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ABSTRACT
Anastomosis is the critical step in restoring gastrointestinal continuity following bowel resection and has
traditionally been accomplished using suture and stapling techniques. However, both technologies can be
associated with complications and are particularly difficult to perform in the laparoscopic environment. As
a result there has been an increasing interest in developing novel tools and techniques which would permit
safe and reliable intestinal anastomoses to be performed whilst minimising potential complications.
In recent years, advanced bipolar radiofrequency (RF) energy powered devices, developed to enable more
consistent vascular haemostasis, have been proposed as an alternative method for anastomotic
construction and is the basis for the research presented.
This thesis investigates: (i) the parameters required to form bowel seals with sufficient mechanical strength
to withstand physiological pressures; (ii) methods for monitoring the viability of seals and (iii) the ability to
construct functional radiofrequency induced small bowel anastomoses.
The role of varying electrical parameters and compressive pressures has been investigated and
characterised both in vitro and in vivo. Mucosa-to-mucosa and serosa-to-serosa small bowel seals were
formed using both commercial and prototype applicator devices powered by a research based electrical
generator and bespoke programmable algorithms. The mechanical strength of bowel seals was assessed
through ex vivo burst pressure measurements. This demonstrated seals to be capable of withstanding
physiological luminal pressures (>25mmHg) before rupturing. Tissue effects of fusion have been examined
microscopically through histological assessment. The viability of fused tissue in vivo was determined
utilising a multispectral imaging (MSI) system, which measured tissue oxygenation in the peri-fusion areas
and allowed for the calculation of relative concentrations of oxy- and deoxyhaemoglobin and hence, overall
bowel oxygen saturation (SaO2). The results of these monitoring tools have suggested that the tissue
remains viable in the short term using a specific combination of electrical and mechanical parameters.
These ex vivo and acute in vivo findings were applied to construct a series of chronic porcine anastomoses,
where animals were recovered for a median of seven days, to compare the macro- and microscopic effects
of the novel and gold standard techniques. Fifteen small bowel anastomoses were formed using a
commercial and prototype radiofrequency sealer in individual animals. In addition five hand-sewn end-to2

end and five stapled side-to-side anastomoses were also constructed in individual animals. Three animals in
the radiofrequency anastomosis group were terminated early due to clinical evidence of anastomotic leak.
Microscopically, the fused bowel showed evidence of healing at the mucosal and sub-mucosal collagen
levels, which was comparable to findings using the gold standard methods.
The studies performed demonstrate a method for the formation and assessment of radiofrequency induced
bowel fusion and confirm its potential to be ultimately used for both bowel resection and anastomosis.
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CHAPTER 1: LITERATURE REVIEW
1.1 Bowel anastomosis
Anastomosis is the final and potentially most critical operative step when restoring gastrointestinal
continuity following resection of diseased oesophagus, stomach or bowel for both benign and malignant
disease. In the modern surgical era, the first successfully performed sutured bowel anastomosis is
attributed to the Austrian surgeon Theodor Bilroth in the late 19th Century and has since become a routine
part of surgically reforming the intestinal tract[1]. At present, more than 40,000 anastomoses are
performed annually following intestinal resection in England and Wales, of a total of approximately 2.5
million such procedures undertaken around the world each year [2].
The current gold standard methods of bowel anastomosis are based on the application of sutures and
staples to successfully approximate gastrointestinal tissue and achieve bowel continuity. However, despite
having a proven efficacy and high success rate over many decades of operative experience, these methods
continue to be associated with complications including bleeding, stricture and anastomotic leak, which can
have an adverse effect on patient health, resulting in prolonged hospital stay, long term morbidity and
mortality [3].
The following chapter examines the existing methods of anastomosis in general and bowel anastomosis in
particular. The benefits and, in particular, the limitations, of popular and niche techniques are examined
following which an assessment is made of the state of energy based devices and specifically the nonvascular applications of bipolar radiofrequency energy and its potential for bowel anastomosis; the subject
of this thesis.

1.1.1 Current methods of bowel anastomosis
Sutures have been used for tissue approximation and bowel anastomosis since ancient times, with natural
materials being entirely replaced in the modern era by a variety of synthetic fibres of varying calibre and
durability, applicable to a range of tissue types both on the body surface and internally in body cavities and
viscera [4]. Sutures were gradually supplemented from the 1950s by the introduction of the first
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commercial stapling devices. These early staplers, first designed by the Hungarian Humer Hṻtl in the early
20th century, were initially developed and used solely in the erstwhile Soviet Union and introduced into
Europe and North America from the 1970s onwards [5]. Since their general introduction and acceptance by
the surgical community at large, far from being static in their development, the past forty years has seen
the integration of an array of synthetic ligatures and the use of novel, lightweight materials for stapler
construction, the height of which can now be adjusted according to tissue thickness, type and anatomical
location [3, 6]. This has resulted in the significant advancement of both technologies such that they can be
applied to all regions of the gastro-intestinal tract, including anatomically challenging body regions such as
the pelvis and thorax. Furthermore, the relatively low cost of both tools, adaptability to a variety of tissues
and ease of operation without the need for additional instruments or devices, means that they hold a
universal appeal. As a result, sutures and staples remain the gold standard techniques for intestinal repair
and reconstruction during both open and minimally invasive procedures alike. However, although both
techniques are versatile, reliable and well known to surgeons globally, they are not without limitations [3].

1.1.2 Limitations of suture and stapling anastomotic technologies
1.1.2.1 Potential complications of suture and stapling techniques
Suture and staple based methods of intestinal anastomosis can be associated with significant complications
such as anastomotic leak, stricture, post-operative bleeding from the anastomotic site and infection, all of
which can ultimately result in significant morbidity and mortality [3, 7, 8]. Both techniques involve the
introduction of non-native material into the body cavity and specifically to the tissue to which it is applied.
Furthermore, application of both ligatures and staples is traumatic, which can lead to significant bleeding
when used imprecisely on tissue or indeed constrict the tissue vascularity leading to ischaemia and tissue
necrosis. Finally, the composition of the two materials can lead to a localised inflammatory response and
act as a nidus of bacterial adherence and subsequent localised and systemic infection [6, 9-11].
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1.1.2.2 General and specific limitations
1.1.2.2.1 Limitations of hand-sewn anastomosis
Hand-sewn anastomosis is technically difficult to master with the rate of complication being directly linked
to the experience of the individual surgeon and the method with which each ligature is applied, specific to
the organ being operated on. In order to obtain a leak tight yet viable anastomosis, there is a particular
emphasis on the part of the operator to ensure precise placement and adequate tension on each stitch.
The potential for operative complication using ligatures is further compounded in the laparoscopic
environment, where the limited space of the peritoneal cavity and lack of visual and depth cues can make
suturing especially time consuming, difficult to master and subsequently perform [12, 13].

1.1.2.2.2 Limitations of stapler technique
Staplers largely mitigate the technical limitations of sutured anastomoses by removing surgical proficiency
as a major factor in achieving robust and stable intestinal continuity. Furthermore, stapling devices are
easier and faster to deploy and, for the novice or less experienced surgeon in particular, have a much
shorter learning curve compared to suture techniques. In addition, they are more readily applicable in the
laparoscopic environment with a range of linear and circular staplers being available to perform end-toend, side-to-side and end-to-side anastomoses in the upper and lower gastrointestinal tract where tissue
vascularity, density and consistency can vary considerably [14-16]. Although staples are applied at regular
intervals and with a consistent pressure across the tissue (unlike sutured bowel anastomoses),
homogeneity and uniformity across the resulting anastomosis is not guaranteed with potential gaps and
areas of weakness remaining in between the staples at which the join may leak or break down completely
[6].

1.1.2.3 The ideal anastomotic technique
The increasing rate of intestinal excision and, in particular, the expanding role of laparoscopic surgery as
the primary modality of bowel resection has prompted investigation into novel methods of bowel
anastomosis, which would be attractive to the experienced and novice surgeon alike and could potentially
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make intestinal division and anastomosis easier and safer to perform with fewer rates of complication and
associated morbidity and mortality [17].
The ideal anastomotic technique would bridge the limitations of current technologies: In particular, having
a short learning curve and being applicable to all parts of the gastrointestinal tract through both open and
laparoscopic approaches. The resulting anastomoses would be tension free, have a good blood supply and
consist of an uncompromised, continuous, haemostatic and air-tight circumferential seal. [18].

1.1.3 Novel anastomotic techniques
Innovative methods of bowel anastomosis fall into two categories: non-energy based and energy based.
Non-energy based techniques expand the existing armoury of anastomotic technologies of suturing and
stapling whilst energy based methods, predominantly driven by radiofrequency and laser energy which,
although currently largely experimental and animal based, present a potentially disruptive area of
technological development that could deviate significantly in methodology from current clinical practice.

1.1.3.1 Non-energy based anastomosis methods
Novel anastomotic techniques are a niche but growing area with many surgeons increasingly using these
approaches to minimise, or do away completely with, applying sutures and staples to any part of their join
so as to provide no exposure to foreign material within the body.
Sutureless anastomosis was first proposed in 1826 by the French surgeon Denans, with the concept being
taken forward later in the 19th century by Bonnier and Murphy [19, 20]. Murphy in particular popularised
the concept of compression anastomosis, developing a cuffed two-ring system that was secured proximally
and distally to the organ(s) being joined by means of a running suture and then clasped to one another.
Compression of the two bowel margins would result in pressure atrophy and adhesion of the two surfaces.
Once the ends were sufficiently apposed to one another, the excess tissue within the cuff would necrose
and the device fall away into the intestinal lumen and eventually be excreted per rectum [21]. Murphy
demonstrated this anastomotic ‘button’ to be capable of forming ileal, colonic and ileo-colic anastomoses
in both end-to-end and end-to-side configurations. Furthermore, the same system was used to form
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cholecysto-enterostomy, gastero-enterostomy and pylorectomy [22]. This button technique was widely
disseminated within Murphy’s own lifetime and found some initial favour amongst surgeons, particularly in
North America. However, despite its successful application and low rates of complication, the advancement
of synthetic suture technology and development of surgical staplers in the early part of the 20th century
superseded compression devices, which gradually fell out of use and were all but consigned to the history
books as a technological curiosity.

1.1.3.1.1 AKA Gun and Biofragmentable anastomosis ring (BAR)
Since the early 1980s in particular, minimally invasive and laparoscopic surgery has become increasingly
popular and its use continues to grow worldwide. This development coupled with the recognition of the
limitations of sutures and staples in both open and minimally invasive arenas has led to renewed interest in
compression anastomotic techniques and their potential as novel and reconstituted devices in the current
era. The first of these modern compression tools was the AKA-2, which was developed in Russia and its use
initially reported in 1984 [23]. In the West, its counterpart was the Valtrac Biofragmentable anastomosis
ring (BAR) (Davis and Geck/Cyanamid, Danbury, CT, USA) reported in animal experiments in 1985 [24]. Both
devices are direct descendants of Murphy’s button, described almost a century earlier, utilising modern
materials but nonetheless bearing a striking resemblance and mechanism of action.
The BAR is composed of 87.5% polyglycolic acid and 12.5% barium sulphate. Its two components are held in
position by individual purse string sutures and, when locked onto a central frame to join the proximal and
distal bowel ends, have a gap of 1.5 to 2mm between them. The circular design of the ring prevents the
tissue blood supply from being entirely compromised. Once the tissue within the ring necroses sufficiently,
the ring detaches from the now apposed bowel and falls into the intestinal lumen (usually within a period
of three weeks), with its remnants being excreted in the individual’s stool [19, 25, 26].
The AKA gun was developed in the former Soviet Union and is passed per anally, as with a standard circular
end-to-end stapler (CEEA), clasping onto a preplaced anvil proximally to release a spring loaded head,
which holds the bowel ends together with metal pins. The system incorporates a circular blade which cuts
away the excess tissue whilst leaving the device itself in position. Unlike the BAR, the AKA device does not

33

require staples or sutures to hold it in position once deployed. However, in a similar manner to the BAR, the
device detaches from the bowel into the luminal stream once the rim of tissue between the two
components necroses, usually after a period of around one week [19].

1.1.3.1.1.1 Advantages of AKA and Biofragmentable anastomosis ring (BAR)
There are many advantages to these two systems. Both devices are considered to be safe and easy to use
with a standardised method of deployment, Furthermore, a variety of head sizes are available to match the
prevailing lumen size of the patient being operated on, resulting overall in a good lumen size to permit the
passage of stool. The strength conferred to the anastomosis by the BAR system is greater than that of
sutures and staples immediately after an anastomosis is formed. However this strength advantage was lost
by 7 and 16 days after formation respectively. Microscopically, the technique is associated with lesser
necrosis, foreign body reaction and granulation tissue formation as compared to the gold standard
techniques. Despite its novelty, the mean anastomotic operative time of the BAR (22 minutes) was found to
be much less than that of sutures (37 minutes) or staples (33 minutes) [19, 27]. The BAR system has also
been used in the laparoscopic arena and on patients who have undergone radiotherapy without significant
complications. Both techniques have been associated with a low rate of anastomotic leakage, with reported
rates of approximately 4.5% for the BAR and 6.4% for the AKA-2 systems respectively [19].

1.1.3.1.1.2 Limitations of AKA and Biofragmentable anastomosis ring (BAR)
Most of the reported complications of the BAR system have been intraoperative and attributed to learning
curve errors of the technique on the part of the operator [19]. These include: incorrect placement of the
rings (6-10% of cases), failure of the purse string sutures to secure the device and incorrect sizing of the
colonic lumen. This can lead to serosal injury (1.4%) and failure of the rings to lock correctly (0.36%) with
subsequent device failure and poor anastomotic healing being a possibility. Furthermore, if placed in close
proximity to the anal canal, there are reports of tenesmus and frequency of stool prior to the ring
components being defecated. As a result, the BAR has come under particular criticism for its relatively late
fragmentation, after a period of up to three weeks as opposed to 8 days for the AKA-2 system [19].
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Overall the two anastomotic systems have shown promising results but the literature to date, although
demonstrating a comparability of results, does not seem to show a significant advantage in using the
compression techniques over the gold standard suture and stapler methods. Furthermore, surgeon
apprehension at reliably reproducing an anastomosis with the compression system as well as leaving a
conceptually novel device, unsupported by sutures or staples, in which the body is left to form the
anastomosis has prevented the widespread use of this interesting technology.

1.1.3.1.2 Compression anastomosis clip (CAC) and compression anastomosis ring (CAR)
Most recently introduced into the surgical armamentarium of compression devices are the compression
anastomosis clip (CAC) and compression anastomosis ring (CAR) (NiTi Surgical Solutions, Netanya, Israel) [1,
19, 28].
Nitinol is a composite alloy of nickel and titanium originally developed in the 1960s. Each nickel atom is
surrounded by four atoms of titanium, producing a three dimensional structure with transition between
two phases: austenite and martensite. In the austenite phase, the material is in a strong, steady state whilst
in the martensite phase, it is comparatively unstable and weak [29, 30].
A nitinol device, produced in a certain form and at a given temperature (the transformation temperature),
will maintain that structure provided it is stored at or above the manufacturing temperature (usually room
temperature). When cooled below the transformation temperature, the device enters the martensite
phase where it is weak and unstable and easily deformed into different shapes. Provided that the degree of
deformation placed is not high, the process is reversible and on reheating above the transformation
temperature the device will resume its strong, memorised austenite state and corresponding mechanical
strength. As a result of this transformational ability, the alloy is said to display two unique properties of
‘shape memory’ and ‘super-elasticity’. Furthermore, nitinol demonstrates stress-strain behaviour on
loading and unloading that is more typical of live tissue rather than pure metals, making it especially useful
in the medical setting [30-32].
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The CAC consists of two nickel-titanium clips attached to an applicator device. When cooled to 0oC, the
applicator opens with an angle of 30 degrees. The clips are readily inserted into opposing bowel lumens
through two 5mm enterotomies and on warming to body temperature contract to their original closed
configuration, thereby holding the bowel under a constant compression pressure of 400g/cm2 and inducing
central tissue necrosis [1]. The internal diameter of the clip is 8mm and the anastomosed segment is cut
through using an inbuilt 5mm blade to restore gastrointestinal continuity. The enterotomies are sutured
closed whilst the clips, in a similar manner to the biofragmentable anastomosis ring (BAR), are expelled per
rectum once the trapped bowel wall has undergone ischaemic necrosis, usually after a healing period of
approximately seven days [19].
More recently, an anal applicator system, the compression anastomosis ring or ColonRingTM, has been
developed which is similar to the CEEA stapler. A conventionally placed anvil in the proximal part of the
bowel attaches to the ‘gun’ end, which on firing holds the bowel together through circumferential barbed
points. The nickel-titanium ring is then released applying pressure to the tissue. An inbuilt blade cuts the
tissue around the ring, which detaches into the fecal stream once the central tissue undergoes ischaemic
necrosis, again usually after a healing period of one week [28].

1.1.3.1.2.1 Advantages of Compression anastomosis clip (CAC) and compression anastomosis ring (CAR)
The compression anastomosis clip has been shown to have a relatively short learning curve and has been
applied for intestinal anastomosis formation in the end-end, end-side and side-side configurations,
potentially permitting its use throughout the gastrointestinal tract. Macro and microscopically the device
permits complete epithelial healing with a reported operative time and overall hospital stay (median 6d)
comparable to the suture and stapling methods. A recent registry assessment of 1180 patients who had
undergone colonic and rectal anastomosis with the ColonRingTM device in 16 countries showed an overall
anastomotic leak rate of 3.22% (38 patients). Furthermore, the manufacturers report a cost of $1-$3 per
device, which could result in a significant cost saving to the operating institution and patient alike [28].
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1.1.3.1.2.2 Disadvantages of Compression anastomosis clip (CAC) and compression anastomosis ring (CAR)
Overall the CAC and CAR systems seem to be reliable with minimal rates of leak and complications such as
bowel obstruction, misfiring and wound infection [1, 29, 33-35]. At present the number of anastomoses
performed using these techniques is low, making inferences about potential shortcomings difficult to
ascertain [28].
Apart from the surgeon limiting factors mentioned previously for compression technology, the need for
sutures and staples to complete more complex anastomoses means that, for the foreseeable future, the
current compression technologies are more a cost saving adjunct to the traditional methods rather than a
viable replacement.

1.1.3.2 Energy-based anastomosis methods
Energy-based devices have most recently been proposed as potential anastomosis tools. Laser welding was
the first energy source to successfully be used to seal blood vessels and bowel [36-39]. Although the
resulting seals are haemostatically complete, with no foreign material being involved in their construction,
there has been a limited uptake of the technology due to its expense, unreliable sealing strength, difficulty
in implementing clinically and need for organic solders to reinforce the anastomotic line [40]. As a result,
radiofrequency (RF) energy has become most prominent of late as an energy-based method which could
potentially incorporate all the elements necessary to create an optimal intestinal fusion.

1.2 Radiofrequency energy
Radiofrequency (RF) energy is a form of high frequency electrical energy in the 3kHz to 300GHz range. The
modern diathermy unit, consisting of a radiofrequency generator and hand-held applicator device, was
developed by William Bovie in the 1920s and subsequently utilised in clinical procedures by the
neurosurgeon, Harvey Cushing [41]. In the decades since its inception, radiofrequency energy based tools
have come to be used across surgical specialties and are considered essential to the operator’s
armamentarium. The high frequency of an RF generator is a critical part of its design as muscles and tissues
of the nervous system do not depolarise at frequencies >10,000Hz; the unwanted result of which may be
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muscle pain, spasm and cardiac arrest. Although predominantly used for the purposes of diathermy, recent
years have seen a dramatic increase in the use of radiofrequency technology for focal ablation of diseased
tissue such as hepatic metastatic lesions [42, 43].
Radiofrequency generators produce an alternating electrical current (AC) which passes from an active
electrode of the applicator device to the tissue on which it is applied and back to the generator via a
grounding electrode. The passage of electrical energy across a resisting material i.e. human tissue, induces
ionic agitation at the molecular level, resulting in atomic vibrations and heat generation. Precise control of
the frequency, duration and activation time of the initial electrical waveform further allows the thermal
energy generated to be directed towards achieving multiple tissue effects, principally: cutting, coagulation,
fulguration and dessication [41]. These varying tissue effects are accomplished by modulating the electrical
current produced by the radiofrequency generator. For example a sinusoidal, unmodulated waveform
produces high power and current density (the current applied per unit area), resulting in a ‘cutting’ ability
when applied to tissue. Conversely, current modulation delivering bursts of dampened sine waves of high
peak voltage will lead to heating and evaporation of cellular water and protein denaturation, producing
coagulation of the tissue in question. These tissue effects are delivered using so called monopolar or
bipolar circuits or modes [41].

1.2.1 Monopolar radiofrequency energy
In the monopolar setting, the active electrode is held at the tissue margin and the return (ground)
electrode is distant, usually external, to the field of energy application. A high electrical current density in
produced at the tip of the active electrode, which produces localised tissue heating and destruction. This is
the most common modality for radiofrequency driven instruments such as the ‘Bovie’ or hand held
diathermy, permitting the surgeon to both cut and coagulate tissue. It is critical that the ground electrode is
in contact fully with the patient so as to prevent alternate energy dispersal, which may result in burns
injury.
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1.2.2 Bipolar radiofrequency energy
In the bipolar mode, the electrical circuit is completed by having both the active and return electrode in
close proximity, usually with tissue being present in between. Forceps type devices are the most common
application tools used with this mode, between which high frequency electrical current can flow and
coagulate tissue. This configuration allows smaller structures to be grasped and energy to be applied in a
limited area without passage across larger areas of tissue where current damage may occur. However, the
limitation of these tools is that they are not as effective for tissue cutting as their monopolar counterparts
[41, 44, 45].

1.2.2.1 Advanced bipolar radiofrequency systems
Although radiofrequency generators and their associated applicator tools have become ubiquitous over the
decades since their initial introduction, the significant advancement of the technology has occurred only in
recent years. Applying bipolar RF energy to tissue usually requires grasping of tissue between the two
electrode tips with the individual operator applying pressure to the forceps to bring the tissue together,
providing a path of least resistance across which energy can pass. However, the pressure applied between
operators, and even by the same operator on different tissues, using this approach will vary, resulting in a
variable time to obtain the required coagulation. This can prove particularly problematic in the laparoscopic
environment, where a persistent low level bleed can quickly obscure the field of view and make the
operation more difficult to complete successfully.
It was recognised in the early 1990s that applying a constant pressure to tissue would cause a reversible
change of its normal architecture [46]. The application of heat would subsequently result in the permanent
denaturation of tissue collagen and, on cooling, its permanent reformation into a consistent tissue seal (a
process also known as a fusion or thermofusion) [46-50].
Bipolar radiofrequency (RF) energy induced blood vessel thermofusion, using an impedance based, closedloop feedback system, was first described in 1998 [46]. These ‘advanced’ bipolar RF systems combine
precise amounts of mechanical pressure and energy to permanently seal vessels and vascular bundles up to
7mm in diameter [48]. Furthermore, unlike traditional diathermy systems, the high current and low voltage
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applied is confined to the tissue between the electrodes, minimising the damage caused to tissue outside
the immediate area of application and potential complications such as burns injury and interference with
pacemakers. The efficacy of radiofrequency induced vascular fusion has been demonstrated over the past
decade, with seal strengths three times above systolic blood pressure, comparable to those of sutures,
staples and clips, being achieved [48]. As a result, this technology can be used for both open and
laparoscopic procedures and is increasingly favoured during procedures involving highly vascular or
anatomically challenging regions of the body [51-53].

1.3 Current uses of advanced bipolar radiofrequency devices
A range of radiofrequency thermofusion devices e.g. LigaSureTM (Covidien, Boulder, Colorado, USA) and
EnSealTM (Ethicon, Massachussetts, USA) are currently marketed for general and organ specific surgery.
Although vessel fusion is their primary function, many surgeons, prompted by their positive operative
experience with the technology, have investigated the possibility of employing these devices to seal other
thoracic and abdominal tissues. The use of radiofrequency sealers has subsequently expanded into several
novel and experimental directions, including tissue approximation and anastomosis and closure and
transection of ductal and parenchymal tissue [17, 54-57]. Although the potential to develop bipolar
radiofrequency technology for these applications is clear, the limitations of commercially available devices,
in particular knowledge of the optimal parameters to ensure tissue viability and how to monitor them, are
poorly understood. In order to better understand the applicability of advanced bipolar RF technology, the
published literature was systematically examined to determine the clinical and experimental utilization for
non-vascular applications in thoracic and abdominal tissues and organs in both animal and human subjects.

1.3.1 Inclusion criteria
Studies were included for analysis if they conformed to the following criteria: (1) published after 1998 (the
year of the first description of advanced bipolar radiofrequency (RF) technology [46, 48]); (2) primarily
describing the use of advanced bipolar radiofrequency tissue fusion/sealing devices; (3) blood vessels alone
were not targeted for sealing and haemostasis was not the sole primary end point of the study; (4) studies
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in which sealing was conducted on thoracic and anterior abdominal organ parenchyma only i.e. excluding
pelvic and retroperitoneal structures; (5) comparative studies or randomized controlled trials (RCTs)
conducted in adult human patients or ex vivo human tissue; (6) clinical or experimental studies in animal
subjects and (7) reporting on at least one outcome measure of seal sufficiency and/or energy effects.
Studies published prior to 1998 and those solely describing non bipolar-RF energy devices were excluded
from the analysis.

1.3.2 Outcomes
The outcomes measured from these studies fell into two main categories: (1) measurement of seal
sufficiency and (2) extent of tissue injury induced by bipolar radiofrequency energy application. Seal
sufficiency was indicated by: burst pressure (BP) testing, histology and leak (e.g. of bile when sealing biliary
ducts or air when sealing pulmonary structures), whilst the (potential) extent of tissue injury was assessed
by measuring: instrument tip temperature, histological lateral thermal damage (LTD) and superficial
thermal spread on the surface of the tissue (as determined by infrared (IR) thermography).
The literature search identified 46 publications, comprising 12 human (9 comparative studies; 3 RCTs) and
35 animal studies (7 case series; 22 comparative; 6 purely experimental studies), which met the defined
inclusion criteria (one paper reported both human and animal subjects [58]). The tabulated results of these
studies are shown in Appendices A-F. Appendix A and E show the basic details of each study, including the
role of the device used within the procedure, with results of experimental thermal and organ specific
studies being sequentially presented in the remaining appendices (Appendix B-D,F).

1.3.2.1 Thermal effects of bipolar radiofrequency energy application to non-vascular tissue
Seven studies examined peak device temperature, surface tissue thermal spread (as measured using
infrared thermal imaging) or histological thermal damage (LTD) to tissue adjacent to the area of
radiofrequency energy application [59-65]. The LigaSureTM device was observed to generate a much lower
tip temperature on activation when compared to the Harmonic scalpel (45.8 v 172.6 oC) [65]. A second
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study similarly noted both LigaSureTM and PlasmaTM trissector devices to reach a lower temperature on
activation and tissue application when compared to the HarmonicTM scalpel; a finding which was constant
regardless of the tissue sealed (Appendix D) [61]. However, at a tissue depth of 2mm both the
radiofrequency energy driven and HarmonicTM devices resulted in equivalent tissue heating (56.8 v 57.5oC)
[63].
Tissue thermal spread and damage were found to have a more complex profile, being not only dependent
on the device used but also the tissue of application. Phillips assessed superficial and full thickness thermal
damage, observing greater tissue injury with radiofrequency energy driven devices. However, all
instruments in this study showed a higher lateral thermal damage when applied specifically to the bladder
and peritoneum [62]. Three investigators additionally explored tissue surface thermal spread with the
LigaSureTM device using IR thermography. Applying a higher power level, whilst not shown to increase the
absolute histological lateral thermal damage (50 v 100V; 1.06 v 1.04mm), was observed to result in a higher
superficial IR thermographic spread (2.72 v 3.63mm) [59]. However, the mucosal injury was largely
confined to the region in which the device was applied [60]. Laparoscopic radiofrequency energy
application was investigated in one study and interestingly found to generate a greater degree of
superficial thermal spread when compared to open operations. These measurements collectively suggest
that superficial heating is dependent on environmental as well as tissue and applied electrical parameters
with the confined laparoscopic environment appearing to concentrate electrical energy and resulting in a
greater thermal spread [64].

1.3.2.2 Thoracic duct sealing
Two comparative animal studies were analysed in which the thoracic duct was sealed using energy based
devices. An ex vivo study found sealing time to be significantly shorter using the LigaSureTM V device
compared to the LigaSureTM Atlas (4.1s v 6.3s, p=0.01) and Xtd (4.1s v 6.4s, p=0.005) devices [66]. However,
this finding was not replicated for thoracic duct sealing in a similar in vivo study [67]. Burst pressure (BP)
assessment in both studies revealed all seals to be able to withstand supra-physiological pressures with no
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significant difference between the devices tested [66, 67]. Histologically, seals were found to be complete
with lateral thermal damage being least (<2mm) when using LigaSureTM instruments [66].

1.3.2.3 Lung parenchyma sealing
Parenchymal sealing involves the closure of blood vessels, bronchioles and the lung substance itself making
it a multi-step process. Seven animal studies, comprising 50 open and 26 laparoscopic procedures, were
retrieved in which the lung parenchymal tissue was primarily obliterated during biopsy or resection [54, 56,
68-72]. Two studies recorded a biopsy time of approximately 23 minutes for the LigaSureTM device,
compared to 35 minutes for the endo GIATM stapler (p=0.08) [68, 71]. An investigation of heaves affected
horses undergoing 34 biopsies, recorded 22 pneumothoraces to have occurred, resulting in only a single
mortality due to tension pneumothorax [71]. However, no study examining the lung margin detected air
leak from the cut surface whilst all histological samples, except two, were found to have an intact seal [71].
Five studies further tested seal sufficiency by inflating the airways above the seal. In two, a pressure of 3050cmH2O was applied and withstood by all fused lung margins, whilst the remaining studies tested their
seals to breaking point [54, 56, 68-70]. No difference was recorded in mean bursting pressure when
comparing the LigaSureTM system to the endo GIATM stapler (p=0.71) and Harmonic ACETM (p=0.37) [68, 70].
However, contraintuitively, burst pressure measurements were found to be inversely proportional to
bronchial size with smaller bronchi (1-2mm diameter) having a higher burst pressure than larger ones (67mm diameter) (Appendix B) [56].
A single human study compared the efficacy of the ETS endostapler against the LigaSure Atlas in 44 patients
undergoing thoracoscopic lung wedge resection [73]. The authors found no difference between the two
groups for operative outcomes or sealing adequacy.

1.3.2.4 Gallbladder and biliary tract sealing
Three porcine studies investigated cystic duct (CD) closure during in vivo cholecystectomy, scrutinizing seal
adequacy on post-operative day (POD) 4, 8 or 15 [55, 74, 75]. Significant complications were recorded only
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by Shamiyeh and colleagues, who reported a 30% mortality (N=3) in their series and one further incident of
bile leak amongst seven surviving animals [74].
Two clinical studies of 64 and 214 human patients, which reviewed cystic duct seal strength, were
additionally analysed (Appendix E-F). An in vivo assessment found no leak to have occurred when closing
the duct using either clips or the LigaSureTM sealer. However, in a comparative ex vivo study surgical clips
were found to generate a higher pressure during testing before failing compared to both radiofrequency
and ultrasonic systems (621 v 428 v 278mmHg) [58, 76]. Ultrasonically sealed ducts were also inadequately
obliterated on histological analysis and associated with less lateral thermal damage to the surrounding
tissue compared to the radiofrequency energy driven sealer (3.5 v 13.4 mm) [58].
Three papers evaluated porcine common bile duct (CBD) sealing (Appendix A). Seal sufficiency was tested
immediately after formation and on post-operative day 6 or 7 [58, 77, 78]. Matthews et al. observed all
bipolar radiofrequency and ultrasonic seals to be disrupted or leaking on post-operative day 6 with only
clipped ducts remaining intact [58]. Hope et al. similarly found half of all radiofrequency energy and
ultrasonically induced seals (N=8) to have failed immediately after formation and the remainder to be
disrupted or leaking on post-operative day 7. Clipped ducts in this study also withstood a significantly
greater burst pressure on post-operative day 0 than energized seals (646 v 98 v 72mmHg; p=0.006) [78].

1.3.2.5 Liver and pancreas parenchymal sealing
Following initial parenchymal fracture, bipolar RF instruments and suture ligation were used to close
intrahepatic biliary ducts in nine human studies (724 patients) and three animal studies (Appendices A,B,C,
E, F) [79-90]. Fassiadis et al. noted one instance of bile leak in their ex vivo series when using the
radiofrequency-energy sealer for duct closure while Constant et al. observed none [79, 80]. Sahin and
colleagues additionally investigated parenchymal damage due to radiofrequency energy deployment,
finding lateral thermal damage to be histologically similar in their radiofrequency device (LigaSureTM and
EnsealTMl) groups (1.9 v 1.7mm) [81]. The majority of clinical patients underwent an open hepatectomy
(n=668; 92.3%) with a comparable number of minor and major resections being undertaken (Appendix E).
Operating time was equivalent in all but two studies: one group of investigators noted a significant
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reduction in operative time with the LigaSureTM system (p=0.018) whilst the second reported the converse
(p=0.08) [88, 90]. Overall, 6 postoperative deaths (3 each in the bipolar RF and control groups) and 48 bile
leaks (8 in the bipolar RF and 40 in the control group) were recorded. The majority of leaks (19 in the
control and 1 in the radiofrequency group) were reported by a single group of investigators but was not
found to be statistically significant (p=0.28) [82].
Pancreatic ducts were sealed during resection using the LigaSureTM system in two animal studies. Leakage
occurred in the control arms of both studies in one and three patients respectively [91, 92].

1.3.2.6 Bowel and Appendix sealing
Eight animal studies meeting the inclusion criteria examined radiofrequency energy induced bowel sealing
[18, 54, 59, 93-97]. The ideal compressive pressure range for ex vivo mucosal sealing was reported to be
0.15-0.25MPa with peak bursting pressure being observed at 0.20MPa (p<0.003) [93]. When comparing the
strength of radiofrequency energy induced mucosal (external application of radiofrequency energy on the
bowel surface to oppose the mucosal margins) and serosal (internal application of radiofrequency energy
on the bowel mucosal to oppose the serosal margins) seals to those of stapled bowel segments, the peak
mucosal burst pressure was achieved with a single radiofrequency energy application (3 bar setting on the
standard commercial radiofrequency energy generator), but was less than that attained for the
corresponding stapled bowel segment (41.8 v 75.8mmHg; p<0.01). Peak serosal burst pressure occurred at
the same radiofrequency energy setting with no statistical difference compared to the stapler group (74.1 v
75.8mmHg; p=0.02) [18]. Holmer et al. and Winter et al. studied bowel sealing in the context of
anastomosis formation, determining ideal compressive pressure for constructing end-to-end ex vivo
anastomoses to be 1.125N/mm2 (1.125MPa). These radiofrequency induced anastomoses compared
favourably to circular, stapled anastomoses on subsequent burst pressure testing (41 v 60.7mmHg; p=0.15)
[94, 95].
In contrast to the positive result of these ex vivo studies, 15 radiofrequency induced and 6 stapled small
bowel closures were performed in vivo by Salameh et al., who reported radiofrequency seals to be
significantly weaker than their stapled counterparts (p<0.001) [96]. Two pilot porcine studies additionally
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used radiofrequency energy driven sealing to produce side-to-side (functional end-to-end) anastomoses.
Shields et al. fashioned 2 anastomoses in a single animal whilst Smulders and colleagues formed 8
anastomoses in 4 animals [54, 97]. At termination on post-operative day 7, all anastomoses were found to
be macro- and microscopically intact, with a small contained leak from the enterotomy site seen in only
one animal [97].
Radiofrequency energy induced appendiceal stump closure was completed in 48 rats and 30 rabbits and
evaluated by burst pressure measurements on post-operative day 0 and 7 (rats) or tissue fibrosis on postoperative day 14 (rabbits). Elemen et al. reported burst pressure to be equivocal in all rat groups
immediately following stump closure, increasing when subsequently tested on post-operative day 7. All
groups, except the suture ligation group, showed a significant increase in burst pressure (p<0.05)
suggesting that seal strength improves with time [98]. Tissue fibrosis was found to be less when the
leporine (rabbit) appendix stump was thermofused compared to the application of suture ligation [99].

1.4 Conclusions of literature review
1.4.1 Tissue approximation: past, present and future
Sutures and staples have been the dominant methods of bowel approximation and anastomosis for much
of the past century. Although several non-energised and energy based tools and techniques have been
developed in this time, none has been able to surpass these gold standard methods in overall reliability,
versatility and applicability to all parts of the gastrointestinal tract. Advancements in minimally invasive and
laparoscopic approaches to major intestinal procedures have renewed scientific interest in procuring a
method capable of simultaneously sealing, dividing and approximating tissue. Any idealised method of
tissue approximation would have to be easy to learn and use, yet produce a haemostatic seal in all regions
of the intestine with minimal impact of tissue healing. Bipolar radiofrequency energy technology is believed
to potentially hold the ability to create this idealised seal.
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1.4.2 Bipolar radiofrequency energy beyond vessel sealing
Despite being a relatively new technological addition to the surgical field, there has been a proliferation in
recent years of the use of advanced bipolar radiofrequency driven tools beyond their initial confines of
vascular haemostasis. Thermofusion of many structures in the abdomen and thorax has been undertaken
with the results of the vast majority of studies suggesting bipolar RF-induced fusion to be capable of
effectively sealing most tissue types; with the notable exception of large calibre bronchi (>4mm) and the
common bile duct, where the rate of seal failure was noted to be unacceptably high.

