figure 4). These results demonstrate that the germanium 
oxide fiber is capable of ablating soft and hard tissues without fiber tip damage. However, the fiber is limited to 
operation at relatively low laser energies during contact tissue ablation, which may not be practical for clinical 
applications requiring rapid and efficient tissue ablation. 
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Figure 3. Germanium oxide fiber damage thresholds for (a) 250-nm-core fibers, and (b) 425-|im-core fibers, placed in direct 
contact with soft ureteral tissue. A total of 500 pulses were delivered with a pulse length of 70 us and a pulse repetition rate of 
10 Hz. Error bars signify a + 5% variation in pulse to pulse energy stability. 
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Figure 4. Germanium oxide fiber damage thresholds for 425-nm-core fibers placed in contact with (a) uric acid stones, and (b) 

calcium oxalate monohydrate stones. A total of 500 pulses were delivered with a pulse length of 220 us and pulse repetition rate 
of 3 Hz. Error bars represent mean + standard deviation (n = 4). 

The primary mechanism of germanium fiber damage during contact tissue ablation is melting of the fiber tip due to 

the high ablative temperatures. Figure 5 shows the fiber tips at different stages of meltdown, beginning with a 

normal tip surface, then particle formation, cracking and charring, and finally catastrophic meltdown with crystalline 

formation. During these progressive phases of fiber degradation, the fiber output energy also steadily dropped. 

(a) (b) (c) (d) 

Figure 5. Mechanism of germanium oxide fiber tip damage when tested in contact with tissue, (a) normal fiber tip, (b) 
particulate formation on the fiber tip, (c) cracking and charring, and (d) crystalline formation. The progressive deterioration is 
due to melting of the fiber tip when in contact with the tissue during high-temperature tissue ablation. Fiber tip damage was not 
observed during non-contact ablation studies. The parameters were: 425-|im-core fiber, 10 mJ/pulse, VO-^s-pulse duration, 10 
Hz pulse repetition rate, and a total of 500 pulses. 



t    There was no evidence of fiber damage when the germanium fibers were used previously for tissue ablation in non- 
contact mode.   These trunk fibers have transmitted up to 20 Watts (2 Joules at 10 Hz) without problem [17]. 

3.2 Hybrid Germanium / Silica Fibers 
To overcome the limitations of the germanium fiber for contact tissue ablation, a hybrid fiber consisting of a short 
low-OH silica fiber tip was attached to the germanium trunk fiber using several different methods. Table 1 shows 
the average output energy transmitted through the fiber for each of these methods before a drop in output energy was 
observed due to damage at the germanium / silica interface. The damage threshold for the germanium fiber without 
silica tip during contact soft tissue ablation is also included for comparison. Using the heat-shrink tubing method, 
hybrid fiber output energies measured 180 + 30 mJ (76 + 13 J/cm^), before fiber damage was observed (n=10). 

Table 1. Comparison of results for different materials and methods used to construct germanium / silica hybrid fibers. 

Assembly Method" Maximum Pulse Energy (mJ) N 
Germanium tip only'' 9+1 3 
Silica tip attached with: 

UV-cured epoxy 10 + 5 10 
Steel hypodermic tubing 109 + 47 10 
Glass capillary tubing: 

with air gap at interface 104 + 38 10 
without air gap at interface 139 + 49 10 
Heat-shrink tubing 180 + 30 10 

^ All fibers were constructed using a 425-|am-core germanium trunk fiber and a 1-cm-long, 550-|am-core silica fiber tip. The 
fibers were tested using an Er:YAG laser with a 220 ^is laser pulse length at 3 Hz. 

'' Values for the germanium fibers without silica tip represent maximum pulse energies achieved during contact soft tissue 
ablation. No problems were encountered during non-contact ablation. 

3.3 Fiber Bending and Transmission Tests 
Earlier tests showed that the sapphire optical fibers were more robust than the germanium fibers, as evidenced by the 
difference in their melting temperatures (2030 °C versus 680 °C) and the absence of fiber tip damage during contact 
soft tissue ablation [12, 18]. However, the sapphire fiber was not pursued further because both 250-|.im- and 425- 
pm-core sapphire fibers suffered multiple fractures upon insertion into the flexible cysto-urethroscope under tight 
bending conditions (Table 2). While the 425-pm-core germanium fibers also fractured upon repeated bending, the 
150-pm-, 250-pm-, and 350-pm-core germanium fibers suffered no mechanical damage under similar test 
conditions. Figure 6 shows a 350-pm-core germanium oxide fiber inserted through the 7 Fr working chaimel of a 15 
Fr flexible cysto-urethroscope. The scope was deflected at a maximum angle corresponding to a bend radius of 
approximately 15 mm with and without the fiber inserted. 

