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Abstract

This research shows the development of a complete novel medical device capable

of achieving haemostasis of upper gastrointestinal bleeding. A novel transmission

structure has been designed and tested which includes a hollow central channel

running through the inner conductor allowing for the delivery of fluid or introduction

of clinical tools such as forceps, biopsy graspers or needles alongside the delivery of

microwave energy. To facilitate the initial testing and subsequent clinical usage of

the cable; multiple transformer structures were considered and developed both for the

delivery of microwave and radio frequency energy. These allowed for the testing and

characterisation of multiple cable prototypes developed throughout this research. In

order to achieve the required clinical effect, namely coagulation of bleeding vessels,

a solution which allowed optimal delivery of energy from the cable structure into the

tissue at the treatment site was developed. Radiative tip prototypes were simulated,

manufactured and tested to show matching between the lower impedance cable and

the higher impedance tissue. Finally a number of complete devices were assembled

and tested using microwave test equipment, on bench tissue testing using porcine

liver and also during a pre-clinical investigation held at Northwick Park Institute

for Medical Research, one of the UK’s leading charity-based independent Medical

Research Institutes. Clinician feedback and histological analysis is presented within

and show successful coagulation of multiple simulated oesophageal bleeds.
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Chapter. 1

Introduction

Upper Gastrointestinal Bleeding (UGIB) is the cause of, in excess of, 300,000 hospital

admissions and 52,000 deaths per annum in the US [2] and in the UK is one of the

most common gastrointestinal (GI) emergencies leading to 4,000 deaths and up to

70,000 hospital admissions each year. [3] This leads to a definitive requirement for

clinicians, especially endoscopists, to have the correct tools at their disposal to stop

bleeding both rapidly and effectively. As a general aside, minimally or non invasive

treatments have been shown to have a higher number of benefits when compared

with open surgery including faster healing, less risk of infection due to less time

spent in hospital, less pain and even minimisation of the bodies reaction to surgical

stress [4]. As such less invasive procedures are becoming more and more popular

and will evidently be the most common option for many surgical procedures in the

future as can be seen in figure 1.1.

Endoscopic intervention in UGIB has generally been shown to not only address

the current situation and achieve immediate control of the bleed but also to prevent

recurrent episodes. This not only stabilises and prevents the patient from possibly dy-

ing but it also minimises strain on hospital resources from readmission, minimises

further cost and lowers mortality rates. [5] This increase in technological ability

alongside the added benefits of minimally invasive and non-invasive procedures has

led to a paradigm shift in which procedures such as natural orifice endoscopy, robotic

surgery and flexible endoluminal endoscopy are becoming the new healthcare stan-

dard as shown in figure 1.1.

A new modality of thermal haemostasis was therefore envisioned which can be
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Figure 1.1: Diagram showing rapid rise of endoscopy and paradigm shift in health
care and surgical procedures. Image from Creo Medical Ltd

achieved through delivery of a long, flexible and narrow instrument into the gas-

trointestinal tract to the treatment site via an endoscope or gastroscope. This thesis

describes the design and development of a novel microwave structure capable of deliv-

ering microwave energy at 5.8GHz to controllably coagulate bleeding vessels whilst

utilising a hollow channel running through the center of the structure which can

be used for the delivery of adrenaline to promote vasoconstriction at the local site

enabling instant control of the bleed and allowing subsequent usage of microwave

energy to generate a permanent ’plug’ for on going control of the bleed. The hollow

channel can also be used to deliver liquids or even for the introduction of other

tools such as vision sensors, biopsy graspers or simply as a method of irrigation

and aspiration. The generation of the ’plug’ is a thermally induced alternative to

the natural response of the body to bleeding which comprises the interaction of a

number of proteins, clotting factors and platelets which all bind together to create

a physical barrier to prevent further loss of blood, promote healing and reduce the
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need for re-admission into hospital.

Dual modality haemostasis such as the the delivery of fluid coupled with thermal

energy, as in this device, has been shown to be provide a superior outcome over

a single modality treatment process [6]. Palmer et. al states that one method of

achieving this dual modality effect is through the use of adrenaline injection and

mechanical clip. Clips however, whilst having a high success rate, tend to require ac-

curate placement and a high level of technical proficiency to utilise correctly [7]. They

also introduce a physical structure into the GI tract which could malfunction or come

away due to movement or disturbance leading to re-bleed and other complications.

Figure 1.2: Block diagram showing the structure of the device developed in this
research

This thesis focuses on a number of key areas related to this research and subse-

quent development of the overall device as shown in figure 1.2.

• Chapter 2 considers background information on the clinical need and also

provides a review of current techniques used to achieve haemostasis.

• Chapter 3 highlights the physical and clinical requirements for the overall

project and provide a setting for the other chapters.
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• Chapters 4, 5 and 6 focus on the design, development, manufacture and

testing of the new device, comprising: a novel transmission line structure,

bespoke impedance transformers and a complex radiative tip structure.

• Chapter 7 describes the combination of the previous works chapters and the

manufacture of the final device in its entirety along with results from an in-vivo

pre-clinical study carried out during the research programme as well as ex-vivo

bench testing.

• Finally the project is summarised and evaluated for its strengths, weaknesses

and future work is discussed in Chapter 8.
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Chapter. 2

Background and Literature Review

Study the past if you would define

the future.

Confucius

551 BC - 479 BC

2.1. Microwave Engineering

2.1.1 A Brief History

Microwaves have been used in many applications for a long time, since their pre-

diction by James Clerk Maxwell in 1864 and subsequent demonstration by Heinrich

Hertz through his spark gap experiments. In fact, in 1897 Jagadis Chandra Bose de-

scribed his research into microwave propogation including the use of horn antennas,

waveguides and dielectric lenses at frequencies of up to 60GHz. [8] The majority of

applications for microwaves began as point to point communication networks; with

the most historically significant use being that of microwaves as radar. During the

Pearl Harbour attacks an SCR-270 radar installation, similiar to the one shown in

figure 2.1 1, atop Kahuku point detected enemy planes whilst they were approximately

132 miles out, but the readings were initially ignored due to the relatively new tech-

nology being used [9]. Over time this technology has been refined and improved

and is now one of the main engineering staples used throughout both military and

civilian aviation.
1Credit: http://www.monmouth.army.mil/historian/photolist.php?fname=Radio%2FSCR+270+and+271
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Figure 2.1: Mobile early warning radar, similar to that used during Pearl Harbour

When it comes to using microwaves to achieve thermal effects, the story goes that

an electronics expert and war hero, Percy L. Spencer, was wandering around one of

the Raytheon laboratories when he noticed that a chocolate bar in his pocket had

begun to melt whilst he stood in front of a large magnetron [10]. He later went on to

create the first batch of microwave popcorn and the first exploding egg. Whilst this

initial story seems quite far fetched, the microwave oven has become a staple in most

modern homes. With advances in military and telecommunication technology, this

has created a drive for miniaturisation and optimisation of microwave generation

technology from cavity magnetron to semiconductor technologies. This has allowed

for the development of smaller and more efficient generators which subsequently

allow for the creation of improved devices including many designed for a myriad of

microwave applications throughout the medical sector.
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2.1.2 Co-axial Cable

A co-axial line is an axial transmission line in which both the electric (E) field and

the magnetic (H) field are enclosed by two conductors; an inner and an outer. The

principle propagation mode for a co-axial cable is TEM, or transverse electromagnetic,

and is where both the E field and the H field are transverse to the direction of

propagation and perpendicular to each other. Consideration of this mode is only

applicable when the frequency of propagation is lower than the cut-off frequency for

a cylindrical waveguide, for frequencies above this multiple modes will propagate.

The E field and H field for this TEM mode can can be seen in fig 2.2

(a) E Field Lines (b) H Field Lines

Figure 2.2: Co-axial cable simulation showing E and H Field with TEM propogation

The metal conductors are separated by a dielectric material which impacts the

intrinsic properties of the cable such as characteristic impedance, power loss and

velocity of propagation. An air filled co-axial line, whilst having minimal losses,

would not be practical in any sort of application which requires flexion or bending

of the cable. Two vital parts of co-axial cable design are choices of material, both

for the conductor and dielectric structures, and also their geometry.
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2.1.3 Skin Depth

The skin depth, in considering electrical conductors, concerns the distance into the

conductor which the electric field penetrates into the conductor. It is defined as the

level at which the field decreases to 1/e or approximately 37%. More accurately it is

defined as:

δs =

√
2ρ

2πfµ0µR
. (2.1)

Where δs (m) is the skin depth, ρ (ohm m) is the resistivity of the conductor, f

(Hz) is the frequency and µ0 (H/m) and µR (H/m) are the permeability of free space

and relative permeability of the conductor respectively. µ0 is equal to 4π× 10−7 H/m.

Variation in the skin depth of silver at various frequencies can be seen in fig 2.3

Figure 2.3: Frequency dependence of skin depth in a silver conductor

At the frequency of operation for this device at 5.8GHz and with silver having

a resistivity of 1.59× 10−8 Ωm; the skin depth of a silver conductor becomes much

smaller than that at lower frequencies with a value of 0.83µm.

It is this principle which ultimately allows for the creation of a cable with a hollow

inner conductor as discussed herein. As the electric current tends to flow between

the inner surface of the outer conductor and the outer surface of the inner conductor
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it means that the inside of the inner conductor can be hollow. The understanding of

these principles is not a new topic and has allowed for high power transmission lines

to minimise losses whilst still retaining a strong and solid central core, however the

application of this principle to co-axial cable for this application is a novel approach

and allows the achievement of the required dual modality haemostasis device.