1.4.3 Current limitations of bipolar radiofrequency technology
Despite these positive and promising initial results, at present bipolar radiofrequency energy driven
systems are used mainly as a means to occlude (seal) parenchyma and ducts. This is especially true when
applying bipolar radiofrequency energy in human patients. Although many case series in the published
literature have investigated the use of bipolar radiofrequency energy powered devices for novel human
tissue sealing, to date few comparative studies have been conducted. This paucity of studies may be a
reflection of current practice; whereby the use of an advanced bipolar RF device, for instance, to seal the
appendix base or occlude the bowel lumen as part of the resection strategy does not enhance the conduct
of the procedure and yet adds a significant financial cost. Furthermore, the safety profile of these devices
outside of blood vessel sealing remains under characterized and may deter many surgeons from conducting
large scale, off-label trials.

1.5 Potential advantages of radiofrequency energy driven anastomosis
Bipolar radiofrequency induced tissue thermofusion is a novel development of a longstanding surgical
technology, but one with a growing literature base to suggest that it is capable of safely sealing a wide array
of thoracic and anterior abdominal tissues with an injury and leakage profile comparable to more
established technologies. For bowel sealing and anastomosis, the advantages are particularly clear. Firstly
RF technology employs no foreign material during sealing, thereby potentially inducing a reduced
inflammatory response and allowing for a much faster healing rate. Secondly the use of a multiplatform
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tool would create a standardised method of achieving bowel closure and anastomosis which can be
replicated with little variation; with the skill to do so being acquired much more quickly than more
traditional techniques, thereby reducing the learning curve and experience dependent outcomes of
individual surgeons and operative units. Most compelling is the potential laparoscopic use of the
technology. Already bipolar radiofrequency energy powered devices are used for vessel sealing during
minimally invasive procedures but the ability to use a single instrument for dissection, haemostasis and
anastomosis would reduce instrument interchange and standardise the operation further, thereby leading
to a shorter operating time, reduced operative morbidity and duration of hospitalisation.
Although tissue monitoring of superficial and deep thermal damage is increasingly sophisticated and
multimodal, consistent real time tracking of a multitude of parameters using a novel multi-platform
feedback system would ultimately be necessary in order to expand the use of RF-fusion technology and
safely complete such an array of tasks.

1.6 Hypothesis and aims of thesis
The overall hypothesis of this thesis is that advanced bipolar radiofrequency energy based technology can
be used for bowel resection and anastomosis.
The primary aims of this thesis are to: (i) define and assess the parameters which contribute to forming an
ideal bowel seal including: compressive pressure, thermal energy, spectral response and oxygenation and
(ii) develop an anastomosis technique which is suitable for forming viable in vivo small bowel anastomoses.
These would be the first steps towards an integrated bowel sealing algorithm which will be able to monitor
real time changes in tissue characteristics and optimise the electrical and physical parameters of individual
tissue fusions, thereby resulting in seals which are fully formed yet viable. A secondary aim of these studies
is to contribute to the formation of a novel prototype device which would act as a multiplatform
instrument for tissue sealing, haemostasis and luminal reconstruction.
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CHAPTER 2: MATERIALS AND METHODS
2.1 Radiofrequency (RF) energy generator
The electrosurgical devices used for the studies described in this thesis for both laboratory and
experimental animal work were powered by the Energy Research Tool (ERT) generator. This prototype
alternating current (AC) radiofrequency (RF) energy generator with a bandwidth of 473kHz to 2MHz was
manufactured for use in surgical research by Covidien Ltd. (Boulder, Colorado, USA) and provided, under
licence, to Imperial College London (Figure 2-1).
The ERT was developed on the design of the commercially available ForceTriadTM system (ValleyLab,
Boulder, Colorado, USA) (Figure 2-2). ForceTriadTM is one of many energy generators used in operating
theatres worldwide. It is specifically designed and targeted for use with the LigaSureTM range of bipolar
vessel sealing devices. The generator has three energy level settings which may be set by the operator (1
bar, 2 bar and 3 bar). The relative electrical impedance, i.e. resistance, of the tissue between the
instrument’s graspers is monitored by the generator, the output of which is modulated until a pre-set end
impedance, corresponding to the 1, 2 or 3 bar setting and compatible with producing a vessel seal, is
reached. After this point the generator automatically cuts the energy supply to the applicator device until it
is reactivated by the user. The ability of the operator to choose one of three electrical settings via an
interactive user interface makes the system ideal for functional use in the operating theatre. However, the
pre-programmed algorithms, developed for vessel sealing, are not idealised for visceral or non-vascular
application.
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A

B
Figure 2.1 – The energy research tool (ERT) experimental radiofrequency generator.
A – Front view of radiofrequency generator with basic display and capability to display real time electrical
parameters and provide applicator connections in monopolar and bipolar modes; B – Attachment of
generator to prototype sealer via bipolar mode.
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Figure 2-2 – ForceTriadTM radiofrequency generator with applicator devices.
The interactive display and range of monopolar and bipolar (forceps and ‘advanced’ sealing devices)
instruments that can be used with the generator are shown. Image courtesy of Covidien Ltd.

2.1.1 Energy Research Tool (ERT) generator
The energy research tool was developed to overcome the limitations inherent in the design of commercial
RF generators. The ERT has the ability to deliver radiofrequency energy in both monopolar and LigaSureTM
(bipolar) modes. It is additionally able to produce peak power outputs of: current 1.5 Amps RMS and
voltage 650V RMS in monopolar mode and of current 7.0 Amps RMS, voltage 350V RMS and power 350W
in the LigaSureTM setting. These operating limits effectively allow for an unrestricted level of power
application as required for completion of in vivo surgical sealing. The generator itself is controlled through
a dedicated laptop computer with a LabViewTM based interface through which the radiofrequency energy
delivery algorithms are downloaded prior to device activation and the major outputs such as current,
voltage, power and impedance can be monitored in real time during energy application. Unlike commercial
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generators, the operator can alter the embedded energy parameters of the algorithms and thereby readily
control tissue end impedance (Z) levels, ramp of impedance increase (ohms/ms) i.e. rate of impedance
change over time and total allowable energy delivery time. The bespoke algorithms are converted to a
generator readable file format by the user interface which powers the hardware and energy production.
Overall, the ERT generator provides greater flexibility for research purposes by allowing full
programmability and the use of both commercially available and prototype devices for tissue sealing and
monitoring, via an external I/O sensor box that connects directly to the generator. Furthermore, in a similar
manner to the ForceTriadTM generator, the ERT is able to sense the relative increase in tissue impedance,
thereby constantly adjusting the energy output to match the user specified electrical end points. The
generator and its algorithm together are described as being a closed loop, impedance based, feedback
controlled system. Finally, the interchangeability of devices and programmes between the research and
commercial generators additionally means that any new algorithms developed could potentially be
programmed directly to existing commercial RF generators and preclude the need for new hardware
investments.

2.1.2 Limitations of energy research tool (ERT) generator
Overall the ERT generator has an excellent capacity and is ideally suited to research purposes. However, its
size and multiple components often made it difficult to use. Given its prototype status, a high degree of
user understanding of the generator components and software, as well as its interaction with the sealing
devices was necessary to prevent generator breakdown and seal failure. In particular, its use in the in vivo
setting required, at times, two operators to ensure that all the processes that had to be conducted before
and after each application or series of applications were completed in a step-wise manner. As a result, the
system can be difficult for the novice to operate without an adequate understanding of its functions.

2.2 Bipolar radiofrequency energy applicator devices
Advanced bipolar radiofrequency energy devices as developed by Covidien and other manufacturers are, at
the present time, designed and clinically approved solely for thermofusion of blood vessels. As discussed
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previously, these devices have been used ‘off label’ for the sealing of parenchymal and ductal structures
(see Chapter 1, Section 1.3) but are not idealised either by design or the energy delivery algorithms
powering them for non-vascular application.
Commercially available vessel sealers are designed with small electrodes on a ratcheted, hinged jaw. This
leads to crushing of the tissue within the jaw with the maximum torque being applied at its centre. This setup results in an excellent ability to access blood vessels, including those in potentially confined anatomical
spaces, and achieve a high rate of successful closure. A bowel sealing instrument however should ideally
have a parallel opening jaw mechanism, thus applying an equal compressive pressure throughout the
length of the bowel being sealed and preventing areas of potential weakness from forming. It should
additionally have the capability to seal, divide and re-join tissue structures.
In the experiments described, two bipolar radiofrequency powered devices were used for extra-luminal
(mucosa-to-mucosa) and intra-luminal (serosa-to-serosa) bowel sealing during in vitro and in vivo fusion
experiments.

2.2.1 LigaSureTM Impact
The LigaSureTM Impact is one of a range of bipolar radiofrequency energy powered instruments
manufactured by Covidien Ltd. and is commercially licensed for sealing lung parenchyma and blood vessels
up to a diameter of 7mm (Figure 2-3). The device is exclusively designed for open procedures. It consists of
a single ratcheted handle (applying a constant pressure across the tissue) with a finger switch for
radiofrequency energy activation and an 18cm long, 13.5mm wide shaft which can be rotated 180o. The
shaft ends in two separate curvilinear jaws, encased in a plastic covering acting as a heat sink and having on
its surface two studded, stainless steel electrodes between which electrical energy is passed when sealing
tissue. In the centre of each electrode is a thin, length-wise slot along which an in built blade can be
deployed to divide sealed tissue following radiofrequency energy deployment.
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Figure 2-3 – LigaSureTM Impact device.
The device was used for both in vivo and ex vivo experiments in the LigaSureTM (bipolar) setting.

Part of the characterisation of the radiofrequency system involved measuring the superficial thermal
heating of the tissue surface as energy was applied to it using the Impact device. To accomplish this, a
series of modifications were made to the shaft of the device to accommodate bowel tissue and maintain a
parallel lie in relation to the jaw electrodes, so as to more accurately measure real time temperature
changes on either side of the clamped tissue via infrared thermal imaging (see Chapter 3).
Additionally, due to its convenient jaw size and in built blade, the device could easily be deployed within
the bowel lumen without disrupting the end seal. Therefore, in preference to the larger prototype device,
the Impact was used during in vivo bowel anastomosis formation to join the two bowel segments together
through serosa-to-serosa fusions (see Chapters 3 and 4).
As each instrument was used to conduct multiple fusions, particularly in vitro, the electrodes would
become worn and the tissue would stick to them with the potential to disrupt the formed seal. Serosa-toserosa seals, in which the jaws were applied to the tissue to approximate the outer layers of bowel, were
particularly associated with increased stickiness. To reduce tissue stickiness and charring, the instrument
hinges were washed in between fusions using ice cold water and wiped dry prior to conducting the next
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fusion. If the instrument was found to cause persistent sticking post fusion, despite these cleaning
measures, it was discarded and a fresh instrument used. For in vivo recovery studies, a single instrument
was used per procedure so as to maintain sterility from one operation to the next.

2.2.2 Prototype parallel opening tissue sealer
Tissue fusion requires the application of both energy and pressure in order to achieve an idealised closure.
Bowel fusion produces novel challenges including: (i) the increased size of the bowel tissue which is unable
to fit within a standard instrument jaw; (ii) the need to apply precise amounts and duration of
radiofrequency energy so as to avoid irreparable tissue damage resulting in ischaemia and (iii) the need to
apply a standard pressure across the tissue length for both bowel division and anastomosis so as to prevent
potential points of weakness forming at which the join could fail. Although some of these challenges can be
overcome with existing tools, it is necessary to consider the design of the device specifically for bowel
anastomosis.
A prototype bowel sealing device was developed by Covidien (Valleylab, Boulder, Colorado, USA) and
provided to Imperial College London for experimental use. This instrument consisted of a stainless steel
cylindrical shaft design terminating in two parallel opening jaws with embedded electrodes (Figure 2-4).
The jaws were additionally surrounded by a large aluminium heat sink so as to prevent excess lateral heat
dissipation and thermal tissue damage outside of the region of energy application. An attached pneumatic
compression system permitted the upper, dynamic jaw of the instrument to be moved up and down to
compress bowel tissue between the electrodes prior to energy application. A calibrated pressure regulator
further allowed the amount of force applied to the tissue, through the pressure generator, to be carefully
monitored and varied as per experimental requirements (Figure 2-5).
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Figure 2-4 – The prototype parallel opening sealer.
The device consisted of a cylindrical shaft terminating in two parallel electrode plates between which the
tissue is placed. The shaft has two studs into which plastic tubing is connected. The plastic tubing in turn
connects to a compressive pressure generator.
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Figure 2-5 – Attachment of prototype sealer to compressive pressure regulator system.
System is additionally connected to pressure generator (off screen). PT – prototype sealer device; R –
pressure regulator; C – calibrator with home-made circuit board connector to ‘fine tune’ pressure regulator
and applied tissue compressive pressure.

The prototype was connected to the energy research tool (ERT) generator via two electrical leads into the
LigaSureTM (bipolar) port. Energy delivery was activated through either the laptop interface or, more
commonly, via an operator controlled foot pedal. As the instrument was self-supporting, it was kept
stationary on the bench top during laboratory ex vivo experiments (as shown in Figure 2-5). During in vivo
use, the prototype was handled manually through attachment to longer electrical and pneumatic
compression leads that extended to the radiofrequency energy generator and compressive pressure
systems respectively (Figure 2-6).
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Figure 2-6 – In vivo use of prototype sealer.
The sealer is held in the hands of the operator (centre) with longer, more robust leads connecting the
device to the electrical generator and compressive pressure systems.

2.2.2.1 Modifications to prototype parallel opening sealer
One of the aims of this thesis was to examine the parameters which contribute to an ideal bowel seal. In
order to measure the thermal, pressure, fluorescence and spectral responses of the bowel tissue being
fused, modifications were made to the prototype sealer over the course of the experimental period to
directly incorporate not only the compressive pressure system but also a thermocouple attachment (for
direct tissue temperature measurement) and a laser fluorescence fibre (which measured tissue changes in
real time over the course of a single fusion). Similar modifications were also made to the LigaSureTM Impact
for ex vivo experiments (see Chapter 3).
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2.2.2.1.1 Compressive pressure system for prototype sealer
The prototype sealer was designed to accommodate inputs from an external pressure generator which
would allow varying amounts of pressure to be applied to the bowel tissue for both external and internal
seal formation (Figure 2-4).
A motor driven gas compressor system (Jun-air, Benton Harbor, MI, USA) was connected to a pressure
regulator (ITV 2091, SMC Corporation of America, Noblesville, IN, USA) (pressure range 0.00-0.90MPa). The
regulator was in turn connected via plastic tubing to the prototype sealer via a system that allowed the
jaws of the device to be opened or closed. The regulator was additionally connected to a home-made dial
system which allowed the pressure across the jaws to be modulated to a precision of 0.01MPa. This
permitted a range of compressive pressures to be applied across the entirety of the bowel prior to its
fusion and the outcome of this application to be tested (Figure 2-5).

2.2.2.1.2 Thermocouple and laser fluorescence probe attachment
A J-type thermocouple was attached to the lower jaw of the prototype sealer with its tip sitting at the
electrode surface. The thermocouple attached to an SCC-TC02 thermocouple signal conditioning module
embedded into the external SCC-68 I/O connector of the radiofrequency generator to ensure that
temperature data was gathered simultaneously alongside the bowel fusion being performed. This
permitted the tissue surface temperature to be monitored over the course of an individual thermofusion as
an electrical output, which was converted ‘offline’ to a temperature reading using a conversion chart.
An entry point was also made in the upper jaw of the device extending down to the electrode surface. This
allowed for accommodation of a laser fluorescence fibre which was held in close proximity to the bowel
being fused in order to conduct real-time tissue autofluorescence measurements. These readings allowed
the change in fluorescence of cellular collagen to be measured, with the intention that their subsequent
analysis may ultimately provide a spectral map of bowel seal sufficiency to replace electrical measurements
as the end point of successful tissue fusion (Figure 2-7).
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Figure 2-7 – Prototype sealer device with laser fluorescence fibre and J-thermocouple attached.
Close up of prototype sealer device demonstrating the presence of the laser fluorescence fibre embedded
into the upper jaw and the thermocouple attached to the lower jaw and extending to the electrode surface.
LF – laser fluorescence fibre; T – J-type thermocouple attachment at lower electrode jaw extending to the
surface of the plate where temperature can be directly recorded.

2.3 Algorithms
A series of programmable algorithms drove the radiofrequency generator and applicator devices. The
algorithms were programmed in Notepad for Windows (Microsoft, Redmond, Washington, USA), being
written in a Covidien computing language named SMDL (state machine description language). The
algorithm files were downloaded onto the LabView (National Instruments Corporation, Newbury, Berkshire,
UK) based software interface (known as the ERT host) of the connected laptop PC, which in turn converted
the SMDL files into a generator readable format known as VIPER (Figure 2-8). Once downloaded, RF energy
could be deployed onto the tissue by the user. The ERT host displayed and recorded in real time: the
current (I), voltage (V), power (W) impedance (Z) and fusion time output parameters generated during
tissue fusion (Figure 2-8). Following the completion of the sealing cycle, these parameters were
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interrogated in detail using analysis in Excel (Microsoft, Redmond, Washington, USA) or Matlab
(MathWorks, Natick, Massachusetts, USA) programmes.

EP

V

Figure 2-8 – ERT host interface with output windows and downloaded algorithm.
ERT host is the LabView based software programme that controls the radiofrequency energy generator.
The upper four panels of the interface demonstrate the evolving electrical parameters in real time as the
tissue is sealed (EP). The panel additionally shows the downloaded SMDL algorithm code converted into the
VIPER language code (V)

2.3.1 dZ/dt algorithm
The dZ/dt algorithm is the proprietary algorithm developed by Covidien Ltd. for blood vessel fusion. The
algorithm was made accessible by Covidien Ltd. to Imperial College London. The author and research team
were subsequently able to programme the algorithm and specifically alter electrical end impedance (the
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peak relative increase in tissue impedance from the baseline to a pre-determined level following the
completion of bipolar radiofrequency energy application), ramp (the rate at which the relative tissue
impedance is increased by varying the energy delivery rate) and the total time for energy delivery.

2.3.1.1 Energy delivery and the dZ/dt algorithm
The dZ/dt algorithm permits the generator to sense the relative impedance of the tissue placed between an
instrument’s jaws. As radiofrequency energy is applied to the tissue there is a loss of water from the tissue
but as water from the surrounding tissue ingresses into the fusion area, its overall impedance initially
reduces. As the tissue water approaches boiling point the low impedance level is reached, at which stage
the algorithm applies a ‘ramp’ of energy which increases the tissue impedance (Z) at a set rate per unit time
(t) to a maximum pre-determined level. On reaching the peak impedance, energy delivery automatically
terminates. If the end impedance (end Z) level is not reached in the specified time, the generator will
continue to deliver radiofrequency energy for an additional user set time period (usually less than 1000ms).
This ensures that the seal cycle has been completed and allows for a thicker tissue to be sealed without the
cycle being broken and excessive energy being applied to the tissue. If the required impedance level is still
not reached then the generator will stop energy delivery and issue an error sound indicating an incomplete
seal cycle (and therefore an incomplete seal has been formed).

2.3.2 Variations of algorithm and its use
The delivery sequence for radiofrequency energy application to blood vessels using the dZ/dt algorithm
typically involves giving a high burst of energy over a short period of time (usually <3s) to achieve a high
tissue end impedance (up to 400 ohms) and consistent seal fidelity.
For bowel fusions, the duration and intensity of energy application are unknown. It was hypothesised that
the use of higher power levels could lead to excessive tissue damage and ischaemia, thereby affecting
tissue viability and preventing adequate healing. Furthermore, due to the thickness of bowel, it was
believed that a short energy application may be insufficient to ‘cook’ the tissue through to create a stable
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seal. As a result, a range of end impedance, ramp and total energy delivery times were tested in order to
determine the general effects on bowel (see Chapter 3).

2.3.3 Novel bowel sealing feedback algorithm
It was thought that the combination of the variations in end impedance and ramp from the original dZ/dt
algorithm could be coupled with the electrical readings from the J-thermocouple attachment to the
prototype radiofrequency device to form a novel algorithm. This algorithm would have the ability to
provide a more bowel specific seal which would take into account its unique properties during the fusion
process. A prototype algorithm, termed the constant temperature algorithm, was developed but failed to
achieve a sufficient seal in combination with the dZ/dt algorithm. As a result, this line of investigation was
not taken further forward in the course of the research presented.

2.4 Animal tissue
All experiments undertaken as part of this thesis were conducted on porcine small bowel. The swine model
is considered a good substitute for human tissue given its comparability in weight, physiology and anatomy
[14]. Specifically, the small bowel is architecturally similar to that of human subjects, thereby increasing the
validity of experimental results and their potential application to the clinical environment. The relative ease
of availability and uniformity of small bowel throughout its length, as compared to large bowel, further
contributed to the decision of its experimental use.

2.4.1 Laboratory porcine tissue
Porcine small bowel was obtained either frozen or immediately after slaughter. Frozen bowel was supplied
pre-prepared in individual lengths of approximately 45cm with the mesentery intact from a medical
supplier (Fresh Tissue Supplies Ltd., Etchingham, East Sussex, UK). The bowel was collected by Fresh Tissue
Supplies, cleaned and frozen at -18oC within 24 hours of slaughter. The species and region of the small
bowel from which the segment originated was unknown. At the time of delivery, the bowel was less than
one month from the time of slaughter. On arrival at Imperial College London, the bowel was stored at -20oC
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and defrosted immediately before use by immersion in tepid water for 60 minutes and prepared for
experimental use.
Fresh bowel was acquired from an abattoir (Leech and Sons, Royston, Cambridgeshire, UK) or an animal
testing facility (NPIMR, St. Mark’s Hospital, London, UK). On the day of animal slaughter or termination, a
member of the research team would receive the bowel on site. Initial lavage of the gross fecal material and
effluent was performed locally, with the bowel then being transferred to the lab in an ice cooled bag within
3 hours of harvest. The bowel was prepared for research according to a pre-defined protocol (section
2.4.1.2). Although the species and anatomical origin of the bowel was known at the time of collection, due
to the variety of breeds and slaughter practices, it was impossible to control for both these parameters.
Wherever possible, fresh bowel was preferred due to its generally intact state and affordability for
experimental use. However the need to prepare the tissue and the limited processing and storage space in
the laboratory meant that pre-frozen bowel was also used as a back-up for experiments.
Frozen bowel was predominantly used for baseline experiments to test the equipment settings whilst the
fresh tissue was used to comprehensively test a variety of parameters, so as to more closely approximate
the effect on living tissue prior to in vivo application.

2.4.1.1 Preparation of ex vivo tissue – pre-frozen bowel
Frozen bowel was defrosted to room temperature by immersion in tepid water for 60 minutes and leaving
it to stand for fifteen minutes prior to commencing experiments. The mesentery was excised and the bowel
cut into short sections approximately 6-8cm in length. The prepared bowel was moistened with
physiological saline and additionally covered with moist gauze to prevent drying during the experiment
period.

2.4.1.2 Preparation of ex vivo tissue – fresh bowel
Fresh bowel was cleansed thoroughly on arrival in the laboratory to remove residual effluent from the
lumen. The bowel was cut into 20-30cm long segments, moistened with physiological saline and
refrigerated at 4oC for up to 30 hours until needed for testing. Just prior to fusion testing, a segment of
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small bowel (jejunum or ileum) was selected and further prepared into measured, 6cm long sections. Bowel
that was unused after 30 hours was discarded so as to ensure tissue quality and architecture were
maintained during the testing phase.

2.4.2 Live animal experiments
Live animal experiments were conducted to test the parameters and protocols developed in the laboratory
studies and to assess their applicability in the in vivo environment. Domestic pigs (Sus scrofa domesticus)
were used either for acute intervention followed by termination at the end of the operation on the day of
surgery or for the formation of chronic radiofrequency energy induced, hand-sewn and stapled
anastomoses with subsequent recovery over a period of several days before a further re-look and
termination (see Chapters 4 and 5).

2.4.2.1 Licensing and ethics
All animal studies were conducted under UK Home Office regulations at the Northwick Park Institute for
Medical Research (NPIMR, St. Mark’s Hospital, Harrow, UK), a designated centre of animal research.
Operative procedures were conducted by the author under a UK Home Office issued personal (PIL No.
70/24843) and project licence (PPL No. 8012639). Where specific changes were needed to the project
licence e.g. for conducting multiple fusions in a single animal during an acute study, local ethics committee
approval was sought and gained prior to conducting the experiments.

2.4.2.2 Husbandry and pre-operative care
All pigs were acquired from a UK Home Office accredited farm and acclimated in the animal house of the
testing facility for a period of seven days prior to the operations being undertaken. Animal husbandry
procedures were conducted according to departmental protocols with the oversight of a Home Office
approved veterinary surgeon.
Animals were held in pens in groups of 4 to 6, provided with straw bedding, given water ad libitum and a
high nutrition feed once a day for the first six days.
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The day prior to surgery, the pigs were isolated to individual, bare pens and a nutritional milk based
ComplanTM drink (Complan, Nutrica Ltd., Trowbridge, UK) given in place of their regular feed so as to allow
the small bowel to be relatively empty of its contents prior to surgery.
On the day of the operation, all animals were cleaned and pre-medicated with ketamine 325-350mg and
xylazine 65-70mg fifteen minutes before starting the procedure. Pigs recovered post-operatively were
additionally given a single dose of ampicillin and cefuroxime.

2.4.2.3 Intraoperative care
The operative animal was placed supine on the operating table once sedation had taken effect. Following
induction and endotracheal intubation, a combination of oxygen, nitrous oxide and isoflurane was used to
maintain anaesthesia with monitoring of the animal being conducted by a dedicated veterinary
anaesthetist from the NPIMR over the course of each procedure. For recovery studies, the abdominal wall
was washed with water, clipped of hair from the sternal margin to the symphysis pubis, cleaned using
poviodine solution and draped to create a sterile field. Sterility was additionally maintained through single
use instruments where possible or by cleaning the exposed parts of reusable instruments in antiseptic
solution prior to intraperitoneal use. Animals were additionally marked by a tattoo in their ear with a predesignated number to more easily identify them in the post-operative phase.

2.4.2.4 Post-operative care and re-operation
Following the completion of an acute study, the animal was given an anaesthetic overdose as per the
animal unit’s standard operating procedure (and as stipulated in the Home Office license). For recovery
studies, the laparotomy site was closed using an interrupted three layered technique (with 0-PDS and 2/0
nylon sutures), followed by infiltration of 20mls bupivacaine 0.25% to the wound site. The animal was
recovered in a warmed pen with direct heat lamp exposure and regular monitoring. Once fully awake,
water was given ad libitum and nourishment reintroduced slowly; commencing with small volumes of liquid
in the immediate post-operative period and building up to a normal diet by post-operative day three or
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four (see Chapter 5). Animal medical and feeding records were maintained by the testing facility and the
research team.
Animals in the chronic study were re-operated after a mean recovery period of seven days and terminated
following examination and tissue harvest for histology. All recovery animals were reviewed at regular
intervals in the immediate post-operative period and daily after the first four days to check overall health,
nutrition and bowel movements. Any animal exhibiting signs of failure to thrive or potential
anastomoticleak was terminated early and autopsied in line with locally approved procedure (see Chapter
5).
Following completion of the acute and chronic phases of the animal studies, all pigs were appropriately
euthanized with anaesthetic overdose whilst unconscious. Animal disposal was undertaken as per
departmental and Home Office regulations by appropriately qualified personnel at the NPIMR.

2.5 Methods of bowel thermofusion (sealing)
Bowel fusion was performed ex and in vivo using the LigaSureTM Impact and prototype sealers. The process
of fusion with each device is described as follows.

2.5.1 The LigaSureTM Impact
A piece of prepared small intestine, denuded of its mesentery and measuring approximately 8cm in length,
was placed between the jaws of the Impact device perpendicular to the electrode surface. On placement,
the jaws were closed and the instrument ratcheted. The instrument was held fixed in a clamp for ex vivo
experiments or by the operator for in vivo work. Radiofrequency energy delivery from the generator to the
applicator electrodes was activated by either a finger switch on the instrument or a user controlled foot
pedal. RF energy was delivered at a rate and duration determined by the experiment protocol. On
completion of the seal cycle, the jaws were opened and the tissue removed. Following each bowel fusion,
the electrode surface was cleaned with ice water to remove tissue residue and dried prior to the next
bowel segment being placed and fused. Multiple mucosa-to-mucosa (external) or serosa-to-serosa
(internal) seals were performed using the device (see Chapter 3).
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The Impact device was additionally used for ex and in vivo anastomosis experiments. Anastomosis was
achieved by placing each jaw of the instrument into the lumen of the individual bowel segments being
joined together and performing a series of seals to form a sufficiently wide neo-lumen (see Chapters 3-5).

2.5.2 The prototype bowel sealing device
The cleaned small bowel, cut into 6cm segments, was placed between the jaws of the prototype sealer
perpendicular to the electrodes. The upper jaw, held open by application of approximately 0.10 to 0.20mPa
compressive pressure in the regulator system, was closed onto the tissue at low compressive pressure.
Once the jaws were closed, the compressive pressure on the tissue was slowly increased to the
experimental setting. The pressure was increased in such a way so as to prevent rapid tissue compression
and potential irreversible structural destruction. Additionally, the stability of the device and durability of its
electrodes was maintained by a gradual increase in applied tissue pressure.
Energy was applied at a bandwidth of 473kHz for a period of time specified by the experimental protocol,
which was programmed into the uploaded dZ/dt algorithm. Energy delivery was activated by an operator
dependent foot pedal connected directly to the ERT radiofrequency generator. On completion of the fusion
cycle, the compressive pressure was reduced to the baseline level and the jaws of the device opened so as
to limit potential seal disruption. The sealed tissue was carefully removed from the instrument jaws and
preserved for histological or mechanical assessment. The electrodes were then cleaned of tissue residue,
washed with ice cold water (thereby reducing the electrode temperature and stickiness) and wiped dry
prior to the next bowel segment being sealed. The same bowel sealing process was maintained for both
laboratory and live animal experiments (see Chapter 3).

2.5.3 Tissue preservation post fusion
On completion of tissue seals, the bowel would be subjected to histological or mechanical assessment.
2.5.3.1 Preservation of fused bowel tissue for histological assessment
Ex vivo specimens were trimmed and pinned to a cork board. The pinned bowel segments were then fully
submerged into individual specimen pots containing 10% formalin solution. Following an initial fixation
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period of 48 hours, the specimens were further prepared by a trained histology technician for staining and
microscopic examination.
In vivo anastomotic segments were excised en bloc from the abdominal cavity prior to the animal’s
termination. The ends of each anastomosis were fused shut and the lumen injected with 10% formalin in
order that the bowel maintained its shape and microscopic architecture. The bowel was then submerged
into a container of 10% formalin to preserve its overall external structure. All appropriate handling and
transportation measures were taken to prevent inadvertent chemical injury during handling of the
formalin.

2.5.3.2 Preservation of fused bowel tissue for ex vivo mechanical assessment
The sealed ex vivo bowel tissue was moistened with physiological saline and placed in tin foil to prevent it
from drying out. The wrapped segments were then placed into labelled petri dishes. Prior to burst pressure
and tensiometry testing to assess the mechanical strength of the formed seals, the tissue was dried and
appropriately prepared (see Chapter 3).

2.6 Methods of microscopy and staining - histology
2.6.1 Tissue processing
Fused tissue samples obtained from laboratory and animal studies were carefully preserved for histological
assessment. Through this analysis, we aimed to understand the acute cellular effects of heat induced tissue
damage and subsequent tissue healing of in vivo anastomoses specifically.
Tissue dissection was performed by the author at the Department of Cellular Pathology, St. Mary’s Hospital,
London, UK. All histological staining was conducted by an accredited departmental senior histology
technician, Mrs. Hiromi Kudo (Department of Cellular Pathology, St. Mary’s Hospital, London).
Tissue sections were processed in line with departmental operating protocols as follows:
1. ‘Paint’ the bowel surface chemically:
2. Cut transverse and longitudinal (where applicable) sections of the bowel tissue:
3. Blocks are processed by a SAKURA Tissue TEK VIP (vacuum infiltrator processor):
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a. Tissue placed in solution of 10% formalin, 40% formaldehyde 2.5L, 225g NaCl, DW fill up to 25L
b. Tissue placed in solution of 1% formal alcohol and 40% formaldehyde in IMS (industrial
methylated spirits – 99% alcohol)
c. Wash in 70% IMS
d. Wash in 99% IMS
e. Addition of wax.
4.

Embed in wax

5. 3 micrometre sections of tissue cut using microtome and placed in mount:
6. Staining with H&E and picrosirius red (fast green).

Subsequent analysis of the tissue sections was undertaken under the supervision of Professor Robert D.
Goldin (Department of Cellular Pathology, St. Mary’s Hospital, London) by direct visualisation of the tissue
and through use of image analysis software.

2.6.2 Staining techniques
Two established tissue staining techniques were used to assess the fused tissue samples: haematoxylin and
eosin (H&E) and picrosirius red stains.

2.6.2.1 Haematoxylin and eosin (H&E) staining
Haematoxylin and eosin (H&E) is a general tissue staining technique used to grossly demonstrate cellular
nuclei, tissue fibres (keratohyalin, cytoplasmic RNAs, calcium salts, urates) and cytoplasm. Tissue structures
are stained differently as orange (red blood cells, eosinophil granules), red (muscle, keratin, fibrin), pink
(cytoplasm, collagen, amyloid) or blue (nuclei, cystoplasmic RNA).

2.6.2.1.1 Principles of haematoxylin and eosin (H&E) staining
Haematoxylin is a poor dyeing agent which must be converted through oxidation to haematin with an
oxidising agent e.g. HgO (mercuric II oxide) to obtain visible details of tissue structures. Haematoxylin
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possesses acid-base indicator properties i.e. staining red in acid and blue in alkali solutions. As a result, the
stained tissue components must be ‘blued’ after differentiation using an alkaline solution. Through this
process, the rest of the tissue components can subsequently be counterstained with the eosin dye.

2.6.2.1.2 Procedure for haematoxylin and eosin (H&E) staining
The reagents used for staining were haematoxylin, 1% hydrochloric acid (HCl) in 70% alcohol, Scott’s water
(mixture of 7g sodium bicarbonate, 20g magnesium sulphate 7-hydrate and tap water) and eosin stock
solution (10% eosin Y in tap water diluted to 1% with tap water).
The procedure for manual staining was as follows:
1. Take tissue sections to water:
a. De-wax in xylene for 1 to 2 minutes
b. Immerse sections in 99% alcohol for 10 seconds (three rounds)
c. Wash in running water for 10 seconds
2. Stain nuclei in Harris haematoxylin solution for five minutes:
3. Wash in water:
4. Differentiate in 1% acid alcohol:
5. Wash well in water and ‘blue’ in Scott’s water:
6. Wash in water:
7. Stain in 1% eosin Y for five minutes:
8. Wash in water:
9. Dehydrate, clear and mount:
a. This implies sequential immersion of the tissue section slide in 99% alcohol (3 rounds for 10
seconds each) and xylene prior to placing mountant on the section and a cover slip.

2.6.2.2 Picrosirius red (fast green) staining
H&E is a good general staining technique but given it non-specific nature, tissue sections were also stained
with picrosirius red. This stain is used to demonstrate collagen and non-collagenous proteins in tissue
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sections. Collagen is a vital protein in small bowel architecture with a disruption indicating protein
degradation and tissue destruction. This process is further accentuated when stained tissue sections are
viewed under a polarised light, which will show areas of damage and neo-collagen formation. Collagen
proteins are stained red by this technique whilst non-collagenous structures are stained light green.

2.6.2.2.1 Principles of picrosirius red (fast green) staining
Picrosirius red binds to tissue collagen in a stoichiometric method, whilst fast green acts as a counter stain.

2.6.2.2.2 Procedure for picrosirius red (fast green) staining
The reagents used for staining were 0.1% fast green solution (mixture of 0.05g fast green, a suspected
carcinogen, and 50ml of saturated aqueous picric acid) and 0.1% sirius red solution (mixture of 0.05g sirius
red and 50ml of saturated aqueous picric acid). Standard safety precautions were taken in the handling of
these agents as picric acid is additionally recognised to have potentially explosive and toxic properties.
The procedure for manual staining was as follows:
1. Take sections to water (see section 2.6.2.1.2):
2. Stain in fast green solution for 2 seconds:
3. Wash in distilled water:
4. Stain in sirius red solution for 15 minutes:
5. Blot and dry sections without washing in a 60oC oven:
6. Clear in xylene and mount and apply cover slip.

2.7 Methods of microscopy and staining – transmission electron microscopy (TEM)
Transmission electron microscopy (TEM) was performed at the Wellcome Imaging Centre (St. Mary’s
Hospital, Imperial College, London) to assess microcellular changes of tissue fused at high and low applied
compressive pressures. A segment of unfused porcine small bowel and a segment of bowel fused at
0.25MPa compressive pressure (one of the peak compressive pressures identified during mechanical
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testing of mucosa-to-mucosa sealed small bowel) were processed. Due to the high cost and processing time
involved, only a small number of tissue samples were processed for TEM.