Table 2. Bending tests performed using a 15 Fr flexible cysto-urethroscope with 7 Fr working channel and ~ 15 mm bend radius. 

Fiber Type / Minimum Flexible Scope 
Core Size Bend Radius' Breaking Test 
Sapphire 

150 |im 20 mm Passed 
250 urn 30 mm Failed 
325 nm 60 mm Not tested 
425 |im 80 mm Failed 

Germanium Oxide 
150 nm 5 mm Passed 
250 |xm 10 mm Passed 
350 [xm 15 mm Passed 
425 |xm 25 mm Failed 
500 |im 40 mm Failed 

' Minimum bend radius values are taken from commercial literature (www.photran.com and www.infraredfibersystems.com). 



(a) (b) (c) 

Figure 6. Images of a 350-nm-core germanium / silica hybrid fiber inserted through a 15 Fr flexible cysto-urethroscope with a 7 
Fr working channel, (a) The fiber is bent to a ~ 15-mm bend radius without breaking under maximum scope deflection, 
(b) Maximum deflection of the scope without fiber present also corresponds to a ~ 15-mm bend radius, demonstrating that the 
fiber does not hinder scope deflection, (c) The fiber is successfijlly inserted at a 30-degree angle into the working channel. 

Both the 350/550 and 425/550 germanium/silica hybrid fibers showed a significant decrease in energy output when 
bent to just above their minimum bending radius, 15 mm for the 350 |im trunk fiber and 25 mm for the 425 i^m 
trunk fiber (Table 3). The damage mechanism was usually observed as sparking at the germanium/silica fiber 
interface, resulting in a melting of the germanium surface at the fiber interface, and noted as an immediate loss in 
energy greater than 5%. The difference in results between the 250-, 350-, and 425-|im trunk fibers can be explained 
in part by the difference in the cross-sectional area at the germanium fiber tip. Assuming the melting temperature of 
the germanium fiber tip at the interface is the limiting factor, the maximum fluence that the interface can handle 
before melting is a function of both energy and fiber diameter. Thus, a larger trunk fiber diameter transmits greater 
energy, as observed in Table 3. 

Table 3. Damage thresholds during germanium / silica fiber bending tests. 

Fiber Core (\im) 
(Trunlt/Tip) 

Maximum Energy (mJ) 
Straight Bent 

Bend Radius (mm) N 

425 / 550 
350/550 
250/365 

180 ±30 
93 ±13 
27 + 8 

82 + 20 
65 ±20 
28 + 9 

30 
20 
20 

10 
10 

3.4 Lithotripsy Studies 
Both the 350/550 and 425/550 hybrid germanium/silica fibers were tested for Er:YAG laser abladon of uric acid and 
calcium oxalate monohydrate (COM) stones. The ablation threshold for the stones and the peak energies transmitted 
through the fibers before fiber interface damage occurred was measured (Table 4). Ablation craters were first 
observed in the stones at energy levels of 15-23 mJ. There was no statistically significant dependence on stone type 
or trunk fiber used. The peak energies, however, were again dependent on fiber trunk diameter (350 or 425 i^m), 
similar to the previous results for the fiber bending studies. 

Table 4. Results using hybrid germanium / silica fibers for Er:YAG lithotripsy. 

Fiber Core (urn) Stone Type Stone Ablation Fiber Damage N 
(Trunk/Tip) Threshold (mJ) Threshold (mJ) 
350/550 uric acid 15 + 2 55 + 8 3 

COM* 22 + 5 63+11 3 
425/550 uric acid 19+1 90 + 32 4 

COM 23 ±9 114 + 8 4 

*COM = calcium oxalate monohydrate 



4. DISCUSSION 

Several applications in urology may benefit from the availability of a suitable optical fiber for tissue ablation using 
the Erbium:YAG laser. Potential applications include more precise laser incision of ureteral and urethral strictures 
and more efficient laser lithotripsy. Previous studies by our research group suggest that Er:YAG laser incision of 
the ureter and urethra reduces peripheral thermal damage by a factor of 10 in comparison with the Ho: YAG laser (30 
+ 10 fim vs. 290 + 30 ^im), which may translate into less scarring and improved success rates [14,16,18]. 

