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A b s t r a c t .  The Nd-YAG/KTP laser coagulates and vaporizes prostate tissue. The objective of this 
study was to investigate the combined effects of both wavelengths and to determine the irradiation 
parameters allowing the largest lesion volume. Chicken breast tissue was irradiated ex vivo. 
Consecutive 1064 and 532 nm Nd-YAG/KTP laser irradiations were performed for different 
combinations (30 W/10 W, 20 W/20 W, 10 W/30 W) with variable total fluence (1200 J, 2400 J, 3600 J) 
and compared to isofluent single wavelengths at 40 W irradiation. The depths, diameters and 
volumes of the total lesion as well as the vaporization effects of the 532 nm wavelength on normal 
and on priorly coagulated tissue were analysed. Maximum total lesion depths (p<0.001) were found 
under combined Nd-YAG/KTP (20 W/20 W) irradiation conditions. Ablation efficacy of the 532 nm 
wavelength was reduced after prior 1064 nm irradiation, but  crater depths were increased. Dual 
wavelength irradiation with the Nd-YAG/KTP laser induces a specific denaturation process. This 
may represent a new approach to increase the depth of coagulation necrosis, and thus the treated 
volume, thereby improving long-term results. 

INTRODUCTION 

For the last 30yr, electrosurgical transure- 
thral prostatectomy represented the gold stan- 
dard for the treatment of symptomatic bladder 
outlet  obstruction. Recently, the therapy of 
obstructive benign hyperplasia (BPH) has 
become a field of rapid change, and a variety of 
minimally invasive methods are currently 
under investigation as alternative treatments 
(1-5), in part icular laser prostatectomy. 

Laser energy enables tissue removal of the 
prostate through thermal processes either by 
coagulation or by vaporization. Coagulation 
results from the irreversible thermal damage 
by heating the tissue between 60 and 90 ~ 
Tissue removal then occurs over a period of 
weeks as the coagulum liquefies and sloughs. 
Immediate volatilization results from heating 

the tissue above 100 ~ Intracellular water 
is turned into steam which ejects tissue 
and opens a crater cavity surrounded by a 
coagulation zone. 

Coagulation of prostatic tissue is usually 
achieved using a deep penetrating laser wave- 
length. The laser beam is delivered under 
cystoscopic control using a sidefiring laser 
fibre or through a balloon within the prostatic 
urethra (6). Alternatively, the laser beam can 
be delivered interstitially into the substance of 
the prostate by transurethral  or percutaneous 
application, creating deep tissue coagulation 
and leaving the prostatic urethra intact (7). 
Vaporization effects can be produced in non- 
contact  or contact mode. In the non-contact 
mode, a sidefiring fibre device is used in 
order to achieve the necessary high tempera- 
tures, either by selecting a highly absorbed 
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wavelength or by raising the power density of 
deep penetrating wavelengths. In the contact 
mode, incision of the urethral  prostate can 
be obtained by using sapphire or fused-silica 
fibre tips. 

So far, non-contact sidefire coagulation is 
the most widely used technique. Although 
encouraging clinical results have been 
reported (8-11), the technique remains contro- 
versial because of two problems. First, the 
slow elimination of coagulated tissue may 
cause severe obstructive and irritative post- 
operative symptoms, even occasionally for sev- 
eral weeks. Second, residual prostate tissue 
still observed several months postoperatively 
due to insufficient tissue resorption in case of 
undertreatment may require re-intervention 
(3). 

In order to overcome these difficulties, there 
is an increasing interest in vaporization 
techniques, which enable immediate tissue 
removal, and interstitial coagulation, which 
treats the tissue at a depth a t ransurethral  
application cannot reach (1, 7). The Nd-YAG/ 
KTP laser takes part in this evolution, since it 
offers a concept that  combines coagulation and 
vaporization (8). Deep prostatic tissue coagu- 
lation is first induced with the penetrating 
1064 nm Nd-YAG laser radiation. The urethral  
prostate is then incised with the better 
absorbed 532 nm KTP radiation in non-contact 
mode, thus reducing postoperative morbidity 
and allowing early catheter removal. So far, 
clinical experiences with this technique are 
encouraging (2, 8). 

