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Laser ablation of the biliary tree: in vivo proof of concept as 

potential treatment of unresectable cholangiocarcinoma 

Abstract: 

Objectives: The palliative treatment of cholangiocarcinoma is based on stent 

placement with well-known procedure-related complications. Consequently, 

alternative energy-based techniques were put forward with controversial long-

term results. This study aims to evaluate the safety and effectiveness of biliary 

tree laser ablation (LA) in terms of: i) absence of perforation, ii) temperature 

increase, iii) induced thermal damage in in vivo models.  

Materials and methods: The common bile duct and cystic ducts of two pigs 

were ablated with a diode laser (circumferential irradiation pattern) for 6 and 3 

minutes at 7 W. Laser settings were chosen from previous ex vivo experiments. 

Local temperature was monitored through a fiber Bragg grating (FBG) sensor 

embedded into the laser delivery probe. Histopathological analysis of the 

ablated specimen was performed through in situ endomicroscopy, hematoxylin 

and eosin (H&E) and nicotinamide adenine dinucleotide (NADH) stains.  

Results: Temperature reached a plateau of 53 °C with consequent thermal 

damage on the application area, regardless of laser settings and application 

sites. No perforation was detected macroscopically or microscopically. At the 

H&E stain, wall integrity was always preserved. The NADH stain allowed to 

evaluate damage extension. It turned out that the ablation spreading width 

depended on application time and duct diameter. In situ endomicroscopy 

revealed a clear distinction between ablated and non-ablated areas.  

Conclusions: The temperature distribution obtained through LA proved to 

induce a safe and effective intraductal coagulative necrosis of biliary ducts. 

These results represent the basis for further experiments on tumor-bearing 

models for the treatment of obstructive cholangiocarcinoma.  

 

Key words: biliary tree, intraductal laser ablation, thermometry, in vivo study, 

cholangiocarcinoma  
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Introduction 

Cholangiocarcinoma is an aggressive adenocarcinoma which arises from the 

epithelial cells of the biliary tract and accounts for up to 20% of primary liver 

cancers [1]. At the time of diagnosis, most patients present at an unresectable 

stage (III or IV) [2]. This relates to an extremely poor prognosis, with a median 

survival ranging from 3 to 6 months [3] and a 5-year overall survival for stage III 

and IV patients of 10 and 0% respectively [2].  

Therapeutic palliative solutions for unresectable conditions are mainly based on 

biliary decompression techniques [4]. As a result, multiple techniques of biliary 

decompression have been put forward. Among mechanical solutions, 

endoscopic stent placement is currently considered the treatment of choice in 

the palliation of unresectable obstructive cholangiocarcinomas. Either plastic or 

self-expandable metal stents (SEMSs) can be used to obtain an adequate 

biliary drainage. Plastic stents are effective, easily removable and replaceable. 

However, complications, such as occlusion and cholangitis, frequently occur 

after their placement, requiring repeated endoscopic disobstructive procedures 

and replacements [5]. Conversely, tumor tissue ingrowth, epithelial hyperplasia, 

biofilm deposition, and stent migration represent some of the main SEMSs 

drawbacks [6].  

In order to reduce stent-related complications, different energy-based 

techniques have been put forward as alternative strategies. Radiofrequency 

ablation (RFA) alone or in combination with SEMSs positioning proved to be 

feasible. And yet, its long-term efficacy is still unclear. A comparison between 

RFA combined with SEMSs and SEMSs alone has been reported, with a 

statistically significant improvement in patency in the RFA group as 

demonstrated in other studies [7, 8]. However, post-procedural complications, 

such as biliary bleeding, pancreatitis, hemobilia, and cholangitis cannot be 

neglected [7].  

Photodynamic therapy (PDT) was initially used in the treatment of biliary duct 

tumors with promising results in maintaining biliary patency [9, 10]. However, 

phototoxicity (which can last up to 6 weeks) [11] and cutaneous complications 

[12] are the most frequent clinical drawbacks. In addition, a recent multicenter 
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randomized study (Photostent-02) demonstrated a 61% excess of mortality risk 

in patients receiving PDT plus stenting as compared to stenting alone together 

with a reduced overall survival [13].  

