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ABSTRACT 

 
Introduction: For the year 2008 it was predicted that 182,460 women would get diagnosed with 

breast cancer and that 40,480 would die due to this disease. These numbers have decreased over 

the past three decades and this is due to improvements in diagnostic and treatment techniques. 

This number can be further reduced by implementing MRI for screening, diagnosing and tumor 

removal. MRI shows promise to detect tumors invisible to other imaging techniques and provides 

sub-millimeter accuracy in detecting tumor margins. This means that if MRI is used as the 

surgeon’s eyes during a surgery to remove tumors then the number of cases where small tumor 

sections or margins are not removed should reduce dramatically.  

 

Background: To implement MRI for this treatment there is a gap in research that needs to be 

bridged. No investigations have been done to remove or treat tumors under real-time MRI 

guidance. The limitation is a viable tissue cutting modality. Lasers have excellent tissue cutting 

capabilities and most lasers are fiber deliverable, which are usually MRI compatible. If lasers are 

used in conjunction with a remote controlled probe position device, they can be used to facilitate 

breast tumor excision by separating the tumor from surrounding healthy tissue. If a tumor is cut 

including a thin healthy tissue margin, then it can be removed without any leakage of cancer cells 

into the circulation and lymphatic system. Thus a pathological complete tumor removal can be 

confirmed.  

 

Gap in research: Lasers have not been used extensively to cut breast tissue. Only one published 

work was found to cut breast tissue with lasers. This publication by Ansanelli in1986 in Lasers in 

Surgery and Medicine used CO2 laser to conduct mastectomies. The paper reported only post 

surgery recovery times. This publication, however, only helps reinforce that lasers can be used for 

cutting breast tissue in the MRI but CO2 lasers are not deliverable through MRI compatible fibers. 

Since breast is composed of a heterogeneous mix of fatty tissue, glandular tissue and fibrous 

tissue, laser ablation research to cut and drill these tissue types was searched. No publications 

were found to cut these breast tissue constituents. Several publications were found on 
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characterizing the ablation mechanism for drilling holes in soft tissues. No publications were 

found to characterize ablation for cutting soft tissue.  

Objective: The objective of this thesis is to experimentally evaluate laser ablation as a modality 

to cut breast tissue to obtain some baseline data for ablation of this tissue type. The data are 

collected to obtain lasers and laser system settings where deep cuts can be achieved in ex vivo 

breast tissue and breast tissue analogue with minimum damage to the surrounding tissue (less 

than 5 mm recommended by surgeons). 

 

Materials and Methods: Experiments were carried out to study tissue cutting effects in ex vivo 

porcine liver tissue (used as a model for breast tissue in extensive studies) and ex vivo human 

breast tissue (for specific studies) using two lasers. An 808 nm continuous wave diode laser was 

chosen for its ability to cut tissue (demonstrated in several urology applications), its compact size 

and inexpensive manufacturing cost. Also a 1064 nm pulsed Nd:YAG laser was chosen because 

(a) it is absorbed well by water (peak at this wavelength in water’s absorption spectrum) and it is 

assumed that soft tissue hence breast tissue is composed of 70% water and (b) pulsed lasers are 

known to cause ablation with very little damage to the surrounding tissue. Light from the 808 nm 

laser was delivered onto the tissue sample surface via a 600 µm fiber optic cable placed in contact 

with the tissue. Non-contact mode of light delivery was used with 1064 nm laser; light was 

focused on the tissue surface using a lens. To simulate tissue cutting using scalpels, laser fiber in 

808 nm laser experiments was moved over tissue and in 1064 nm laser experiments tissue was 

moved under a fixed beam-delivering head. The thickness of vaporized tissue and thermally 

damaged tissue were quantified using digital microscopy and histopathology analysis using 

haematoxylin and eosin (H&E) staining. Four experiments were carried out as a combination of 

the two lasers and tissue types. 

 

Experiment I: This experiment was carried out with liver tissue and 808 nm laser system in three 

parts. In the first part, a constant fiber velocity 0.05 inch/s was used and with each sample from 

one liver, the power was ramped up to identify the coagulation threshold (identified as whitening 

of tissue) and the ablation threshold (identified by the observation of a crater). Part two was a 
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randomized complete block design with two factors each at three levels, power (~15, 20, 25 W) 

and velocity (0.03, 0.05, 0.07 inch/s). Measurements of ablation width and depth and coagulation 

width and depth were made at two locations along the cut. In part three, each sample was cut 

twice at a fixed power (~20 W and velocity 0.05 inch/s). The first linear cut was 1 inch long and 

the second, ½ inch long. Measurements of ablation width and depth and coagulation width and 

depth were made in sections with one cut and two cuts. The objective was to find out if a change 

in tissue properties after the first cut affects ablation during the second cut.  

 

Results Experiment I: At 0.05 inch/s fiber velocity, coagulation occurred at 1.42 W and ablation 

at 2.94 W. Damage increased with increasing power and except for coagulation depth the other 

responses (measurements) showed significant variation with power. Ablation depth and width and 

coagulation depth and width showed significant increase with decreasing fiber velocity. Ablation 

depth did not show any significant variation, statistically, from one liver to another. The other 3 

responses (ablation width, coagulation depth and width) were significant (p-value < 0.05). From 

part three of this experiment, it was determined that changes in tissue properties after one 

exposure do not affect further tissue cutting. The ablation depth after the second cut almost 

doubled without a significant increase in coagulation. For ablating liver tissue with this 808 nm 

system a power of 24.8 W and fiber velocity of 0.03 inch/s is most suitable for maximum cutting 

depth and thin coagulated tissue thickness.  

 

Experiment II: This experiment used liver tissue and 1064 nm laser. This experiment was also 

carried out in three parts. In the first part, coagulation and ablation threshold for drilling a hole 

were identified by increasing pulse duration (which increased pulse energy) while keeping 

frequency and number of pulses fixed at 15 Hz and 20 pulses. In the second part, ablation for 

drilling a hole in liver tissue was carried out in two sub-parts with two livers. In the first sub-part, 

pulse duration was varied at 3 levels, 4 ms, 7 ms and 10 ms while keeping pulse frequency and 

number of pulses per sample fixed at 15 Hz and 10 pulses. In the second sub-part, pulse 

frequency was varied at three levels 30, 45 and 60 Hz while keeping pulse duration and number 

of pulses fixed at 4 ms and 10 pulses respectively. The objective for this portion of the 
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experiment was to characterize drilling with the system and provide a point of comparison of this 

experimental work with published work and also to contrast with ablation for cutting tissue 

(either moving the tissue or the beam). The third part of this experiment was carried out in three 

sub-parts for ablation for tissue cutting (tissue moved under laser beam) with two livers. In the 

first sub-part, pulse duration was varied (4, 7, 10 ms) at 15 Hz frequency and 0.03 inch/s tissue 

velocity. In the second sub-experiment frequency was varied (15 and 30 Hz) at 4 ms pulse 

duration and 0.01 inch/s tissue velocity. In the third sub-part one sample per liver was moved at 

0.02 inch/s at 4 ms pulse duration and 15 Hz frequency. The objective of this part was to quantify 

the effects of ablation, determine the trends with maximum parameter variation, and to also 

compare ablation for drilling holes in tissue verses cutting tissue.  

 

Results Experiment II: During threshold experiment, coagulation in liver tissue was first noticed 

at 1.9 ms pulse duration and pulse energy of 126 J. Ablation was first noticed at 3 ms pulse 

duration at 275 J of energy per pulse. In part two of the experiment, with increasing pulse 

frequency, while drilling tissue, no ablation and only coagulation was seen. The hole depth after 

20 pulses at 4 ms and 15 Hz was 140 µm and coagulation was 90 µm thick. Part three of this 

experiment, while cutting tissue, damage increased with increasing pulse duration, pulse energy, 

frequency and decreasing velocity. At 0.01 inch/s tissue velocity, 4 ms pulse duration and 15 Hz 

the ablation, the depth was 760 µm and coagulation was 200 µm thick. At the same settings the 

damage to drill tissue is very small indicating that while cutting tissue, changes in tissue property 

due to heat transfer enhances ablation damage. For ablation to cut liver tissue with this laser 

system the best combination of parameters is 4 ms pulse duration, 30 Hz frequency and 0.01 

inch/s tissue velocity.  

 

Experiment III & IV: These experiments were carried out with ex vivo human breast tissue and 

both laser systems. One parameter combination was chosen per laser and all samples were ablated 

in the cutting mode. The objective was to get the largest possible sample size with the small 

volume of available tissue for one parameter combination and use liver tissue data to correlate 

response for other parameter combinations. 4 tissue slides, ablated with the 808 nm laser at ~20 
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W and 0.03 inch/s fiber velocity were pathologically analyzed and 5 slides, ablated with 1064 nm 

laser at 4 ms pulse duration, 15 Hz frequency and 0.01 inch/s velocity, were pathologically 

analyzed.  

 

Results Experiment III & IV: The average ablation depth and width in breast tissue was 1.15 

mm and 3.71 mm respectively with the 1064 nm laser. These were higher than the ablation depth 

and width caused by the 808 nm laser. With the 808 nm laser, ablation depth was 0.88 mm and 

width was 2.18 mm. Coagulation thickness was smaller with 808 nm laser (at 0.2 mm) than the 

1064 nm laser (at 0.28 mm). In slides that had only fatty tissue the ablation extent with both lasers 

was high with no adjacent tissue coagulation. The 1064 nm laser is a better choice to make deep 

cuts by ablation in breast tissue.  

 

Conclusion: This research effort has been successful in providing the first baseline data for 

ablating ex vivo breast tissue with two laser systems and providing a reference data base of ex 

vivo liver tissue cutting under similar conditions with the two systems. This research proves the 

feasibility of using lasers for minimally invasive real-time MRI guided breast tumor removal 

surgery. The research data also helps to conclude that for this surgery, the 808 nm laser is a better 

choice than the 1064 nm system, even thought ablation depth achieved is slightly less. This is 

because the 808 nm laser is less expensive than the 1064 nm laser and is better suited for 

placement in the surgery suite as it does not need external water cooling like the 1064 nm laser. 

The 808 nm laser also has a smaller foot-print, it is portable and is compatible with cheaper 

fibers.  
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CHAPTER 1 INTRODUCTION 

Breast cancer is a leading cause of death in women, in United States of America. This trend 

has reduced slightly over the past years due to earlier diagnosis. However, diagnosis, due to lack 

of an efficient imaging modality, is still the limiting factor. Earlier diagnosis of this disease is 

crucial for higher survival rate because of two main reasons. Firstly, during early stages the 

disease is localized and it can be treated before it spreads through the breast or to the lymph 

nodes. The second reason is that during early stages the tumor is small and can be removed 

completely with more minimally invasive treatment options. These treatments also result in faster 

recovery and restore aesthetics with almost no disfiguration of the breasts.  

Mammography is presently the standard clinical imaging tool for the detection of breast 

cancer. Other Imaging techniques like ultrasound and magnetic resonance imaging (MRI) are 

currently being investigated for the detection of breast cancer. Among these technologies, MRI 

has demonstrated better sensitivity and specificity than mammography, enabling earlier detection 

of smaller breast cancers and breast cancers in women with denser breast tissue or 

mammographically occult tumors. Presently MRI is being used for detecting breast cancer only in 

patients that have a high risk of cancer occurrence.  

One of the issues with MRI for diagnosis is that in some cases it is difficult to confirm the 

presence of cancer in a detected lesion with imaging alone. A biopsy of the lesion is required 

followed by pathological analysis to confirm the presence of the cancer. MR compatible tumor 

biopsy devices are being used for high-risk patients with MR image guidance but this has resulted 

in some errors. Real-time image guidance offers better accuracy in locating the tumor and aids in 

accurate biopsy or in complete removal of the tumor if it is very small. MRI limits real-time 

image guided interventions because it is a harsh environment for most materials and there is very 

little operating room in the scanner bore. To accomplish this, research efforts have gained 

significant success in the design of a remote controlled probe positioning device. This 

development takes technology half way to MRI guided surgeries. The other half is an MRI 

compatible tissue cutting modality. Unfortunately no work has been reported towards the 

development of a device that can be used under real-time MRI to cut tissue for these procedures.  

Tissue cutting with energy based methods (like radiofrequency, focused ultrasound and 

lasers) have excellent tissue cutting capabilities when compared to cutting with traditional 
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scalpels. These methods have been used for many surgical procedures and have proved to have 

little to no blood loss. For minimally invasive robotically guided breast surgeries lasers offer 

more flexibility and control when compared to other energy based tissue cutting methods. This is 

because most lasers are fiber deliverable and optical fibers with basic protective coating are very 

small in diameter and fit comfortably through small trocars for small incisions through the skin. 

Fibers are usually made of non-metallic and non-magnetic materials, hence, they do not cause any 

image artifacts in the MRI, making them compatible with the imaging technology. These can 

easily be used in the scanner during real-time imaging in conjunction with the remote controlled 

probe position device to facilitate early stage breast tumor excision by separating the tumor from 

the healthy tissue. If a tumor is cut with a thin margin or blanket of healthy tissue then the tumor 

can be removed from the breast without dissemination of cells into the circulation system and the 

lymphatic’s. However, limited publications exist to appropriately choose a laser for cutting breast 

tissue.  

To extend this limit, this thesis presents a multi-variate experimental study designed to 

assess laser cutting of breast tissue with two available lasers for excising tumors, in a minimally 

invasive fashion, under real-time Magnetic Resonance Image (MRI) guidance. The following 

section describes the layout of the thesis and is followed by the main body.  

1.1 THESIS ORGANIZATION 

This thesis is organized into four major sections. The first section presents the background 

information for this thesis with individual chapters discussing each aspect of this inter-

disciplinary research. These include breast cancer, lasers, breast anatomy and a review of laser 

ablation experiment literature. The second section presents the multi-variable laser ablation study 

with chapters detailing the materials, methods, design of experiments, results, discussion and 

comparison of the various experiments. The third section of this thesis presents the conclusions of 

this research effort followed by a discussion of potential future work that needs to be carried out 

for complete implementation of this technique.  
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I. BACKGROUND 
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CHAPTER 2 BREAST CANCER  

Breast cancer diagnosis in women was estimated to be about 212,920 in 2006 [1] and 

178,480 in 2007 [2] which accounts for 31% and 26% of the total cancer cases in women in 

United States of America for the two years respectively. There has been a slight drop in mortality 

rates over the past few decades [2] [3]. Early detection and treatment of cancer has been the key 

to this drop. Essential difficulty with early detection is that during early-stages, breast cancer does 

not have any symptoms and is not palpable but if diagnosed, they are most treatable [4] [5]. At 

this time, an efficient imaging and diagnosing modality is required to accurately detect early stage 

breast tumors [6].   

2.1 BREAST CANCER DIAGNOSIS 

Currently mammography is the most common clinical screening modality. Over time 

several publications have reported its effectiveness in breast cancer detection. Baker (1982) [8] 

reported close to 90% sensitivity, Mushlin et al (1998) [9] reported 83%-95% and Dean et al 

(1999) [10] reported 97% sensitivity for detection of breast cancer. The wide-spread acceptance 

of mammography and its use as a screening modality has contributed towards the reduction in the 

mortality rates due to breast cancer.  

However, it has been shown that mammography is unsuccessful in finding small breast 

tumors and those that are obstructed by fibro glandular tissue [11-13]. Magnetic resonance 

imaging (MRI) on the other hand overcomes this problem in screening breast cancer. It has the 

capability to visualize smaller tumors and has better soft-tissue contrast resolution. In an imaging 

modality comparison study conducted with 60 patients by Boetes et al (1995) [14], 10% of the 

tumors were not seen with mammography. With ultrasound 15% of the tumors were not 

identified where as MRI missed only 2% of them. Besides this tumor sizes were underestimated 

by 14% with mammography and 18% with ultrasound. MRI showed no significant difference in 

size when compared to pathological findings. Hence, MRI serves as a more accurate and clearer 

imaging method for early detection of the cancer. 

MRI has not been widely accepted as ‘the screening modality’ for breast cancer irrespective 

of having higher sensitivity than other imaging modalities. It is currently used as an adjunct to 



 

 

 

5 

mammography for high-risk patients and those with dense breasts [7]. One of the main reasons 

for this is large number of uncertain cancerous lesions and high costs involved in screening and 

diagnosis [13, 15, 16]. Uncertain cancer lesions mean that many lesions invisible with other 

imaging modalities are enhanced during MRI and differentiating benign enhanced lesions and 

carcinomas is not possible via imaging alone. However it is important to determine the difference 

for choosing a treatment [16]. Currently, pathological assessment via biopsy is the only method 

used to verify if detected lesions are cancerous. Ongoing research at Center for Magnetic 

Resonance Research (CMRR), University of Minnesota, shows potential for detecting cancerous 

lesions non-invasively by using Magnetic Resonance Spectrometry to assess the markup of the 

components of the lesion [17]. However, until proven and successfully available biopsy is the 

only option available.  

Biopsy is a procedure where small tissue samples from the cancer lesion site are removed. 

This is done by wire, needle or core needle under image guidance. Since these lesions are occult 

to other imaging techniques, biopsies must be carried out under MRI guidance. The MR scanner 

is a harsh environment for most materials, hence, special biopsy devices, that are MR compatible, 

must be used. 

The scanner limits surgeons access to patients during real-time imaging due to small 

scanner bore size, hence, biopsies are conducted outside the MRI bore. They are performed by 

removing the patient from the scanner to a low magnetic field area after imaging. In the low field 

area, biopsy devises needle is injected into the breast where the lesion was seen on the images and 

tissue samples are collected. After this the patient is placed back into the scanner and post biopsy 

images are taken to determine accurate lesion sample removal. If the lesion is small, then biopsy 

usually results in complete removal of the lesion [18-20]. If the lesion is cancerous and the 

disease is not invasive, then, biopsy removal of lesions results in the fastest cancer free existence.  

Some of the MRI compatible biopsy devices that are in clinical use are discussed below. 

Most of these have common disadvantages like they do not prevent dissemination of cells into the 

lymphatic’s and circulation or they do not cause sufficient hemostasis. Also, since these biopsies 

are manual in nature and not under real-time imaging, complete removal usually results in several 
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false-positives. This means, a pathological confirmation of lesion being cancerous but it is an 

incomplete removal (without complete margins). The false-positive assessment usually involves 

repeating the procedure. In cases where surgeons cannot go back for further removal, the cancer 

re-occurs.  

Fine needle aspiration (FNA) biopsy and vacuum assisted biopsy work towards extracting 

intact tumors or samples of larger tumors [18]. Procedures with both these devices do not prevent 

dissemination of tumor cells in the body and bleeding during the procedure. Advanced Breast 

Biopsy Instrumentation (ABBI) extracts intact samples or complete tumors without 

dissemination. It however causes significant bleeding, scaring, requires sutures [19] and has 

resulted in many biopsies that were positive but with false margins [20].  

Newer developments in the area of MRI guided interventions for breast biopsy are MR 

compatible remote controlled mechanical probe placement devices or robotic probe placement 

device for use in the MR scanner [21-23] [24, 25]. These devices are designed to access tumors in 

the breast while the patient is lying prone in the MR scanner. The materials used to design these 

are MRI compatible. With these developments, now during biopsy, real-time imaging could be 

used to guide the surgeon towards accurate sample removal. Kaiser et al [21-23] designed a 

manipulator system that allows access to breast lesions inside the scanner. This device has limited 

degrees of freedom for probe placement and is bulky when compared to the scanner size. Larson 

et al [24, 25] on the other hand, provided five degrees of freedom with their design. The system 

has ultrasonic motors and is capable of accessing lesions from all sides of the breast. The 

publication reports probe placement is achieved within 50 seconds along with sub-millimeter 

positional accuracy for point-to-point positioning. However at a distance of 40 mm from the 

rotational axis a positional error of 5 mm has been reported due to backlash in the rotational 

joints. In order to eliminate this, a second generation robot is in the making [26]. This work 

shows potential towards achieving better positional accuracy, lower response time and no 

positional error. The design incorporates MRI compatible piezoelectric motors, placed closer to 

the rotation axis of the device. The developments reviewed have stirred breast cancer research 
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towards improving treatment alternatives to utilize MR imaging with robotic placement devices 

to achieve better treatment results within a short duration after diagnosis of the lesion.  

2.2 BREAST CANCER TREATMENTS 

Treatment alternatives for breast cancer includes i) tumor excision which is surgical 

removal of the tumor using biopsy-like minimally invasive methods ii) lumpectomy where the 

tumor is removed during an open surgery iii) thermal therapy based tumor treatment followed by 

lumpectomy, iv) mastectomy, a much older technique, which comprises of complete breast 

removal with or without lymph nodes and v) radical mastectomy similar to a mastectomy but one 

with partial removal of the breast either with or without lymph nodes. Most treatments are 

followed by radiation/chemotherapy to eliminate the possibility of cancer cell remnants. 

Following this, future risk of re-occurrence of breast cancer is assessed for the patient. The 

patient is then screened routinely for re-occurrence [7].  

Mastectomy (in the 1970’s was the only treatment available) and radical mastectomies is 

presently carried out in cases where the cancer has metastasized (spread) extensively through the 

breast and lymph nodes and will result in fatality by eventually spreading to the rest of the body. 

Since the mid 80’s, lumpectomy have been accepted as an alternative to mastectomies. Studies 

show that lumpectomies have significantly better cosmetic outcomes without compromising on 

the survival rates of the patients [27-29]. Excision is usually used when the tumor is a 

manageable size for biopsy tools. Excision, lumpectomy and mastectomies are all open to semi-

open procedures and are often accompanied by excessive bleeding and post-procedure infection. 

Long term monitoring of patients who underwent lumpectomies with and without radiation 

therapy has shown re-occurrences of cancer in the same site [30]. This problem exists with 

excision also. The reason for re-growth is due to remnants of cancer tissue in the breast post these 

procedures. This incomplete tumor is pathologically termed as tumor with false-positive margins. 

Recently, thermal therapies, more minimally invasive treatments, have shown to be a better 

alternative to lumpectomies.  

Thermal therapy involves energy application to tumor cells to alter tissue temperature 

locally. In some therapies local tissue temperature is lowered from the baseline 37 °C to about -55 
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°C via multiple freeze thaw cycles and cellular damage is achieved by destroying cel membrane 

during the freeze/thaw cycles [33]. This is usually enhanced by increasing the cooling rates and 

the number of freeze thaw cycles. This reaction of local hypothermia is achieved by exposing 

tumor cell to liquid nitrogen carrying probe. In other therapies the local tissue temperature is 

raised from the base line to about 60 °C to alter the cellular protein structure hence rendering the 

cell dead [31]. This reaction of hyperthermic therapies to protein is termed coagulation and is 

irreversible beyond 60 °C [32]. Based on the energy used these locally hyperthermia causing 

therapies are classified as radiofrequency thermal therapy, ultrasound therapy and laser interstitial 

thermal therapy. The mechanism of damage in each of these therapies is the same however the 

process of achieving it is different.  

All these minimally invasive thermal therapy methods have a few limitations. These 

methods are sufficient for treating only small to mid-sized tumors. To improve the results using 

these methods improvements need to be made in two areas. One is to utilize better imaging 

methods or contrast enhancing techniques with current imaging methods to provide surgeons with 

a close to 100% accurate estimation of the tumor margins and the extent of damage during 

thermal therapies. The other is to modify the energy delivery technique to be able to treat larger 

tumors. These improvements have been researched and have limited success. 

2.2.1 CRYOTHERAPY 
Feasibility of this therapy was demonstrated with breast tissue [34] and animal studies with 

induced breast tumors [34-37]. In animal studies Rabin et al [35] found that only half of the 

tumor was treated after five months of US image guided cryotherapy. Rand et al [37] achieved 

only 80 % destruction of tumor cells in murine models and after about 5 freeze thaw cycles, over 

95 % destruction. Robinson et al [38] found similar results with US guidance; they however 

stated that malignant cells are sensitive to hyperthemic treatments than hypothermic ones.  

The earliest account of human cryotherapy was reported by Staren et al [36]. They 

demonstrated that complete destruction of two tumors was achieved in two freeze/thaw cycles. 

The two tumors were in the same quadrant of the breast of one patient. Biopsies were conducted 

to confirm success of the treatment.  Morin et al [39] performed cryotherapy on 25 patients, under 
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0.5 T open MRI guidance. They used an 18 gauge MRI compatible cryo-probe. By free-hand 

placement they achieved complete tumor destruction in 13 out of 25 tumors after several 

freeze/thaw cycles. In 10 of the failed cases teardrop shaped ice balls resulted in incomplete 

destruction of tumors and in two of the cases the destruction was underestimated. Pfleiderer et al 

[40] performed cryotherapy on 15 tumors with a 3 mm cryo-probe under US imaging. In tumors 

less than 16 mm in size complete destruction was achieved however in tumors greater that 23 mm 

it was incomplete. From literature it can be concluded that cryotherapy can be used to treat 

tumors smaller that 15 mm under MRI guidance.  

2.2.2 RADIOFREQUENCY THERAPY 
Radiofrequency therapy is a method of absorptive heat generation. It is achieved by an 

alternate-current stimulated motion of intracellular ions from a fixed electrode, usually located in 

the center of the tumor, to grounded electrodes placed a few millimeters away from the tumor 

margin. Cell destruction is achieved by disruption of membrane, cytoskeleton protein structure, 

nuclear structure and DNA [41, 42]. Ablation size is increased by increasing the conductivity as 

demonstrated by Hoey et al [43] or by increasing the number of flow paths by using a star-like 

array system.  

The first human trial published was by Jeffrey et al [44]. They treated only a portion of the 

tumor to determine the margins after lumpectomies and mastectomies in patients. Average tumor 

sizes were reported to be between 4-7 cm. Complete treatment was achieved in 4 patients where 

the tumor size was between 0.8-1.8 cm. Izzo et al [45] treated tumors plus 5mm of surrounding 

healthy tissue. They reported 25 successful cases out of 26 under US imaging. Singletary et al 

[46] conducted RF therapy on 30 patients and achieved 87 % complete necrosis. In the remaining 

cases the tumors were underestimated to begin with. In conjunction with better imaging modality 

RF performance can be improved. With this idea, Burak et al [47] used RF with pre- and post-

procedure MRI. They concluded that under real time MRI, RF poses several compatibility issues 

and imaging artifacts.  
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2.2.3 FOCUSED ULTRASOUND THERAPY (FUS) 
Focused ultrasound therapy (FUS) achieves temperatures up to 90 °C in deep seated tissues 

as it has high penetration in soft tissue [48]. Lesions as small as 1 mm3 can be treated. The small 

treatment sizes makes it important to couple US with high resolution MRI. By selective heating, 

irregular shapes can be coagulated using positioning devices and optical position feedback system 

[49]. Jolesz et al [50] conducted the first MRI guided FUS therapy using piezoelectric 

transducers. Using multiple sonications of 10 s each, a volume ablation of 4x4x7 mm3 was 

achieved.  Hynynen et al [51] conducted MR guided FUS therapies in 9 patients with pre-proved 

fibroadenoma. Here 8 out of 11 tumors had partial to nearly total coagulation; however they 

reported inability towards margin verification during the procedure. Gianfelice et al [52] reported 

a 12 patient study with MR guided FUS procedure under 1.5 T MRI guidance. The size of the 

tumors treated was less than 3.5 cm. This study reported left over margins and a mean 

coagulation of 88.3 %. The amount of residual tumor ranged from 0-75 %. Furusawa et al [53] 

reported only 53.5 % complete tumor treatment in 30 women under MRI guidance. All these 

results indicate that with MRI alone complete destruction margins cannot be visualized and that 

there is a need for a better contrast enhancing MRI method for FUS procedures.  

2.2.4 LASER INTERSTITIAL THERMAL THERAPY (LITT) 
Laser interstitial thermal therapy (LITT) is a process of achieving high local temperature as 

a result of photon interaction with irradiated tissue. Laser energy, usually diode (805 nm), 

Nd:YAG (1064 nm) or Argon laser (488 nm), is delivered to the tumor site via fiber optic cables 

placed under image guidance. It has been stated that LITT works well with MRI to treat occult 

early stage small sized tumors [54]. Hall et al [63] suggested laser suitability for real-time image 

guided therapy by using long, 4 m or more, fiber optic cables to access patients either at the 5 G 

line in the MR chamber or in the scanner with the aid of probe placement devices. Much of the 

work in this area is either theoretical or experimental with animal models. A summary of the 

animal study has been done but not been presented in this report. About eight human LITT 

studies have been published since 1994. These are discussed in the following paragraph.  
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Harris et al [55] conducted a 44 patient study using 805 nm laser with US, CT, MRI images 

pre- and post-procedure where 98 % complete coagulation was achieved. This was however not 

correlated with pathology. In 1996 Mumtaz et al [56] reported a 20 patient study using 805 nm 

laser conducted with pre- and post-procedure MR images. Both MRI and surgical excision were 

used to verify the extent of thermal damage in the tumors. The mean diameter of 2.2 cm was 

reported for tumors damage. In 1998 Akimov et al [57] used Nd:YAG laser on 35 patients with 

US image guidance. They reported about 71 % complete tumor coagulation and stated that had 

they used MRI instead of US imaging the outcome would have been better. In 1999 Harms et al 

[58] conducted 25 patients, 1.5 T MRI guided LITT and achieved 75 % coagulation in the 

tumors. In 2000 Dowlatsahi et al [59] reported a 36 patient study with an 805 nm laser. A 16 

gauge probe with an additional thermoprobe was used to coagulate occult tumors. 66 % 

coagulation was achieved and this was correlated with histopathology. US imaging was used to 

monitor blood flow. The results showed vessel thrombosis which was then confirmed with 

histopathology findings. In 2001 Bloom et al [60] published no data on the success of the 40 

patient procedure conducted with a diode laser.  Finally in 2002 Dowlatshahi et al [61] reported a 

54 patient study using an 805 nm laser with 93-100 % complete tumor coagulation. No other 

study has been reported since. Recent reviews, year 2001–2008, report of no new findings either 

[62-71]. 

2.3 SHORTCOMINGS OF THE CURRENT CLINICAL PROTOCOL 

FOR BREAST CANCER  

With the current treatment protocol shortcomings lay at most steps. In the diagnosing step, 

improvements need to be made to the existing imaging modalities for immediate use and for long 

term, efforts to make MRI a mainstream imaging method for diagnosing breast cancer are 

required.  

Treatment methods, being paired with agonizing radiation therapy have all shown success 

but as discussed in the previous section there are risks associated with each procedure. Biopsy 

methods have demonstrated success but with risks of cell dissemination, excessive bleedings and 

false-positive margin problems. Lumpectomies and thermal therapies have demonstrated removal 
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of small tumors with success however; lumpectomies like biopsies come with the risk of 

bleeding, cancer cell dissemination and cell remnants besides being an open and invasive 

procedure. Thermal therapies have resulted in a number of cases with incomplete tumor 

destruction too. Lastly, for treating larger lesions there is no low risk minimally invasive 

alternative to radical mastectomies or complete mastectomies.  

2.4 SCOPE FOR FURTHER SURGICAL RESEARCH 

An ideal situation would be to eliminate cancer from occurring (a possibility with 

vaccines). However hopeful these alternatives maybe, based on the discussions on the 

shortcomings of existing technologies, improvements to present surgical methods need to 

continue. After studying the present breast cancer situation, a need for a new minimally invasive 

surgical procedure has been identified. The new method will have to successfully remove non-

metastasized tumor lesions of any sizes with intact margins (and at the same time) in a risk-free 

manner. The new method should have the capability to cause sufficient hemostasis and no 

dissemination of cells for quicker cancer free existence.  