However, the long-term volume reduction of 
the prostate, and thus the long-term success 
rate of the procedure, depends strongly on 
the coagulation volume achieved, which is 
related to the coagulation depth. The objective 
of this study was therefore to investigate 
systematically the interaction between the two 
wavelengths, on a simple and well-known bio- 
logical tissue, and to determine whether their 
combination may lead to an increased lesion 
depth. 

MATERIALS AND METHODS 

Laser effects were studied ex vivo on chicken 
breast samples immersed in saline at constant 
tissue temperature (36 ~ Tissue was irradi- 
ated using a direct-firing fibre (Endostat 
Laserscope, USA) with a core diameter of 
600/~m positioned perpendicularly to the 
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sample surface. During laser irradiation, the 
fibre tip was maintained at a constant distance 
of 2 mm from the specimen surface, giving a 
spot diameter of 1.1 mm on the sample. 

A dual wavelength Nd-YAG/KTP laser 
(Laserscope, USA) providing the Nd-YAG 
laser fundamental at 1064nm and the fre- 
quency doubled 532 nm wavelengths was used. 
The maximum laser output of the system was 
100 W at 1064 nm and 40 W at 532 nm. Irradia- 
tions were performed sequentially (1064 nm 
first, then 532 nm) for different combinations 
(30 W/10 W, 20 W/20 W, 10 W/30 W) with vari- 
able total fluence (1200 J, 2400 J, 3600 J), and 
compared to isofluent single wavelength 40 W 
irradiation. The irradiation times for each 
wavelength were 30, 60 and 90 s, corresponding 
to dual wavelength irradiation times of 60, 120 
and 180 s. The irradiation time of single wave- 
length experiments (40W/0W, 0W/40W) 
was half  that  of dual wavelengths irradiation. 
Each wavelength setting was analysed on six 
samples for a total of 90 irradiation sites. Due 
to possible fibre damage during laser irradi- 
ation, fibre tip condition and laser output were 
checked before each laser irradiation. 

The specific influences of the laser irradi- 
ance and of the irradiation time on the lesion 
characteristics have been determined in single 
wavelength experiments (five samples for a 
total of 40 irradiation sites). Effects of irradi- 
ance were studied at laser power output of 20 
and 40 W. Effects of irradiation time were 
studied by comparing 40 W and 30 s irradiation 
with 20 W and 60 s irradiation. 

Finally, the effect of the tissue denaturat ion 
induced by the previous 1064 nm on the laser- 
tissue interaction process of the 532 nm output 
was addressed by comparing lesions induced at 
532 nm on normal (untreated) tissue and tissue 
previously irradiated by the 1064 nm output 
(120 s at 20 W for a total energy of 2400 J). A 
total of 20 irradiation sites on five samples 
were analysed. 

Under ex vivo conditions, the coagulated 
tissue was easily recognized macroscopically 
by its blanching. Minimal blackening and car- 
bonization of the lesion edge was observed 
after irradiation with the KTP laser. Micro- 
scopic evaluation has been validated by histo- 
logic verification. Lesions were analysed 
macroscopically and their three-dimensional 
extension was measured. Total lesion was 
defined as tissue damaged by coagulation 
and vaporization. The total depth, diameter 
and lesion volumes are reported. The volume 



366 

of the lesion was computed after approximat- 
ing the actual  lesion shape either by a half- 
ellipsoid or by a cylinder. The ablation crater 
was characterized by its diameter, depth and 
volume. 

The statistical analysis was performed using 
the BMDP Statistical Software package (2 V) 
for multi-way analysis of variance. Multi-way 
analysis of variance was performed with 
main factors being wavelength combinations, 
fluences and chicken breast samples. Inter- 
action between wavelength combinations and 
fluences were also taken into account. If this 
interaction was not significant, or only mar- 
ginally significant, main factors were analysed 
using all data. In the case of significant differ- 
ence between wavelength combinations, four 
orthogonal contrasts were calculated [0/40 vs 
10/30, 30/10 vs 40/0 (0/40+10/30) vs (30/10+40/ 
0), 20/20 vs all others]. If there were signifi- 
cant differences between fluence groups, two 
orthogonal contrasts were evaluated [linear: 
30 s vs 90 s, quadratic: (30 s+90 s) vs 60 s]. 