Teichmann, et al, have reported that Er:YAG laser lithotripsy is approximately 2.4 times more efficient than 
Ho:YAG laser lithotripsy, and that the lack of a reliable optical fiber delivery system is the major limitation to 
clinical application of Er:YAG laser lithotripsy [19]. They demonstrated that both the 425-nm-core sapphire and 
germanium fibers suffered significant degradation during Er:YAG laser lithotripsy studies, with fiber output 
energies declining to less than 70% of their initial 100 mJ and 200 mJ energies, respectively. Other experiments 
with the sapphire fiber were limited to energies of 50 mJ to minimize fiber damage [21]. 

Recently, Papagiakoumou, et al, have also reported the characterization of the germanium oxide fibers for flexible 
transmission of Er:YAG laser radiation [22]. They reported that the fibers exhibited no significant bending losses 
when bent to a radius of 40 mm and transmitting up to 20 mJ of energy. While these testing conditions were 
different than those of the current study (e.g. no silica tip, lower energy transmission, and higher bend radius), they 
nevertheless further demonstrate the potential of the germanium fiber as a flexible delivery system. 

When comparing our methods used to assemble the hybrid fibers, it should be noted that there was a large difference 
in peak output energy between some of the methods. The bare germanium fibers and hybrid fibers attached with 
epoxy performed poorly in comparison with the hybrid fibers attached with metal, glass, and heat-shrink tubing. 
This can be explained again by considering the low melting temperature of the germanium fiber. The epoxy 
presumably acted as an absorbing material, resulting in thermal buildup at the interface, and eventual fiber decay 
and transmission loss. On the contrary, the heat-shrink and glass tubing were more efficient in transmitting coupling 
losses at the fiber interface through the wall, resulting in less thermal buildup. The alignment of the germanium / 
silica fiber interface inside the steel tubing was difficuh because the material was not transparent. 

The performance of the hybrid fibers was also limited when the fibers were placed either in tight bending 
configurations or in contact with hard tissue (e.g. stones). Some of the fiber damage and transmission losses may be 
due to limitations in the spatial and temporal beam quality of the input laser beam and the introduction of higher 
modes during bending. Future research will focus on delivering a single mode Gaussian or flat-top spatial beam 
profile and eliminating the micro-pulse spikes that compose the Er:YAG temporal beam profile [16]. 

Overall, our results show that by adding a robust silica fiber tip to the germanium fiber, fiber output energies may be 
increased to 180 + 30 mJ (76 + 13 J/cm^) and 82 + 20 mJ (35 + 9 J/cm^), in straight and tight bending 
configurations, respectively, without fiber damage. This represents a large improvement over the 9 mJ (6 J/cm) 
peak energy achieved during testing of the bare germanium fiber in contact with soft tissue (Figure 3b). While these 
resuhs demonstrate that the hybrid germanium / silica fiber currently transmits sufficient energy for contact soft 
tissue ablation through a flexible endoscope, further improvements will be necessary before the hybrid fiber can be 
used effectively for Er:YAG laser lithotripsy. These fiber output energies are still too low to efficiently ablate 
stones at a rate suitable for clinical use. We are currently working to further refine our hybrid fiber assembly 
method to provide even higher and more consistent Er:YAG laser output energy and smaller, more flexible fibers for 
use in flexible endoscopes. 

5. CONCLUSIONS 

A robust, flexible, and biocompatible hybrid germanium / silica fiber was assembled capable of delivering 
Erbium: YAG laser radiation through a flexible endoscope. This fiber may serve as a reHable delivery system with 
the Er:YAG laser for applications in the urological tract which may benefit from more precise and efficient laser 
ablation. Such applications may include laser ablation of urethral and ureteral strictures and laser lithotripsy. 
Assembly of smaller diameter hybrid fibers, more rigorous endoscope bending tests, and achievement of higher fiber 
output energy thresholds will all be pursued in the further development and testing of these hybrid fibers. 
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APPENDIX   5 

was measured by energy detector with the laser set at 500 mJ pulse en- 
ergy at 10 Hz. Pyroelectric imaging was done. The fibers were run at 
500-2800 mJ pulse energy to determine the minimum energy required 
to fracture the fiber at the site of bending. Each fiber was placed through 
the working channel on the ACMI DUR-8 Elite ureteroscope and flow 
rates (mL/min) were calculated. The maximum deflection of the DUR- 
8 Elite with each fiber in the working channel was recorded. 