This surgical need has been the motivation for this research. The solution proposed is to 

first identify a cutting method to minimally invasively cut tissue to separate the tumor from the 

surrounding healthy tissue keeping the margins intact followed by optimizing the method to 

eliminate blood loss and cell leakage and finally provide an experimental proof of concept.  

Figure 1 shows the schematic of the strategy of the proposed minimally invasive cutting 

procedure. Hypothetically, if tumor location and margins are identified using an imaging method 

then it can be separated from the surrounding healthy tissue by cutting a few millimeters away 

from the tumor/healthy tissue margin. This method has two advantages. Firstly, it can ensure 

intact margins of the tumor during post-procedure pathology assessment for the type of cancer 

and for verification of complete removal. Secondly, the blanket of healthy tissue around the 

tumor can ensure no leakage of the tumor cells into the surrounding. This minimally invasive 

solution strategy will work however the imaging method used for guidance will be the limiting 

factor. The success of this technique will be determined by the ability of the imaging method to 

scan tumors and to determine the target tumor size and cancer stage effectively and accurately. 
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Figure 1. Schematic of the proposed tumor cutting strategy 

For imaging guidance, among the many different methods available, MRI has shown the 

best sensitivity for breast cancer detection and imaging. This imaging method has been selected 

for this procedure. The new procedure will have to be designed with real-time MRI imaging 

guidance in mind. This means that the procedure will have to be carried out on the patient while 

the patient is in the MRI bore. The present MRI bore size limits surgeon access to the patient 

breast for a manual surgery. However, a remote controlled surgical procedure could be used. 

With a remote controlled procedure, flexibility in accessing the lesion and placement of probe in 

the MRI chamber is the first main challenge in lesion removal. This challenge has been overcome 

with the development of the MRI compatible robot. The next hurdle in line is stabilizing the 

flabby breast before the procedure for maintaining the shape and internal anatomy thought the 

procedure. Challenges in this area are currently being investigated by a doctoral research student, 

Blake Larson, at the University of Minnesota. The next course of action for the developing this 

new breast tumor removal surgery is characterizing a cutting method.   

MRI compatible and bio-compatible materials can be used to design a tissue cutting end 

effector to cut breast tissue in a scalpel-like fashion. Scalpel like cutting or mechanical cutting has 

been used in many minimally invasive tissue biopsy and cutting devices. Very efficient cuts can 

be obtained with these devices with absolutely no adjacent tissue damage. However mechanical 

cutting does not cause hemostasis. Bleeding has always been associated with mechanical cutting 
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and is difficult to manage during minimally invasive surgeries. This shortcoming leads us to the 

next available tissue cutting method which is energy based tissue cutting.  

Energy based tissue cutting has been demonstrated and recommended for many surgical 

procedures [72-76]. The basis of the methods is to use hyperthermia causing energy methods to 

increase local tissue temperature similar to thermal therapies. Unlike thermal therapies where 

tissue temperature is raised to 60 °C in energy based tissue cutting methods the local temperature 

is raised to more than 100 °C. This way cellular water is vaporized causing the cell to explode 

after considerable expansion [72]. This explosion causes a void in the continuity of the tissue 

cells hence a cut. During this heating-explosion process excessive heat gets conducted to adjacent 

areas causing a band of cells to die due to coagulation (similar to thermal therapies). The 

immediate advantage of this method is hemostasis; as the adjacent cells coagulate, blood vessels 

close and stop blood flow to the cut area [77,78]. Hence energy based cutting by RF, US and laser 

radiation are considered for cutting breast tissue.  

Discussion of thermal therapies in the previous section, show that the use of energy 

methods with MRI guidance has been attempted. Thermal therapy procedures have been 

performed either in the MR scanner or outside with pre- and post-procedure images. In order to 

evaluate the best option for MRI compatible energy based cutting a close look was taken at these 

studies. From these publications it was concluded that RF heating is the least compatible with 

real-time MRI followed by US cutting and that lasers are the most compatible  

RF cutting uses high frequency alternating current to heat tissue to 100 °C. This can cut 

tissue by vaporizing the cells. However, the energy and the delivery apparatus will cause severe 

artifacts in the images. This is why RF does not serve the purpose for MRI guided tumor removal. 

As mentioned before, FUS has shown to have excellent heating resolutions of 1 mm3. For the 

minimally invasive surgery in discussion this method cannot be used in a trans-cannula fashion 

for complete tumor separation. If non-invasive FUS cutting is opted for, then the US equipment 

that generates the energy and then focuses it will be difficult to accommodate within the present 

closed bore machines due to space limitation.  
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Lasers on the other hand have several advantages. Most laser energies and wavelengths can 

be guided by fiber optic cables for safe and intact laser photon transport. Fibers are flexible, come 

in a variety of lengths and are made of materials that are non-magnetic and non-conducting, 

hence these are MRI compatible. Usually, fibers are silicon based wires. The fiber has a core. 

This core has a thin coating of special materials that make the interface reflective to the laser light 

[81]. Depending on an additional polymer coating for protection, these fibers are flexible and 

come in varying outer diameters ranging from a few millimeters to a few centimeters making 

minimally invasive incisions very feasible.  

Lasers have been used to vaporize prostate and liver tissue [72]. These have also been 

proposed for use in other surgical applications to cut tissue with minimal bleeding and minimum 

adjacent tissue thermal damage [73,74]. By cutting a few millimeters away from the tumor 

margins laser cutting can achieve sufficient coagulation of the cut interface to ensure complete 

sealing of blood vessels at the same time maintaining intact tumor borders [refer Figure 1]. 

During cutting, the interface has a thin lining of charred tissue followed by a few millimeters 

thick coagulated tissue layers. This thick barrier of dead cells will ensure no dissemination of 

tumor cells occurs in the body. Because of these positive aspects, lasers are chosen as the cutting 

modality for removing breast tissue under MRI guidance.  

To use lasers for cutting breast tissue it is imperative to understand laser physics, tissue 

optics, laser tissue interaction and the breast anatomy. The next few chapters briefly illustrate 

these multi-disciplinary fields. 
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CHAPTER 3 LASERS AND ITS INTERACTION WITH 
TISSUE 

The term "laser" is an acronym for Light Amplification by Stimulated Emission of 

Radiation. The first working laser was demonstrated in 1960 by Theodore Maiman at Hughes 

Research Laboratories [80]. Stimulated emission is a process where atoms in a material emit a 

photon when an electron drops to a ground state from an excited higher energy state. The excited 

electron state is achieved by absorption of light or electrical energy. The energy of the photon 

emitted during ‘stimulated emission’ is usually the difference between the excited energy state 

and a lower energy state. These fixed energy photons have a characteristic wavelength and 

frequency and is determined by the following equations. Energy ‘E’ (J), and wave frequency ‘v’ 

(Hz), are related by  

E = h v 

where ‘h’ is the Planck’s constant. Light velocity ‘c’ (m/s), relates frequency to wavelength ‘λ’ 

(m), by  

c = v * λ. 

A typical laser emits monochromatic light (electromagnetic wave) and based on 

wavelength lasers can be classified as ultraviolet (193-400 nm), visible (400-700 nm) and infrared 

lasers (700-10,600 nm).  

The basic constituents of a laser are gain medium, pump medium and reflective mirrors. 

The gain medium, also called as lasing medium, is the part of a laser that absorbs energy and 

emits a photon. The gain medium is made of a material that allows stimulated emission of light 

and can be a gas, liquid, solid or plasma. This medium or material is usually filled or shaped such 

that one geometric dimension is larger than the other two, meaning, if it is a solid then it will be 

shaped as a long rod or cuboid and if it is a gas then it will be filled into a long capsule.  

The gain medium is surrounded by a system that supplies the energy required for 

stimulated emission. The process of supplying energy to a laser is called pumping and is usually 
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optical in nature. Energy may be emitted from a high intensity flash lamp or from another laser. 

The gain medium is placed lengthwise between two highly reflective mirrors at either end. These 

mirrors form an optical cavity that reflects lased photons back and forth through the gain medium 

and through constructive interference amplifies the light. One of the mirrors of the cavity is 

usually partially transmitting to allow the amplified light through the cavity system as the output 

[81].  

Depending on the gain/lasing medium and the cavity, the emitted light may cover a wide 

range of output forms both spatial and temporal. Spatial profile of the laser is the output beam 

power profile. Variations in spatial profile are achieved by altering cavity optics. The most 

common and preferred profile is an ideal Gaussian intensity profile where the beam spot is 

circular in shape and peak power is at the center fading off to zero at infinity. Beam spot size is 

reported as beam diameter. The radius is measured from the peak power at center to the point 

where the power drops to e-1 or 37 %.  

The temporal output of a laser may be continuous in time at a constant amplitude power 

(W) in which case the lasers are called continuous wave (CW) lasers. The other is where a fixed 

output power is emitted at fixed intervals of time in which case the lasers are called pulsed lasers. 

Recent developments in laser power supply technology have lead to lasers where the power 

during a pulse can be varied during the pulse. In pulsed lasers, higher output powers can be 

achieved and delivered. Pulse durations, or laser ON time (ton) usually vary from a few 

milliseconds to as short as pico- and femto-seconds [81]. Depending on the laser system pulse 

frequencies may vary from a few pulses per second (Hz) to a few thousands per second. Duty 

cycle of a laser is usually used to standardize the total time of exposure for any laser system and 

is the ratio of pulse duration (s), ‘ton’ and pulse time period (s), ‘τ’ (reciprocal of frequency). It is 

given as a percentage as follows  

%100*
τ
ont

DC =  

The power (W) of a laser is the energy per unit time delivered in the form of light and is 

measured in Watts (J/s). CW lasers are often characterized in terms of power. On the other hand, 
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pulsed lasers are characterized in terms of energy per pulse which is the energy delivered for the 

pulse period, ‘τ’. Peak pulse power is defined as the product of energy per pulse for the pulse 

duration, ‘ton’.  

A fairly educated initial conception of lasers is that they are highly collimated beams of 

light. However in reality all laser light diverges to some extent. The degree of divergence usually 

results in insignificant changes in beam spot sizes while working in the near field (when working 

without focusing lenses or beam expander). However this change can be very significant while 

working in far-field (away from laser source). Depending on the distance from the source the 

beam spot size can increase significantly this causes a change in spatial profile of the beam.  

In case of a Gaussian intensity profile, an increase in beam spot size lowers the peak power 

and widens the Gaussian curve.  A decrease in spot size results in a tighter Gaussian curve with a 

higher peak power. Due to this variation a useful term to compare changes is irradiance. 

Irradiance (W/m2) is a measure of beam power distribution. At points along the direction of 

propagation of the beam, beam spot size changes altering the power per unit area. Irradiance 

which is the ratio of the beam power and beam area quantifies the spatial power change.  

Laser systems can be designed to deliver light directly as a free beam in air or the light can 

be guided into a fiber optic cable. When the delivery is free beam and beam application is in near 

field the laser is built to deliver focused light. When applications are farther from the source 

location a scheme of beam expander, focusing lenses and steering mirrors are used to condition 

the beam to the delivery point. Fiber guided lasers offer flexibility to obtain near field accuracy 

when targets are located farther away from laser sources without the hassles of free beam 

conditioning and safety hazards. Fiber guided lasers are easier to use and guide in applications 

where the target is difficult to reach.  

Fibers are thin long wires designed with an inner core with a thin material coating called 

the cladding. This core-clad assembly is usually layered with additional layers of protective 

coating. Beam transportation in a fiber is achieving by total internal reflection of light between 

the core and cladding. The core of a fiber is usually a few nanometers in diameter and its 

refractive index is higher than that of the cladding to allow total internal reflection. There are 
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several types of fibers available for various applications however due to application and ease of 

discussion only single mode fibers are discussed here. Single mode fibers deliver one ray of light 

which is usually close to being perfectly Gaussian in shape. The divergence of the laser beam 

emitted from a fiber is different from the lasers original divergence. Fiber divergence is specified 

by numerical aperture (NA) and its relation to the divergence angle, ‘θ’, is  

θSinNA =  

Fiber optic cables come in a variety of tips for different applications. These range from bare 

tips, focusing, spherical and diverging tips. For this research bare tips were chosen for its 

reusability after a short cleaning, cleaving and conditioning step. These tips are flat, perpendicular 

to the axis of the fiber. The beam diameter at the tip is equal to the diameter of the fibers core.  

With this introduction to lasers, in the next sections of this chapter applications of lasers in 

various areas of medicine are discussed followed by discussion of laser interaction with soft 

tissue.  

3.1 LASERS IN MEDICINE 

Since 1960’s lasers have become highly useful in almost all industries. In medicine lasers 

are used for internal surgery and cosmetic applications. Medical applications utilize lasers whose 

wavelengths extend from ultraviolet starting at 193 to 10,600 nm in the far infrared range all 

along the electromagnetic spectrum. The types are the Excimer laser at 308 nm; the argon laser at 

about 500 nm; frequency-doubled Nd:YAG (currently with KTP, PPKTP) at green light with a 

wavelength of 532 nm; diode lasers varying from 600-1020 nm; the YAG family of laser 

comprising the infrared range with Nd:YAG from 1064 to 1300 nm, Ho:YAG at 1940 nm and 

Er:YAG at 2940 nm; finally CO2 laser at 10,640 nm operate in the far infrared region [82, 83]. 

Initially (from the 60’s to the 80’s) knowledge of laser tissue interaction and availability of 

lasers limited uses in medicine to a point-and-shoot approach. The understanding of the physics 

of laser tissue interaction and the mechanisms of cell damage was also a limiting factor. During 

this time, CO2 lasers were commonly used in ophthalmology [84] and dermatology. In 

dermatology, lasers were used for treating port wine stains [85], removing hair [86], tattoos [87] 
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and warts [88], resurfacing the outer layers of the dermis and hence removing wrinkle and 

freckles [89]. With improved understanding of laser-tissue interaction and the advent of fiber 

optic cables, pulsed lasers and newer wavelength lasers, the applications increased. 

By around the 80’s lasers were beginning to emerge in a plethora of surgical procedures 

and common surgeries started to change towards being less invasive. Fiber guided lasers were 

being used for numerous minimally invasive procedures and advances in optics made this easier 

with tools like cameras to visualize these internal surgeries. One application was the thermal 

treatment of cancer tumors not only in the breast but also in the liver, kidneys and colon [90,91]. 

Lasers were used to fragment stones in the biliary track and in the urinary tract [92]. Lasers are 

used in cardiovascular applications to ablate clots and blocks [93], plastic surgery to melt fat in 

the body during liposuction procedures [94], in spine, brain and other neurosurgeries [95], dental 

treatment procedures [96], treatment of benign prostatic hyperplasia [97] and even to cut bones in 

orthopedic procedures [98].  

From this brief review of medical applications of lasers it is evident that there is no dearth 

in information on the different types of laser-tissue interactions. To use lasers for cutting breast 

tissue, published literature was searched to identify the different laser-tissue interactions and their 

effects on soft tissue. The literature was used to identify the mechanism of tissue modification 

and methods of predicting it for a given tissue type. The following section presents a summary of 

this information from published literature.  

3.2 LASER-TISSUE INTERACTION 

When a laser beam is incident on tissue three processes occur: reflection, transmission and 

absorption/scattering. The amount of laser light reflected at the air-tissue interface is typically less 

that 3-4 % of the total incident light and this is not considered to be very significant [99]. The 

light that gets transmitted into the tissue surface gets absorbed or scattered based on the laser 

wavelength, tissue composition and its optical properties. At a certain laser wavelength, 

absorption in a given tissue is described by the absorption coefficient (µaλ) and the scattering by 

scattering coefficient (µsλ). Within the tissue, light can get scattered in any direction. If the light 

gets scattered opposite to the direction of the incident beam then it is called back scattered light 
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and if it gets scattered in the direction of incident light it is called forward scattered light. Back 

scattered light can get transmitted through the surface into the medium of light incidence and 

forward scattering light can get transmitted though the tissue depending on its thickness. 

However, if the tissue thickness is modeled at being semi-infinite then the laser light eventually 

gets totally absorbed.  

Depending on the tissue composition, at a given wavelength, a certain tissue component 

absorbs a majority of the photons. This component is called chromophore. The absorption 

properties of most tissue components as a variation with laser wavelength are presented by 

Venugopalan et al [100]. Some of the key observations in this figure are the curves for water, 

hemoglobin and dioxi-hemoglobin. A closer look as some of the reviewed references in the 

introduction section of this report will reveal that for treating blood clots where the hemoglobin 

content is high and for dermatological procedures where the melanin content is high, ultraviolet 

and visible light is usually used. In dermal procedures like resurfacing tissue, CO2 laser from the 

far infrared range is used to target the collagen in the skin. The eye is high in water and protein 

hence ultraviolet lasers are used for most ophthalmology surgeries. To coagulate and ablate soft 

tissue, which have a large concentration of water, infrared light is used. Water has three 

absorption peaks in the infrared region. These are around 1500, 2000 and 3000 nm. The few 

lasers that operating at wavelengths around these absorption peaks are Ho:YAG at 1940 nm and 

Er:YAG at 2940 nm. Although there are absorption peaks in the ultraviolet region, these lasers 

are not used to ablate tissue. This is because the photon energy in this region is sufficient to cause 

molecular bonds to break causing photo-chemical reactions rather than photo-thermal reactions. 

The details of these reactions are discussed individually in the next few pages. 

Tissue optical properties also determine the laser penetration depth within the tissue. 

Penetration depth is defined as the depth at which the intensity of the incident laser beam has 

been attenuated by a factor of e-1. The penetration depth is calculated by taking the reciprocal of 

the sum of the tissue absorption and scattering properties. Since most soft tissue have a high 

concentration of water and the absorption of IR light is high in water the penetration depth of 

infrared light is usually less in this region. 
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The absorbed light in tissues may result in several interaction mechanisms. These are 

discussed in the following sections. 

3.3 LASER ABSORPTION AND ABLATION MECHANISMS 

3.3.1 PHOTO-THERMAL REACTION MECHANISM  
Absorbed light may cause heat generation hence a change in the tissue temperature. This 

mechanism is called photothermal reaction and is used in LITT. As explained earlier this reaction 

causes an increase in tissue temperature to 60 °C. This denatures the cellular protein and hence 

causes cell death. If the rate of absorption is high then the rate of increase of tissue temperatures 

is high. If the duration of absorption is long or the extent of photon absorption is high due to large 

irradiances then temperatures in excess of 100 °C can be reached. Hall et al [102] reported that 

the tissue temperature increased to about 100 °C when irradiated by a CO2 laser. LeCarpentier et 

al [103] study reported an increase to about 225 °C.  

When temperature exceeds 100 °C cellular water begins to vaporize. Vaporization of water 

causes an increase in the volume of the cell resulting in cell expansion. If there is further 

irradiation by the laser and hence absorption, then depending on the cell membrane strength and 

the strength of the extra-cellular matrix, the cellular vapor pressure will increase to a point where 

the internal cell pressure equals the tissue strength causing an explosion thereafter. This explosion 

results in a rapid release of vapor and cellular material and is termed as the ‘popcorn effect’ [82]. 

Further irradiance causes the ejected material to ignite or burn. This phenomenon leaves a void or 

crater in the tissue with a thin layer of carbonized remnants of the vaporized tissue. This 

conversion of cellular matter to gas/vapor is termed ablation in the medical field.  

During ablation there is a simultaneous heat transfer from the zone of irradiation to 

adjacent tissue. This heat transfer results in a zone of coagulated tissue surrounding the ablated 

crater. During laser ablation treatments it is desired to have minimum coagulated tissue zone 

surrounding the ablated crater as this speeds up patient recovery post-surgery.  However, when 

this procedure is opted for as a blood vessel coagulant there is a trade off in the thickness of the 

coagulated tissue.  
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The incidence of the coagulation and ablation mechanisms occurs at specific energies and 

depends on the incident laser wavelength and tissue properties. The minimum energy required for 

these is called coagulation threshold energy and ablation threshold energy respectively.  These 

thresholds vary with laser parameters for every tissue [120].  

When the laser output is a continuous wave, the amount of ablated material is lower and 

adjacent thermal coagulation is larger as compared to pulse lasers. With pulse lasers if the pulse 

duration is less than the time it takes for the thermal energy to propagate into the adjacent tissue 

layers, then thermal confinement in the irradiated zone can be achieved [100]. This results in 

ablation of tissue with minimum adjacent tissue damage. This thermal diffusion time, τ for a 

tissue is given by 

α
δτ
4

2

=  

where, δ is the laser penetration depth of the laser and α is the thermal diffusivity of the 

tissue. So the criterion of thermal confinement is that the pulse length tp < τ [82]. 

3.3.2 PHOTO-MECHANICAL INTERACTION MECHANISM 
Tissue heating, tissue expansion during water vaporization and tissue explosion causes 

thermo-elastic expansion. This mechanism is called photo-mechanical interaction and is known to 

cause stress waves that propagate at speeds of sound in the tissue [104]. When the pulse length is 

smaller than the time it takes for the stress waves to propagate out of the irradiated zone, large 

peak stresses can be reached [105]. Hence unlike thermal confinement, which is achieved with 

shorter pulses, stress confinement is achieved with longer laser pulses. It has been suggested by 

several publications that the stress waves produced by these photo-mechanical interactions cause 

severe damage to adjacent tissue [106, 107].  

The explosion caused during ablation consists of ejection of water vapor and tissue 

particles. This cloud of vapor and tissue particles is called a plume. It has been suggested that this 

plume could cause recoil stresses due to a recoil momentum, leading to further amplification of 

the stresses and thus increasing the photo-mechanical damage [100]. Even though the amount of 
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exploded material is small, the damage can be significant due to the high explosion velocities and 

the short explosion times. The explosion velocity is higher for tissues with higher extra cellular 

matrix strength and the recoil stress wave can be as high as 107 Pa with a 20 ns pulse at twice the 

ablation threshold exposure [100].  

The mechanical damage due to the explosion of sub-surface tissue layers can be visualized 

with time resolved photography [119-120, 122-126]. This technique has been used to view cavity 

formation, bubbles after the onset of the laser pulse, transient bubble growth and dimensions 

followed by bubble collapse. Acoustic signals generated by an explosion can be measured using a 

hydrophone and this technique has been used for measurements by many investigators [124-126]. 

These groups concluded that cavity formation and bubble collapse are the two events during 

which the shock waves are generated. Differences in plume formed by different pulse durations 

and their dynamics have also been reported [100, 125]. 

3.3.3 PHOTO-CHEMICAL INTERACTION MECHANISM 
Light absorption may result in chemical changes such as molecular bond breaking of 

cellular matter. These mechanisms are called photo-chemical mechanisms and are known to 

occur by dissociation, radical formation and bond breaking and these interactions are known to 

occur with ultraviolet lasers [100, 108, 109].  

3.4 LASER ABLATION MODELING 

Various models exist to model tissue ablation. Most use heat transfer methods to 

demonstrate ablation. Heat transfer ablation models were first used to model CO2 laser ablation of 

polymers, metals and other solids [110]. Tissue ablation models are similar to the polymer 

ablation models but are based around the basic Pennes Bio-heat transfer equation [111]. The bio-

heat equation is a differential equation that gives the spatial and transient temperature distribution 

in tissue.   

lmbb QQTTcmTk
t
Tc ++−−∇=
∂
∂ )( 0

2ρ  
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The above equation takes into account the heat loss dues to blood flow in the body (second 

term on the right hand side of the equation), heat addition by metabolic heat generation (third 

term on the right hand side of the equation) and the heat addition due to laser absorption (last 

term of the right hand side of the equation). Most of the models are simplified to model ex vivo 

conditions. This eliminates blood flow and metabolic heat generation from the bio-heat equation 

reduces as follows 

lQTk
t
Tc +∇=
∂
∂ 2ρ  

here, ρ is the density of tissue (g cm-3), c is the specific heat capacity of the tissue (J g-1 K-1) and  k 

is the thermal conductivity of the tissue (W cm-1 K-1).  

The laser heat source term for a simple one dimension problem with complete absorption of 

laser light is evaluated by taking the product of the absorption of the tissue and the available 

irradiance at a given point in the tissue. This heat source term is given by 

)(zIQ al µ=  

where I(z) is the irradiance at a depth z in the tissue. For an incident irradiance of Io, the 

irradiance within the tissue for pure absorption drops exponentially and is given by Beer’s law as  

zaeIzI µ−= 0)(  

Many studies assumed a no scatter situation in their laser distribution models, heat transfer 

models and damage models. Studies that used this Beer’s law formulation are McKenzie [112], 

Partovi, et al [113], Rastegar, et al [114] and Langerholc [115]. Several variation of this equation 

are available depending on whether scattering occurs in the forward direction, scattering in 

forward and backward direction and in some cases anisotropic scattering. Welch [116] 

summarizes the various methods of accounting for tissue scattering in light distribution models. 

In another publication, Rastegar et al [117] used an integro-differential equation based on the 

radiative transport theory to model light irradiance in tissue and its change as a function of tissue 
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properties. This method accounts for isotropic scattering and the equation was used to model the 

effect of optical properties in laser ablation.  

Langerholc [115] produced a model using the heat equation to describe the progress in time 

of a phase change in tissue by a CO2 laser irradiation. Dabby et al [110] presents an energy 

balance equation at the ablation interface. An analytical solution of the bio-heat equation was 

presented by simultaneously solving it with the moving boundary energy balance equation at the 

ablation interface and satisfying the moving boundary condition. Rastegar et al [117] used this 

method along with an immobilized finite element method to model CO2 laser ablation and solve 

the bio-heat equation for a tissue of thickness L and with insulated boundary condition at z = L. 

The energy balance at the ablation interface presented by Dabby et al [110] and used by Rastegar 

et al [117] is  

Zzat
dt
dZH

z
tzTk ==

∂
∂ ρ),(

 

where Z is the location of the ablation front at time t and H (J kg-1) is the heat of ablation. The 

condition at the moving boundary is 

abTtZT =),(  

where Tab is the temperature at the ablation front.    

McKenzie [112] developed a simple model for CO2 laser irradiation on tissue to predict the 

damage for a case where the ablation front advances into the tissue at the same speed as the 

damage wave ahead of it. This model can be used only for the case where the laser pulses are of 

short duration such that dynamic equilibrium could not be established. In this one dimensional 

model, the element was eliminated from the geometry if the temperature reached above 100 °C as 

a predetermined ablation threshold and elements of 60 °C temperature were considered thermally 

damaged as a predetermined coagulation threshold. The velocity of the ablation front was derived 

as 

)( LTc
Iu
+∆
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where ΔT is 63 °C (100 °C - 37 °C) and is the difference in temperature of the tissue at ablation 

(assume 100 °C) from the ambient (37 °C). L is the latent heat of vaporization (J g-1). The derived 

equation for thickness of coagulation was 

)( LTc
I

xeq +∆=
αρ

 

where α is the thermal diffusivity (cm2 s-1) of the tissue and is given by 

c
k
ρ

α =  

This model predicted low damage zone for short laser pulses with high power densities 

which was in agreement with experimental and histological evidence. This model predicts three 

distinct damage zones in tissue after ablation: zone of coagulated tissue, a zone with vacuoles and 

a zone of carbonized material. This has been verified and is in agreement with experimental data.  

This model and the other models discussed in these passages, do not account for damages 

like tissue expansion, explosion or ‘popcorn effect’ and changes in tissue properties. Other laser-

tissue interactions like photo-mechanical and chemical damage have also been excluded in these 

models.  

Ablation modeling is a tedious task. The reactions are non-equilibrium in nature and 

require a thermodynamic, photo-chemical, photo-mechanical and plasma-physics evaluation, 

making accurate modeling a multi-disciplinary and multi-individual task. This is most likely the 

reason why ablation is mostly evaluated using experimental methods for medical applications. To 

understand ablation further and to use it for ablating breast tissue, breast anatomy, breast tissue 

properties and literature of tissue ablation experimental work is investigated. These are 

summarized in the next sections of this chapter. 
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CHAPTER 4 BREAST ANATOMY 

Breast anatomy is very complex and varies from person to person. The anatomy of the 

breast from outside-in towards the chest is composed of nipples with 15 to 20 terminal ducts 

which is connected to a larger diameter duct. Each duct is connected to lobules which are a tree 

like branching system. These branches connected to the duct are called extra lobular terminal or 

intra lobular terminal ducts and are connected to a single lobule at the other end. This lobule is 

called a lactation unit. The lobule has its own branch system. This is made of intra lobular ducts 

and intra lobular stroma both made of lining cuboidal epithelial cells surrounded by hypo-

epithelial cells that are inactive. Both are in a loose intralobular connective matrix which has a 

loose texture to allow rapid expansion of secretory tissue during pregnancy. The area between the 

intra lobular ducts and stroma are filled with adipose tissue which are visible during surgery or 

dissection. 

The terminal ducts, ducts and the extra lobular terminal ducts are all made of columnar 

epithelial cells. These are all milk passages and function to transport the milk from the glands in 

the lobule to the nipple. Moving towards the nipple, the duct widens and forms reservoirs called 

the lactiferous sinus which empties into the lactiferous duct ending at the nipple. The lactiferous 

sinus along with the lactiferous duct makes the terminal duct. Each lobule group, ducts and the 

terminal ducts set are housed in a connective tissue stroma that is dense and is fibro-collagenous. 

Fatty tissue surrounds each of these. The fat extends throughout the breast and is also responsible 

for the breasts soft consistency. Occasionally the fat has a few sites of embedded soft muscle 

tissue. The breast as a whole is housed in fibrous connective tissue which attaches it to the 

dermis/skin and also attaches and positions it over the pectoral muscles of the chest wall. The 

connective tissue strands that attaché the breast to the outer skin and the chest wall are extremely 

strong. These are called Cooper’s ligaments. [128-130]. 

The vasculature of the breast is divided into three systems, chest wall along with the inner 

exterior of the breast, outer external part of the breast and the middle of the breast. The chest wall 

is highly vascular with arteries carrying oxygen rich blood from the heart to the wall and to the 

breasts and veins take de-oxygenated blood back to the heart. The outer external part of the breast 
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is supplied with blood from the auxiliary artery which runs from the armpit and to the breast. 

Finally, the middle of the breast is supplied by the internal mammary artery that extends down 

from neck and supplies to the inner portion of the breast [131].  

During surgery or dissection the lobules are not distinct at all. The ducts are reported to be 

usually not distinct. The connective tissue that surrounds the lobule group, ducts and the terminal 

ducts are all visible. The connective fibrous tissue surrounding the breast and the cooper 

ligaments are visible. The fat surrounding the connective tissue and filling in through the breast is 

also visible. During pathological staining (H&E staining) the fat tissue appears transparent. The 

ducts, lobule units, veins and arteries appear blue. The connective tissue and the smooth muscle 

cells appear in different shades of pink. On the whole the breast is composed of primarily 

glandular, fatty and fibrous tissues and these tissues are not mixed homogeneously but are present 

as specific sites in the breast. The composition of each of these tissues varies from person-to-

person. It depends on the person’s age, race, number of pregnancies, hormone intake, life-style, 

fitness and menstrual cycle.  

Almost all breast cancers arise from glandular tissue, making them adenocarcinomas 

(cancer of the glandular tissue). The cancer location is used to name them and the spread is used 

to differentiate the stages and extent of the cancer. It is known that breast cancer occurs in the 

ducts (ductal carcinoma) and in the lobules (lobular carcinoma). When the cancer is limited 

within the ducts or lobes it is called ductal carcinoma in situ (DCIS) and lobular carcinoma in situ 

(LCIS) respectively. DCIS is the most common type of non-invasive breast cancer. As it grows, 

the center of the tumor starts to die because it has outgrown its blood supply. This area of dead 

tissue is called necrosis or calcification. Lobular carcinomas rarely develop necrosis or 

calcifications. These are not considered true cancer, rather an accumulation of abnormal cells in 

the lobule. When the cancer cells start to spread out they are called invasive or infiltrating ductal 

carcinoma (IDC) or invasive or infiltrating lobular carcinoma (ILC) [132].  