Over the last decades, the laser ablation (LA) technique has shown 

effectiveness in the clinical field. Promising results have already been 

demonstrated in minimally invasive palliative or potentially curative LA of 

hepatocellular carcinomas, liver metastases, and thyroid nodules [14, 15, 16, 17, 

18, 19]. More recently, its application has been extended to the treatment of 

solid pancreatic tumors with promising preliminary results [20]. It can allow for 

the destruction of tumor cells by directing light energy into the tissue through 

optical fibers [18, 21]. The light energy is absorbed and converted into heat, and 

the subsequent increase in tissue temperature induces coagulative necrosis in 

the target [19, 22, 23]. The two main advantages of fiber-delivered laser light for 

this application are the following: i) the use of non-traumatic flexible thin 

needles, which make it possible to perform minimally invasive endoscopic 

procedures, ii) the possibility to customize the irradiation pattern to modulate 

temperature distribution in relation to tumor shape by properly micro-patterning 

the delivery fiber surface.  

When thermal procedures are used for local treatment, the key factor to assess 

the effectiveness of therapeutic outcome is the induced thermal damage, which 

is related to the rise in tissue temperature. As a consequence, a system for real-

time temperature monitoring is essential to optimize treatment effects. When 

using fiber-optic technologies, the sensing and the ablation system can be 

easily combined in order to measure local tissue temperature change during LA. 

Fiber Bragg grating (FBG) sensors are the most common tools for fiber-based 

thermometry in medical applications [24, 25]. Among the other well-known 

thermometric systems necessitating contact with the field, such as 

thermocouples, FBG sensors embed valuable features for the application 

specific to this scenario. For instance, thermocouples can present some 

concerns in their use during LA. As a matter of fact, their metallic conductors 

highly absorb the laser-emitted radiation, and this phenomenon induces an 

increase in local temperature, causing a significant overestimation of actual 

tissue temperature, which can raise up to 20°C [24, 26]. Additionally, FBG 
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temperature sensors can be inscribed directly into the delivery fiber core or 

bundled with it, in both cases leading to small-sized systems which can be 

easily guided towards the target via catheters and needles [27]. This feature 

makes the delivery-measurement system immune from electromagnetic 

interferences, and is compatible with magnetic resonance imaging (MRI) 

applications. Regarding the dynamic characteristics of FBG sensors, the 

response time of a grating (<0.3 mm diameter) embedded within a 1mm 

diameter needle is approximately 0.1 s (0.1 s to 0.3 s) [28, 29]. This value 

matches with the time constant of thermocouples with a diameter of 0.1 mm to 

0.3 mm. As a result, FBG sensors provide a reasonably fast measurement, 

according to the specific medical application. Regarding the repeatability, 

modern optical spectrum interrogator systems offer wavelength repeatability of 

1 pm, corresponding to 0.1 °C. Lastly, FBG sensors offer the advantage of 

providing a multi-point measuring system inside the same fiber. Several FBG 

sensors can be embedded within the core of the same fiber, reducing the 

invasiveness of the measure to a single insertion. The use of FBG sensors as 

temperature monitoring devices for thermal procedures has already been 

demonstrated in liver and pancreatic ablations, among others [30].  

In spite of all the advantages reported and the clinical efficacy already 

demonstrated in the laser treatment of solid tumors, only ex vivo studies 

described biliary tree LA with promising results [31]. In this study, to the best of 

our knowledge, we report the first in vivo experiments of LA with temperature 

monitoring by means of an FBG sensor. This study aims to demonstrate the 

feasibility of biliary tree and cystic duct LA with a real-time temperature 

measurement. It would be the first step in the future perspective of introducing 

this technique into a clinical setting for the treatment of biliary obstructive 

malignant diseases.   Acc
ep

te
d 

M
an

us
cr

ipt

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
N

ew
 E

ng
la

nd
] 

at
 0

0:
01

 1
5 

Ja
nu

ar
y 

20
18

 



 

 