2.1.4 Characteristic Impedance

Characteristic Impedance is defined as the ratio of the E field or voltage and H field

or current amplitudes for a single wave inside a transmission line. It is a function

of the cable geometry and material choices. For the purposes of this document the

characteristic impedance of a co-axial line can be calculated through knowledge of its

capacitance and inductance per unit length as shown in eqs 2.2 and 2.3 , or through

the use of an equation for known geometry given in eq. 2.4

L ′ =
µ0 µr
2π

ln
b

a
H/m (2.2)

C ′ =
2πε0εr
ln (b/a)

F/m (2.3)

Z0 =

√
L ′

C ′
Ω or Z0 = 60

√
µr

εr
ln
b

a
Ω (2.4)

This impedance can also be stated as the ratio of voltage to current for the

travelling waves or:

Z0 =
V+

I+
=

V−

I−
(2.5)

Where V is the voltage and I is the current and the superscript + and - indicate

the forward and reverse waves respectively. V and I can be described in phasor form
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as follows:

V+ =V+
0 e

−γz and I+ = I+0 e
−γz

V− =V−
0 e

+γz and I− = I−0 e
+γz

(2.6)

where γ is the complex propagation constant (γ = α+ jβ) and z is the position

along the transmission line.

This impedance is intrinsic to the structure and is defined by the geometry and

the chosen materials.

Reflection Coefficient

Reflection coefficient measures how much an electromagnetic wave is reflected by

some form of discontinuity such as the variation in impedance between source and

cable. The reflection coefficient is the ratio of reflected voltage amplitude to that

of the forward voltage amplitude and can be expressed in terms of impedance by

the following. If we consider a transmission line of characteristic impedance, Z0,

terminated with a load impedance of ZL, we know that the overall voltage at the

terminals must be:

V
I
= ZL (2.7)

Substituting the expressions for voltage and current of both the forward and

reverse waves as given in equation 2.6 and as z is fixed:

V++V−

I+− I−
=

V++V−

I+− I−
Z0 = ZL (2.8)

The ratio of the voltage amplitudes of the reflected to the forward wave is the

voltage reflection coefficient and can be solved as so:
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Γ =
V−

V−
=
Zc−Zg
Zc+Zg

(2.9)

Where Zs is the impedance of the cable and Zc is the impedance of the generator.

Given that we assume the generator to have a 50Ω output and the cable to have

an impedance of approximately 14Ω we can estimate the reflection coefficient for the

impedance discontinuity between the two objects.

Γ =
14−50
14+50

=−0.5625

Voltage Standing Wave Ratio

With variation in the reflection coefficient, maximum and minimums of voltage can

be plotted along the transmission line which repeat a full cycle every half wavelength.

For the lossless transmission line these amplitudes are constant. The ratio of this

maximum voltage to the minimum voltage is known as the VSWR and is equal to:

VSWR=
Vmax

Vmin
=
V++V−

V+−V−
(2.10)

Rearranging and dividing by V+ can also relate the VSWR to the reflection

coefficient as follows:

VSWR=
1+ |Γ |

1− |Γ |
(2.11)

A VSWR of ∞ implies that all of the wave is reflected back and is seen when

the line is terminated in an open or short circuit. Alternatively a VSWR of 1 implies

that there is no reflection and all the wave is absorbed by the load, when Z0 = ZL.
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Return Loss

For a mismatched termination, i.e. Z0 6= ZL, part of the power incident at the load is

delivered into the load whilst the rest is reflected back along the line. Return loss is

defined as the ratio of this incident wave power to the power of the reflected wave.

More generally:

RL=
Pin
Pref

=
P+

P−
=

(
|Vin|

|Vref|

)2
=

1
|Γ |2

(2.12)

Represented in terms of decibels:

RL= 10× log10
1

|Γ |2
(2.13)

Transmission Coefficient

Using a further calculation, for the transmission coefficient, a graph can be con-

structed showing the variation in power transmission with varying cable impedance.

Once again assuming a 50Ω generator output each impedance mismatch from 0-

100Ω was calculated and converted to a power transmission percentage using the

following equation.

Power Transmission (%) = 100× (1− Γ2) (2.14)

It is clear to see from fig 2.4 that variation in cable impedance, when connected

to a 50Ω generator, affects power delivery especially as impedance deviates from

that of the generator. A peak can be seen where the cable is optimally matched

at 50Ω and any variation either side of this will lead to mismatch losses. The

approximate decrease in power delivery if the cable was to be connected directly to a

50Ω microwave output can be seen at approximately 14Ω with a power transmission

value of 68.4%. If a 100W input is assumed then a loss of 31.6W due to this
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Figure 2.4: Graph showing variation in power transmission with change in cable
impedance when connected to 50Ω generator

mismatch will manifest as heat and lead to the possibility of burns or of incorrect

operation of the device.

This 50Ω impedance is also chosen as a balance between minimal attenuation

and optimal power handling. Calculations and analysis have been conducted to

show the effect of impedance on these parameters. Minimal attenuation occurs at

approximately 77Ω whereas maximum power handling peaks at approximately 20Ω.

A characteristic impedance of 50Ω is a reasonable compromise between the two and

as such has become one of the industry standards. This analysis can also be used to

justify the compromise in having a lower impedance for the cable created herein.

Table 2.1: Table showing difference in Power Handling and Attenuation at 14Ω and
50Ω

Impedance (Ω) Minimal Attenuation (dB/m) Maximum Power Handling (W)

14 0.26 519.35
50 0.11 325.69

It can be seen from figure 2.5 that optimum power handling and minimal at-

tenuation occur at different impedances. Table 2.1 shows the difference between the

expected cable impedance and 50Ω. Whilst there is slightly more attenuation due to

impedance at 14Ω there is a distinct advantage when it comes to power handling
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Figure 2.5: Graph showing maximum power handling and minimum attenuation as
a function of impedance

most likely as a product of the varying geometry of the structure.

Figure 2.5 may seem to indicate that a cable with either lower or higher impedance

than the standard would be of limited use. However this is not the case; the attenu-

ation is more intrinsically linked to material selection than solely to the impedance.

For example a cable made with a high dielectric strength solid PTFE will most likely

handle much more power than would be calculated should only line impedance be

considered.

2.1.5 Quarter Wave Transformation

One way to match structures with differing impedance is to use a quarter wave

impedance transformer. For this research project the cable will have a lower impedance,

as discussed later on, and will only be operated at a single frequency, 5.8GHz, so this

becomes relatively straightforward. These transformer devices can be realised in a

number of forms but at their core rely on the creation of a standing wave as a result

of both creative and destructive interference of both voltage and current travelling

waves along the line.
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Figure 2.6: Diagram showing the operation of a quarter wave transformer

When the section is exactly a quarter wavelength or at least an odd multiple

of quarter wavelength the waves reflected from the load destructively interfere with

the wave reflected from the mismatch boundary and cancel each other out. This

is possible because the reflection coefficients at the input and load have the same

magnitude with opposite signs. The second requirement is that the impedance of the

transformer be the geometric mean of the impedances that need matching. That is:

Ztrans =
√
Z1×Z2 (2.15)

Where Ztrans is the transformer impedance and Z1 and Z2 are the two impedances

to be matched.

This stems from the impedance transformation equation as follows, assuming a

lossless line, the propagation constant γ resolves to its imaginary phase constant of

jβ:

Zin = Z0
ZL+ jZ0tan(βL)

Z0+ jZLtan(βL)
(2.16)

Where Zin is the impedance at the specific point along the length L, ZL is the

load impedance and Z0 is the characteristic impedance. For a quarter wavelength

line the following is true:
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L=
λ

4
and β=

2π
λ

→ βL=
π

2
(2.17)

and the impedance becomes, taking the limit as the tangent function argument

approaches infinity.

Zin = lim
βL→π

2

Z0
ZL+ jZ0tan(βL)

Z0+ jZLtan(βL)
(2.18)

Zin = Zo
jZ0
jZL

=
Z0

2

ZL
(2.19)

For example to match a 50Ω generator with a cable of 14Ω a transformer with an

approximate impedance of 26.46Ω would be needed. The diagram shown in figure

2.7 shows the calculations of the reflection coefficients and impedances required.

50=
Z0

2

14
→ Z0 =

√
50× 14= 26.46Ω (2.20)

As previously discussed this solution only works for a single frequency, although

in practice even this approach will have a small bandwidth and could operate well

either side of the match frequency and the structure must also have low loss such

as for a short length of line. If a wider range of frequencies need to be used, a

tapered transformer or multiple sections would allow a more broadband match could

be achieved. [11, p. 84-87]

2.1.6 Attenuation

Attenuation is one of the most important characteristics of a co-axial line. Generating

microwave power can be both complex and costly, to have that power just ’disappear’

along the length of a line may be catastrophic. Consider a 6dB/m cable, by the time

the power arrives at the distal end of a 1m cable you have lost almost 75% of the

power which when coupled with any inefficiencies in the system could mean that
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Figure 2.7: Diagram showing the equal reflection coefficients at both ends of the
transformer

although the generator is capable of producing 100W, less than 25W of that power

can be delivered into the tissue load, which also does not take into account the

efficiency of the applicator or other losses introduced into the system.

Losses in co-axial cables can be split into two predominant categories; losses due

to the conductive material associated with the inner and outer conductors and losses

due to the dielectric material. Firstly let us consider the conductor losses.

αC = 13.6
δs
√
εr
[
1+ b

a

]
λ0

b
2 ln

b
a

dB/m (2.21)

where δs is the skin depth of the conductive material as shown in eq 2.1, εr is the

relative permittivity of the dielectric material, b is the outer diameter of the inner

conductor, a is the outer diameter of the inner conductor and λ0 is the wavelength

in free space for the frequency of operation.