With early detection it has been shown that either forms of cancer are minimally spread if 

not completely contained within the glandular ducts or lobes. Since these glandular structures are 

embedded in connective tissue and are afloat in fatty tissue, to surgically cut tissue for separating 

the tumor from the surrounding healthy tissue, the cutting modality should have the ability to cut 
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glandular, connective and fatty tissues individually. To satisfy this requirement, literature was 

used to search for published work on laser ablation of breast tissue. This included papers that 

modeled ablation in breast tissue or experimented with it. An attempt was also made at 

identifying work using either of the three breast tissue components (adipose/fatty tissue, glandular 

and fibrous connective tissue). The results of this search led us to limited information. These are 

summarized in the next section.  

4.1 BREAST TISSUE ABLATION 

The literature search identified only one paper that used lasers to cut human breast tissue. 

This paper was published in 1986 [133]. This study used a CO2 laser as a scalpel to cut the breast 

tissue for mastectomies. The objective of the study was to compare the laser tissue cutting process 

with that of a scalpel. The paper does not report any information on the ablation mechanism, the 

extent of tissue cut per passing of the laser energy, the resulting thermal damages or the extent of 

vascular closure. The only data reported is the post procedure recovery time.  

Since there were no papers researching ablation of breast tissue as a whole, investigations 

into ablation studies involving breast tissue constituents was carried out. Investigation of ablation 

with adipose tissue resulted in one finding, a CO2 laser study used for ablating porcine 

subcutaneous fatty tissue by Ross et al [134]. Investigations lead to no relevant ablation study for 

glandular and fibrous tissue. The subcutaneous fatty tissue ablation study is an extremely useful 

piece in understanding laser effects on fatty tissue which is a major constituent in the breast 

anatomy. Some of the results from this study are presented in the following paragraph. 

The above study delivered 800 µs pulses of the laser at 0.5 Hz with a beam spot size of 1 

mm. During the study the tissue mass lost per pulse and the amount of light scattered by the tissue 

was measured. Mass loss was measured by placing the tissue on a digital balance. After the 

ablation the amount of tissue left spattered around the tissue was also measured. When compared 

to dermis tissue ablation, the amount of tissue left spattered after ablation was higher. About 13 

mg of fatty tissue was collected near the tissue after ablating fat verses about 2 mg with dermal 

tissue. The plume emitted during fatty tissue ablation was denser when compared with the dermis 

ablation plume and for irradiances beyond about 20 J/cm2 a flame was seen over the plume. 
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Besides this, the paper also reports measuring the optical properties of fat at 10.6 µm wavelength 

and summarizes the thermal properties of fatty tissue. The absorption coefficient of subcutaneous 

fatty tissue is 250 cm-1 at 10.6 µm CO2 laser wavelength. 

The ablation mechanism and the extent of damage in fatty tissue reported is different in 

many ways from other tissue ablation results. This paper reports that fatty tissue ablation resulted 

due to explosion of small quantities of water and left no thermal damage but only a pool of 

melted fat. Ablation studies of most other tissues (discussed in the next chapter) report 

dehydration, deformation, explosion followed by charring of tissue leaving a large thermal 

damage of adjacent tissue. Thermal properties and tissue water content play a significant role 

during ablation and in case of fat these two aspects explains the difference in ablation process and 

effects.  

From the above study it can be concluded that it is possible to use CO2 lasers for ablation to 

separate the tumor from the healthy fatty tissue. However as pointed earlier, CO2 laser light 

cannot be easily guided via conventional fiber optic cables. A fiber compatible infrared laser 

choice can be made if the absorption spectrum for the three major constituents of breast tissue is 

known. In order to find this information breast tissue properties were searched in literature. The 

results are summarized in the following section.  

4.2 BREAST TISSUE PROPERTIES 

Choice of a fiber compatible laser based on breast tissue properties is currently not possible 

as there is limited information in literature. A search for absorption spectrum of glandular, fatty 

and fibrous breast tissues resulted in zero outcomes. In an attempt to create a spectrum from 

published property values a more refined search was carried out. The search resulted in one 

publication with values of absorption coefficients (cm-1) of breast tissue at only three 

wavelengths. Peters et al [135] report absorption coefficient values of breast glandular tissue, 

breast adipose tissue and breast carcinoma at 540 nm, 700 nm and 900 nm laser wavelength. The 

absorption values for breast glandular tissue for the listed wavelengths are 0.358±0.156, 

0.047±0.011, 0.062±0.005 cm-1 respectively. The absorption values for breast adipose tissue for 

the listed wavelengths are 0.227±0.057, 0.070±0.008, 0.075±0.008 cm-1 respectively. The 
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absorption values for breast carcinoma tissue for the listed wavelengths are 0.307±0.099, 

0.045±0.012, 0.050±0.015 cm-1 respectively.  

Choosing an appropriate infrared laser for this surgery is not possible from these studies. 

Absorption properties can be measured using similar optical methods or by spectroscopy analysis 

of these tissue types. After initial feasibility research it was found that this would require 

expensive and unavailable equipment hence no attempt was made to make these measurements. It 

was subsequently concluded that conducting experiments with the most compatible lasers is a 

viable alternative option to evaluate breast tissue cutting using laser ablation.  

As the next step, publications that experimented tissue ablation using lasers were collected 

and carefully studied. Based on these publications and their conclusions a list of experiments was 

created. From these a choice was made on the experiments that were most valuable to the task at 

hand and the available equipment. A choice was also made on the best strategy for the chosen 

experiments, target tissue, other experiment materials, parameters and methods. A summary of 

these publications and conclusions drawn from them follow.  
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CHAPTER 5 REVIEW OF LASER ABLATION 
EXPERIMENTAL WORK  

This section presents a summary of all the publications that have experimentally evaluated 

laser ablation process. The initial search resulted in many publications. The list was refined by 

choosing publications that evaluated phenomena like photo-thermal, photo-mechanical and 

photo-acoustic effects of laser ablation on tissue. Photo-chemical and plasma reactions that occur 

during infrared ablation at extremely high laser intensities [100, 118] were not included in this 

summary because at high intensities tissue damage depths are too large and are not applicable 

during minimally invasive surgeries. The list of publications was further refined to include work 

done on animal soft tissue, human soft tissue and soft tissue phantoms. Ablation studies with hard 

tissues like bones, dental tissue and highly pigmented tissues were not included. This list has been 

briefly summarized in Table 1 page no. 36. 

The table is organized by publication year from earliest to present. The table lists the first 

author of the publication followed by the laser wavelength used in the study. The next column 

lists the output beam characteristics like the beam divergence, spot size and profile. The next 

column lists laser parameters that were varied to study the effects on ablation. The next column 

has a description of the target tissue or tissue phantom. The following column lists the objectives 

of the study followed by the technique used to study the ablation phenomenon. The technique 

here means if the experiment included any special equipment like a weight balance to measure 

mass loss or fast photography or video imaging to visualize and capture the ablation steps or the 

use of a hydrophone to measure acoustic pressure during explosive ablation. The table also 

identifies if the authors used any theoretical analysis or modeling techniques to predict ablation 

extent and compared them with experiment results. The last two columns list the technique used 

to measure and quantify ablation followed by a short list of points summarizing the main results 

of the experiment.  

Four of the studies listed above used gel phantoms to study ablation effects. These are 

targets made of polyacrylamide gel or gelatin in water. Five of the studies used animal tissues and 

one study used ex vivo human meniscus. Publication dates shows that initially CO2 laser ablation 
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studies were carried out eventually graduating to Ho:YAG, Er:YAG and Nd:YAG lasers 

following availability of both lasers and fibers. All publications summarized here used lasers for 

drilling holes in the tissue or tissue phantoms by keeping the laser and the tissue stationary. 

During an independent search to find publications evaluating ablation while cutting straight lines 

(like cutting with a scalpel) in tissue no relevant papers were found.  

All the studies listed above (some with pictures and others used videos) show that tissue 

ablation comprises of visible cell/tissue dehydration followed by tissue deformation, then an 

explosion that results in tissue ejection and surface tearing. These events were organized into 

three phases [122]. The first phase is the coagulation phase which comprises of cellular 

dehydration and denaturation of protein. The second phase is the ‘popcorn effect’ which 

comprises of the deformation of the tissue due to bubble formation, the explosion to release 

vaporized water and tissue particles which also causes surface tearing. The last phase is 

carbonization of tissue material which [120] reports occurs at higher temperatures and requires 

laser irradiation even after the explosion [120]. These results provide sufficient information on 

the mechanism of ablation in soft tissues. Since glandular and fibrous connective tissues are 

similar to most of the soft tissues listed in this summary in terms of feel, consistency, mechanical 

form and behavior (like shape, strength, compression and tension) and are high in water content, 

it is assumed that the ablation mechanism in these two breast tissue constituents will be the same 

as that observed in these studies. The third tissue component of breast tissue is fatty tissue and the 

ablation mechanism was studies by Ross et al [134] and was discussed in the previous section. 

From these it can be summarized that the ablation mechanism in breast tissue may not be very 

different from what was observed in these studies and that verification of this statement does not 

hold much importance during ablation investigation in breast tissue.  

The above studies revealed that onset of thermal damage, extent of thermal damage, onset 

of explosion hence ablation threshold, ablation rate and extent of carbonization vary with the 

target tissue, laser wavelength, laser parameters and ablation mode (under water or in air) 

[120,122]. This implies that for breast tissue constituents the above values will be different from 

those reported here and at a fixed laser setting, ablation response is going to be different for 

adipose, glandular and connective tissues. The studies also showed that ablation thresholds are 
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higher for tissues with higher mechanical strengths [122, 125, 126]. Connective fibrous tissue is a 

stronger tissue than fatty or glandular tissue so this means that the ablation threshold for 

connective fibrous tissue may be higher than glandular followed by fatty tissue in the end. Getting 

coagulation and ablation threshold values and quantifying the extent of damage in these three 

tissues are important to assess the feasibility of using one laser to cut all three tissues with ease. 

Attempts should be made to design experiments to obtain this information.  

The studies also highlight that variations on ablation in tissue due to changes in laser 

wavelengths, power or energy of the beam and other laser parameters are not accurately 

predictable for different tissues. This suggests that no method exists to accurately choose laser 

wavelengths and laser parameters for cutting breast tissue. However, an educated estimation can 

be made that can be verified by experiments. Some of these estimations are listed below.  

Some of the above studies showed that tissues with higher absorption at the irradiated laser 

wavelength had higher ablation efficiency and lesser thermal damage [119, 124, 127]. This is an 

experimental verification of the theory that ablation is higher when lasers wavelengths that are 

well absorbed are used to ablate tissue. This also bolsters the educated decision of choosing 

infrared lasers over others to ablate soft tissues which have large water content to ensure efficient 

absorption. 



 

36 

Table 1. Summary of Experimental studies to evaluate ablation phenomena in tissue. The summary includes publications for drilling holes using lasers 
in soft tissue or soft tissue phantoms with emphasis on photothermal, photomechanical and photoacoustic effects of lasers [119-127] 
 
Zweig, 1988 
λ Beam 

Char. 
Laser 
Parameter 
Used/Vary 

Target Experiment Equipment Measurement Pathology Modeling Results 

10.6 
µm 

-250 µs 
pulses  
-Profile 
Gaussian 
-500 µm 
spot-size 
-250 µs 
pulses 
-Profile 
spiked 
-400 µm 
spot-size 

Energy per 
pulse 
  

-Gelatin in 
0.84 g/cm3 

water  
-Gelatin in 
0.66 g/cm3 
water 
  

EFFECT OF 
-Wavelength 
-pulse profile 
shape 
-energy per 
pulse  
ON 
- evaporation 
-material 
ejection  
-elastic 
deformation 

High speed 
photography 
(105 /s) 
  

Depth and 
shape of hole  
  

- 
  

Thermo-
mech. 
model 
  

-Hole depth and pulse 
energy have a linear 
relationship.  
-Smooth holes with 
Gaussian beam.  
-Ablation threshold <1 J. 
-Pronounced ejection 
process at 2.94 µm laser.  

2.94 
µm 

10.6 
µm 

-250 µs 
pulses  
-Profile 
Gaussian 
-500 µm 
spot-size 

4 Hz, 90mJ, 
8.0x105 
W/cm2 

Rat skin 
  

EFFECT OF 
-Wavelength  
-energy per 
pulse  
ON 
-hole depth 
-thermal 
damage 
-hemostasis 
  

- 
  

Depth of hole 
and thermal 
damage 
  

H&E 
  

- 
  

-Complete hemostasis  
- ~70 µm thermal 
damage 
-Hole depth lesser than 
that at 2.94 µm laser.  

2.94 
µm 

-250 µs 
pulses 
-Profile 
spiked 
-400 µm 
spot-size 

4 Hz, 49mJ, 
6.8x105 
W/cm2 

-Slight bleeding 
- ~35 µm thermal 
damage 
-Deeper hole depth than 
that at 10.6 µm laser. 
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λ Beam 
Char. 

Laser 
Parameter 
Used/Vary 

Target Experiment 
Objective 

Equipment Measurement Pathology Modeling Results 

Verdaasdonk, 1990 
1.06 
µm 

-CW  
-600 µm 
fiber + 
focused 
beam 
-0.1–90 s 
exposure  

10-60 W -8 mm 
thick 
bovine 
tissue 
-Aortic 
-Myocadiac 
-Room 
temp 
-Air, water 
interface 

-Ablation 
phenomena  
- Changes in 
optical 
properties of 
tissue during 
ablation 

High speed 
photography 
(25 Hz) 

-Transmitted 
light 

-Haema-
toxylin and 
eosin 
staining 
-Gieson’s 
elastin 
staining 

- -Phase A: coagulation 
-Phase B: explosive 
vaporization (popcorn 
effect) + 50% reduction 
in light transmission 
-Phase C: Carbonization 
of cellular material 

0.48-
0.51 
µm 

3.5 W 

Venuogopalan, 1991 
1.06 
µm 

-Pulsed 
Gaussian 
-160 µs 
at 
FWHM 

-18 mJ 
-1 to 900 Hz 
-460 µm 
spot-size  
-20 or 30 
pulses/exp 

-Porcine 
skin with 
fat 
-22-24 °C 

-Do super 
pulsed CO2 
laser cause less 
damage 

-Weight 
balance 

-Mass loss -Haema-
toxylin and 
eosin 
staining  

- -55-60% increase in 
ablation for increase in 
pulse rate from 10 Hz to 
200 Hz 
-no increase after 200 Hz 
-80% increase in thermal 
damage from 1-60 Hz 

LeCarpentier, 1993 
0.48-
0.51 
µm 

CW - -Polyacryl-
amide rods 
-Rabbit 
Achilles 
tendon 
-Porcine 
aortae 

-Thermal events 
-mechanical 
events  
DURING  
-CW laser 
ablation 

-High speed 
photography 
(240 Hz) 

-Temperature -Haema-
toxylin and 
eosin 
staining  

-Heat 
transfer 
ablation 
model 

-surface dehydration, 
deformation, explosion, 
tissue ejection and 
surface tearing occurs 
-peak sub-surface temp. 
in agreement with model  
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λ Beam 
Char. 

Laser 
Parameter 
Used/Vary 

Target Experiment 
Objective 

Equipment Measurement Pathology Modeling Results 

Frenz, 1996 
2.12 
µm 
and 
2.79 
µm  

-Q-
switched 

-40 ns  
-max.50 mJ 

-ex vivo 
human 
meniscus  
-air, water 
interface 

EFFECT OF 
-absorption 
coefficient 
-pulse duration 
ON 
-laser ablation 

-Fast flash 
videography 
-hydrophone 

-Size of bubble 
-lifetime of 
bubble 
-acoustic 
transients 

-Haema-
toxylin and 
eosin 
staining 

- -Ablation efficiency 
higher at 2.79 µm, low 
coagulation <100 µm 
-at 2.12 µm coagulation 
< 1000 µm. 

-Free 
running 

-250 µs, 400 
µs  
-max. 100 
mJ 

Jansen, 1996 
2.12 
µm 

-Q-
switched 

-500 ns  
-max.14 mJ 

-water EFFECT OF 
-pulse duration  
ON 
-bubble 
formation 
-induced 
pressure wave 

-Fast flash 
videography 
-hydrophone 

-acoustic 
transients 

- - -High bubble expansion 
velocity 
-Spherical bubble shape 
-Higher pressure wave 

-Free 
running 

-100 µs - 
1100 µs  
-max. 200 
mJ 

-Polyacryl-
amide gel 

-Elongated bubble shape 
-Low pressure wave 
after collapse 

Asshauer, 1997 
2.12 
µm 

-Pulsed 
Gaussian 
-180 µs 
 

-400, 600 
µm fiber 
-20-382 
J/cm2 

-Polyacryl-
amide gel 

Correlation 
between bubble 
formation and 
acoustic 
transient 

-Fast flash 
videography 
-hydrophone 

-Bubble size 
-time of start 
-acoustic 
transient 

- - -4.2 mm bubbles at 650 
mJ and 2.9x105 Pa 
Young’s mod. 
-Bubble size reduced 
with increase in Young's 
mod.  
-Pressure decreases with 
increasing Young's mod. 
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λ Beam 
Char. 

Laser 
Parameter 
Used/Vary 

Target Experiment 
Objective 

Equipment Measurement Pathology Modeling Results 

Payne, 1998 
10.6 
µm 

-Pulsed -180 ns -Porcine 
reticular 
dermis 

Comparison of 
ablation at two 
wavelengths 

-Digital 
Balance 
-Microscope 

-Ablation rate 
-Thermal 
damage 

-Haema-
toxylin and 
eosin 
staining 

- -Ablation threshold 1.15 
J/cm2 
-Heat of ablation 3740 
J/g 
-Thermal damage 53 
µm. 

9.5 
µm 

-Ablation threshold 1.47 
J/cm2 
-Heat of ablation 3330 
J/g 
-Thermal damage 34 µm 
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Some of the studies showed that when the laser wavelength has a greater penetration depth 

in the exposed tissue, the ejection phenomenon is less pronounced [119] and in tissue where the 

penetration depth of laser is lower, thermal damage is lower during ablation [119, 124, 127]. The 

theory behind this is that with a larger penetration depth, laser photons travel deeper into the 

tissue causing sub-surface cellular expansion followed by explosion. Due to thicker tissue 

overlay, the explosion results after a larger internal pressure accumulation resulting in a much 

larger eruption of tissue leaving behind a rough crater. This may result in excessive heat transfer 

to adjacent tissue hence a larger thermally damages tissue layer. For future experiments choosing 

a laser that has a low penetration depth in breast tissue would result in better cuts. Some infrared 

lasers are known to have low penetration depths in soft tissues so the resulting ablation cut should 

be less pronounced and the thermal damage should be within acceptable limits.     

During ablation for drilling tissue, the ablated hole depth varies linearly with incident 

energy and its shape and smoothness depends on beam intensity profile and pulse profiles. 

Gaussian pulse profile results in smooth hole walls [119]. This means that cut depths could be 

varied by changing the incident laser energy and the choice of beam profile should be Gaussian 

for a smooth cut. Studies also showed that with pulsed lasers an increase in pulse rate or 

frequency results in deeper hole depth and larger thermal damage [121]. This indicates that for a 

laser/tissue combination, an optimum pulse repetition rate needs to be found that will result in 

sufficient cut depth and adjacent tissue thermal damage. This conclusion also indicates that 

thermal damage with continuous wave lasers may be higher than the same cause by pulsed lasers. 

The papers also indicated that adjacent tissue damage due to coagulation resulted in a visible 

discoloration of the tissue to a more bleached effect.  

Some of the results that can be expected to be similar in breast tissue experiments when 

compared to these studies are listed in this paragraph. Ablation crater inspection could reveal 

larger thermal damage at the side walls than at the base of the crater [122]. If histopathology is 

used then higher cellular mechanical damage could be seen at the base of the crater and no such 

occurrence on crater sides [122]. If imaging is used to study ablation explosion, bubble formation 

and then collapse for tougher tissues, like connective tissue, the bubble formed may be smaller 

and similar results for pressure waves generated after bubble collapse [125, 126]. There is no 

account of the extent of damage with varied pressure waves created during bubble collapse. This 

can be investigated further. Once this is known for breast tissue, if there is considerable damage 
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caused by these pressure waves then investigations to derive the optimum combination of laser 

parameters that will suppress the undesirable side effects of pressure waves can be carried out. 

In one study, low thermal damage was expressed as a preference in most surgeries. This 

study however, reported no hemostasis in rat skin ablation when the thermal damage was low in 

one set of laser parameter studies [119]. In breast surgery too it will be advantageous to have 

minimal thermal damage for faster recovery after the procedure however controlling bleeding 

during this minimally invasive surgery would also be important. Hence it is imperative to tolerate 

some thermal damage in order to achieve hemostasis. Experimental study results with different 

lasers will be helpful in determining the extent of this compromise.   

Most laser parameters, tissue properties and ablation process parameters have been 

evaluated including their interdependencies. These studies serve as an excellent base for 

predicting ablation in most tissues (depending on the mechanical and optical properties) and they 

serve as an excellent source for information on experiment techniques and materials.  

5.1 BACKGROUND RESEARCH CONCLUSIONS 

Laser interaction with tissue for coagulation has been studied extensively and for ablation 

sufficient information on mechanism and effects is available. Lasers are very suitable for 

minimally invasive breast surgery to excise tumors under MRI guidance. However, after studying 

the anatomy and related laser literature, there is a lack of information on ablating fibrous and 

glandular tissue. There is room for more fundamental experimental research to characterize 

ablation effects in breast tissue due to various lasers and laser parameters. A multi-variate 

experimental study is the most convenient and accurate method to obtain this information. The 

description of this study is presented next.  
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II. MULTI-VARIABLE LASER ABLATION 

STUDY 
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CHAPTER 6 EXPERIMENT INTRODUCTION 

To characterize ablation effect for breast surgery, the amount of tissue required to get 

reasonable experiment results is large. It is not practical to do all experiments with human breast 

tissue due to its limited availability. Because of this limitation, parts of the experiment need to be 

conducted with a human breast tissue analogue. Hence, the strategy was to find the effect of 

different laser parameters (of available lasers) on ablation of a breast tissue analogue and from 

it choose a small set of optimum parameters for experiments with the scarcely available human 

breast tissue. Finally with that information determine which of the lasers are best suited for a 

minimally invasive MRI guided breast tumor excision surgery.  

A breast tissue analogue was chosen from a list of animal tissues whose thermal and optical 

properties are known from literature [82, 129-144]. After comparison and checking the 

availability of tissues, porcine liver tissue was chosen as the analogue. Its optical properties are 

the closest match to breast tissue in the visible and near infrared range of the spectrum [145]. A 

search for sources of this tissue resulted in routine availability at Experimental Surgery Services 

(ESS) and from the Visible Heart Laboratory at University of Minnesota, Minneapolis, under the 

remnant-tissue-sharing program. 

Human breast tissue procurement is a highly supervised process with a strict protocol. The 

protocol calls for submission of a formal request in the form of a research proposal which is 

review by the Institutional Review Board (IRB) for approval. After IRB approval, a tissue 

procurement requisition needs to be sent to University of Minnesota Cancer Center. The 

requisitions are reviewed by an internal panel for approval. After approval, depending on the 

waitlist, tissue is sent to requestor’s based on availability. All these requirements were satisfied 

for carrying out this research with normal breast tissue that was removed after breast reduction 

mammoplasty.  

Infrared lasers currently available in the industry that can be fiber guided are semiconductor 

diode lasers and solid state lasers. Semiconductor diode lasers are available from 780 nm - 980 

nm and are based on materials in the GaAs or GaAlAs systems. Solid state lasers based on 

neodymium, holmium or erbium atoms doped in YAG to obtain different laser wavelengths. 
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Neodymium doped YAG emits 1064 nm, YLF emits 1047 nm and 1053 nm, glass emits 1060 nm 

and YAP emits 1080 nm. Holmium doped YAG emits 1940 nm and 2100 nm and finally erbium 

doped YAG emits 2940 nm. For breast tissue ablation experiments the geographical area around 

University of Minnesota was searched for the above lasers for a short term use. The search 

resulted in some success. Medical grade lasers used for treatment or diagnosis were located but 

were not available for this research due to sterilization issues. Several attempts were made at 

obtaining donations or loans from laser manufacturing companies. These attempts were 

unsuccessful. Hence, efforts were put towards finding material processing lasers. A continuous 

wave diode laser at 808 nm wavelength (Aim Controls, Inc., Penn Valley, CA) was found in the 

Medical Device Design Laboratory at University of Minnesota and a high power pulsed Nd:YAG 

laser (KLS 126, Lasag Industrial Lasers, Buffalo Grove, IL) at 1064 nm was found at University 

of St. Thomas in Dr. Greg Mowry’s research laboratory. Both lasers were being used to weld, cut 

and drill various metals, ceramics and polymers. Both lasers were made available for this research 

and experiment studies were planned with these two lasers to ablate porcine liver tissue and 

human breast tissue. The two lasers and tissue types were used in a combination of four 

experiments followed by a comparison of all the results with each other and with results from 

other publications. The responses measured were ablation and coagulation extent. 

The first experiment was designed to study the effects of continuous wave lasers on porcine 

liver tissue. The 808 nm laser was used to vary its output power and find coagulation threshold, 

ablation threshold and ablation effects on liver tissue by placing the laser fiber tip over the tissue 

and moving it to mimic a cut. Figure 2 shows porcine liver tissue ablation from one of the pilot 

studies where a 600 µm fiber emitting 808 nm laser beam was moved over the tissue surface. 

This tissue-laser combination was also used to conduct double pass study to determine the effect 

of tissue property change on ablation. Following this, efficient settings were determined for doing 

experiments with this laser and breast tissue. For all discussion from here on, this experiment will 

be identified as ‘Experiment 1 (Liver-808)’. 
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Figure 2. Porcine liver tissue ablation with a 600 µm laser fiber emitting 808 nm laser light. 

The second experiment was designed to study the effects of pulsed lasers on porcine liver 

tissue. The 1064 nm laser was used to vary pulsed duration, frequency and energy per pulse to 

find coagulation threshold, ablation threshold and ablation effects on liver tissue. This experiment 

was used to drill holes in the tissue and also to ablate lengthwise to mimic cutting with scalpels. 

Similar to the previous experiment, the results of this experiment were used to determine efficient 

laser settings for conducting experiments with this laser and human breast tissue. For all 

discussion from here on, this experiment will be identified as ‘Experiment 2 (Liver-1064)’. 

The last two experiments were designed to use the two lasers to ablate human breast tissue 

at limited parameter variations to obtain maximum information. The results would enable a 

comparison of ablation effect between the two lasers with human breast tissue and with porcine 

liver tissue. Comparison of the effects of the two lasers will help choose the better laser 

wavelength between the two lasers. Comparison with porcine liver tissue will help establish if the 

choice of this tissue to model breast tissue was good and if porcine liver can be used as a breast 

tissue model in the future for design and development of the laser probe and tumor removal 

probe. For all discussion from here on, these experiments will be identified as ‘Experiment 3 

(Breast-808)’ and ‘Experiment 4 (Breast-1064)’.  

Complete details of the design of these experiments are presented in CHAPTER 8 after 

listing all the experiment materials and methods for better clarity.  
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CHAPTER 7 EXPERIMENT MATERIALS AND METHODS 

7.1 TARGET TISSUE 

7.1.1 PORCINE LIVER TISSUE 
Figure 3 shows two pictures. The left picture is a porcine liver laid on a cutting board 

placed with the outer side of the organ facing up and the right picture shows the liver placed with 

its inner side facing upwards. The white sac like structure is the gallbladder. Careful inspection of 

the liver anatomy revealed large blood vessels on the inner side of the organ. Based on this it was 

decided that samples would be cut from the outer side to avoid these blood vessels for increased 

homogeneity between samples. Figure 4 shows one such sample. A large blood vessel lies closer 

to the inner side (right edge is the inner part of the organ) of the sample. The scalpel placement in 

the above figure indicates the line of cut for trimming off the inner part of the tissue. For all 

experiment trials the outer side of the tissue piece was exposed to the laser to maintain 

consistency though out the experiments. Porcine liver tissue was easy to cut into square pieces 

and trim to a thickness of half of an inch.  

 
Figure 3. Liver tissue. Left: Outer side of porcine liver. Right: Inner side of porcine liver tissue 

Consistent tissue flatness was required between trials to maintain constant laser beam 

diameter during ablation. The diameter can drastically change the energy per unit area of the 

tissue thus affecting the extent of ablation of the tissue. With porcine liver tissue it was noted that 

after cutting, the tissue held its shape and was considerably flat when placed in the tissue fixture.  
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Figure 4. Cutting of a sample of tissue from a section of the liver 

7.1.2 BREAST TISSUE 
The initial strategy was to separate the fat from the connective tissue of human breast tissue 

and conduct experiments on individual tissue components due to its extreme in-homogeneity. 

However, after tissue procurement, with this strategy it would not have been possible to proceed. 

Even though the tissue was extremely heterogeous, separation was not possible because fatty 

tissue and fibrous tissue were complexly integrated. The structure of the breast consists of fibrous 

tissue forming the main structures with fatty tissue filling the voids. As an analogy, one could 

imagine a Styrofoam matrix where the extruded polystyrene closed cell foam is fatty tissue and 

the space between the cells is the fibrous tissue. Another analogy is a bee hive where the three-

dimensional hexagonal matrix is replaced with random shapes of connective fibrous tissue with 

non-distinct glandular tissue embedded in it and all the spaces are filled with fatty tissue. A 

decision was made to conduct these experiments without separation of the different tissue types. 

Figure 5 shows one of the procured breast tissue sections. The tissue section came with no 

information on the location of the tissue and its orientation in the breast. The figure clearly 

demonstrates the in-homogeneity of the breast tissue. The pinkish-white areas are all connective 

tissue with embedded ducts and glands. The yellow areas in the picture are fatty tissue sites. 

Due to this in-homogeneity there was no predetermined way of maintaining a sense of 

uniformity between the sample pieces. A poke-test was used to determine locations that were 

Outer 
side of 
organ Inner  

side of 
organ 
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similar in feel during the test. An effort was also made to maintain visual similarity between the 

tissue pieces. This method not only helped to maintain some uniformity within experiments 

conducted with tissue sections from one patient but also with those from other patients.  

 
Figure 5. Breast tissue sample as procured from source center. 

Breast tissue is not easy to handle. It lacked form, both, before and after cutting. In some 

cases a cut was made to obtain a piece after careful inspection, however, after cutting the piece, 

the shape was not what was intended. After placing the tissue on a flat surface it was almost 

impossible to get the tissue to remain flat. The fat in the tissue sunk down to gain a larger basal 

surface forming peaks on the top surface. Figure 6 shows a picture of the top view of a breast 

tissue sample placed flat in the tissue holder illustrating the unevenness caused by fatty tissue. To 

address this problem a stabilization plate was used. The design specifics of this plate and how it 

was used are described in the next section.  
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Figure 6. Uneven top surface of breast tissue. 

7.2 TISSUE PREPARATION  

Porcine liver tissue and human breast tissue were stored in saline immediately after tissue 

harvest to prevent the tissues from drying. Tissues were obtained within 3 hrs of the harvest in 

leak proof plastic containers. Secondary containment was used to transport both tissues from the 

source site to the experiment site (Medical Device Laboratory for 808 nm laser experiments and 

University of St. Thomas for 1064 nm laser experiments).  