2.7.1 Procedure for transmission electron microscopy (TEM)
Tissue was processed for TEM as follows:
1. Primary tissue fixation at 4oC for 2 hours in 0.5% glutaraldehyde in 0.2M buffer solution of pH 7.4:
2. The tissue is washed twice with sodium cacodylate for 10-20 minutes and left to stand overnight:
3. Secondary tissue fixation in 1% osmium tetroxide (OsO4) mixed with 1.5% potassium cyanide for 1
hour at room temperature:
4. Tissue is rinsed with distilled water (x3 cycles for 3 minutes each):
5. En bloc staining is performed with 0.5% uranyl magnesium acetate:
6. Tissue is dehydrated with 70%, 90% and 100% ethanol (5 cycles) for 10 minutes each time:
7. Tissue infiltration in propylene oxide (3 cycles):
a. Three parts propylene oxide and one part resin
b. One part propylene oxide and one part resin
c. Three parts resin and one part propylene oxide.
8.

Samples were embedded in 100% resin and placed in a vacuum dessicator:

9. Polymerisation of samples for 72 hours in an oven heated to 560C:
10. Resin samples cut into 60nm ultrathin sections of 500nm semi-thin sections using a diamond knife
(Leica Ultracut UCT) on a microtome:
11. Semi thin cut sections collected onto glass slides and stained with 1% Azur II blue/1% borax stain:
12. Sections imaged on a Zeiss Axiovert 200M microscope colour CCD using Axiovision:
13. Ultra-thin tissue selections collected on 50 mesh copper or slot grid and stained with Reynolds lead
citrate:
14. Sections were viewed with an FEI Tecnai G2 EM microscope (FEI company, Hillboro, Oregon, USA).
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2.7.2 Analysis of histology and TEM samples
Tissue sections produced by histological and TEM staining were assessed under the supervision of Professor
Robert D. Goldin (Department of Cellular Pathology, St. Mary’s Hospital, London) by direct visualisation and
through use of image analysis software (see Chapters 3-5).

2.8 Evaluation of mechanical strength of fused bowel segments
The ability of fused tissue to withstand peristaltic luminal pressures is critical to realising a radiofrequency
energy based bowel anastomosis system. Direct assessment of tissue strength was achieved through burst
pressure alone or in combination with tensile strength (tensiometry) testing of tissues to destruction, as
determined by experimental protocol.
These tests were originally developed in industry to assess the adequacy of natural and man-made
adhesives and sealants and have been applied previously to physiological testing of human and animal
tissues [16, 100-102]. These tests were conducted solely on ex vivo tissue when determining the ideal seal
parameters. In vivo anastomotic strength seven days after formation was not formally tested as the
animal’s survival and passage of stool in this time period demonstrated anastomoses to be sufficiently
capable of withstanding peristaltic bowel pressures.

2.8.1 Burst pressure testing
The strength of individual ex vivo fusions was assessed by subjecting the seals to burst pressure testing.
This is a recognised method of measuring fusion strength that stresses the entire fusion line in multiple
axes [18, 21].

2.8.1.1 Burst pressure set-up and recording of maximal burst pressure
Following the completion of mucosa-mucosa or serosa-serosa bowel fusion across the lumen, the open end
of the bowel was clamped across its width at least 1.5 cm away from the fusion line. The bowel lumen was
cannulated by placing a wide bore cannula (18F gauge) parallel to the clamp. A primed three-way tubing
system connected the cannula to a water-filled, pump driven, 50ml syringe (Medfusion 3500, Medex
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International, Sunrise, FL, USA) and a pressure meter (Fluke 771, Fluke Corporation, Everett, WA, USA).
Water was infused at a rate of 10ml/min and discontinued when there was a visible burst of the fusion line.
The intraluminal pressure was monitored by the Fluke meter and the maximum pressure achieved during
infusion was recorded as the burst pressure for each fusion (see Chapter 3).

2.8.2 Tensile strength (tensiometry) testing
The width (mm) and length (mm) of the thermofused (sealed) tissue area was measured with a digital
calliper (Vernier Gauge, UK) and used to calculate the fused surface area (mm²). The fused tissue was
subsequently prepared by either side of bowel segment being dissected to the margin of the fusion line to
produce two ‘arms’ of tissue. The side of each arm was covered with small strips of paper towel secured
with tape and a small piece of adhesive (White tack, Bostik, France) was placed on top of the tape. This was
undertaken to prevent tissue slippage from the tensiometer jaws during testing. The tissue ‘arms’ were
mounted on the jaws (one fixed, one moveable) of a tensiometer (In-Spec 2200, Instron, High Wycombe,
UK) (see Chapter 3; Section 3.7). Mounted samples were subjected to uniaxial tension in the longitudinal
direction by moving the mobile jaw at a constant speed (0.3mm/s) until there was failure of the fusion line
i.e. an opening was visible across the sealed area. The maximum load reached was recorded in force ounces
(ozf) and converted to Newtons (N) to give the tissue breaking strength. Stress (σ) per unit area of fused
tissue was calculated using the formula:

σ = Force (N)/Area (mm²)

2.9 Evaluation of tissue characteristics of fused bowel segments
The strength of bowel seals is recognised as an important parameter in preventing leakage in the
immediate post-operative period whilst the tissue regenerates and inherent strength is returned to the
region of the anastomosis being created. However, the viability of the tissue following fusion is critical to
preventing ischaemia, necrosis and subsequent breakdown of the seal, which could lead to catastrophic
intra-abdominal sepsis.
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In clinical practice, there is currently no method of anastomotic assessment either in real-time or near realtime that would allow the operator to determine whether the tissue vascularity, oxygen perfusion and
overall health is sufficient to permit its long-term survival. Our experiments utilised three non-invasive
modalities, infra-red (IR) thermal imaging, multispectral imaging (MSI) and laser induced fluorescence
spectroscopy to indirectly measure changes in tissue characteristics during bowel sealing as surrogate
markers to indicate the overall potential viability of the tissue.

2.9.1 Infra-red (IR) thermal imaging
The application of radiofrequency energy is known to result in collagen denaturation, which subsequently
reforms into a lattice like mesh on cooling. Although the local effects of radiofrequency energy application
can be measured through histological assessment, the tissue effects distal to the site of heating are more
difficult to quantify. Thermal imaging techniques permit the tissue surface to be imaged in real time to
measure the relative heating of the tissue [59, 103]. This would allow the superficial effects of applying
different energy parameters to be more thoroughly quantified prior to determining the ideal bowel fusion
algorithm.

2.9.1.1 FlirTM thermal imaging camera
In vitro measurements were made of superficial tissue thermal spread when inducing bowel fusions using
both the commercial LigaSureTM Impact and prototype bowel sealing devices (see Chapter 3). Each device
was clamped and tissue placed horizontally into its jaws using a specialised rig. The thermal camera (Flir
Systems UK, West Malling, UK) was mounted on a tripod and positioned at a distance of 2m from the
tissue, perpendicular to its surface (Figure 2-9). Images were recorded at a frequency of one frame per
second over the duration of the thermal application using a programme developed by the Department of
Physics, Imperial College London, UK using a proprietary development kit (Software development kit (SDK),
Flir Systems UK) and subsequently analysed.
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Figure 2-9 – Thermal imaging set up with thermal camera placed approximately 2m away, perpendicular to
the area of interest.
The experimental set up is shown in the laboratory with the infra-red (IR) camera in the foreground placed
approximately 2m distant to the tissue undergoing tissue fusion.

2.9.1.2 Infra-red (IR) thermal data analysis
The thermal data collected was analysed using a Matlab algorithm (MathWorks, Natick, MA, USA)
developed by Dr. David Harris-Birtill, a post-doctoral fellow at Imperial College London (Department of
Physics, Imperial College London, UK). The algorithm permitted data from individual fusions to be
collectively analysed taking into account the angle at which the tissue was placed. The thermal spread can
be measured for a variable distance on each side of the applicator device and was used to calculate the
maximal distance from the point of application which rose to at least 40oC, which is considered the point at
which tissue thermal damage can become irreversible and may indicate an area of potential damage [104,
105].
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2.9.2 Multispectral imaging (MSI)
Multispectral imaging (MSI) is an established imaging method which records images of a target object at
multiple wavelengths of visible light in order to gain a greater understanding of its underlying structure. A
laparoscope mounted multispectral imaging system (MSI) was developed by Dr. Neil Clancy, a senior postdoctoral fellow at Imperial College London (Department of Surgery and Cancer, Imperial College London,
UK), for measurement of haemoglobin concentrations and applied to the fusion experiments to measure
tissue oxygenation and perfusion following the formation of bowel anastomoses. This system has
previously been validated through in vivo experiments to show a good correlation between the calculated
and measured haemoglobin concentrations of blood in vessels and abdominal organs [25, 26].

2.9.2.1 Data acquisition with multispectral imaging system
Bowel was examined pre- and post-anastomosis formation with a xenon light source (Xenon 3000, Karl
Storz GmBH, Germany) mounted to a 30° laparoscope. Following interaction with the tissue, the MSI
laparoscope system collected and transmitted the backscattered light through a spectral detection system
consisting of a liquid crystal tuneable filter (LCTF; a bandpass filter with an electronically controllable
central wavelength) and subsequently to a monochrome camera (Figure 2-10).
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Figure 2-10 – Multispectral imaging equipment set-up in vivo and schematic representation.
A – multispectral camera set-up in situ; B – schematic of image acquisition (courtesy of Dr. Neil Clancy)

Sequential images were acquired of the anastomosis at multiple wavelengths of visible light (500-620 nm)
to construct a reflectance spectrum (graph of reflected intensity vs. wavelength) at every point in the fieldof-view. The shape of this spectrum depends on the light source used, the sensitivity of the imaging system
and the reflectance properties of the tissue. If the system characteristics, such as the light source and
detector (camera), are constant then the measured reflectance spectrum can be used to infer relative
concentrations of light absorbing molecules with known spectral properties, such as haemoglobin, in the
tissue (Figure 2-10).
The resulting ‘stack’ of images is known as a multispectral ‘data cube’, having two spatial and one spectral
dimension. At any spatial location (x,y) the measured reflectance spectrum can then be converted to an
absorbance spectrum by dividing the intensity at each wavelength by the value recorded from a known
reflectance standard:

A( )   log{

I R ( )
}
I ref ( )

Where λ is wavelength, A is absorbance, IR is the reflected intensity and Iref is the intensity reflected by the
standard. This step also has the effect of normalising for the spectral properties of the illumination and
detection system.
A simple model of light absorption can be subsequently formulated by making two principal assumptions:
oxy- and deoxyhaemoglobin are the main chromophores (absorbers of light) in the tissue, and scattering is
constant with wavelength across the visible range. The predicted absorbance of light by the tissue can then
be written as:


A( )  [ HbO2 ] HbO
 [ Hb] Hb

2

Where [HbO2] and [Hb] are the concentrations of oxy- and deoxyhaemoglobin, respectively,  is the
extinction coefficient at wavelength  and is a constant to account for light attenuation due to scattering.
Since HbO2 and Hb are known and A is measured using the system the only unknowns are [HbO2], [Hb]
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and  which can be calculated using linear least squares regression. After calculation of the relative
concentrations of the two haemoglobins the oxygen saturation (SaO2) can be calculated by the formula:

SaO2 

[ HbO2 ]
[ HbO2 ]  [ Hb]

After this procedure has been followed at each pixel location the result is an image showing the spatial
distribution of oxygenation (see Chapter 4).

2.9.2.2 Analysis of multispectral imaging data
The acquired data was processed to generate images showing relative concentrations of oxy- and
deoxyhaemoglobin and overall bowel oxygen saturation (SaO2). A minimum of six spectral measurements
(three pre- and three post-anastomosis) were made at each anastomosis site to generate bowel SaO2
images and from each image. 50×50 pixel regions of interest (ROIs) were selected for analysis (Figure 2-11).
(a)

(d)

(b)

(c)

(e)

(f)

Figure 2-11 – Spectral images of bowel anastomosis with selected regions of interest shown in green boxes.
The regions of interest are subsequently analysed to produce oxygen saturation maps of the tissue
examined (see Chapter 4-5) (courtesy of Dr. Neil Clancy).
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2.9.3 Laser induced fluorescence spectroscopy (LIFS) system
The laser induced fluorescence spectroscopy system was developed by Dr. Vadzim Chalau, a post-doctoral
fellow at Imperial College London (Department of Surgery and Cancer, Imperial College London, UK). This
system aimed to quantify real time optical spectral changes in tissue undergoing bipolar radiofrequency
induced fusion. These measurements could be used to determine specific tissue structural changes and
protein changes, notably those occurring in collagen fibrils, which are believed to be key in producing a
successful tissue fusion.
The set up consisted of a spectrometer, filters and the fibre optic probes of two excitation lasers of
wavelength 375 and 405nm combined into a single input cable. An entry point was constructed for the
combined laser fibre probe measuring 5mm in diameter on the upper surface of the prototype and
LigaSureTM sealing device. This permitted the direct, real time measurement of the tissue spectral response
as the bowel seal was performed (Figure 2-7).

2.9.3.1 Set-up of laser induced fluorescence spectroscopy (LIFS) system
A LabVIEW based software interface, operated from an independent laptop PC, was developed for
managing the system spectrometer and shutters. The spectral response of the LIFS system was estimated
experimentally using a calibrated reference lamp (OceanOptics HL-2000-CAL Calibrated Tungsten Halogen
Light Source). The correction coefficients to compensate for system non-linearity were additionally
calculated. The system has a maximum sensitivity at 540 nm and has an acceptable sensitivity in 450800nm range, which fits well with the known range of bowel autofluorescence spectra.

2.9.3.2 Data acquisition with laser induced fluorescence spectroscopy (LIFS) system
On fixing bowel into the sealer device, before beginning of fusion, the reference LIFS spectra at excitation
wavelengths 375 and 405nm were manually registered over a period of 0.25s to determine that the system
was sufficiently calibrated prior to radiofrequency energy deployment. At the time of energy activation,
real time fluorescence data acquisition is commenced at the two excitation wavelengths (375 and 405nm).
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Fluorescence spectra for each wavelength were alternately registered with a temporal resolution of
approximately 300ms (Figure 2-12).

A

a

d
b

c
f

e

g

B
Figure 2-12 - Laser Induced Fluorescence Spectroscopy (LIFS) system set up.
A – Close up view of the portable excitation source with 375 and 405nm excitation fibres; B – General
overview of the LIFS set-up – (a) Laptop with LabVIEW interface; (b) RF synchronisation module (NI DAQ
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USB 6009), (c) shutter drivers, (d) excitation source (laser diodes 375nm and 405nm, shutters, collimation
optics), (e) spectrometer Ocean Optics USB 4000-FL for emission registration, (f) excitation fibre, (g)
emission fibre. Laser power supplies and TEC drivers are not shown (Images courtesy of Dr. Vadzim Chalau,
Imperial College London).

Following completion of the seal cycle and termination of radiofrequency energy delivery to the tissue, the
spectral data acquisition was continued to determine if there was any recovery of the emitted tissue
fluorescence spectra. A significant recovery towards native bowel spectral readings would potentially
indicate an incomplete sealing having occurred. At the end of acquisition, spectral data were stored in
separate files for every excitation wavelength and contained information regarding: spectrometer
sensitivity; time stamps for every spectrum and information about how radiofrequency energy was applied
at the moment of acquisition.

2.9.3.3 Analysis of laser induced fluorescence spectroscopy (LIFS)
The evolution of the spectral output at each excitation wavelength used was assessed at a fixed wavelength
of 540nm.

2.10 Experimental conditions
All experiments were conducted at room temperature. Additionally in vivo recovery studies were
conducted under sterile conditions with re-useable instruments being autoclaved or cleansed in antiseptic
solutions prior to use.
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2.11 Statistical analysis
Statistical analysis was performed using SPSS software (SPSS Inc., Chicago, IL, USA). The majority of the
experimental data was non-parametric. As a result Kruskal-Wallis tests were performed for burst pressure
and tensile strength measurements to measure more than two groups of data. Significance was assumed at
p<0.05. Where significance was found across groups, post-hoc tests (Mann-Whitney U test) were
performed to determine intragroup significance. In order to reduce the risk of type I error and inadvertent
rejection of the null hypothesis, Bonferroni adjustment was applied. Significant results were therefore
reported with this adjustment. Parametric data was assessed using a two samples t-test. Deviations in
statistical analysis for specific experimental protocols are discussed separately in the text.
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CHAPTER 3: EX VIVO LABORATORY ASSESSMENT OF RADIOFREQUENCY ENERGY
GENERATOR, APPLICATOR DEVICES AND BOWEL FUSION PARAMETERS
Prior to in vivo use for the formation of bowel anastomoses, it is essential that the operating parameters of
the ERT generator and two applicator devices used in the experiments presented are understood.
Furthermore, it is critical that the ideal electrical and pressure parameters necessary to operate the two
devices are determined so as to produce healthy and viable yet durable fusions capable of withstanding
physiological bowel pressures.
The major characterisation of the ERT generator was undertaken by Covidien Ltd. prior to its delivery to
Imperial College London (see Chapter 1). In this chapter we describe the specific experiments undertaken
to calibrate the instruments and understand the safe operating range of the prototype and LigaSureTM
sealing devices. This will lead onto a characterisation of non-electrical variables that can influence fusion
and methods of monitoring their effect and that of radiofrequency energy application in general. The
results of these assessments were combined to produce an ex vivo radiofrequency induced anastomosis as
the first step towards in vivo application,

3.1 Calibration of compressive pressure system supplying prototype bowel sealing device
The prototype sealer is attached to a compressive pressure and regulator system that allows the operator
to control the force applied to the tissue between the device jaws. In order to determine whether
increasing the applied regulator pressure, as seen on the regulator read-out, resulted in a real increase in
the force between the instrument jaws, the following experiment was undertaken.

3.1.1 Aims and objectives
To calibrate the compressive pressure and regulator system of the prototype sealer and determine the
relationship to force applied at the electrode-jaw interface.
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3.1.2 Materials and methods
An industry standard LC302-500 load cell was used to measure the force generated when increasing
compressive pressure was applied to the electrode jaws. The load cell was attached to an Omega HHP-SG
strain gauge indicator (Omega Engineering, Stamford, Connecticut, USA) and placed between the electrode
jaws of the prototype bowel sealing device (Figure 3-1). The pressure applied to the jaws (and therefore to
the load cell) was increased by a 0.01MPa increment, starting from an initial load of 0.01MPa up to a peak
of 0.49MPa (the maximum pressure possible with the regulator used). Measurements at each increment
were repeated on four occasions to check for consistency of results and the mean load (N) calculated. The
load cell had a diameter of 19mm overall with a central area of contact to the electrode surface measuring
2.54mm in radius. The load per unit area (N/cm2) was subsequently calculated and tabulated (Graph 1;
Appendix G). An overall linear increase was seen in the force applied to the load cell as the compressive
pressure was increased, indicating a satisfactory calibration.

PT

PR

SG

A
Figure 3-1 – Experimental set-up for measurement of force applied between the prototype jaws when
applying increasing compressive pressure.
PR – pressure regulator attached to compressive pressure generator and prototype device; PT – prototype
device; SG – strain gauge indicator attached to load cell (arrowed) which is placed between the jaws of the
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prototype sealer. The dimensions of the load cell were used to calculate the force generated per unit area
as the jaw pressure is increased.

Compressive pressure (MPa) versus load cell force generated (N/cm2)
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Graph 1 - Graph to demonstrate the increase in load per unit area (N/cm2) of the load cell.
As the applied compressive pressure is increased by increments of 0.01MPa from 0.00 to 0.49MPa, the load
generated is shown to follow a predominantly linear increase indicating a good calibration between the
regulated compressive pressure and that applied at the tissue interface between the electrode jaws.

The LigaSureTM Impact device jaws were too small to accommodate the load cell for purposeful
measurements of applied force to be made. However, it is known that the device is pre-calibrated by its
design to apply a maximum force of approximately 1.03MPa at its centre where tissue mass (normally
vascular bundles) will be the greatest and the application of radiofrequency energy will be concentrated
(personal communication to the author from Covidien Ltd.).
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3.2 dZ/dt algorithm
The dZ/dt algorithm was developed by Covidien Ltd. and is idealised for blood vessel sealing. The algorithm
relies on monitoring a range of electrical parameters including power (W), voltage (V), current (I) and
impedance (Z). The experimental set-up allows the algorithm to be altered by the user to set the end
impedance i.e. the relative increase from the baseline in tissue resistance at the end of RF energy
application and ramp or rate of resistance increase (see Chapter 2; Section 2.3). The generator monitors the
parameters on a millisecond basis, thereby allowing the energy applied to be finely controlled. The typical
outputs when applying the algorithm to blood vessels is shown in Figure 3-2.
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Figure 3-2 - Typical dZ/dt algorithm outputs for blood vessel sealing.
Impedance (Z), power (P), voltage (V) and current (I) development over a 4 seconds energy application
period are shown. Tissue impedance (Z) is seen to initially fall. This results from the ingress of water into
the fusion margin from the surrounding tissues as the vessel is ‘cooked’. On reaching the low impedance
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level, which usually corresponds with the tissue water approaching boiling point, the algorithm enters into
the ramp phase and the tissue is steadily heated to a pre-programmed end impedance level.

3.3 Impedance control
3.3.1 Impedance control in tissue sealing
The unique feature of the tissue sealing algorithm, as developed by Covidien Ltd., is its impedance driven
feedback control of applied radiofrequency energy. When the tissue is clamped between the jaws of the
radiofrequency device, a precise pressure is applied which compresses the tissue and drives water away
from this area. As energy is applied, there is an initial reduction in the tissue impedance as water in the
surrounding tissue ingresses into the sealing area to replace the evaporating water. Once a critical volume
of water has been lost i.e. the tissue is dessicated and the impedance is at its lowest, the ramp component
of the dZ/dt algorithm starts and drives the impedance towards the assigned end value. A typical blood
vessel seal will take between 3-5 seconds with higher end impedance values and longer periods of energy
application usually used to seal larger vascular bundles. In commercial radiofrequency energy generators,
such as the Covidien ForceTriadTM (Covidien, Boulder, Colorado, USA), the impedance values correspond to
one of three settings (level 1, 2 and 3) which approximate to end impedance values of 100, 200 and 300
ohms.
Although the current algorithm offers a degree of user control over the total energy applied to tissue, it is
suitable only for vascular thermofusion. Bowel fusion requires added consideration of the tissue
architecture and composition as the goal is not only to fuse the tissue but to ensure that it remains viable.
A key component of the overall system design is to determine the ideal electrical parameters for bowel
sealing, with end impedance in particular being a critical parameter.
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3.3.2 ERT radiofrequency generator impedance calibration to prototype sealer
3.3.2.1 Aims and objectives
To calibrate the radiofrequency energy prototype device to the ERT generator such that there is a close
match between the Impedance profile of the generator on dZ/dt algorithm activation and that produced on
tissue sealing at the applicator interface.

3.3.2.2 Materials and methods
Two pieces of insulating PCB (printed circuit board) were clamped in between the jaws of the prototype
sealing device. Each PCB board was made conductive and connected to the upper and lower jaw electrodes
respectively. The applicator device was in turn connected to the radiofrequency generator. The PCB boards
were additionally connected in parallel to a calibration resistor of known resistance (50, 100, 150 and 200
ohms) (Figure 3-3). A small electrical current was passed through the system to measure its Impedance.
Through this set-up, the displayed impedances of the prototype should equal the measured impedance less
the impedance of the calibration resistor.

3.3.2.3 Results
The impedance induced by the prototype was measured at six monthly intervals during the period of
experiments at different current levels using various values of the calibration resistors. The prototype
impedance was consistently recorded to be within 10% of the value of the calibration resistor, which was
considered by the manufacturer to be within the normal operating levels necessary to produce accurate
generator readings. These results indicated that the prototype sealer was sufficiently calibrated for use
with the experimental radiofrequency generator and the dZ/dt algorithm over the time frame of the
research presented in this thesis.
The LigaSureTM Impact device is pre-calibrated with the ERT specifications and as a result formal
characterisation of the impedance generated was not undertaken.
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Figure 3-3 - Experiment setup for impedance characterization of prototype radiofrequency sealer with
standard calibrated resistors of known impedance placed across the electrical circuit.

3.4 Calibration of prototype sealer embedded thermocouple
An accurate assessment of tissue temperature evolution during the sealing process is important to be able
to determine tissue viability. The prototype sealer had an embedded thermocouple which reached the
electrode surface (see Chapter 2; Section 2.2) and could be used to directly measure temperature change
through voltage changes at the fusion site as energy was applied.

3.4.1 Aims and objectives
To calibrate and correlate the thermocouple voltage readings obtained with specific temperature
measurements

3.4.2 Materials and methods
One of the jaw electrodes with its attached J-type thermocouple was detached from the prototype sealer
and immersed in a water bath. The thermocouple was attached to the radiofrequency generator via the
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external I/O box and thermocouple module. The LabViewTM interface of the user controlled laptop
permitted simple monitoring of tissue parameters including voltage.
Voltage readings were taken at baseline at room temperature (20-21oC) and the bath switched on. The
temperature of the water bath was monitored with an electronic thermometer with an accuracy of +/0.1oC. The voltage of each degree of temperature increment was recorded through constant immersion of
the electrode over the experimental period. The water was warmed to near boiling point with the last
voltage reading recorded at 96oC, before measurements seemed to deviate significantly and physical
operating of the water bath due to its temperature became impossible. The measurements were repeated
on four occasions to ensure accuracy of the electrode with the mean voltage reading being calculated and
tabulated (Graph 2; Appendix H).

3.4.3 Results
Overall the increase in temperature resulted in a linear increase in the voltage recorded, suggesting that
there exists a good calibration between temperature evolution and induced voltage.
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Calibration graph to show temperature vs voltage measurements
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Graph 2 – Graph to show evolution of induced thermocouple voltage as the temperature of the
thermocouple/electrode attachment is increased through immersion into a water bath heated to near
boiling point.

3.5 Temperature evolution over time using the prototype sealer
3.5.1 Aims and objectives
To determine the evolution of temperature rise over time using the prototype sealer with attached
thermocouple.
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3.5.2 Materials and methods
A series of fusions were conducted using the prototype bowel sealer running the dZ/dt algorithm. The
duration of radiofrequency energy application was varied to last from 2 to 15 seconds to determine if the
peak temperature and time to reach it changed if the overall energy delivery duration was elongated.

3.5.3 Results
Temperature evolution appeared to have two distinct phases irrespective of the duration of energy
application. In the first stage, lasting approximately 2 seconds, the temperature rose rapidly. Thereafter,
the temperature rise was less and seen to reach a plateau beyond which the temperature in an individual
seal cycle did not vary significantly (Figure 3-4).
Overall, most fusions resulted in a peak tissue temperature of 60°C to 90°C. A steep rising slope of tissue
heating significantly reduces the duration of the whole procedure and a higher maximum heating
temperature in the range between 60°C to 90°C ensures tissue collagen denaturation.
Heating of tissue is theorised to lead to denaturation of tissue proteins and reformation of their bonds on
cooling. This is believed to be the process by which fusion is achieved. Historical studies have demonstrated
that protein architecture undergoes varying change on application of different degrees of heat to a peak
temperature. The changes in architecture are to a certain degree reversible at lower applied temperatures
but higher temperatures are ideally avoided as they can lead to tissue charring and irreparable damage
across the whole of the fusion region
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Figure 3-4 Temperature curves with varying duration of radiofrequency energy application from 2-15
seconds. There is an initial steep rise in temperature for the first 2 seconds of radiofrequency energy
delivery which then plateaus in the region of 60°C to 90°C regardless of the total duration of time for which
radiofrequency energy is applied. The electrical end impedance for each fusion was kept constant.

3.6 Temperature measurements during fusion with the LigaSureTM Impact device
3.6.1 Thermocouple Insertion into tissue during LigaSureTM Impact tissue sealing
3.6.1.1 Aims and objectives
To determine if temperature can be measured by placing a thermocouple within the bowel during fusion
with the LigaSureTM Impact.

3.6.1.2 Materials and methods
A LigaSureTM impact vessel sealing device was connected to the ERT radiofrequency generator. The jaws of
the LigaSureTM device were clamped on a piece of previously defrosted and prepared porcine small bowel.
A J-type thermocouple was inserted within the small-bowel tissue and clamped between the jaws to
measure the temperature change during the sealing protocol (Figure 3-5). Radiofrequency energy was
applied for a total of four seconds during each fusion cycle.
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A

B

Figure 3-5 - Temperature measurement by inserting a thermocouple into the tissue during fusion with the
LigaSureTM Impact device. The thermocouple is held in the hand of the operator in panel A and seen as a
thin red line in panel B.

3.6.1.3 Results
The tissue temperature was found to increase in line with the rise and fall of the tissue impedance, but was
found to be slightly delayed in comparison to the rise in Impedance, presumably as a result of delay in the
thermocouple recording the temperature (Graph 3). The radiofrequency energy did not appear to interfere
with the temperature recording from the J-type thermocouple. Although this method of temperature
monitoring seems effective, it is not a viable long term solution due to the potential slippage of the
thermocouple during sealing and inaccurate alignment. As a result, thermocouple integration into the
device itself would be necessary.
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Temperature evolution over time during Impact fusion
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Graph 3 - Temperature evolution over time in the bowel tissue when applying radiofrequency energy with
the LigaSureTM Impact device for approximately 4 seconds with the placement of the thermocouple into the
bowel lumen.

3.6.2 Integration of four thermocouples within the LigaSureTM Impact jaws
Following the successful recording of temperature evolution during radiofrequency energy deployment
with a thermocouple embedded into the bowel lumen, four J-type thermocouples were integrated into the
jaws of a LigaSureTM Impact vessel sealing device (Figure 3-6) and individually connected to the ERT system
via the thermocouple module of the I/O connector (see Chapter 2; Section 2.2). However the limitations of
the ERT software permitted only one thermocouple reading to be recorded at a time.

3.6.2.1 Aims and objectives
To gain a more consistent temperature reading when conducting bowel thermofusion than is possible
when embedding a thermocouple into the bowel lumen.
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3.6.2.2 Materials and methods
Four thermocouples were attached to a standard LigaSureTM Impact device by cutting grooves into the
instrument jaw such that the thermocouples were perpendicular and lateral to the electrode surface
(Figure 3-6). The attachment was completed by the tooling workshop of Imperial College London
(Department of Mechanical Engineering, Imperial College London, UK). An individual thermocouple was
attached to the radiofrequency generator and its output during mucosa-to-mucosa (extra-luminal) fusions
monitored alongside the electrical parameters previously described.

A

B

Figure 3-6 - LigaSureTM Impact jaw modified with the addition of 4 thermocouples.
Jaw closed (A) and opened (B).

3.6.2.3 Results
This experiment showed that the tissue temperature increased during fusion in a linear fashion as the
tissue impedance was increased (Figure 3-7). The temperature peaked shortly after the tissue end
impedance reached the user set value. Furthermore, the four thermocouples were found to work well
individually although some suspicious temperature values were seen, which may have been caused by
radiofrequency energy interference with the signal recording. Interestingly, the peak temperatures were
often seen to be in excess of 100oC, raising the possibility that the tissue may be prone to irreversible injury
if the device were to be applied in vivo.
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Figure 3-7 – Evolution of electrical parameters and temperature during the LigaSureTM Impact temperature
sensing experiment. Panels show impedance (Z) (top left), current (I) (top right), Power (P) (bottom left)
and temperature (bottom right) changes over time.

3.6.3 Discussion of results of temperature measurements
The previous sections have demonstrated the feasibility of measuring temperature evolution in real time
using both the prototype bowel sealer and the LigaSureTM Impact devices by means of integrating J-type
thermocouples into their design. The high variability of measurements however makes the interpretation
of temperature changes, and its ultimate control in a modified algorithm, difficult. Furthermore, the
application of the sealing devices for internal bowel fusion for anastomosis requires a small device jaw as
small bowel has a limited lumen size not amenable to expansion. As a result, the use of the thermocouple
attached device may not be practical when applied for this purpose.
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3.7 Investigation of end impedance (Z), ramp and applied compressive pressure for mucosamucosa bowel fusion
The dZ/dt tissue fusion algorithm relies on a pre-set end impedance as the end point for radiofrequency
energy delivery (see Chapter 2; Section 2.3). In the following section of this thesis, we sought to understand
the parameters necessary in terms of end impedance and rate of attainment of end impedance (ramp) to
create an ideal bowel seal. Seal strength was assessed with mechanical burst pressure testing and
tensiometry where appropriate, whilst histological analysis was additionally conducted to examine the
fusion microscopically. The electrical parameters which were deemed to result in the best seals were
further investigated through ex vivo experiments for application to mucosa-mucosa (i.e. external bowel
sealing for division and closure of enterotomy) and serosa-serosa (i.e. internal bowel sealing for the
formation of anastomoses) sealing.

3.7.1 Mechanical strength of LigaSureTM Impact mucosa-mucosa seals with varying end impedance
3.7.1.1 Aims and objectives
To determine the mechanical strength of bowel tissue fused with the LigaSureTM Impact device using three
different end impedance values (100Ω, 200Ω and 300Ω) and a constant delivery ramp (0.01Ω/ms).

3.7.1.2 Materials and methods
A 5cm segment of defrosted, pre-prepared small bowel was placed into the jaws of the LigaSureTM Impact
device and subjected to radiofrequency induced thermofusion using the dZ/dt vessel sealing algorithm
(Figure 3-8). The algorithm was modified such that the ramp was maintained at 0.01Ω/ms and the end
impedance varied to 100Ω, 200Ω or 300Ω. This corresponded to a total energy delivery time of
approximately 10s, 20s and 30s respectively for each end impedance value. The ramp value was chosen so
as to permit a prolonged period of energy delivery which was thought to result in complete sealing of the
bowel tissue. On completion of the seal cycle, the tissue was removed from the device and subjected to
burst pressure testing. Six fusions were conducted at each end impedance level (N=18) and the mean burst
pressure for each group calculated and tabulated.
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A

B

Figure 3-8 – Mucosa-to-mucosa bowel sealing of a 5cm bowel segment using the LigaSureTM Impact device
with three separate end impedance values. A – View of device with bowel clasped; B – Close-up of jaws of
same instrument shown in A with bowel clasped.

3.7.1.3 Results
Eighteen fusions were performed (N=6 at each impedance level) and subjected to burst pressure testing
(Table 1; Graph 4). The mean bursting pressure in each group was found to be similar: 60.3mmHg for
fusions at 100Ω end impedance, 61.3mmHg for fusions at 200Ω end impedance and 65.6mmHg for fusions
at 300Ω end impedance. A trend was observed towards increased burst pressure as a higher end
impedance target was applied, suggesting a potential correlation between total duration of energy
application and tissue strength. However the sample sizes were too small to draw a statistical inference.
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End Impedance (Ω)
100
100
100
100
100
100
100
200
200
200
200
200
200
200
300
300
300
300
300
300
300

Ramp of Impedance (Ω/ms)
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

Burst Pressure (mmHg)
48.8
78.6
65.8
61.1
46.6
61.0
60.3
81.7
68.7
50.4
52.2
52.9
61.6
61.3
62.1
56.7
77.9
89.5
31.0
76.3
65.6

Table 1 – Burst pressure with variation in end impedance and constant impedance ramp. The values in red
are the calculated mean for each group of fusions.
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Graph to show burst pressure at varying levels of end impedance using the LigaSure
Impact
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Graph 4 – Burst pressure measurements of tissue sealed at 100Ω, 200Ω and 300Ω end impedance and ramp
0.01Ω/ms using the LigaSureTM Impact device.

3.7.2 Mechanical strength of prototype applicator mucosa-mucosa seals with varying end impedance
3.7.2.1 Aims and objectives
To determine the change in mechanical strength when bowel segments are sealed with the prototype
applicator device at varying levels of end impedance and constant ramp.

3.7.2.2 Materials and methods
5cm segments of defrosted small bowel were placed into the centre of the prototype sealing device,
without application of compressive pressure on the jaws of the instrument, and subjected to
radiofrequency induced thermofusion using the dZ/dt vessel sealing algorithm. The algorithm was modified
such that the ramp was maintained at 0.01Ω/ms and the end impedance varied to 100Ω, 200Ω or 300Ω.
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This corresponded to a total energy delivery time of approximately 10s, 20s and 30s respectively for each
end impedance value. On completion of the seal cycle, the tissue was removed from the device and
subjected to burst pressure testing.

3.7.2.3 Results
Fourteen fusions were performed and subjected to burst pressure testing (Table 2; Graph 5). The mean
bursting pressure in each group was found to be lower than that observed with the LigaSureTM Impact
sealer when using the same electrical set points. However, a trend was once again observed towards
increased burst pressure as a higher end impedance target was applied.

End Impedance (Ω)
100
100
200
200
300
300
300
300
300
300
300
300
300
300

Impedance ramp (Ω/ms)
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

Burst Pressure (mmHg)
1.7
1.5
2.2
4.4
6.9
12.4
10.5
10.1
10.1
10.1
6.7
2.6
21.6
2.8

Table 2 – Burst pressure with variation in end impedance and constant impedance ramp on fusions with
prototype bowel sealer.
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Graph to show burst pressure at varying levels of end impedance using the LigaSure TM Prototype
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Graph 5 – Burst pressure measurements of tissue sealed at 100Ω, 200Ω and 300Ω end impedance and ramp
0.01Ω/ms using the prototype bowel sealing device. No tissue pressure was applied during sealing.