This equation will give an idea of the conductor losses but makes a few key

assumptions. It assumes that the two conductors are of the same materials with the

same conductivities; therefore having equal skin depth values. More complex forms

of the equation can be found along with further information in [12]. What can be
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seen from this equation is that the loss in a co-axial cable is directly related to the

resistance through the conductive materials and that it also varies with frequency.

A similar equation can be given for losses due to the presence of the dielectric

material:

αc = 27.3
√
εr tan δ

λ0
dB/m (2.22)

where εr is once again the relative permittivity and tan δ is the dissipation factor of

the dielectric material. λ0 is the same as in eq 2.21.

Both of these equations have been used extensively along with their more com-

plex counterparts to ensure optimal material and geometry choices for the cable as

discussed further on.

2.1.7 Microwave Test Measurements

S Parameters

S, or scattering, Parameters describe the response of a system or network to a signal

incident to any of its ports. Usually given in the form Si,j where i is the responding

and j is the incident port. A diagram showing the set-up of a standard device under

test and associated S parameters can be seen in figure 2.8

Figure 2.8: S Parameter Diagram
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For a two port network, four S Parameters can be given:

• S1,1 - Input Reflection Coefficient

• S2,2 - Output Reflection Coefficient

• S2,1 - Forward Transmission Coefficient

• S1,2 - Reverse Transmission Coefficient

All these parameters are complex numbers, and whilst not always necessary, can

be presented as both magnitude (dB) and phase (degrees). For magnitude, as the

measurements are complex voltage ratios, it is calculated as:

Si,j(dB) = 20× log[Si,j(magnitude)] (2.23)

Most of the time the S Parameters we talk about are the small signal S Parameters

as measured by a Vector Network Analyser (VNA).

VNA

The Vector Network Analyser is a device which measures the S Parameters of a

system as discussed above. Usually consisting of a device with two ports, modern

analysers can measure networks with an arbitrary number of ports. The VNA, a

Wiltron 360b, used throughout this research can be seen in figure 2.9 2.

The most common measurement output is in the frequency domain. This means

that for a specified range of frequencies a sinusoidal test signal is applied to the

device under test (DUT) and the output measured. This can then be output as a

magnitude plot as shown in figure 2.10.

As can be seen from the above figure, the x axis gives the frequency whilst the y

axis gives either the phase or magnitude. As this is a S1,1 measurement the dip at

XX GHz shows a good match or minimal reflection at that frequency.
2Credit: https://www.anritsu.com/en-us/test-measurement/products/360
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Figure 2.9: Wiltron model vector network analyser

Figure 2.10: Example output of magnitude S1,1 measurements

An optional feature of the Wiltron 360b VNA is the ability to convert into the

time domain. Use of the fourier transform allows for the frequency information to be

converted into the time domain which allows for the locating of impedance disconti-

nuities or the inspection of various parts of a structure. Time domain measurements

have been used extensively throughout this research. An example plot can be seen in
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figure 2.11

Figure 2.11: Example output of time domain S1,1 measurements

For these plots a frequency range of 5.6 - 6 GHz was used to ensure that the

device was operating correctly at the intended frequency. A smaller frequency band-

width is used to increase the distance measurement capability, as required for the

cable measurements discussed later. Should a smaller distance and therefore higher

resolution be needed a wider bandwidth should be used. The measurements herein

are set up to be a balance between these two requirements.

The two humps shown in figure 2.11 show the connector end and the open end

of the cable. Analysis of the magnitude of both of these humps is used further

on to measure the cable attenuation and connector suitability. The signal, as a

reflection measurement, takes into account the two way signal path and allows for

the attenuation between the two points to be calculated.
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2.1.8 Microwave Simulation

Although a theoretical first approach has been used throughout this research, due to

some of the more complicated structures further computer simulation was required.

The majority of this electromagnetic simulation was carried out using CST Microwave

Studio which is a tool for the 3D electromagnetic simulation of high frequency

components.

CST Basics

The simulations shown in this research were all carried out using the Time Domain

Transient solver module in CST which allows the simulation of broadband frequency

results such as S Parameters. This transient solver is based on the Finite Integration

Technique and has high efficiency for most high frequency applications including

connectors, transmission lines and antennas.

All the structures are modelled in 3D and simulation settings are then used

to approximate the expected usage of the device. Predominantly this consisted of

running a frequency sweep from 0GHz - 10GHz to give an idea of the device operation

especially at the required frequency of 5.8GHz.

Results

The reader will see a number of outputs from the CST simulations including 2D

results such as S Parameters shown as magnitude vs frequency graphs and 3D results

which include Power Loss Density or E/H Field results.

One of the most useful outputs is the Power Loss Density plot which shows the

sum of electric or magnetic power dissipated inside of the calculation domain. The

standard visualisation of this monitor shows a colour map which corresponds to the

amount of dissipated power. These results are ideal for assessing energy delivery

zones or finding possible power flow issues within structures.
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This power loss density can be linked to temperature, as per equation 2.24, if one

considers the thermal properties of the materials. The Q term directly relates to the

power loss density. Suffice to say the areas which have a higher power loss density

tend to indicate those areas which would increase in temperature. It is for this

reason that these plots are used to estimate ablation zones and shapes. Assessment

of temperature and power flow is shown later in section 4.2.5.

ρCp
δT

δt
= ∇ · (k∇T)+Q−Qp+Qm (2.24)

Where ρ is the mass density, c is the specific heat capacity, k is the thermal

conductivity, T is temperature, Q is the absorbed electromagnetic energy, Qp is

the heat loss due to microvascular blood perfusion and Qm is the metabolic heat

generation. Further discussion on this is provided in [13].

Farfield monitors are also used to show the field behaviour far away from the

corresponding source of the EM waves. These are portrayed in this research as

absolute plots which is derived from the two tangential and radial components. The

main reason for inclusion of these plots is to add confidence to the S parameters

to ensure that the energy was being delivered into the tissue and not being radiated

into the space around the device. Whilst the plots contain the original structure it is

important to note that this visualisation is in the farfield and does not indicate exact

positioning of radiation.

2.1.9 Biological Effects of Microwaves

For consideration of the use of microwaves within the medical industry, it is im-

portant to make two main distinctions; Diagnostic and Therapeutic. Diagnostic

technology usually involves imagining of tissues and differentiate of their structures

based upon their dielectric properties. Therapeutic technology usually employs mi-

crowaves to heat up structures to achieve various treatment effects; whether this be
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to coagulate a bleeding vessel as in the device presented herein or the ablation of

tumours.

Dielectric Heating

The application of microwave energy to human tissue results in dielectric heating.

The application of an alternating electric field causes the molecules to shift and rotate

as the electrons constantly try to orient themselves in the field creating resistance

due to the intermolecular forces holding the structure together. When considering

application to human tissue, the majority of tissues within the body contain a sub-

stantial amount of water which, having a polar structure, continually reorientates

itself within the electric field and when out of phase with this field results in heating

due to energy loss [14].

Figure 2.12: Dipole reorientation of water in response to an alternating electric field

ICNIRP and Safety

The International Commission on Non Ionising Radiation Protection (ICNIRP) is

a group formed to examine the problems arising in the field of protection against

the various types of non ionising radiation. Their guideline on limiting exposure
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to time-varying electric, magnetic, and electromagnetic fields (up to 300GHz) gives

the recommended exposure limits to people who are in the vicinity of these kind of

fields. Reference to this document and commission is given later on when discussing

handpiece shielding.

2.2. Upper Gastrointestinal Bleeding

UGIB is defined as any bleeding proximal to the ligament of Treitz, a thin sus-

pensory muscle found at the duodenojejunal flexure as seen in figure 2.13 3. This is

the standard used in clinical practice to separate the upper and lower parts of the

gastrointestinal tract. UGIB can be diagnosed through a number of methods but will

usually present as overt symptoms such as haematemesis (vomiting of blood, some-

times described as coffee grounds), melana (tarry black stool) or haematochezia (red

blood per rectum). UGIB can also be diagnosed through secondary symptoms such

as those related to anaemia or blood loss; including dizziness, fatigue or syncope.

Figure 2.13: Simple structure of the gastrointestinal tract
3Credit: https://www.ncbi.nlm.nih.gov/pubmedhealth/PMHT0022855/
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As such there are a number of conditions and a number of locations where UGIB

can occur and this bleeding, therefore, can be classified in a number of ways. Initially

bleeding can be classified as variceal or non variceal. The former concerns vessels

which have become dilated and enlarged due to portal hypertension, an increase in

blood pressure through the portal vein. This pressure can occur due to a number

of reasons including blood clots or increased resistance in the liver due to cirrhosis.

Examples of this can be seen in fig 2.14 4 . When this pressure gets too high, these

vessels can become damaged and potentially burst leading to UGIB.

Figure 2.14: Gastroscopic images of oesophageal varices

UGIB can be further classified based upon anatomical location and can usually be

separated into three categories; for this research and clinical application oesophageal

bleeding will be most important but the other two include gastric and duodenal.

2.2.1 Oesophageal Anatomy

The oesophagus is a tube which connects the pharynx, or the part of the throat just

behind the mouth, to the stomach. It is approximately 25cm long and is approximately

20mm in diameter when distended. The wall of the oesophagus comprises numerous
4Credit: https://commons.wikimedia.org/wiki/File:Esophageal_varices_-_wale.jpg
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layers as discussed in the histological section of this work but is usually around no

more than 5.5mm [15].

2.2.2 Oesophageal Bleeding

Oesophageal varices account for approximately 5-30% of UGIB cases although this

varies with population. Patients are likely to have a higher chance of rebleed and

possible death than patients with other sources of UGIB [16]. Oesophageal ulcers are

a much rarer cause of UGIB and are defined as a break in the esophageal mucosa

with a clear circumscribed margin [17]. Mallory-Weiss tears are defined as tears in

the oesophagogastric junction, first described in 1929, and are found in approximately

3-15% of all patients with acute UGIB [18].