The tissues were cut into about an inch to two inch square pieces with thickness ranging 

from half inch to about an inch. The cut pieces were sealed in water-tight plastic zip lock bags 

and were placed in a temperature-controlled water bath maintained at 38 °C for approximately 

15-30 minutes until the temperature of the tissue was within a range of 33-37 °C to mimic body 

temperatures. Figure 7 shows the tissue samples in Ziploc bags placed in the water bath. The 

lower limit for temperature was chosen based on the knowledge that temperature in peripheral 

parts of the body is lower than the core temperature of 37 °C. Once the tissue sample was warmed 

in the bath, one piece at a time was removed from the bath and the temperature was recorded. The 

piece was then placed in a tissue holder. 
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Figure 7. Porcine liver tissue in plastic Ziploc bags placed in water bath maintained at 38 °C. 

For 808 nm laser studies the tissue was placed in the tissue holder shown on the left in 

Figure 8. For 1064 nm experiments the tissue was placed on the tissue tray shown in the right 

picture in Figure 8. This tray is a modification of the box like holder to allow tissue movement 

during 1064 nm studies instead of the fiber moving over the tissue. The reason for this change is 

presented in the next section while discussing the two laser systems and their adaptations for this 

experiment. After placing the tissue in the fixture, excess saline and blood was removed by 

lightly taping the tissue once with paper towel as shown on the right in Figure 8.  

      
Figure 8. Left: Tissue holder for 808 nm laser experiments. Right: Tissue tray for 1064 nm laser 
experiments. Also demonstrated on the right is the removal of excess saline and blood from liver 

tissue surface. Tissue was lightly tapped with a paper towel. 

After this an aluminum flat plate was placed over the tissue in both cases to stabilizing it to 

obtain a flatter tissue surface. The plate was ¼ inch thick, 2”x2” in dimension and had a ½ inch 
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wide and 1 ½ inch long slot in the center. The plate is shown in Figure 9. Both the fixtures were 

placed under the laser fibers for exposure to the laser energy.   

 
Figure 9. Stabilization plate used to flatten tissue out for consistent laser irradiation through the cut. 

 
Figure 10. Liver tissue ablation by 1064 nm laser beam. Tissue placed on tray with stabilization plate. 

Figure 10 shows the flat plate over liver tissue and Figure 11 shows the flat plate over 

breast tissue. The two figures show the difference in the surface of the two tissues. Liver tissue 

did not require a lot to stabilize it due to its form but the plate was used to maintain consistency in 

the tissue placement conditions.  
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Figure 11. Stabilization plate placed over breast tissue. Tissue placed in holder for 808 nm laser 

ablation. 

7.3 LASER SYSTEMS 

7.3.1 808 NM DIODE LASER SYSTEM 
The 808 nm continuous wave laser system consists of the laser diode, a fiber optic delivery 

cable (1.4 mm in diameter), and a cylindrical headpiece with a focusing lens and an internally 

controlled airflow system. The system was mounted under an x-y axis work table. The headpiece 

was mounted on the stepper motor belt on the x-y table. The laser diode and motors on the x-y 

table (Aim Controls, Inc., Penn Valley, CA) are controlled via a computer using the laser’s 

control software with a computer graphical user interface (GUI) as shown in Figure 12. The head 

piece can be moved in straight lines or complex shapes in the two dimensions at varied speeds. 

Both the path and speed can be adjusted on the GUI. The laser delivers a maximum power of 30 

W and this too can be adjusted on the interface. The power of the laser was adjusting by feeding 

in a percentage value (from 0% to 100%) instead of a value in watts (from 0 W to 30 W). Figure 

13 shows the parts of the laser system.  
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Figure 12. Graphical User Interface for controlling the 808 nm laser system. 

 
Figure 13. 808 nm Diode Laser System 
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Based on preliminary experiments and after considerable study of published work, it was 

concluded that a fiber with a smaller diameter should be used to decrease the beam size for 

thinner cut widths. Fibers 400-800 μm in diameter have been used repeatedly for minimally 

invasive laser energy applications. The option for 400 μm diameter fibers was not suitable as they 

had lower thresholds for beam energy at this wavelength and the allowable energy was too low to 

cause tissue ablation. Hence 600 μm fiber was chosen for these experiments. 

To use this fiber the cylindrical laser head was replaced with a fiber coupler (a lens 

housing). The coupler was designed to attach the 1.4 mm fiber from the laser diode on one side 

and focus the light delivered into the 600 μm polished bare-tip fiber with NA 0.36 (Aim Controls, 

Inc., Penn Valley, CA). SMA connectors were used to attach the input 1.4 mm fiber and the 

output 600 μm fiber to the coupler housing. Figure 14 shows the fiber coupler with the input and 

the output fibers.  

 
Figure 14. Fiber coupler shows SMA connectors on either side for feeding input light from 1 mm 

fiber to 600 μm output fiber. 

The terminating end of the smaller fiber was fixed to the computer controlled stepper motor 

via an aluminum fiber holder. The height of the fiber holder was adjusted via the connection to 

the stepper motor belt. A Teflon insert down the center of the fixture and shaft provided a slip fit 

for the fiber. It was designed to facilitate easy removal of the fiber when required for clean up or 

polishing but at the same time keeping it fixed relative to the fixture during tests. With this 
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assembly the fiber can be moved in the x-y direction as a constant velocity. Figure 15 shows the 

fiber fixture designed to hold the smaller fiber. 

   
Figure 15. 808 nm Laser System: Fiber fixture design and assembly. 

To mimic tissue cutting with a scalpel, the fiber/fixture was lowered to touch the surface of 

the tissue placed below it through the slot in the stabilization plate. To maintain consistency 

between the trials the fiber was made to touch the tissue till a slight dimple was seen in the tissue. 

The pressure required to cause the dimple was insufficient to cause any stresses in soft tissue. 

After this the motors were controlled to move horizontally (x-axis) over the surface to travel 

about 1 inch. Figure 16 shows the fiber-tissue contact through the stabilization plate slot. Since 

these experiments were designed to ablate tissue by keeping the 600 μm fiber in contact with the 

tissue, the beam diameter was assumed to be 600μ m. 

In order to avoid possible artifacts due to fiber tip damage during tissue ablation, the tip of 

the fiber was cleaved (cut/polish) before every experiment. A fiber stripper (Thorlabs, CA) was 
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used to remove the protective coating and a diamond tip scribe (Thorlabs, CA) was used to cut 

the fiber. 

 
Figure 16. 808 nm laser, 600 μm fiber in contact with breast tissue surface. In this figure, breast 

tissue placed in 808 nm tissue holder with stabilization plate placed over the tissue. 

7.3.1.1 Laser Calibration: Output Power  
A power meter (PM 100, Thorlabs, CA) was used to measure the output power of the beam. 

The power meter had a spectral range of 250 nm - 10,600 nm. The sensor used to convert the 

light energy to an equivalent electrical signal was a thermal sensor with an input aperture 

diameter of 15.8 mm. The optical power range of the sensor was from 100 mW to 30 W with a 

resolution of 3 mW and an uncertainty of ±5 %. The sensors optical damage threshold was 200 

W/cm2. This power meter was used to measure the output power of the 808 nm laser.  

To measure the 808 nm laser power, precautions were taken to prevent damage from 

occurring to the sensor. The maximum irradiance was calculated and efforts were made to keep 

the exposed laser irradiance below the sensors damage threshold 200 W/cm2. Maximum 

irradiance was calculated using the maximum power delivered from the laser as that specified by 

the manufacturer which is 30 W with the minimum possible spot size which is the fiber diameter, 

600 μm. The maximum power density output was calculated as 10,600 W/cm2 which is extremely 

high compared to the sensors damage threshold. The irradiance was decreased by taking 

advantage of the divergence of the fiber, specified by the numerical aperture (NA) value. The 

fiber has an NA of 0.36. From this, the divergence was calculated to be 21.1º and a safe distance 
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of 8-10 mm from the tip of the fiber was required to achieve a power density of less than 200 

W/cm2 and a spot size of less than 15.8 mm. This distance was maintained by placing the sensor 1 

cm below the tip of the fiber. 

The output power of the laser was varied by feeding in a percentage value to the control 

system via the GUI. A 100% means the maximum power and 0% means no output power. The 

power meter was zeroed as instructed in the manufacturer’s manual and power measurements 

were taken from 0% to 100% in increments of 5%. The calibration resulted in a maximum power 

of about 25 W instead of the initial manufacturer’s specified value of 30 W. Figure 17 shows the 

measured power of the laser over its operating range.  

 
Figure 17. 808 nm laser power calibration over its operating range. 

The power was measured before the laser head was removed and after attaching the coupler 

and 600 μ m fiber to detect losses in the fiber. The measurements showed less than 0.5 W 

differences in the output power in the two cases indicating that losses in the fiber are basically 

insignificant. 
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Figure 18. Temporal profile of 808 nm diode laser output power (W) at input setting 70% 

A time based study was carried out to determine the temporal profile of the laser output 

power. The study was carried out thrice at various settings ranging from 50% to 100% input 

setting. The study showed that the laser stabilized after 3 – 4 s. Figure 18 shows the results of the 

laser power in watts over about five seconds at 70% input. The graph clearly shows that there was 

a peak during the first second followed by a drop over the next two seconds and then the output 

stabilizes. This pattern was seen at all settings. Table 2 shows the averaged stabilized power (after 

about 4 s) in watts with the errors at these settings. 

Table 2. Average output power of 808 nm laser over three trials measured after the output stabilized 
(4 sec). 

Power setting  
on laser interface (%) 

Average power (W) over 
three trials 

50 13.97±0.012 
55 15.68±0.024 
60 17.61±0.031 
70 21.13±0.023 
80 24.62±0.034 
90 24.80±0.045 
100 24.80±0.042 
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7.3.2 1064 NM ND:YAG LASER SYSTEM 
The LASAG KLS 126 1064 nm laser is a material processing (cutting, welding and 

drilling) laser, had the capability of working with high alloyed steel, tungsten, molybdenum and 

ceramics. This pulsed laser had excellent beam quality and high peak power. The beam had very 

low divergence (~5 mrad) and was Gaussian in shape. The optical system of the laser comprises 

of the lasing medium, Nd:YAG crystal, surrounded by the pumping medium, a flash lamp, 

embedded in the mirror cavity. The system infra-red output was aligned with a low power 

continuous wave helium-neon (HeNe) laser that delivered a red light. The HeNe served as a 

position guide for the invisible infrared laser light. The system also had a beam detector, beam 

shutter and a beam absorber in the path of the beam.  

Light emitted from the cavity was sampled via a partially reflecting mirror which sent a 

small amount of light to the beam detector. The beam detector converted the light into a 

proportional electric signal that was assessed by the lasers feedback control system for beam 

energy and beam quality or beam profile. The beam shutter served as a safety device allowing the 

beam outside the system housing when all safety checks were in place. When the shutter was off 

and the beam was not allowed to pass out, the beam was dumped and absorbed completely by the 

beam absorber. This laser was designed to deliver a free space beam as well as into a fiber.  

For this research fiber delivery was chosen instead of free space beam to increase 

experiment setup flexibility. With an free space beam the space below the laser was a limitation. 

To feed the beam into a fiber a path-folding mirror was used to guide the beam. A focusing lens 

placed before the fiber connector aided in feeding the light into the fiber. With this laser the fiber 

could not be used directly in contact with the tissue, as was done in 808 nm laser experiments, 

due to built-in safety protocols. The fiber had to be used with one of the many Lasag processing 

heads. A compact, leak proof and shake-proof processing head was available at no additional 

cost. This processing head had pre-aligned focusing optics for micromachining application with a 

plug & play capability. The head had a focusing lens of ~10 cm. Figure 19 shows the setup of this 

processing head mounted on a P-stand via an L-bracket and was fixed to an optical board that was 

fitted on an experiment table. 
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Figure 19. 1064 nm laser fiber delivery through processing head. 

The system had a control unit with two microcomputers to control the lasing process, 

performance, feedback system and safety equipment. An additional microcomputer controlled 

communication between the operator and the laser via an operator panel. The panel had a film 

key board, LCD display unit and LED indicators. All selections and operator functions could be 

carried out with the help of this interface.  

The laser delivered maximum pulse energy of 130 J with a maximum average power of 

about 200 W. The pulse duration could be varied from 0.1 ms to 10 ms using the operator panel. 

The frequency of the pulses could be varied upto 60 Hz at 4 ms and upto 20 Hz at 10 ms. The 

system had a pulse counter which could be adjusted to deliver a single laser pulse or a predefined 

number of pulses. If required the system could be operated to shoot pulses continuously by 

opening the shutter and using an ON-OFF button on the control system. When lasing, the 

operator panel displayed the pulse energy delivered by the system.  
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Figure 20. Motor for motion control of 1064 nm laser fiber with mount for fiber fixture. 

During the preparation phase for using 1064 nm laser an x-axis motion control system was 

built to move the fiber over the tissue. The system was designed to be similar to the 808 nm laser 

motion table but with a maximum travel distance of 2 inches in one axis only and with speed 

variation ranging from 0.01 in/sec to a maximum of 1 in/sec. A rotary motor (Applied Motion 

Products, Bloomington, MN) with encoder feedback was mounted on a custom made aluminum 

frame with two timing belt pulleys and timing belt (Grainger Inc., Arden Hill, MN) along with a 

THK linear bearing to convert the rotary motion of the motor to linear motion. One timing belt 

pulley was mounted to the motor shaft and the other pulley to an idler shaft. The belt wrapped 

around each pulley with the linear guide mounted parallel to the length of the belt on one side as 

shown in Figure 20. Similar to the 808 nm laser a fiber fixture was designed to hold the fiber and 

move over the tissue. The fiber fixture mount is also shown in the figure. 

Idler shaft 
and pulley 

Motor shaft 
and pulley 

Rotary motor with built-in 
encoder feedback 

THK rail 
Timing belt 

Fiber fixture 

Aluminum 
mounting frame 



 

 

 

62 

A Quicksilver servo drive/controller, a 24 V DC power supply and an input/output breakout 

module were used to control the motor via a computer and Quicksilver control software. The 

motor had an encoder with 8000 parts per rotation. It had a continuous stall torque rating of 240 

oz-in and a 125 oz-in torque rating at 200 rpm (nominal speed) when operating off of the 24 V 

DC supply.  

After this preparation phase, the decision of using a fiber processing head was made, hence, 

modifications had to be made to the motor fiber fixture setup because the setup was not capable 

of holding the heavy processing head. The motor setup was modified to hold tissue samples and 

move it under the fiber processing head instead of holding the fiber and moving it over tissue like 

with the 808 nm laser system. The change was made and comprised of fixing an aluminum plate 

(tray) on top of the mount for the fiber fixture to hold tissue samples. Figure 21 shows the tissue 

tray attached to the fiber fixture. An anodized black L-bracket is placed on the tray to replace the 

tissue and the stabilization plate over it to serve as a model for demonstration of the experiment 

concept.  

 
Figure 21. Modified tissue holder, tray mounted on the motor's fiber fixture for placing the tissue 

during 1064 nm laser experiments. 

7.3.2.1 Laser Calibration: Beam Spot-Size 
To maintain consistent beam spot size on tissue surface the distance between the processing 

head and the tissue surface needed to be constant between trials and through all the experiments. 

The diameter of a focused beam is approximately smallest at the focal point of the lens and 

follows a Gaussian profile (the shape of an hour glass with the waist being the focal point). 
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Additionally the beam diameter does not vary significantly within a few millimeters above and 

below the center of the beam waist. This length is called the focal zone. Experiments with this 

laser were designed to place the tissue below the processing head such that the top surface of the 

tissue (the side getting exposed to the laser) was located within this focal zone. This section 

discusses the method used to find the diameter of the laser at the focal point and the size of the 

zone. 

The approximate location of the focal point was first identified by pulsing the laser at low 

frequencies and moving a sheet of Zap-It paper (Zap-It Corporation, Salisbury, NH) below it. 

Zap-It paper is made of thick card stock with a very thin film of dark highly absorbing material. 

This material burns on exposure to laser beam and leaves behind a grayish white spot. The paper 

is designed such that on exposure the burn size is the size of the laser beam unlike ordinary paper 

where the burn spreads radially away from the exposed area. After locating the focal point a zip 

tie was attached to the processing head using regular painters tape such that the tip of the zip tie 

was at the focal point.  

After this a setup consisting of a linear stage, a 30° metal wedge and a Zap-It paper was 

used. The linear stage was mounted under the processing head on the same optical table. The 

wedge was mounted on this stage such that the hypotenuse of the wedge was the side exposed to 

the laser beam if the laser were ON. The wedge was positioned such that the center of the wedge 

was located approximately at the focal point estimated before this assembly (aligns with the tip of 

the zip tie). The setup is shown in Figure 22. The Zap-It paper was then mounted flat on this 

wedge and then the wedge was moved by about 2 cm such that the lower side of the wedge is 

exposed to the laser. After this a sequence comprising of turning the laser on for one pulse to 

expose the paper and then moving by about 5 mm was carried out such that a few exposures were 

achieved at a few locations before and after the focal point along the focal height.  

Figure 23 shows a sequence of these burns. The diameters were measured using calipers 

and were plotted along the direction of beam propagation. These measurements are shown in 

Figure 24. Beam diameter at the waist was calculated to be 0.48 mm. The acceptable variation of 

beam diameter on the tissue was assumed to be 0.48±0.2 mm which is about 3 mm before and 

after the focal point. 
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Figure 22. 1064 nm laser system beam spot-size measurement. 

 

 
Figure 23. Sequence of burns on Zap-It paper caused by laser exposure. 
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Figure 24. 1064 nm lasers focused beam profile. 

This method was then used to mechanically mark the location of the focal point with a 15 

cm long guiding screw mounted on the processing head. Figure 22 shows this guiding screw. The 

height of the guiding screw was fixed after these measurements and was verified before every 

experiment. After verification the processing head was rotated to position above the tissue tray as 

shown in Figure 25. The guiding screw was used to eyeball the location of the tissue surface 

every time a new sample was placed on the tray. If the tissue surface was lower than the screw tip 

(focal length) then the processing head was lowered and vice versa. A schematic of this 

positioning method is found in Figure 26. The black anodized L-bracket is used in place of the 

tissue for demonstration purposes. This method saved a lot of time during experiments to 

maintain a constant distance between the tissue surface and the processing head.  
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Figure 25. Experiment setup, processing head turned to focus beam on tissue tray. 

 
Figure 26. Tissue leveling method 
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7.4 RESPONSE MEASUREMENT METHODS 

Two techniques were used for measuring the ablation response in these experiments. For 

tissue samples from experiment Liver-808 nm, digital photography was used to measure the 

responses. These experiments were carried out first and the technique for measuring the responses 

was changed to gain more accurate results along with pathology knowledge of tissue damage. 

Hence for all other experiments, samples were pathologically analyzed and responses were 

measured microscopically.  

 
Figure 27. Cross-section of a cut formed by ablating porcine liver tissue with a 1.5 mm reticle placed 

over the tissue surface. The white-gray tissue surrounding the crater is the coagulated tissue.  

The digital photography technique imaged a cross section of the tissue sample with a thin 

metal reticle (grid) of known dimensions, in millimeters, placed over the cross-section for serving 

as a reference, shown in Figure 27. Adobe Photoshop was used to view these images. The 

“marquee tool” was used to measure, in number of pixels, the grid side. This measure of the grid 

in pixels was used to determine a scaling factor (pixels to millimeters) with the known 

dimensions of the grid of the reticle (in millimeters). The scaling factor was then used to convert 

the measurements of the responses to millimeters. The responses measured were the cut width on 

the surface of the tissue, cut depth from the surface to the base of the ablated crater and finally the 

coagulation. Coagulation was identified as the bleached white-gray region all along the crater. In 

Coagulated tissue 

Ablated tissue 1.5 mm reticle 
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order to reduce measurement time the coagulation was measured at the surface of the tissue and at 

the base of the ablated crater.   

For pathology analysis, the exposure sites of the tissue samples were marked with an ink 

that did not interfere with the pathology analysis. The tissue was then fixed in 10% neutral 

buffered formalin solution for 24 hours using a 1:10 tissue to formalin ratio.  Formalin fixation 

crosslink’s proteins and inactivates enzymes. This stops degradation of tissue. After 24 hrs of 

fixation, the tissues were trimmed to 3-4 mm thick slices to include the area on interest (site of 

laser application) and placed in cassettes in 70% ethanol. Thick tissue sections were dehydrated 

and permeated with wax through series of graded alcohols followed by xyline and paraffin 

infusion in automated tissue processor. This process removes water and dissolves fat in the 

tissues and exchanges these tissue components for wax allowing hardening the tissues. Tissues 

prepared in such a way can then be sectioned in thin slices suitable for microscopic analysis.  

After processing the tissues were embedded in paraffin wax blocks. 4 micrometer thick 

slices were cut from each block with microtome, placed on a glass slide, stained with 

haematoxylin and eosin (H&E) and cover slipped. Haematoxylin stains cell nuclei blue and eosin 

stains cytoplasm, connective tissue and extracellular matrix pink or red. Red blood cells stain 

bright red. Hydrophobic structures like fat remain clear and do not take any color. Glandular 

tissues like those in breast tissue appeared blue. H&E slides are easy to handle, preserve and 

transport. Slides were microscopically examined and required measurements were taken.  

A complete account of the responses, their measurements and pathology analysis are 

presented with the results. 
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CHAPTER 8 DESIGN OF EXPERIMENTS 

Designing any experiments with tissue involves making a few assumptions to justify 

ignoring some sources of un-controllable and un-accountable variations. These assumptions are 

listed here before presenting the actual design of the experiments.  

The first assumption, applicable for all experiments with ex vivo porcine liver tissue, is that 

it is assumed that there is no significant variation within each liver and that there can be 

significant variation from one liver to another. The first assumption, applicable for all 

experiments with ex vivo human breast tissue experiments, is that it is assumed that there is no 

variation within the procured sample and that there can be significant variation in tissue from 

different persons. It is also assumed that if samples were obtained from one person but from both 

the breasts then there is no significant variation between samples from either breast. The next 

assumption is for all experiments where it is assumed that for the duration of an experiment there 

is no variation in the tissue properties hence there is no significant difference in the response to 

ablation. This assumption was made to eliminate any tissue property changes that may occur due 

to tissue decomposition or tissue exposure to the elements such as dehydration. Experiments were 

performed as quickly as possible to reinforce this assumption. Measures were taken to control 

this; a few drops of saline were dropped in the zip-loc bag along with the tissue after tissue 

cutting and before heating in the water bath. The third assumption with all experiments is that 

there is no significant difference in the performance of the laser between cuts and between 

experiments. This assumption was made to account for any variations in laser performance due to 

prolonged and continuous use of the laser. Certain changes are known to occur such as un-

noticeable heating of laser system components which may cause a slight variation in the laser 

output energy or power. This assumption disregards any influences of such effects because the 

laser was operated at fixed diode temperature in case of 808 nm laser experiments and in case of 

1064 nm laser experiments the tissue was not exposed to the beam until the beam energy 

stabilized.  

With these assumptions, four experiments were developed using a design-of-experiments 

(DOE) method by blocking on the tissue. This ensures that liver to liver variation for all liver 
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experiments and breast sample from person to person is accounted for in the experiment analysis. 

Complete randomization was used with experiments with more than one treatment to account for 

any systematic variations. Treatments were planned after considering the parameters that can be 

varied with both lasers and the range of variation for each parameter. Starting parameters were 

based on qualitative exploratory experiments. Some of the pilot experiments were conducted with 

porcine liver tissue or with store bought meat like pork chops, beef or chicken breast. An account 

of these pilot studies is presented in appendix A.  

Due to the large number of experiment steps and operating the laser, all experiments were 

conducted with the help of an undergraduate student volunteer. To avoid contamination and 

maintain clean and hygienic lab conditions the experiment steps were split into wet tasks and dry 

tasks. Dry tasks included operating the laser systems, making notes, tagging images and 

pathology samples and moving small things around. These were all carried out by the assisting 

undergraduate student volunteer. All wet tasks were carried out with gloved hands. These 

included tissue handling, tissue cutting, tissue bagging, fiber placement and cleaning, response 

measurements and tissue disposal. Fiber placement on tissue for all experiments with 808 nm 

laser was done by one person to eliminate variations between different operators. Similar 

reasoning was used and tissue placement followed by adjustment of processing head for all 1064 

nm experiments was done by one person.  

The following sub-sections describe the experiment treatment parameters, individual 

methods and experiment design for each of the four experiments.  
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8.1 EXPERIMENT I (LIVER-808) 

This experiment was split into three parts. The first part was conducted to identify 

coagulation and ablation threshold for liver tissue at 808 nm wavelength. The second sub-

experiment was conducted to quantify ablation effects on liver tissue due to the different 808 nm 

continuous wave laser parameters. The third sub-experiment was designed to determine the effect 

of change in properties of ablated tissue to further ablation. With this laser, the parameters that 

can be varied to significantly influence ablation effect in tissue are output power of the laser 

(factor 1) and the fiber velocity (factor 2). 

The first sub-experiment was designed to be conducted with one liver. The fiber velocity 

was kept constant at 0.05 inch/s and the laser power was varied from 15% input setting (~0.05 W) 

to 25% input setting (~4 W) in steps of 1%. These 10 treatments were used to make 1 inch cuts 

per sample. Qualitative analysis was carried out by using two visual changes in tissue for 

identifying either tissue coagulation or tissue ablation. The visual changes that verified 

occurrence of coagulation is the bleaching of tissue. The visual change that was used to verify 

tissue ablation was the formation of a crater on the tissue surface.   

The second sub-experiment designed to quantify the ablation effect of laser parameters was 

conducted by moving the laser fiber over stationary tissue surface once. During this single pass of 

laser fiber, a constant power beam was delivered. For this study, complete block design (CBD) 

from design of experiments principles was used where the experimental blocks were the livers 

from different animals. This is a method of design that is used for accommodating individual 

animal related variations in the analysis stage which may occur in the experiment results. Nine 

treatments were carried out per liver and a total of five livers. The treatments included a 

combination of three fiber velocities (0.03, 0.05, and 0.07 inch/s; 3 levels) and three laser power 

variations (~15, 20, 25 W; 3 levels). 1 inch cuts were made on each sample at a given treatment 

setting and the sequence of treatments were randomized. Measurements were taken at two 

locations along the cut after exposure. Figure 28 illustrates a schematic of the cut and an 

approximate location of measurements.  
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Figure 28. Schematic of ablation made during a single exposure at constant velocity. Also shown is 

location along the cut where measurements were taken. 

These measurement locations were in the later part of the cut and not in the initial 0.28 inch 

of the cut. This was because laser output was not uniform for the first 4 seconds of laser exposure. 

This estimate was calculated for the fastest fiber travel speeds. Three of the five livers in this 

study were large in size. Instead of the standard nine samples that can be obtained from the 

smaller size liver with these eighteen samples were obtained and hence two experiment studies 

were conducted with these livers (n=2). The decision of running two sets was taken on the day of 

experiment after tissue procurement with the idea of utilizing the information to verify if the 

assumption of no variation within the liver tissue holds. This was done using analysis of variance 

(ANOVA). ANOVA was also used to determine the significant variation due to laser power and 

fiber velocity. All analysis was done with an error rate of 0.05 which means that any p-value 

lesser than 0.05 is considered significant.    

The third sub-experiment was designed to test the hypothesis that tissue properties of 

ablated remnants and thermally damaged tissue is different from normal tissue and it can hinder, 

enhance or not-interfere with desired subsequent ablation. This hypothesis was conceptualized 

from studying interstitial laser thermal therapy results. While lasers were used for thermal 

therapies to coagulate tumors slowly at low laser powers, it has been reported that complete 

coagulation of large tumors was not achieved due to insufficient photon penetration through 

coagulated tissue. If this phenomenon occurred during the shorter time scale of ablation of 

coagulated tissue then it is worth exploring with an additional experimental attempt. Hence the 

third sub-experiment with 808 nm laser and liver tissue was designed to ablate coagulated tissue.  

Tissue 
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Figure 29. Schematic of ablation made during two exposures at constant velocity. Also shown is 

location along the cut where measurements were taken. 

This third sub-experiment was designed with a single laser parameter combination. Laser 

power of 15.68 W and fiber velocity of 0.05 inch/s was used and for each trial however here the 

fiber made two consecutive cuts on the tissue surface. To explain the sequence, first the fiber was 

placed on the tissue surface to touch it and then a one inch long cut was made on the tissue. 40 

sec after the cut the fiber was repositioned in the beginning of the first cut but this time it was 

placed to touch the base of the cut (base of the crater) and another cut was made that was ½ inch 

long. Figure 29 shows a schematic of the cuts made in this double passing of laser fiber. The 

figure also shows the location where measurements were taken after the two exposures. First a 

slice was taken from the later part of the first or the longer cut. Then another measurement was 

made from the part where the second cut was made. This experiment was conducted with 4 livers. 

Two samples were tested with liver 1, 3 with liver 2, 2 with liver 3 and 4 with liver 4. An 

ANOVA was used to determine the significant variation between the trials to determine if there 

was any influence of tissue property changes to further ablation. 
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8.2 EXPERIMENT II (LIVER-1064)  

With the LASAG KLS 126 1064 nm laser, the parameters that can significantly affect 

ablation effect in tissue for drilling applications are pulse duration, pulse frequency, energy per 

pulse and number of pulses shot for hole drilling applications. For cutting applications the 

parameters that can be varied are pulse duration, pulse frequency, energy per pulse and tissue 

velocity. Below is a list of these laser parameters along with their adjustable range.  

• Pulse duration (0.1 - 10 ms) 

• Pulse frequency (varies with pulse duration)  

• Flash lamp voltage, controls the energy per pulse (225 – 350 V)  

• Number of pulses per spot for drilling applications (1 – 500)  

• Tissue velocity for cutting experiments (0.01 – 1 inch/s) 

In order to choose parameter values, a pilot experiment was conducted with store bought 

meat (chicken breast, pork chops and beef) to gain a better understanding of the laser system. A 

complete account of methods for this pilot experiment is presented in Appendix ___. The first 

thing that was learned from the pilot experiment was that output energy per pulse could not be 

controlled to be same when changing pulse duration or frequency of the laser. There were several 

combinations that were tried but getting the energy per pulse to be same was difficult to achieve 

with reasonable accuracy. While varying pulse duration and frequency the energy output per 

pulse could be altered by adjusting the input voltage to the charge flash lamp. During the few 

combinations that were explored, output energy per pulse was off by about 50 J. The second 

observation that was noted was that the laser was most stable when operating at 275 V. Due to 

this limitation all experiments with this laser were designed to obtain all system specific 

information.  

One of the first tasks before proceeding with liver tissue experiment design was to identify 

the ablation threshold. Identifying the threshold narrows the range of all parameters. Moreover, 

these experiments were going to be analyzed with histopathology which is expensive and in order 

to stay within budget it was decided to work with up to two livers and depending on the size of 

the livers to go up to 20 samples per liver.  
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The first sub-experiment conducted with one liver was designed to determine ablation and 

coagulation thresholds qualitatively. 10 pulses were shot at one spot per sample. The input 

voltage of the flash lamp and frequency of the laser was kept constant at 275 V and 20 Hz 

respectively. To identify the coagulation threshold the pulse duration was varied from 1.5 ms to 

2.5 ms in steps of 0.1 ms. To identify the ablation threshold the pulse duration was varied from 

2.5 ms to 4 ms in steps of 0.1 ms. These numbers were chosen after studying the observations of 

the pilot study with store meat. There no damaging laser-tissue interaction was seen till an 

average pulse energy of 200 J was reached.  

An alternate method of identifying the ablation threshold would have been to keep a 

constant energy per pulse while varying the pulse duration and then again repeating the 

experiment by keeping the pulse duration constant along with energy and varying the pulse 

frequency. Since the energy could not be controlled accurately these experiment attempts are 

make to be system specific. The results of this sub-experiment are presented in the next chapter 

but for further explanation of the DOE it is important to reveal that with the above laser settings 

coagulation occurred at about 2 ms and ablation at about 3 ms.  