Materials and methods 

Light delivery and FBG sensing tool 

The first step of the study consisted in the development of a suitable laser 

probe with an embedded FBG sensor to properly deliver a high-power laser 

beam to the tissue and simultaneously measure the induced temperature 

increase (Figure 1). The laser system was manufactured ad hoc in cooperation 

with a company (OPI Photonics, Turin, Italy). It is based on a high-power laser 

diode source at 940 nm combined with a probe built on a 44 0µm-core diameter 

multi-mode silica optical fiber. The irradiation pattern from the delivery fiber was 

optimized by properly patterning its lateral surface, for a length of about 1cm, 

through an exposure to a UV-laser light. In this manner, light can escape from 

the lateral surface in a controlled way (and not only from the tip as it happens in 

unmodified fibers), producing an almost cylindrical irradiation pattern [27]. An 

FBG (from Technica, inscribed in the core of a standard telecom grade 125 µm-

diameter fiber with polyimide coating, central wavelength of 1557.5 nm) was 

placed in contact with the delivery fiber in correspondence to the irradiated 

region in order to monitor the induced tissue temperature. The two fibers were 

kept together by means of a 1.2 mm (external diameter) silica glass sealed 

capillary. The choice of the silica glass material (the same material as optical 

fibers) for this protective capillary is motivated by its low infrared light absorption. 

The entire system is controlled by a custom-made LabVIEW (National 

Instruments) software, which allows to monitor the laser status and to control 

parameters such as laser power and treatment time [27].  

Tissue temperature variation measurement is obtained by analyzing the optical 

FBG response. When fed by a polychromatic light source, the grating acts as an 

optical filter; the reflected narrow spectrum is centered on a value known as the 

Bragg wavelength (λB) while all other wavelengths are transmitted. When FBG 

experiences a change in temperature, λB shifts linearly by about 10 pm/°C [25, 

32]. An optical spectrum interrogator system (Micron Optics Hyperion Platform, 

Sensing Instrument si155, sampling rate: 10 Hz) was used to interrogate and 

detect any change in wavelength. The measured temperature data were 
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provided in real time during the experiments with the support of a dedicated 

software (MOI Enlight). 

Figure 1.  

Animal tests: study design and histopathological analysis 

The experimental study was divided into two main parts: the ex vivo and in vivo 

tests.  

Ex vivo experiments 

The preliminary ex vivo tests aimed to define the laser settings to be used in the 

in vivo experiment. The main objective was to observe the power and time of 

application to be used to perform duct ablation without perforation. To do so, a 

fresh pig liver was used and a total of 4 ablations were performed in different 

portions of the common bile duct, at a mean distance of 1.5 cm between two 

consecutive ablations, in order to prevent overlapping. After intraductal laser 

probe introduction, ablations were performed from the upper to the lower part of 

the common bile duct. The laser power was delivered with values of 3 W, 5 W, 

and 7 W, for 2 min, and 7 W for 3 min. After LA, the evaluation of thermal 

damage was carried out by means of a histological analysis.  

In vivo experiments 

A total of 2 pigs underwent biliary tree LA. In agreement with the ethical 

principle of reduction, animals were included at the end of a different 

experimental protocol at the Image-Guided Surgery Institute (IHU) of 

Strasbourg, which received full approval from the Institutional Ethical Committee. 

All animals used in the experimental laboratory were managed according to 

French laws for animal use and care and according to the directives of the 

European Community Council (2010/63/EU) with respect to the 3R principles 

(Replacement, Reduction, and Refinement). Animals were humanely sacrificed 

at the end of the procedure.  

After anesthesia, using 10cc of Propofol and 5cc of Esmeron (2% isoflurane 

was injected during the ongoing procedure), the 2 pigs (45-50 kg) underwent a 
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laparotomy. After recognition of the hepatic hilum structures (common bile duct, 

hepatic artery, and portal vein), both the common bile duct and the cystic duct 

were carefully isolated. Firstly, a 1 cm transverse incision of the common bile 

duct in its middle lower portion was performed. The laser applicator embedding 

the FBG sensor was then carefully inserted inside the duct, and LA was 

performed (Figure 2).  

Figure 2.  

After common bile duct ablation, the same procedure was then performed after 

insertion of the laser applicator into the cystic duct through a 1cm incision. 

Protective glasses were worn by all operators during LA.  