2.2.3 Gastric and Duodenal Bleeding

Bleeding can also be classified as UGIB if it occurs within the stomach or the

duodenum. There are numerous conditions including ulcers, tumours, varices and

lesions which can occur in both of these places and have just as much an impact on

the human body as those conditions found in the oesophagus. A relatively uncommon

condition, Dieulafoy’s lesions, usually occur at the gastro-oesophageal junction and

are caused by a large vessel running close to the submucosa which becomes exposed

through mucosal and/or arterial erosion [19]. More common is the incidence of

bleeding due to peptic ulcers. A large proportion of UGIB is thought to be caused

by these lesions [20], with duodenal ulcers being more common in the United States

[21].
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2.3. Haemostasis

2.3.1 Background

Haemostasis, from the Greek; aima (blood) and stasis (halt). Quite literally the halting

of blood was first documented as the use of vegetable and mineral styptics by the

physician Machaon to heal Menelaus before the walls of Troy circa 1200BC [22]. Fast

forward to approximately 500BC and it is found that procedures such as wrapping

a wound with cold bandages and the application of fig tree juice were used to stop

bleeding. [23] Throughout history thermal techniques such as cauterisation have been

used to stop major bleeds; the procedure largely consisted of a metal object heated

until glowing red and then applied directly to the bleeding site. It is now known,

however, that a more accurate and controllable method of thermal energy delivery is

required as historical cauterisation will likely have caused damage to large amounts

of tissue both at the intended site and also collateral damage to surrounding tissue,

whilst providing a breeding ground for bacteria and infection [24].

Some forms of haemostasis used today mirror those used in history including

haemostatic powders and mechanical clips or ties. This thesis focuses on the use of

energy to produce haemostasis in a more controlled manner and demonstrates how

the microwave energy can be delivered not only locally but precisely into tissue using

non-invasive endoscopic techniques.

2.3.2 The Biological Basics

The bodies natural response to injury, specifically in the case of bleeding, is effectively

to limit blood loss. To do this a number of biological processes occur as shown in

fig 2.15 5

Figure 2.15 shows a detailed pathway of the bodies natural response to blood
5Credit: Diagram by Joe D, distributed under a CC BY-SA 3.0 Licence
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Figure 2.15: Detailed pathway showing the natural response of the body to blood loss.

loss. There are numerous enzymes and proteins which make up the pathway and

the main ’spark’ which sets off this cascade can be seen in the extrinsic pathway.

Trauma causes the tissue factor, or factor III, to combine with factor VII and activate

factor X which in turn catalyses the reaction of prothrombin into thrombin. This

catalysation then causes the intrinsic pathway to begin with subsequent catalysation

of each factor. This intrinsic pathway is also sometimes called the amplification

pathway as this rapidly increases the amount of thrombin in the blood stream, in

turn activating the common pathway as seen in the bottom right of figure 2.15. This

common pathway concerns the conversion of fibrinogen to fibrin which subsequently

cross links to harden into a ’plug’ to stop the bleeding.

Whilst being quite a complex response, the coagulation pathway can be broadly

defined under three main steps.

1. Vascular spasm or vasoconstriction acts to constrict the vessels surrounding
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the site of injury both to limit blood flow and to expose collagen. Platelets

then adhere to the surface of this exposed collagen and form an initially weak

platelet plug.

2. Primary haemostasis then occurs with the release of numerous chemicals and

proteins such as Von Willebrand factor, adenosine diphosphate and serotonin.

[25]

3. Finally a number of clotting factors are activated following the coagulation

cascade as shown, this step is effectively the platelet plug becoming harder as

blood cells become trapped upon and within it and form a thrombus, or clot

[26]. This is a major step in the healing of wounds but can have detrimental

effects should the thrombus detach and migrate to any of the major organs

leading to the possibility of ischaemic stroke.

Whilst being effective in healing everyday maladies and small bleeds associated

with wear and tear, there needs to be effective techniques for the management of

larger bleeds for which the natural response of the body is not sufficient or able to

coagulate fast enough before too much blood is lost. These techniques can vary in

application, efficacy and suitability and are later discussed in further detail. Some of

the techniques enhance the bodies ability to undertake the coagulation cascade whilst

some circumvent it entirely. In fact it is the bodies response to bleeding which, for the

purposes of this research, allow us to define large and small bleeds. If the body can

coagulate the bleed then we shall deem it small. If a further haemostatic intervention

is required then it is classified as large.

Techniques such as the use of clips, ligation bands and suturing provide mechan-

ical support to the wound edges to enable the coagulation cascade to take place and

close the wound in order to limit patient blood loss. Energy based thermal techniques

actually alter the structure of the wound and bypass most of the cascade entirely.

This has certain advantages; such as much faster control of bleeding, and through
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the use of novel device structures can be achieved endoscopically or in minimally in-

vasive ways without the need to open up the patient and therefore less risk and cost,

some disadvantages could include damage to surrounding tissue and infection risks

but these can be mitigated with good design, technique and infection control policies.

These considerations will be further assessed as specific modalities are discussed.

2.3.3 Thermal Haemostasis

The application of heat to a bleed causes the breadown of all cellular and extra cellu-

lar matrix membranes. Subsequently all of the released proteins are coagulated and

aggregate into an amalgamation of tissue to produce a contigious tissue mass which

closes vasculature and joins tissue structures. Collagen is one of the most common

structural proteins, especially in blood vessels and heat causes this to unravel, shrink

in length and swell in diameter. As the temperature increases the collagen morphs

into a glassy state and once completely denatured, it is reabsorbed and replaced by

scar tissue [27].

This breakdown of cellular structures through the application of heat drives the

development of devices which can initiate this process through the application of

energy controllably into a specific area thus minimising the risk of damage to healthy

surrounding tissue.

2.4. Current Methods of achieving haemostasis

There are a number of methods commonly used throughout the world for the

treatment of UGIB and various other causes of bleeding. These have been discussed

below and form a reference with which to compare the complete device presented

herein.
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2.4.1 Mechanical Modalities

All mechanical methods of haemostasis work in a similar way biologically and em-

ulate that of sutures or plasters as used for external skin wounds. They are there to

provide structure and closure to the wound and allow the body to naturally activate

the coagulation cascade to stop the bleed and allow the wound to heal. These devices

take many forms and some are discussed below.

Clips

Endoscopic clips can be used for a number of reasons within the gastrointestinal tract

but mostly emulate the effect of sutures. They can be used for marking of treatment

sites to allow for radiologically recognisable landmarks [28], treatment of polyps [29],

and of course for haemostatic treatment.

(a) Instinct Hemoclip from Cook Medical. (b) Resolution Clip from Boston Scientific.

Figure 2.16: Examples of endoscopic clips used for haemostasis

Clips have been shown to be successful in the treatment of many casuses of

gastroinstestinal (GI) bleeding [30] including ulcers, Mallory-Weiss tears and many

other indications. Two examples of clips can be seen in fig 2.16 6, 7 with many more
6Credit: https://www.businesswire.com/news/home/20140423005134/en/Cook-Medical-Launches-

Instinct%E2%84%A2-Endoscopic-Hemoclip
7Credit: http://www.bostonscientific.com/en-US/products/clips/resolution-clip.html
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currently on the market or in development. Some studies suggest that clips offer an

advantage over other haemostatic modalities [31], but the general consensus appears

to show no obvious and definite improvement in outcome over other methods [32].

Some literature has suggested that there may be difficulty in the accurate and correct

placement of the clips [33] depending on the indication and technique required.

The duration of effective clipping has been shown to also vary from patient to

patient; ranging from less than one week up to five weeks [34]. One case study

suggests a clip was able to remain in place for at least 26 months [35]; this however

may may be much shorter should the bleed be superficial and the clip only attached

to the outermost mucosal layers of the GI tract. Due to this introduction of a

physical construct within the GI tract the risk of clips detaching from the treatment

site and causing complications or post-operative bleeding is a genuine concern for

the clinician for a number of reasons such as due to poor placement and adhesion to

the mucosa or due to being knocked off by expansion and contraction as food passes

through the GI tract.

Ligation Bands

Ligation bands offer similiar mechanical outcome as clips but are especially useful

in cases where clipping would be difficult such as in retroflex, where the release

mechanism is difficult to activate or where a bleed has a large fibrotic base and

clip usage may lead to further trauma to the vessel and therefore actually increase

bleeding [36]. Ligation banding has, however, been shown to be technically easier

and more able be used in larger perforations or at differing angles [37]. These devices

are especially useful in the treatment of oesophageal varices.

Examples of the devices used in endoscopic band ligation can be seen in fig 2.17 8,
9. These devices fit over the top of the endoscope to allow for maximum visualisation

8Credit: https://www.cookmedical.com/products/esc_mbl_webds/
9Credit: http://www.bostonscientific.com/en-US/products/band-ligator/speedband-superview-super-

7.html
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(a) 6 Shooter Universal Saeed Multi from Cook
Medical.

(b) Speedband Superview Super 7 from Boston
Scientific.

Figure 2.17: Examples of endoscopic band ligators used for haemostasis

of the bleed prior to placement and also allows for multiple bands to be placed without

the need to remove the endoscope to reload the bands in between applications.

Literature suggests that the use of banding for acute variceal bleeding within the

oesophagus is an effective therapy and has few adverse outcomes. For instance some

patients report difficulty swallowing or experience mild chest discomfort for a few

days following band ligation [38].