The remaining 7 sub-experiments were designed to be conducted with two livers with a 

maximum of 20 samples per liver which would be analyzed using histopathology. These 

experiments were grouped to cut and drill into tissue while varying a single parameter at a time. 

Parameter values that push the limits of the laser such as maximum frequency values and 

maximum voltage values to the flash lamp were eliminated to avoid system failure. Also since 

laser performance was most stable when the flash lamp is operated at 275 V this was not changed 

throughout these experiments. With the threshold experiment being the first sub-experiment the 

design of the remaining 7 experiments is summarized and presented in a tabular form. Table 3 

lists experiment number as the first column followed by the type of application, laser drilling 

verses laser cutting (where the tissue was moved below the laser beam). The third column lists 

the parameter that was varied followed by a list of the values of the parameters chosen for each 

experiment.  

The second sub-experiment was designed to quantitatively measure the ablation threshold. 

Pulse duration was varied from 1.5 ms to 2.5 ms, frequency of 15 Hz was maintained through 
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these samples and 20 pulses were delivered per sample with no tissue movement. When visual 

changes were seen the sample was fixed in formalin for pathology analysis. With this laser 

system as pulse duration was increased while keeping pulse frequency constant, energy per pulse 

also increased.   

Table 3. Design of experiments summary 

Ex. No. 
Ablation 

type 
Variation 

Pulse duration 
(ms) 

Frequency (Hz) 
No. of 
Pulses 

Velocity 
(inch/s) 

1 Drilling Threshold pilot 1.5-4 ms 20 10 - 

2 

Drilling 

Threshold 1.5-2.5 15 20 - 

3 Pulse Duration 4, 7, 10 15 20 - 

4 Frequency 4 30, 45, 60 20 - 

5 Frequency 1 100, 150, 200 50 - 

6 

Cutting 

Pulse Duration 4, 7, 10 15 - 0.03 

7 Frequency 4 15, 30 - 0.01 

8 Velocity 4 15 - 0.01, 0.02 

       
The third sub-experiment was designed to study the effect of the pulse duration on ablation. 

A complete block design was used with three treatments on two livers. Each treatment varied the 

pulse duration while maintaining a constant pulse frequency of 15 Hz. There was no tissue 

movement. The experiment shot 20 pulses at one location of the tissue following which the tissue 

exposure site was inked and the tissue was fixed in formalin for pathology analysis. The fourth 

and fifth sub-experiment was designed to study the effect of the pulse frequency on ablation. One 

complete block design was used with three treatments on two livers at 4 ms pulse duration and 

changing the frequency in the low range from 30, 45 and 60 Hz. In the fifth sub-experiment the 

pulse duration was lowered to 1 ms to change the frequency in the higher regime of 100, 150 and 

200 Hz.  

 In the sixth design, the pulse duration was varied while moving the tissue under the fiber 

processing head. Frequency through this set was maintained at 15 Hz and the tissue was moved at 

0.03 inch/s. The seventh sub-experiment was designed to vary the tissue velocity while keeping 

all other parameters constant. Finally, in sub-experiment eight the tissue velocity and pulse 

duration were kept constant but the frequency was varied.  
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8.3 EXPERIMENT III (BREAST-808) AND EXPERIMENT IV (BREAST-

1064) 

Unlike the liver tissue experiments where one complete liver was available, with breast 

tissue there was no certainty prior to the time of tissue procurement about the size and number of 

tissue samples that were going to be available for this experiment. For this reason the experiment 

design was kept very simple. The experiment goal was to apply one treatment per laser system 

with as many repetitions possible with the procured tissue. Repeating a single treatment per laser 

worked out really well in these experiments as more tissue variations were inspected which in 

turn enabled a good understanding of the tissue behavior. This information should be very 

valuable for future research and testing phases for implementing this surgical procedure.  

To choose a treatment for breast tissue experiments two objectives were kept in mind. The 

first one was to estimate the ablation threshold in breast tissue and choose a treatments setting 

higher than this hypothetical ablation threshold so that sufficient tissue ablation would occur. The 

second point was to get data at laser settings where comparison with liver tissue experiments 

would be possible. Even though there was a strong theoretical similarity in tissue properties in 

breast and liver tissue, if they were differences such that tissue ablation threshold in the breast 

tissue was lower than that of liver tissue, then choosing any setting that was used for liver tissue 

experiments would result in significant ablation. However, if the ablation threshold for breast 

tissue was higher than that of liver tissue then there could be a possibility that the setting used for 

liver tissue experiments may not cause sufficient ablation. To avoid this scenario it was decided 

to choose a setting that was not very low in the range of the laser systems variability along with a 

velocity setting that allowed higher exposure time of the laser beam on tissue.  

For experiments with the 808 nm laser, intermediate 20 W power setting was chosen at the 

lowest tissue velocity of 0.03 inch/s for the single breast tissue ablation treatment. For 

experiments with 1064 nm laser system, a treatment at 0.01 inch/s velocity was chosen at 4 ms 

pulse duration and 15 Hz pulse frequency. The laser would be operated at 275 V flash lamp 

voltage so that energy per pulse would be around that seen with the liver tissue experiments for 

ease of comparison.  
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CHAPTER 9 RESULTS 

9.1 EXPERIMENT I (LIVER-808) 

9.1.1 RESPONSE MEASUREMENT: DIGITAL PHOTOGRAPHY 
Tissue sections were taken perpendicular to the cut direction to examine the cross-section 

of the cut and to measure the responses. To measure responses digital images of the cut cross-

section were taken with a grid or reticle placed over tissue slice. The responses that were 

measured were crater depth, crater width, adjacent tissue coagulation width and depth. For further 

discussion, these responses will be called vaporization depth (VD), vaporization width (VW), 

coagulation width (CW) and coagulation depth (CD) respectively. Figure 30 shows the cross-

section of the cut caused by 808 nm laser ablation in porcine liver. The image was taken from one 

of the pilot studies with a 1.5 mm grid placed on the tissue. The four responses that were 

measured are shown schematically over the image. 

 
Figure 30. Digitally measured responses for Experiment I (Liver-808). 

This method of measurement was possible because thermally damaged liver tissue changes 

to a visible pale grayish-white color. This method of measurements is in agreement with 

histopathology and has been used previously by other groups [146, 147]. 

Vaporization 
Depth (VD) 

Coagulation 
Depth (CD) 

Coagulation 
Width (CW) 

Vaporization 
Depth (VD) 
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9.1.2 COAGULATION AND ABLATION THRESHOLD 
The qualitative analysis of the threshold experiment showed that when cutting liver tissue 

at 0.05 inch/s fiber velocity, coagulation (discoloration of tissue from pink to pale white) occurred 

at 19% input power setting with the 808 nm laser system. No changes in the tissue were seen at 

15 % - 18% input setting. The coagulation that occurred at 19% input power setting was like an 

extremely thin grey layer which appeared to be like a gray hair placed over the tissue. The 

discoloration was very light and easily visible. The tissue sample was cut to inspect the cross 

section of the cut but the extent of coagulation only seemed to be in the top layer of the tissue. At 

a setting of 20%, the thickness of the coagulation on the surface was thicker but similar to the 

19% sample. Similar result was seen at 21% power setting. However, at 22% the extent of 

coagulation into the depth of the tissue was more visible and less than 1 mm thick.  

At 23 % input power setting dis-continuous ablation was observed along the cut length. The 

craters were less than half a millimeter wide and about a millimeter in length. The adjacent tissue 

coagulation was very small and a cross section showed that there was no coagulation at the base 

of the crater and the depth of the crater was less than a millimeter.  

At 24 % input power setting ablation was seen through the length of laser exposure and this 

time the width of the cut was about 1 mm and the depth close to 1 mm. The walls of the cut were 

lined with very thin specks of carbonized tissue through the length of the cut. Adjacent tissue 

coagulation was visible as a very small white outline both along the side of the crater and at the 

crater base. At 25 % input power the ablation increased in overall dimensions slightly but the 

coagulation was more prominent. The walls of the cut at this setting were lined with a thin layer 

of carbonized tissue. Further increase in input power was not carried out as the two thresholds 

were clearly identified.  

Based on laser power calibrations before the experiment, the thresholds were 1.42 W for 

coagulation at a 19% input power setting and 2.94 W for ablation at a 23% input setting. The 

power at 24% input setting was 3.22 W. This additional energy was needed for continuous tissue 

ablation along the length of laser exposure of the tissue as opposed to the 2.94 W at 23% resulting 

in spotted ablation.   

A summary of this experiment is presented in Appendix B.  
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9.1.3 CONTINUOUS WAVE LASER PARAMETER STUDY: QUANTIFYING CW LASER 

PARAMETER EFFECT 

The raw data from this sub-experiment 2 is presented in Appendix B. The raw data is 

arranged by the collection order. For identification purposes, the data sets are assigned a liver 

number, liver 1 through 5. In livers 2, 3 and 4 the treatments were duplicated so the data set from 

each repetition is additionally labeled as set 1 and set 2.  

For the nine treatments (combination of three velocity settings and three power settings) 

the average ‘µ’ and standard deviations ‘σ’ of the four responses (VW, CW, VD, CD) over the 8 

sets is summarized in Table 4. Figure 31 shows vaporization depth achieved in liver tissue at the 

three powers and fiber velocities and Figure 32 shows the vaporization width for the same. The 

means of responses for coagulation depth and coagulation width are shown in Figure 33 and 

Figure 34. 

Table 4. Mean and standard deviations of the four responses over 8 sets with 5 livers. 
 

Treatment 
Number 

Velocity 
(inch/s) 

Power 
(W) 

VW (mm) CW (mm) VD (mm) CD (mm) 
µ σ µ σ µ σ µ Σ 

1 0.03 24.80 2.41 0.28 1.39 0.17 1.99 0.46 1.40 0.09 
2 0.03 21.13 2.45 0.21 1.24 0.13 1.83 0.29 1.34 0.21 
3 0.03 15.68 2.05 0.28 1.11 0.24 1.47 0.40 1.28 0.17 
4 0.05 24.80 2.25 0.26 0.99 0.20 1.42 0.48 1.13 0.26 
5 0.05 21.13 2.01 0.19 0.90 0.15 0.98 0.25 1.14 0.16 
6 0.05 15.68 2.06 0.20 0.83 0.11 0.81 0.18 1.12 0.29 
7 0.07 24.80 1.85 0.21 0.85 0.13 0.98 0.38 1.09 0.14 
8 0.07 21.13 1.79 0.23 0.81 0.11 0.69 0.26 1.13 0.36 
9 0.07 15.68 1.52 0.23 0.68 0.11 0.50 0.29 0.85 0.36 

 

Analysis of variance (ANOVA) was also performed on this data. An ANOVA was carried 

out for each of the four responses and was done twice. The first analysis was done to identify if 

there is significant variation from one liver to another; due to the two factors, power of the laser 

and velocity of the fiber.  A second analysis was carried out for each response for livers 2, 3 and 4 

where the treatments were repeated twice (n=2) to validate the assumption of no variation within 

a liver. 
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Figure 31. Vaporization depth verses 808 nm laser power at three fiber velocities after a single 

exposure. 

 
Figure 32. Vaporization width verses 808 nm laser power at three fiber velocities after a single 

exposure.
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Figure 33. Coagulation depth verses 808 nm laser power at three fiber velocities after a single 
exposure. 

 
Figure 34. Coagulation width verses 808 nm laser power at three fiber velocities after a single 

exposure. 
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In the first analysis, no liver-to-liver variation was observed when analyzing VD (p = 0.28). 

However, there was significant liver to liver variation with the other three measurements: VW (p 

= 0.002), CW (p = 0.01) and CD (p = 0.01). The p-values of fiber velocity showed that there is 

significant variation in all four measurements. The p-value for fiber velocity was < 1e-08 for 

responses VW, VD and CW and for response CD the value was 9.31e-05. Laser power showed 

significant variation in three of the four measures where power was significant, the p-values were 

8.58e-05 for VW, 1.52e-05 for VD and 0.0001 for CW. The power was insignificant for CD with a 

p-value of 0.24. Finally, the interaction of power-velocity was not significant in any of the 

experiments.  

During the second analysis, three individual ANOVA’s were carried out for the 3 livers 

where the treatment set was repeated twice. The analysis was done for all four responses. The 

results of the analysis, the p-values after ANOVA are presented in Table 5. The table shows the 

p-values for ANOVA where the individual sets with the three livers were blocked with power and 

velocity as the two factors. The p-values for the interaction of the two factors are not listed in the 

table because its contribution to variation was insignificant.  

Table 5. ANOVA results, p-values for the four responses. 

 VD VW CD CW 

Liver 2 

Set 0.88 0.007 0.5 0.52 

Power 0.12 0.37 0.041 0.32 

Velocity 6.03e-05 0.47 0.0004 

Liver 3 

0.0002 

Set 0.23 0.99 0.10 0.64 

Power 0.01 0.007 0.0 

Velocity 

0.01 

0.0004 0.0009 0.003 

Liver 4 

0.0006 

Set 0.19 0.75 0.58 0.83 

Power 0.31 0.01 0.17 

Velocity 

0.002 

0.005 0.04 0.008 0.0002 
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9.1.4 CONTINUOUS WAVE LASER PARAMETER STUDY: CHANGED TISSUE PROPERTY 

EFFECT 
After the first pass of the fiber, the cut was lined with carbonized tissue followed by 

coagulated tissue. 40 s later when the fiber was placed at the beginning of the cut it was placed at 

the base of the previous cut or ablation crater to expose the underlying damaged tissue to the laser 

beam. After this second exposure two slices of the tissue were taken for measurements, one slice 

was taken from the latter half of the cut where the tissue was exposed once to the laser and the 

second slice was taken from the length of the double exposure. Visual examination of cut cross-

section from the section where two exposures were made revealed that there was no demarcation 

left to identify the base of the first cut. When compared to the cross-section from the single 

exposure the cut morphology seems to be about the same except for its dimensions. All 

measurements after the second cut appeared larger, almost double.  

Table 6 shows average ‘µ’ and standard deviations ‘σ’ of the four responses over the 11 

sets. Figure 35 shows vaporization width and depth achieved in liver tissue after the first and 

second pass of the fiber. Figure 36 shows the coagulation response in width and depth. The raw 

data of the four ablation responses collected from this study are presented in Appendix B. The 

raw data are arranged in the order they were conducted and for identification, the data from each 

liver are assigned liver number and each set a set number. Livers are labeled 1 through 4. In liver 

1 and 3 the treatment was applied twice, in liver 2 the treatment was applied thrice and in liver 4 

the treatment was applied four times. 

Table 6. Mean and standard deviation of the four responses for two passes of the laser over 11 sets 
with 4 liver. 

Pass 
VD CD VW CW 

µ σ µ σ µ Σ µ σ 

1 0.89 0.33 0.91 0.30 1.66 0.39 0.55 0.09 
2 1.95 0.52 0.95 0.32 2.34 0.70 0.64 0.13 
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Figure 35. Vaporization width and depth (VW and VD) verses number of passes (exposures) of 808 

nm laser at 15.68 W power and 0.05 inch/s fiber velocity. 

 
Figure 36. Coagulation depth and width (CD and CW) verses number of passes (exposures) of 808 

nm laser at 15.68 W power and 0.05 inch/s fiber velocity. 
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9.2 EXPERIMENT II (LIVER-1064) 

9.2.1 RESPONSE MEASUREMENT: PATHOLOGY ANALYSIS 
During pathology analysis of liver tissue three distinct damage zones were identified. These 

are identified as Zone 1, Zone 2 and Zone 3. Figure 37 shows these three zones on a slide of 

porcine liver tissue that was stained with H&E after laser ablation. The figure also shows the 

several measurement attempts which were eventually averaged for each slide.   

 

Figure 37. Histopathology analysis of porcine liver tissue ablation showing the three damage zones 
after fixation process and haematoxylin and eosin (H&E) staining. 
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Zone 1 (Z1) is the area where there is complete loss of hepatocytes or liver cells due to 

ablation. The width of this zone was measured at crater top from edge-to-edge. The depth of this 

zone was measured from the top of the crater to the base as shown in the figure.  

Zone 2 (Z2) is the thickness of tissue that is severely damaged due to heat. Cells in this 

zone appeared to be hypereosinophilic. This means that there was a high count of white blood 

cells in this region. The cells also appeared shrunken which occurs due to coagulation necrosis in 

these cells. The liver architecture in this zone was disrupted by numerous variably sized vacuoles. 

The pathologist’s interpretation of this zone was that the cells in this zone are non-viable. The 

dimension of this zone was averaged after a total of seven measurements were taken, three on 

either side of the crater and one at the base of the crater. These are also shown in the figure.  

Zone 3 (Z3) was the thickness of tissue where there was mild heat damage to hepatocytes. 

Cells in this zone were smaller and blood vessels were slightly dilated. The vessels in this zone 

were devoid of red blood cells and the liver architecture appeared to be occasionally disrupted by 

several large clear vacuoles. The pathologist’s interpretation for this zone was that it was difficult 

to tell if these cells are viable or not. The dimensions of this zone were reported as an average of 

seven measurements taken similar to the zone 2 measurements, three on either side of the crater 

and one at the base of the crater. 

Finally two additional measurements were taken. The first one was taken horizontally on 

the surface of the tissue. This was taken to be representative of the total damage and was taken 

from the left edge of Z3 to the left of the crater to the right edge of Z3 on the right of the crater. 

The next measurement was a vertical measurement, the total depth damage. This measurement 

was made from the surface of the tissue down to the base of Z3 below the crater.   
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9.2.2 COAGULATION AND ABLATION THRESHOLD IN LIVER TISSUE FOR DRILLING  
Qualitative analysis for determining coagulation and ablation threshold showed that at 20 

Hz frequency with 10 pulses per sample, coagulation (discoloration of tissue from pink to pale 

white) was seen at 1.9 ms pulse duration. The energy per pulse at this setting was 126 J. No 

changes were seen in the tissue from 1.5 ms to 1.8 ms where the energy per pulse varied from 79 

J to 113 J. The coagulation at 1.9 ms was extremely thin and tissue discoloration was very light 

but easily visible. The tissue sample was cut to inspect the cross section of the cut but the extent 

of coagulation appeared only in the top layer of the tissue. At 2 ms pulse duration the thickness of 

the coagulation on the surface was thicker but the extent into the depth of the tissue did not seem 

to be present. Gradual increase in coagulation dimensions were seen from 2.1 ms – 2.5 ms pulse 

duration. The energy per pulse varied from 155 J to 226 J.  

About 18 samples were dissected from this liver. The initial strategy was to use one sample 

per setting starting from 1.5 ms to 4 ms in increments of 0.1 ms. 10 of these samples were used 

for determining the coagulation threshold (1.5 ms – 2.5 ms). To utilize all the samples effectively 

to determine ablation threshold and the start of visibly extensive charring, the last sample from 

the coagulation experiments was reused to identify ablation threshold. Starting with a new 

location every time, the pulse duration was increased from 2.6 ms to 3 ms. At 3 ms tissue 

deformation was seen after the first three pulses. After about the 5th or 6th pulse a soft pop sound 

was heard. Finally after delivery of the 10th pulse, a small crater was seen at the target site of the 

tissue sample. At this point the tissue properties were probably altered due to exposure to air over 

the last 6 trials. Hence a new sample was taken to verify the ablation threshold.  

With the new sample, 10 pulses were delivered at 3 ms and 20 Hz frequency. The same 

effects were seen. There was deformation followed by a soft pop sound and a small crater was left 

on the tissue after the 10th pulse. A second site was chosen on the tissue and 10 more pulses were 

delivered but this time at 2.9 ms. No ablation was seen at this site but considerable coagulation 

extending to about a 1.5 mm diameter spot was visible establishing that ablation indeed occurred 

at 3 ms with that liver. Crater inspection after 3 ms exposure showed that it was almost like a 

small speck. Cross-section also showed that there was close to no coagulation at the base of the 

crater. The energy per pulse at this setting was 289 J the first time and 285 J the second time. 
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During these experiments the energy per pulse emitted from pulse duration 2.5 ms – 2.9 ms was 

not noted.  

Six more samples were used and each was exposed to pulses from 3.5 ms – 6 ms in 

increments of 0.5 ms. In each of these samples the extent of ablation and coagulation increased. 

However it was only at 6 ms that charring was evident. The ablation crater depth at this setting 

was much less than 0.5 mm. The energy per pulse at this setting was 300 J.  

After this experiment the results were summarized and each assigned a response number. In 

samples where no changes were seen in the tissue a response number of ‘0’ was assigned. In 

samples where there was even a little evidence of coagulation, response number ‘1’ was assigned. 

Samples where ablation crater was seen a response number of ‘2’ was assigned followed by a 

response number of ‘3’ for samples where ablation was seen with charring of the tissue. Response 

numbers were assigned to graphically represent this qualitative data. Two plots were generated; 

one where the response numbers were plotted against increasing pulse duration in ms and the 

second plot was for response numbers verses energy per pulse. These plots are shown in Figure 

38 and Figure 39.  

What is interesting to see from these figures is that from 1.5 ms – 3 ms the energy per pulse 

increased considerably however; from 3.5 ms to 6 ms the energy per pulse increase was very 

limited. The energy at 3.5 ms was 292 J and at 6 ms 300 J. At 5 ms the energy increased to about 

302 J but there was no sign of charring of tissue at this setting. From this it is very clear that the 

energy is not playing an important role in the ablation process between 5 ms and 6 ms. The ratio 

of laser “on time” verses “off time” is more impacting. 
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Figure 38. Qualitative responses as a function of pulse duration at 20 Hz. 10 pulses of 1064 nm 

wavelength delivered on porcine liver tissue. 

 

 
Figure 39. Qualitative responses as a function of pulse energy at 20 Hz. 10 pulses of 1064 nm 

wavelength delivered on porcine liver tissue. 
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9.2.3 PULSED LASER PARAMETER STUDY FOR TISSUE DRILLING: QUANTIFYING 

LASER PARAMETER EFFECT 

9.2.3.1 Pulse Duration Effect 
The raw data for this experiment is presented in Appendix C. The measured averages along 

with the standard deviations for responses Z1 – W, Z1 – D, Z2 and Z3 (as shown in Figure 37) 

from the two livers are presented in Table 7. Figure 40 presents a graphical representation of the 

means of the responses, Zone 1 width and depth and Zone 2, verses energy/pulse. Pulse duration 

is indicated with text markers within the plot body. 

Table 7. Mean ablation responses from two porcine livers after ablation with 1064 nm laser. 

Pulse 
duration 

(ms) 

Pulse 
freq. 
(Hz) 

Energy/ 
pulse (J) Z1-W (µm) Z1-D (µm) Z2 (µm) Z3 (µm) 

µ Σ µ σ µ σ µ σ µ σ 
4 15 310.0 22.6 346.0 24.0 146.0 50.9 93.8 6.9 374.9 21.2 
7 15 333.0 4.2 427.0 72.1 137.5 95.5 70.0 30.5 365.2 6.9 

10 15 320.5 30.4 436.0 100.4 191.0 192.3 109.0 71.1 312.9 21.5 
 

 
Figure 40. Mean ablation response verses energy/pulse for drilling with 20 pulses at 15 Hz while 

varying pulse duration. 
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9.2.3.2 Pulse Frequency Effect 
This third sub-experiment was further split into two parts. In the first part three liver 

samples from both livers were exposed to 20 pulses at 4 ms pulse duration and the frequencies 

were 30, 45 and 60 Hz. The average energy per pulse at the above settings varied from 75 J at 60 

Hz to 150 J at 30 Hz. The results of this part of the experiment (averages of the responses) are 

presented in Table 8. This table has an additional data point at pulse frequency 15 Hz. This data 

point is from the previous experiment (sub-experiment two) where pulse duration was varied at 

constant pulse frequency of 15 Hz. Figure 41 is a graphical representation of this table. It shows 

Zone 1 depth, Zone 2 and Zone 3 thicknesses for these four frequencies.  

Table 8. Mean ablation responses from two porcine livers after ablation with 20 pulses at 4 ms pulse 
duration of 1064 nm laser. 

Pulse 
freq. 
(Hz) 

Energy/Pulse 
(J) 

TW 
(µm) 

TD 
(µm) 

Z1W 
(µm) 

Z1D 
(µm) Z2 (µm) Z3 (µm) 

15 310 976 759 346 146 94 375 
30 162 855 458 0 0 84 263 
45 96 563 437 0 0 74 261 
60 71 490 430 0 0 41 271 

 
Figure 41. Mean ablation response verses energy/pulse for drilling with 20 pulses at 4 ms while 

varying pulse frequency. 
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In part two of this third sub-experiment three tissue samples per liver were exposed to 50 

pulses at 1 ms pulse duration and the frequencies were 100, 150 and 200 Hz. At these high 

frequencies the output energy did not vary much and was around 40 J. No ablation and 

coagulation was seen at these settings except at 100 Hz in the sample from liver two. The 

pathologist was not able to identify if the damage was coagulative in nature. After 50 pulses were 

shot per sample, the cumulative or total energy delivered was high but laser-tissue interaction was 

not destructive. Results from this experiment were not too informative on the direct relationship 

of these parameters to tissue ablation hence they are presented in the raw form in Appendix C.   
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9.2.4 PULSED LASER PARAMETER STUDY FOR TISSUE CUTTING: QUANTIFYING 

LASER PARAMETER EFFECT 
So far 2 sub-experiment results were presented where tissue ablation was done to drilling a 

hole in tissue samples. In this section tissue ablation results from 3 more sub-experiments are 

presented for cutting tissue.  

9.2.4.1 Pulse Duration Effect 
The raw data of the six ablation responses collected from this 3rd sub-experiment is 

presented in Appendix C. Table 9 presented here shows average and standard deviations of the 

four responses for the 2 livers and Figure 42 shows vaporization depth, width and the thickness of 

coagulation.  

Table 9. Mean ablation responses from two porcine livers after ablation at 0.03 inch/s at 15 Hz pulse 
frequency of 1064 nm laser. 

Pulse 
Duration 

(ms) 

Energy 
(J) 

Z1W (µm) Z1D (µm) Z2 (µm) Z3 (µm) 

µ σ µ σ µ σ µ σ 
4 285 339.00 479.42 46.50 65.76 99.29 28.89 469.43 222.44 
7 308 636.50 310.42 131.50 67.18 94.79 39.09 615.71 169.30 

10 312 768.50 224.15 144.50 127.99 104.14 0.61 677.93 165.56 

 
Figure 42. Mean ablation response verses energy/pulse over two livers for cutting at 0.03 inch/s tissue 

velocity at 15 Hz pulse frequency. 
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9.2.4.2 Pulse frequency effect 
The second laser parameter studied for cutting applications was the pulse frequency. In this 

4th sub-experiment two samples per liver were exposed to 4 ms pulse duration beams at two 

frequencies, 15 and 30 Hz. Measurements of ablation depth and width and coagulation thickness 

from this experiment are presented in Figure 43 and the raw data in Appendix C.  

 
Figure 43. Mean ablation response verses pulse frequency for two livers for cutting at 0.01 inch/s 

tissue velocity and 4 ms pulse duration. 

9.2.4.3 Tissue Velocity Effect 
In sub-experiment 5, the results are presented along with two data points from sub-

experiments 3 and 4. From sub-experiment 3 the data point at 4 ms pulse duration, 15 Hz 

frequency and 0.03 inch/s tissue velocity was used and from sub-experiment 4 the data point used 

here was one where pulse duration was 4 ms, frequency 15 Hz and tissue velocity was 0.01 

inch/s. One sample per liver was ablated at the same pulse duration and frequency, 4 ms and 15 

Hz, while moving the tissue at 0.02 inch/s. The raw data of ablation responses collected from this 

study is presented in Appendix C. Table 10 shows average ‘µ’ and standard deviations ‘σ’ of the 

responses over the 2 livers and Figure 44 shows vaporization depth, width and coagulation 

thickness.  
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Table 10. Mean ablation responses from two porcine livers after ablation with 1064 nm laser at 4 ms 
pulse duration and 15 Hz pulse frequency. 

Velocity 
(ips) 

Z1W Z1D Z2 Z3 

µ σ µ Σ µ σ µ σ 
0.01 1072.50 406.59 761.50 642.76 203.86 83.84 1139.71 443.66 
0.02 1093.50 238.29 532.00 489.32 169.43 55.36 1041.36 350.83 
0.03 339.00 479.42 46.50 65.76 99.29 28.89 469.43 222.44 

 

 
Figure 44. Mean ablation response verses tissue velocity over two livers for cutting with 1064 nm 

laser at 4 ms pulse duration and 15 Hz pulse frequency.  
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9.3 EXPERIMENT III (BREAST-808) & EXPERIMENT IV (BREAST-

1064) 

9.3.1 RESPONSE MEASUREMENT: BREAST TISSUE PATHOLOGY ANALYSIS 
In pathology analysis of ablated breast tissue two distinct damage zones were identified. 

These are labeled Zone 1 and Zone 2. Figure 45 shows these zones from a slide of breast tissue 

that was stained with H&E after laser ablation. The figure shows clearly the different colors taken 

by breast tissue components after H&E staining.  

 
Figure 45. Histopathology analysis of human breast tissue ablation after fixation process and 

haematoxylin and eosin (H&E) staining. The figure shows the two damage zones and their 
measurement sites. Also shown are adipose, glandular and fibrous connective tissue sites.  

Adipose tissue is composed of cells with hypereosinophilic cytoplasmic membranes and 

absent nuclei. This major constituent of breast tissue is highly hydrophobic hence it appears 

transparent in this slide. Almost three fourths of the slide (complete right side and bottom left 

quadrant) are occupied by fatty tissue. There are some specks of pink which are sites of 

Zone 1 

Zone 2 

Arteries 
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extracellular matrix that form pockets to house fat. The next largest volume of tissue present in 

this slide is connective tissue. This is the bulk pink color in the top left quadrant of the slide. This 

slide had two sites of glandular tissue which are indicated in the figure. This tissue is made of 

epithelial cells and due to the presence of cell nuclei these tissues stain blue after H&E staining. 

Zone 1 is the area where there is complete loss of breast tissue cells due to ablation. The 

width of this zone was measured on crater top from the left edge to the right edge. The depth of 

this zone is measured from the top of the crater to the base as shown in the figure. 

Zone 2 is identified at the thickness of the tissue where there is severe heat damage to 

connective tissue. In this zone, the collagen present in connective tissue has marked degeneration. 

This degeneration is accompanied by loss of fibrillation. Collagen fibers are swollen and fused 

together. There are also signs of slight connective tissue basophilia. Basophilia is an increase in 

white blood cell count.  

Zone 2 damage is mainly that of connective tissue and it very rarely includes necrotic 

adipocytes or fat cells. Pathology examination also revealed that occasionally there is glandular 

tissue present within areas of degenerate collagen in Zone 2. These glandular tissue sites varied 

from normal to necrotic. The zone was pathologically defined as the region that contains 

degenerated collagen fibers with variably necrotic adipocytes and glandular tissue. The most 

affected component that was measured was usually fibrous connective tissue. Several 

measurements were taken in this zone, a few on either side of the ablation crater and a few at the 

base of the crater. These measurements were averaged for each slide. In some tissue samples 

several slides were prepared for ease and accuracy of measurement. 

In breast tissue samples chosen for these experiments, the fat, fibrous connective tissue and 

glandular tissue ratio varied. Due to this in-homogeneity of breast anatomy there was marked 

variation in the extent of tissue damage from sample to sample. If there was moderate or 

abundant fibrous connective tissue in the area exposed to the laser beam, then ablation created an 

irregular crater and coagulated collagen in the tissue. In such samples marked degeneration of 

surrounding connective tissue was seen. Figure 46 shows one such sample where ablation crater 

was very irregular.  
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Figure 46. Histopathology analysis of human breast tissue ablation after fixation process and 

haematoxylin and eosin (H&E) staining. This figure shows an irregular ablation crater formation in 
a sample where fibrous connective tissue was exposed to the laser beam. 