3.7.2.4 Discussion
In the previous two experiments, bowel was sealed using the LigaSureTM Impact or prototype sealer. The
LigaSureTM sealer was noted to result in consistently strong seals whilst simple application of energy using
the prototype sealer resulted in universally weak seals regardless of the end impedance and duration of
applied energy.
It has been recognised that a combination of pressure and energy must be applied to tissue in order to
produce a complete fusion that occludes the tissue in question [93, 97, 106]. The action of compression,
displaces tissue water, apposes the margins of the tissue and disrupts its collagen framework. However, for
this process to be made permanent, heat application is necessary to denature the protein links which, on
cooling, reform into an incoherent mesh that is stable, haemostatic, watertight and potentially able to
withstand physiological luminal pressures.
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3.7.3 Mechanical strength of prototype applicator formed mucosa-to-mucosa seals on application of
pressure to the tissue nterface
The results of the initial studies altering the electrical parameters when using the LigaSureTM and prototype
applicators suggested that pressure may be a vital component of tissue fusion, particularly in achieving
bowel sealing with the prototype device. As a result a further baseline study was undertaken with the
prototype sealer ensuring that pressure was applied to the tissue prior to radiofrequency energy
application.

3.7.3.1 Aims and objectives
1. To determine if compression pressure is necessary for the formation of bowel seals with the prototype
sealing instrument.
2. To determine the change in mechanical strength when bowel segments are sealed with the prototype
applicator device at varying levels of compressive pressure but constant end impedance and ramp
levels.
3. To determine whether bowel is histologically sealed or unsealed to correspond to recorded bursting
pressure measurements.

3.7.3.2 Materials and methods
110 small bowel samples, of length 6cm, underwent mucosa-mucosa thermofusion using the prototype
sealing device. The pressure applied to the tissue was varied whilst maintaining a constant tissue end
impedance and ramp. Compressive pressure prior to radiofrequency energy deployment was set to 0.00,
0.05, 0.06, 0.07, 0.08, 0.09, 0.10, 0.15, 0.25, 0.30, 0.35, 0.40, 0.45 and 0.49MPa respectively. The
radiofrequency energy algorithm was modified such that the ramp was maintained at 0.01Ω/ms and end
impedance at 150Ω. These electrical parameters were chosen as they represented a balance between a
seal time that was thought sufficient to achieve fused bowel able to withstand peristaltic pressures yet not
so prolonged as to make a single seal cycle impractical to perform or result in excessive tissue damage. On
completion of the seal cycle, fused bowel segments were removed from the device and subjected to burst
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pressure testing (see Chapter 2; Section 2.8). Representative fusion samples were also taken for histological
assessment to determine the correlation between applied compressive pressure and tissue seal sufficiency.

3.7.3.3 Results
In total 110 fusions were conducted at the specified applied compressive pressures (N=4-26 per
compression pressure level). The mean burst pressures (and range of burst pressures) recorded at each
applied compressive pressure are recorded in Table 3 whilst Graph 6 demonstrates the scatter plot and line
of best fit of the data. The full data set is presented in Appendix I.
It was noted that the burst pressure remained below physiological pressures in the lowest compressive
pressure groups (0.00 and 0.05MPa) suggesting that an incomplete fusion had taken place. All other groups
showed higher levels of burst pressure but a wide range of results were also found within each group.
Compressive Pressure (MPa)

No. of Fusions (N)

0.00
0.05
0.06
0.07
0.08
0.09
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.49
Total number of fusions

5
5
5
4
5
5
5
4
10
9
26
12
7
4
4
110

Mean burst pressure+/-SD
(mmHg)
6.9+/-1.5
4.3+/-0.7
42.6+/-23.7
50.5+/-13.4
30.0+/-12.8
56.3+/-15.8
34.9+/-19.4
40.5+/-5.8
46.9+/-10.6
46.0+/-12.2
47.8+/-13.9
40.7+/-12.6
45.5+/-28.5
36.0+/6.5
51.4+/-17.3

Burst pressure
range (mmHg)
3.8-12.6
3.2-5.0
2.9-62.4
30.5-58.4
7.1-36.8
29.7-68.2
4.0-57.3
32.3-44.9
35.1-63.1
32.0-70.2
30.0-87.1
24.9-67.0
23.4-103.0
28.5-43.7
32.6-74.2

Table 3 – Burst pressure +/- SD (mmHg) following mucosa-to-mucosa fusions using the prototype sealer at
varying applied compressive pressures from 0.00 to 0.49MPa.
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Graph to show burst pressure at varying levels of end impedance using the prototype sealer
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Graph 6 – Scatter plot of burst pressure (mmHg) at varying regulator pressures when conducting mucosamucosa fusions with the prototype sealing device. A line of best fit through the data Is shown.

3.7.3.3.1 Histology
Fused bowel samples were additionally examined histologically to determine the adequacy of seal
formation (Figure 3-9). At low pressures, the seals showed compression but incomplete obliteration of the
lumen and mucosal margin. At higher compressive pressures, the lumen was noted to be completely
obliterated with the mucosal and muscular layers lying in close proximity to one another. The mucosal layer
especially appeared as a thin line, suggesting adequacy of the compression applied and completion of the
seal following radiofrequency energy application.
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A

B

Figure 3-9 – Representative samples of bowel fused at low compressive pressure of 0.05MPa (A) suggesting
a partial seal and high compression pressure of 0.25MPa (B) in which the lumen is completely obliterated
and the mucosal and muscular margins lie in close proximity to one another.

3.7.3.4 Discussion
This experiment demonstrated that compression of the bowel prior to energy application is critical in
achieving a satisfactory bowel seal, particularly one which is able to adequately withstand physiological
intraluminal pressures on burst pressure testing. Although the study examined a large number of seals, the
number of seals in some groups was small, making statistical significance difficult to ascertain. A further
study was therefore conducted to examine the effects of compressive pressure on mucosa-mucosa fusion
with the prototype sealer in which equal numbers of tissue samples were tested by two mechanical tests to
determine their physical adequacy.

3.7.4 Investigation of ideal mucosa-mucosa bowel sealing pressures – main study
3.7.4.1 Aims and objectives
To determine through mechanical and histological assessment the ideal range of compression pressure
necessary to form mucosa-to-mucosa bowel seals ex vivo.
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3.7.4.2 Materials and methods
3.7.4.2.1 Tissue preparation
Fresh porcine small bowel was obtained and prepared by resecting its mesentery and dividing the bowel
into 6cm segments. These were moistened with physiological saline and stored at room temperature (see
Chapter 2; Section 2.4). Fusions were created using an experimental radiofrequency generator and
prototype fusion device (Figure 3-10A).

3.7.4.2.2 Fusion formation
Each segment of prepared bowel was placed between the jaws of the prototype sealer which were closed
across its width under a series of controlled compressive pressures (0.00, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30,
0.35, 0.40, 0.45, 0.49MPa) using a pressure generator and regulator system (SMC, Indiana, USA (range 0.000.49MPa) (Figure 3-10B). Radiofrequency energy was then deployed over a twenty second period, whilst
maintaining a constant end-impedance (200Ω) and ramp (0.01Ω/ms), to achieve a mucosa-to-mucosa seal.
For burst pressure testing, tissue was additionally fused at compressive pressures of 0.06, 0.07, 0.08 and
0.09MPa (as initial baseline experiments had suggested a fusion ‘turning point’ from a state of tissue nonfusion to fusion between 0.05 and 0.10MPa applied compressive pressure). On completion, fused segments
were either immediately placed in fixative (10% formalin) for imaging studies or subjected to mechanical
testing.
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Figure 3-10 - Experimental set up for radiofrequency (RF) induced mucosa-to-mucosa fusions and mechanical
strength testing.
A - Set up for RF delivery showing the pressure regulator (R), prototype anastomosis device (P) and RF
generator (ERT, energy research tool); B - Close up of prototype jaws (J) supplied by electrical cables (E)
connected to RF generator, with small bowel segment (B) placed between the two electrodes into which the
tissue is placed approaching from the anti-mesenteric border; C – Burst pressure testing set up showing
pressure meter (PM), infusion pump (S) with 3 way tubing connecting the two to a cannula placed in the fused
bowel segment (B); D - Line diagram of a post fusion ex-vivo intestinal seal. The horizontal width (mm) and
vertical length (mm) of the fused region were measured using a digital calliper and subsequently used to
calculate the fused surface cross-sectional area (mm2); E-F - Tensiometer used for breaking strength testing
with line diagram showing experimental set up and the direction of clamp movement (white arrow) in the
same plane as the fused tissue to cause disruption of the welded surfaces.
PDA – personal digital assistant, C – clamps

3.7.4.3 Results
3.7.4.3.1 Fusion testing
The mechanical strength of fusions was tested using two modalities: burst pressure measurements and
tensiometry. Changes induced by radiofrequency energy application to the tissue structure and collagen
matrix were evaluated using light microscopy and transmission electron microscopy (TEM).
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3.7.4.3.2 Mechanical strength testing
3.7.4.3.2.1 Burst pressure measurement
169 bowel fusions were created at varying compressive pressures and subjected to burst pressure testing
(Figure 3-10C). Twenty-one (12.4%) fusions were excluded from the final statistical analysis due to seal
failure following energy deployment. The burst pressures varied considerably as the compressive pressure
was increased (Table 4). The peak median burst pressures were observed at compressive pressures
0.15MPa (24.70mmHg), 0.20MPa (24.85mmHg) and 0.25MPa (25.30mmHg). A statistically significant
difference in burst pressure measurements was found between the 0.25MPa and 0.00MPa (p=0.0003),
0.05MPa (p=0.003), 0.06MPa (p=0.0002), 0.07MPa (p=0.0002), 0.08MPa (p=0.0003), 0.09MPa (p=0.001)
and 0.40MPa (p=0.002) compressive pressure groups. Significant difference in burst pressures was also
noted on comparing compressive pressure groups 0.00MPa and 0.49MPa (p=0.0001) and between
0.09MPa and 0.10MPa (p=0.003). A step change was observed between 0.09MPa and 0.10MPa
compressive pressures, where a higher burst pressure was seen after a pressure greater than 0.10MPa was
applied.
Compressive
pressure (MPa)
0.00
0.05
0.06
0.07
0.08
0.09
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.49
Total no. fusions

No. of fusions (N)
8
10
10
10
10
10
10
10
10
10
10
10
10
10
10
148

Mean burst
pressure+/-SD (mmHg)
8.05+/-1.79
11.66+/-4.99
8.58+/-2.45
9.94+/-3.61
12.23+/-5.90
15.54+/-6.15
24.63+/-4.89
27.56+/-7.51
25.19+/-4.87
25.77+/-4.09
23.58+/-3.65
20.27+/-4.75
18.92+/-4.95
19.63+/-1.54
20.97+/-2.95

Median burst
pressure (mmHg)
7.55
10.60
8.60
11.65
11.50
15.40
23.45
24.70
24.85
25.30
23.75
20.50
17.30
19.50
21.65

Burst pressure
range (mmHg)
5.7-11.4
7.2-24.6
5.6-12.8
4.9-15.5
5.8-21.9
5.8-24.3
18.2-32.9
21.9-24.3
17.7-32.9
18.1-46.4
16.2-32.7
11.6-33.0
14.4-28.6
17.3-30.7
15.7-22.3

MPa – Mega Pascal, N – Newtons, SD – standard deviation, mmHg – millimetres of mercury
Table 4 - Burst pressure (mean, median and range) of porcine small bowel undergoing mucosa-to-mucosa
radiofrequency induced thermofusion at varying compressive pressures.
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3.7.4.3.2.2 Tensiometry testing
130 fusions were formed for tensile strength testing. The horizontal width (mm) and vertical length (mm) of
the fused area in each segment was measured with a digital calliper (Vernier Gauge, UK) and used to
estimate the fused surface area (mm²) (Figure 3-10D; see Chapter 2; Section 2.8). This measurement was
used to calculate the applied stress (force per unit area) when performing the tensiometry tests. Samples
were prepared and subjected to uniaxial tension in the longitudinal direction (Figure 3-10E-F).
Eighteen fusions (14%) were excluded from the final analysis due to technical failure. Breaking strength
increased as compressive pressure was raised to a value of 0.10MPa where after it plateaued (Table 5).
High median breaking strength (N) and calculated stress (N/mm²) values were observed at 0.15MPa (1.05N,
0.0079N/mm²), 0.20MPa (1.18N, 0.0080N/mm²), 0.25MPa (1.05N, 0.0070N/mm²) and 0.40MPa (1.22N,
0.080N/mm²). A statistically significant difference in breaking strength measurements was observed
between the 0.05MPa compressive pressure group and groups 0.15MPa (p=0.002), 0.20MPa (p=0.002) and
0.40MPa (p=0.002).
Compressive
pressure (MPa)
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.49
Total no. fusions

No. of
fusions (N)
9
10
10
11
10
10
11
10
10
10
11
112

Mean breaking
strength+/-SD (N)
0.09+/-0.15
0.32+/-0.36
0.77+/-0.36
1.21+/-0.30
1.22+/-0.39
1.07+/-0.25
1.00+/-0.32
0.98+/-0.23
1.16+/-0.29
0.84+/-0.24
0.95+/-0.26

Median breaking
strength (N)
0.00
0.18
0.81
1.05
1.18
1.05
1.04
0.97
1.22
0.90
0.93

Breaking strength
range (N)
0.0000-0.3609
0.0000-0.8858
0.0978-1.2227
0.8668-1.6981
0.6391-1.8719
0.6960-1.4535
0.3750-1.5914
0.6536-1.4076
0.7148-1.5188
0.5485-1.1399
0.5702-1.3906

Median stress
(N/mm2)
0.0000
0.0012
0.0065
0.0079
0.0080
0.0070
0.0057
0.0067
0.0080
0.0050
0.0057

MPa – Mega Pascal, N – Newtons, SD – standard deviation, N/mm2 – Newtons/mm2
Table 5 - Breaking strength (mean, median and range) and median stress of porcine small bowel undergoing
mucosa-to-mucosa radiofrequency induced thermofusion at varying compressive pressures.
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3.7.4.3.3 Fusion imaging
3.7.4.3.3.1 Histology
Eleven porcine small bowel samples, representative of the main test parameters were fused at compressive
pressures of 0.00, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40, 0.45 and 0.49MPa and immediately fixed in
formalin. The tissue was processed according to a standard procedure, cut transversely and horizontally to
the seal into 3µm slices and stained with methylene blue and haematoxylin and eosin (H&E) dyes.
Microscopic examination with methylene blue staining of unfused (control) porcine small bowel showed
the normal intact glandular and villous structures in the mucosa and submucosa (Figure 3-11A). Application
of different levels of compressive pressure resulted in a variable tissue effect, At the lowest compressive
pressures (0.00 and 0.05MPa) there was no visible microscopic evidence of bowel fusion as bowel layers
were distinguishable and the lumen intact (Figure 3-11B-C). However, at higher compressive pressures
fusion is evident, as demonstrated by the compression of the serosa and muscularis externa and merging of
the mucosa and submucosa into a single layer (Figure 3-11D-E).
This effect is more marked when the tissue is stained with methylene blue dye following successful
radiofrequency induced thermofusion (Figure 3-11F). In the unfused areas of the tissue the normal crypt
architecture is preserved with all wall layers being individually demarcated. In the peri-fusion area a
transition zone is identifiable in which a varying degree of tissue damage is present. Mucosal damage
increases as the fused tissue area is approached with a ‘feather-like’ appearance, due to villous disruption,
becoming evident. Within the fused region itself, the lumen is obliterated indicating a successful seal. This
appearance was replicated in all fused tissues regardless of the compressive pressure applied and does not
enable a histological distinction (apart from when 0.00 and 0.05MPa compressive pressures are applied) of
the pressure applied to the tissue to achieve a successful fusion.
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Figure 3-11 - Light microscopy of porcine small intestine following mucosa-to-mucosa sealing with the
prototype sealing device.
m – mucosa, mm – muscularis mucosa, cp – crypt of Lieberkühn, sm – submucosa, me – muscularis externa,
L – bowel lumen, s - serosa
A – Methylene blue stained, normal, unfused porcine small bowel showing mucosa (m), muscularis mucosa
(mm) and submucosa with a normal appearance of the crypts of Lieberkühn (cp) (x10 magnification);
B – Transverse section of radiofrequency (RF) fused small bowel (0.05MPa compressive pressure). Fusion has
not taken place as the lumen (L) remains intact with bowel layers, particularly the mucosa (m) and submucosa,
being distinct. (H&E stain, x200 magnification). Arrow indicates where tissue has been compressed by the
prototype jaws; C – Longitudinal section of zone of RF application at 0.05MPa compressive pressure with
fusion failure demonstrated. (H&E stain, x200 magnification); D – Transverse section of RF fused small bowel
following application of 0.25MPa compressive pressure. The arrow indicates the zone of fusion with unfused,
normal tissue on either side. The fused zone demonstrates merging of the mucosal and submucosal layers with
the serosa (s) and muscularis externa (me) only being distinguished. (H&E stain, x200 magnification);
E – Longitudinal section of RF fused small bowel at 0.25MPa compressive pressure showing compression of all
bowel layers and obliteration of the intestinal lumen, indicative of a successful seal. (H&E stain, x200
magnification); F - Transverse section of RF fused porcine small bowel (0.25MPa compressive pressure) stained
with methylene blue dye. In the unfused region, mucosa is seen to maintain its normal appearance. In the
‘transition zone’ mucosal crypts show a feathery appearance but bowel layers remain distinct while in the
fused region (arrow) the mucosa (m) and submucosa (sm) combine into a single layer with obliteration of the
intestinal lumen (x10 magnification)

3.7.4.3.3.2 Transmission electron microscopy (TEM)
TEM was performed at the Wellcome Imaging Centre (St. Mary’s Hospital, Imperial College London). A
segment of unfused porcine small bowel and a segment of bowel fused at 0.25MPa compressive pressure
(one of the peak compressive pressures identified during mechanical testing) were stained with methylene
blue dye and examined to provide a representative assessment of the effects of thermofusion on bowel
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collagen. Samples were prepared using a standard protocol and viewed with a FEI Tecnai G2 EM
microscope.
As observed with light microscopy, the control specimen showed a normal wall architecture with an intact
mucosa, muscularis mucosa and submucosa (Figure 3-12A). At higher magnification (x13000) bundles of
collagen fibrils were seen to run periodically in the longitudinal and transverse directions (Figure 3-12B).
In the fused bowel sample, the tissue was grossly fused (Figure 3-12C) with areas of radoifrequency
induced damage being distinguished as amorphous structures surrounding the collagen fibres, which in
turn have lost their periodicity, suggesting that denaturation had occurred (Figure 3-12D-E). However,
within the fused area undamaged collagen fibrils were also seen, with their regular shape and periodicity
being maintained (Figure 3-12F), suggesting that denaturation does not occur throughout the tissue.
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Figure 3-12 – Transmission electron micrographs of unfused (control) and fused (0.25MPa compressive
pressure) bowel using the prototype sealing system.
m – mucosa, mm – muscularis mucosa, cp – crypt of Lieberkühn, sm – submucosa, me – muscularis externa,
cf – collagen fibrils, cf* - transversely sectioned collagen fibrils, cf** - longitudinally sectioned collagen fibrils,
t – damaged extracellular matrix, p – damaged phospholipid layers, f – fibroblasts, sm – smooth muscle
A – Electron micrograph of control (unfused) small bowel (magnification x1900); B – Electron micrograph of
control (unfused) small bowel showing bundles of collagen fibrils sectioned both transversely (cf*) and
longitudinally (cf**) with regular periodicity surrounded by fibroblasts (f) and smooth muscle cells (sm)
(magnification x13000); C – Electron micrograph of the radiofrequency fused zone (compressive pressure
0.25MPa) showing bowel layers merging together into an indistinguishable mass (magnification x 280); D –
Electron micrograph of radiofrequency fused small bowel (compressive pressure 0.25MPa) of the fused zone
showing collagen fibrils (cf*) surrounded by extensively damaged tissue (magnification x9300); E – Electron
micrograph of radiofrequency fused small bowel showing homogenisation and loss of collagen fibre periodicity
in a fused area (magnification x11000); F – Electron micrograph of radiofrequency fused area showing normal,
undisrupted collagen fibres in transverse (cf*) and longitudinal (cf**) views (magnification x11000)

3.7.4.4 Discussion
In this experiment, radiofrequency energy induced mucosa-to-mucosa fusions were formed ex vivo using a
variety of compressive pressures and assessed using multiple mechanical and imaging methods. The
application of 0.10 to 0.25MPa compressive pressure achieved the strongest seals, whilst a step change was
observed at 0.10MPa, where a higher burst pressure and induced stress was seen after compressive
pressures greater than 0.10MPa were applied. H&E stained histological sections showed that applying 0.000.09MPa compressive pressure results in incomplete bowel fusions and at pressures above 0.10MPa
complete fusions are formed.
The highest mean burst pressures obtained were 27.56mmHg, 25.19mmHg and 25.77mmHg at 0.15MPa,
0.20MPa and 0.25MPa compressive pressures respectively. Although these values are low, they are within
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the recognised range of bowel peristaltic pressures (0-50mmHg) suggesting that seals completed under
these compressive pressures would be able to withstand normal intraluminal peristaltic pressure.
In addition to mechanical testing, the microscopic effects of radiofrequency induced thermofusion were
also examined. Light microscopy showed varying tissue effects in line with the amount of compressive
pressure applied. At pressures lower than 0.10MPa no fusion is evident, but above this level a seal is
formed. H&E staining therefore provides a definitive measure of bowel sealing with results corresponding
well to those of mechanical testing. Through TEM we additionally observed that in fused bowel some
collagen fibrils lose their periodicity and expected structural appearance whereas others maintain their
normal architecture. Previous studies of blood vessels and soft tissue undergoing laser induced fusion have
demonstrated similar morphological changes, which are presumed to result from the uncoiling and
reformation of the collagen triple helix. Whereas submucosal collagen changes are expected, the presence
of healthy areas within the fused region was an unexpected finding, indicating that collagen fibrils have
diverse responses to the application of radiofrequency energy and compressive pressure. Overall this
experiment has demonstrated that an ideal compressive pressure range of 0.15-0.25MPa exists for forming
mucosa-to-mucosa bowel fusion which could be applied to obtaining ideal in vivo seals.

3.7.5 Investigation of ideal mucosa-to-mucosa bowel sealing algorithms – rate of energy delivery
The previous study identified the ideal compressive pressure for bowel sealing using the prototype sealer
to lie in the range of 0.15-0.25MPa using an end impedance value of 200Ω with energy being delivered at a
ramp of 0.01Ω/ms. These values were chosen as a balance was provided between the time needed to
complete a single fusion and to mitigate the risk of excessive tissue damage. It has been observed that in ex
vivo bowel, there remain areas of healthy tissue even when fusion has taken place. As a result we sought to
understand further the mechanical, thermal and histological effects of varying the rate of electrical energy
delivery during bowel sealing as a means of determining the ideal algorithm for eventual in vivo application.
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3.7.5.1 Aims and objectives
The aims of this study were as follow:
1. To conduct mucosa-to-mucosa porcine small bowel thermofusions with three different electrical sealing
algorithms, with variation of the impedance ramp applied using the commercial LigaSureTM Impact and
prototype bipolar radiofrequency energy sealer.
2. To compare the mechanical strengths of the fusions produced in the three sealing groups using burst
pressure testing.
3. To assess the superficial lateral thermal spread (LTS) on the tissue surface either side of the applicator
device during fusion and histological lateral damage (LTD).
4. To determine if any association exists between the extent of lateral thermal spread and histological
thermal damage. The presence of an association would potentially introduce a non-invasive, non
destructive method of determining fusion adequacy and the formation of a completed seal.

3.7.5.2 Materials and methods
435 bowel segments underwent mucosa-to-mucosa fusion using the LigaSure™ Impact (N=270) and
prototype sealer (N=165) devices. A constant compressive pressure was applied to the tissue prior to fusion
using each device, whilst the electrical parameters delivered were altered between three different
feedback controlled electrical algorithms. Superficial thermal spread was calculated after real-time imaging
using an infrared (IR) thermal camera while fusion strength was assessed with burst pressure testing.
Histology and light microscopy were used to analyse the extent of lateral thermal damage on either side of
the fusion margin.

3.7.5.2.1 Bowel acquisition and preparation
Porcine small bowels (varying species of domestic pigs) were acquired as frozen segments from a
commercial supplier (Fresh Tissue Suppliers) or fresh from an approved abattoir (Leech & Sons Co. Barton,
Cambridge, UK). Fresh bowel was collected, cleaned of faeces and cut into 50cm sections on the day of
slaughter with unused sections frozen at -20°C for future use. The bowel was prepared as previously
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described (see Chapter 2; Section 2.4) and divided into 8-9 cm long segments for testing. Bowel sections
were moistened and stored at room temperature until required for testing. Fusions were performed on the
same day of preparation with any unused segments being discarded at the end of each day.

3.7.5.2.2 Radiofrequency energy application
Based on the results of previous baseline experiments, three algorithms (termed dZ/dt LigaSure 1, 2 and 3)
were selected for tissue fusion. The end-impedance was kept constant at 100Ω and the impedance ramp
varied to 0.01Ω/ms, 0.005Ω/ms and 0.001Ω/ms for each of the three respective algorithms. Consequently,
the duration the fusion cycle for the three algorithms was approximately 10s for LigaSure 1, 20s for
LigaSure 2 and 100s for LigaSure 3.

3.7.5.2.3 Method of tissue fusion
Each segment of bowel was placed, anti-mesenteric border first, between the jaws of the LigaSure™ Impact
or prototype. For the prototype, the compressive pressure was set at 0.25MPa (as determined during the
compressive pressure experiments), whilst the LigaSure™ Impact device had a single calibrated
compressive pressure of 1.03MPa. On completion of the seal cycle, fused bowel segments were removed
from the instrument and subjected to burst pressure testing or placed in 10% formalin solution for fixation
and histological analysis.

3.7.5.2.4 Burst pressure testing
390 fusions were subjected to burst pressure testing to assess fusion strength. 80 fusions were made per
algorithm on the LigaSure™ Impact (N=240) and 50 fusions per algorithm on the prototype sealing device
(N=150). The peak value reached on the pressure gauge prior to disruption of the seal was recorded as the
maximum burst pressure (see Chapter 2; Section 2.8).
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3.7.5.2.5 Histology
Forty-five bowel segments, ten per algorithm on the LigaSure™ Impact and five per algorithm on the
prototype sealer, were fused for histological analysis of lateral thermal damage (Figure 3-13A-B). The
segments were prepared as per the standard protocol and stained with haematoxylin and eosin (H&E) dye
to allow analysis of thermal damage (see Chapter 2; Section 2.6). The thermal damage was measured using
NanoZoomer Digital Pathology software (NDP.view 2, Hamamatsu Photon). Lateral thermal damage was
defined as the maximum distance along the tissue mucosal margin from the edge of the tissue area within
the instrument jaws to the point of normal tissue architecture i.e. the distance of the transition zone
(Figure 3-13C). This area of thermal damage was seen at the level of both the basement membrane and
mucosa (Figure 3-13D). Features of lateral thermal damage included: smudging of cell nuclei, feathery
appearance of the mucosal layer, compaction of the muscularis externa and heat damage to blood vessels
(Figure 3-13D).
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Figure 3-13 - Light microscopy of radiofrequency induced porcine small bowel mucosa-to-mucosa fusions
with variation of the ramp of energy application.
F - Fusion line, M – Mucosa, BM – Basement membrane, L – Bowel lumen, T – Transition zone showing signs
of thermal damage
A - Transverse section of fused bowel showing the fusion line (F), transition zone and unfused regions (H&E,
x40 magnification); B – Close-up transverse section of the fusion line as shown in A. In the fused region, the
mucosa and submucosa form a single layer, which completely obliterates the bowel lumen, indicating a
complete bowel fusion has occurred (H&E, x40 magnification); C - Transverse section of bowel showing the
transition zone between the fusion line and unfused region (H&E, x200 magnification); D - Transverse
section of the transition zone showing the areas of thermal damage along the mucosa and basement
membrane. In this region, smudging of cell nuclei, feathery appearance of the mucosal layer, compaction of
the muscularis externa and heat damage to blood vessels are observed before the mucosa regains its
normal appearance in the unfused region (H&E, x200 magnification).

3.7.5.2.6 Thermal imaging
Superficial thermal spread on the surface of the tissue was recorded for all fusions (N=435) using an
infrared (IR) thermal imaging camera (ThermoVision A40, FLIR Systems, USA). The IR camera was positioned
on a tripod in front of the applicator device, approximately 2m distant and perpendicular to its jaws (Figure
3-14).
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Thermal camera (TC)

D

Figure 3-14 – Equipment set-up for tissue fusion with placement of the IR thermal camera (TC). The device
is in turn connected to the radiofrequency generator and compressive pressure system (out of view).

A clamp was used to fix the LigaSureTM or prototype in place. Scaffolds were also attached onto the jaws of
the devices to support the bowel and permit stretching of the tissue for better imaging of thermal spread
(Figure 3-15A-B).
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A

B

Figure 3-15 – The prototype (A) and LigaSureTM Impact (B) sealing devices modified so as to accommodate
the bowel segments lying flat on the device jaws thereby permitting more accurate infrared thermal
imaging of the tissue surface.

3.7.5.2.6.1 Thermal image analysis
Thermal images were quantitatively analysed using a bespoke MATLAB algorithm designed at Imperial
College London (see Chapter 2; Section 2.9). This algorithm allowed for calculation of the superficial
thermal spread on either side of the applicator device on deployment of radiofrequency energy. FLIR
thermal imaging video files were converted into .MAT files for MATLAB analysis. After loading the .MAT
files, the program produced a thermal profile for the first and last image taken during tissue fusion (Figure
3-16A-B). A user defined ‘line of interest’ was drawn across the first thermal image with the jaws of the
applicator device at its centre. This line of interest was further interrogated over the course of the fusion
cycle to produce a temperature evolution profile (Figure 3-16C). The temperature profiles are automatically
analysed to build a thermal map of the temperature evolution over time (x axis) and distance (converted
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from pixels to mm) along the defined line of interest (y axis) (Figure 3-16D). The boundaries of the jaws
covering the bowel were estimated (by the user) from the thermal map and extracted by the software.
Potentially irreparable tissue damage and protein denaturation is thought to occur at tissue temperatures
>40°C. The threshold temperature for superficial thermal spread on either side of the device jaw was
therefore set at 40°C. The MATLAB analysis resulted in the total thermal spread >/=40°C over the fusion
period and that on one side of the jaw was calculated and used for statistical analysis and comparison to
the corresponding readings of microscopic lateral thermal damage seen on histology (Figure 3-16E).

3.7.5.2.6 Statistical analysis
Statistical Package for Social Sciences (SPSS, Chicago, Illinois, USA) was used to perform the statistical
analysis. One-way analysis of variance (ANOVA) was used to analyse the data for burst pressure, superficial
thermal spread and lateral thermal damage with significance assumed at a p<0.05. Levene’s Test was used
to assess the homogeneity of variances and planned contrasts made to determine any significant difference
between the three algorithms.
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Figure 3-16 - Representative thermal images and their analysis in MATLAB for the LigaSureTM Impact
operating on algorithm dZ/dt LigaSure 1.
A - First thermal image of the fusion process shown with and without the line of interest; B - Last thermal
image of the fusion process shown with and without the line of interest; C - Temperature profiles showing
the change in temperature across the line of interest for the first and last thermal images; D – Thermal
profile images showing the second-by-second change in thermal temperature across the line of interest.
Area in black indicates the fusion line covered by the device jaws and removed for analysis of thermal
spread; E - Graphs showing the total (both sides of the jaws) and mean distance (either side of the jaws) of
superficial thermal spread above 40°C during the fusion protocol. (Images courtesy of Mr. Rui Wei, Imperial
College London)

3.7.5.3 Results
3.7.5.3.1 Burst pressure measurement
3.7.5.3.1.1 LigaSureTM Impact
The mean and median burst pressures increased as the duration of radiofrequency energy application was
increased. The LigaSure 3 algorithm (seal cycle length 100s) produced the highest mean and median burst
pressure values (60.28mmHg; 58.30mmHg) (Table 6). Homogeneity of variances was not violated (p=0.214)
and the ANOVA was significant (F(2, 237)=8.93, p=0.0001). Planned contrasts further revealed that
algorithm 3 generated a significantly higher burst pressure than algorithm 1 (t(237)=-4.22, p<0.0001) and
algorithm 2 (t(237)=-2.24, p=0.026). Algorithm 1 also had a significantly lower burst pressure value than
algorithm 2 (t(23)=-1.99, p=0.048) (Figure 3-17) .
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Instrument
LigaSureTM
Impact
Prototype
sealer

Electrical
algorithm
(dZ/dt)
1
2
3
1
2
3

Mean±SD, median and range for burst pressure
Mean burst
Median burst
Fusion (N)
pressure ±SD
pressure
(mmHg)
(mmHg)
80
51.25±11.50
49.10
80
55.50±12.56
54.45
80
60.28±16.06
58.30
50
50.29±11.85
47.20
50
55.94±14.98
51.95
50
53.56±10.92
53.55

Burst pressure
range
(mmHg)
20.50-78.80
14.30-104.10
18.00-106.70
30.50-93.80
29.50-92.10
32.40-83.70

Table 6 - Burst pressures (mean±SD, median and range) of mucosa-to-mucosa bowel fusions made on the
LigaSureTM Impact Instrument and prototype device using three different electrical algorithms (dZ/dt
LigaSure 1, 2 and 3).

Figure 3-17 – Box and whisker plot showing the burst pressure (mmHg) of bowel segments fused using the
LigaSureTM Impact Instrument with three different sealing algorithms (x axis); * = p<0.05; ** = p<0.0001.
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3.7.5.3.1.2 Prototype sealer
The mean burst pressures did not show a uniform increase as radiofrequency energy application time was
increased (Table 6). Homogeneity of variances was not violated (p=0.06) and the ANOVA was not significant
(F(2, 147)=2.50, p=0.086). Planned contrasts showed a significantly higher burst pressure for bowel fusions
with the LigaSure 2 algorithm than LigaSure 1 (t(147)=-2.23, p=0.028) but no significant difference between
the burst pressures for LigaSure 1 and 3 (t(147)=-1.30, p=0.20) or LigaSure 2 and 3 (t(147)=0.94, p=0.35)
sealed bowel segments.

Figure 3-18 – Box and whisker plot showing the burst pressure (mmHg) of bowel segments fused using the
prototype linear sealing Instrument with three different sealing algorithms (x axis); * = p<0.05.
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3.7.5.3.2 Histology
Forty-five fusions were analysed for histological lateral thermal damage to tissue adjacent to the area of
fusion. The mean, median and range of histological thermal damage (mm) for each of the three algorithms
was measured, tabulated and analysed (Table 7). When using both the LigaSureTM Impact and prototype
sealer, absolute lateral thermal damage increased at both the basement membrane and mucosal levels as
the ramp of energy application was increased. However, the LTD was consistently less than 2mm on each
side of the seal even at the lowest ramp levels when radiofrequency energy was applied for up to 100
seconds.

Fusion
(N)

Mean lateral thermal
damage ±SD (mm)

Median lateral thermal
damage (mm)

Lateral thermal
damage range (mm)

Mucosa

Basement
membrane

Mucosa

Basement
membrane

Mucosa

Basement
membrane

LigaSureTM
Impact

Electrical
algorithm
(dZ/dt)
1

10

0.85±0.15

0.86±0.15

0.85

0.81

0.66-1.19

0.71-1.21

2

10

1.14±0.18

1.09±0.10

1.15

1.14

0.89-1.51

0.75-1.30

3

10

1.65±0.39

1.63±0.37

1.71

1.74

1.14-2.18

1.06-2.04

Prototype
Sealer

Instrument

Mean±SD, median and range for lateral thermal damage

1

5

0.98±0.25

0.87±0.26

0.91

0.79

0.69-1.36

0.60-1.24

2

5

1.28±0.30

1.22±0.21

1.24

1.28

0.86-1.69

0.85-1.37

3

5

1.62±0.16

1.49±0.21

1.58

1.43

1.40-1.83

1.25-1.78

Table 7 – Lateral thermal damage as measured on histology for bowel fusions made on the LigaSure Impact
Instrument and prototype device using three different electrical sealing algorithms.

3.7.5.3.2.1 LigaSureTM Impact
One-way ANOVA and Levene’s Test showed homogeneity of variances (p=0.068: p=0.069) and significant
difference between the degree of lateral thermal damage for the three algorithms at the level of the
mucosa (F(2, 27)=24.05, p<0.0001) and basement membrane (F(2, 27)=23.30, p<0.0001).
For the mucosa, dZ/dt algorithm LigaSure 3 produced a significantly higher degree of lateral thermal
damage than LigaSure 1 (t(27)=-6.85, p<0.0001) and 2 (t(27)=-4.37, p=0.0002), as did LigaSure 2 when
compared with LigaSure 1 (t(27)=-2.48, p=0.02) (Figure 3-19).
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At the basement membrane, the extent of thermal damage was significantly greater using the algorithm
dZ/dt LigaSure 3 when compared to both algotithms LigaSure 1 (t(27)=-6.65, p<0.0001) and 2 (t(27)=-4.64,
p<0.0001.

Figure 3-19 – Box and whisker plot showing the extent of histological lateral thermal damage (mm) along
the mucosa of bowel fusions made using the LigaSureTM Impact and three different sealing algorithms (x
axis); * = p<0.05; ** = p<0.0001.

3.7.5.3.2.2 Prototype sealer
For the mucosal and basement membrane measurements, one-way ANOVA revealed significance
difference between the three algorithms (F(2, 12)=8.46. p=0.005; F(2, 12)=9.39, p=0.004). Homogeneity of
variances was not assumed (p=0.001; p 0.004).
At the level of both the mucosa and basement membrane, dZ/dt LigaSure 3 produced a significantly higher
level of thermal damage compared to LigaSure 1 and 2 (t(7.77)=-1.70, p=0.13; t(7.69)=-2.32, p=0.05) (Table
7). No significant difference for thermal damage was found between dZ/dt LigaSure 1 and 2 (t(7.77)=-1.70,
p=0.13; t(7.69)=-2.32, p=0.05) (Figure 3-20).
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Figure 3-20 - Box-and-whiskers plot showing the extent of lateral thermal damage (mm) along the mucosa
of bowel fusions made using the prototype sealing device and three different sealing algorithms (x axis);
* = p < 0.05.