2.4.2 Injection Modalities

The most common modality for the treatment of upper GI bleeding is to use injection

to stop bleeding either through physical blocking of vessels as in the use of surgical

glues, or to achieve chemical constriction of the vessels as in the use of adrenaline.

Injection provides high levels of successful haemostasis in gastrointestinal bleeding

but usually requires the use of an additional modality such as mechanical clamping

or thermal coagulation to minimise re-bleed rates. One device can be seen in figure

2.18 10

10Credit: https://medical.olympusamerica.com/products/needlemaster-injection-needles
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Figure 2.18: Needlemaster Single-Use Injection Needle from Olympus.

Adrenaline

The use of adrenaline has been used to achieve haemostasis since 1970 [39] and is

reported to have positive outcomes [40]. Standard clinical procedure is to inject small

amounts of 1:10,000 concentration adrenaline into four quadrants around the bleed

or lesion and finally inject into the center of the bleed.

This has a dual effect of combining both temporary local tamponade of the ves-

sels with chemical vasoconstriction. Literature suggests that approximately 13ml of

adrenaline is required for optimal haemostasis. [41]. As the haemostatic effect results

from this temporary local tamponade and vasoconstrictive effect, adrenaline injection

is usually followed by treatment of a longer lasting modality such as mechanical or

thermal haemostasis.

Sclerosing Agents

Sclerotherapy, along with band ligation, remain one of the most popular treatments

and methods for control of oesophageal varices, or dilated and enlarged vessels

within the oesophagus, with the most common chemicals being Ethanolamine Oleate,

Polidocanol or Sodium Morrhuate as discussed in [42]. As a general overview the

agent is injected into the lumen of the varix or vessel which causes thrombosis

and inflammation of the surrounding tissues thus inducing haemostasis both via
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temporary local tamponade, similar to the use of adrenaline, but also stimulating the

bodies natural coagulation cascade.

Surgical Glues and Haemostatic Powders

Other chemicals are used to achieve haemostasis within the upper GI tract and

accomplish this in various ways. Tissue glues such as Histoacryl [43] and Glubran2

[44] have shown good efficacy in the treatment of various bleeds with polymerisation

of the chemical occurring on contact with blood and sealing of the wound occurring

quite rapidly.

Haemostatic powders, depending upon their functionality, achieve haemostasis in

different ways. They can either form a seal around the vessel to physically occlude it

or they can actually enhance the natural response of the body by initiating the coag-

ulation cascade earlier than intended. Hemospray [45] showed optimal haemostasis

when compared with the use of Histoacryl, or medical ’super glue’, and Lipiodol. Ths

works by forming a physical barrier over the bleeding site, increasing local concen-

tration of clotting factor and activating the coagulation cascade [46].

2.4.3 Energy Based Thermal Modalities

Thermal energy has been used for many years to achieve cauterisation of wounds

and to treat disease. Initial concept cauteries have been known since the development

of the first commercial electrosurgical equipment in 1920 which was then introduced

to clinical practice by Harvey Cushing [47].

Radio Frequency

The use of radio frequency (RF) energy to cut, coagulate and remove tissue involves

the introduction of alternating current (AC) energy at frequencies around the AM

radio band eg; 540kHz to 1700kHz, but can be lower than this; such as the generator
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used by Creo Medical which utilises an RF frequency of 400KHz. This energy

is delivered into the tissue to achieve the desired treatment or clinical effect. RF

modalities can be subdivided into two categories.

Monopolar RF

Monopolar RF, as shown in figure 2.19, where the energy travels from the single pole

treatment applicator through the body into a large ground return electrode applied

elsewhere on the body.

Figure 2.19: Diagram showing operation of monopolar RF electrosurgery.

These systems require the treatment applicator to have a very small area compared

to the return plate; this difference in area means the current density at the applicator

and therefore delivered into the tissue is very large compared to the current density

at the return electrode. This energy focus at the treatment site is designed to limit

the risk to the patient.

The standard surgical tool used in monopolar RF treatments is often referred to

as a Bovie and an example of this can be seen in fig 2.20.

Multiple electrode tips can be attached to the device in fig 2.20 11 to achieve

various surgical effects. When coupled with a generator capable of controlling the
11Credit: http://www.boviemedical.com/pencils/
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Figure 2.20: ESP1 standard Bovie Pencil from Bovie Medical Coroporation

energy delivery waveforms and delivery power levels, it is clear to see why devices

such as these are widely used in a variety of medical applications and treatments.

At its most basic monopolar RF treatment is based on the passing of electrical

current completely through the patient where they can easily be burned through the

incorrect use of grounding pads. Current can pass through the patient in unusual and

unexpected paths which can cause internal burns, adhesions or even fistulas; which

are unintended communication paths or channels between two surfaces. These can

cause many problems and possibly introduce other comorbidities for the patient es-

pecially if they occur within vital organs such as the bladder or even the heart. Due

to the high voltages assosciated with monopolar RF, it can also produce electromag-

netic interference and have an effect on other devices including patient monitoring

equipment [48].

Bipolar RF

Bipolar devices, as seen in figure 2.21 have both poles on the applicator itself which

allows the energy to travel between them and through the patient tissue allowing for

a much more controlled and localised tissue effect without the risk of unintended

burns as the energy travels away from the treatment site to the return electrode.

RF energy based modalities tend to require a much higher voltage. Monopolar

RF treatments usually range between 1-5kV whilst bipolar treatments are around

200-600V. Conversely microwave treatments use much lower voltages usually in the

range of 5-50V. These are all peak to peak voltages and as such it is obvious that
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Figure 2.21: Diagram showing operation of bipolar RF electrosurgery

microwave applicators use a much lower and therefore safer voltage range.

One interesting development in RF electrosurgery is the use of precision bipolar

forceps as seen in fig 2.22 12. These combine the efficacy of bipolar RF energy delivery

into a structure which can allow for much more diversity in treatment than having

a single probe. They can be used to coagulate or dessicate tissue between them or

each probe can be used individually.

Figure 2.22: Covidien Valleylab Bipolar Forceps from Medtronic

Bipolar devices allow for more precise control of the current delivered into the

patient between the electrodes and a variety of different devices have been developed

to suit a number of clinical needs.

Bipolar RF electrosurgery, overall, has less risk and therefore fewer adverse effects

on the patient as the current passes from a first electrode locally through tissue and

back to the second electrode. This creates a current path which is much shorter and
12Credit: http://atriummeditech.com/product.php?cat_id=58&subcat_id=567
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contained; meaning the clinician can tailor the energy delivery to the exact location

or structure where it is needed. Voltages are much lower as previously discussed as

well meaning a much safer treatment option for the patient.

A number of devices have been specifically designed to use bipolar RF energy to

achieve haemostasis. Two examples of these can be seen in fig 2.23 13 14.

(a) Injection Gold Probe from
Boston Scientific.

(b) BiCOAG Haemostasis Probe from Olympus.

Figure 2.23: Examples of bipolar haemostasis probes

The Gold Probe from Boston Scientific utilises two helical electrodes to deliver

bipolar RF energy and is supplied in two different sizes. The smaller version is 7Fr

(2.3mm) and the larger is 10Fr (3.3mm) both contain an extendable needle to achieve

the delivery of liquids such as adrenaline for vasoconstriction. Studies have shown

that the Gold Probe with intergrated needle performs more optimally, is quicker and

more convenient when compared to seperate probe and needle devices [49, 50]. Due

to the very similar nature, both in terms of clinical effect and physical size of the

device, to the haemostat presented in this piece of research comparison bench tests

have been carried out between the two devices; the results of which are given in

section 7.2.2.

The BiCOAG Haemostasis probe, figure 2.23b, from Olympus is a single use probe

which uses bipolar RF energy to achieve haemostasis at virtually any angle with ease

of attachment to many bipolar generators. It is provided in two sizes; 10Fr and 7Fr
13Credit: http://www.bostonscientific.com/en-US/products/probes/injection-gold-probe.html
14Credit: https://www.olympus.com.ru/medical/en/medical_systems/products_services/product_details

/product_details_108994.jsp
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or 3.3mm and 2.3mm with a working length of 3.5 meters.

Argon Plasma Coagulation

Argon Plasma Coagulation (APC) is an alternative to the bipolar RF haemostasis

probe and makes use of a stream of ionized argon gas to conduct the high frequency

current to the site of application. Due to the use of this ionized gas it is termed as a

non contact method of treatment. Due to the physical process of the APC the plasma

creates uniformly deep zones of devitalisation, coagulation and desiccation [51]. The

basic function of APC can be seen in fig 2.24 15 as discussed in [52].

Figure 2.24: Diagram showing functionality of APC

As can be seen, the device emits a stream of argon gas which is then ionised by

a high frequency voltage and becomes a plasma. The high frequency current then

generates heat which causes the surface tissue to become devitalised, coagulated and

shrunken [53]. Due to the change in electrical tissue properties once devitalised;

namely a drop in electrical conductivity, [54] the current, and therefore heat, begins

to flow through the next section of tissue allowing for a larger area to be treated.
15Credit: https://clinicalgate.com/electrosurgery-in-therapeutic-endoscopy/
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For a surface bleed, the APC is used almost like a paint brush to apply the streams

of ionized argon gas to the total surface area of the bleed.

One of the major advantages with the APC modality is that it can be used to

stop bleeding over a much large surface area than other modalities in an efficient

and controlled manner [55] Literature has also shown that deep tissue destruction

which can lead to perforation is rare with endoscopic APC [56]. In one study, out

of 640 lesions treated from the stomach, small intestine and colon; no perforations

were created through the use of APC. [54]. The risk of perforation has been stated

at aproximately 0.5% [57].