In some tissue samples that had fibrous connective tissue, after laser exposure both damage 

zones were not seen in the pathology slide of the sample. There was no identifiable ablation zone 

and there was a significantly large Zone 2 or coagulated tissue. Figure 47 shows one such tissue 

sample slide. The measurement attempts varied based on the shape complexity of the damage 

area. It could be possible that with this sample the laser beam spot size was larger resulting in 

coagulation only. This will be discussed more in the next section.  

In some tissue samples, glandular tissue was present within the affected connective 

tissue. Some of this tissue seemed to be necrotic and some normal. After analysis of all the 

samples it appeared that glandular tissue was less sensitive to heat damage than connective tissue 

and hence less likely to coagulate. 
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Figure 47. Histopathology analysis of human breast tissue ablation after fixation process and 

haematoxylin and eosin (H&E) staining. This figure shows extensive fibrous connective tissue with 
one damage zone only.  

In samples where there was excessive fatty tissue in the area that were exposed to the 

laser beam without much fibrous connective tissue, the laser left a crater track without damage to 

the surrounding adipocytes. The fatty tissue vaporization was much more defined and a clean 

ablation crater was seen in the pathology slides with no identifiable coagulated tissue surrounding 

the Zone 1 ablation crater. One such breast tissue ablation site is shown in Figure 48. Due to lack 

of any fibrous tissue surrounding the ablated area there was no thermal coagulation zone. In fact 

pathologically there were no signs of melted fat at the margin.  

 
Figure 48. Histopathology analysis of human breast tissue ablation after fixation process and 

haematoxylin and eosin (H&E) staining. This figure shows extensive fatty tissue ablation with no 
thermal coagulation zone. 
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9.3.2 BREAST TISSUE DESCRIPTION 
A total of three breast tissue blocks were received for this experiment. The first fresh breast 

tissue block weighed 412 g. Non-identifiable patient clinical data showed that this tissue was 

from a 170 cm tall 87 lb American Indian woman in her 50’s. The patient was a non-smoker and 

consumed alcohol on social occasions. The tissue block was removed after mammoplasty from 

bilateral breast and was diagnosed to be non-malignant. The patient has no radiation or 

chemotherapy prior to the surgery. Drug history showed that the patient was taking 

Tylenol/codeine, prilosec, HCTZ, glucosamine, green tea capsules, vitamin B-6, vitamin A, 

vitamin D and potassium supplements.   

This tissue sample was rectangular in shape and is shown in Figure 49. A close inspection 

of the block showed that one side had a lot of dried blood spots and some burned or charred 

tissue. This is indicated by area 1 on the figure. Next to this area, area 2, the tissue was very fatty 

and had a lot of give during probing. Tissue samples from this area were removed but they did 

not hold their shape and it was very challenging to keep the tissue surface flat. Tissue from area 3 

had a lot of visible fibrous tissue with fatty tissue integrated within it in a very complex pattern. 

Tissue was a lot more firm and did not give while probing. Samples cut from this area held its 

form but the surface was not flat. The final area, area 4, also had visible fibrous and fatty tissue 

complexly integrated within each other but the tissue was very firm. It did not give in at all to a 

probe. Samples from this area held their shape and were considerably flat on the surface. This 

tissue was most ideal for the proposed experiments.  

After cutting samples from area 4 for the experiment, the tissue was placed in a 28 °C water 

bath as the temperature of the tissue was 15 °C when it was procured. While the tissue was 

warming up the 1064 nm laser was powered on for a dry run but the laser did not start due to an 

unforeseen laser malfunction. The experiment had to be stopped and all efforts were spent in 

diagnosing the laser problem. After a few hours of trial and error it was found that laser cooling 

water needed to be changed. The problem was addressed and system performance restored.   

Even though this tissue block was not used for ablation it did help in understanding the 

complexity of working with breast tissue. Tissue selection for samples will be a very important 
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key in conducting experiments to get good data. The experience was used to prepare more for 

future experiments. 

 
Figure 49. Breast tissue sample indicating the four areas where tissue consistency and form was 

different during a probing test. 

 The next two breast tissue blocks came from the same patient. One block weighed about 

200 g and the other about 600 g. Since two blocks of this tissue were procured, one from each 

breast, it was decided that the blocks would be split between the two lasers. However due to 

travel time between the two experiment locations, preparation time for each laser experiment 

followed by tissue delivery time for pathology analysis, one experiment would have had to wait 

for the next day. So, one block of tissue, the smaller one, was refrigerated to 4 °C for experiments 

with the 808 nm laser system. This proved to be a good strategy because no more tissue became 

available during the remainder of this research period.  

Both these blocks of tissue were semi-spherical in shape. The block of tissue that was used 

for 1064 nm laser experiments had one small sector with very fatty tissue similar to area 2 in the 

previous tissue block. The second block that was used for 808 nm experiments, about half the 

tissue was extremely fatty.  

In some samples irregular craters (due to tissue in-homogeneity) were seen after laser 

ablation. Hence in the next two sections where results from Experiment III and Experiment IV are 

presented, the data is first discussed individually along with pathology pictures followed by the 

combined data set plots. Experiment III data is presented along with pictures of the tissue surface 

before ablation and after ablation for visual aid to understand the ablation response. 

 
2 

3 

4 

1 
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9.3.3 EXPERIMENT III (BREAST-808)  

4 samples from the procured block of tissue were exposed to a single treatment of 21.13 

W of CW 808 nm laser beam via a 600 µm fiber travelling at a speed of 0.03 inch/s in contact 

with the tissue surface. The fiber was placed over the tissue till a dimple was seen after contact. 

The depth of the dimple was determined by the profile of the tissue surface and varied from 

sample to sample. If the tissue was too bumpy, the tissue surface included a high peak and also a 

crater, then mean depth was determined by visual analysis and the fiber tip was placed at that 

location. If there was an area where the tissue surface was considerably flat then the fiber was 

placed such that it would be in contact with the flat part of the tissue and pathology analysis was 

done at the flat location. Points of interest were marked on the tissue after ablation with a tissue 

marker for identification during pathology analysis.   

In the first sample, the tissue surface was very bumpy even after the stabilization plate 

was used. There was a small region in the first half of the exposed tissue where the tissue was 

relatively flat. The fiber was placed such that it would be in contact with that region. This is show 

on the left in Figure 50. As the fiber traveled, some of the peaks in the tissue displaced away from 

the fiber. After ablation, however, those peaks moved back to their original place. Figure 50 

shows the surface of the first tissue sample with the stabilization plate. The figure is a 

combination of two pictures, one for before ablation and one for after ablation. The area of 

interest, flat part of the tissue, was marked and the sample immersed in formalin in a labeled bin 

for pathology analysis.  

Pathology analysis of this sample is shown in Figure 51. The slide shows that there are 

three clear adipocytes that are separated by fibrous connective tissue. Ablation crater at this 

location was irregular and coagulation extended more to the left than to the right. The figure also 

shows the measurement scheme for this tissue sample. Total ablation width measurement is not 

horizontal and parallel to the tissue surface but is skewed to cover the entire damage range. 
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Figure 50. 808 nm laser experiments: Breast tissue sample 1 surface through the stabilization plate. 

Left: fiber placement before ablation. Right: surface after ablation.  

 

 
Figure 51. Histopathology slide of breast tissue sample 1 from Experiment III. 

Adipocyte 1 

Adipocyte 2 

Adipocyte 3 
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In sample 2, a slightly flatter area was present in the middle and the fiber was placed with 

respect to that area. After ablation there was marked ablation of fibrous connective tissue and 

fatty tissue. In the first part of the cut there was significant melted fat. Towards the end, fat 

sputtering was noticed. Figure 52 shows fiber placement and post ablation damage. Pathology 

slide for this sample is shown in Figure 53. Similar to sample one, this sample too had a split in 

adipocytes. This sample however has a second ablation crater at the bottom of the first.  

 

 
Figure 52. 808 nm laser experiments: Breast tissue sample 2 surface through the stabilization plate. 

Left: fiber placement before ablation. Right: surface after ablation. 

 
Figure 53. Histopathology slide of breast tissue sample 2 from Experiment III. 
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In sample 3, there was no flat area on the tissue surface. It was very bumpy hence a visual 

estimate of the mean of the peaks and craters in the tissue was estimated and the fiber was placed 

such that the tip was at this mean on the tissue surface. During ablation some tissue peaks were 

seen to move slightly away from the fiber as the fiber moved to allow it to pass. After ablation 

like sample 1 the peaks looked like they had not moved. There was marked ablation of fibrous 

connective tissue and fatty tissue in this sample. Figure 54 shows fiber placement and post 

ablation damage. Pathology slide for this sample is shown in Figure 55.  

 

 
Figure 54. 808 nm laser experiments: Breast tissue sample 3 surface through the stabilization plate. 

Left: fiber placement before ablation. Right: surface after ablation. 

 
Figure 55. Histopathology slide of breast tissue sample 3 from Experiment III. 

Adipocyte 1 
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Sample 4 was the most flat and smooth of all the samples. There was a slight slope 

though. Several attempts were made to turn and shift the sample but it was impossible to obtain a 

flat surface. Even though there was a very thin layer of fibrous connective tissue on the tissue 

surface, it felt like this sample had more fatty tissue than fibrous tissue. Figure 56 shows fiber 

placement and post ablation damage. During ablation in the beginning there was some fat that 

sputtered but that subsided soon. Pathology slide for this sample is shown in Figure 57. 

 
Figure 56. 808 nm laser experiments: Breast tissue sample 4 surface through the stabilization plate. 

Left: fiber placement before ablation. Right: surface after ablation. 

 
Figure 57. Histopathology slide of breast tissue sample 4 from Experiment III. 
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Figure 58. Ablation response in 4 breast tissue samples exposed to 808 nm laser beam at 0.3 inch/s 

fiber velocity. 

The raw data for this experiment III is presented in appendix D. Figure 58 shows 

response Zone 1 width, Zone 1 depth and Zone 2 thickness for the four samples from this 

experiment. Y-axis ranges to about 6 mm for easy comparison of this data with the results from 

1064 nm laser experiments discussed in the next section.  
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9.3.4 EXPERIMENT IV (BREAST-1064) 
The larger of the two breast tissue sample, the 600 g block, was used for this experiment. 

A total of 7 samples were cut from this block. Due to availability of a few extra samples that what 

was anticipated, two experiments were conducted to collect more data. The strategy was to get at 

least 4-5 samples with good ablation detail at the chosen setting and then to use the remainder to 

either vary the pulse duration of the laser or the speed of the tissue.  

The settings chosen for this experiment was 0.01 inch/s tissue velocity along with beam 

pulse duration of 4 ms at 15 Hz frequency. Five samples were ablated at the above setting. The 

remainder of the two samples were used to vary the pulse duration setting while keeping all other 

settings same. The two pulse duration values used were 7 ms and 10 ms.  

The raw data from this experiment is presented in Appendix E. The data are arranged in 

the order they were conducted. In samples 1 through 3, pathology analysis was done at two 

locations. For identification, raw data from those samples are labeled 1a, 1b, 2a, 2b, 3a and 3b. 

One of the biggest challenges with this laser was adjusting the distance between fiber 

processing head and tissue surface. The focal point on bumpy tissue surface was determined by 

visual averaging of the tissue surface and for samples that had an approximate flat area on the 

surface, the beam was focused on that area. After determining the focal point after placing each 

sample under the fiber processing head, its height was adjusted to assure accurate beam focusing. 

The HeNe guiding laser was extremely to accomplish this task and for maintaining a consistent 

beam spot size on the tissue surface.  

In three of the five samples that were exposed to 4 ms pulse duration, a dis-continuous 

ablation was seen on tissue surface. These were samples 2 (at location 2b), sample 3 (at location 

3a) and sample 4. Pathology slides of samples 2b and 4 are shown in Figure 59 and Figure 60. 

Total damage was 4.6 mm and 4.1 mm wide in sample 2a and 4 respectively and damage depth 

was 0.9 mm and 0.98 mm respectively.  
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Figure 59. One of two histopathology slides of sample 2b. Large amount of fibrous connective tissue 

present in this sample. This figure shows the extensive coagulation of fibrous connective tissue caused 
by ablation. 

 
Figure 60. Histopathology slides of sample 4. Extensive coagulation of fibrous connective tissue seen 

here. Very little fibrous connective tissue present on tissue surface. 
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In sample 3 at one location, 3a, on the tissue where laser beam was defocused, a very 

unique tissue behavior was noticed. Surrounding tissue seemed to shrink and fuse together into 

the location of beam exposure. The laser beam caused a heat shrink effect in the tissue. This 

phenomenon did not occur again in any other sample. The pathology stained slide of this region is 

shown in Figure 61. The slide shows that there was an extensive amount of fibrous connective 

tissue at this location in the sample. Pathology analysis of this site assessed presence of small 

amount of adipose tissue and some glandular tissue both of which showed necrosis. Extent of 

damage was measured and was 2.9 mm wide and 2.5 mm deep.  

 
Figure 61. One of two histopathology slides of sample 3a. Extensive coagulation of fibrous connective 

tissue seen here. Heat shrink effect observed at this location during beam exposure. 
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Figure 62. Histopathology slides of sample 1. Left: 1a with very little fibrous tissue at the base of the 

laser. Right: 1b no signs of fibrous connective tissue seen here. There was not coagulation at both 
locations in this sample. 

 
Figure 63. Histopathology slides of sample 2a. Irregular ablation crater with coagulation of fibrous 

connective tissue on one side.  
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Figure 64. Histopathology of sample 3b. Very small ablation crater and presence of an adipose tissue 

flap over it. Dotted line area marks the location of tissue separation due to handling of tissue for 
formalin fixing.  

In sample 1, both slides 1a and 1b, showed no Zone 2 damage. Pathology slide of these 

samples is shown in Figure 62. There was no fibrous connective tissue at these locations in 

sample 1. In slide 2a there was a very wide and shallow cut. The pathology slide is presented in 

Figure 63. The thermally damaged area in this slide has some blue spots, these are coagulated 

glandular tissues. In sample 3b, a very small ablation crater was present. Its orientation and the 

presence of an adipose tissue flap over it (as shown in Figure 64) made its analysis very difficult. 

Lastly in sample 5 an irregular crater was seen. Its pathology slide is shown in Figure 65. 

 
Figure 65. Irregular ablation crater in histopathology slide of sample 5. 
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Figure 66. Ablation response at 5 locations from 5 breast tissue samples exposed to 1064 nm laser 

beam at 0.1 inch/s fiber velocity.  

The average ablation and coagulation response of these five slides, 1a, 1b, 2a, 3b and 5, 

are shown in Figure 66. The samples are re-numbered here from 1 through 5 respectively for ease 

of graphical display. In this data the maximum ablation depth of about 3 mm occurs in sample 1b 

(2 in plot) which had only fatty tissue. Samples that had higher amounts of fibrous connective 

tissue, ablation depth was less than 1 mm.  

In sample 3b and 5, coagulation damage was about 0.2 mm. In sample 2a the coagulation 

damage was about 0.8 mm. No coagulation was seen in fatty tissue samples, 1a and 1b. Like 

ablation depth and coagulation thickness, the ablation width too was very different in all the 

samples. The average ablation response to 1064 nm laser at 4 ms pulse duration, 15 Hz frequency 

and average pulse energy 175.25±2.5 J from these five slides of breast tissue samples was 3.7 mm 

in width and 1.15 mm in depth. Average thermal damage or coagulation thickness was 0.28 mm. 

The ablation width efficiency from this data is 93 % and the ablation depth efficiency is 80% with 

this laser at the above settings.  

Two remaining tissue samples, 6 and 7, were ablated at a higher pulse duration, 7 ms and 

10 ms at the same 15 Hz frequency and 0.01 inch/s tissue velocity. In sample 6 a good amount of 

fibrous connective tissue was present and beam conditions must have been ideal because the 
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pathology slide shows a very symmetric ablation crater. Ablation crater at this setting was 1.4 

mm wide and 1.6 mm deep. The average coagulation in this sample was 0.7 mm thick. The 

pathology slide for this sample was shown earlier in Section 9.3.1 on page 97 in Figure 45 while 

discussing the different damage zones observed after breast tissue ablation. Sample 7 pathology 

slide is shown in Figure 67. The wide and shallow ablation crater indicates that the beam was 

again slightly out of focus at this location in the sample. Ablation width measured 2.2 mm and 

depth was 0.4 mm. Coagulation averaged to 0.2 mm. 

 
Figure 67. Histopathology slides of sample 7 irradiated by 1064 nm laser at 10 ms pulse duration. 
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CHAPTER 10 DISCUSSION  

10.1 EXPERIMENT I (LIVER-808) 

The qualitative analysis of the threshold experiment showed that when cutting liver tissue 

at 0.05 inch/s fiber velocity, coagulation (discoloration of tissue from pink to pale white) occurred 

at 1.42 W and ablation at 2.94 W. At 2.94 W beam power, dis-continuous ablation was observed 

along the cut length. It could be that as soon as the fiber starts to move and the tissue gets 

exposed to the laser, there is heat transfer away from the site of exposure in all directions and 

ablation conditions are not reached. As the fiber advances the new area along the cut is pre-heated 

due to this heat transfer process making ablation possible with the exposure laser energy. A closer 

look of the exposed area showed that there was very high surface dehydration and deep tissue 

coagulation between the craters. This shows that the tissue had sufficient thermodynamic energy 

for deformation, surface dehydration and deep tissue coagulation but not enough to cause cellular 

explosion. The craters were less than half a millimeter wide and about a millimeter in length. The 

adjacent tissue coagulation was very small and a cross section showed that there was no 

coagulation at the base of the crater and the depth of the crater was less than a millimeter. At 3.22 

W beam power ablation was seen through the length of laser exposure and this time the width of 

the cut was about 1 mm and the depth close to 1 mm. 

From results of other parts of this experiment the maximum cut depth, 1.99±0.46 mm, was 

achieved at the highest power of 24.8 W and lowest velocity of 0.03 inch/s. The coagulation 

depth and width values are also highest at this setting, 1.39±0.11 mm and 1.38±0.16 mm 

respectively. The vaporization width, however, was not the highest at these settings. The width 

was 2.40±0.28 mm and the maximum of 2.44±0.21 mm occurred at 0.03 inch/s and 21.13 W. The 

minimum values for all these responses occurred at the fastest velocity, 0.07 inch/s and lower 

output power, 15.68 W. The responses for the vaporization depth and width and coagulation 

depth and width are 0.50±0.29 mm, 1.52±0.22 mm, 0.84±0.36 mm and 0.68±0.11 mm 

respectively. Coagulation depth and width plots show that there is not a large change in the extent 

of coagulation over the chosen operating range of the two parameters. These coagulation values 

are well within the acceptable limits for surgery (below 5 mm). 
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Based on literature studies, the qualitative behavior above is consistent with previous 

continuous wave laser trends. It is known that ablation tends to increase with increased laser 

power and exposure. An increase in speed of fiber travel decreases the exposure time of laser 

reducing the ablation extent. Vaporization depth and coagulation depth plots show that one can 

achieve very small cuts with ease. For complex surgeries where damage to closely underlying 

tissue is a concern the lower power setting can be used.  

The vaporization width generally increases with increasing power and increase in exposure 

achieved with decreasing velocity. The experiments were conducted with the fiber in contact with 

the tissue so one would expect the vaporized tissue width to be same at all velocities because the 

beam size at the surface is constant. However, this is clearly not seen in the plots. At low 

velocities beam exposure dwells longer over an area and already ablated tissue is exposed even 

further. This excess exposure is to a diverging beam which contributes to the width of the ablated 

area. The mean vaporization width for all treatments is about 2.04 mm. This large width-wise 

damage could be reduced by operating at lower powers and choosing smaller than 600 µm 

diameter fibers. 

The ANOVA carried out for each of the four responses was done to identify if there is 

significant variation from one liver to another, and that due to the two factors: power of the laser 

and velocity of the fiber. This analysis showed that no liver-to-liver variation was observed when 

analyzing response VD (p = 0.28). However, there was significant liver to liver variation with the 

other three responses, VW (p = 0.002), CW (p = 0.01) and CD (p = 0.01). This means that the cut 

depth in porcine liver tissue is predictable from animal to animal but the width of the cut and 

coagulation would vary considerably. This however could change with a larger animal sample 

size. Fiber velocity showed significant variation in all four responses and laser power showed 

significant variation in three of the four responses. The responses where power was significant 

was VW, VD and CW. The power was insignificant for response CD. Finally, the interaction of 

power-velocity was not significant in any of the response analysis. From these analysis results, 

one can conclude that when ablating liver tissue with a continuous wave 808 nm laser, the 

ablation extent and adjacent tissue damage in a animal are highly altered if the laser exposure 

time and power are changed. However the thickness of the coagulation at the bottom of the crater 
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is not influenced significantly by either exposure time of the laser or power of the power of the 

laser. 

A second analysis was carried out for each response for livers 2, 3 and 4 where the 

treatments were repeated twice (n=2) to validate the assumption of no variation within a liver. In 

this analysis three individual ANOVA’s were carried out for the 3 livers where the treatment set 

was repeated twice. The analysis was done for all four responses. The analysis showed that for 

three of the four responses, VW, CW and CD there was no significant variation within a liver in 

all three livers, however, for response VD in one of the three livers, L2, there was significant 

variation (p=0.007) within that liver. If one looks at the results of L2 ANOVA, the assumption of 

no variation within a liver does not hold given the low p-value. However, if one looks at all three 

liver analysis and the four responses, then there is one out of 12 cases where this assumption is 

valid. With this statistical reasoning the assumption of no variation within a liver is valid. The 

results also show that fiber velocity was a significant factor for all of the responses except for CD 

in L2. Laser power was an intermediate factor showing significant in about two livers per 

response without any significant pattern. 

The results from the double pass study show that tissue ablation depth, VD, was 1.95±0.52 

mm which is about 1 mm more than the cut depth after the first pass. The coagulation depth and 

width after the second pass was not very different: they measured 0.95±0.32 mm and 0.64±13 

mm respectively. This VD is about the same at that achieved in the previous subsection with the 

highest power setting and lowest velocity. The VD at those setting was 1.99±0.46 mm. The 

hypothesis for this experiment was that the charred tissue and underlying coagulated tissue would 

hinder further ablation just like it hinders tissue coagulation in low energy thermal therapies. 

However, the results show that this hypothesis is false. It is possible that due to the high laser 

energy used during ablation, the nature of interaction does not seem to be affected by the 

presence of charred tissue. 

Conceptually, there is a possibility that fiber placement may not have been the same from 

one trial to the next as it was placed over charred uneven tissue. This may have changed the spot-

size of the beam affecting the results. The measurement raw data and plots of the responses, 

however, show no extreme inconsistencies to indicate any such variation. Perhaps this may be 
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responsible for the large standard deviations seen in the responses after the second pass. Response 

VW and VD have the largest deviation among the four and the two passes.  

10.2 EXPERIMENT II (LIVER-1064) 

The qualitative analysis of the threshold experiment showed that when cutting liver tissue 

at 20 Hz frequency and delivering 10 pulses per sample, coagulation (discoloration of tissue from 

pink to pale white) was caused at 1.9 ms pulse duration and above. Energy per pulse at this 

setting was 126 J. Ablation occurred at 3 ms pulse duration at a pulse energy of 285 J. At 6 ms 

charring was evident and energy per pulse at this setting was 300 J.  

For experiments were ablation was carried out to drill a hole in tissue where pulse duration 

was varied no definite trend can be detected. The pulse energy did not increase with the pulse 

duration during this experiment as it was observed during dry runs. Dry run conducted on the day 

before experimenting with the first liver showed a linear relationship between pulse energy and 

pulse duration. However this was not the case on the day of the experiments. The mean of the 

pulse energy was higher at 7 ms compared to that at 10 ms instead of being lesser. A closer look 

of the raw data (presented in Appendix C) shows that the increasing energy trend was seen on the 

first day however during experiments with the second liver that trend was not apparent. With liver 

one, energy per pulse at 4 ms was recorded to be 326 J, at 7 ms it was 336 J and at 10 ms it was 

342 J. With liver two, energy per pulse was recorded 294 J, 330 J and 299 J at 4 ms, 7 ms and 10 

ms respectively. This inconsistency in the performance of the laser maybe due to the lasers’ 

cooling system. The lasers performance (beam energy) is affected by the temperature of the 

cooling water. If the water is very cold then the system does not warm up sufficiently to pump the 

energy the system is calibrated for. This reasoning is a possibility and since water temperature 

was not recorded there is no guarantee that very cold water (possible given that the experiment 

was carried out in the mid winter months in cold Minnesota!) was the reason for this 

inconsistency in the system performance.  

A relationship of Zone 1 depth with pulse duration and energy/pulse was not observed here 

however from literature this qualitative relationship can be determined. Zweig et al [119] showed 

that while keeping pulse duration and frequency constant, ablation to drill water based gelatin 
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samples showed an increase in ablation depth with increasing pulse energy. If the energy 

increased (as predicted for this system) or stayed about the same with increasing pulse durations 

conclusive quantitative results may have been obtained from this experiment. To obtain better 

results for drilling applications on porcine liver tissue with this laser system, more studies need to 

be conducted to obtain more conclusive quantitative results on influence of pulse duration on the 

extent of ablation.  

The second laser parameter studied for drilling applications was the pulse frequency. With 

this laser system, energy per pulse decreased with increasing pulse frequency. In part one of this 

3rd sub-experiment, at frequencies higher than 15 Hz no ablation was seen. Only coagulation of 

liver tissue was seen and the damage was more on the surface (TW) than in the underlying tissue 

depth (TD). The total depth damage was around 400 µm and this included Z3 damage. 

Coagulation thickness increased with decreasing frequency and increasing energy, highest at 15 

Hz after an ablation depth of 146 µm. This trend was predicted from previous laser ablation work 

[121]. Venugopalan et al [121] measured the mass loss in pig skin with increasing pulse 

frequency when ablated with a CO2 laser. During this study, constant pulse duration of 160 µs 

was maintained and the energy per pulse was 18±2 mJ. The frequency was varied from 10 Hz to 

999 Hz and 20-30 pulses were delivered per sample with beam spot size of 460 µm. after 10 – 15 

repetitions per frequency setting. A significant increase was seen with increasing frequency till 

200 Hz. After 30 pulses at 600 Hz an ablation crater about 600 µm deep was seen with about 90 

µm of thermal damage to surrounding tissue.  

Results from part two of this 3rd sub-experiment, where samples were ablated at 1 ms pulse 

duration and frequencies much higher 10-200 Hz, were not too informative. The direct 

relationship of these parameters to tissue ablation could not be determined as the output energy 

was not high. It was around 40 J per pulse. No ablation and coagulation was seen at these settings 

except at 100 Hz. Very little damage was seen in the sample from liver two. The pathologist was 

not able to identify if the damage was coagulative in nature. After 50 pulses were shot per 

sample, the cumulative or total energy delivered was high but laser-tissue interaction was not 

destructive. Results from this experiment were not too informative on the direct relationship of 

these parameters to tissue ablation. 
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To get more information from this data it is important to re-visit the ablation threshold 

detailed in the previous section for comparison here. Coagulation was seen at 2 ms pulse duration 

at 15 Hz after 20 pulses were shot on liver tissue with energy of 108 J per pulse. Here with 

increased frequency of 60 Hz and energy of 71 J, a coagulation of 41 µm was achieved with pulse 

duration of 4 ms. Duty cycle in these two cases is 24 % at 60 Hz verses 3 % at 20 Hz. This 

experiment does help to conclude that at higher frequencies laser ablation and coagulation begin 

to occur at lower pulse energies. This conclusion is weakly supported by the slight damage seen 

in liver 2 at 1 ms and 100 Hz after 50 pulses. 

For experiments where ablation was used to cut liver tissue with the 1064 nm laser, sub-

experiment 3, where pulse duration was varied, the laser system performance was what was 

expected: The output pulse energy increased with increasing pulse duration. This was not the case 

with drilling applications where 20 pulses were shot into tissue. While shooting 20 pulses the 

energy per pulse was 310, 320.5 and 333 J at 4, 7 and 10 ms pulse durations respectively. During 

this experiment the output pulse energy increased with increasing pulse duration. The average 

energy per pulse values were 285, 308 and 312 J at pulse durations 4 ms, 7 ms and 10 ms 

respectively. It could be possible that the laser performance was as expected in this experiment 

because the system cooling water temperature was higher (warmer) that when drilling 

experiments were carried out. Drilling experiments were carried out before cutting experiments 

with both livers and the laser was turned on a few minutes before the first sample trial.  

At the above settings the maximum responses occurred at 10 ms pulse durations where 

energy per pulse was higher. There was a large difference in width wise damage of 768 µm when 

compared to the mere 144 µm deep tissue damage. What is interesting to note is that Zone 2 

damage due to coagulation does not increase tremendously with increasing pulse duration. 

Clearly the ablation efficiency (ratio of amount of tissue ablated and sum of ablated tissue and 

coagulated tissue) is higher at higher pulse durations and energies. 

Similar to drilling experiments the laser systems energy per pulse decreased with increasing 

pulse frequency. In the 4th sub-experiment two samples per liver were exposed to 4 ms pulse 

duration beams at two frequencies, 15 and 30 Hz. When cutting at 0.01 inch/s tissue velocity a 

trend was reported by Venugopalan et al [121]. With increasing pulse frequency the measured 
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mass loss in pig skin increased with increasing pulse frequency when ablated with a CO2 laser. In 

Venugopalan’s experiments energy per pulse was kept constant through the trials but energy 

reported here dropped at the higher frequency and still caused a larger damage in liver tissue. 

Measurement of ablation depth and width and coagulation thickness from this experiment are 

presented in Figure 43 and the raw data in Appendix C. Ablation depth, Zone 1 – D, was about 

800 µm at 15 Hz and increased to about 900 µm at 30 Hz. Under these conditions there was a 

larger increase in ablation width than ablation depth going from about a millimeter to about 1.5 

millimeters. Coagulation did not significantly increase as it changed from 203 µm to 262 µm, 

clearly indicating a higher ablation efficiency at 30 Hz. Under these conditions there was a larger 

increase in ablation width than ablation depth going from about a millimeter to about 1.5 

millimeters. Coagulation did not significantly increase as it changed from 203 µm to 262 µm, 

clearly indicating a higher ablation efficiency at 30 Hz.  

As discussed earlier with CW laser experiments, it is known from literature that for any 

laser there is an increase in all ablation related responses if exposure time is increased 

(qualitatively known) [82]. An increase in speed of fiber travel decreases the exposure time of 

laser reducing the ablation extent and this is seen in Figure 44. With this laser, about 750 µm 

deep cuts can be achieved by moving slowly at 0.01 inch/s verses about 50 µm at 0.03 inch/s at 4 

ms and 15 Hz. The average energy at each of these settings was 287 J, 281 J and 284 J at 0.01, 

0.02 and 0.03 inch/s respectively.  