3.7.5.3.3 Superficial thermal spread
435 infrared imaging files were recorded and analysed for superficial thermal spread above 40oC on either
side of the jaws of each device. The mean, median and range of superficial thermal spread for each of the
three algorithms are presented in Table 8. The heat sink effect produced by the large jaws of the prototype
sealer prevented superficial thermal spread from being visible to the IR camera. As a result, a minimal
thermal spread was seen through IR imaging and therefore excluded from further analysis.
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Instrument
LigaSureTM
Impact
Prototype
Sealer

Mean±SD, median and range for superficial thermal spread
Electrical
Mean thermal
Median
algorithm
Fusion (N)
spread ±SD
thermal spread
(dZ/dt)
(mm)
(mm)
1
90
4.87±1.53
4.70
2
90
5.95±1.65
5.60
3
90
8.56±2.06
8.45
1
50
0.00±0.00
0.00
2
50
0.00±0.00
0.00
3
50
0.34±0.67
0.00

Thermal spread
range
(mm)
1.30-8.00
1.35-10.50
2.80-14.00
0.00-0.00
0.00-0.00
0.00-2.80

Table 8 - Superficial thermal spread (mean±SD, median and range) on each side of bowel fusions made
using the LigaSureTM Impact Instrument and prototype device using three different electrical algorithms
(dZ/dt LigaSure 1, 2 and 3).

3.7.5.3.3.1 LigaSureTM Impact
Mean and median superficial thermal spread increased with successive application of the three algorithms.
LigaSure 3 seals produced the highest mean and median thermal spread (8.56mm; 8.45mm). Homogeneity
of variances was violated (p=0.037) but the ANOVA was significant (F(2, 237)=8.93, p<0.0001). Not
assuming equal variances, planned contrasts revealed that application of algorithm 3 generated a
significantly higher thermal spread than both algorithm 1 (t(164.37)=-13.63, p< 0.0001) and algorithm 2
(t(169.67)=-9.40, p<0.0001). Algorithm 1 was also found to have a significantly lower thermal spread than
algorithm 2 (t(117.11)=-4.54, p<0.0001) (Figure 3-21).
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Figure 3-21 – Box and whisker plot showing the superficial thermal spread (mm) of bowel fusions above
40oC on bowel fusions fused using the LigaSureTM Impact and varying electrical algorithms (x axis);
** = p<0.0001.

3.7.5.3.3.2 Superficial thermal spread vs. lateral thermal spread
One of the aims of the study was to determine the connection, if any, between the superficial thermal
spread and histological lateral thermal damage. The values of both superficial and deep lateral thermal
damage were plotted for 30 bowel segments sealed with the LigaSureTM Impact for which data was
available (Figure 3-22). There appears to be a general, but not absolute, correlation between the two values
making clinical use in place of histological assessment a possibility but further investigation with a larger
sample size would be necessary.
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Figure 3-22 - Scatter diagram of superficial thermal spread (mm) plotted against lateral thermal damage
(mm) for 30 bowel fusions made on the LigaSureTM Impact.

3.7.5.4 Discussion
In this experiment, radiofrequency energy induced mucosa-to-mucosa fusions were created using the
LigaSureTM Impact and prototype applicator devices, powered by one of three sealing algorithms in which
the ramp of impedance was set to give a total seal cycle duration of 10, 20 and 100 seconds. End
impedance and applied compressive pressure for each device (LigaSureTM Impact 1.03MPa and prototype
sealer 0.25MPa) were kept constant. Bowel seals were assessed mechanically, histologically and
thermographically to determine their strength and quality.
When created with the Impact sealer, the mean burst pressure of bowel fusions increased in a step-wise
fashion dependent on the duration of radiofrequency energy application, with the highest burst pressure
being attained from bowel segments sealed using the LigaSure 3 algorithm (100s seal cycle). This result
suggests that an increasing duration of radiofrequency energy application improves the mechanical
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strength of mucosa-to-mucosa seals. Conversely, the highest mean burst pressure obtained using the
prototype device was when applying the LigaSure 2 algorithm, with the burst pressure for the LigaSure 3
sealed segments showing no significant difference to LigaSure 1 or 2 induced seals. The long duration of
energy application leads to increased tissue dessication and was frequently noted to result in increased
stickiness between the electrode plate and bowel tissue. Unlike the hinged mechanism on the LigaSureTM
Impact, the prototype sealer has parallel opening jaws would often open abruptly and disrupt the seal
formed.
The peak burst pressure observed (60.28±16.06 mmHg) for radiofrequency induced mucosal seals in this
study was less than that of stapled bowel (75.8 mmHg) noted by Santini et al (50). Nevertheless, it is
important to remember that in vivo fusions are likely to increase in strength as regenerating tissue replaces
the denatured protein (51). Additionally, radiofrequency induced seals were able to withstand
supraphysiological burst pressures i.e. >20-40 mmHg before failure, suggesting the mechanical suitability of
this method for bowel sealing using the current electrical parameters.
Superficial thermal spread is a non-invasive tool for monitoring tissue fusion that can potentially provide
real-time assessment of seal formation and adequacy [59]. Our experiments on the LigaSureTM Impact
showed that increasing the duration of radiofrequency application significantly increased the extent of
superficial thermal spread (8.56mm on each side of the jaw). On the prototype device, the spread of
thermal heat could not be seen, primarily because of the large width of the device jaws (18mm) and its
heat sink effect, which obscured the area of interest on each side of the electrodes.
Similar to the results observed for superficial thermal spread, the degree of lateral thermal damage on
histology was also noted to increase on applying radiofrequency energy for a longer period of time,
regardless of the instrument used (Table 7). The increasing level of thermal damage was significant at the
level of the mucosa across all three algorithms but not for the basement membrane.
A direct comparison of superficial thermal spread and deep thermal damage was made using 30 LigaSure TM
Impact sealed bowel segments (Figure 3-22). Although the sample size was small, there appears to be a
correlation between the two measurements. However, the spread of data does not confirm an absolute
link. Furthermore, measuring superficial thermal spread with an infrared camera requires tissue samples to
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be kept relatively still and in a similar position so as to accurately obtain the temperature profile over a seal
cycle. This can be extremely difficult in vivo when the tissue and instrument are held in the hand of the
operator and in a state of near constant motion. The use of the IR camera may further be limited during
anastomotic formation when the applicator instrument would be within the lumen of the bowel making
visible infrared changes difficult to monitor and subsequently interpret.
Overall, this study has confirmed that increasing the duration of energy delivery improves mechanical
strength but also increases superficial thermal spread at the tissue surface and measured histological deep
lateral thermal damage. As a result, for in vivo application, the ideal sealing algorithm would have to have a
seal cycle that is sufficiently long to fuse tissue yet neither results in significant injury nor impairs its healing
and regeneration. Furthermore, a long period of energy delivery can be impractical in clinical circumstances
when a large number of seals may need to be formed.
As a result, the findings of this study suggest that an algorithm that delivers an end impedance of 100Ω and
ramp of 0.01Ω/ms or 0.005Ω/ms resulting in a sealing cycle of 10 or 20 seconds would provide the ideal
balance between sufficient bowel closure and minimal thermal damage for mucosa-mucosa thermofusion
when using the commercial and prototype sealers.

3.8 Investigation of end impedance (Z), ramp (Ω/ms) and applied compressive pressure for
serosa-serosa bowel fusion
Following the determination of ideal electrical and mechanical sealing parameters for mucosa-to-mucosa
bowel sealing, a further study was conducted to examine the parameters necessary to complete a
successful serosa-to-serosa (intra-luminal) seal. Serosa-serosa seals act to bring together the outer margins
of bowel, as would be the case during anastomosis formation. It is therefore critical to understand the
parameters necessary to obtain this before an anastomosis can be successfully performed.
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3.8.1 Aims and objectives
The aims of this experiment were as follows:
1. To perform serosa-to-serosa small bowel radiofrequency induced fusions with the LigaSureTM Impact
and prototype sealer devices.
2. To determine through mechanical and histological assessment the ideal range of compression pressure
necessary to form a serosa-to-serosa bowel seal ex vivo using the prototype sealing device.
3. To assess the superficial lateral thermal spread (LTS) on the tissue surface either side of the applicator
device during fusion through infrared (IR) thermal imaging.

3.8.2 Materials and methods
Ex vivo serosa-to-serosa small bowel seals were created using the LigaSureTM Impact and prototype sealing
devices. When using the prototype sealer, tissue samples were fused under compressive pressures ranging
from 0.00 to 0.50MPa. Between 0.00 and 0.10MPa compressive pressure, samples were fused at intervals
of 0.01MPa, whilst from 0.10 to 0.50MPa compressive pressure samples were fused at intervals of
0.05MPa. Bowel sealing was confirmed by histological examination in representative samples from each
compressive pressure group. The same samples were also examined for lateral thermal damage (see
Chapter 3; Section 3.7). Seal strength was assessed by burst pressure testing.
A series of fusions were also conducted using the LigaSureTM Impact device to assess intra device variability.
All samples were additionally imaged using infrared thermal imaging to assess superficial tissue
temperature evolution about the sealer over time.

3.8.2.1 Bowel Acquisition and Preparation
Tissue samples were acquired, cleaned and prepared as previously described (see Chapter 3; sections 3.7.4
and 3.7.5). Prior to fusion, the bowel samples were inverted in order to expose the mucosa to the outer
margin. By doing so, the serosal edges would be apposed, thereby permitting serosa-serosa thermofusion
of multiple tissue samples. Prior to the application of RF energy, tissue segments were further cleaned of
excess mucosal secretions and dried using paper towels.
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3.8.2.2. Radiofrequency energy parameters
Samples were allocated to the Ligasure™ Impact or prototype sealer groups for fusion. Based on previous
data obtained for mucosa-to-mucosa bowel fusions, end impedance and impedance ramp were set to 100Ω
and 0.01Ω/ms respectively for all fusions regardless of the instrument employed. Tissue samples were
loaded between the jaws of the device with the anti-mesenteric margin being innermost and clamped into
place.
LigaSure™ Impact seals were performed at a constant pressure of 1.03MPa (the pre-set pressure of the
device when ratcheted onto tissue) whilst samples fused with the prototype sealer were subjected to
compressive pressure ranging from 0.00 to 0.50MPa. Between 0.00 and 0.10MPa samples were fused at
intervals of 0.01MPa, whilst from 0.10 to 0.50MPa samples were fused at intervals of 0.05MPa. Bowel
segments were consequently fused in a total of 18 compressive pressure groups.

3.8.2.3 Burst Pressure Testing
Burst pressure testing of tissue samples were conducted according to the previously described protocol
(see Chapter 2; Section 2.8).

3.8.2.4 Histology
Representative bowel samples sealed using the 18 prototype sealer compressive pressure groups and the
LigaSureTM Impact were fixed in 10% formalin immediately after fusion had taken place and prepared
according to protocol (see Chapter 2; Section 2.6 and Chapter 3; Section 3.7.4). The prepared histology
sections were subsequently analysed for completion of bowel sealing and the degree of lateral thermal
damage adjacent to the fusion margin.

3.8.2.5 Infra-red Thermal Imaging
All seals were recorded using a dedicated thermal imaging camera. The set-up and data analysis have been
previously described in Chapter 3, Section 3.7.5.
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3.8.2.6 Statistical Analysis
Burst pressures and superficial thermal spread were distributed non-parametrically and assessed using the
Kruskal-Wallis test. The Mann-Whitney U test was used for post-hoc analysis to compare differences
between two groups for significance (p<0.05). As multiple pair analyses were conducted any significant
value found was subjected to Bonferonni adjustment to reduce the likelihood of type 1 error.

3.8.3 Results
401 serosa-to-serosa bowel fusions were conducted. 374 bowel segments underwent burst pressure
testing following fusion. Of these, 50 samples were fused using the Ligasure™ Impact device whilst the
remaining 324 samples were fused using the prototype sealing device. A further 27 fusions, that did not
undergo burst pressure testing, were fixed in formalin after fusion and sent for histological examination. Of
these 27, five were fused using the Ligasure™ device and 22 were fused using the prototype sealer.

3.8.3.1 Burst Pressure
The burst pressures for the prototype sealer were tabulated and analysed (Table 9). Statistical analysis
demonstrated a significant difference between prototype fusion compressive pressure groups (p=0.0069),
In particular, the 0.20MPa (p=0.01), 0.50MPa (p=0.03) and Ligasure™ (p<0.0001) groups produced
significantly higher burst pressures in comparison to fusions conducted at 0.01MPa compressive pressure.
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Compressive Pressure
(MPa)/Device
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.10
1.50
0.20
0.25
0.30
0.35
0.40
0.45
0.50
LigaSureTM Impact

Mean Burst Pressure ± SD (mmHg)
33.79±6.74
38.51±13.26
41.78±12.63
41.56±11.94
43.14±13.07
45.76±12.11
43.74±10.31
44.55±11.24
47.38±10.91
43.22±11.49
44.02±11.69
45.12±18.18
41.24±10.48
40.96±10.49
42.71±9.75
44.06±11.43
39.34±8.63
44.81±13.77
46.97±10.99

Median Burst Pressure
(mmHg)
33.60
35.15
42.60
40.40
42.20
44.10
41.55
43.15
43.40
42.10
47.90
48.10
43.60
42.35
40.70
45.90
37.70
44.15
47.90

Range (mmHg)
22.20-46.90
17.80-66.70
24.50-66.40
21.00-61.20
18.30-68.20
24.30-69.20
26.80-63.80
28.30-67.20
30.60-65.40
25.60-64.30
19.40-60.40
16.70-87.30
17.00-57.50
22.50-54.30
27.40-62.70
13.30-56.00
26.00-56.70
18.50-72.10
10.00-67.00

Table 9 - Mean, median and range of burst pressure values for the fusions created using the prototype
sealer at varying compressive pressures and for LigaSureTM Impact.

3.8.3.2 Thermal Imaging
Ligasure™ Impact sealing produced a mean superficial thermal spread of 4.8mm at the tissue surface on
either side of the clamped jaw. As observed for mucosa-to-mucosa fusions (Chapter 3; Section 3.7.5), the
large jaws of the prototype coupled with its substantial heat sink effect made superficial thermal spread
measurements about the prototype jaw impossible to perform. Consequently, no data was accumulated for
thermal spread greater than 40oC. As a result statistical analysis could not be performed.

3.8.3.3 Histology
Examination of fused tissue specimens with light microscopy using H&E staining showed undamaged
architecture in the mucosal and sub-mucosal layers outside areas of fusion. In some samples, where fresh
frozen bowel had been used, low-grade wide spread tissue damage was observed, consistent with freezing
induced cellular disruption. All fusions showed obliteration of the bowel lumen in the fusion zone however,
consistent with results seen in mucosa-to-mucosa thermofusion experiments. Serosa-to-serosa seals

145

formed at lower compressive pressures (0.01 and 0.05MPa) retained visible layers of the bowel wall
implying incomplete sealing. In fusions conducted at higher levels of applied compressive pressure i.e.
>0.05MPa, these bowel layers were highly compressed and virtually indistinguishable from each other
indicating that histologically sealing was complete.
Deep lateral thermal damage in the peri-fusion area was also assessed. The application of pressure did not
appear to affect the overall degree of lateral thermal damage, unlike the variation in impedance ramp as
seen with mucosa-to-mucosa fusions. As a result, all histology samples from the prototype sealed group,
regardless of the applied compressive pressure, were examined as one and compared to the
measurements of lateral thermal damage obtained during LigaSureTM Impact induced bowel thermofusion.
An unpaired, two tailed T-test demonstrated no significant difference in lateral thermal damage at the
cellular level between the Ligasure™ and prototype sealer groups with mean LTD being 1.32mm and 1.37 in
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Figure 3-23 – Box and whisker plot showing a comparison of lateral thermal damage in serosa-serosa seals
created using the prototype (1.37mm) and Ligasure™ (1.32mm) devices.
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3.8.4 Discussion
This experiment has demonstrated that the application of compressive pressure to bowel during serosaserosa sealing significantly affects its mechanical strength. No significant difference was observed in fusion
burst pressures at compressive pressures greater than 0.20MPa, suggesting that this value is the minimum
required for the creation of good quality tissue fusions. These results are consistent with those found for
mucosa-to-mucosa fusions, where an ideal compressive pressure was found to lie in the range of 0.150.25MPa. It has similarly been demonstrated, in line with results of mucosa-to-mucosa fusions, that the
application of little or no pressure results in physically incomplete and mechanically weak seals. The finding
of the ideal compressive pressure is also consistent with compressive pressures required to seal blood
vessels, with Wallwiener and colleagues having previously shown the range of 0.15 to 0.25MPa applied
tissue pressure resulting in the highest burst pressures in a porcine blood vessel model [107].
Histological analysis further demonstrated all samples formed at compressive pressures greater than
0.05MPa to be sealed. Bowel seals in the Ligasure™ group showed ‘puckering’, which may be explained by
the presence of the dissecting blade groove within the jaws where fusion does not take place. The extent of
histological lateral thermal damage showed no significant difference between the Ligasure™ and the
prototype sealing groups with their respective mean lengths of damage being 1.32±0.188mm and
1.37±0.191mm. Within the prototype group there was no significant difference in lateral thermal damage
between compressive pressure groups, suggesting that it is energy duration rather than pressure which
determines the degree of tissue damage in the peri-fusion zone. However, due to the relatively small
number of samples being analysed, these results have a limited overall reliability and make inferences
regarding tissue reactions difficult to quantify.
Infrared thermographic measurements were made for all fusions conducted. Seals performed with the
LigaSure™ device resulted in a surface superficial thermal spread of 4.8±2.69 mm on each side of the
instrument jaws. Unfortunately, the size of the prototype jaws (18mm width v 5.7mm width for LigaSureTM
impact), prevented visualisation of the tissue thermal activity in the vicinity of the area of fusion, thereby
making calculation of thermal spread impossible.
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Despite the shortcomings of the instrumentation and the ex vivo nature of this study, its objectives have
been met. Serosa-to-serosa fusions were feasible with both applicator tools, although associated with
frequent stickiness and disruption on opening the device jaws (especially when using the prototype sealer).
Furthermore an ideal compressive pressure range has been identified for the prototype sealer which
overlaps with that of ideal mucosa-to-mucosa seals. Interestingly, the LigaSureTM device has been shown to
produce strong serosa-to-serosa seals with a minimum superficial thermal spread on the tissue surface or
deep lateral thermal damage in the peri-fusion zone being seen. These results suggest that the electrical
and compressive pressure parameters described could be used for both devices to conduct in vivo serosaserosa fusions.

3.9 In vitro bowel anastomosis formation
The preceding experiments established the range of electrical operating parameters necessary when using
the two bipolar radiofrequency applicator devices to seal bowel externally and internally. The next
consideration in the research was to determine whether these parameters could be applied to the
formation of a mechanically stable small bowel anastomosis.

3.9.1 Aims and objectives
To construct, and mechanically test, a side-to-side (functional end-to-end) small bowel anastomosis using
the prototype and LigaSureTM Impact sealing devices.

3.9.2 Materials and methods
3.9.2.1 Bowel acquisition and preparation
Fresh frozen porcine small bowel, previously cleaned of macro effluent and provided by the suppliers, Fresh
Tissue Supplies Ltd. (Etchingham, East Sussex, UK) was defrosted and prepared into useable segments as
described in Chapter 2, Section 2.4.
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3.9.2.2 Device and algorithms for anastomosis formation
It was anticipated that the prototype sealer would be used for the formation of both external mucosa-tomucosa seals, to divide and close the bowel, and internal serosa-to-serosa seals to form the neo-lumen and
anastomosis.
External sealing with the prototype was found to be feasible with no adverse reaction on the bowel as a
consequence of fusion. The electrical end impedance for sealing was set to 150Ω and ramp of impedance at
0.01Ω/ms. This variation from baseline experiments, where 100Ω end impedance was used, was introduced
as it was demonstrated that a seal cycle length of 20 seconds did not result in significant deep tissue
thermal damage (see Chapter 3; Section 3.7.5). As a result, it was believed that increasing the impedance to
150Ω with a total energy application time of 15 seconds would ensure that a secure seal was produced but
with limited resulting thermal injury. Applied compressive pressure at the jaw/tissue interface was
maintained at 0.20MPa.
Internal sealing with the prototype system proved to be less successful than its external counterpart.
Several attempts were made at performing intra-luminal serosa-to-serosa seals, with each of the jaw
segments being placed into an individual limb of bowel to be joined. This resulted in two unforeseen
obstacles being encountered. Firstly, the large size of the jaws, relative to the size of the small bowel
lumen, made initial device insertion into the bowel itself difficult to accomplish. Second, following
radiofrequency energy application, excessive stickiness was noted between the electrode plate and the
mucosal surface. In order to release the instrument, a higher pressure was applied to the device jaws
through the regulator system. Due to the limited space within the small bowel and high jaw opening
pressures, the seal would often be disrupted and the anastomosis destroyed.

3.9.2.2.1 LigaSureTM Impact as an alternative for serosa-to-serosa sealing
Given the repeated failures at forming intraluminal serosal seals with the prototype device, one of two
possible solutions was considered. The first, to design and develop a second prototype with a smaller jaw
and electrodes which could be placed intraluminally. However, given the time and cost involved in
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developing a second device with no assurance of better functionality and successful performance of serosato-serosa seals, resulted in this idea being abandoned.
The alternative solution was to use the LigaSureTM Impact sealer for this purpose. Baseline ex vivo
experiments had shown serosa-to-serosa seals formed with the Impact device to be capable of generating
supra-physiological burst pressures with an acceptable thermal profile for both superficial surface thermal
spread and deep lateral thermal damage in the peri-fusion zone (see Chapter 3; Section 3.8).
Consequently, the commercial LigaSureTM tool was used for internal anastomosis formation and the
prototype sealer was utilised only for external fusions to divide bowel and close enterotomies. Due to the
small size of the commercial device’s jaw, multiple serosal fusions were required to produce a sufficiently
long neo-lumen. The electrical parameters of end impedance and ramp used for the LigaSureTM Impact
were varied in order to test for variation in seal sufficiency. End impedance was set to 100 or 150Ω whilst
ramp was set to 0.01, 0.005 or 0.001Ω/ms. As a result six sealing protocols were investigated for serosaserosa sealing.

3.9.2.3 Anastomosis procedure
The creation of the side-to-side (functional end-to-end) small bowel anastomosis involved several steps as
demonstrated in Figure 3-24. The technique aimed to emulate as closely as possible that of stapled side-toside anastomosis, which is well established and familiar to surgeons and may reduce the learning curve of
the radiofrequency technique when applied to the clinical setting [108-110].
The steps in anastomosis formation were as follows:
1. A segment of frozen bowel with its mesentery intact was defrosted to room temperature (Figure 3-24A).
2. The mesentery was divided to isolate a short segment of bowel for resection and to produce a ‘window’
through which the prototype device could be passed and applied to fuse the bowel for division
(Figure 3-24B).
3. The bowel was fused with the prototype sealing device using parameters of end impedance 150Ω, ramp
0.01Ω/ms and applied tissue compressive pressure 0.20MPa (Figure 3-24C).

150

4. The fused tissue was divided across the middle of the fusion using sharp dissection and the two bowel
limbs placed side to side (Figure 3-24D-E).
5. A single enterotomy was created in each bowel limb to admit the jaws of a commercial LigaSureTM
Impact sealer which, following adequate placement in the centre of the bowel lumina, were clamped
with the serosal margins of the two tissue limbs in opposition.
6. Radiofrequency energy was applied and on completion of the cycle, the tissue divided. The margins of
the divided bowel were identified and the device advanced to this point and re-clamped for further
fusion. A total of four sequential fusions were applied with division of the tissue following each seal to
create the neo-lumen between the two bowel segments. Given the curvature of the device head,
particular care was taken to avoid the fusion encroaching onto the mesenteric margin, which may
potentially result in disruption of the bowel vascular supply (Figure 3-24F).
7. The common resulting enterotomy between the two bowel segments was closed by fusing the tissue
with the prototype sealing device (Figure 3-24G).
8. Excess tissue distal to the enterotomy closure was excised and the area oversewn with a continuous 2/0
vicryl suture (Figure 3-24H).
9. The completed anastomosis was hyper-inflated with water to test luminal patency and fusion adequacy
(Figure 3-24I).
10.The procedure was subsequently repeated with varying electrical parameters for the LigaSureTM Impact.
11.Exact burst pressure measurements could not be generated during testing as the relatively large space
of the bowel lumen prevented a consistent pressure baseline to be acquired. If a pressure reading was
obtained, the anastomosis would frequently disrupt before a consistent peak value could be recorded.
12.Samples were also assessed histologically to determine the nature of the anastomotic join (Figure 3-25).
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3.9.3 Results of ex vivo anastomosis formation
Ten anastomoses were formed using this technique with variation of the electrical parameters used to
create the seals for neo-lumen formation. Despite the variation in serosa-to-serosa fusion electrical
settings, all anastomoses formed appeared durable and were able to withstand hyperinflation before
rupturing (Figure 3-24I).
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Figure 3-24 - Steps in the creation of a side-to-side (functional end-to-end) ex vivo small bowel anastomosis
utilising the LigaSureTM Impact and prototype sealer devices.
A - Native bowel segment; B - Creation of window within the mesentery for instrument deployment; C-D Bowel segment sealed using the prototype fusion device and cut to create two limbs of bowel; E - Bowel
segments are placed side-to-side (the fused ends are visible on the right), thereby in apposition along its
long axis; F - Enterotomy created into both limbs of bowel and LigaSureTM radiofrequency device introduced
to create anastomosis with fusion line visible as area of tissue denaturation in the centre of the image;
G – Enterotomy closed using prototype sealer and excess tissue excised; H - Fusion line of enterotomy
oversewn using 2/0 vicryl; I – Anastomotic strength testing of two anastomoses through insufflation of
water.
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Figure 3-25 – Histology of ex vivo bowel anastomosis
A - Cross section of serosa-to-serosa seal and anastomosis created using the prototype linear sealer and
LigaSureTM Impact device); B-C – Close-up of zone of serosa-to-serosa fusion created using LigaSureTM
Impact (ex vivo). The margins of the native bowel segments are seen to be distinct with compression of the
tissue at the anastomosis margin and minimal merging of tissue components.
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3.9.4 Discussion
The ex vivo formation of small bowel anastomoses brings together knowledge obtained through baseline
studies regarding electrical parameters and ideal compressive pressures and their thermal and histological
effects following tissue fusion.
The prototype device was found to be incapable of forming intraluminal seals due to the relatively large
size of its jaw. This necessitated use of the commercial LigaSureTM sealer which has previously been shown
to be effective in performing serosa-to-serosa seals with evidence of minimal thermal injury being incurred
to the tissue (see Chapter 3; Section 3.7.5). The device proved effective at forming a patent neo-lumen
between the two bowel segments being anastomosed, thereby providing a viable alternative for
anastomosis to the prototype sealer.
However, several drawbacks were observed when using the LigaSureTM approach for anastomosis. The
design of the LigaSureTM Impact consists of a curvilinear jaw with a length of 3.5cm and maximal width at its
centre of 5.7mm (see Chapter 1; Section 1.2.2). The small size of the LigaSureTM jaws permitted easy entry
into the bowel lumen and following fusion, the inbuilt blade could be used to divide the bowel and
disengage from it relatively easily, without causing significant seal disruption, as was observed when
employing the prototype sealer.
The LigaSureTM Impact, consistent with all commercially available advanced bipolar radiofrequency devices,
is designed for vascular sealing. The curvilinear nature of the jaws centralises compressive pressure in the
middle of the jaws, creating potentially weaker points proximal and distal to this. This effect can only be
mitigated by a straight electrode that disperses an equal compressive pressure and subsequent RF energy
to all areas of the tissue being sealed. The relatively short length of the jaw, compared to the prototype
sealer, also means that to produce a neo-lumen which is sufficiently wide to permit passage of bowel
content across it requires multiple fusions rather than a single radiofrequency energy deployment. The
device must therefore be aligned precisely at the cut margin of the previous seal to prevent seal overlap
and introduction of weak points along which the anastomosis may leak or suffer total breakdown. Finally,
the location of energy application in the bowel lumen is critical to ensure tissue survival. Stapling devices
are typically deployed close to the anti-mesenteric border to prevent intrusion onto the mesentery and
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potential disruption of the bowel vascular supply. Insertion and placement of the LigaSureTM Impact sealer
must therefore be precise and take into account its curve as the device may appear straight on initial
insertion but the tips may dip towards the mesentery. As a result, the distance between the device tips and
mesenteric margin was carefully examined prior to radiofrequency energy deployment for each serosaserosa seal.
Despite the inherent limitations of the commercial sealer, it did allow for the formation of a stable
radiofrequency induced anastomosis with a range of end impedance and ramp settings, which were
capable of withstanding a high degree of inflation. Despite the successful formation of the anastomoses,
the in vitro nature of the experiment and the lack of tissue response to energy application, prevents a
definitive electrical range from being ascertained. In vivo assessment with a range of sealing algorithms will
therefore be necessary and tissue effects will need to be carefully measured and analysed prior to chronic
anastomosis formation and investigation.
Overall, the initial results of ex vivo anastomosis suggest that mechanically viable radiofrequency induced
anastomoses can be formed using the method described. In particular, employing both applicator tools in a
hybrid technique, is currently the most feasible method to achieve this.
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3.10 Conclusions of ex vivo experiments
The experiments undertaken in this chapter to characterise the LigaSureTM Impact and prototype sealing
device have established the following parameters for further experiments:
1. The ideal range of applied compressive pressures necessary for mucosa-to-mucosa and serosa-to-serosa
seals when using the prototype sealer is between 0.10 and 0.25MPa.
2. The electrical parameters i.e. end impedance and impedance ramp necessary to produce mechanically
strong mucosal and serosal seals that are able to withstand supra-physiological luminal pressures.
3. Thermal changes can be measured at the tissue surface (superficial thermal spread) using infrared
thermography or histologically (lateral thermal damage). A link does appear to exist between the two
measurements but thermal imaging requires bowel tissue to be held in a steady position for meaningful
thermal analysis and for the instrument to be directly visible which is not possible when operating
within the bowel lumen. Using infra-red thermography as a surrogate marker for deep thermal damage
is therefore likely to be difficult to achieve.
4. The superficial thermal spread and deep lateral thermal damage induced with the electrical algorithms
investigated, increases with the duration of energy application. Overall, the degree of thermal damage
appears to be within a tolerable range, which may prevent irreparable tissue damage when used in vivo.
5. The size of the prototype device jaws and its heat sink prevented monitoring of the superficial thermal
spread during fusions.
6. A technique for radiofrequency induced anastomosis has been developed and tested using a hybrid of
the commercial and prototype sealer for internal and external fusions respectively.

158

CHAPTER 4: IN VIVO APPLICATION OF EXPERIMENTAL PARAMETERS
4.1 Rationale for in vivo assessment
The laboratory assessment of the radiofrequency generator and applicator devices identified the range of
electrical and anastomosis parameters necessary to successfully reconstitute small bowel continuity.
Furthermore, the extensive ex vivo testing of both mucosa-to-mucosa and serosa-to-serosa seals led to a
possible range of suitable values for electrical impedance and ramp that could be used to form ideal bowel
fusions using the LigaSureTM Impact and prototype bowel sealer.
However, the dynamic nature of small bowel tissue makes it difficult to determine the true effects of
energy application without conducting in vivo fusions and assessing the macro- and microscopic results.
Consequently, animal experiments were deemed necessary and undertaken to further investigate the in
vivo suitability of the anastomosis technique developed (see Chapter 3, Section 3.9) and to determine the
degree of injury caused by bipolar radiofrequency energy application. Anastomoses were created acutely in
porcine subjects and monitored macroscopically and via multispectral imaging over a period of several
hours. Following termination of the test subjects, the anastomoses were examined histologically.

4.2 Aims and objectives of in vivo thermofusion induced small bowel anastomosis
1. To determine the feasibility of forming radiofrequency induced anastomoses in vivo using the prototype
radiofrequency generator and associated applicator devices.
2. To determine the specific energy parameters for in vivo bowel sealing that allow a radiofrequency
induced anastomosis to be formed whilst inducing the least damage to its underlying structure. Three
sealing algorithms were used when forming the anastomosis and neo-lumen with the commercial
LigaSureTM device, with the intention of reducing overall energy delivery and intensity to tissue.
3. To assess radiofrequency induced bowel anastomosis formation as a technique against the gold
standard hand-sewn and stapled methods.
4. To measure tissue oxygenation and perfusion in the region of the anastomoses formed; prior to,
immediately after formation and after several hours of recovery, using multispectral imaging.
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5. To histologically assess the acute tissue effects of bowel anastomosis using the three techniques
described.
6. To apply the findings of these acute studies to the formation of anastomoses capable of chronic survival.

4.3 Materials and methods
Twenty-three small bowel anastomoses were created in six domestic pigs (Sus scrofa domestica; weight 4565Kg) using three techniques: (i) bipolar radiofrequency energy (side-to-side anastomosis), interrupted
sutures (end-to-end anastomosis) and staplers (side-to-side anastomosis). Following their formation, the
tissue oxygenation and perfusion of the anastomoses was assessed using a bespoke multispectral imaging
system. Subsequent to this initial examination, the anastomoses were returned to the abdominal cavity and
re-examined after the elapse of several hours in order to assess the short term changes in tissue perfusion,
oxygenation and overall stability.

4.3.1 Animal preparation and use
Animal experiments were conducted at the Northwick Park Institute for Medical Research (NPIMR, St.
Mark’s Hospital, Harrow, UK) under the relevant personal and departmental licences as required by UK
Home office regulations (see Chapter 2; Section 2.4.2). The proposed experimental protocol was approved
by a local ethics committee prior to experiments being conducted.
Six domestic pigs were acquired from a UK Home Office accredited farm and acclimated in the animal
house of the testing facility for a period of seven days prior to the operations being undertaken. Animal
husbandry procedures, as described previously in Chapter 2, were conducted according to departmental
protocols with the oversight of a Home Office approved veterinary surgeon.
In the 24 hours preceding the procedure, the animals were given a liquid high nutrition milk diet only with
access ad libitum to water. On the day of the operation, all animals were cleaned and pre-medicated with
ketamine 325-350mg and xylazine 65-70mg fifteen minutes before starting the procedure.
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4.3.1.1 Intraoperative care of test animals
Once sedated, the animal was transferred from the animal house to the operating room and placed supine
on the operating table. Following anaesthetic induction and endotracheal intubation, a combination of
oxygen, nitrous oxide and isoflurane was used to maintain anaesthesia with monitoring of the animal being
conducted by a dedicated veterinary anaesthetist from the NPIMR team over the course of each procedure.

4.3.2 Anastomosis formation
Once the animal was appropriately prepared, two to six anastomoses were formed per animal using the
bipolar radiofrequency induced, hand-sewn or stapler techniques. In the first three animals, a total of
fifteen anastomoses were produced using the radiofrequency induced method. In the remaining three
animals forming part of the study protocol, eight anastomoses were constructed using the hand-sewn
(N=4) and stapling (N=4) techniques. As the animals were to be euthanized immediately following the
conclusion of experimental work, clean but non-sterilised tools were used during the study.

4.3.2.1 Abdominal entry and initial examination
1. The abdominal cavity was entered via a lower midline laparotomy incision approximately 15cm in
length.
2. The spiral colon was identified to the right of the midline, with the terminal ileum entering into it.
3. The small bowel was mobilised proximally for a distance of approximately 70 to 80cm at which point the
first anastomosis was constructed.
4. In the region of anastomosis, the bowel was examined in its native state using the laparoscope mounted
multi-spectral imaging (MSI) system to gain a baseline reading of tissue oxygenation and perfusion (see
Chapter 2 for system description).
5. Subsequent anastomoses in the same animal were performed approximately 30cm proximal to the
preceding join.

161

4.3.2.2 Construction of bipolar radiofrequency induced small bowel anastomosis
The steps involved in formation of the side-to-side bipolar radiofrequency induced anastomosis were as
follows (Figure 4-1):
1. A segment of small bowel approximately 10cm long was identified and its mesentery divided using the
LigaSureTM Impact radiofrequency sealer (4-1B-C).
2. The mobilised, devascularised section of bowel was externally fused (mucosa-mucosa fusion) both
proximally and distally approximately 1cm away from the healthy bowel margin, using the prototype
bipolar radiofrequency induced sealer.
3. Electrical parameters of the prototype device were set as: end impedance (Z) 100Ω, ramp 0.01Ω/ms and
application pressure 0.25MPa. This resulted in a total energy delivery time of approximately 10 seconds.
Alteration from in vitro parameters was made as ex vivo testing had resulted in partial tissue charring of
seals suggesting the parameters to be unsuitable for in vivo application.
4. These sealing parameters were used for all subsequent external, mucosa-mucosa fusions.
5. The two, disconnected bowel segments were aligned to lie on top of one another in a side-to-side
configuration.
6. Five 2-0 PDS stay sutures (two on the mesenteric and three on the anti-mesenteric margin) were applied
to stabilise the bowel and maintain its alignment.
7. A 1cm enterotomy was created in each bowel lumen at the antimesenteric margin, (the cut for the
enterotomy incorporating the corner of the fused tissue), with residual fecal material being removed.
8. To create the anastomosis between the two segments, the LigaSureTM Impact commercial sealer was
used. One blade of the Impact jaw was introduced into the lumen of each bowel segment to be joined,
just off the centre of bowel towards the anti-mesenteric margin and clamped into place. A check was
made to ensure that the clamping of the bowel was neither close to the mesenteric margin nor involving
the mesentery itself. Radiofrequency energy was subsequently deployed by pressing the finger switch or
foot pedal.
9. For internal, serosa-to-serosa sealing and anastomosis formation, three pre-defined algorithms were
used (as determined by ex vivo studies in Chapter 3). The electrical parameters for the algorithms were:
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(i)

End impedance (Z) 100Ω, ramp 0.01Ω/ms, sealing time approximately 10 seconds.