Microwave

Microwave coagulation and haemostasis has been achieved through a number of de-

vices and is usually carried out either laparoscopically, through a small incision, or

endoscopically. An experimental study carried out in China showed that percuta-

neous microwave coagulation therapy was effective in the cessation of active liver

bleeding in rabbits using 2450 MHz [58]. Another laparoscopic application showed

promise for the coagulation of solitary hepatocellular carcinoma once again using

2450 MHz. [59]. Endoscopically a number of positive outcomes have been presented

[60], [61], [62], [63] and mostly utilise generators with an output frequency of 2450

MHz. Some generators used for Microwave coagulation and ablation include the Mi-

crotaze, Emblation Microwave MSYS245, Medwaves Avecure and of course the Creo

Medical CROMA Generator which is the main generator device used in the testing

portion of this research. Examples of these can be seen in figure 2.25 16 17.

The Creo Medical CROMA generator has both an RF (400KHz) and Microwave

(5.8GHz) and is capable of delivering up to 60W. A thorough review of the devices

and systems available for microwave therapy is presented in [64] and covers both RF
16Credit: https://link.springer.com/referenceworkentry/10.1007%2F978-1-4419-0751-6_13
17Credit: http://investors.creomedical.com/what-we-do/our-products
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(a) Microtaze Generator (b) Creo Medical Generator.

Figure 2.25: Various Microwave Generators

and Microwave applications throughout the clinical spectrum.

Use of 5.8GHz

The device, as previously stated, made use of microwave energy in the Super High

Frequency (SHF) band between 3GHz and 300GHz, specifically at a spot frequency

of 5.8GHz. This is one of the highest microwave frequencies to be used within the

gastrointestinal tract and there are a number of reasons for this choice.

Due to advances in the communication, military and commercial sectors the cost

of microwave power generators at 5.8GHz has decreased and therefore there has been

an increase in the availability of such devices. The use of 5.8GHz can be seen as a

compromise between the ability to deliver energy into tissue as discussed in section

6.1.2 with an insertion loss which is not excessively high which is important due to

the size constraints for the outer diameter of the device.
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Chapter. 3

Device Introduction and Specification

3.1. Clinical Need

The requirement for rapid and effective haemostasis is one of great importance

to surgeons throughout the medical field. This is especially needed in endoscopic

procedures during which a serious bleed can be life threatening if not managed

correctly. Upper Gastrointestinal Bleeding (UGIB) is one of the most common GI

emergencies in the United Kingdom [65]. Further literature over the past ten years,

along with that discussed in the introduction, has suggested that UGIB accounts for

up to 20,000 deaths per annum and the incidence of acute UGIB is approximately

50-100 per 100,000 persons per year. [66]. Some studies show this to be much higher

up to 160 cases per 100,000 and indicate that mortality as a result of UGIB generally

ranges from 10 - 14 % [67]. An audit in 2007, in the UK, shows that UGIB still

continues to have substantial mortality although it appears to be lower than found

in 1993. [68]

Not only can patients present to the emergency room following incidence of upper

GI bleeding but effective haemostasis is also required to treat any injury or insult

to the upper GI tract caused during routine surgeries. A retrospective study of 409

patients showed that 27 events of significant postoperative gastrointestinal bleeding

following the surgical management of obstructive jaundice [69]. A smaller percentage,

although still significant (0.4%), of patients undergoing open heart surgery were

shown to sustain postoperative UGIB necessitaing endoscopic evaluation [70]

Haemostasis can currently be achieved in a number of ways as previously dis-
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cussed in section 2.4 and it is clear that all of these modalities have both advantages

and disadvantages when it comes to the management of upper gastrointestinal bleed-

ing.

One consistent theme throughout literature indicates that a multi-modality ap-

proach to haemostasis is not only more effective at the time of treatment but also

leads to lower rebleed rates [71, 72, 73] when compared with single modality haemosta-

sis; most notably the sole use of injection modalities.

The need for a device capable of not only utilising injection or topical application

of haemostatic chemicals alongside the ability to immediately apply thermal energy

to achieve haemostasis is believed, by the authors and in consultation with clinical

professionals, to be a device which would be highly sought after by endoscopists and

surgeons during UGIB treatment or any procedure in which UGIB can occur.

3.2. Physical Device Requirements

3.2.1 Requirement for Maximum Outer Diameter (2.5mm)

There is a definite clinical trend, as discussed in the introduction of this research,

for non invasive procedures to be carried out using smaller and more narrow devices.

With this trend the maximum outer diameter of endoscopes, gastroscopes and even

bronchoscopes are becoming much smaller. As such the devices needing to be inserted

into them need to follow this trend also and become much smaller in diameter.

2.8mm is becoming one of the most common working channel diameters and it

was therefore decided that the haemostatic device should be compatible with scopes

having such a working channel. To ensure that the device would be compatible

with such working channels and to ensure that the device could easily be inserted

and removed, an outer diameter of 2.5mm was chosen. This tolerance was also to

allow for any variation in the size of the scope working channel or any variation in

45



the outer diameter of the cable structure. This size constraint was also part of the

requirements indicated by Creo Medical who have a lot of expertise in this area.

3.2.2 Requirement for Hollow Channel

As previously discussed the device need not only deliver microwave energy into tissue

to achieve haemostatic effect but also be capable of a secondary modality. This second

modality is the introduction of adrenaline, other medicine or even other medical tools

such as cameras or lasers. To be capable of this the device needed to have a hollow

channel running through its length. To ensure that the hollow channel could be used

with a number of other devices, it was decided that a diameter of 1mm would provide

enough space. This would mean less pressure is required to inject liquid through the

device and also allows for tools such as biopsy forceps and needles to be used in the

hollow.

3.2.3 Requirement for Impedance Transformation

Due to the requirements discussed above the way to achieve such a device geometry

was to utilise a co-axial line with a hollow inner conductor. Maximising this hollow

channel diameter whilst maintaining a minimal outer diameter will force the two

conductors to be in close proximity to each other, which will impact the impedance

of the cable. Figure 3.1 shows three different structures and there assosciated param-

eters. d is the outer diameter of the inner conductor, D is the inner diameter of the

outer conductor and Zo is the characteristic impedance. This was calculated using

equation 2.4 and the full range is shown in figure 3.2.

As can be seen in figure 3.2 with a 1mm hollow channel and an outer diameter of

2.5mm it would be impossible, at least using polytetrafluoroethylene (PTFE) (εr = 2.1)

as a dielectric, to achieve a 50Ω line. The maximum values in this graph are also

assuming infinitely thin conductors and no protective layers such as a structural
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Figure 3.1: Diagram showing the variation in coaxial outer conductor and corre-
sponding impedance.

Figure 3.2: Graph showing the variation in impedance with varying inner diameter
of outer conductor

insert for the hollow channel or outer protective jacket. If these are also considered

then there will be even less space between conductors making the cable likely to be

much lower than 50Ω. Further discussion regarding the impedance and structure

of the cable is undertaken in chapter 5 and has been introduced here to provide a

background for subsequent chapters.
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Chapter. 4

Impedance Transformation

A large number of electrosurgical generators; particularly for microwave energy de-

livery, including those in use by Creo Medical Ltd have a standard output with an

impedance of 50Ω. Traditional RF electrosurgical generators are either optimised to

a particular impedance whilst still operating over a large range or are optimised for

a single impedance output. For example the Gyrus PlasmaKinetic generator delivers

energy at varying settings depending on expected tissue impedance and can have an

output impedance as high as 300Ω [74]

Many microwave specific generators have a standard output of 50Ω, this is espe-

cially the case for a lot of test and measurement equipment such as vector network

or spectrum analysers. The cable designed to be used in this piece of research, and

discussed in further detail in chapter 5 has a much lower impedance than many

co-axial cables. An analysis of the geometry, previously shown in section 3.2.3 re-

quired a minimal outer diameter to facilitate insertion into most endoscopes along

with the need for a central hollow channel for the delivery of liquids, medicines

or even tools and showed that the cable would definitely deviate from the standard

50Ω impedance.

In order to allow for both laboratory bench testing using a vector network analyser

(VNA) and for eventual tissue testing of the final haemostat device using the Creo

Medical generator an impedance transformer was required to match the cable. The

need for this transformer can be expressed in terms of mismatch loss and reflection

coefficient, as discussed earlier, which indicate how much power will be lost due to

impedance difference at the generator-cable interface.
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4.1. Transformer Structure Considerations

Whilst the theory behind the quarter wave transformer may seem straightforward;

a number of considerations needed to be addressed before an actual device could be

realised. These are summarised in the following list:

1. Transition between distal end of the impedance transformer and the cable needs

to be secure both electronically and mechanically

2. Proximal end of the impedance transformer needs to allow for ease of connec-

tion to multiple microwave delivery devices

3. Maintenance of access to the hollow channel

A standard microwave connector can be used to maintain connectivity with a

number of microwave devices both during testing and operation fulfilling both the

first and the second requirement. The first requirement was also considered when

various attachment methods were used and further assessed in subsequent chapters.

The final consideration required more thought and two ways were considered to

achieve this. Most existing structures provided good connectivity and were stable

and secure, but they would have occluded the hollow channel which would reduce

the cable to standard microwave functionality making such structures not suitable

for the dual modality haemostasis probe delivered through this research.

4.2. Use of Microwave and RF Energy

A section of preliminary work was carried out to assess the efficacy and abil-

ity to deliver both microwave and RF energy either in combination or succession

to achieve haemostasis. The microwave energy was to be delivered at 5.8GHz as

previously discussed and the RF energy was to be delivered at 400KHz as per the

hardware constraints of the Creo Medical generator. In clinical usage the RF energy
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could be applied then followed by the microwave energy or dual energy could be

delivered at the same time. The rationale behind successive delivery was to initially

deliver a large burst of energy through conduction to the bleeding vessel. As the tis-

sue properties change and RF energy becomes more difficult to deliver, the microwave

frequencies would be used to permit the delivery of even more energy through radi-

ation. Combined delivery is believed to offer the advantages of both energy delivery

modalities over a shorter time frame.