A total of 4 LA procedures (one on the common bile duct and one on the cystic 

duct of each pig) were performed. Our choice to also perform LA on the cystic 

duct aimed to understand the laser effects on ducts of minor caliber, mimicking 

intrahepatic bile ducts, and to easily place the laser applicator under plain visual 

guidance. Indeed, in humans, the diameter of the common bile duct varies from 

6 mm to 8 mm [33] while the diameter of the cystic duct ranges from 1 mm to 5 

mm [33].  

Based on LA results obtained in the ex vivo model (described in the ‘Results of 

the Ex vivo experiment’ section), a power value of 7 W was applied for 3 min 

and 6 min, on both ducts. Simultaneously, the rise in LA-induced ductal 

temperature was monitored by means of the FBG sensor.  

A first-sight evaluation after LA was crucial to evaluate external ablated areas 

and potential surrounding tissue damage. In addition, at the end of each LA, the 

common bile duct and the cystic duct were both resected as a unique specimen 

‘en bloc’ with the gallbladder. After specimen removal, the ablated areas were 

carefully resected including thermal damage with at least 1cm of superior and 

inferior normal tissue margins. Histopathological analysis was performed to 

assess thermal damage.  

On each treatment site, a histological in situ evaluation was also obtained 

before and after LA using a confocal endomicroscopy system (Cellvizio®, 

Mauna Kea Technology, Paris, France), in order to assess the LA effect. To 
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obtain confocal images, a 5mL sodium fluorescein solution (Fluocyne 10%, 

SERB Laboratories) was injected intravenously at the beginning of each 

surgical procedure, and images were obtained with the Gastroflex UHD probe, 

(240μm-diameter FoV, 1μm resolution, 55-65μm confocal depth [36]). Video 

recording of the endomicroscopy analysis was performed before and after the 

ablation for each laser application. First, the in situ visual confocal 

endomicroscopy evaluation before LA allowed to assess the normal structure of 

the bile and cystic ducts. The immediate post-LA analysis aimed to test the 

feasibility of confocal endomicroscopy in the recognition of ablation areas.  

As already reported in other studies, an endomicroscopic grading system based 

on the amount of cell shedding on good quality images was used to objectively 

evaluate the thermal damage induced [37, 38]. Images from the recorded 

videos were analyzed through the image processing tool of Matlab® in order to 

distinguish between pre-ablation and post-ablation scenarios.  

The definitive histological analysis of the ablated areas was performed using 

two staining techniques, i.e. hematoxylin and eosin (H&E), as well as 

nicotinamide adenine dinucleotide (NADH) diaphorase stains. Particularly, this 

last technique helps to evaluate the ablated areas through the assessment of 

metabolic damage, because the vital tissue where oxidative metabolism is 

preserved gets selectively colored in blue. This characteristic pigmentation is 

lost within the areas of coagulative necrosis where NADH activity was lost. The 

histological analysis to evaluate ablation damage was performed using a light 

microscope (Zeiss Axiophot). 

The histopathological analysis resulted useful also to evaluate the internal 

diameter of the ducts undergoing LA. For each duct, the two main axes were 

measured by means of the AxioVision Rel 4.8 image analysis software used to 

acquire sliced pictures at a 5x enlargement.   
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Results 

Ex vivo experiments  

Thermal damage induced in the ex vivo organ was assessed via a histological 

analysis. At 3 W, 5 W, and 7 W for 2 min, no thermal damage was observed at 

macroscopic evaluation. When maintaining P at 7 W and varying the application 

time up to 3 min, an ablated area was detected at histology while no injury to 

surrounding tissues occurred. For this reason, 7 W for 3 min was used as a 

starting laser setting in the in vivo experiment. Figure 3 shows the histological 

pictures of normal common bile duct and cystic ducts, before (Figures 3A and 

3B) and after (Figures 3C and 3D) the ablation treatment at 7 W for 3 minutes.  

Figure 3.  

In vivo experiments 

Figure 4 reports temperature trends during the in vivo experiment at 7 W for 3 

min (Figures 4A and 4B), as well as the test which lasts 6 min (Figures 4C and 

4D) for common bile duct and cystic duct respectively.  

Figure 4.       