RESULTS 

Total lesion depth 

The total lesion depths (coagulation and 
vaporization) measured for the different laser 
fluence groups investigated are shown in Fig. 
1. Total lesion depth showed a significant 
difference when analysed with regard to wave- 
length combinations (p<0.0001) and fluence 
(p<0.0001). A significant (/9<0.0001) enhance- 
ment of the total tissue lesion depth was 
observed after combined irradiation with both 
wavelengths at equal power (20 W). However, 
no significant difference was found between 
the other four irradiation combinations. Total 
lesion depth is also significantly increased by 
an increase in irradiation time (p<0.0001, lin- 
ear). The depth of the ablation crater reaches 
80% of the total lesion depth at maximum. 
Interestingly, the depth of the ablation crater 
is also maximum at the optimal 20 W/20 W 
irradiation conditions (3600 J fluence group). 

Total lesion diameter and volume 

The total lesion diameters (coagulation and 
vaporization) are shown in Fig. 2. At the 20 W/ 
20 W irradiation combination, a statistically 
significant decrease in the total lesion diam- 
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Fig. 1. Total lesion depths induced in chicken breast as a 
function of wavelength combination and irradiation time. 
Maximum lesion depth (p<0.0001) is found with the 20/20 W 
Nd-YAG (1064 nm)/KTP (532 nm) combination. Note that the 
synergy effect observed at 20/20 W increases with irradiation 
time, contrary to other power combinations. A, Nd-YAG 
40 W/KTP 0 W; &, Nd-YAG 30 W/KTP 10 W; 0,  Nd-YAG 
20 W/KTP 20 W; T, Nd-YAG 10 W/KTP 30 W; V, Nd-YAG 
o W/KTP 40 W. 

eter (p<0.0001) was observed. No significant 
difference was found between the other wave- 
length combinations. Total lesion diameters 
were also increased by longer irradiation times 
(p<0.0001, linear). 

The total lesion volumes (coagulation and 
vaporization) are shown in Fig. 3. In contrast  
to the lesion diameter and depth, no statisti- 
cally significant difference is observed between 
all wavelength combinations (p=0.33). At iden- 
tical fluence, all wavelength combinations 
yield comparable lesion volumes. Only an 
increase of the irradiation time leads to signifi- 
cantly larger lesion volume (p<0.0001, linear). 
On the other hand, the volume of the crater 
induced by tissue vaporization for the highest 
fiuence (3600 J) represents at maximum only 
13% of the total tissue lesion. 
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Total lesion diameters induced in chicken breast 
as a function of wavelength combinations and irradiation 
time. Statistically significant decrease (p<0.0001) of the 
lesion diameter at the 20 W/20 W irradiation combination. 
A, Nd-YAG 40 W/KTP 0 W; &, Nd-YAG 30 W/KTP 10 W; 
0,  Nd-YAG 20 W/KTP 20 W; ~', Nd-YAG 10 W/KTP 30 W; 
V, Nd-YAG 0 W/KTP 40 W. 

Effect of the laser irradiance 

The effect of the laser irradiance on the total 
lesion depth has been investigated separately 
for both wavelengths. The total lesion depths 
generated at two laser powers (20 and 40 W) 
and for two laser doses (1200 and 3600 J) are 
shown in Fig. 4. No significant effect of irradi- 
ance (p=0.87) on the total lesion depth was 
observed. Only an increase of the irradiation 
time lead to an increase of the total lesion 
depth (p<0.0001). Similar observations were 
made for the total lesion diameters and the 
total lesion volumes (data not shown). 

Effect of previous Nd-YAG coagulation on 
the KTP ablation efficacy 

Prior irradiation with the Nd-YAG modifies 
the interaction parameters of the KTP output. 
First, the immediate tissue volume removal is 
significantly reduced at 20 W and 30 W KTP 
(p<0.0001) [Fig. 5(a)]. Second, the total diam- 
eter of the crater is significantly reduced 
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Fig. 3. Total lesion volumes induced in chicken breast as 
a function of wavelength combinations and irradiation time. 
No statistically significant difference is observed between 
the different wavelength combinations (p=0.33). Only an 
increase of the irradiation time leads to a significant increase 
of the lesion volume. A, Nd-YAG 40 W/KTP 0 W; A, Nd-YAG 
30 W/KTP 10 W; 0, Nd-YAG 20 W/KTP 20 W; ~1', Nd-YAG 
10 W/KTP 30 W; V, Nd-YAG 0 W/KTP 40 W. 