4.2.1 Co-axial Capacitive Coupling

An initial structure was designed to allow delivery of microwave energy whilst also

allowing RF to be delivered through the device. The basic aim of the device was

to use capacitive coupling to provide an effective short circuit at the microwave

frequency whilst acting as an open circuit at RF frequency.

The initial structure was designed as a rigid structure for a number of reasons,

including maintenance of access to the hollow channel and ease of connection. Two

cylindrical capacitors were developed; the first on the outer conductor and the second

on the inner. The basic structure can be seen in fig 4.1 with the darker lines showing

the location of the capacitors.

The capacitance was selected such that the impedance was high enough at RF

frequency to prevent the structure from looking like a short circuit but low enough

at microwave frequency to act as one.

Due to the described geometry of the device both capacitors are cylindrical and

as such the capacitance can be calculated:

C=
2πε0εr
ln(b/a)

L (4.1)

Where ε0 is the permittivity of free space, εr is the dielectric constant of the

dielectric material used to separate the two conductors, b is the inner diameter of
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Figure 4.1: Side view diagram of the capacitive coupling structure

the outer conductor, a is the outer diameter of the inner conductor and L is the

length of the capacitor.

Once this capacitance is known its reactance can be calculated at various fre-

quencies to give the impedance of the structure.

[
Z=

√
R2+XC

2
]
R→0

, Z=

√
0+XC2 = XC (4.2)

Z is the impedance of the structure, R is the resistance of the structure and XC

is the reactance. As the resistance of the structure decreases the reactance element

of the impedance dominates until for a zero resistance the impedance is equal to the

reactance. This assumption can be made due to both the use of low loss materials

and also the relatively small length of the structure which should introduce minimal

losses into the system. The reactance is then calculated:

XC =
1

2πfC
(4.3)

Where f is the frequency and C is the capacitance.
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It can be seen that, if we consider the capacitance to be the same; i.e. the

properties of the dielectric material are the same at RF and microwave frequencies,

the reactance decreases as the frequency increases. It is this principle that enables a

high reactance at RF frequencies and a low reactance at microwave frequencies. The

reactance of a 3pF capacitor against frequency can be seen in fig 4.2. The diagonal

line shows the log response of reactance against frequency, whilst the vertical lines

show the specific frequencies of RF and microwave energy as used in this project.

Figure 4.2: Variation in reactance of a 3pF capacitor with frequency

Equivalent Circuit

An equivalent circuit was created in CST Microwave Studio to approximate the the-

oretical operation of the capacitive coupling structure.

Table 4.1: Table showing parameters for equivalent capacitive coupling circuit

Number Length (mm) D (mm) d (mm) Er

1 27 3.1 1.5 2.1
2 50 3.1 2 2.1
3 17 3.1 2 2.1
4 13 4.2 0.9 2.1
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Figure 4.3: Equivalent circuit for the capacitive coupling structure

The structure is made up of four ideal co-axial sections with final geometry as

given in table 4.1. The two co-axial lines to the left are seperated by a capacitor and

terminated in a short circuit as in the 3D model, figure 4.1. Parameter sweeps for

the lengths of co-axial section 1,3 and 4 as well as the capacitor value were used to

match the S Parameters to the 3D model.

The variation in lengths from the 3D model can be accounted for by extra capac-

itance and inductance introduced through the steps in conductor diameters and also

the method of connection which the theoretical equivalent circuit does not take into

account.

The S Parameters for the equivalent circuit can be seen in figure 4.4. These can

then be compared to the 3D EM simulation results as shown in figure 4.5. It is clear

to see that the operation around 5.8GHz is quite similiar with both structures having

S1,1 values of below -30dB. S2,1 values are equally good with both being better than

-0.2dB.

Material Selection

The material for the capacitor section needed to be chosen based on dissipation (loss),

breakdown strength and dielectric constant. Not only did the capacitance need to be

calculated correctly but due to the RF waveform and associated voltage used within

the Creo Medical generators the material needed to have a high dielectric strength.
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Figure 4.4: S Parameters for the equivalent circuit capacitive coupling structure

Figure 4.5: S Parameters for the 3D EM simulation of the capacitive coupling struc-
ture

The maximum RF voltage to be used is approximately 400Vpk and a headroom factor

of 2.5 is recommended; meaning the material will need to be able to withstand up to

1kVpk. The chosen polyimide film had a dielectric strength of 339kV/mm [75]. This

high value allows a much thinner film to be used, technically a layer of around 3

µm, to achieve the breakdown strength of 1kVpk required. This means that a wide

range of dielectric thickness can be considered during the theoretical design of the
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structure.

A sensitivity analysis was conducted to ascertain exactly which of the parameters

would be most crucial in the design. These parameters included dielectric constant,

capacitor length and capacitor dielectric thickness. As the geometry of this structure

was based on a rigid co-axial design where similar conductors and dielectric layers

were used. The inner and outer conductors were extended an odd multiple of quarter

wavelength at the frequency of operation and shorted at the distal end. At the

microwave frequency of interest this will cause a short circuit to be ’seen’ at the

proximal end of the stub. Due to the added capacitance and variation in structure

it was expected that the actual length would vary from the theoretical length and

therefore CST microwave studio was used to optimise the structure.

The initial rigid prototype structure for the new cable without the capacitive

coupling structure is discussed in chapter 5 but a simulation of it can be seen at

400KHz and 5.8GHz in figures 4.6 and 4.7 respectively. The energy input port is at

the top, the hollow channel access port is on the left and the output port is on the

right. It is clear that although operating correctly at 5.8GHz, when the 400KHz RF

signal is used the device does not deliver energy to the output port correctly and the

RF signal propagates towards the hollow channel input port.

Figure 4.6: Power Flow through the rigid prototype at 400KHz
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Figure 4.7: Power Flow through the rigid prototype at 5.8GHz

Figure 4.8: Power Flow through capacitive coupling device at 400KHz

Figures 4.8 and 4.9 show the capacitively coupled structure at both 400KHz and

5.8GHz. It can be seen that the structure is working well at both frequencies.

The advantage of this structure is that the proximal end of the structure is a short

circuit to the microwave energy meaning no fringing fields can escape and there is no

risk of the patient or clinician getting burned by making contact with the proximal

end of the structure or through radiation burns. Although this is the case at the
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Figure 4.9: Power Flow through capacitive coupling device at 5.8GHz

hollow channel, RF energy can still be propagated through the structure effectively

in the correct direction.

4.2.2 Double Choke structure for Microwave and RF

A second method of allowing energy at both RF and microwave frequencies to be

launched into the structure and propagated through the cable to the energy delivery

antenna is to use a double choke structure as shown in fig 4.10.

The structure makes use of a quarter wave length T junction to initially match

the novel microwave cable impedance with the 50Ω microwave/RF input. The thin

hatched structures shown are radial air gaps of approximately quarter wavelength

long which converts a short circuit to an open circuit. These act as chokes and

are spaced at nominal half wavelengths from each other. The effect of this is that

the entire structure to the right of the microwave input is seen as an open circuit

regardless of what is attached to port 3. This is required if a conductive instrument

was to be fed through the hollow channel, i.e. control rods, endoscopic tools or even

saline.
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Figure 4.10: Simulation model for double choke structure

Figure 4.11: Simulated S Parameters for double choke structure

The simulation was set up as follows: the dielectric structures are modelled di-

rectly in their relevant materials and the overall simulation was given a conductive

background with the same properties as brass. The outer geometry of the brass layer

for the device does not affect the operation as long as there is at least several skin

depths, approximately 5 micron, surrounding the dielectric structures of both the

choke structure and the cable. This layer, albeit much thinner than would practica-

bly be used, allows for at least 99% of the E field to propagate within it. From a
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manufacturing point of view this is ideal as it allows the outer conductive material

to be shaped in such a way as to allow for ease of machining and connection to the

cable. This could be achieved a number of ways from the milling of separate metal

sections or even the milling of the dielectric material and then coating with a thin

layer of conductive paint or through vapour or thermal deposition of metal.

As can be seen from figure 4.11 the structure shows expected performance at and

around 5.8GHz. S2,1 gives a transmission from microwave input to the cable and is

-0.22dB which is a transmission of approximately 95.06%. S11 (-21.74dB) gives the

power reflected at the microwave input and cable junctions and is simulated as a

reflection of 0.67%. The important measurement in terms of this structure is the

isolation at port 3 which, according to these simulated results, is better than -32dB

which is less than 0.06% meaning that almost no energy is reflected to port 3 or

transmitted directly from port 1 to port 3.

Manufacture

Due to the requirement of accurate air gaps for the radial chokes and PTFE inserts,

the choke structure was manufactured in six parts as can be seen in figure 4.12.

Variation in the sizes of these parts would deviate from the simulated structure and

may even cause some of the integral parts of the structure such as the quarter wave

length input port and the radial chokes to function incorrectly. The microwave input

made use of a standard SMA connector cut down to the correct size. The three

main body parts of the structure were milled and drilled to allow all three to be

secured together to form the chokes and transformer structures. The inner rods were

machined to form the main co-axial structure of the transformer.

The fully assembled double choke structure can be seen in figure 4.13.

It can be seen from the figures that this structure is quite large and would be

cumbersome to include in its current form in a device for example in a small hand

piece. There are a number of ways in which this structure could be altered to make
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Figure 4.12: Choke structure parts

Figure 4.13: Fully assembled choke structure

a smaller form factor whilst maintaining the operation of the structure. One simple

alteration would be to bend the air chokes at 90 degrees which would allow for a

much thinner transformer structure but may become slightly longer.