In all experiments, the temperature overcame the value of 53 °C after about 50 

s from turning the laser on, and was maintained along the heating phase, up to 

the moment the laser was turned off. The probe was then removed from the 

ducts, and the measured temperature decreased below the initial systemic 

temperature. Fluctuations in the measured values could be related to three 

main factors: 1) the surgeon's physiological hand tremor, 2) the animals' 

breathing movements, and 3) the possible discontinuous bile flux in the ducts. 

In order to minimize the influence of these factors in the global evaluation of 

temperature trends, mean temperature values (Tmean) measured via the FBG 

after 50 s from turning the laser on was determined. For each of the 4 trends 

shown in Figure 4, Tmean was calculated as the mean value of the measured T 

from 50 s from turning the laser on until the end of LA.  
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After the H&E stain analysis, the diameters of the ducts were measured. These 

values were expressed as follows: (major axis/2) x (minor axis/2). For each 

value, the equivalent diameter (ED) of a circle with the same circumference was 

calculated in order to have only one reference parameter.  

Table I lists mean temperature values measured via the FBG after 50 s from 

turning the laser on and the diameters of the ducts.  

Table I.  

Neither extraductal ablation nor surrounding tissue damage were induced.  

With both H&E and NADH staining, thermal damage can be appreciated for all 

in vivo tests performed at 7 W, and both for the 3 and 6 min tests (Figure 5). 

The H&E stain allowed to evaluate if the integrity of common bile duct and 

cystic duct walls was preserved after LA procedures (Figures 5A, 5C, 5E, 5G). 

The NADH stain allowed to specifically assess the extension of ablated areas 

(Figures 5B, 5D, 5F, 5H). In particular, in the case when the cystic duct was 

treated at 7 W for 6 min, the most superficial layer (mucosal layer) turned out to 

be completely ablated with no vital tissue left at the NADH stain analysis (Figure 

5H). Conversely, with a shorter time application (i.e. 3 min), vital superficial 

tissue was observed both for the common bile duct and the cystic duct (blue 

areas in Figures 5B and 5F).  

Figure 5.  

The in situ confocal endomicroscopy evaluation before LA allowed to first 

evaluate the normal structure of common bile duct and cystic ducts (Figures 6A 

and 6C). Immediate post-LA evaluation aimed to test the feasibility of confocal 

endomicroscopy in the recognition of ablation areas (Figures 6E and 6G).  

Two main patterns could be identified. Before ablation procedures, the normal 

tissue appeared as a complex structure with dark cells around glands or vessels 

(Figures 6A and 6C). Additionally, in the video recorded, erythrocytes could 

easily be identified circulating through vessels. Conversely, after ablation, the 

pattern was characterized by a light-grey background consisting in histological 

architecture distortion and in the disappearance of the gland’s contours (Figures 
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6E and 6G). In addition, no significant erythrocyte activity was detected in the 

videos. Two independent pathologists were asked to describe the features and 

to individuate the cells in the Cellvizio® system images, which were extracted 

from the two videos recorded before thermal treatment. The pixel values of the 

binary images range from 0 to 255. In the images, the cell nuclei corresponded 

to black and dark grey pixel values, and are plotted in red in the post-processed 

images (Figures 6B, 6D, 6F, and 6H). For the common bile duct image, the cell 

nuclei corresponded to pixel values lower than 90 (Figure 6B). For the cystic 

duct image, the cell nuclei were indicated as black and dark grey pixels with 

values lower than 85 (Figure 6D). The same values were used to compute the 

presence of nuclei in the post-ablation pictures (Figures 6F and 6H), evidencing 

the complete loss of structure after thermal damage.  

 

Figure 6.  

Discussion 

The present study represents a step forward in the evaluation of LA thermal 

effects in the in vivo intraductal biliary application. Only one study regarding the 

ablation of biliary ducts was reported in the literature [31], describing the ex vivo 

application of the Nd:YAG laser light into the cystic ducts of animal models.  

The first aim of this study was to evaluate the feasibility of the procedure 

regarding the absence of anatomical biliary perforation. This was first confirmed 

by inspecting the surgical field after each LA and later on by performing a 

histological analysis. For this purpose, the H&E stain was used. As shown in 

Figure 4, no perforation was detected in any case, irrespective of the laser 

settings used. Although modifications caused by thermal damage were evident, 

the full-thickness of the wall was preserved in all cases.  