The vaporization width generally increases with increasing exposure time which is 

achieved with decreasing velocity. After ablation occurs in cases where the laser beam exposure 

times are larger, the already ablated tissue region is exposed to a diverging beam which 

contributes to an increased ablation width. In these experiments a significantly higher increase in 

ablation width is seen at 0.02 inch/s tissue velocity. One can hypothesize a few reasons for this 

observation. The first could be that there was a local change in the tissue causing this increase in 

ablation width or that there was an inconsistency in the experiment procedure at this setting. Even 

though a fairly constant beam diameter was maintained though these experiments it might have 

been possible that at this setting this was not the case. A look at ablation depth and coagulation 

thickness trend will support the possibility of the former reason. There seems to be a fairly linear 



 

 

 

123 

increase in the trends with decreasing velocity. If the spot size on tissue was significantly 

different then the change in irradiance would be one of two types. If the spot size was proximal 

the focal point then there would be an increase in ablation depth as the focal point was now below 

the tissue surface line. After the top layers were ablated, ablation would continue to occur as the 

irradiance would still be high. If the spot size on the tissue surface was distal the focal point then 

the ablation depth would be smaller because after ablation of the top few layers of tissue due to 

beam divergence the energy per unit area would be lower and incapable of causing sever tissue 

vaporization. This reasoning rules out experiment inconsistencies as the cause for the high 

vaporization width at 0.02 inch/s velocity leaving changes in tissue properties as the possible 

culprit.  

10.2.1 COMPARISON OF 1064 NM LASER ABLATION FOR DRILLING AND CUTTING 

APPLICATION IN LIVER TISSUE 
The difference between tissue ablation in drilling and cutting mode is in the process of heat 

transfer to the adjacent tissue surrounding the target tissue and in the in-homogeneous tissue 

properties. In both cases heat transfer occurs radially outwards from the center of the beam spot. 

In drilling the heat transfer does not enhance ablation however, in cutting mode it does. If one 

assumes ablation of tissue in both modes at fixed laser parameters then the radial heat flux to 

adjacent tissue in drilling mode would be the same in all directions. In cutting mode in the 

beginning of the cut there is uniform heat transfer occurring radially from the center of the beam 

as it is with drilling. Now as the beam moves to a new location it ablates tissue that is already 

heated thus increasing the rate of ablation and the amount of tissue ablated. Ablation of the new 

location is now accompanied by non-uniform heat transfer. Instead of radially uniform heat 

transfer to adjacent tissue there is heat transfer in all directions except the back where tissue has 

been ablated. The missing tissue behind the new location causes an increase in the heat flux in all 

other directions. These two differences in the heat transfer process between the two cutting modes 

show how the damage seen with the two modes could be different. During cutting the heat 

transfer enhances the ablation phenomenon. The other difference between the two modes is 

related to the target tissue properties. During cutting mode small tissue in-homogeneities have 
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less affect on the end result however in the drilling mode with small beam spot sizes, small 

anomalies can affect the ablation process tremendously. 

In this research effort, drilling experiments were carried out with the 1064 nm laser and 

liver tissue. The number of pulses tissue samples were exposed to was kept constant. Cutting 

mode experiments were designed to serve as contrast for experiments with human breast tissue 

and 808 nm experiments. The exposure times for cutting mode experiments were more than three 

times longer than those for drilling mode. Comparison of these data would have been more 

appropriate and accurate if there was data available for drilling at a longer laser exposure. A 

comparison is attempted with the available data by accounting for the difference in exposure 

times with the two modes of ablation. It is also assumed that there are no tissue in-homogeneities 

in the tissue samples for ease of the task at hand.  

For comparison, liver tissue cutting with 1064 nm laser system at 0.01 inch/s at 15 Hz and 

30 Hz is chosen against drilling with 20 pulses at 15 Hz and 30 Hz both at 4 ms pulse duration. 

While cutting average energy/pulse at 15 Hz was 287 J. This value decreased to 152 J at 30 Hz. 

In drilling experiments average energy/pulse was 310 J and 162 J at 15 Hz and 30 Hz respectively 

While moving, number of pulses shot at a given spot is higher at 0.01 inch/s tissue velocity 

when compared to the drilling experiments. To determine the difference in the number of pulses 

shot, a tissue cutting path length the size of the laser beam is selected. Assuming beam of spot 

size to be 0.5 mm in diameter, one can roughly estimate a travel time of 2 sec at a travel speed of 

0.01 inch/s (roughly 2.5 mm/s). At a frequency of 15 Hz (while cutting) 30 pulses are shot at one 

location and at 30 Hz 60 pulses are shot. Number of pulses shot at both frequencies was 20 during 

drilling experiments.  

 In drilling mode, tissue coagulation with no ablation was seen at frequencies higher than 

30 Hz but in the cutting mode ablation was seen. At 15 Hz in the drilling mode, ablation zone 

depth was about 140 µm with a coagulation thickness of about 90 µm. In cutting mode at 15 Hz 

and 0.01 inch/s, the ablation depth was 760 µm. This damage is five times larger than that 

achieved in the drilling mode. The coagulated tissue thickness in cutting mode was about 200 µm. 

This is about twice as much as that achieved while drilling at the same settings. This comparison 

shows that there is no direct relationship between the two applications. With approximately three 
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times more pulses per spot the ablation depth is five times more and coagulation twice as much in 

the cutting mode than the drilling mode. These results definitely show that heat transfer plays an 

important role in accelerating tissue ablation rate and depth. So, for laser surgery applications, it 

is important to simulate tissue cutting to characterize the ablation process rather than conducting 

drilling experiments alone. 
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10.3 COMPARISON OF LIVER TISSUE CUTTING WITH 808 NM 

LASER AND 1064 NM LASER  

Comparing CW laser effects to pulsed laser effects with two lasers of different wavelengths 

is a complicated task and almost always not accurate for two reasons. The first reason is that a 

comparison of this kind cannot account for the difference in the mechanism of tissue damage due 

to the two laser outputs (CW and pulsed). The pulse laser ablation mechanism is different from 

CW laser ablation mechanism. This is because with pulse lasers there is an added complexity of 

either thermal relaxation between long pulses or thermal and mechanical stress confinement with 

very short pulses [100]. The second reason is that the influence of laser wavelength on the 

ablation phenomenon cannot be determined. To check any difference in ablation at different 

wavelength one must look at two pulsed lasers at different wavelengths or two CW lasers at 

different wavelengths. Comparison between CW lasers and pulsed lasers at different wavelengths 

is not an accurate method and should not be used to draw any definite conclusions to determine 

which mode of delivery is better or which laser wavelength is better. The objective of a 

comparison of this kind in this research is to compare the surgical applicability of these two laser 

systems. This applicability is determined by comparing the depth and width of ablation and 

efficiency irrespective of the mechanism of laser-tissue interaction and damage. 

In this research to comparing results from Experiment I (liver-808) and Experiment II 

(liver-1064) there are a few initial steps. First one needs to standardize either the CW laser 

parameter which is beam power to pulsed laser parameter which is energy/pulse or vice versa. 

Following this, CW laser parameter needs to be calculated for the duration of the comparing pulse 

duration from the pulse laser system or vice versa. At this point one can quantify the differences 

in energy delivered by the two laser systems. After this, comparing tissue ablation response from 

the two lasers at the settings chosen for comparison one can only look at the depth and width of 

ablation and the efficiency with which the two lasers ablate tissue.  

To calculate the difference in input energy or power between the two lasers as mentioned 

above first one setting from both experiments is chosen. From pulse laser (cutting mode) 

experiments, the setting where tissue was moved at 0.03 inch/sec and exposed to 10 ms pulse 
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duration at 15 Hz frequency is used. Energy per pulse at this setting was about 312 J. Peak power 

delivered per pulse works out to about 31,200 W. For the CW laser experiments, the setting 

where the laser fiber was moved at 0.03 inch/s and laser power was 25 W is used for comparing. 

The energy delivered per second by the CW laser is calculated to be 25 J. Using these numbers as 

a base, the power delivered in 10 ms with the CW laser is about 0.25 W. This CW laser system 

power is six orders of magnitude lower than that delivered by the pulsed laser system at 15 Hz 

and 312 J per pulse.  

These powers were not delivered at the same beam diameter with both lasers. The beam 

diameter at the tissue with the 808 nm laser was equal to the fiber diameter, which is 600 µm. The 

1064 nm laser within the acceptable focal zone the spot size was anywhere between 480 µm to 

500 µm. With this information the incident irradiance with both the lasers on the tissue surface 

can be compared. The beam intensities on tissue is 0.88 W/mm2 for 10 ms with 808 nm laser 

system and for 1064 nm laser system 158930 – 172450 W/mm2. Beam intensity is six orders of 

magnitude higher with the Nd:YAG laser than with the diode laser.  

Besides the aforementioned differences, at the output end one other difference is the energy 

delivery mode. In the 1064 nm laser experiment, the laser beam was delivered in air and with 808 

nm laser the beam was delivered using a bare tip fiber. With contact maintained during ablation, 

the fiber is heated up by contact with the tissue. This can contribute to the overall effect. Due to 

lack of data on 808 nm free-beam ablation OR fiber guided 1064 nm experiment data (do not 

have apples to apples) this comparison cannot be made. However, despite this difference, this 

comparison is continued by assuming that fiber heating is not an influencing factor during 808 

nm experiments.    

Next thing to bear in mind while analyzing data from the two lasers is the duty cycle. With 

CW laser, power is continuously emitted so duty cycle is 100%. With the pulse laser at 15 Hz 

frequency the time period is 0.066 s and with pulse duration of 10 ms the duty cycle is 15%. The 

difference in duty cycle is an indicator of the time duration between pulses that will allow thermal 

relaxation: a known phenomenon where after delivery of a pulse there is sufficient time for 

energy dissipation in tissue causing less pronounced damage. A look at ablation responses for 

these two lasers from this research will highlight this fact further.  
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At the above CW laser settings, crater depth was about 2 mm and coagulation depth about 

1.3 mm. With pulsed laser at the above settings the crater depth was about 0.015 mm and 

coagulation was about 0.01 mm. With both lasers the width wise ablation damage was higher 

than deep tissue damage. Ablation width was about 2.4 mm with CW and 0.077 mm with pulse 

laser. These results show that the extent of damage with these two lasers is different by three 

orders of magnitude. Compared to the 808 nm laser experiments the responses seen with 1064 nm 

laser are much smaller and difficult to see with the naked eye.  

Ablation efficiency (defined here as the percentage ratio of ablation verses total tissue 

damage) is the next thing that can be used to compare these two systems performances. Total 

tissue damage is considered as a sum of ablated tissue extent and coagulated tissue thickness. 

This said, there are two efficiencies for comparison, depth efficiency and width efficiency and a 

comparison of these two could be used to determine applicability of a laser for a particular 

surgery. Ablation depth efficiency for CW laser at the above setting is 59% and for pulse laser it 

is 58%. Ablation width efficiency for CW laser is 63% verses 88% for pulsed lasers. These 

numbers show that ablation depth efficiencies are similar between the two lasers hence width 

wise efficiency is an influencing factor for surgery application. Since the width wise damage is 

less with the CW laser, it is a better laser choice than the pulsed 1064 nm laser. 

To compare these two laser systems for any surgical applicability the best strategy, with the 

available data and assuming that the ablation depth and width will be similar with other tissue, 

would be to compare ablation efficiencies and ablation depth and disregard all other aspects. For 

a surgery where ablation is used for deep tissue cutting, lasers where ablation depth efficiency 

and ablation depth is higher is more applicable. In such a case, 808 nm CW laser would be a good 

choice. In an application where ablation is used to remove thin layers of tissue over a large area 

(e.g. removal of burnt skin) a laser with large width wise ablation efficiency along with low 

ablation depth is more applicable. In such a case, 1064 nm laser pulsed laser would be a good 

candidate. In a surgery where ablation is needed for cutting tissue with minute details where a lot 

more control is desired over the depth and width of tissue damage (e.g. neuro-surgery) a laser 

where the damage is very small would be most suitable irrespective of the efficiency. Here again 

the 1064 nm laser would be a good choice.  
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For surgeries where blood loss needs to be effectively controlled besides the damage depth 

and ablation efficiency, the thickness of tissue coagulation would also play an important role in 

determining a good laser choice. Sufficient coagulated tissue thickness would also result in 

efficient closure of capillaries. To determine how much tissue coagulation would be required to 

achieve capillary closure more research needs to be conducted. This kind of research effort will 

also help determine what rate of vessel closure is necessary for a given surgery.  

For removing tumors from the breast, if one disregards the results from the breast tissue 

ablation experiments and if one also assumes that these results from liver tissue are reproducible 

in breast tissue then some conclusions can be drawn. Assuming that a breast tumor is on the order 

of 5-10 mm in diameter and assuming that 1 mm thick tissue coagulation is required to close 

blood capillaries then from these liver tissue experiments the 808 nm laser is a better choice for 

minimally invasively removing breast tumors under real-time MRI guidance. Multiple cuts would 

have to be made for completely separating the tumor from the surrounding healthy tissue with 

both lasers; this number would be extremely low with the 808 nm laser system, making the 

surgery a lot shorter. This system also offers more variety for controlling the ablation depth in 

tissue; a maximum of 2 mm deep cut is achieved at 25 W and 0.03 inch/s and a minimum value 

less than 0.5 mm can be achieved by dropping output power lower than 15 W at a fiber velocity 

lower than 0.07 inch/s. Lastly, assuming that 1 mm thick tissue coagulation is required for closing 

blood capillaries, this laser is a better choice for this surgery when compared to the 1064 nm laser 

system used in this study. 
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10.4 EXPERIMENT III (BREAST-808)  

This experiment with breast tissue and experiment IV (next section) was carried out with 

one ex vivo breast tissue block about 600 gm in weight. From this only four and seven 

experimental samples were obtained respectively. These two experiments are considered pilot 

studies. However, this is the first reported data of its kind. The findings and conclusions from 

these experiments are key preliminary data (baseline data) and conclusions and these are very 

important for follow-up experiments. 

4 samples from the procured block of tissue were exposed to a single treatment of 21.13 

W of CW 808 nm laser beam via a 600 µm fiber travelling at a speed of 0.03 inch/s in contact 

with the tissue surface. In the first sample, the tissue surface was very bumpy even after the 

stabilization plate was used. Pathology analysis of this sample shown in Figure 51 shows that 

there are three clear adipocytes that are separated by fibrous connective tissue. Ablation crater at 

this location was irregular and coagulation extended more to the left than to the right. It could 

have been possible that as the fiber was moving, adipocyte 1 may have moved left allowing left 

side fibrous connective tissue to be exposed to the laser beam more than the right bottom 

connective tissue branch. Since there is no definite indication of ablation on the surface away 

from the area of measurements, total ablation width measurement is not horizontal and parallel to 

the tissue surface but is skewed to cover the entire damage range.  

Sample 2 also had a split in adipocytes. Damage to the fibrous tissue is not as extensive 

as it was with sample 1. This sample however has a second ablation crater at the bottom of the 

first. It could be that after ablation of top layers, there were some stresses in the tissue near the 

connective tissue that may have resulted in a focal fissure. Sample 3 too had a split in adipocytes 

and it seems that the ablation was enhanced by movement of the adipocytes 1 shown in the figure. 

Damage to the fibrous tissue is not as extensive as it was with sample 1. Pathology slide for 

sample 4, Figure 57, shows that there was no fibrous tissue in this sample. This is why a clean but 

slightly irregular crater was formed. There is marked fatty tissue ablation in this sample. No Zone 

2 damage was seen in this sample.  
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In this experiment, maximum ablation depth of about 2 mm occurs in sample 4 which had 

only fatty tissue. In samples where fibrous connective tissue was present, ablation depth was 

within 1 mm. However, ablation width was usually half the ablation depth. Coagulation was zero 

in fatty tissue samples and in samples that had fibrous connective tissue it was about half a 

millimeter.  

The average ablation response of these four breast tissue samples to 21.13 W, 808 nm 

laser beam travelling at 0.03 inch/s in contact with the tissue was 2.18 mm in width and about 

0.88 mm in depth. Average coagulation was 0.2 mm. A calculation of the ablation efficiencies 

shows that with the 808 nm laser the width ablation efficiency for breast tissue at the above 

setting is 91 % and ablation depth efficiency is 80%. This shows that for surgical application this 

laser offers the efficiencies require and also the small thermal damage to the surrounding tissues.  
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10.5 EXPERIMENT IV (BREAST-1064) 

The settings chosen for this experiment was 0.01 inch/s tissue velocity along with beam 

pulse duration of 4 ms at 15 Hz frequency. Five samples were ablated at the above setting and 

remaining two samples only pulse duration setting was changed keeping all other settings same. 

The two pulse duration values used were 7 ms and 10 ms.  

In  three of the five samples (2b, 3a and 4) that were exposed to 4 ms pulse duration 

where a dis-continuous ablation was seen on tissue surface, the points where ablation was not 

present along the beam path the tissue surface was either too high or too low causing tissue 

interaction with a defocused laser beam. This caused only thermal damage in the tissue and no 

ablation. In sample 3a, laser exposure resulted in heat shrink effect at one point with no ablation. 

The pathology analysis showed extensive amount of fibrous connective tissue and the presence of 

very small amount of adipose tissue along with some glandular tissue. The analysis concluded 

that the fibrous connective tissue was severely coagulated and the other two tissue types, adipose 

tissue and glandular tissue, showed necrosis. One reasoning for the reaction seen in this sample 

alone is the shrinking of collagen. If tissue is rich in fibrous connective tissue then it is also rich 

in collagen and when collagen is heated above 65 °C it shrinks [150]. This samples pathology 

slide shows high fibrous connective tissue content so this heat shrink effect must be a direct result 

of tissue collagen shrinking. This region of the tissue must have been exposed to defocused laser 

beam causing heating alone. If a focused beam interacted with this region it could have had 

enough energy to instantaneously vaporized collagen leaving no time for shrinking at the 

intermediate heating phase. Even though the shrinking effect was seen at one particular location 

in one sample only, its occurrence demands attention. During surgery this shrinking phenomenon 

should be avoided as this could result in serious and undesirable disfiguration of the breast.  

In samples 2a and 4 where discontinuous ablation was seen this shrinking effect was not 

noticed. Pathology analysis of these samples showed that the amount of fibrous connective tissue 

in these was lesser than that analyzed in sample 3a where the shrinking effect was noticed.  

Slide 1a and 1b show now thermal damage zones. This is primarily due to absence of 

fibrous or glandular tissue. In slide 2a where a very wide and shallow cut is seen ablation width 
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increase could have resulted due to melting of fatty tissue on one side. The pathology slide from 

this sample shows presence of fibrous connective tissue on only one side of the cut and fatty 

tissue on the other. 

In slide 3b where an adipose tissue flap was present over the ablation crater what made 

analysis difficult, consultation with the pathologist revealed some new information. Handling 

breast tissue was extremely difficult as it had no form. In some samples after fixation tiny loose 

specks of fatty tissue separated. It may have been possible that for this sample a small flap of 

adipose tissue from the top of the flap, as seen in the figure, may have separated. This is causing 

this uncertainty in locating the imaginary reference plane along the tissue surface. In sample 5 the 

irregularity in ablation crater shape is again due to the presence of fibrous connective tissue on 

one side of the cut. 

In this experiment the maximum ablation depth of about 3 mm occurs in sample 1b 

which had only fatty tissue. No coagulation was seen in fatty tissue samples. Samples that had 

higher amounts of fibrous connective tissue, ablation depth was less than 1 mm. The thickness of 

coagulated tissue varied from 0.2 mm to 0.8 mm.  

The average ablation response to 1064 nm laser at 4 ms pulse duration, 15 Hz frequency 

and average pulse energy 175.25±2.5 J from these five slides of breast tissue samples was 3.7 mm 

in width and 1.15 mm in depth. Average thermal damage or coagulation thickness was 0.28 mm. 

The ablation width efficiency with this laser, at the above settings, for ablating breast tissue is 93 

% and the ablation depth efficiency is 80%.  
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10.6 COMPARISON OF BREAST TISSUE AND LIVER TISSUE 

ABLATION 

Liver tissue was chosen as a substitute for breast tissue during the initial stages of this 

research. Breast tissue optical properties are known at wavelengths 540 nm, 700 nm and 900 nm. 

These properties were matched with animal tissue properties around these wavelengths and the 

closest one, porcine liver tissue, was chosen assuming that the difference would not be significant 

in ablation depth and width with lasers at 808 nm and 1064 nm wavelength. This comparison will 

serve to determine if the easily and regularly available porcine liver tissue is a good substitute for 

breast tissue. It will also help determine if porcine liver can be used in future for other 

investigations that are related to this surgery such as testing of mechanical components like a 

prototype laser probe or serve as a phantom in the MRI for providing proof of concept for tumor 

separation and removal.  

10.6.1 COMPARISON OF ABLATION AT 808 NM  
Four breast tissue samples were ablated with the 808 nm laser at a beam power of 21.13 

W delivered by a bare tip fiber optic cable that was in contact with the surface of the tissue 

travelling at 0.03 inch/s. Experiments with liver tissue and the 808 nm laser had 8 samples of 

liver tissue exposed to a beam at 21.13 W and fiber velocity of 0.03 inch/s. Average responses 

from these two experiments is compared here.  

The average response to 808 nm laser beam in breast tissue was an ablation 2.18 mm 

wide and 0.88 mm deep. In liver tissue, average ablation was 2.45 mm wide and 1.83 mm deep. 

Coagulated tissue thickness in breast tissue was 0.2 mm only and in liver tissue the average of the 

coagulation width and depth (CW and CD) was calculated as 1.28 mm. From this preliminary 

pilot study with human breast tissue, the ablation width is about 100 microns higher than that 

with liver tissue; ablation depth is twice as deep in liver tissue compared to breast tissue and 

finally coagulation was an order of magnitude higher in liver tissue than in breast tissue.

Ablation widths in both tissue types are comparable. However, one must keep in mind 

that with breast tissue crater width during ablation is enhanced by melting of fatty tissue and that 

this does not occur in liver tissue. Comparison of ablation depth and coagulation are important in 
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drawing more conclusions. Laser tissue interaction literature suggests that ablation is deeper and 

coagulation is lower at a certain laser wavelength when tissue absorption at that wavelength is 

higher. Frenz et al [124] conducted an experiment with two lasers at different wavelengths and 

saw deeper ablation and very little coagulation in meniscus and cornea tissue with the laser where 

absorption coefficient was higher. Considering this, results from breast tissue and liver tissue 

ablation experiments suggests that porcine liver tissue absorption property is higher than in 

breast tissue at 808 nm wavelength. Based on this observation it seems likely that for laser related 

work, liver tissue may not be the best substitute for breast tissue.  

The above conclusions are for response averaged over the number of samples used in 

both tissue experiments. An attempt at comparing ablation results of individual breast tissue 

components with the liver tissue experiments revealed that in breast tissue sample 4 which had 

only fatty tissue, ablation extent was almost the same as that seen with liver tissue. The ablation 

width in this sample was 2.95 mm, ablation depth was 1.67 mm and there was no coagulation at 

all. The ablation width in breast fatty tissue was half a millimeter more that the average seen in 

liver tissue and ablation depth was 0.16 mm more than the average seen in liver tissue. This 

observation with fatty tissue modifies the previous discussion about (mixed) breast tissue 

samples. This second look indicates that absorption property of breast fatty tissue alone is similar 

to porcine liver tissue at 808 nm and that breast tissue composite (mix of fatty, connective and 

glandular tissue) is lower. From these results, liver tissue seems like a good substitute for breast 

fatty tissue at this wavelength for further laser studies.  

This comparison is not complete without matching ablation efficiencies. With the above 

average results ablation efficiencies are higher in breast tissue compared to liver tissue even 

thought average extent of ablation is higher in the later. Ablation width efficiency was 91% in 

breast tissue and 71% in liver tissue. Ablation depth efficiency in breast tissue was two times 

higher at 80% compared to the 42% in liver tissue. These results show that to cut a fixed thickness 

of tissue with the 808 nm laser, it would take twice as long to cut breast tissue than liver tissue 

but the thickness of coagulated tissue would be 10 times larger in liver tissue.  
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10.6.2 COMPARISON OF ABLATION AT 1064 NM 
Seven breast tissue samples were ablated with the 1064 nm laser, 5 of which were ablated 

at 4 ms pulse duration at 15 Hz frequency. Tissue velocity was maintained at 0.01 inch/s. From 

these 5 samples, 8 points along the cuts were analyzed pathologically and only 5 of them had any 

significant ablation. In experiments with liver tissue and 1064 nm laser 2 samples of liver tissue 

were exposed to the same laser parameters. Average responses from these two liver tissue 

samples are compared with the average response from the 5 breast tissue slides where ablation 

was seen.   

The average response to the 1064 nm laser beam in breast tissue was an ablation 3.71 mm 

wide and 1.15 mm deep. In liver tissue, average ablation was 1.07 mm wide and 0.76 mm deep. 

Coagulation or Zone 2 in breast tissue pathology analysis was 0.28 mm only and in liver tissue 

the average of the coagulation was 0.2 mm. Ablation width was more than 2.5 mm more in breast 

tissue than in liver tissue. Ablation depth was 250 µm higher and coagulation was about 80 µm 

more in breast tissue than in liver tissue. Ablation width in breast tissue is high but given the 

unevenness of tissue surface it is not surprising. Defocusing of the laser beam may have been a 

big contributor here causing a wider ablation width. Ablation depth and coagulation extent 

comparison however indicate that that absorption property is lower in liver tissue than in breast 

tissue at 1064 nm wavelength. From this it seems like for laser related work at this wavelength, 

liver tissue may under estimate breast tissue responses.  

The above conclusions are for response averages over the number of samples used in 

both tissue experiments (smaller number for breast tissue). An attempt at comparing individual 

breast tissue samples results with the liver tissue experiments (similar to the one done for 808 nm 

experiments) revealed that in breast tissue sample 1 (where two locations were analyzed which 

had only fatty tissue) ablation extent was a lot more than the average already compared here. 

Average ablation width in this sample was 5.31 mm, ablation depth was 2.23 mm and there was 

no coagulation at all. This comparison helps to conclude that absorption property of only breast 

fatty tissue is significantly higher than porcine liver tissue absorption at 1064 nm. From these 

results unlike 808 nm comparison, liver tissue does not seems like a good substitute for breast 

fatty tissue at this wavelength for any future laser studies.  
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Finally, comparison of ablation efficiencies with these two tissues at 1064 nm shows that 

the difference is not very large, as such 1064 nm laser ablates breast tissue and liver tissue leaving 

about the same amount of damaged tissue to the surrounding ablation crater. In breast tissue 

ablation width efficiency was 92.1% and ablation depth efficiency was 80%. In liver tissue 

ablation width efficiency was 84% and ablation depth efficiency was 79%.  

10.6.3 CONCLUSION 
Optical properties at these two laser wavelengths seem to be very different for these two 

tissue types. The original reasoning used in choosing liver tissue during initial phases of this 

research proved incorrect. Except for breast fatty tissue ablation at 808 nm laser matching with 

liver tissue ablation, no other similarities were seen in this pilot study. Tissue form and sample 

surface flatness were different in both tissue types. Liver tissue turned out to be very 

homogeneous with a sustaining form after dissection into samples. Breast tissue on the other hand 

was un-imaginably a non-homogeneous composite of fibrous connective tissue with invisibly 

integrated glandular tissue along with a lot of fatty tissue. Breast tissue almost always did not 

have a form and it was impossible to get a flat surface with it. Attention to this detail was over-

looked due to the lack of experience with breast tissue in this pilot study. From these results and 

from tissue handling experience liver tissue is not the best alternative for breast tissue. 
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10.7 COMPARISON OF BREAST TISSUE ABLATION WITH 808 NM 

AND 1064 NM LASER SYSTEMS  

In comparing results from Experiment III (Breast-808) and Experiment IV (Breast-1064) 

standardization of CW laser parameter, beam power, to pulsed laser parameter, energy/pulse or 

vice versa needs to be done. Following this would be, calculating the energy or power exposed at 

one spot by the CW laser for the time span of the pulse duration of pulsed laser system. These 

two steps will be carried out here even though they are similar to those done while comparing 

liver tissue ablation with these two laser system.  

As discussed earlier during comparison of liver tissue ablation with the two lasers that 

comparing pulsed laser data with CW laser data is not accurate because of the difference in the 

ablation phenomenon and that even though the comparison is conducted it is purely to establish a 

method unique to this study for the purpose of determining surgical applicability of the two laser 

systems for the two tissue types. The same limitations are applicable during this comparison of 

the two lasers ablation capability with breast tissue. The comparison of ablation of breast tissue 

with these two lasers will not be used to draw any conclusions on which laser wavelength is 

better for ablating breast tissue or which mode of delivery, CW or pulsed is better for ablating 

breast tissue. This comparison will be used to only determine the surgical applicability of these 

two lasers. This will be determined based on comparison of ablation extent and efficiency 

irrespective of the mechanism of laser-tissue interaction and damage.  

During experiments with the 808 nm laser, breast tissue ablation was carried out at 21.13 W 

beam power and 0.03 inch/s fiber velocity. During experiments with the 1064 nm laser, breast 

tissue ablation was carried out at 4 ms pulse duration and the frequency was 15 Hz. The average 

energy per pulse at these setting for the samples was 175.25 J. In these experiments the tissue 

sample was moved at 0.01 inch/s velocity. For the pulsed laser assuming a travel length equal to 

the beam spot size of 0.5 mm, at 0.01 inch/s (0.245 mm/s) tissue velocity and 15 Hz frequency 

the pulsed laser delivers approximately 30 pulses per spot. This makes the total energy delivered 

at one spot approximately 5257.5 J. The time taken by CW laser to travel 0.5 mm at 0.03 inch/s 

(0.735 mm/s) fiber velocity is about 0.68 sec. The total power delivered by the CW laser on a 
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spot size of 0.5 mm is 14.36 W. This translates to about 10 J energy. This shows that the incident 

energy is 500 times higher with pulsed lasers than in the CW laser. Another parameter that must 

be noted is the beam spot size. With pulse laser experiments the beam spot size was maintained 

0.48±0.2 mm thought out the experiments and with the CW lasers the beam spot size was a fixed 

0.60 mm, the diameter of the fiber core. This parameter would influence the width of ablation in 

tissue. The last consideration for this comparison is the duty cycle. At the above settings the 

pulsed laser duty cycle is 6% leaving room for significant thermal relaxation between pulses. For 

the CW laser the duty cycle would be 100%.  

At the above CW laser settings, the average response over 4 samples is used for 

comparison. The average ablation crater was about 2.18 mm wide, 0.88 mm deep and coagulation 

was 0.22 mm. With pulsed laser at the above setting average response of the five slides where 

ablation was seen is used for comparison. The average ablation crater was 3.71 mm wide, 1.15 

mm deep and coagulation was 0.28 mm. These results show that with the CW laser at fiber 

velocity of 0.03 inch/s and 500 times lower energy than the pulsed laser the extent of ablation in 

breast tissue is similar to that of the pulse laser. Here the width wise damage is about 1.5 mm 

higher with pulsed laser and depth is about 0.2 mm more than with the CW laser. The coagulation 

damage with both lasers is comparable. If the 808 nm laser fiber was moved at a slower speed 

(0.01 inch/s) the ablation depth and width would have been larger than that seen with the pulsed 

laser at 0.01 inch/s tissue velocity.  

Similar to previous comparisons ablation efficiency is compared here. For this calculation 

the total tissue damage is considered as a sum of ablated tissue extent and coagulated tissue 

thickness and both depth efficiency and width efficiency are determined and compared here. 