(p<0.0001) [Fig. 5(b)]. Third, in contrary to the 
diameter and the volume, the ablation depth of 
the crater is significantly increased (p = 0.0002) 
[Fig. 5(c)]. Thus, 532 nm irradiation after pre- 
vious irradiation at 1064 nm induces a forward 
enhancement of the ablation process. 

DISCUSSION 

The concept of dual wavelength irradiation 
was initially proposed to combine deep coagu- 
lation induced by the penetrating 1064 nm irra- 
diation with immediate tissue removal by the 
well absorbed 532 nm irradiation (8). However, 
due to the tissue alteration induced by the 
initial 1064nm irradiation, the subsequent 
interaction of the 532 nm irradiation with the 
tissue is changed, exhibiting specific tissue 
effects. 

The authors '  findings confirm that proper 
combination of the two wavelengths results in 
increased lesion depths when compared to iso- 
fluent single wavelength irradiation (Fig. 1). 
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Fig. 4. Total lesion depths induced in chicken breast by the 
Nd-YAG (1064 nm) and the KTP (532 nm) lasers as a func- 
tion of the irradiance. No significant effect of the irradiance on 
the total lesion depth is found for both laser doses (p=0.87). 
A, Nd-YAG 20 W; A, Nd-YAG 40 W; V, KTP 20 W; I ', KTP 
40 W. 

At the investigated irradiation conditions, the 
maximum synergy occurs at equal irradiance 
(or laser power). Simultaneously, a decrease of 
the total lesion diameter can be observed. 
Thus, as the lesion propagates deeper for the 
20 W/20 W combination, this means that  the 
laser action is more directional for the 20 W/ 
20 W combination than for all others. 

The underlying cause for the observed 
changes in the total lesion depth is related to 
the modified interaction process between the 
532 nm laser beam and the tissue altered by the 
initial 1064 nm irradiation. Two main effects 
can be expected from the initial 1064 nm irra- 
diation: a change in the optical properties of 
the tissue or in its thermal properties. Changes 
in the optical tissue properties modify the laser 
energy distribution within the tissue. The opti- 
cal changes observed after irradiation with the 
Nd-YAG wavelength are visible blanching and 
reduction of pigmentation. As a result, the 
532 nm irradiation is less absorbed and more 
scattered. This effect would lead to an increase 
of the collateral damage and a reduction of the 
depth of the tissue lesion. The authors'  exper- 
iments confirm that  prior 1064 nm irradiation 
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reduces the amount of immediate tissue re- 
moval by the KTP. Less efficient lase~t issue 
interaction leads to a significant reduction 
(p<0.0001) of the ablated volume (Fig. 5). 

Thermal denaturat ion of the tissue leads to 
a change in the heat diffusion within the 
irradiated (coagulated) area. Thus, an in- 
crease of the tissue temperature within the 
irradiation zone due to an insulation effect 
by the surrounding coagulated layers is 
expected. This effect could even be enhanced 
in the living tissue by additional insulation 
due to reduction of the local tissue perfusion. 
The depths of the coagulation zone and of the 
crater cavity are therefore increased. Simul- 
taneously, their diameters are reduced by 
enhanced heat confinement by the surround- 
ing denatured tissue. This is in agreement 
with the enhanced coagulation depths 
observed in the authors' experiments. 

Irradiance, ie the rate of laser energy depo- 
sition or rate of heating, did not affect signifi- 
cantly the coagulation depth for the treatment 
times used in this study. This is shown by 
separate investigations for both wavelengths 
at different power densities and different 
irradiation times (Fig. 4). 

In summary, in the studied long-lasting irra- 
diation conditions, initial tissue denaturat ion 
with the Nd-YAG output reduces the lateral 
heat diffusion, thus increasing the tissue tern- 
perature at the laser impact zone. This leads to 
an enhanced rate of tissue denaturat ion by the 
532 nm wavelength in the forward direction, 
resulting in a deeper tissue lesion. 