As second and third outcomes, local thermal monitoring and thermal damage 

assessment, according to different laser settings, were mandatory. These data 

supported whether the desired thermal damage could be achieved in a safe 

setting. In particular, the measurement of tissue temperature increase was 

useful to verify that a cytotoxic temperature was reached and maintained during 

the whole LAs. The choice of using a FBG sensor is mainly related to the 
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promising results already obtained in the LA field [24, 39, 40]. For instance, 

their small size, flexibility and lightness, in addition to good metrological 

characteristics [41, 42], and the absence of direct light absorption [24] further 

the combined use with a fiber-optic applicator. The average value of 

temperature monitored at the interface between the emitting surface of the fiber 

and the internal duct walls was always above 53°C, and maintained almost 

constantly after 50 s from turning the laser on. The only exception was noted for 

the cystic duct test, which lasted 6 min (Figure 3D), in which a sudden and 

steep temperature increase occurred 1 minute before turning the laser off. The 

results th 

.at we obtained confirmed the achievement of the cytotoxic temperature value 

with subsequent thermal damage. In addition, a further thermal damage 

evaluation was also performed by means of in situ endomicroscopy and with the 

histopathological analysis using the NADH stain. A substantial difference before 

and after LA can be appreciated at endomicroscopy evaluation. As compared to 

the pre-LA endomicroscopic appearance in which cells were clearly appreciated, 

the post-LA evaluation revealed a cell structure distortion represented by ‘ghost 

cells’, which was then described through a change of pixel values. However, the 

low depth of penetration of the Cellvizio® system (60μm), led to only 

differentiate ablated and non-ablated areas, whereas a real depth analysis of 

damage could not be obtained. As a result, the endomicroscopy system 

analysis could be mainly useful in the post-ablative evaluation of residual 

superficial cells as compared to the evaluation of longitudinal ablation spread. 

So far, the usefulness of the endomicroscopic analysis has already been 

reported in relation to the real-time detection of cholangiocarcinoma [44, 45]. 

However, no data were reported regarding its specificity and sensibility in 

detecting post-procedural cholangiocarcinoma residual cells. Further studies 

could be required to assess its potentiality as a post-LA evaluation device [46, 

47].  

Significant and conclusive results were also obtained with a histopathological 

evaluation using the NADH stain. The loss of succinic acid dehydrogenase 

activity as an indirect sign of coagulative necrosis allowed to accurately define 

the spreading width of thermal damage obtained. Particularly, mucosal layer 

Acc
ep

te
d 

M
an

us
cr

ipt

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
N

ew
 E

ng
la

nd
] 

at
 0

0:
01

 1
5 

Ja
nu

ar
y 

20
18

 



 

 

ablation was clearly achieved in all cases, with a different grade of involvement 

according to the laser setting used and to the diameter of the ducts. As shown 

in Figure 5, a major ablation spread was reached for a longer time of application 

(6 min), with a complete circumferential mucosal involvement in case of smaller 

diameter ducts (e.g. cystic duct, ED=1.04mm). The optical applicator (diameter 

of the glass capillary: 1.2 mm) fitted this cystic duct perfectly, and this was 

particularly true because of the elastic properties of duct walls. This could have 

helped to achieve a complete circumferential ablation. Conversely, residual vital 

tissue was observed in case of a shorter time of application (3 min) both for the 

common bile duct and the cystic duct. This drawback is due to the diameters of 

the ducts, which are 3.24mm and 1.95mm for the two common bile ducts under 

test, and 1.16mm for one cystic duct.  

Since each subject has a different duct diameter [33], the abovementioned 

issue could be easily overcome by using a laser probe which adapts to the 

internal diameter of the ducts. For instance, the probe can be equipped with a 

balloon in correspondence to the irradiation part. It can be insufflated with a 

saline solution, which guarantees an homogeneous contact with the duct 

internal wall [31].  

The evaluation of the nature of the damage deserves attention. In the proposed 

study, it was not possible to accurately distinguish between reversible and non-

reversible thermal damage. The animals were euthanized immediately after the 

ablations, and the duct samples were resected within the following 30 minutes 

from the treatment to perform the histology evaluation [48]. Since the aim of LA 

is to produce non-reversible thermal injury in the target, further studies will be 

designed to evaluate the effectiveness of LA.  