Ablation depth efficiency for CW laser at the above setting is 79.8% and for pulse laser it is 

80.2%. Ablation width efficiency for CW laser is 90.7% versus 92.9% for pulsed lasers. These 

numbers show that both, ablation depth efficiency and ablation width efficiency are similar with 

the two laser types. This means that for system selection for any breast tissue surgery where 

ablation needs to be carried out the deciding factor would be the extent of ablation and 

coagulation and not ablation efficiencies.  
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For removing tumors from the breast, assuming that a breast tumor is about 5-10 mm in 

diameter and assuming that 1 mm thick tissue coagulation is required to close blood capillaries 

then from these breast tissue experiments the 1064 nm laser is a better choice for minimally 

invasively removing breast tumors under MRI guidance. Multiple cuts would have to be made for 

completely separating the tumor from the surrounding healthy tissue with both lasers; this number 

would be higher with the 808 nm laser system. Lastly, assuming that 1 mm thick tissue 

coagulation is required for closing blood capillaries, both lasers would fail to coagulate tissue 

sufficiently for closing capillaries during surgery. However more experiments need to carried out 

to determine how much coagulation would be required during this surgery for closing blood 

vessels. If this assumed 1 mm thickness is overkill then by looking at the results of ablation extent 

the 1064 nm laser would still be a better choice. If this assumption does hold then modification to 

the output beam profile can be used to achieve significant adjacent tissue coagulation. The beam 

can be modified to have a larger spot size with more intensity in the peripherals but lower than 

that required to cause ablation. This way enough energy can be incident on the sides to cause 

coagulation only.  
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10.8 COMPARING LASER ABLATION WITH THEORY 

Ablation modeling is a tedious task. The reactions are non-equilibrium in nature and 

requires a thermodynamic, photo-chemical, photo-mechanical and plasma-physics evaluation, 

making accurate modeling a multi-disciplinary and multi-individual task and out of the scope of 

this work. However, in an attempt to compare these experimental findings with some simple 

theoretical model a basic calculation to determine energy required to ablate a given volume of 

water is calculated here based on the volume of tissue vaporized in these experiments. Some of 

the assumptions made to justify these calculations are  

• light energy is directly converted to heat required to vaporize water and that there is no 

reflection at the interface or scattering within the water volume  

• once vaporized, water vapor does not absorb or scatter any incident light energy  

• there is no heat transferred to the surroundings 

• the cross-section of the cut in tissue is semi-circular in shape with a diameter equal to the 

average of the ablation depth and half the ablation width  

• the volume of the ablated region in tissue is half cylinder for a cut ½ inch long 

• initial water temperature is 37 C, density of water is 1 g/cm3, specific heat of water is 

4.18 J/g C, latent heat of vaporization of water is 2260 J/g  

The heat for water ablation, ‘Q’ (J), can be calculated by  

vwv mLmcQQQ +−=+= − )37100(10037  

where ‘Q37-100’ (J) is the energy required to heat water from 37 C to 100 C, ‘Qv’ (J), is the heat for 

vaporization, ‘m’(g), is mass of water ablated, ‘cw’ (J/g C), is the specific heat of water and ‘Lv’ (J/g), 

is the latent heat of vaporization of water.  

Based on experiments with liver tissue with the 808 nm laser, ablation response at 24.8 W and 

velocity of 0.03 inch/s is chosen and with the 1064 nm laser, ablation response at 4 ms pulse duration, 

15 Hz frequency, 0.03 inch/s tissue velocity and pulse energy of 312 J/pulse is chosen. For the first 

case, 808 nm laser, at the above settings the cut depth was 1.99 mm and the vaporization width was 

2.40 mm. the radius of the assumed half cylindrical ablated volume is  
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The volume for a cut length of half inch, 1.27 cm, is  
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The mass of water ablated based on this tissue volume ablation is 0.05 g. Q37-100 and Qv are 13.42 

J and 115.21 J making Q 128.64 J. At fiber velocity of 0.03 inch/s the travel time for ½ inch is 16.67 s 

and the power for ablating the semi-cylindrical volume of water is 

W
time

EnergyP 72.7==  

The actual laser power incident on tissue for this case was 24.8 W indicating that only 31% of the 

incident energy is used to vaporize water. This calculation does not account for the amount of energy 

used to free water that is trapped or confined in a cell. Additional energy is required to further 

increase pressure within the cell (after water vaporization) until cell membrane bursts when the 

extracellular matrix strength is overcome.  

For the second case, 1064 nm laser, at the above settings the cut depth was 0.144 mm and the 

vaporization width was 0.768 mm. The radius of the assumed half cylindrical ablated volume is 0.026 

cm. The volume for a cut length of half inch, 1.27 cm, is 0.000014 cm3. The mass of water ablated 

based on this tissue volume ablation is 0.000014 g.  

Q37-100 and Qv are 0.0037 J and 0.0315 J making Q 0.0352 J. At fiber velocity of 0.03 inch/s the 

travel time for ½ inch is 16.67 seconds. The number of pulses delivered at a frequency of 15 Hz is 

250 and the total energy is 78015 J. This calculation shows that less than 1 percent of the incident 

energy is used for ablating free water at these setting.  

Since this thesis reports on the first pilot study involving breast tissue the above calculations are 

likely not accurate. A more complex model would bridge the large difference in energy for these 

experiments. Despite the limitations, this analysis and these calculations provide a first cut at an 

energy balance calculation 
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III CONCLUSION AND FUTURE WORK 
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CHAPTER 11 CONCLUSIONS 

The conclusion of this work is presented as a sequence of three questions and answers. 

The first one being which one of these two laser systems (808 nm diode laser and 1064 nm 

Nd:YAG laser) are most suitable as a modality to cut breast tissue? After conducting these four 

experiments and comparing all the results, both laser systems are suitable to carry out this 

minimally invasive surgery. A requirement for tissue cutting, a symmetric ablation crater with a 

narrow width and large depth and with minimum adjacent tissue damage is met with both laser 

systems in both tissue types with one exception. The ablation crater is not symmetric in breast 

tissue where the tissue comprises of high fibrous tissue. This exception can be overcome by 

changes in the beam delivery method. The use of smaller fibers or fibers with focusing tips can 

reduce the ablation width and can increase beam intensity to force a symmetric crater formation. 

The opportunity for further optimization with both systems is promising for surgeries given the 

number of laser parameters that can be varied and the large range for variation. The flexibility 

offered towards the extent of tissue cut is very favorable for the surgery where both systems can 

be used to remove tumors of different shapes and sizes by changing the laser parameters over 

their operating range.  

Based on the experimental results at one setting from each of the lasers with breast tissue, 

the 1064 nm laser is slightly better that the 808 nm laser. However, based on experiments with 

liver tissue, if one compares ablation extent with the two lasers then it is possible to reverse this 

argument if the 808 nm laser parameters were changed to increase laser exposure duration or 

increase the output power of the laser. Other factors to consider before choosing the laser besides 

ablation extent are the price of the two laser systems, ease of their operation, size, system cooling 

requirements, regular maintenance resources and compatibility with cheaper and a wider range of 

fibers. The 808 nm laser is selected for this surgery. The diode laser systems are 4 times cheaper 

than the Nd:YAG laser systems, easy to operate (control power and fiber velocity instead of pulse 

energy, pulse duration and frequency), extremely compact and portable. Diode system does not 

need any extensive external water cooling and maintenance is simple. 
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The next question one needs to ask if the laser system that meets the requirements for 

tissue cutting meets the requirements for use in a real-time MRI environment for surgery? The 

answer is no. The diode system as is does not meet the criteria for real-time MRI guided surgery. 

This system needs to be modified to meet surgery suite requirements and needs to be fitted with 

long bio-compatible fibers so that the incompatible laser housing system can be placed outside 

the MRI scanner room. This laser system also needs improvements for remote control. Even if the 

laser is placed outside the MRI scanner room or away from the high magnetic field compacting 

its individual electrical components and housing them in a shielded polymer box would be a 

necessary task in terms of MRI scanner safety protocols.  

The last question that draws theory, literature and this experimental work together is, can 

laser technology be implemented as a modality for breast conserving surgery? The answer to this 

is yes. With the above efforts to modify the system and optimize the laser delivery method this 

technology can be implemented for minimally invasive surgeries to conserve the breast. Given 

the advantages of MRI (accuracy and no ionizing radiation) and it’s potential in the future for use 

for guiding other surgeries is inevitable making laser technology a very important tissue cutting 

modality.  

To summarize, this research effort has been successful in providing the first baseline data 

for ablating ex vivo breast tissue with two laser systems. This research also provides a reference 

data base for ablating ex vivo liver tissue under similar conditions with more variations of laser 

parameters for the two systems. This research proves the feasibility of using lasers for minimally 

invasive real-time MRI guided breast tumor removal surgery. The research data also helps to 

conclude that for this surgery the 808 nm laser is a better choice than the 1064 nm system, even 

thought ablation depth achieved is slightly less. The 808 nm laser is a lot cheaper than the 1064 

nm laser and it has many more logistical advantages that the 1064 nm laser system.  
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CHAPTER 12 FUTURE WORK 

One of the key areas for future work is to understand fibrous connective tissue and 

glandular tissue behavior and its interaction with lasers or energy. Similar experiments need to be 

conducted with these two tissue types to characterize ablation mechanism and quantify ablation 

extent if the two are not known. This effort is important to determine laser parameters for getting 

symmetric ablation crater patterns and avoiding the shrinking effect seen with one breast tissue 

sample and diffused laser light.  

Efforts need to put towards designing a better tissue fixture for experiments with breast 

tissue. The existing setup for stabilizing or flattening the tissue surface was not satisfactory for 

breast tissue. A setup that can maintain a constant laser spot size on the tissue surface profile or 

can change the tissue surface without inducing any mechanical straining in the tissue would be 

necessary for more accurate experimental data.  

Efforts need to be put towards finding a better breast tissue analogue for future 

experiments, a tissue that has a good percentage of fatty tissue and connective tissue. A good 

place to start this investigation would be porcine fatty tissue from the mammary area or 

mammalian mammary tissue. Another area of investigation that would have a lot of importance 

would be to experimentally investigate the amount of tissue coagulation required for closing 

blood vessels or capillaries in breast tissue. The results from this study would determine a new set 

of surgery requirements both ex vivo and in vivo. This information would also be helpful in 

implementing lasers for other minimally invasive surgeries where bleeding needs to be 

controlled.  

Based on all experiments conducted during this research effort it is difficult to say if other 

lasers would be better suited for this surgery if the damage extent was low and ablation extent 

high in breast tissue. A tedious way to answer this question is by experimenting with other lasers 

that have shown marked improvements in other surgical applications. However, this trial and 

error could be eliminated if there was a modality to obtain absorption spectrum of breast tissue. 

Investigations towards obtaining absorption spectrum during the initial stages of this research 
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were limited by equipment availability or by the requirements of the thickness of the tissue 

sample for working with available equipment.  

Following this some in vivo experiments need to be carried out to account for heat 

dissipation due to blood flow and the addition of metabolic heat generation by the body. These 

two could change the laser-tissue interaction and the subsequent ablation depth and thermal 

damage to the surrounding. The in vivo experiments would also provide accurate information on 

blood vessel coagulation during this surgery.   

Finally, in the future, efforts need to be put towards varying laser fiber tips to decrease the 

beam area at tissue interaction surface. The quality of the cut and the efficiencies can be changed 

significantly with this external attachment to the laser system. Depending on the choice of the 

fiber and delivery tip design the last effort would be to design an MRI compatible fiber fixture for 

minimally invasive incision into the body.  

To conclude this research, laser technology shows that there is great potential for using 

lasers for cutting tissue for surgical procedures and it can be used to surgically remove this deadly 

cancer from the body with high accuracies at a very early stage.  
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APPENDIX A. PILOT STUDIES 

This experiment served as a pilot for much more controlled experiments with liver tissue. The 
goal of this experiment was to find the laser settings where tissue damage is initiated and to get a 
feel for the laser parameters. It was also designed to familiar the experimenter with the control 
system of the laser and the experiment setup. 

Tissue types:   Store chicken breast, pork and beef 
Laser:    1064nm  
Fiber:    no fiber, free beam, non-contact 
Initial tissue temp:  all at 15 °C 
Water bath temp:  40.2 °C  
Room Temp:   18 °C  
 
Notes: 

Chicken breast tissue, skinless, was cut into small pieces and placed in Ziploc bags. The bags 
were placed in the water bath. After the tissue was heated the tissue was placed under the laser 
head. Zapping paper was used to locate the focal spot of the laser and a zip tie was attached to the 
head as a reference for the focal depth.  

Once the tissue was placed under the laser head the operating parameters were fed to the laser 
control panel and the shutter was opened. Observations were made soon after. There was no 
velocity, stationary head. The tissue temperature was not noted every time, the time of exposure 
was not controlled, and all observations are approximate and qualitative. No measurements were 
made. 

Sl. 
No. Pulse 

duration Frequency Voltage Energy Observations - 
chicken Beef Pork 

1 0.1 5 250 0.1 nothing nothing nothing 
2 0.1 5 260 0.1 " " " 
3 0.1 5 270 0.1 " " " 
4 0.1 5 280 0.21 " " " 
5 0.1 5 290 0.51 " " " 
6 0.1 5 300 0.89 " " " 
7 0.1 5 310 0.88 " " " 
8 0.1 5 320 1.88 " " " 
9 0.1 5 330 2.45 " " " 
10 0.1 5 340 3.01 " " " 
11 0.2 5 250 1.11 " " " 
12 0.2 5 260 1.68 " " " 
13 0.2 5 270 2.44 " " " 
14 0.2 5 280 3.22 " " " 
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15 0.2 5 290 4.06 " " " 
16 0.2 5 300 4.98 " " " 
17 0.2 5 310 5.99 " " " 
18 0.2 5 320 6.96 " " " 
19 0.2 5 330 8.09 " " " 
20 0.3 5 330 12.03 " " " 
21 0.4 5 330 19.86 " " " 
22 0.5 5 330 26.13 " " " 
23 0.6 5 330 32.9 " " " 
24 0.7 5 330 39.84 " " " 
25 0.8 5 330 45.67 " " " 
26 0.9 5 330 52.5 " " " 
27 1 5 330 60.34 " " " 
28 1.2 5 330 75.68 " " " 
29 1.4 5 330 91.28 " " " 
30 1.6 5 330 108.63 " " " 
31 1.8 5 330 127.76 " " " 
32 2 5 330 145.46 " " " 
33 2.2 5 330 166.01 "   34 2.4 5 330 178.67 "   35 2.6 5 330 200.98 "   

36 2.8 5 330 209.56 

Saw sparks on 
tissue, like a glow. 
Exposed several 
parts of tissue to 

the beam. Saw the 
same thing on all. 
Did not see any 
change in the 
tissue surface 

after exposure. 
There was no 
coagulation, 

craters or 
charring. 

  

37 3 5 330 241.44 Same   38 4 5 330  Same   39 5.5 5 330 377.16 coagulation   
40 6 5 330 579.88 Larger 

coagulation   
41 6.5 5 330 633.64 coagulation   42 7 5 330 687.4 coagulation. Spot   
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was bigger due to 
longer exposure 

time 
43 7 5 330 669.48 coagulation   44 7.5 1 275  nothing    

Conclusions:  

Chicken - At first the sparks or glow, seen in trial 36-38, looked like there was a combustion 
effect taking place. However after the laser exposure the surface of the tissue seemed intact. 
Sample examination under the microscope, with the available magnification of 5x, no combustion 
or minute site of coagulation was seen.  

Trial 39 onwards where was no trouble seeing the laser tissue interaction effect. With the naked 
eye coagulation of the cells that were exposed to the laser beam was visible. The effects can not 
be compared in this experiment as these were not controlled well especially the number of pulses 
or the time duration of laser exposure.   

Chicken meat is very different. The observations were insightful. The properties of the tissue - 
transparency, lightness in color, moisture level, etc, caused low level combustion with out a lot of 
visible damage. More experiments can be conducted to determine the effect in chicken tissue 
along with histopathological assessment however for this research this was not important.  

Beef and Pork - Did trials till 32. Did not see anything happen to the tissue. Ran out of tissue by 
then. Had difficulty using the tissue effectively due to the grain effect.    
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APPENDIX B. RAW DATA – EXPERIMENT I (LIVER-808) 

Coagulation and Ablation Threshold Experiment Data 
 
Fiber velocity 0.05 inch/s 
 
Power  
(% setting) Qualitative Observations 

15 no change 
16 no change 
17 no change 
18 no change 
19 Coagulation. Looked more like a scrach on dry skin. 
20 More surface coagulation. No damage seen in cross-section 
21 More surface coagulation. No damage seen in cross-section 
22 thicker surface coagulation extending 1 mm under the surface 

23 
Ablation crater seen. Not continuous. Sever dehydration between craters. Soft 
pop sound during laser exposure. 

24 Ablation was continuous. 1 mm wide and deep. Char on crater wall. 
25 Deeper ablation 

 
Continuous Wave Laser Parameter Study: Quantifying CW Laser Parameter Effect 
Single pass experiments 
 

Liver  
Reps 
(n) 

Power 
(W) 

Velocity 
(inch/s) 

VW 
(mm) 

CW 
(mm) 

VD 
(mm) 

CD 
(mm) 

1 1 24.8 0.07 1.609 0.919 0.894 1.113 
1 1 21.13 0.07 1.756 0.894 0.853 0.823 
1 1 15.68 0.07 1.224 0.825 0.362 0.890 
1 1 24.8 0.05 2.147 0.846 1.139 1.047 
1 1 21.13 0.05 1.762 1.139 0.991 1.112 
1 1 15.68 0.05 2.208 0.855 0.847 0.818 
1 1 24.8 0.03 2.211 1.441 1.645 1.497 
1 1 21.13 0.03 2.112 1.224 1.541 1.177 
1 1 15.68 0.03 1.593 1.403 1.641 1.513 
2 1 24.8 0.07 1.886 0.747 0.804 0.991 
2 1 21.13 0.07 1.562 0.941 0.319 1.886 
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2 1 15.68 0.07 1.533 0.836 0.308 1.180 
2 1 24.8 0.05 1.785 1.223 1.288 1.546 
2 1 21.13 0.05 2.177 0.867 0.469 1.248 
2 1 15.68 0.05 1.778 0.955 0.567 1.267 
2 1 24.8 0.03 2.595 1.392 1.414 1.443 
2 1 21.13 0.03 2.692 1.137 1.707 1.722 
2 1 15.68 0.03 1.919 1.471 2.004 1.161 
2 2 24.8 0.07 1.809 0.921 1.147 1.410 
2 2 21.13 0.07 1.539 0.902 1.014 1.333 
2 2 15.68 0.07 1.438 0.715 0.508 1.437 
2 2 24.8 0.05 2.347 1.041 1.115 1.379 
2 2 21.13 0.05 1.761 0.754 1.286 0.996 
2 2 15.68 0.05 1.873 0.868 0.829 1.091 
2 2 24.8 0.03 2.455 1.321 2.409 1.431 
2 2 21.13 0.03 2.620 1.494 2.331 1.382 
2 2 15.68 0.03 2.293 1.260 2.115 1.322 
3 1 24.8 0.07 2.019 0.914 1.102 1.143 
3 1 21.13 0.07 2.150 0.646 0.551 0.775 
3 1 15.68 0.07 1.667 0.522 1.192 0.752 
3 1 24.8 0.05 2.356 0.911 1.089 1.062 
3 1 21.13 0.05 2.096 1.088 1.203 1.102 
3 1 15.68 0.05 1.866 0.963 0.542 1.565 
3 1 24.8 0.03 2.473 1.410 1.952 1.493 
3 1 21.13 0.03 2.710 1.334 2.163 1.585 
3 1 15.68 0.03 2.437 0.864 1.205 1.130 
3 2 24.8 0.07 2.267 1.042 1.118 1.018 
3 2 21.13 0.07 1.810 0.879 0.620 0.957 
3 2 15.68 0.07 1.699 0.582 0.408 0.275 
3 2 24.8 0.05 2.306 0.716 1.389 0.789 
3 2 21.13 0.05 2.124 0.824 0.923 0.957 
3 2 15.68 0.05 2.049 0.850 0.818 1.363 
3 2 24.8 0.03 2.904 1.273 1.552 1.246 
3 2 21.13 0.03 2.439 1.256 1.930 1.143 
3 2 15.68 0.03 2.217 1.041 1.094 1.415 
4 1 24.8 0.07 1.766 0.709 0.510 1.050 
4 1 21.13 0.07 1.864 0.821 1.015 0.987 
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4 1 15.68 0.07 1.298 0.712 0.382 0.495 
4 1 24.8 0.05 2.465 1.116 1.681 1.278 
4 1 21.13 0.05 2.220 0.867 1.015 1.230 
4 1 15.68 0.05 2.147 0.770 0.855 1.060 
4 1 24.8 0.03 2.006 1.732 1.961 1.438 
4 1 21.13 0.03 2.288 1.236 1.826 1.321 
4 1 15.68 0.03 1.750 0.956 1.224 1.197 
4 2 24.8 0.07 1.669 0.906 1.700 1.055 
4 2 21.13 0.07 2.070 0.694 0.667 1.194 
4 2 15.68 0.07 1.913 0.659 0.540 0.817 
4 2 24.8 0.05 1.982 1.244 2.500 0.868 
4 2 21.13 0.05 1.852 0.936 0.827 1.432 
4 2 15.68 0.05 2.179 0.709 1.060 1.110 
4 2 24.8 0.03 2.154 1.370 2.777 1.346 
4 2 21.13 0.03 2.411 1.103 1.529 1.243 
4 2 15.68 0.03 2.047 1.077 1.383 1.447 
5 1 24.8 0.07 1.806 0.656 0.572 0.953 
5 1 21.13 0.07 1.585 0.732 0.443 1.088 
5 1 15.68 0.07 1.425 0.615 0.302 0.946 
5 1 24.8 0.05 2.577 0.796 1.124 1.042 
5 1 21.13 0.05 2.102 0.707 1.095 1.007 
5 1 15.68 0.05 2.367 0.661 0.944 0.656 
5 1 24.8 0.03 2.470 1.149 2.234 1.290 
5 1 21.13 0.03 2.308 1.155 1.648 1.151 
5 1 15.68 0.03 2.166 0.819 1.105 1.022 
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Continuous Wave Laser Parameter Study: Changed tissue property effect 
Double pass experiments 
 
Power 15.56 W 

     Velocity 0.05 inch/s 
     

Liver Repetition 
Pass 
number 

VW 
(mm) 

CW 
(mm) 

VD  
(mm) 

CD 
(mm) 

1 1 1 1.664175 0.446486 0.48259 1.158216 
1 1 2 1.623134 0.729035 2.46121 1.195842 
1 2 1 1.42871 0.513226 0.532911 0.827415 
1 2 2 1.526847 0.756546 1.098506 0.723067 
2 1 1 1.500587 0.586593 0.97081 0.601629 
2 1 2 1.778689 0.620473 2.33273 0.818502 
2 2 1 1.454806 0.643472 1.271625 1.312645 
2 2 2 2.118328 0.674013 2.169661 0.949227 
2 3 1 1.539677 0.554839 0.998157 0.88877 
2 3 2 2.042324 0.8533 2.42019 1.093871 
3 1 1 2.690968 0.610323 0.659127 0.743271 
3 1 2 3.259677 0.582581 1.93531 0.392672 
3 2 1 1.416804 0.398906 1.320988 0.611826 
3 2 2 2.5585 0.632747 2.322158 0.848214 
4 1 1 1.622668 0.47561 0.380901 0.498102 
4 1 2 2.162914 0.720971 0.853219 0.656323 
4 2 1 1.416234 0.683699 1.06112 1.070946 
4 2 2 2.126255 0.503587 2.023661 1.039177 
4 3 1 2.044829 0.615912 1.168453 0.870125 
4 3 2 2.668543 0.35764 1.891099 1.112411 
4 4 1 1.505852 0.550215 0.941765 1.436919 
4 4 2 3.821964 0.564986 1.941085 1.619358 
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APPENDIX C. RAW DATA – EXPERIMENT II (LIVER-1064) 

 
Coagulation and ablation Threshold 
 
 
10 pulses per sample, 20 Hz frequency, 275 V flash lamp voltage 

pulse 
duration 

(ms) 

Energy/ 
Pulse 

(J) 

Reaction 
number Qualitative Observations 

1.5 79 0 nothing  
1.6 92 0 nothing  
1.7 103 0 nothing  
1.8 113 0 nothing  
1.9 128 1 very minute coagulation spot 
1.9 126 1 minute spot seen 
2 137 1 Coagulation  

2.1 155 1 Coagulation 
2.2 172 1 Coagulation 
2.3 180 1 Coagulation 
2.4 190 1 Coagulation 
2.5 226 1 Coagulation spot about 1.5 mm in diameter 
3 289 2 Soft pop sound after 5-6 pulses, ablation crater visible  

3 285 2 Ablation crater, no char (did one at 2.9 ms and saw only 
coagulation) 

3.5 292 2 Ablation crater, no char 
4 295 2 ablation crater, more coagulation, no char 

4.5 298 2 ablation crater, more coagulation, no char 
5 302 2 Ablation crater, no char, visibly lesser coagulation 

5.5 298 2 Ablation, no char 
6 300 3 Ablation, with char, visibly bigger and deeper hole 
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Drilling pulse duration effect 
Frequency 15 Hz 
No. of pulses 20 

Liver 
Pulse 

duration 
(ms) 

Energy/ 
Pulse 

(J) 

TW 
(µm) 

TD 
(µm) 

Z1W  
(µm) 

Z1D  
(µm) 

Z2  
(µm) 

Z3  
(µm) 

1 4 326 1020.0 654.0 329.0 182.0 98.7 359.9 
1 7 336 1097.0 689.0 376.0 205.0 91.6 370.1 
1 10 342 1045.0 657.0 365.0 55.0 159.3 328.1 
2 4 294 932.0 864.0 363.0 110.0 88.9 389.9 
2 7 330 1130.0 623.0 478.0 70.0 48.4 360.3 
2 10 299 1074.0 761.0 507.0 327.0 58.7 297.7 

 
Drilling: Frequency effect 
Pulse duration 4 ms 
No. of pulses 20  

Liver Frequency 
(Hz) 

Energy/ 
Pulse 

(J) 

TW 
(µm) 

TD 
(µm) 

Z1W  
(µm) 

Z1D  
(µm) 

Z2  
(µm) 

Z3  
(µm) 

1 15 326 1020.0 654.0 329.0 182.0 98.7 359.9 
1 30 155 975.0 446.0 0.0 0.0 111.0 226.1 
1 45 100 598.0 369.0 0.0 0.0 67.0 218.1 
1 60 68 543.0 569.0 0.0 0.0 52.1 310.7 
2 15 294 932.0 864.0 363.0 110.0 88.9 389.9 
2 30 169.96 734.0 469.0 0.0 0.0 56.4 300.0 
2 45 93 528.0 505.0 0.0 0.0 80.0 304.3 
2 60 74 437.0 290.0 0.0 0.0 29.9 230.9 
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Cutting: Pulse duration effect 
Frequency 15 Hz 
Tissue velocity 0.03 inch/s 

Liver 
Pulse 

duration 
(ms) 

Energy/ 
Pulse 

(J) 

TW 
(µm) 

TD 
(µm) 

Z1W  
(µm) 

Z1D  
(µm) Z2  (µm) Z3  (µm) 

1 4 305 1644 973 678 93 119.7143 626.7143 
1 7 318 1966 1057 856 84 122.4286 735.4286 
1 10 327 1995 1157 927 54 103.7143 795 
2 4 264 904 742 0 0 78.85714 312.1429 
2 7 297 1553 832 417 179 67.14286 496 
2 10 296 1799 960 610 235 104.5714 560.8571 

 
Cutting: Frequency effect 
Pulse duration 4 ms 
Tissue velocity 0.01 inch/s 

Liver Frequency 
(Hz) 

Energy/ 
Pulse 

(J) 

TW 
(µm) 

TD 
(µm) 

Z1W  
(µm) 

Z1D  
(µm) 

Z2  
(µm) 

Z3  
(µm) 

1 15 310 2946.0 4530.0 1360.0 1216.0 263.1 1453.4 
1 30 158 2631.0 4619.0 1800.0 1004.0 244.1 1254.0 
2 15 264 2234.0 1124.0 785.0 307.0 144.6 826.0 
2 30 146 4488.0 2594.0 1324.0 775.0 280.9 1534.1 

 
Cutting: Velocity effect 
Pulse duration 4 ms 
Frequency 15 Hz 

Liver Velocity 
(ips) 

Energy/ 
Pulse 

(J) 

TW 
(µm) 

TD 
(µm) 

Z1W  
(µm) 

Z1D  
(µm) 

Z2  
(µm) 

Z3  
(µm) 

1 0.01 310 2946.0 4530.0 1360.0 1216.0 263.1 1453.4 
1 0.02 303 2431.0 1187.0 925.0 186.0 130.3 793.3 
1 0.03 305 1644.0 973.0 678.0 93.0 119.7 626.7 
2 0.01 264 2234.0 1124.0 785.0 307.0 144.6 826.0 
2 0.02 260 3598.0 2308.0 1262.0 878.0 208.6 1289.4 
2 0.03 264 904.0 742.0 0.0 0.0 78.9 312.1 
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APPENDIX D.  RAW DATA – EXPERIMENT III (BREAST-

808) 

 
Area Parameter Trial 1 Trial 2 Trail 3 Trail 4 
Total Maximum 

width 2595 3589 2402 2948 

 Maximum 
depth 1243 724 1550 1674 

Zone 1 Width 921 2985 1850 2948 
 Depth 359 670 839 1674 
Zone 2 

Width 

160 164 21 

Not present 

 688 178 26 
 437 483 727 
 737 450 736 
 161 50 768 
 53 47 110 
 165 38 67 
 Average 343 201 351 

Notes - 

Besides the primary 
ablation crater, this 
sample had a large 

shallow "crater". May be 
because of a focal fissure 
in the tissue. It looks like 
there is a split between 

adipocytes.  The 
dimensions of this cater 

are 501 (width) and 1248 
(depth) 

- 

Fibrous connective 
tissue was not present on 
the surface. There was 

deeper fibrous 
connective tissue that 

was not affected. Crater 
is not symmetrical. 
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APPENDIX E. RAW DATA – EXPERIMENT IV (BREAST-

1064) 

 

Area Parameter Trial 1a Trial 1b Trial 2a Trial 2b Trial 3a 

Total 
Maximum width 4382 6240 5175 4681 2886 

Maximum depth 1348 3117 1498 908 2493 

Zone 1 
Width 4382 6240 5175 Not 

present 
Not 

present Depth 1348 3117 805 

Zone 2 Width Not 
present 

Not 
present 

304 130 1451 
627 419 1659 
615 108 1754 

1012 426 1793 
1164 749 2275 
1168 678 2033 
653 415 1604 
792 418 1796 

Notes 

Min 
amounts 

of fibrous 
connectiv
e tissue 
between 

adipocyte
s 

Min 
amnt of 
fibrous 

connecti
ve tissue 
between 
adipocyt

es 

Zone 2 
includes 
degenera
te fibrous 
connecti
ve tissue 

and 
glandular 

tissue 

Glandula
r tissue 
within 

zone 2 is 
partially 
necrotic 

Abundan
t fibrous 
connecti
ve tissue 

 
Zone 2 

contains 
degenera
te fibrous 
connecti
ve tissue 

and 
necrotic 
adipocyt
es (lack 
nuclei) 
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Area Parameter Trial 3b Trial 4 Trial 5 Trial 6 Trial 7 

Total 

Maximum 
width 1346 4128 2648 3507 2240 

Maximum 
depth 406 984 791 1895 782 

Zone 
1 

Width 774 Not 
present 

2648 1446 2240 
Depth 217 446 1573 486 

Zone 
2 Width 

87 364 58 645 480 
51 509 54 622 197 
65 864 48 606 225 
130 735 173 260 322 
304 449 234 493 380 
316 390 235 830 63 
324 242 266 1399 69 
182 508 153 694 248 

Notes 

Difficult 
orientation -- 

adipose 
tissue flap 

covers small 
crater that is 

present 
 

Moderate 
amounts of 

fibrous 
connective 

tissue is 
present 

   

Relatively low 
amounts of 

fibrous 
connective 

tissue 
 

Mixture of fat 
and fibrous 
connective 

tissue damage 
in zone 2 

 
The max 

longitudinal 
tissue damage 
is the same as 
max width of 

crater 
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