RESULTS: All small fibers had greater optical output in .straight 
vs. 180° configurations. The Domier fiber had the lowest optical out- 
put in either configuration. Some medium fibers had greater optical 
output in straight vs. 180° configurations. The Domier 200 /xm fiber 
fractured repeatedly in 180° configuration with pulse energy as low as 
0.6 J. The Lumenis 365 /xm fiber fractured repeatedly in 180° con- 
figuration with pulse energy as low as 1.0 J. Pyroelectric images con- 
firmed near Gaussian optical output for all fibers. Flow rates (mL/min) 
were calculated with each fiber inserted into the DUR-8 Elite work- 
ing channel. 
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CONCLUSIONS: Optical performance differs among manufactur- 
ers. For small fibers, the Lumenis 272 /xm and Innova 200 fim fibers 
are best. For medium fibers, the Innova 400 /xm and Optical Integrity 
300 fim fibers are best. The Domier 200 /xm fiber does not couple well 
with the Lumenis laser. 

ABSTRACT 26 
Laser Therapy in Penile Carcinoma: 

Point of Technique and Outcome 
Dominic Frimberger, Edwin Hungerhuber, Alfons Hofstettef, and 

Peter Schneede 
Department of Urology, Ludwig-Maximilians University of 

Munich Grosshadem, Munich, Germany 

The most important issues in penile cancer remain adequate tumor 
control and the prevention of recurrent disease. The outcome data 
from a single institution of the last 13 years for patients with penile 
carcinoma treated with Nd:YAG laser coagulation was reviewed to 
evaluate the safety of laser treatment in comparison to local excision 
and amputation techniques respectively. A retrospective analysis of 
29 patients with penile carcinoma treated with Nd;YAG laser coag- 
ulation between 1987 and 2000 was performed. Two patient groups 
were formed, group 1 consisting of patients with carcinoma in situ 
only and group 2 including all other tumor stages. Group 1 consisted 
of 17 patients of which 2 had recurrent disease. Two patients un- 
derwent inguinal lymphadenectomy of which one was positive. 
Group 2 consisted of 12 patients, 10 with Tl disease and 2 with a 
T2 tumor. One patient dev^eloped recurrent disease and 2 patients had 
metastatic spread to their lymph nodes. Two patients, one of each 
group required partial amputation for recurrent disease. The cosmetic 
results and patient satisfaction are excellent. Modem laser surgery 
of the outer genital allows oncologically, functionally and cosmeti- 
cally convincing results in the hand of the experienced surgeon. 
While superficial lesions up to Tl can safely be treated with Nd: 
YAG laser coagulation, the treatment of choice for stage T2 or higher 
lesions remains partial amputation. 

ABSTRACT 27 
Erbium:YAG Laser Incision of the Ureter and Urethra: 

Optimization of the Laser Parameters 
Nathaniel M. Fried,' Albert M. Ong,' Koon H. Rha,' 

Zelalem Tesfaye,' and Pooya Hejazi^ 
Departments of Urology' and Electrical Engineering,^ 

Johns Hopkins University, Baltimore, MD 

INTRODUCTION: The most frequent complication associated with 
endourologic treatment of ureteral and urethral strictures is stricture're- 
currence. The erbium:YAG laser is capable of incision of soft tissues 
with minimal peripheral thermal damage and therefore may be a promis- 
ing alternative to the cold knife and Holmium:YAG laser for incision 
of ureteral and urethral strictures. 

METHODS: Optimization of the Er:YAG laser was conducted us- 
ing fresh samples of porcine ureters and canine urethras, ex vivo. Pre- 
liminary in vivo studies were also performed in, a laparoscopic porcine 
ureteral model with exposed ureter. Laser radiation with a wavelength 
of 2.94yu.m, pulse lengths of 8,70, and220;u,s, output energies of 2-35 
mJ, fluences of 1-25 J/cm^, and pulse repetition rates of 5-30 Hz, was 
delivered through 250-;U,m and 425-;im core germanium oxide optical 
fibers in direct contact with ureteral tissue. 

RESULTS: Ex vivo perforation thresholds measured 2-4 J/cm^, 
with ablation rates of 50 yum/pulse at fluences of 6-11 J/cm^. In vivo 
perforation thresholds were approximately 1.8 J/cm^, with the ureter 
perforated in less than 20 pulses at fluences greater than 3.6 J/cm^. 
Thermal damage zones ranged from a minimum of 20 fj,m at 8 fjbs laser 
pulse lengths to a maximum of 60 /xm with 220/U,s pulses. Mechanical 
damage (tissue tearing) was observed with the Er:YAG laser at the 8 
/xs pulse duration, and operation was limited to low pulse repetition 
rates. 