(ii) End impedance (Z) 100Ω, ramp 0.005Ω/ms, sealing time approximately 20 seconds.
(iii) End impedance (Z) 100Ω, ramp 0.001Ω/ms, sealing time approximately 100 seconds..
Fusions in individual radiofrequency induced anastomosis were performed using only one of these
algorithms.
10.On completion of the seal cycle, the tissue was divided using the blade built into the centre of the
device. The device was carefully removed from the bowel to prevent seal disruption. The jaws were
cleaned of tissue residue with ice water and dried prior to re-use.
11.The bowel was everted to identify the apex of the previous fusion and the Impact sealer carefully
re-inserted to this point so that there was a minimal overlap between fusions, which could act as
potential points of weakness and lead to anastomotic disruption.
12.Four concurrent seals were applied in this way and divided to create a neo lumen approximately 8cm in
length. Once formed, the neo-lumen was examined digitally to ensure a sufficient anastomotic length
without gaps or evidence of bleeding.
13.The combined enterotomy was closed using the prototype sealer. The sealer was placed obliquely such
that the mesenteric margin, following excision of the excess distal tissue, was now at the edge of the
anastomosis.
14.The closed enterotomy line was additionally oversewn with a continuous 2/0 vicryl suture and three
anchoring stitches were placed (two on the anti-mesenteric margin and one at the ‘trouser’ division) for
added stability. The area of anastomosis itself however was not externally reinforced (Figure 4-1D-E).
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In total fifteen radiofrequency anastomoses were formed, with each of the three algorithms being used to
construct five anastomoses. Across the three test animals, radiofrequency-induced anastomoses were
formed sequentially with the three sealing algorithms. Through this approach we aimed to reduce
potential bias in results that may arise through using the same algorithm in the same animal and introduce
a degree of variability of anastomoses being formed on different days and at different times, thereby
accounting for the physiological differences between animals.

4.2.1.1 Construction of hand sewn small bowel anastomosis
The steps involved in formation of the end-to-end hand-sewn small bowel anastomosis were as follows
(Figure 4-2):
1. The small bowel mesentery was divided for a length of 5cm and bowel clamps applied at the margins of
the isolated segments.
2. The small bowel was divided, removing the segment for resection and ensuring clear edges with a good
vascular supply were present.
3. An interrupted hand sewn technique was employed to create four end-to-end anastomoses in the final
three test animals.
4. Two 2/0 PDS stay sutures were inserted to the top and bottom of the bowel segments for
approximation.
5. An interrupted anterior sero-muscular layer of 2/0 PDS sutures was initially applied followed by a
posterior layer (4-2A-B).
6. The anastomoses were subjected to a clinical leak test to ensure an adequate closure had been achieved
(4-2C).
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Figure 4-1 – Steps in the construction of acute in vivo side-to-side (functional end-to-end) radiofrequency
induced small bowel anastomosis.
A – Equipment for the formation of the thermofusion anastomosis including ERT generator, compressor
system and applicator devices; B – Native small bowel exposed approximately 70-80cm proximal to the
terminal ileum/large bowel junction; C – Division of small bowel mesentery using LigaSureTM Impact sealer;
D-E – Appearances of radiofrequency induced anastomosis after formation.
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Figure 4-2 – Construction of acute in vivo sutured end-to-end small bowel anastomosis.
A-B – Initial formation of anastomosis; C – Final appearance of small bowel anastomosis

166

4.3.2.3 Construction of stapled small bowel anastomosis
Stapled anastomoses were formed using the Barcelona technique [111]. The steps involved in formation of
the side-to-side (function end-to-end) stapled small bowel anastomosis were as follows:
1)

A loop of small bowel with its mesentery divided was kept in continuity and stay sutures were applied
beyond the devascularised area to align the proximal and distal bowel segments.

2)

Enterotomies were made into the bowel lumina at the anti-mesenteric margin and a linear GIA stapler
(GIA 85, Covidien, Boulder, CO, USA) was inserted into each lumen and clamped. Checks were made to
ensure that the bowel mesentery was not trapped within the stapler. Following this, the stapler was
fired to create the anastomosis.

3)

The lumen was checked for patency and adequate haemostasis and a transverse stapler (TIA 55,
Covidien, USA) applied to close the enterotomy.

4)

The redundant bowel, distal to the stapled segment was cut with the TIA stapler and the original loop
of bowel excised.

5)

The staple line was oversewn using a continuous 2/0 vicryl stitch and stabilising sutures were again
inserted on the anti-mesenteric border and a ‘trouser’ stitch placed at the division of the anastomosis
to prevent excessive lateral movements which may result in anastomotic disruption.

4.3.3 Multispectral imaging
Each segment of bowel was initially examined using the multispectral imaging system in its native
condition. Following anastomosis formation, the multispectral system was further used to assess oxygen
perfusion and saturation: immediately after anastomosis construction and up to several hours afterwards
(Figure 4-3). During this interval, the test animal was kept alive and the anastomosis returned to the
abdominal cavity to ensure that vascularity was not compromised due to excessive cooling by exposure to
the external environment. The mean time interval between multispectral examinations i.e. from initial
anastomosis formation to final examination, was 210 minutes (range 38-420 minutes). The native bowel
oxygen saturation and the corresponding post-anastomotic saturations for each anastomosis technique
were calculated and tabulated (Table 10).
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Figure 4-3 – Multispectral imaging system shown as a stand-alone system (A) and during in vivo use to
examine in situ bowel and anastomoses (B).

4.3.4 Histology
Following the completion of macroscopic and multispectral assessment of the individual anastomoses, and
prior to the animal’s termination, each bowel segment was excised in toto from the abdominal cavity and
placed in 10% formalin.
Samples were then prepared, as outlined previously in Chapter 2, using H&E and picrosirius red staining.
The overall architecture of the bowel anastomoses was examined. Specifically for radiofrequency induced
anastomoses, the lateral thermal damage induced by radiofrequency energy application on each side of the
anastomosis was calculated and subsequently tabulated (Table 11).

4.4 Results of acute in vivo bowel anastomosis
4.4.1 Macroscopic assessment
Anastomoses were examined after a mean time period of 210 minutes (3 hours 30 minutes) following their
formation. One radiofrequency induced anastomosis (algorithm 2 group) was noted to have broken down
at the time of re-examination. This was thought to be due to excessive manipulation during the
experiment. The spectral and histological results of this anastomosis were consequently not used in further
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analysis. None of the remaining twenty-two anastomoses, constructed using the three methods, displayed
evidence of tissue ischaemia or necrosis. In particular, the examination of radiofrequency anastomoses was
conducted up to five hours after initial formation with no gross external areas of damage being evident.
Closer inspection of the region of anastomosis did show a white band of tissue consistent with the tissue
having been denatured (Figure 4-4). However, this area seemed to be confined only to the point of
radiofrequency energy application and did not appear to compromise the anastomosis overall.

Figure 4-4 – A radiofrequency induced anastomosis examined five hours after formation, demonstrating no
evidence of gross ischaemia. Examination of the anastomosis area (arrowed) demonstrated an ischaemic
white band along the region of anastomosis, confined to the zone of energy application.

4.4.2 Multispectral imaging assessment
The data gathered from multispectral imaging was analysed ‘offline’ as described in Chapter 2, Section
2.9.2. All bowel segments were imaged in their native condition prior to anastomosis, immediately after
anastomosis and after the elapse of a period of several hours. False colour oxygen saturation maps were
created of the native bowel (Figure 4-5A-B) and anastomoses (Figure 4-5C-E) to visualise the relative
oxygenation of the tissue. However, the specific use of these spectrally mapped images was to calculate
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values for tissue oxygenation in the areas of interest around the anastomosis (Figure 4-5F-G). Several
regions of interest were examined on the anterior and posterior aspects of the anastomosis. The readings
from these regions of interest were tabulated and a mean calculated to determine the total anastomosis
oxygenation level (Table 10).
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Figure 4-5 – Visualisation of oxygen saturation (SaO2) after multispectral imaging (MSI) processing.
A – Native bowel; B - Colour image reconstructed from MSI data. Colour bar shows depth of oxygen
saturation (deep blue = poor saturation, dark green = high saturation); C – Posterior margin of bipolar
radiofrequency energy induced anastomosis with visible fusion line; D – Multispectral image of the same
region; E – Saturation map of stapled anastomosis; F – Sample regions of interest examined to calculate
oxygen saturation; G – Anastomosis with larger region of interest across anastomosis (images courtesy of
Dr. Neil Clancy, Imperial College London).

The readings obtained were averaged to gain an overall saturation level of the tissue.

Analysis

demonstrated a significant drop in oxygen saturation in all anastomoses, except those formed with the
LigaSure 1 algorithm, from the native bowel baseline (p<0.05). The groups in which the bipolar
radiofrequency induced anastomoses were formed appear to have a lower starting saturation level.
However, the absolute drop in saturation levels was constant between the groups. The results of analysis
are shown in Table 10.
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Anastomosis
Type
Radiofrequency

N

Native bowel O2
saturation (%; SD)

Anastomosis O2
saturation (%; SD)

a

5

60 +/- 7.2

60 +/- 10.5

b

5

58 +/- 8.2

49 +/- 13.0

c

4

58 +/- 4.4

47 +/- 11.5

Hand-sewn

4

70 +/- 5.9

66 +/- 6.3

Stapled

4

69 +/- 8.1

60 +/- 7.9

(algorithm 1 )
Radiofrequency
(algorithm 2 )
Radiofrequency
(algorithm 3 )

Mean time to MSI
examination (min)
131.4
(38-190)
192.2
(107-311)
138
(52-244)
331.3
(225-426)
324.5
(184-419)

Significance
0.940
0.024
0.012
0.038
0.0004

Table 10 – Pre- and post-anastomosis oxygen saturation levels in bowel anastomoses formed using the gold
standard and radiofrequency induced sealing techniques.
Pre- and post-anastomosis readings were compared using a two sample t-test with a significant drop being
demonstrated across all groups except the LigaSure algorithm 1 sealed anastomoses.
a

Algorithm 1 – application algorithm for commercial LigaSureTM with ramp 0.01Ω/ms; End Z 100Ω.

b

Algorithm 2 – application algorithm for commercial LigaSureTM with ramp 0.005Ω/ms; End Z 100Ω.

c

Algorithm 3 – application algorithm for commercial LigaSureTM with ramp 0.001Ω/ms; End Z 100Ω.

4.4.3 Histological assessment
Anastomoses were stained with H&E and picrosirius red to demonstrate general tissue structures and gross
collagen changes (Figure 4-6). None of the anastomoses examined showed evidence of microscopic
vascular insufficiency. The radiofrequency induced anastomoses showed evidence of collagen damage
under polarised light but this appeared to be incomplete, suggesting that the tissue would be able to
recover. Furthermore, staining with picrosirius red demonstrated the submucosal collagen (stained red)
from the two original bowel segments to be distinct from one another as seen in the bench anastomoses
(Figure 4-6B). The RF anastomoses were further assessed for the degree of lateral thermal damage (LTD)
induced by energy application on either side of the join (Figure 4-6A,C). The mean lateral thermal damage
i.e. destruction of the tissue structures on each side of the fusion line for each algorithm employed was:
2.69+/-1.31mm (algorithm 1), 2.38+/-0.93mm (algorithm 2) and 3.86+/-1.27mm (algorithm 3) (Table 11).
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Statistical analysis by ANOVA demonstrated no difference in the results obtained using the 1st and 2nd
algorithms but the lateral thermal damage induced by applying energy for 100s with algorithm 3 resulted in
a significantly higher lateral thermal damage (p<0.05).

A

C

B

D

Figure 4-6 – Indicative histological assessment of acute radiofrequency induced anastomosis showing axial
section of anastomosed bowel with H&E and picrosirius red staining.
A-B – Axial sections of bipolar radiofrequency induced small bowel anastomosis demonstrating the two
original bowel segment brought together to form a single join (H&E and picrosirius red); C-D – Close-up of
the anastomosis region showing the area of fusion. The bowel segments are distinct with no merging of
tissue components being evident. There is clear evidence of damage at the mucosal margin and collagen
fibres (red in the submucosal regions) from the two bowel segments are distinct (H&E and picrosirius red,
x200 magnification).
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Anastomosis Type
Radiofrequency
(algorithm 1)
Radiofrequency
(algorithm 2)
Radiofrequency
(algorithm 3)

Anastomoses (N)

Mean lateral thermal damage (mm; SD)

5

2.69 +/- 1.31

3

2.38 +/- 0.93

5

3.86 +/- 1.27

Table 11 – Mean lateral thermal damage (LTD) induced on either side of the anastomosis following
application of the three radiofrequency energy algorithms with varying total energy time of 10, 20 and 100
seconds per fusion. Mean LTD was lowest with algorithm 2 i.e. energy application for 20 seconds. Three
anastomoses were examined in this group due to one seal breaking down prior to assessment and a further
specimen breakdown during histological processing.

4.5 Discussion
This series of 23 acute porcine anastomoses examined several electrical parameters for radiofrequency
induced anastomosis formation as well as comparing the novel anastomosis technique to the established
hand-sewn and stapling methods. Overall the RF anastomosis technique itself was relatively easy to
perform and comparable to the existing methods in the time taken to perform it. As previously discussed,
the bulkiness of the prototype sealer prevented it from being employed for the anastomosis itself.
Furthermore, the internal use of the commercial sealer within the bowel lumen meant that direct thermal
measurements at the tissue interface could not be made. As a result neither thermocouple nor thermal
imaging assessment could be undertaken of the anastomosis itself.
The hand-sewn and stapled techniques are recognised to infer external strength to the anastomosis, which
reduces the risk of mechanical failure in the immediate post-operative proliferation phase of healing.
Through our experiments to date, using the advanced bipolar radiofrequency system, it has been shown
that no strength is conferred onto the tissues using this technique. As with the compression anastomosis
method, there is a reliance of the operator on tissue apposition being sufficient with the RF technique to
hold the anastomosed bowel segments together until such a time as healing begins to occur and is
advanced enough to return tissue strength to its pre-operative levels and prevent catastrophic seal failure
[1, 19, 33]. One of the radiofrequency-induced anastomoses was noted to have been disrupted intra174

operatively following formation whilst a second broke down at the time of histological preparation. This
raises the question of whether the RF-induced bowel anastomosis will be adequately held together over a
recovery period of several days or if further measures must be taken in the immediate post-operative
period to support the anastomosis, which would not be required in a traditional anastomosis formation.
Multispectral assessment of the anastomoses showed a comparable drop in oxygen saturation levels across
the techniques following a short period of recovery. This suggests that the three anastomosis methods
have a similar effect on tissue vascularity immediately following anastomotic construction. Although the
overall number of anastomoses examined was small, the views obtained from multiple angles using the
multispectral system sought to provide a more accurate measure of oxygenation than has been possible to
date. The oxygenation did not drop significantly between initial examination post bowel anastomosis and
further assessment up to several hours later. This implies that the decline in oxygenation and perfusion is
not sustained over time but seems to reach a low point almost immediately after the join has been
completed with recovery not likely to begin until tissue healing commences.
Lastly, this part of the study sought to understand the dynamic tissue effects of heat application in the live
animal model. Macroscopically, all bowel segments examined appeared to be healthy with no evidence of
gross ischaemia. Within the RF-induced anastomoses, the serosal surface in the region of energy
application appeared white, suggesting that tissue denaturation had taken place. It is not possible to
ascertain at this stage how this area would evolve and whether the tissue will heal or become progressively
ischaemic, resulting in anastomosis breakdown if left over a period of several days.
Histological assessment of these anastomoses further showed a variable level of lateral thermal damage
(LTD). LTD in the peri-fusion zone did not vary significantly when energy was applied for either 10 or 20
seconds per fusion. Conversely, a fusion cycle of 100 seconds resulted in a significantly higher level of deep
tissue injury, although the overall lateral thermal damage remained <4mm on each side of the anastomosis.
It is important to remember however that when prepared histologically, tissue undergoes shrinkage and
consequently the actual degree of thermal damage adjacent to the area of fusion may be much larger than
demonstrated in this study [112, 113].
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Overall, the results of this acute animal study suggest that radiofrequency induced anastomoses formed
using this technique and the electrical parameters outlined are viable in the initial hours following
formation with equivalence demonstrated in outcomes when compared to the suture and stapling
methods.

4.6 Conclusions
1. Radiofrequency induced anastomosis is feasible in vivo using the technique described with comparable
macroscopic and spectral results in the period following anastomosis formation across the energy
groups and techniques tested.
2. Histologically, there is a demonstrable area of lateral thermal damage on either side of the
radiofrequency induced anastomoses. This appears to increase significantly when individual serosaserosa seals with the LigaSureTM Impact were performed for 100s i.e. end impedance 100Ω and ramp
0.001Ω/ms.
3. Tissue ischaemia does not progress in the immediate post-operative phase either on macroscopic
examination or spectral analysis.
4. Radiofrequency induced anastomoses constructed using the LigaSure 2 sealing algorithm (end
impedance 100Ω; ramp 0.005Ω/ms; total seal cycle approximately 20 seconds) resulted in the least
lateral thermal damage in the peri-anastomotic area.
5. A 20 second sealing algorithm appears to provide a good trade-off between applying energy for
sufficiently long to create a complete bowel seal without compromising the tissue viability. The bench
and in vivo results to date suggest that this algorithm would be most appropriate to use in the chronic
setting.
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CHAPTER 5: RECOVERY IN VIVO STUDIES AND DEVELOPMENT OF INTEGRATED
FUSION SYSTEM
5.1 Recovery studies
Recovery studies are a key element in determining the efficacy of the radiofrequency sealing technology.
Although the acute studies performed aided in narrowing the range of electrical and compressive
parameters used, the long-term viability of anastomoses can only be determined by recovering the test
subjects and observing them over a period of several days. This period of recovery would be followed by a
macro- and microscopic re-assessment of each anastomosis.
In this section of the thesis we discuss the various studies in which anastomoses were formed and the test
animals then recovered and monitored over a mean period of seven days. These studies aimed to
determine the suitability of the anastomotic techniques, how best to recover the test subjects and the
healing of the tissue i.e. collagen synthesis and angiogenesis.

5.2 Pilot animal recovery study
5.2.1 Aims and objectives
A single pilot animal study was undertaken to assess the suitability of the developed novel technique and
fusion parameters when constructing a RF induced anastomosis for long-term recovery.

5.2.2 Materials and methods
5.2.2.1 Experimental set up
A single domestic pig (Sus scrofa domesticus) weighing 60Kg was acquired and acclimatised over a period of
one week according to our previously outlined protocol in the animal house of the testing facility
(Northwick Park Institute of Medical Research, Harrow, UK). The animal was given a regular diet for the first
six days and on the final pre-operative day a liquid Complan diet was given so as to empty the small bowel
and make it easier to manipulate at the time of operation. On the day of the procedure, the animal was
pre-medicated in the usual manner and intubated on table with constant monitoring throughout. The
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abdomen was shaved of excess hair, washed with sterile poviodine solution and draped to create a sterile
field. Instruments had similarly been sterilised prior to undertaking the procedure with all non-reusable
materials being discarded at the end of each procedure.

5.2.2.2 Operative procedure
A lower midline laparotomy incision incorporating the umbilicus was made to enter into the peritoneal
cavity. Following identification of the ileo-cecal junction and terminal ileum, the small bowel was
exteriorised into the operating field and mobilised proximally for a distance of 80cm. The small bowel was
splayed open with the mesentery and arcades visible centering on this point, where the anastomosis would
be constructed (Figure 5-1A). Residual bowel content was ‘milked’ away distally from the anastomosis site
and multiple windows were created in the small bowel mesentery for a distance of 10 cm. Haemostat clips
were applied between these windows and the mesentery divided. The vascular bundles were subsequently
isolated and tied using 2/0 vicryl prior to removal of the clips. Once the bowel had been devascularised in
this way, the prototype RF linear sealing device was applied once to occlude each end of the segment by
forming mucosa-to-mucosa fusions using fixed electrical parameters delivered over a period of 10 seconds.
The bowel was divided through the fused margins to resect the isolated segment, leaving two unconnected
proximal and distal small bowel limbs (Figure 5-1B).
The two bowel segments were aligned with 2/0 prolene stay sutures and the medial corners of both the
fused tissue margins cut to expose the bowel lumina. The commercial LigaSureTM Impact device was used to
create the anastomosis. Each of the device jaws were inserted into the two lumina i.e. one jaw in each
lumen and clamped. As a result the serosal margins of both segments were aligned. RF energy was applied
to the tissue between the jaws with an altered algorithm (end impedance (Z) 150Ω ramp 0.05Ω/ms) which
resulted in a delivery time of approximately 7.5 seconds. On completion of the seal cycle, the tissue was
divided using the blade built into the device and a further three seals performed to complete the
anastomosis. The change in the commercial sealer algorithm was introduced due to the perception that a
20 seconds seal cycle, as used in acute experiments, may result in excessive tissue damage for the chronic
animal (Figure 5-1C).
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For closure of the resulting enterotomy, the prototype RF device was once again deployed proximal to the
open neo lumen. The excess tissue was excised and discarded. Anchoring stitches were placed distal to the
‘trouser’ of the anastomosis to provide stability and prevent excess shearing movement which may cause
disruption. The suture (2/0 vicryl) was additionally used to oversew the enterotomy site. Finally, the
mesenteric defect was sutured closed using continuous 2/0 vicryl suture. The bowel clamps were released
and effluent allowed into the neo-lumen. No gross leak was evident from the anastomosis (Figure 5-1D).
Following the completion of the first anastomosis, the bowel was mobilised a further 40cm and a second
radiofrequency induced anastomosis formed using the same technique (Figure 5-1E). Prior to closure of the
abdomen, both anastomoses were re-examined for evidence of bleeding and ischaemia, neither of which
was evident.

5.2.2.3 Laparotomy closure and animal recovery
The abdomen was closed by applying interrupted 2/0 vicryl to the peritoneum and fascial layers followed
by a continuous subcutaneous stitch to approximate the wound edges. The skin was closed with
interrupted horizontal mattress sutures using 2/0 prolene. The wound was cleaned and antiseptic powder
and opsite spray applied. The animal was recovered according to a standard procedure and fed its regular
diet once fully awake.
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E
Figure 5-1 – Steps in anastomosis formation during pilot recovery study of radiofrequency induced small
bowel anastomoses. A – native small bowel in situ; B – proximal and distal small bowel limbs following
division and bowel resection using prototype fusion device; C – anastomosed small bowel segment with
closed eneterotomy site; D – oversewing of enterotomy site; E – in situ view of 2 small bowel anastomoses
(circled) with bowel effluent passing across both sites
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5.2.3 Results
Following the recovery of the test animal, it was carefully monitored and fed a semi solid diet once fully
awake. However, by the morning of the first post-operative day the animal was found to be lethargic,
unable to stand and had vomited. The abdomen was examined and found to be tense although the wound
itself appeared healthy. Due to the ill health of the animal, there was a high clinical suspicion of
anastomotic leak. As a result, the decision was made to terminate the study and euthanise the animal in
line with standard procedures of the animal house. A post mortem was performed which revealed gross
fecal contamination of the abdominal cavity and mechanical failure of both the anastomoses formed
(Figure 5-2).

A

B

Figure 5-2 – Post mortem findings of first chronic animal study demonstrating anastomotic leak with gross
fecal contamination. A - faecal peritonitis identified at the time of post mortem; B - bowel anastomoses
found to be open at post mortem.

5.2.4 Discussion
The pilot recovery study resulted in a technical failure of both radiofrequency-induced anastomoses within
twenty-four hours of their formation. Multiple intra- and peri-operative factors are thought to have
contributed to anastomosis breakdown. Firstly, the energy parameters used with the LigaSureTM Impact for
serosa-to-serosa sealing were altered from those determined in the acute animal series. This change was
undertaken in the belief that a shorter duration of application at a higher end impedance would produce a
faster seal with less tissue damage. However, it appears that the duration of tissue compression is an
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important factor in successful bowel sealing and consequently the RF energy duration may not have been
sufficient to create an adequate seal between the bowel segments. Further anastomoses would therefore
be formed using the commercial sealer with settings of end impedance of 100Ω and ramp 0.005Ω/ms,
which were demonstrated in acute in vivo studies to result in a mechanically strong seal with minimal
thermal damage being induced.
The RF technique itself seemed to result in an overall healthy anastomosis; the recovery of the animal
however will result in movement of abdominal contents. Given that the radiofrequency energy application
is recognised not to confer immediate strength to the anastomosis, further stability could be added with
stay sutures on the anti-mesenteric border to prevent vertical and lateral shearing of the anastomosis in
the initial post-operative period.
The recovery of the animal was also cited as a possible cause of the early anastomotic failure. Although the
animal was isolated 24 hours prior to operation and given only a liquid diet, in order to comply with animal
welfare regulations that prevented animal starvation over a prolonged period, a heavily mashed and liquid
diet was introduced as soon as the animal was awake and fully alert. Post mortem assessment revealed
massive fecal contamination of the coelomic cavity suggesting that the animal had a high residual food
content in the intestinal tract.
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5.3 Second pilot recovery study
The primary recovery study revealed areas of improvement in energy application and animal husbandry,
which would be necessary to achieve a successful radiofrequency induced anastomosis. A second pilot
study was undertaken in which five radiofrequency induced anastomoses would be formed in individual
animals, thereby reducing the duration of surgery and potential excessive inflammatory response when
forming multiple anastomoses.

5.3.1 Aims and objectives
1. To utilise the optimised ex vivo electrical and compressive pressure parameters to form single
radiofrequency induced anastomoses in individual animals.
2. To develop a recovery protocol that would ensure sufficient animal nutrition but prevent excessive
pressure on the anastomoses in the initial post-operative period.
3. To assess the anastomoses after a seven day period and determine degree of tissue healing.

5.3.2 Materials and methods
5.3.2.1 Experimental set-up
Five domestic pigs (Sus scrofa domesticus) of mean weight 42.4Kg (range 40-45Kg) were acclimatised to the
animal house at the NPIMR (Northwick Park Institute of Medical Research, Harrow, UK) over a period of
one week, being given a regular diet until the final pre-operative day. A liquid Complan meal was given
twenty four hours prior to the procedure, so as to empty the small bowel and make it easier to manipulate
at the time of operation. Animals were housed individually in bare pens from the day before the operation
until termination so as to more accurately control their oral intake. On the day of the procedure, the animal
was pre-medicated and intubated on table. Intravenous ampicillin and cefuroxime antibiotics and analgesia
were administered prior to the first incision with constant intra-operative monitoring throughout the
procedure by a dedicated veterinary anaesthetist. The abdomen was shaved, cleaned with an antiseptic
solution and draped to create a sterile field (see Chapter 2; Section 2.4.2 for full details of animal
husbandry).
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5.3.2.2 Operative procedure
A single bipolar radiofrequency induced anastomosis was constructed 80cm from the ileo-cecal junction
(see Chapter 4; Section 4.3). Based on the results of the acute animal studies and pilot recovery study, the
electrical parameters for the LigaSureTM Impact commercial sealer (used for anastomosis formation) were
altered and set to: end impedance (Z) 100Ω and ramp 0.005Ω/ms. The parameters for the prototype sealer
(for external bowel sealing) were set as end impedance (Z) 100Ω, ramp 0.01Ω/ms and compressive
pressure 0.25MPa. Following completion of the anastomosis, the mesenteric defect was also closed so as to
prevent possible internal herniation of bowel. The macroscopic appearance of the bipolar radiofrequency
induced anastomosis is shown in Figure 5-3.

5.3.2.3 Laparotomy closure and animal recovery
Laparotomy closure was performed using an interrupted, two layered approach with 2/0 PDS so as to
prevent incisional hernia, given the pressure applied to the abdominal wall when the animal was upright.
20mls of 0.25% bupivacaine was infiltrated into the wound and the skin closed with horizontal mattress
sutures using 2/0 prolene. The wound was cleaned, dried and opsite spray applied.
The test pig was recovered according to standard operating protocols under the close supervision of NPIMR
staff and the author. Once the effects of the anaesthetic had fully worn off, the animal was allowed water
ad libitum (as per protocol) and limited liquid nutrition.
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C
Figure 5-3 - Bipolar radiofrequency energy sealed anastomosis with oversew of the enterotomy (second
pilot study). A – macroscopic view of bowel and anastomosis from above; B – close-up view of
anastomosis from side angle; C – macroscopic view of bowel and anastomosis from side angle. Arrow
points to site of anastomosis.

5.3.2.4 Post-operative care and feeding regimen
Post-operatively, each animal was housed in a bare pen so as to fully control the oral intake. The pen had a
heated mattress and overhead lamp which was used to provide additional comfort for the first 24 hours
following the procedure. The pen also had access to a water tap which could be activated by the pig to take
water ad libitum.
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Once fully awake after anaesthesia (usually after a period of approximately 4 hours), the test animals were
initially given small volumes of liquid feed (Complan). This was gradually increased to a full diet over the
seven days recovery period. Analgesia was also given at appropriate time points as dictated by the standard
operating protocol at the animal house. Signs of distress or failure of the animal to thrive were regarded as
potential markers of anastomotic leakage, requiring the test animal to be euthanized and examined.
The post-operative monitoring and feeding regimen was as follows:

Post-operative day 0
One packet of Complan feed, usually mixed with 200ml water, but diluted here to 1200ml to ensure watery
consistency. The animal was observed hourly post-operatively and given 50ml of feed per hour over four
hours (total 200ml).

On the first postoperative day and subsequent days, the overall health of each animal was reviewed at least
once in the day with a physical examination of the abdomen for signs of tenderness or distress. The
operative wound was additionally assessed for evidence of infection or breakdown. Analgesia (carpofen
160mg) was given twice a day for three days post operatively. If the animal appeared well, the feeding
regime for the day would be commenced.

Post-operative day 1
A packet of Complan was diluted with water and given in boluses of 150-200mls every hour for seven hours
such that a total of 1400ml feed was given over the course of the day.

Post-operative day 2
The test animal was assessed on at least two separate occasions for overall health. Approximately 1/2 to
2/3 of the daily high nutrition pellet feed, which is normally consumed whole and dry by healthy pigs, was
mixed with water and mashed into a thin, porridge-like consistency. This was given in 2-3 divided feeds
over the course of the day with a total volume of approximately 1400ml.
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Post-operative day 3
Most of the test subjects would begin to pass feces 72 hours after operative intervention. Approximately
2/3 the usual volume of pellet feed was mixed with water and mashed into a thickened porridge
consistency and given in a single feed with a total volume of 1000ml.

Post-operative day 4
The animal’s usual volume of pellet feed was softened with water and given as a single meal with a total
volume of 1000ml.

Post-operative day 5
The animal’s usual volume of pellet feed was softened with water and given as a single meal with a total
volume of 1000ml.

Post-operative day 6
The animal was given regular pellet feed without softening on post-operative day 6 and subsequent days. If
the animal was due to be re-examined, one packet of Complan mixed with 1000mls of water was given the
day before re-laparotomy.

The diet volume and division was occasionally altered and tailored to account for the behaviour and overall
appearance and health of individual animals. For instance, if an animal appeared to be bloated, the total
volume of feed would be divided and given some hours apart over the course of the day rather than as a
single meal.
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5.3.2.5 Re-laparotomy and examination of anastomoses
At the end of the seven day recovery period, animals were re-examined via laparotomy under general
anaesthesia. The abdominal cavity was entered by re-opening the initial incision site and the anastomoses
examined (Figure 5-4A-B). Multiple midline adhesions were frequently encountered requiring extensive
adhesioloysis in order for the anastomosis to be visualised (Figure 5-4C). Each join was sequentially
examined for evidence of anastomotic leak or tissue ischaemia and overall peristaltic activity across the
anastomotic region (Figure 5-4D). On completion of macroscopic examination, anastomoses were excised
and placed in 10% formalin solution for fixation and histological assessment and the animal euthanized.
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D

Figure 5-4 – Examination of RF anastomoses after 7 days recovery.
A - Experimental pig prior to re-operation appearing healthy; B - Scar site prior to reoperation showing
good evidence of healing; C - Radiofrequency induced anastomosis shown from side view (circled);
D – Radiofrequency induced anastomosis shown end on (circled) with area of excess peritoneal tissue from
abdominal wall adherence.
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5.3.3 Results
Five radiofrequency induced anastomoses were formed in individual pigs with planned recovery of the
animals. Overall, three of the animals survived to re-laparotomy with two early terminations due to high
clinical suspicion of anastomotic leakage.

5.3.3.1 Animals examined after seven days recovery
All animals were monitored closely in the post-operative period. Intensive, regular observation was
performed for the first 72 hours post procedure and daily clinical assessment was undertaken thereafter.
Animals surviving to planned re-laparotomy appeared clinically well and fully recovered after seven days.
Re-examination of the anastomoses revealed healing to be macroscopically complete with no evidence of
leak or tissue ischaemia. The anastomoses were additionally found to be functioning with visible peristalsis
of semi formed fecal material across the join evident at the time of surgery. Histological assessment
revealed regeneration of the mucosal margin of the join with merging of submucosal collagen. The two
original loops of small bowel were also no longer distinct from one another.

5.3.3.2 Early terminations
Two animals were terminated before the planned re-laparotomy due to clinical evidence of anastomotic
leakage. The first was terminated twenty-four hours after initial laparotomy whilst the second was
euthanised two days after anastomosis formation.

5.3.3.2.1 Early termination 1
Entry into the abdominal cavity revealed the presence of fecal fluid, adhesions and fibrinous exudate. The
anastomosis was mobilised into the operating field, revealing a 1cm wide defect on the mesenteric margin
of the anastomosis. The defect was plugged by a bolus of hard faeces which also contained straw within it.
The presence of the stool was believed to have resulted in obstruction of the anastomotic region and
appeared to be causing excess pressure on the join which, given its early stage of healing, had resulted in its
breakdown (Figure 5-5).
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Figure 5-5 – Macroscopic appearance of anastomosis following examination for leak.
A - Anastomotic leakage from terminated animal with radiofrequency induced anastomosis from posterior,
mesenteric margin (scissors point to the defect); B – Anterior, anti-mesenteric border of anastomosis with
no evidence of disruption. Exudative material is seen throughout the operating field consistent with
leakage.

5.3.3.2.2 Early termination 2
In the second of the animals terminated early, entry into the abdominal cavity revealed gross faecal
contamination with dense bowel adhesions surrounding the anastomosis. At the level of the anastomosis,
as well as evidence of dehiscence, the mesentery itself appeared ischaemic, suggesting that radiofrequency
energy application had not been kept to the centre of the bowel and had affected the tissue vascular supply
and hence led to breakdown.

5.3.4 Discussion
Following the mechanical failure of the radiofrequency induced anastomoses formed in the initial pilot
recovery study (Chapter 5; Section 5.2), multiple improvements were made to the operative technique and
peri-operative animal management protocol. Intraoperatively, the electrical parameters of the commercial
LigaSureTM sealer were changed such that energy was delivered more slowly, thus allowing for a greater
duration of tissue compression and potential stronger bonding of the serosal margins. Following
completion of the anastomosis, stay sutures were applied to the antimesenteric margin and the
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anastomotic ‘trouser’ division so as to prevent excess shearing and lateral movement that could disrupt the
anastomosis in the initial post-operative period. During the recovery period, the animal was housed in a
bare pen, so as to stop bedding material, particularly straw, from being consumed. Straw, being a fibrous
material is recognised to take time to transit through the bowel. In one of the failed anastomoses, fibrous
material was seen to occlude the anastomosis and presumed to have led to its disruption. Given that
radiofrequency induced anastomoses have little inherent strength immediately after formation, it is
imperative to ensure that as little luminal pressure as possible is applied in the early post-operative period
so as to prevent potentially fatal disruption. As a result of this finding, the protocol was amended such that
test animals were isolated into bare pens two days before operation and given respectively a semi-liquid
and liquid diet 48 and 24 hours before the procedure. This would ensure that the stomach and proximal
small bowel did not have a large mass of residual effluent at the time of operation and immediately
thereafter.
To further prevent strain on the anastomosis before it was sufficiently healed, the animals were started on
a liquid, milk based diet following operation, the consistency and volume of which was gradually increased
until the animals were consuming their regular pellet feed just prior to re-laparotomy.
Re-examination of the anastomoses after a seven day recovery period was conducted as this is recognised
to be the minimum time frame required for collagen synthesis to reach its peak and bowel strength to be
restored prior to the phase of tissue remodelling commencing [94, 114-116]. On examination, macroscopic
healing of the anastomoses appeared to be complete without evidence of disruption or vascular
insufficiency throughout the course of the bowel.