 

Conclusions 

In our in vivo experiments, we demonstrated the feasibility of biliary tree LA. 

The integration of FBG technology with a diode laser applicator allowed for a 

real-time temperature monitoring during thermal treatment. This ability to yield 

continuous local temperature information would successfully testify to multiple 
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clinical benefits. The accurate temperature detected would be the 

representation of the extension of the ablated areas reached, and would 

indirectly yield information on the necessity to have multiple applications for 

complete tumor cell destruction. To do so, an adjunctive effort could be made 

with the contextual use of the endomicroscopy imaging system. However, 

further tests should be performed to better define appropriate laser settings to 

use in relation to duct diameter where an ablation is performed, in order to 

guarantee the optimal thermal damage of the targeted area.  
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Table I. Mean temperature values after 50 s from turning the laser on 

(expressed as mean value ± standard deviation), and diameters of the ducts, 

expressed as follows: (major axis/2) x (minor axis/2) and equivalent diameter 

(ED).  

 
 

 Common bile duct Cystic duct 

Settings T mean [°C] 
Axes [mm2] 

(ED [mm]) 

T mean 

[°C] 

Axes [mm2] 

(ED [mm]) 

7 W x 3 min 53±1 3.07x3.42 (3.24) 56±1 1.59x0.84 (1.16) 

7 W x 6 min 55±1 4.51x0.84 (1.95) 55±3 1.09x1.00 (1.04) 
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FIGURE 1 
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FIGURE 2 
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FIGURE 3 

 

 
FIGURE 4 
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FIGURE 5 

 

 
FIGURE 6 
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CAPTIONS OF FIGURES: 
 
Figure 1. Schematic of laser delivery and of temperature measuring systems. 

These include the delivery fiber which guides the high-power laser beam (A) 

emitted by means of a diode-based laser source (B) to the 1cm emitting area 

(drawing not in scale), the temperature fiber Bragg grating sensor (C), and the 

optical interrogator (D). The tips of the delivery fiber and of the FBG are bound 

together by a glass capillary (E). A laptop (F) is used to control the laser system.  

Figure 2. Schematic of biliary tree anatomy (A). Laser applicator insertion into 

the common bile duct through a 1cm longitudinal incision (B) and LA (C). 

Pictures were taken using the snapshot function of the laparoscopic camera.  

Figure 3. Normal histological structure of the common bile duct. The most 

superficial layer is organized as a single columnar epithelium, composing pleats 

and folds (black arrow). The underlying portion is made up of a dense 

connective tissue (*) (A). Normal histological structures of the cystic duct. The 

surface epithelium is composed of tall, uniform, and columnar cells (black 

arrow). Deeper circular, longitudinal, and oblique smooth muscle fibers without 

distinct layers can be identified (*) (C). Coagulative necrosis of the most 

superficial portion can be observed for both the common bile duct and cystic 

duct with rare craters induced by the ablation. Wall integrity turned out to be 

preserved in both cases (B) and (D). 

Figure 4. Temperature trend during LA in the common bile duct (A) and the 

cystic duct (B) at 7 W for 3 min, and in the common bile duct (C) and the cystic 

duct (D) at 7 W for 6 min.  

Figure 5. Histological samples of common bile duct after H&E (A) and NADH 

(B) staining at 3 min, and H&E (C) and NADH (D) staining at 6 min. Histological 

samples of the cystic duct after H&E (E) and NADH (F) staining at 3 min, and 

H&E (G) and NADH (H) staining at 6 min (Zeiss Axiophot, 5x enlargement). 

Figure 6. Confocal images acquired before (A) and after (E) LA in the common 

bile duct, and before (C) and after (G) ablation in the cystic duct. Image analysis 

evidenced the red mask plotted in correspondence to the cells visible in the 

Acc
ep

te
d 

M
an

us
cr

ipt

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
N

ew
 E

ng
la

nd
] 

at
 0

0:
01

 1
5 

Ja
nu

ar
y 

20
18

 



 

 

images before (B) and after (F) LA in the common bile duct and before (D) and 

after (H) LA in the cystic ducts.  
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