CONCLUSION: The Er:YAG laser, operating at a pulse duration 
of approximately 70 Ds, a fluence of 4 J/cm^, and a pulse repetition 
rate of 20 Hz, is capable of rapidly incising urethral and ureteral tis- 
sues, in vivo, with minimal thermal and mechanical side-effects. The 
Er:YAG laser is more efficient that the Ho:YAG laser for cutting tis- 
sue, with perforation thresholds measuring ~2 J/cm^ versus —34 Ifcrn^, 
respectively. The Er:YAG laser is also more precise than the Ho:YAG 
laser, with peripheral thermal damage zones measuring 10-20 /xm ver- 
sus 300 ^m, respectively. Chronic animal wound healing studies are 
planned to quantify scarring induced during Er:YAG laser incision, and 
optimization of fiber optic delivery systems for endoscopic delivery of 
mid-infrared laser energy has begun. 

ABSTRACT 28 
Micro-Inkjet Device for Rapid, Precise, and Noncontact Surgical 

Marking of Tissues 
Rahayu Ramli' and Nathaniel M. Fried^ 

Departments of Biomedical Engineering' and Urology,^ 
Johns Hopkins University, Baltimore, MD 

INTRODUCTION: There is a need for improved methods of tissue 
marking as the applications for laparoscopic surgery increase. The use 
of a micro-inkjet system for noncontact, rapid, and precise marking of 
surgical margins prior to excision or morcellation of tissue may pro- 
vide improved correlation with histologic analysis. The purpose of this 
study was to optimize the micro-inkjet parameters for noncontact mark- 
ing of tissue and compare its performance with a syringe-pump used 
for contact marking of tissue. 

METHODS: India ink was used as a sample permanent dye for 
marking of poster board, kidney, and ureter, during the optimization of 
micro-inkjet and syringe pump systems. Noncontact dye delivery was 
studied using a micro-inkjet head (4-mm-diameter X 20-mm-length) 
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MODERATED POSTER SESSIONS ABSTRACTS 

tings of 100, 200 and 500 kPa. Stone phantoms un- 
derwent 30 shocks at each respective setting. 

Results At 120 mJ the FREDDY laser caused stone 
retropulsion a mean distance of 3.4, 1.4 and 1.7 cm at 
settings of 1, 3 and 5 Hz respectively. At 160 mJ the 
FREDDY laser retropulsed the stone a mean distance of 
4.6, 3,7 and 3.5 cm at settings of 1, 3 and 5 Hz re- 
spectively. The lithoclast retropulsed the stone a mean 
distance of 6.1, 9.9 and 1 1.5 cm at pressure settings 
of 100, 200 and 300 kPa respectively. 

Conclusions Stones were retropulsed a greater distance 
at lower frequency settings with the FREDDY laser. How- 
ever, the retropulsion was significantly less than that 
caused by the pneumatic lithotripter at all settings. 
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HYBRID GERMANIUM / SILICA OPTICAL FIBERS 
FOR FLEXIBLE ENDOSCOPIC DELIVERY OF HIGH- 
POWER ERBIUM:YAG LASER RADIATION 

N.M. Fried. C.A. Chaney 

Department of Urology, Johns HopHins Medical School, 
Baltimore, MD, USA 

Introduction The Erbium:YAG laser is more efficient 
than the Holmium:YAG laser for laser lithotripsy and pro- 
duces less peripheral thermal damage during laser inci- 
sion of soft urological tissues. The main factor limiting 
endourologic use of the Er:YAG laser is the lack of a 
suitable optical fiber delivery system which is robust, 
flexible, and biocompatible. 

Objective To construct and test an optical fiber capa- 
ble of transmitting high-power Er:YAG laser radiation 
through a flexible endoscope for potential use in multi- 
ple endourologic procedures, including laser lithotripsy 
and incision of ureteral and urethral strictures. 

Methods Hybrid optical fibers were assembled from 
550-mm-core, low-OH silica fiber tips attached to 425- 
mm-core germanium oxide trunk fibers using four tech- 
niques: UV-cured epoxy, steel hypodermic tubing, glass 
capillary tubing, and heat-shrink tubing. Fiber output en- 
ergy from the EnYAG laser (1 = 2.94 mm) was.measured 
during laser operation at a pulse length of 220 ms, pulse 
repetition rate of 3 Hz, and output energies up to 300 
mJ. Preliminary optical fiber bending tests were also per- 
formed through a flexible endoscope. 