5.3.5 Conclusions
The results obtained from this second pilot study have demonstrated the viability of anastomoses beyond
the acute phase and extending to a planned re-examination after several days. The electrical parameters
set for the devices and the hybrid operating technique itself, using the commercial and prototype sealers,
seems to be ideal for small bowel radiofrequency induced anastomosis formation, with macro- and
microscopic analysis revealing good tissue healing. The failure of two anastomoses has resulted in a change
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to the husbandry protocols of test animals together with a renewed vigilance when using the LigaSureTM
Impact sealer during serosa-to-serosa seals for anastomosis so that radiofrequency energy is applied
distant to the mesenteric margin, thereby avoiding potential disruption of the vascular supply.
Although the study has yielded promising results, the relatively small number of anastomoses has not given
definitive evidence as to the system’s reliability in consistently reproducing viable radiofrequency induced
anastomoses. Furthermore, it is as yet unknown whether the histological findings are similar to those seen
with hand-sewn and stapled anastomoses. It was therefore considered necessary to conduct further
recovery studies to test the reproducibility of the system and to complete multispectral and histological
assessments to confirm a complete physiological and structural recovery.

5.4 Comparative animal study
The pilot chronic animal study yielded evidence for the survival of radiofrequency induced anastomoses
over a follow up period of one week. The study also provided a template for animal husbandry in the perioperative period that could ensure the health of the operated animals and the anastomoses formed. The
findings of the study were incorporated into the overall methodology for forming subsequent chronic
radiofrequency induced anastomoses.
However, in order to prove the radiofrequency energy powered system’s ability to consistently and reliably
produce healthy anastomoses comparable to the gold standard methods, it would be necessary to examine
a larger cohort of chronic in vivo anastomoses. A pre-clinical study was therefore designed and undertaken
to compare the novel bipolar radiofrequency induced anastomosis method to the established hand-sewn
and stapled techniques.

5.4.1 Aims and objectives
1. To determine the rate of survival to one week of a large cohort of radiofrequency-induced anastomoses
constructed in a porcine animal model.
2. To compare the methodology of bipolar radiofrequency-induced, hand-sewn and stapled anastomosis
techniques.
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3. To determine whether anastomosis oxygen saturation improves after a period of recovery across the
three trial groups.
4. To determine the histological features of bowel healing across the three methods after a period of
recovery.

5.4.2 Materials and methods
5.4.2.1 First laparotomy procedure
Twenty-five small bowel anastomoses were formed in individual animals (mean weight 38Kg) via limited
midline laparotomy. Fifteen side-to-side radiofrequency induced, five end-to-end hand-sewn and five sideto-side stapled anastomoses were formed according to the techniques previously described in Chapters 4
and 5 (sections 4.3 and 5.3). Given the established nature of the advantages and disadvantages of stapled
and hand suturing anastomosis methods, fewer anastomoses of this type were performed compared to the
radiofrequency induced method.
Following their completion, each anastomosis was subjected to a visual assessment to ensure seals were
complete and leak-free and that macroscopic vascularity was maintained. The oxygen saturation level of
individual anastomoses in all test groups was further examined through multispectral imaging (MSI) (see
Chapter 2; Section 2.9.2) before the laparotomy was closed and the animal recovered.

5.4.2.2 Second laparotomy procedure
Test animals were recovered for a median of seven days after the first laparotomy had been performed
using the protocol developed in previous pilot studies. At the end of the seven day recovery period, animals
were re-operated upon under general anaesthesia to examine the previously formed anastomoses. Each
join was sequentially examined for evidence of anastomotic leak, tissue ischaemia and overall peristaltic
activity across the anastomotic region. On completion of macroscopic examination, anastomoses were
subjected to follow-up examination with the multispectral imaging (MSI) system. Following spectral
characterisation, the anastomoses were excised and placed in 10% formalin solution for fixation and
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histological assessment with H&E and picrosirius red staining. The test animals were then terminated
according to the standard departmental protocol.

5.4.3 Results
5.4.3.1 Macroscopic assessment of anastomoses at formation and post-recovery
Initial assessment of the anastomoses showed them to be intact with no evidence of ischaemic change. The
recovery of the animals was standardised across all anastomosis techniques with changes made to the
previously utilised protocol in line with the findings of the pilot studies performed.
The anastomoses were re-examined after a median recovery period of seven days (range 6-12 days). None
of the hand-sewn and stapled anastomoses leaked in the study period and all test animals survived to
planned re-laparotomy. Of the fifteen pigs that underwent radiofrequency-induced small bowel
anastomosis, twelve (80%) survived to the study end point. All surviving anastomoses appeared
macroscopically healthy with no evidence of tissue ischaemia or obstruction being identified.
Overall in the surviving animals, a variable degree of fibrotic response and adhesion formation was noted,
with no correlation being found with regards to the anastomotic technique utilised, animal recovery
protocol or time taken to perform the anastomosis (Figure 5-6).
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Figure 5-6 – Bipolar radiofrequency-induced anastomosis (A); hand-sewn (B) and stapled (C) anastomoses
re-examined following a median recovery time of 7 days after initial formation. The degree of adhesions
encountered and fibrotic response seen in the region of the anastomosis varied significantly across
individual animals with no correlating peri-operative factors identified to explain the findings seen.

A more detailed interrogation of the radiofrequency-induced anastomoses during the re-operation phase
demonstrated a contained leak at the enterotomy site in one animal resulting in entero-enteric fistulation
and excessive fibrotic response in two animals along the line of anastomosis (Figure 5-7). All three animals
were however clinically fit and healthy, displaying no outward signs of ill health and tolerated a normal high
nutrition pellet diet prior to re-examination under anaesthesia.
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Figure 5-7 – Macroscopic appearances of three radiofrequency-induced anastomoses displaying evidence
of entero-enteric fistulation due to a pin-hole enterotomy site anastomotic leak (A) and excessive
anastomosis line fibrotic response (B-C). During the dissection of one of the areas of fibrosis, an iatrogenic
perforation was induced (B).

5.4.3.2 Early terminations of animals undergoing radiofrequency-induced anastomosis
Three animals in the radiofrequency induced anastomosis group were terminated early due to failure of the
animals to progress and a high clinical suspicion of anastomotic leakage having occurred. In two of the
animals, a small pinhole perforation <5mm in diameter was noted on the posterior, mesenteric margin of
the anastomosis (Figure 5-8). The third animal had a wide, >1cm defect in the posterior margin where
effluent had leaked into the abdominal cavity. In each case, the animal was terminated within 48 hours of
initial laparotomy and a large amount of effluent was noted at the point of anastomosis. As has been noted
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previously in this thesis, the inherent strength of the anastomosis is low in the initial post-operative period
and the presence of a high degree of effluent is believed to have resulted in excessive pressure at the
anastomosis site and led to its rupture. In the third of the anastomotic leaks, the test animal was found to
have multiple points of intussusception proximal to the anastomosis itself which were not noted at the
time of initial laparotomy. This raised the possibility of small bowel obstruction being caused in the animal
and therefore once again placing an excessive strain at the anastomosis, resulting in its failure.
Despite all precautions being taken in the animal husbandry procedures to ensure that the intestine of
individual animals was as clear of effluent as possible prior to the first laparotomy, all three anastomotic
leaks showed the presence of excess stool in the bowel. Individual animals may have variation in the speed
of their gut transit in which case residual food content may have remained in the stomach and proximal
intestine prior to operation and its passage through the small bowel would be potentially responsible for
the adverse outcomes seen.

Figure 5-8 – Photo of early termination due to clinical evidence of anastomotic leakage.
Photo demonstrates finding of pinhole perforation along the anastomosis closure line as seen in two
animals (indicated by forceps). The anastomosis was found to have a large amount of semi-solid effluent
which occluded the passage of stool.
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5.4.3.3 Comparison of the anastomosis methodologies
Three anastomotic modalities were employed in the study: the novel radiofrequency-induced platform and
the traditional hand-sewn and stapler methods. All anastomoses were performed under standardised
conditions. The amount of time required by a trainee operator to construct each anastomosis was found to
be similar across the groups. However, the technical demands of the devices and generator for the
radiofrequency anastomoses meant that multiple technicians were required to operate all elements of the
system with careful monitoring before and after each energy application to ensure that the bowel tissue
remained healthy and the anastomosis intact. The hand-sewn and stapled techniques by comparison
require only a solitary operator and have a short learning curve to accomplish consistently stable and viable
joins. The radiofrequency energy technology is however a novel and unique system which is still in its
development phase and future iterations would be expected to undergo miniaturisation and be useable by
a single operator. Furthermore, the method itself is based on that utilised for stapled anastomoses and as
such a novice may learn the technical aspects of its use relatively quickly.

5.4.3.4 Multispectral examination of chronic small bowel anastomoses
The use of the multispectral system during acute animal study to determine the changes in tissue
oxygenation following anastomosis formation was previously described in this thesis (see Chapter 4). In this
part of the study, we sought to assess whether the anastomotic tissue oxygenation improved over the
course of the recovery period (Table 12).
Oxygen saturation was assessed of the tissue in its native state at the time of initial laparotomy showing a
consistently high baseline level of perfusion with saturation being >72% in all segments. As noted
previously in the acute anastomosis study (see Chapter 4; Section 4.4.2), the oxygen saturation dropped for
anastomoses formed with each method: radiofrequency-induced anastomosis 62.1+/-7.3%; hand-sewn
anastomosis 63.5+/-2.8% and stapled anastomosis 51.9+/-5.1%. However, the decline was seen to be
greatest in the hand-sewn anastomosis group whereas the radiofrequency induced anastomoses had
resulted in the lowest saturation readings during the acute study.
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Following a median of seven days of recovery however, there was a consistent increase in oxygen
saturation from the levels measured at initial imaging. All anastomoses had a saturation level >75% with
the absolute increase in oxygen saturation being 14.9%, 14% and 23.2% in the radiofrequency, hand-sewn
and stapled groups respectively (Table 12).
Anastomosis
Type
Radiofrequency
Induced
Hand-sewn
Stapled

N

Native bowel
O2 saturation
(%; SD)

Anastomosis O2
Saturation (Day 0)
(%; SD)

Anastomosis O2
Saturation
(termination) (%;SD)

12

75.5+/-1.1

62.1+/-7.3

77.0+/-6.1

5
5

86.8+/-1.7
72.5+/-4.5

63.5+/-2.8
51.9+/-5.1

76.5+/-0.8
75.1+/-1.5

Significance

P<0.05

Table 12 – Mean oxygen saturation levels on multispectral imaging assessment of the three chronic
anastomosis groups. The oxygen saturation of the anastomosis was measured before anastomosis
formation, immediately after anastomosis formation and following recovery. Oxygen saturation at seven
days showed a significant improvement compared to immediately after formation (p<0.05).

5.4.3.5 Histology
Anastomoses were excised at the end of the recovery period and processed for histological assessment
using H&E and picrosirius red stains. Subsequent assessment was made of the sections through microscopic
examination of each group.

5.4.3.5.1 Histology of chronic radiofrequency-induced anastomoses
The original bowel segments were indistinguishable from one another apart from the point of their being
joined to one another at the superior and inferior poles of the anastomosis (Figure 5-9A). No residual
thermal damage was visible on the margins of the fusion zone with all tissue appearing healthy across the
anastomoses examined. Examination of the anastomosis margin using H&E showed a mucosal proliferation
with immature villi being seen to be replacing dead mucosal cellular material (Figure 5-9B). Under
picrosirius red staining, the submucosal collagen was especially prominent, showing merging of this layer
from the two original bowel segments and laying down of neo collagen fibres and angiogenesis (Figure 59C).
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Figure 5-9 – Representative histological sections of radiofrequency-induced side-to-side small bowel
anastomosis stained with H&E and picrosirius red.
A – Cross section of anastomosis with areas of join indicated by arrows (H&E; x40 magnification);
B – Magnified section of anastomosis showing evidence of mucosal proliferation (H&E; x200 magnification);
C – Magnified section of same anastomosis as B with evidence of collagen reformation (picrosirius red;
x200 magnification; Cl- collagen).

5.4.3.5.2 Histology of chronic hand-sewn anastomoses
Sutured anastomoses were performed in an end-to-end configuration by an interrupted technique using
2/0 PDS stitches. The multiple sections taken demonstrated no breaks in the bowel continuity at the
mucosal level but breaks and disruptions were seen in the muscularis externa with evidence of granulation
above it, presumably where the suture had been applied (Figure 5-10A). Assessment of the suture puncture
points also showed formation of granulation tissue and foreign body reaction (Figure 5-10B-C).
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Figure 5-10 - Representative histological sections of hand-sewn, end-to-end small bowel anastomosis
stained with H&E.
A – Cross section of hand-sewn anastomosis with evidence of muscular pull-up and puncturing of serosa by
sutures with defects evident (H&E; x10 magnification); B – Magnified view of area of suture application
with features of surrounding granulation (H&E; x200 magnification); C – Magnified view showing foreign
body reaction in serosal layer with artefact created by suture material (H&E; x200 magnification).

5.4.3.5.3 Histology of chronic stapled anastomoses
Stapled anastomoses were formed in a side-to-side (functional end-to-end) configuration. At the
anastomotic interface, the margins of the two original bowel segments could just about be distinguished
from one another (Figure 5-11A). A closer examination of this area revealed significant disruption of the
serosal margin which was absent from the radiofrequency induced anastomoses where a similar functional
end-to-end anastomosis was created (Figure 5-11B). Although sirius red staining demonstrated merging of
the collagen fibrils, there remained a significant disruption of the serosa due to the staple application,
which may have implications for overall anastomotic strength and long term tissue inflammatory responses
(Figure 5-11C).
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Figure 5-11 - Representative histological sections of stapled side-to-side small bowel anastomosis stained
with H&E and picrosirius red.
A – overall view of anastomosis showing area of anastomosis to left of image with two original bowel
segments being easily distinguished from one another (H&E; x10 magnification); B – Magnified view of
region of anastomosis showing the two segments to be joined together with the presence of multiple gaps
in the serosa where staples had been applied with the presence of a visible gap where the two bowel
segments have been apposed (H&E; x200 magnification); C – Magnified view of same area of anastomosis
showing some neo collagen formation but significant disruption of serosa (picrosirius red; x200
magnification).

5.4.4 Discussion
This chronic animal study was conducted in order to examine the survuval of a large cohort of bipolar
radiofrequency-induced anastomoses to planned re-examination after a recovery period of one week. A
comparison of overall outcomes for this novel method was additionally made against the traditional suture
and stapler methods. All anastomoses formed using the establised techniques survived the observation
period whilst three animals (20%) in the radiofrequency energy group were terminated early due to clinical
evidence of anastomotic leak.
Tissue healing, particularly in the gastrointestinal tract, is recognised to consist of three overlapping phases
[114]. An initial lag phase, lasting approximately up to 4 days post injury, clears the wound of debris and is
associated with an acute inflammatory response that increases vessel permeability in order to facilitate the
influx of inflammatory cells into the damaged area. The second, fibroblastic phase, lasts from
approximately 3-14 days and consists of fibroblast and smooth muscle cell proliferation that produces
immature collagen. The final phase of this healing cycle occurs between 10-80 days after the time of injury
with the aim of strengthening the anastomosis by remodelling the newly formed collagen into thick
bundles and contractile units [115].
Following anastomotic formation, the animals were recovered and re-examined after a mean recovery
period of seven days as collagen reformation is believed to be at its peak during this phase, indicating that
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ongoing healing of tissue structures is taking place. Histological assessment of sutured and stapled
anastomoses revealed a predominant inflammatory response, particularly in the region of the serosa where
the application of the synthetic material was most. By comparison, the inflammatory response observed in
the radiofrequency induced anastomosis cohort was limited to the region of energy application with strong
evidence of submucosal collagen re-formation when the tissue was examined with picrosirius red staining.
This suggests microscopic as well as macroscopic healing to be taking place after one week’s recovery in
radiofrequency-induced anastomoses.
Our investigations to date, as well as the published results of previous researchers in the field, have shown
that energy application to bowel tissue does not confer an added tensile strength to the tissues as sutures
and staples are known to. Consequently, the burst pressures immediately after formation of
radiofrequency energy induced bowel seals is much weaker than those formed with traditional
approximation methods [96]. It has previously been suggested that the initial mechanical weakness of
radiofrequency fusions compared to hand-sewn and stapled seals makes the technique unsuitable for
application to bowel. The findings presented from acute and chronic animal studies in this thesis
demonstrate that healing of RF induced seals is possible and occurs at a similar rate to that seen in handsewn and stapled bowel segments. However, given the initial seal weakness, it is essential that a lower
pressure is placed on the anastomotic line in the immediate post-operative period when using the RF
technique.
During the current study, three RF-induced anastomoses were found to have leaked within 48 hours of
their construction. In each case, the proximal bowel was found to contain a significant amount of bowel
effluent, which had been unable to pass the newly formed anastomosis and the resulting pressure is
believed to have led to seal disruption and the animals’ poor health and subsequent termination. Neither
macroscopic nor microscopic examination of the bowel suggested vascular compromise through energy
application in the region of the bowel mesentery, allaying the possibility of device misapplication on the
part of the operator. Furthermore, the animal breed, weight and feeding protocol did not vary significantly
between animals, implying that the leaks were most likely the result of mechanical pressure induced
disruption. It is therefore critical that the test subject is adequately prepared pre-operatively by restriction
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to a liquid diet and that the small bowel is emptied downstream at the time of operation to prevent
pressure at the join due to impacted fecal residue.
In addition to macroscopic and histological assessments, oxygen saturation in the region of the
anastomoses was assessed using the multispectral imaging system. Consistent with our previous acute
findings, the oxygen saturation of the newly formed anastomoses dropped from its native baseline.
However, recovery was seen in saturation levels to pre-operative values on re-examination after one week,
with calculated SaO2 being >75% in all cases. These results confirmed the healing of RF-induced
anastomoses to be haematologically equivalent to sutured and stapled anastomoses. The major limit of
current set-up of the multispectral system is that it does not permit real-time tissue assessment, limiting its
use at present to offline analysis. The development of real time spectral monitoring would be the next step
in providing an additional immediate measure of anastomotic quality. Overall, this study has demonstrated
radiofreqeuncy induced anastomoses to be capable of long-term survival with clear histological and
spectral evidence to indicate equivalence of healing to established methods.
Despite the promising results of this pre-clinical comparative study, there are limitations in its design and
that of the instruments used. The number of anastomoses formed in each arm of the study proved
sufficient to allow a qualitative and quantitative comparison between the methods. However, in order to
be acceptable in clinical practice, the rate of leakage must also be close to, or better than, that of currently
employed methods. A greater number of radiofrequency induced anastomoses would therefore be
necessary to show this. However, the ethical and financial limitations of large numbers of animal
experiments limits the possibility to achieve this at the current stage of the technology’s development. The
follow-up period was additionally set as seven days. This timeframe was chosen to allow tissue healing to
commence. All anastomotic leaks observed occurred within 48 hours of construction and were attributed
to mechanical failure of the join. However, leaks are understood to have a bimodal distribution with a
proportion occurring in the period of 7-14 days after formation. Although a number of animals were reoperated 8-10 days after the initial laparotomy, the median follow-up failed to capture this time frame. It is
therefore not possible to say with certainty that late anastomotic leak was not a possibility in this cohort.
Nonetheless, clinical examination showed all animals to be healthy at the end of the recovery period whilst
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physical examination of the anastomoses themselves showed no evidence of potential compromise,
suggesting a low likelihood of late leakage from the join.
A further limitation of the study was in the real time tissue monitoring methods deployed. Our preliminary
experiments had shown the possibility of integrating thermal and laser induced fluorescence probes into
the applicator devices themselves to add a further layer of information that would permit the operator to
decide on the completeness of individual fusions. The use of a hybrid technique to complete the
anastomosis meant that two devices had to be fitted with the relevant monitoring to achieve this.
Furthermore, the size of the devices relative to the size of the bowel precluded the possibility of
introducing the device and the probes into the anastomotic region without compromising on the quality of
the seals. This was particularly the case when forming the anastomosis itself via serosa-to-serosa sealing,
where the narrow calibre of the small bowel would not admit anything other than a small jaw and the extra
layers of tissue prevented a steady reading of thermal change via the infrared (IR) camera as had been
achieved during ex vivo experiments. As will be shown in section 5.5, the prototype device was integrated
with the various monitoring tools to achieve simultaneous thermal, electrical and laser induced spectral
monitoring but this could be achieved only for external bowel sealing at the present time. Future designs
of the radiofrequency applicator devices for bowel fusion would therefore require miniature and wireless
probes which can adequately provide high quality feedback information on the sealing process without
interrupting the thermofusion process or causing disruption of the final seal.
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5.5 Integration of monitoring systems into the prototype sealer
The in vivo experiments largely focused on the mechanics of radiofrequency induced bowel anastomosis
with monitoring of tissue state being performed largely offline. One of the stated aims of the thesis was for
the overall project to ultimately contribute to the formation of a prototype device, capable of performing
bowel seals and monitoring tissue state in real time. The concluding part of the experimental studies
investigated this possibility.

5.5.1 Aims and objectives
To integrate monitoring of electrical, thermal and spectral changes when conducting bipolar
radiofrequency induced bowel sealing with the prototype, linear radiofrequency sealing device.

5.5.2 Materials and methods
The prototype device was adapted so as to integrate real-time thermal and spectral monitoring alongside
the pre-existing capabilities of recording electrical parameters during the deployment of radiofrequency
energy. Chapter 2 described the use of thermocouple and laser fluorescence fibre attachments individually
with each of the radiofrequency applicator devices. In this experiment, they were used jointly with the
prototype sealer.
The fibre optic laser-fluorescence system was constructed in house at Imperial College London by Dr.
Vadzim Chalau (see Chapter 2; Section 2.9.3 and Figure 5-12). The system consisted of two excitation laser
fibres of 375 and 405nm wavelength, which were combined into a single input and connected to both the
prototype device at the electrode interface and the radiofrequency generator. The fibres were activated in
tandem with the application of radiofrequency energy, alternately exciting the tissue at each wavelength
and recording output spectra in the 450-900nm range. The fluorescence system was controlled through a
LabviewTM interface which displayed the spectral changes acquired as a result of tissue excitation by both
the 375nm and 405nm laser fibres. The thermocouple was further integrated via an external I/O
attachment and was also activated to record temperature changes at the tissue interface as RF energy was
applied (Figure 5-13).
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Figure 5-12 - Schematic diagram of integrated prototype system for RF fusion, which combined
simultaneous inputs for laser induced fluorescence spectroscopy, temperature and electrical monitoring
(Schematic courtesy of Dr. Vadzim Chalau, Imperial College London).
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Figure 5-13 – Whole integrated RF fusion system (A) and close up of integrated prototype linear sealer with
attached monitoring (B).
A-B - (a) RF generator; (b) NI thermocouple hardware; (c) RF fusion prototype device with (d) integrated
fluorescence fibre-optic probe and (e) thermocouple (under bottom electrode, only wire is seen).
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In total, two-hundred and eighty mucosa-to-mucosa in vivo fusions were conducted using the integrated
system, resulting in the generation of more than 30,000 spectral readings. Electrical parameters were set at
end impedance (Z) 100Ω and ramp 0.01Ω/ms giving total fusion duration of approximately 10 seconds.
Applied compressive pressure was 0.25MPa
Spectral readings were examined for their overall morphology and at individual output wavelengths of
known chromophores to determine whether the readings correlated with the presence or absence of a
completed seal.

5.5.3 Results
Each fusion produced a joint data set consisting of electrical, temperature and spectral outputs for each
excitation wavelength over the period of radiofrequency energy activation (Figure 5-14). The spectral
outputs were further analysed at 540nm wavelength to assess the fluorescence intensity generated, which
would conform to different intrinsic fluorophores such as microcellular structures and proteins e.g. collagen
that undergo change during fusion and may indicate the completion of a fusion cycle. The initial analysis of
the data has shown patterns in the output data conforming to individual fluorophores but as yet a
consistent output pattern has not been seen to confirm whether a fusion is spectrally complete or
incomplete.
Temperature measurements proved to be more uniform, demonstrating that the peak was reached within
the first half of the fusion cycle and then a plateau exists for the duration of radiofrequency energy
application. The maximum temperature recorded was consistently less than 100oC.
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Figure 5-14 – Real time data registered from the same fusion in vivo (a) fluorescence intensity registered at
540 nm output, excited by lasers with wavelength 405 nm and (b) 375 nm; (c) impedance change over time;
(d) temperature change over duration of fusion.

5.5.4 Discussion
This pilot study was undertaken to integrate real-time monitoring modalities into the prototype sealer,
thereby potentially providing an immediate feedback to the operator regarding the completeness of a
bowel seal. The analysis performed at the time of writing has shown good integration of the system with
accurate recording of the parameters under consideration. More specifically, it was noted that the
temperature rises rapidly in the first few seconds of energy application and plateaus thereafter. The
temperature peak was consistently less than 100oC, suggesting that the electrical parameters used were
sufficient to cause tissue sealing but does not lead to detrimental and irreversible damage or charring
through prolonged tissue dessication. Examination of spectral readings at specific output wavelengths has
shown intensity levels to vary over the time of energy application. This variation corresponds to specific
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tissue fluorophores, namely collagen, and may provide a template for future tissue fusions to assess
whether a seal has been successfully achieved.
The integration of the fusion system with real time monitoring may potentially lead to a novel feedback
mechanism based on the ideal fit of the spectral reading against a databank of spectra indicating a ‘good’ or
‘bad’ seal to have occurred. At present however, sealing can only be monitored in this way when conducted
on the bowel surface. Future device designs will also have to miniaturise these monitoring fibres and
integrate them in such a way that they can be used when forming internal anastomoses.

5.6 Conclusions of chronic recovery studies
The studies undertaken in this section of the thesis have demonstrated the following:
1. Bipolar radiofrequency induced anastomoses are viable in a chronic animal model using the hybrid
technique demonstrated and the electrical parameters defined through ex vivo and live animal study.
2. A peri-operative animal husbandry and recovery protocol has been refined to produce the best possible
post-operative outcomes and can be applied to future studies of the radiofrequency system.
3. Comparison of the novel technique to established anastomosis tools i.e. hand suturing and stapling
shows healing to occur at both the macro- and microscopic levels, regardless of the technique used,
with recovery of tissue oxygenation to pre-operative, native tissue values. In particular the saturation
levels were consistent across the three test groups, suggesting that healing is equivalent, with no
apparent delay in one group compared to others.
4. Anastomoses can be monitored using a wide array of techniques including laser induced spectroscopy
which may ultimately lead to a novel feedback methods that utilises spectral outputs to determine the
completeness of a bowel seal.
5. The depth of tissue thickness and configuration of the current generation of RF applicator devices
prevents internal monitoring of tissue changes at the present. However, further device development
and miniaturisation of the various probes used for tracking real time tissue morphology will allow
multimodality measurements to be interpreted immediately.
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CHAPTER 6: GENERAL DISCUSSION AND FUTURE RESEARCH
6.1 General discussion
The research presented in this thesis aimed to answer the hypothesis of whether advanced bipolar
radiofrequency energy based technology could be used for bowel resection and anastomosis formation.
Our initial literature review found that bipolar radiofrequency technology is a growing area of interest to
researchers to conduct parenchymal and ductal sealing but its overall use for bowel sealing and more
specifically for anastomotic reconstruction remains a niche area of investigation.
It was recognised early in the research that the electrical settings employed for existing bipolar vessel
sealing technology would not be suitable for bowel application. A range of ex and in vivo experiments were
conducted to determine the ideal parameters for external mucosa-to-mucosa and internal serosa-to-serosa
bowel sealing. Chapters 3 and 4 investigated the electrical end impedance, ramp and total duration of
energy delivery for both the commercial LigaSureTM Impact and prototype linear sealing devices. The
resulting seals were tested mechanically and histologically to assess their strength and spectrally to
determine overall viability. Through these experiments the following electrical parameters for bowel
sealing were determined: (i) prototype sealer – end impedance 100Ω and ramp 0.01Ω/ms and (ii)
commercial sealer – end impedance 100Ω and ramp 0.005Ω/ms.
In addition to the application of electrical energy, it has been recognised that compressive pressure is an
essential element in achieving tissue sealing. The commercial applicator devices apply a pre-determined
compressive pressure of 1.03MPa via closure of a ratcheted handle which the user is unable to alter. For
blood vessel sealing, a high degree of tissue compression is beneficial so that an adequate haemostasis is
achieved on energy application. When sealing bowel, there is a fine balance to be achieved between
applying an adequate amount of energy and pressure to produce sufficient tissue sealing, whilst not
inducing such a large degree of mechanical or thermal injury as to permanently compromise its physical
and vascular integrity.
The amount of compressive pressure required to achieve this balance was firstly investigated ex vivo and
subsequently applied in vivo. In Chapter 3 both applicator devices were used to conduct a large number of
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mucosa-to-mucosa and serosa-to-serosa seals. The ideal applied compressive pressure with the prototype
device was found to lie in the range of 0.15-0.25MPa. This produced physically strong and histologically
complete seals where the resulting burst pressures needed to rupture the seals were comparable to the
levels achieved when sealing with the LigaSureTM Impact device. The Impact tool applied a significantly
higher tissue compressive pressure in comparison to what was deemed necessary for bowel closure but
nonetheless produced a similar degree of tissue damage when seals were examined microscopically. This
suggested that the degree of compressive pressure that could be safely applied to the tissue was much
higher than that required and that the commercial tool may be used for bowel sealing. Nonetheless, the
energy application with the commercial sealer is recognised to be non-uniform along the length of its
electrode surface due to the varying compressive pressure placed on the tissue within the grasper and
using the instrument would not produce the most stable of anastomoses in the long term.
Further to conducting the fusions themselves, it is necessary to ensure that the tissue is viable once a seal
has been completed. Traditionally, histological assessment has been used as the gold standard measure to
determine seal adequacy and tissue viability. However, the destructive nature of the histology process
means that non-invasive analysis is better suited to examine bowel seals.
We examined seals and anastomoses directly and indirectly by means of thermal and spectral monitoring.
In Chapter 5, the integration of tissue temperature monitoring and laser induced spectral response was
described during real time fusion with the prototype sealer. The change in tissue temperature and
evolution of spectral characteristics can be displayed in real time but are currently not integrated into the
sealing protocol itself. The ability to simultaneously record the temperature and spectra alongside electrical
readings though is the first step in producing a novel algorithm whereby as well as setting an electrical endpoint to tissue fusion, the user would theoretically be able to compare the spectral and thermal output to a
databank of idealised fusions for a particular tissue to be sure that the microcellular components have also
undergone the necessary denaturation indicating a completed seal.
Indirect thermal and multispectral measurements were also made of the bowel seals as shown in Chapters
3 and 4 through use of infrared thermal imaging and a bespoke laparoscope mounted multispectral system.
IR imaging of the tissue surface revealed a limited degree of thermal spread above 40 oC on each side of the
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applicator device with a correlation to the deep lateral thermal damage in the peri-fusion margin when the
tissue was examined histologically. Although the overall number of fusions conducted in our study was
small, the IR system could provide a reliable mode of feedback to the operator and indicate if a tissue
segment is being over heated and would therefore be subject to potentially excessive and irreparable
damage. The major drawback of IR monitoring is the need for the tissue to be kept in a relatively constant
and rigid position which is not practical during in vivo surgery. Furthermore, a small device jaw is required
to be able to visualise thermal changes which prevented our assessment of thermal spread when bowel
fusions were conducted with the prototype sealer. Finally, the infrared camera requires a direct view of the
instrument and tissue surface to be effective. When conducting internal serosa-to-serosa seals, the
commercial sealer would be hidden from view and thermal changes could not be read even at a few mm of
tissue depth.
Multispectral imaging has been extensively used for both medical and scientific applications to enable the
visualisation of object characteristics that are otherwise hidden to the naked eye. Our system enabled
monitoring of tissue oxygenation and saturation to provide a surrogate marker of tissue viability. When
used to examine both acute and chronic anastomoses in Chapters 4 and 5, the MSI system showed a
universal decline in tissue oxygenation regardless of the anastomotic technique used with a subsequent
recovery to baseline levels after a period of healing. The particular benefit of the method used is that it is
mounted on a laparoscope and able to account for motion artefact in its processing algorithms, thereby
potentially allowing its use in both open and minimally invasive procedures.
Overall, the experiments for tissue monitoring provided a viable alternative to histological assessment
which has been the gold standard for determining the success of an anastomotic tool. The design of the
applicator instruments and necessity of off line processing of the data generated meant that in the current
study real time use of these monitoring modalities was not possible. The data did however prove valuable
in determining the ideal electrical parameters and further improvements in simultaneous data acquisition
and processing could see multi-modal feedback devices being produced in the near future that incorporate
these technologies.
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Finally, a novel anastomosis technique has been developed which incorporated both the algorithm changes
and monitoring methods. The anastomosis has been shown to be equivalent to hand sewn and stapling
techniques when assessing short term viability and an initial recovery study has also been completed in
which the anastomosis appeared to be macroscopically healthy and functional and indistinguishable from
its stapled counterpart. Although the results of the various studies to date are promising, further
assessment is needed both in the laboratory and in the animal models before an integrated algorithm and
instrument can be developed for both bowel sealing and anastomosis.
The final phase of the experimental protocol sought to integrate the mechanical, electrical and device
parameters determined through our tests to produce viable bowel anastomoses. In Chapter 4,
anastomoses were formed in an acute setting to see the changes in RF fused tissue that occur in the hours
immediately after energy application. The macroscopic appearances of the bowel as well as histological
assessment appeared to show bowel to be viable in this time frame. The results of the acute study were
subsequently applied to a pre-clinical study comparing the long term viability of radiofrequency induced
anastomoses to those constructed using hand-sewn and stapled techniques. Twenty-three anastomoses
were formed in individual pigs of which all but three survived to re-examination after a median recovery of
one week. All three animals that were terminated early had radiofrequency induced anastomoses formed.
At the time of termination, the anastomoses were found to have a significant fecal load suggesting this to
be the cause of dehiscence. The surviving anastomoses were comparable macroscopically and spectrally to
the hand-sewn and stapled anastomoses whilst also demonstrating a more limited inflammatory response
and increased collagen formation on microscopic examination.
Overall, the results of the research presented in this thesis have shown tissue fusion to be a viable method
for bowel anastomosis with results of a chronic recovery study showing equivalence in healing and strength
to hand-sewn and stapled anastomoses. We believe that bipolar radiofrequency induced anastomosis
represents a feasible alternative to the gold standard anastomotic techniques used today with the potential
for clinical application in the near future.
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6.2 Future Research
Our extensive research into tissue fusion for bowel anastomosis has resulted in a multimodality
radiofrequency energy powered system capable of consistently sealing and anastomosing bowel with a low
rate of seal failure as demonstrated through both acute and chronic animal studies with an overall survival
of 80% to planned termination (Figure 6-1). Furthermore, the testing and integration of a series of
additional thermal and spectral monitoring systems provides a platform to assess the state of the tissue
undergoing fusion both in real time and non-invasively with the potential for use as a feedback measure.

Figure 6-1 – Full radiofrequency anastomosis system showing RF generator (ERT), laptops to control the
generatory (right hand laptop) and the optical monitoring of tissue fusion (left hand laptop) with the
prototype (1st generation) fusion device in the foreground with thermocouple and spectral connections
attached.
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Despite the overall promising results of this study, further improvements are needed in the overall
understanding of the tissue fusion process and in the mechanical design of the applicator devices, which
would ultimately lead to the system being utilised clinically for human surgery.
The current design of the prototype radiofrequency sealer is not optimised for operative use. It is bulky,
resulting in operator difficulty in performing fusions both for the division and, in particular, anastomosis of
bowel. This has resulted in the use of both the prototype and a commercial radiofrequency applicator to
complete the anastomoses via a hybrid technique as described in Chapter 4 and 5. A second generation
device composed of more lightweight materials and having a smaller electrode jaw with a limited heat-sink
and in built cutting blade would allow a single instrument approach to be adopted whereby bowel division,
anastomosis formation and enterotomy closure could be accomplished through a single process rather
than the multi-step approach used at present. A future device would also benefit from having inbuilt,
wireless sensors for temperature and spectral monitoring and multiple points along the electrode from
which the tissue morphology could be monitored simultaneously and indicate if the fusion overall and
specific points in particular are sealed and less likely to fail.
The development of a second generation device would allow further in vivo anastomoses to be constructed
and closely monitored with the potential for developing a multi-modality feedback mechanism based on
these parameters. A new device design would additionally standardise the operative technique developed,
thereby improving anastomotic success, potentially reduce instrument interchange and overall operative
time. Such a tool would lower patient morbidity and mortality beyond what is feasible at present and
presents a viable alternative to current suture and stapling technology.