These results were obtained under ex vivo 
conditions on chicken breast samples. Chicken 
breast ex vivo shows similar optical properties 
at the HeNe wavelength (632 nm) to human 
prostate tissue (12). It most likely resembles 
prostate tissue with little glandular content, 
and preliminary results obtained on a limited 
number of human prostate tissue specimens 
ex vivo suggest the same synergy effect. Theor- 
etically, one could expect an alteration of the 
results in vivo due to persistence of blood flow 
and the varying stromal/epithelial ratio in the 
prostate. Prior coagulation by the 1064nm 
wavelength leads to a reduction of local blood 
perfusion. The possible influence of blood per- 
fusion on tissue distribution of the subsequent 
532 nm wavelength is therefore limited. How- 
ever, further data obtained from in vivo dual 
wavelength irradiation on human prostate 
tissue will be needed to confirm this hypoth- 
esis. In vivo studies on the prostate are 
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Fig. 5. Effect of prior Nd-YAG (1064 nm) tissue denaturation on the ablation efficacy of the KTP (532 nm) in chicken breast on 
the volume of the ablation crater (a), its diameter (b) and its depth (c). Note that the volume and the diameter are significantly 
reduced; by contrast, the depth is increased. V, KTP 20 W; T, KTP 30 W. 

complicated by the fact that  no valid animal 
model exists. So far, experimental studies 
have generally been performed with the canine 
prostate model. However, significant differ- 
ences in the physical properties as well as 
anatomical characteristics (ratio of glandular 
vs stromal tissue) between the canine and 
human prostate have been reported (3). Such 
differences may explain the variations in the 
extent of coagulation necrosis and subsequent 
elimination of prostate tissue observed in 
human as compared to the canine prostate 
data. 

Clinical implications 

For improvement of non-contact laser prosta- 
tectomy, three aspects have to be considered. 
First, the induction of deep coagulation is 

the prerequisite for long-term tissue removal. 
Thus, the coagulation depth has to be 
increased in order to yield larger volumes of 
denatured tissue and ensure better long-term 
results. Second, a sufficient incision of the 
urethral  prostate is essential in order to 
increase the immediate benefit of the pro- 
cedure, allowing early catheter removal, and 
thereby decreasing postoperative morbidity. 
Third, dual wavelength irradiation should not 
complicate laser application or significantly 
lengthen the treatment time. 

The synergy effect found in the present ex 
vivo study indicates the possibility of increas- 
ing the coagulation depth, and thus the coagu- 
lation volume, by a dual wavelength tissue 
ablation concept (Nd-YAG/KTP). Lateral 
extension of the resorption volume, needed for 
an increase of the overall coagulation volume 
of the prostate, can be easily obtained by 
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lateral displacement of the fibre. Although the 
vaporization efficiency of the KTP is reduced 
after initial Nd-YAG irradiation, the depth 
of the ablation crater is increased. Thus, a suf- 
ficient opening of the urethral channel can be 
expected allowing a reduction in the post- 
operative morbidity. Additionally, in the 
authors' clinical experience (13), dual wave- 
length irradiation of the prostate does not 
lengthen the treatment time when compared to 
the standard TURP procedure or Ho-YAG 
laser resection. 

The potential benefits of the proposed dual 
wavelength Nd-YAG/KTP laser procedure 
may thus increase the long-term tissue 
removal while still enabling sufficient inci- 
sion of the urethral prostate and preventing 
the patient from suffering bleeding and fluid 
resorption. However, the observed synergy 
effect needs to be confirmed in clinical trials. 
In these trials, the practical procedure 
needed to apply the concept demonstrated in 
vitro wilt be developed. During these pro- 
cedures, surgeons should also be aware of 
possible hazards resulting from the enhanced 
forward propagation of laser-induced thermal 
effects. In particular, deeper tissue pene- 
tration may increase the risk of perforation, 
especially when treating the posterior capsule 
of the prostate. 

CONCLUSION 

This study suggests that dual wavelength irra- 
diation with the Nd-YAG/KTP laser exhibits 
specific ablation properties. At a 20 W/20 W 
combination, a synergy effect resulting in an 
increased coagulation depth has been ident- 
ified. It follows that dual wavelength irradi- 
ation may represent a new approach to yield 
larger volumes of coagulation necrosis needed 
for effective laser therapy of benign prostate 
hyperplasia. 
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