Results The damage threshold for the germanium ox- 
ide fibers during contact soft tissue ablation was 9 mJ. 
For the hybrid germanium / silica fibers, maximum fiber 
output energies measured 180 ± 30 mJ (n=9) before 
fiber damage was observed at the fiber interface. This 
value was above the minimum energy needed for EnYAG 
laser ablation of soft ureteral and urethral tissues (~ 8 
mJ) and stones (~ 25 mJ). 

Conclusion Simple assembly of a hybrid germanium / 
silica optical fiber may represent a robust, flexible, and 
biocompatible method of delivering high-power Er:YAG 
laser radiation during endoscopic procedures. 

MP06.06 
EFFECT OF INTRANASAL DESMOPRESSIN SPRAY 
IN THE TREATMENT OF RENAL COLIC 

F. Tadavyon. M.R. Ebadzadeh 

Department of Urology, Noor Hospital, Esfahan, Iran 

Objective To assess the efficacy of desmopressin nasal 
spray and compared it with diclofenac given intramus- 
culary in patient with acute renal colic. 

Methods From March 2001 to October 2002 , 90 pa- 
tient with acute renal colic, randomized in to three dif- 
ferent groups: group A received desmopressin nasal 
spray (40 microgram), group B received diclofenac in- 
tramuscular/ (75 mg) and group C received both desmo- 
pressin (40 microgram)- and diclofenac (75 mg). Pain 
was assessed using a visual analogue scale (a 10 cm 
horizontal scale ranging from no pain to unbearable pain) 
at baseline, and at 10 minutes, 20 minutes, 30minutes 
after administering treatments. 

Results In our study 56.6 % of patientes in group A, 
86.6 % of patientes in group B, and 90 % of patientes 
in group C showed either complete relief or relative pain 
improvment respectively. In this study three type of 
treatment was effective.(P value less than 0.05) At 10 
min the pain decreased in all three groups.There was 
no significant difference between group A and group B 
and also between groupB and group C, but significant 
difference is noted between group A and C.(P value less 
than 0.05). At 20 and 30 min there was significant dif- 
ference between group A and B and also between group 
A and C(P value less than 0.05),but no difference be- 
tween group B and C. 

Conclusion Desmopressin has several advantages, e.g. 
ease of administration and lack of important side effects 
which make it suitable for ambulatory use. Desmo- 
pressin acts rapidly and seems to be effective in both 
single and combined therapy with diclofenac and in- 
creases the analgesic effect of diclofenac. 
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THE EFFICACY OF PAPAVERINE HYDROCHLORIDE 
FOR PAIN RELIEF IN PATIENTS WITH RENAL 
COLIC AS A SINGLE AGENT AND IN COMBINA- 
TION WITH SODIUM DICLOFENAC (NSAIDS) 

N. Snir, B. Moskovitz', 0. Natlv^, P. Livne, D. Lifshitz 

Department of Urology, Rabin Medical Center, Petah- 
Tiqwa; Department of Urology, Bnai-Zion Medical Cen- 
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Acute renal colic is one of the most anguishing forms of 
pain that needs quick and effective pain relief treatment. 
Three drug groups are commonly used: NSAIDS, Opi- 
oids and smooth muscle relaxants. The analgesic effect 
of NSAIDS and Opioids has been widely researched 
while the role of smooth muscle relaxants is less clear 
in the treatment of renal colic. 

Objective To assess the efficacy of Papaverine Hydro- 
chloride - a commonly used muscle relaxant, as a sin- 
gle agent and in combination with Sodium Diclofenac, 
in the treatment of renal colic. 

Methods In a single blind, randomized, multi-center 
clinical trial, 86 patients were admitted to the E.R for 
renal colic. Treated either with 120 mg of I.V Papaver- 
ine Hydrochloride (29 patients-group 1), 75 mg I.M So- 
dium Diclofenac (30 patients-group 2) or the combina- 
tion of both (27 patients-group 3). Evaluations by V.A.S 
(Visual Analogue Scale 0 to 10) was assessed at 0, 20 
and 40 minutes after treatment .If insufficient analgesia 
was achieved, 1 mg/kg of Pethidine (I.M) was admitted 