220

APPENDIX
APPENDIX A
Operation type
Author

Animal
(Breed; Weight (Kg))

Procedure

Technique

Anim
als (n)

Seals
(n)

Open
(n)

Laparos
copic(n)

Outcomes reported

4

-

Seal sufficiency
(burst pressure (n = 15) and histology (n
= 12))a

12

-

Seal sufficiency
(burst pressure (n = 35) and histology)

Thoracic Duct
LigaSure Atlas (Covidien)
LigaSure V (Covidien)
LigaSure Xtd (Covidien)
Monopolar scissors (Control)
LigaSure V (Covidien)
Harmonic ACE (Ethicon)
EnSeal (Ethicon)
Plasma trissector (Gyrus Medical)

9
9
9
12
14
11
13
14

Novitsky et
al. 2005 [66]

Pig
(Yorkshire; 20-30)

Ex vivo thoracic duct sealing

Box et al.
2009[67]

Pig
(Domestic; weight
unrecorded)

In vivo thoracic duct sealing

Shields et al.
2004b[54]

Dog
(Breed unrecorded; 20-23)

In vivo pulmonary lobectomy
(lobar bronchus, parenchyma and
vasculature sealing)

LigaSure prototype (Covidien)

2

25

2

-

Tirabassi et
al. 2004[68]
Santini et al.
2006[56]
Sakuragi et
al. 2008[69]
Cakan et al.
2009[70]
Relave et al.
2010[71]
Mayhew et
al. 2012[72]
Gallbladder
Schulze et al.
2002[55]
Shamiyeh et

Pig
(Breed unrecorded; 10)
Pig
(Breed/weight unrecorded)
Dog
(Beagle; 14-17)
Rabbit
(New Zealand; 1.20-1.85)
Horse
(Breed unrecorded; 499)
Dog
(Hound, 19.1-22.9)

In vivo lung biopsy

LigaSure LS1000 (Covidien)
Endo GIA (Covidien)

8
8

-

8

8
-

Ex vivo sealing of pulmonary vessels,
bronchi, wedge resections

LigaSure (Covidien)

14

70,84d

14

-

4

12

Lung

Pig (Danish Yorkshire
Landrace; 40)
Pig

BiClamp (effect 3) (ERBE GmbH)
Stapler
LigaSure (Covidien)
Harmonic ACE (Ethicon)

6

-

10
10

44
2
-

10
10

-

In vivo thoracoscopic lung biopsy
(heaves affected)

LigaSure (Covidien)

12

180

-

12

In vivo thoracoscopic lung biopsy

LigaSure Atlas (L2) (Covidien)

6

-

-

6

In vivo cholecystectomy

LigaSure (Covidien)

8

-

8

-

In vivo cholecystectomy

LigaSure 5mm (Covidien)

10

20

10

-

In vivo pulmonary wedge resection
In vivo pulmonary wedge resection
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6

Seal sufficiency
(air leak test and histology on POD 7 (n
=1) and 14 (n =1))c
Seal sufficiency
(air leak test and histology on POD 7)
Seal sufficiency (pneumatic and
hydrostatic pressure to seal)d
Seal sufficiency
(air leak test and histology)e
Seal sufficiency
(air leak test and histology)
Clinical outcomes
LTD (histology)
Clinical outcomes; LTD (histology)
Radiography POD 1,2,4,180
Cystic duct/artery seal sufficiency on
POD 8. LTD (histology)
Cystic duct seal sufficiency on POD 4 (n =

al. 2002[75]
Shamiyeh et
al. 2004[74]
Biliary Tract

(Domestic; 27-41)
Pig
(Domestic; 38-43)

Matthews et
al. 2001[58]

Pig
(Domestic; 40-50)

In vivo porcine common bile duct
sealing

Nii et al.
2008[77]

Pig (Breed unrecorded;
32.5-38.5)

In vivo common bile duct and Glisson
bundle sealing

Hope et al.
2010[78]

Pig
(Yorkshire; 40-50)

In vivo common bile duct sealing

Fassiadis et
al. 2002[79]

Pig
(Breed/weight unrecorded)

Ex vivo sealing of excised intrahepatic bile ducts of 1mm (6), 2mm
(4), 3mm (2), 4mm (2), 5mm (2)
diameter

Constant et
al. 2005[80]

Pig
(Domestic; 29-36)

In vivo liver parenchyma transection

Sahin et al.
2007[81]

Rat
(Sprague-Dawley; 0.200.26)

In vivo liver parenchyma transection

Pig
(German Landrace; 21-28)
Dog
(Multiple breeds; 7.4-62.5)

In vivo cholecystectomy

5) and 8 (n = 5)
Clinical outcomes; Cystic duct seal
sufficiency on POD 15

LigaSure 5mm (L1) (Covidien)

10

20

-

10

Surgical clips (Covidien) (Control)
LigaSure 5mm (Covidien)
Ultrasonic shears (Ethicon)
LigaSure V (CBD) (Covidien)
LigaSure Atlas (Glisson bund)(Covidien)
Laparoscopic clipper(Control) (Ethicon)
LigaSure Advance 5mm (Covidien)
Harmonic ACE (Ethicon)

3
3
3

3
3
3

-

3
3
3

6

30

6

-

7
8
8

-

7
8
8

-

LigaSure (Covidien)

1

16

1

-

Finger fracture (Control)
LigaSure Atlas open (Covidien)
LigaSure Atlas lap (Covidien)
Suture ligation (Control)
LigaSure 5mm (Covidien)
EnSeal 5mm (Ethicon)

3
3
3
10
10
10

-

3
3
10
10
10

3
-

Clinical outcomes
HIDA scan
Re-operation on POD 2

In vivo pancreatic duct closure for
distal pancreatectomy
In vivo pancreatic duct closure for
partial pancreatectomy (insulinoma)

Suture ligation (Control)
LigaSure (Covidien)
Suture fracture (Control)
LigaSure V (Covidien)

11
11
8
8

-

11
11
8
8

-

Clinical outcomes
Re-operation on POD 7

Pig
(Breed unrecorded; 60)

In vivo side-to-side small bowel
anastomosis

LigaSure prototype (Covidien)

2

-

2

-

Anastomosis seal sufficiency
(macroscopic)

Salameh et
al. 2006[96]

Pig
(Breed unrecorded; 30)

In vivo sealing of bowel segments

Linear stapler (Ethicon)
LigaSure Atlas (Covidien)
LigaSure Xtd (Covidien)

1

6
11
4

1

-

Seal sufficiency (burst pressure)

Smulders et
al. 2007[97]
Lim et al.
2010[59]

Pig (Domestic; weight
unrecorded)
Pig
(Breed unrecorded; 100)

In vivo side-to-side small bowel
anastomosis
In/ex vivo porcine small bowel
thermofusion

LigaSure prototype (Covidien)

4j

-

4

-

Clinical survival, Anastomosis seal
sufficiency (macroscopic leak)

LigaSure Atlas (50V and 100V)
(Covidien)

1

47

1

-

LTD (IR thermography and histology)

Seal sufficiency on POD 6
Seal sufficiency (burst pressure on POD 7
and histology)
Seal sufficiency
(burst pressures on POD 0 (n = 11) and 7
(n = 12))

Liver

Pancreas
Hartwig et al.
2010[91]
Wouters et
al. 2011[92]
Bowel
Shields et al.
2004b[54]
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Biliary duct seal sufficiency (burst
pressure)f

LTD (histology following resection on
POD 0 and 7)

Clinical outcomes

Winter et al.
2010[94]
Holmer et al.
2011[95]

Pig
(Saalower-Kauter; 130)
Pig/Rat (Breed/weight
unrecorded)

Santini et al.
2013[18]

Pig
(Breed/weight unrecorded)

Ex vivo small bowel segments sealing

GIA 60 Stapler (Covidien)
LigaSure Impact (Covidien)

-

Arya et al.
2013[93]
Appendix

Pig (Multiple breeds; weight
unrecorded)

Ex vivo sealing of small bowel
segments

LigaSure prototype (Covidien)

Elemen et al.
2011[98]

Rat
(Wistar-Albino; 0.23-0.28)

In vivo mesoappendix and appendix
stump closure

de Souza et
al. 2012[99]

Rabbit
(New Zealand; 3.0-3.5)

Campbell et
al. 2003[60]

Ex vivo porcine colonic anastomosis

Prototype RF system
Circular stapler (CEEA)
Prototype RF system
LigaSure (Covidien)

21
3
30
18

Anastomosis seal sufficiency
(burst pressure)
Anastomosis seal sufficiency
(burst pressure)
Seal sufficiency (burst pressures of seals
formed with different power levels
(1,2,3) and number of applications
(1,2,3))g
Seal sufficiency (burst pressure of seals
at varying compressive pressures)

9

-

-

-

10
180

-

-

5

299

5

-

LigaSure (Covidien)
Bipolar diathermy (Covidien)
Endoclip (Ethicon)
Ligature (Ethicon)

12
12
12
12

-

12
12
12
12

-

Clinical outcomes
Caecum seal sufficiency (burst pressure
on POD 0 and 7)

In vivo appendicectomy

Ligature
Ligature/stump invagination
LigaSure (Covidien)

10
10
10

-

10
10
10

-

Tissue fibrosis on POD 14
Seal sufficiency (histology in appendicitis
(A, n =15)/non appendicitis groups
(B, n =15))

Pig
(White, Landrace cross;
weight unrecorded)

In vivo dynamic IR thermography
measurements during blood vessels
and organ sealing/resection

LigaSure 5mm (Covidien)
LigaSure Atlas (Covidien)

8

-

8

-

Kim et al.
2008[61]

Pig
(Breed/weight unrecorded)

In vivo measurement of temperature
generation by fusion devices applied
to liver, peritoneum and small bowel
mesentery

LigaSure V (3 bar) (Covidien)
Harmonic ACE (L3) (Ethicon)
Plasma trissector (50W)(GyrusMedical)

6

15
15
15

6

-

Phillips et al.
2008[62]

Pig
(Breed/weight unrecorded)

Harmonic ACE (L5) (Ethicon)
Harmonic LCS-C5 (L3) (Ethicon)
Plasma trissector( Gyrus)
LigaSure V (3 bar) (Covidien)

6
6
6
6

20
20
20
20

6
6
6
6

-

Dodde et al.
2009[63]

Pig
(White, Landrace cross; 50)

Gyrus PK 5mm (35W) (Gyrus Medical)
Harmonic ACE (L3) (Ethicon)

1

7
9

1

-

Tissue temperature at depth of 2mm,
1mm distant to device tip

LigaSure Atlas 10mm (Covidien)
LigaSure Advance 5mm (Covidien)
LigaSure LS1500 5mm (Covidien)

8

-

4

4

Heat absorption and LTD during
open/laparoscopic dissections measured
with IR laparoscope and thermography

Ex vivo colonic anastomosis

9
-

Thermal studies

Song et al.
2009[64]

Pig
(White, Landrace cross; 27)

In vivo measurement of device
temperature and resulting lateral
thermal spread when applied to a
variety of tissues
In vivo measurement of porcine
spleen subsurface temperature on
energy application
In vivo measurement of thermal
damage due to energy activations on
variety of tissues
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LTD (IR thermography on application of
energy to multiple tissues; blood vessels;
short gastric, renal, carotid mesentery
and organs; liver, bowel, bile duct, ureter
Activation (on) and cooling (off)
temperature and time to cooling to 60oC
when instrument was applied to three
tissue types, measured with IR
thermographyh
Jaw temperature
LTD (superficial and full thickness in
ureter, bladder, peritoneum, stomach,
small bowel, colon, vessels)

Govekar et
al. 2011a[65]

Cow
(Breed/weight unrecorded)

Ex vivo measurement of residual
instrument heat on bovine liver
tissue

Monopolar L-hook (Conmed)
Argon beam (Conmed)
LigaSure 5mm (Covidien)
Harmonic ACE (Ethicon)

-

80
80
80
80

-

-

during hepato-portal, esophagogastric,
colonic, retroperitoneal, renal dissection
Peak instrument tip temperature after
four consecutive activations (5s duration
with 5s gap) and heat conductivity to
bovine liver tissue 2.5/5/10/20s after
final activation (thermal camera
measurement)

LTD – lateral thermal damage, POD – post-operative day
a

Maximum applied pressure for testing was 360mmHg

b

Study included seals in lung and bowel of different animals so repeated twice in data tables in relevant positions

c

Leak test successful if critical pressure of 40 and 50cmH2O withstood

d

Leak test successful if critical pressure of 60mmHg (pneumatic pressure) and 150mmHg (hydrostatic pressure) withstood by bronchi and blood vessels

(70 bronchi/vessel seals in 7 groups 1-7mm diameter, 84 wedge resections)
e

Leak test successful if critical pneumatic pressure of 30cmH2O withstood

f

Incremental pressure increase of sealed biliary ducts from 10-40mmHg to check seal sufficiency

g

Highest seal combination described only for mucosa-to-mucosa and serosa-to-serosa fusions

h

Maximum device temperature shown

i

Overall lateral thermal spread shown

j

8 anastomoses formed in 4 animals
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APPENDIX B
Outcome measurements
Author

Operation
time (min)

Technique

Mortality (n) (%)

Leak
(n) (%)

Blood loss (ml)

-

-

-

-

0 (0)

-

-

0 (0)
0 (0)

-

-

0 (0)

-

-

0 (0)

-

-

-

-

1 (16.7)

-

-

BP
(mmHg/cmH2O*)

Gross seal
Histology

LTD (mm)

Complete
Complete
Complete
-

2
1.5
2
-

Completed

-

Complete
Complete

-

-

-

Complete
Complete
Complete
Complete

-

-

Complete

2.48+/-1.06 (1-4)
1.27+/-0.051

Thoracic Duct
Novitsky et al.
2005 [66]

Box et al. 2009
[67]
Lung
Shields et al.
2004a[54]
Tirabassi et al.
2004[68]
Santini et al.
2006[56]
Sakuragi et al.
2008[69]
Cakan et al.
2009[70]
Relave et al.
2010[71]
Mayhew et al.
2012[72]
Gallbladder
Schulze et al.
2002[55]
Shamiyeh et al.
2002[75]
Shamiyeh et al.

LigaSure Atlas (Covidien)
LigaSure V (Covidien)
LigaSure Xtd (Covidien)
Monopolar scissors (Ethicon)
LigaSure V (Covidien)
Harmonic ACE (Ethicon)
EnSeal (Ethicon)
Plasma trissector (Gyrus Medical)

6.3+/-2.3sb
4.1+/-0.6sb
6.4+/-2.6sb
2.7s(0.8-5.8s)b
6.1s(3.3-11.9s)b
6.0s(4.2-8.2s)b
8.7s(2.1-14.0s)b
6.3s(2.1-16.8s)b

LigaSure prototype (Covidien)
LigaSure LS1000 (Covidien)
Endo GIA (Covidien)

23+/-10
35+/-10

LigaSure (Covidien)

-

BiClamp (ERBE GmbH)
Stapler
LigaSure (Covidien)
Harmonic ACE (Ethicon)

-

285+/-72 (213-360)c
216+/-86 (127-360)c
316+/-40 )250-360)c
46 (0-165)
258 (75-435)
540 (175-795)
453 (255-825)
379 (175-605)
61+/-22.8 (40.5-96.5)
64.9+/-19.3 (32.4-92.7)
Bronchial diameter
1mm – 104; 2mm – 126;
3mm – 99; 4mm – 56;
5mm – 27; 6mm – 20;
7mm – 15
43.5+/-5.2 (35-50)a
40.5+/-7.9 (30-50)a

LigaSure (Covidien)

22.9+/-8 (13-46)

LigaSure Atlas (L2) (Covidien)

-

-

-

-

-

Complete

LigaSure (Covidien)

30 (20-45)e

-

0 (0)

-

-

Complete

0.50

LigaSure 5mm (Covidien)

-

-

0 (0)

-

-

Complete

-

LigaSure 5mm (L1) (Covidien)

25.4 (22-45)

3 (30)

1 (14.3)

-

-

Complete

-
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2004[74]
Biliary Tract
Matthews et
al. 2001[58]
Nii et al.
2008[77]
Hope et al.
2010f[78]
Liver
Fassiadis et al.
2002[79]
Constant et al.
2005[80]
Sahin et al.
2007[81]
Pancreas
Hartwig et al.
2010[91]
Wouters et al.
2011[92]

Surgical clips (Covidien)
LigaSure 5mm (Covidien)
Ultrasonic shears (Ethicon
LigaSure V (Covidien)
LigaSure Atlas 20 (Covidien)
Surgical clips (Ethicon)
LigaSure Advance (Covidien)
Harmonic ACE (Ethicon)
LigaSure (Covidien)

-

-

0 (0)
3 (100)
3 (100)

-

-

-

-

-

74.4+/-20.1 (58.5-105.2)

-

-

-

-

646+/-282
98+/-87
72+/-89

-

-

1 (6.3)

-

-

-

1 (33)
0 (0)
0 (0)
-

1 (9.1)
1 (9.1)

2 (20)g
-

Finger fracture (Control)
LigaSure Atlas open (Covidien)
LigaSure Atlas lap (Covidien)
Suture ligation
LigaSure 5mm (Covidien)
EnSeal 5mm (Ethicon)

65+/-5
40
22+/-2

Suture ligation (Control)
LigaSure (Covidien)
Suture fracture (Control)
LigaSure V (Covidien)

135+/-22(100-150)
107+/-9(92-108)
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Complete
Incomplete
Incomplete

-

Complete

-

-

-

-

-

-

200+/-5
<20
<20
-

-

Complete
Complete
Complete
-

1.9+/-0.07
1.7+/-0.09

-

-

Complete

-

-

1088+/-923
-

a

Burst pressure measured in cmH2O

b

Individual seal time given

c

Maximum applied burst pressure was 360mmHg

d

9mm/13mm bronchus fused and subjected to 40 and 30cmH2O pneumatic pressures respectively

e

Median

f

Split data shows results of testing on POD 0 and 7

f

Pancreatic fistula present

Values expressed as means unless specified
+/- = standard deviation, () = range
a

Total number of activations with each instrument not recorded, bData expressed as mean+/-SEM
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APPENDIX C

Variable

Variable
details

Leak
(n) (%)

BP
(mmHg/cmH2O*)

LigaSure prototype (Covidien)

-

-

0 (0)

-

Salameh et al.
2006[96]

Linear stapler (Ethicon)
LigaSure Atlas (Covidien)
LigaSure Xtd (Covidien)

-

-

-

Smulders et al.
2007[97]

LigaSure prototype (Covidien)

-

-

1 (12.5)

Author
Bowel
Shields et al. 2004a
[54]

Lim et al. 2010[59]

Winter et al.
2010[94]

Technique

LigaSure Atlas (Covidien)

Prototype system

50V

100V

Compressive
pressure (N/mm2)

Prototype system
Holmer et al.
2011[95]

Compressive
pressure (N/mm2)
LigaSure (Covidien)

Santini et al.
2013[18]

GIA 60 Stapler (Covidien)
LigaSure Impact (Covidien)

Energy application
level (L1-L3)d

Arya et al.

LigaSure prototype (Covidien)

Compressive

In vivo
Fresh ex vivo
2h ex vivo
0.875
1.000
1.125
1.250
1.375
CEEA
0.875
1.000
1.125
1.250
1.375
CEEA
0.060
0.100
0.140
Hand sutured
L2
1 application
2 application
3 application

-

-

-
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-

Incomplete serosa-to-serosa
sealing but seals grossly intact

-

-

-

-

Complete

-

All animals survived to POD 7

-

17 (36.2)
incomplete

23.7+/-5.1
11.2+/-2.7
41.0+/-7.4
22.4+/-14.2
7.3+/-9.4
60.7+/-12.7
23.7
11.2
41.0
22.4
7.3
60.7
43.9
50
69.5
21.5
MM
33+/-6
33+/-4
33+/-5

Other measurements
(%)

Complete

131+/-19
27+/-5, 20+/-6b
11+/-13

-

Outcome measurements
Gross seal
LTD (mm)
Histology

SS
62+/-8
61+/-9
64+/-8

1.06
1.02
1.05

1.04
1.10
1.11

2.72c
2.17c
1.50c

3.63c
1.91c
3.89c

Complete
Complete
Complete
Complete
Complete
Complete

-

-

-

-

-

Complete
Complete
Complete

-

Data presented for Level 2
energy setting only
Breaking strength

2013[93]

pressure (MPa)

0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.49

8.1+/-1.8
11.7+/-5.0
24.6+/-4.9
27.6+/-7.5
25.2+/-4.9
25.8+/-4.1
23.6+/-3.7
20.3+/-4.8
18.9+/-5.0
19.6+/-1.5
21.0+/-3.0

Incomplete
Incomplete
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete
Complete

0.1+/-0.2
0.3+/-0.4
0.8+/-0.4
1.2+/-0.3
1.2+/-0.4
1.1+/-0/3
1.0+/-0.3
1.0+/-0.2
1.2+/-0.3
0.8+/-0.2
1.0+/-0.3

Appendix

Elemen et al.
2011[98]

LigaSure (Covidien)
Bipolar diathermy (Covidien)
Endoclip (Ethicon)
Ligature (Ethicon)

de Souza et al.
2012[99]

Ligature
Ligature/stump invagination
LigaSure (Covidien)

A - burst pressures
measured on POD
0 B - burst
pressures
measured on POD
7
Tissue fibrosis
A – appendicitis
B – no appendicitis

A

B

-

A

B

-
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105+/-13
96+/-25
112+/-11
123+/-14

144+/-15
140+/-20
141+/-21
163+/-23

-

Complete
Complete
Incomplete
Incomplete

-

-

-

-

3 (60)
3 (60)
1 (20)

5 (100)
5 (100)
5 (100)

APPENDIX D
Outcome measurements
Author
Campbell et al.
2003[60]

Technique
LigaSure 5mm (Covidien)
LigaSure Atlas (Covidien)

Kim et al. 2008[61]

Phillips et al.
2008[62]
Dodde et al.
2009[63]

LigaSure V (3 bar) (Covidien)
Harmonic ACE (L3) (Ethicon)
Plasma trissector (50W) (Gyrus Medical)
Harmonic ACE (L5) (Ethicon)
Harmonic LCS-C5 (L3) (Ethicon)
Plasma trissector( Gyrus)
LigaSure V (3 bar) (Covidien)
Gyrus PK 5mm (Gyrus)
Harmonic ACE (L3) (Ethicon)

Song et al.
2009[64]

LigaSure Atlas 10mm (Covidien)
LigaSure Advance 5mm (Covidien)
LigaSure LS1500 5mm (Covidien)

Govekar et al.
2011[65]

Monopolar L-hook (Conmed)
Argon beam (Conmed)
LigaSure 5mm (Covidien)
Harmonic ACE (Ethicon)

Variable
Device tip
temperature
Temperature range
A – peritoneum
B – mesentery
C – liver
Mean LTD (mm)b
A – Superficial
B – Full thickness
Temperature at
1mm from tool
Mean LTD (mm)c
LigaSure Advance
Portal vein
Esophagus
Ureter
LigaSure Atlas
Esophagus
Device tip
temperature

Variable details
Peak mean
temperature
A
on

B
on

A

C
on

B

LTD (mm)
4.4a
1.8a
78-93oC
130-214oC
81-96oC

2.8+/-1.3 (0.25-5)
4.3+/-1.8 (2-10)
7.0.+/-2.7 (2.5-15)
5.9+/-2.6 (2-15)

Temperature at
2mm depth

Open

Lap

2.3+/-1.7
4.2+/-2.5
2.9+/-0.9

6.4+/-0.7

11.5+/-9.3

Data represented for single sealing of bowel i.e. one application of device and double sealing i.e. two applications
Thermal spread (mm) on in vivo thermography measured using 45C contour lines
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-

54-94oC
115-198oC
66-89oC
56.8+/-8.5 oC
57.5+/-7.7 oC

1.7+/-0.2
3.5+/-1.2
1.6+/-1.2

Peak mean
temperature

b

2.4+/-1.3 (0.25-5)
3.1+/-1.8 (0.25-9)
6.3+/-2.6 (2.5-15)
4.5+/-1.7 (1-10)
-

The names of all devices have been standardised to current terminology
a

Variable results
100oC
35 oC

-

81.5+/-18.1oC
0.8+/-1.0oC
45.8+/-18.6oC
172.6+/-62.9oC

63-80oC
90-132oC
73-85oC

APPENDIX E
Demographics
Author

Procedure

Operation type

Hepatic
resection

Pts
(n)

M:F

Age
(y)

Open
(n)

Laparoscopic(n)

Major

Minor

ETS flex endostapler 45mm (Control)
LigaSure Atlas (Covidien)

22
22

15:7
7:15

62
49

-

22
22

-

-

Clinical outcomes
Seal sufficiency (histology)

Surgical clips (Covidien) (Control)
LigaSure 5mm (Covidien)
Ultrasonic shears (Ethicon)
Surgical clips x3 (Covidien) (Control)
LigaSure 5mm (L2) (Covidien)

14
25
25
113
101

-

-

-

39a
32a

-

-

-

Seal sufficiency (burst
pressure (n = 45))
LTD (histology (n = 19))

39:74
32:69

14
25
25
113
101

188
28
5
5

102:86
21:7
5:0
5:0

64a
73.8a
59a
59a

188
28
5
5

-

121
22
2
2

67
6
3
3

30
50
30
30
12
12

24:6
19:11

58a
63a
67a
65.5a
58.2
60.9

30
50
30
30

-

11
11

1
1

9
29
7
8
-

21
21
23
22
-

60
60
60
40
20
20
20
19
35

43:17
38:22
32:28
27:13
6:14
7:13
7:13
11:8
17:18

67
64
66a
63a
55.1
63.6
55
57a
63a

60
60
60
40
20
20
20
-

19
35

15
16
12
10
10
10
11
11
21

45
44
48
30
10
10
9
8
14

Technique

Outcomes reported

Lung
Kovacs et al.
2008[73]

In vivo thoracoscopic wedge resection
for solitary pulmonary nodules
(benign/malignant pathology)

Gallbladder
Matthews et
al. 2001[58]

Ex vivo cystic duct sealing

Schulze et al.
2010[76]
Liver
Cheang et al.
2006[82]

In vivo cystic duct/artery sealing
(laparoscopic cholecystectomy)

Corvera et al.
2006[83]

In vivo liver parenchyma transection
(HCC in cirrhotic patients)

Evrard et al.
2006[84]
Saiura et al.
2006[85]
Campagnacci
et al.
2007[90]
Ikeda et al.
2009[86]
Garancini et
al. 2011[87]

In vivo liver parenchyma transection
(hepatic metastases)
In vivo liver parenchyma transection
(hepatic metastases, malignancy)

CUSA/clips/suture (Control)
LigaSure Atlas +/- CUSA (Covidien)
Crush clamp technique (Control)
Gyrus Plasmakinetic (PK) cutting
forceps (Gyrus Medical)
Clip/suture ligation (Control)
LigaSure LS3091 (Covidien)
Crush clamp technique (Control)
LigaSure (Covidien)

In vivo liver parenchyma transection
(benign and malignant pathology)

Harmonic ACE (Ethicon)
LigaSure V (Covidien)

In vivo liver parenchyma transection
(hepatic metastases, malignancy)
In vivo liver parenchyma transection
(benign and malignant pathology)

Doklestic et
al. 2012[88]

In vivo liver parenchyma transection
(benign and malignant pathology)

Mbah et al.
2012[89]

In vivo liver parenchyma transection
(indication unspecified)

Crush clamp technique (Control)
LigaSure Precise (Covidien)
Crush clamp technique (Control)
LigaSure (Covidien)
Crush clamp technique (Control)
CUSA (Covidien)
LigaSure (Covidien)
Harmonic ACE (Ethicon) (Control)
EnSeal (Ethicon)

In vivo liver parenchyma transection
(benign and malignant pathology)
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9:3
8:4

Clinical outcomes

Clinical outcomes
Clinical outcomesb
Clinical outcomes
Clinical outcomes
Clinical outcomes
Clinical outcomesa
Clinical outcomesa
Clinical outcomesa
Clinical outcomesa

Total

1046

-

All values given as mean unless specified
Major hepatectomy >/=3 segments resection; Minor hepatectomy <3 segments resection
CUSA – Cavitron Ultrasonic Surgical Aspirator, HCC – hepatocellular carcinoma
a

Median values presented

b

No range given for data

*The historical names of all surgical instruments have been updated to indicate the current ownership and branding
a

Total number of activations with each instrument not recorded

232

-

668

378

316

384

APPENDIX F

Author

Technique

Kovacs et al.
2008[73]

ETS flex endostapler (Ethicon)
LigaSure Atlas (Covidien)
Surgical clips (Covidien)
LigaSure 5mm (Covidien)
Ultrasonic shears (Ethicon)
Surgical clips x3 (Covidien)
LigaSure 5mm (Covidien))
CUSA/clips/suture (Control)
LigaSure Atlas +/- CUSA(Covidien)
Crush clamp technique (Control)
Gyrus Plasmakinetic (PK) cutting
forceps (Gyrus Medical)
Clip/suture ligation (Control)
LigaSure LS3091 (Covidien)
Crush clamp technique (Control)
LigaSure (Covidien)

Matthews et
al. 2001[58]
Schulze et al.
2010[76]
Cheang et al.
2006[82]
Corvera et al.
2006[83]
Evrard et al.
2006[84]
Saiura et al.
2006[85]
Campagnacci
et al.
2007[90]
Ikeda et al.
2009[86]
Garancini et
al. 2011[87]
Doklestic et
al. 2012[88]
Mbah et al.
2012[89]

Harmonic ACE (Ethicon)
LigaSure V (Covidien)
Crush clamp technique (Control)
LigaSure Precise (Covidien)
Crush clamp technique (Control)
LigaSure (Covidien)
Crush clamp technique (Control)
CUSA (Covidien)
LigaSure (Covidien)
Harmonic ACE (Ethicon)
EnSeal (Ethicon)

Operation Outcomes
Drainage
Leak
LOS (d)
(d)
(n) (%)
2.7 (2-5)
6.6 (4-8)
2.8 (2-5)
6.6 (4-9)
0 (0)
0 (0)
8
19 (10)
7
1 (3.6)
8 (7-10)
1 (20)
8 (6-9)
0 (0)

Operation
time (min)
50 (30-85)
55 (30-92)
363.3
326.3
312+/-29
252+/-15

Mortality
(n) (%)
0 (0)
0 (0)

45 (10-114)c
34 (10-104)c

0 (0)
1 (2)
0 (0)
0 (0)
-

-

14 (7-29)
11 (7-24)
13.5(9-106)
11 (8-24)

-

0 (0)
0 (0)
1 (1.6)
1 (2.5)
2 (10)
0 (0)
1 (5)
0 (0)
0 (0)

-

183.6(100-360)
136.9(90-210)
56 (9-269)c
57 (11-127)c
180(45-360)
190(30-390)
240(120-360)
270(120-340)
295(120-350)
180(80-240)a
130(70-180)a
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1449.8
930.4
630+/-67
520+/-108

BP
mmHg
621
428
278
-

4 (13.3)
0 (0)
3 (10)
1 (3.3)

500 (0-2300)
500 (0-1800)
507(10-1550)
36 (80-1450)

-

7.8 (4-26)
6.1 (4-9)

0 (0)
0 (0)

485(100-2000)
210(90-450)

-

16 (11-40)
15 (10-43)
13 (5-72)
12 (7-37)
10 (4-30)
8.5 (2-18)
8 (5-15)
9 (3-28)
8 (3-33)

7 (11.7)
4 (6.7)
3 (5)
1 (2.5)
3 (15)d
0 (0)
0 (0)
0 (0)
1 (2.9)

640(50-2690)
660(65-3500)
600(100-5050)
700(100-390)
200 (0-670)
150 (0-450)
150 (0-550)
175(50-700)
100(20-1000)

-

Blood loss (ml)

LOS - length of stay, Leak - liver cases leak indicates bile leak, LTD - lateral thermal damage measured on histology (mm)
All values given as mean unless specified
a

Median values presented

b

No range given for data

c

Liver transection time, not total operation time

d

Report of biloma and biliary fistula
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APPENDIX G
CALIBRATION OF REGULATOR PRESSURE TO FORCE PER UNIT AREA OF LOAD CELL BETWEEN JAWS
OF PROTOTYPE SEALING DEVICE (MEAN OF FOUR MEASUREMENTS AT EACH COMPRESSIVE
PRESSURE)
Regulator Pressure (MPa)
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.10
0.11
0.12
0.13
0.14
0.15
0.16
0.17
0.18
0.19
0.20
0.21
0.22
0.23
0.24
0.25
0.26
0.27
0.28
0.29
0.30
0.31
0.32
0.33
0.34
0.35
0.36

Calculated load/cm2 (N/cm2)
11.1010795
23.4356122
41.9374114
66.6064769
86.3417293
111.010795
148.014393
188.718351
240.523389
282.4608
324.398212
356.467997
392.238142
431.708647
467.478792
500.78203
535.318722
563.688147
603.158652
642.629157
675.932395
714.169447
748.706138
786.94319
825.180242
863.417293
893.020172
927.556863
965.793915
1001.56406
1043.50147
1068.17054
1122.44248
1153.27881
1201.38349
1229.75292

Mean Load (N)
2.25
4.75
8.50
13.50
17.50
22.50
30.00
38.25
48.75
57.25
65.75
72.25
79.50
87.50
94.75
101.50
108.50
114.25
122.25
130.25
137.00
144.75
151.75
159.50
167.25
175.00
181.00
188.00
195.75
203.00
211.50
216.50
227.50
233.75
243.50
249.25
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0.37
0.38
0.39
0.40
0.41
0.42
0.43
0.44
0.45
0.46
0.47
0.48
0.49

260.75
267.25
278.25
282.50
293.00
301.25
311.50
321.25
330.00
337.50
347.50
352.00
363.75

1286.49177
1318.56155
1372.8335
1393.8022
1445.60724
1486.3112
1536.88278
1584.98746
1628.15832
1665.16192
1714.50005
1736.70221
1794.67452
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APPENDIX H
CALIBRATION DATA FOR TEMPERATURE EVOLUTION OF PROTOTYPE SEALER ATTACHED
THERMOCOUPLE WITH INCREASING TEMPERATURE ABOUT THE THERMOCOUPLE
Temperature (oC)
21.0
22.0
25.0
30.0
31.0
32.0
33.0
34.0
35.0
36.0
37.0
38.0
39.0
40.0
41.0
42.0
43.0
44.0
45.0
46.0
47.0
48.0
49.0
50.0
51.0
52.0
53.0
54.0
55.0
56.0
57.0
58.0
59.0
60.0
61.0
62.0
63.0
64.0
65.0

Voltage measurement (V)
0.0071
0.0110
0.0246
0.0486
0.0537
0.0588
0.0642
0.0687
0.0743
0.0798
0.0843
0.0893
0.0942
0.0990
0.1047
0.1094
0.1148
0.1196
0.1243
0.1297
0.1344
0.1387
0.1444
0.1491
0.1544
0.1598
0.1650
0.1707
0.1754
0.1802
0.1856
0.1914
0.1964
0.2014
0.2066
0.2112
0.2164
0.2214
0.2265
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66.0
67.0
68.0
69.0
70.0
71.0
72.0
73.0
74.0
75.0
76.0
77.0
78.0
79.0
80.0
81.0
82.0
83.0
83.9
85.2
86.0
87.0
88.0
89.0
90.0
91.3
92.0
93.3
94.3
95.1
96.0

0.2316
0.2376
0.2417
0.2469
0.2524
0.2575
0.2633
0.2675
0.2732
0.2776
0.2828
0.2886
0.2937
0.2979
0.3035
0.3080
0.3295
0.3343
0.3476
0.3556
0.3631
0.3727
0.3778
0.3814
0.3834
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APPENDIX I
FULL DATA OF MUCOSA-TO-MUCOSA FUSIONS PERFORMED WITH PROTOTYPE SEALER
CONDUCTED AT VARYING COMPRESSIVE PRESSURES
End Impedance (Ω)
150
150
150
150
150

Regulator Compressive Pressure (MPa)
0.00
0.00
0.00
0.00
0.00

150
150
150
150
150

0.05
0.05
0.05
0.05
0.05

150
150
150
150
150

0.06
0.06
0.06
0.06
0.06

150
150
150
150

0.07
0.07
0.07
0.07

150
150
150
150
150

0.08
0.08
0.08
0.08
0.08

150
150
150
150
150

0.09
0.09
0.09
0.09
0.09

150
150
150

0.10
0.10
0.10
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Burst Pressure (mmHg)
4.1
7.3
6.7
12.6
3.8
6.9*
3.2
4.9
4.1
4.3
5.0
4.3*
2.9
62.4
54.8
39.4
53.3
42.6*
57.8
55.1
58.4
30.5
50.5*
7.1
36.8
34.8
36.1
35.2
30.0*
68.2
29.7
60.7
55.3
67.5
56.3*
4.0
40.8
38.6

150
150

0.10
0.10

150
150
150
150

0.15
0.15
0.15
0.15

150
150
150
150
150
150
150
150
150
150

0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20

150
150
150
150
150
150
150
150
150

0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25

150
150
150
150
150
150
150
150
150
150
150
150
150
150
150

0.30
0.30
0.30
0.30
0.30
0.30
0.30
0.30
0.30
0.30
0.30
0.30
0.30
0.30
0.30

33.8
57.3
34.9*
40.0
32.3
44.9
44.6
40.5*
45.5
35.1
38.7
39.2
33.9
55.7
45.6
50.5
61.7
63.1
46.9*
44.1
56.4
54.6
70.2
41.4
41.1
32.0
39.7
34.5
46.0*
37.7
30.7
54.4
31.6
48.7
36.3
69.0
39.1
60.3
46.7
34.4
54.9
87.1
46.0
67.1
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150
150
150
150
150
150
150
150
150
150
150

0.30
0.30
0.30
0.30
0.30
0.30
0.30
0.30
0.30
0.30
0.30

150
150
150
150
150
150
150
150
150
150
150
150

0.35
0.35
0.35
0.35
0.35
0.35
0.35
0.35
0.35
0.35
0.35
0.35

150
150
150
150
150
150
150

0.40
0.40
0.40
0.40
0.40
0.40
0.40

150
150
150
150

0.45
0.45
0.45
0.45

150
150
150
150

0.49
0.49
0.49
0.49

38.6
66.5
48.4
57.0
53.8
41.0
47.8
40.1
30.0
41.9
34.2
47.8*
67.0
57.9
38.8
36.6
42.3
24.9
30.6
35.4
48.2
47.6
31.1
28.0
40.7*
61.5
103.0
27.5
35.9
25.4
23.4
41.5
45.5*
28.5
33.7
38.0
43.7
36.0*
74.2
32.6
46.2
52.6
51.4*

*Values in red represent mean burst pressure values of the data set.
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