This would make the structure much thinner and should still allow the required

isolation at port 3. The structure could also be made from a lighter material and

then coated with a conductive layer to provide a much lighter structure as currently

used for many microwave structures such as horn antennas [76, 77].
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Testing

Testing for the choke structure was carried out in a similar way to that of the testing

of the transformers discussed later in this chapter.

Figure 4.14: Time domain measurement of the double choke structure and open ended
cable

These measurements are presented in the time domain using a frequency range

from 5.6GHz to 6GHz. The use of this frequency range gives an average reflection

measurement at each point along the line and allows for the easy analysis of any

discontinuities through the structure. This gives a much clearer picture of the device

performance when compared with the frequency domain in which discontinuities

along the structure can either add or substract from each other and mask the true

performance of the device.

Time domain measurements were taken of the transformer attached to a long

length (4.61m) of the novel cable structure as shown in figure 4.15a. A long length of

cable was used in order to compare these results to those of the cable measurements

conducted in a later chapter. Use of the time domain allows the transformer to be
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seperated from the measurement of the cable. The structure can be seen to have

a reflection of approximately -12.0dB or 6.25% at the initial peak which shows the

connection of the double choke structure to the VNA. The other noticeable peak is

the open end of the cable which shows a measurement of -27.58dB or 0.17%. We can

then consider the length of the cable, multiplied by two to consider the forward and

return path of the measurement, to estimate a value for the attenuation of the cable.

The measurement shown in figure 4.14 gives a loss value of approximately 2.99dB/m.

This value is calculated from the second peak which shows the open end of the cable

structure. This peak measurement is then divided by the length of the cable to give

a loss per meter estimation for the cable. It can be seen from subsequent chapters

that this value is quite close to the measured loss of the cable and indicates that

there is less than 1dB loss in the transformer structure itself. Full frequency domain

S Parameters were unable to be measured due to the presence of only a single port.

(a) Connection method for attaching the cable
to the double choke structure

(b) Insertion of a conductive rod into the hol-
low channel of the double choke structure

Figure 4.15: Measurement and testing of the double choke structure

These results show that the double choke structure is not only plausible in de-

sign and simulation but that the manufactured version of this structure propagates

microwave energy as expected. This measurement was also stable even with the in-

troduction of a conductive rod into the hollow channel, as in figure 4.15b showing

that the isolation and choke structures are operating as expected and are stable even

with use of the hollow channel.
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4.2.3 Change from Microwave/RF to Microwave only delivery

Although the previous designs show the capability of the cable and its usage in a

multitude of electrosurgical applications using microwave and RF energy the usage

of RF energy was removed from the user and device requirements due to the specific

clinical application in this research i.e. the coagulation of bleeding vessels in the

upper GI tract. The use of microwave energy has been found to be sufficient to

coagulate bleeding vessels and does not suffer from the drawbacks associated with

RF energy delivery. This was especially evident when considering the requirement

for a minimal depth of penetration and accurate control of the energy delivery.

The following structures act as quarter wave impedance transformers for mi-

crowave energy only at 5.8GHz.

4.2.4 Co-axial Transformer

The initial prototype for the microwave only transformer utilised a co-axial structure

which was designed to give the correct impedance and length to provide an optimal

impedance transformation being based on a quarter wavelength, or odd multiple

thereof, structure as discussed in section 4.

Recalling the wavelength in a dielectric, it can be calculated:

λg =
c

f×√εr
(4.4)

Where λg is the wavelength in the dielectric material being used in meters, c is

the speed of light in m/s, f is the frequency in Hz and εr is the dielectric constant of

the medium in which the wave is propagating.

From eq. 4.4 using the values f = 5.8× 109 and εr = 1; that of air, the length

required for the transformer would be 8.92mm. Whilst possible in theory, from a

manufacturing point of view this would be difficult to achieve and would most likely
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provide little to no support for the cable and the associated transformer structure.

For this reason the design made use of a 3
4λg transformer to allow for a more robust

design meaning a transformer section of approximately 26.76mm.

For the planned air filled co-axial line structure the dimensions shown in figure

4.17 were calculated to plot the variation in impedance as the inner diameter of the

outer conductor increases.

Figure 4.16: Variation in co-axial cable impedance with increasing inner diameter of
outer conductor

Eq. 2.4 shows how the impedance of a section of co-axial line can be calculated.

This was used calculate the optimal diameters for both the inner and outer conductors

for use in the co-axial transformer. An inner conductor of 3.9mm was used as

this allowed for holes to be drilled into the metal to allow the placement of the

other transformer parts and allow for ease of soldering to ensure a good electrical

connection during assembly. This hole would not affect the microwave propagation

as the thickness of the conductor, approximately 1mm, was much larger than the skin

depth of 1.66µm. Holes drilled into this inner conductor were also used to route the

inner PTFE tube through in order to maintain access to the hollow channel. The

dimensions shown in fig 4.17 were then chosen to provide the correct impedance

and length whilst allowing for ease of manufacture. The previous outer diameter
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constraints were not applicable to the transformer devices as they would be held

within a handpiece and would not be required to be inserted into working channel

of the endoscope.

Figure 4.17: Dimensioned drawing of the co-axial transformer.

Once theoretical calculations gave an indication of suitable geometry and optimal

structure these were validated and optimised using CST Microwave Studio to take

into account non-ideal geometries, line steps, fringing fields etc. Each part, intended

operation and structure is shown in figure 4.18.

(a) Perspective view of the model (b) Side cut through view of model

Figure 4.18: Model designed for the co-axial transformer simulation

CST Microwave Studio was also used to validate the entirety of the design of
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the co-axial transformer including SMA connector and to assess the effects of the

hollow channel. The most feasible way to allow access the hollow channel whilst

maintaining the ability to connect to the microwave generator was to route the

PTFE tube through both the inner and outer conductors of the transformer as shown

in figure 4.18. Simulations showed good transmission and return characteristics

both when the hollow channel was occluded and also when the channel was routed

through the conductors. These characteristics can be seen in the S parameter plot

given in figure 4.19.

Figure 4.19: Simulated results for the co-axial transformer structure with tube ex-
tended and occluded

Although there is a small change in both the S1,1 and the S2,1 when the hollow

channel is routed through the conductors the actual power difference is minimal and

can be seen in table 4.2.

Table 4.2: Table showing variation in S Parameters at 5.8GHz for the co-axial trans-
former with and without extended hollow channel

Structure S1,1 (dB) S1,1 (%) S2,1(dB) S2,1 (%)

Occluded -32.92 0.05 -0.02 99.54
Extended -23.50 0.45 -0.05 98.86

There is a slight increase in the return and transmission loss through the structure
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but this is minimal and is a necessary compromise for access to the hollow channel.

Figure 4.20 show the parameter sweep simulation for the co-axial transformer.

The length of the transformer was varied to find the most optimal solution. The

lines with prominent dips between 5GHz and 7GHz show the S1,1 or reflection from

the input port. A low value for the simulated S1,1 gives assurance that the energy is

being propagated through the structure into the cable as expected. The dip at 5.8GHz

shows a return loss of -26.2dB or approximately 0.24% reflection.

Figure 4.20: Simulated results for the co-axial transformer structure

The transformer used a standard SMA connector to provide the initial 50Ω impedance

environment and also to allow ease of connection initially to the microwave test

equipment and later to the generator being used for testing. A larger air filled co-

axial structure then provided the actual transformation environment.

Due to the requirements for hollow channel access whilst maintaining good elec-

trical connections the transformer was manufactured in parts and fitted together in

the final manufacture. The individual transformer parts, excluding the SMA connec-

tor, were all machined in house at Creo Medical Ltd.

The following procedure was followed to allow for adequate and repeatable con-

nection to the new cable.
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Figure 4.21: Photograph of the various parts which make up the co-axial transformer.

Figure 4.22: Multiple photographs showing initial steps for the construction of the
co-axial transformer.

Initially, the novel microwave cable was prepared as shown in figure 4.23A. Each

of the layers were removed ensuring that enough of the PTFE wrap remained to

ensure isolation between the inner and outer conductor. The inner conductor was

left extended up to 5mm, the PTFE extended to a lengh of 1mm and the outer jacket

removed to a length of 5mm also.
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Figure 4.23: Multiple photographs showing subsequent steps for the construction of
the co-axial transformer.

This ensured the required breakdown strength similar to the cable. The hollow

channel was kept longer than required to ensure it could be routed through the trans-

former. Once the cable has been prepared, the inner conductor of the transformer

was soldered to the inner conductor of the new cable as shown in figure 4.23B.

Figure 4.23C and D show the final steps which include locating the SMA connector

inner conductor into the inner conductor of the transformer and ensuring all pieces

are fitted correctly. Finally screws were used to secure the SMA connector to the

outer body of the transformer. Continuity testing was undertaken throughout the

assembly process to ensure that good electrical connections were created and that no

unwanted electrical shorts had been introduced into the structure.

4.2.5 Microstrip Line Based Transformer

Whilst providing suitable impedance transformation, the co-axial structure was dif-

ficult and time consuming to machine and could introduce unacceptable mismatches

due to the process required in attaching the conductors in the same way each time.
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Specifically with regard to maintaining the length and geometry of the air filled trans-

former section. An alternative transformer was realised using a microstrip structure.

This proved to be easier to manufacture and more repeatable than the individually

machined co-axial structures.

These structures also made use of a single frequency quarter wave transformer

section but comprised a microstrip line. A microstrip line is a planar electrical trans-

mission line which usually comprises a conductive trace atop a dielectric substrate

as shown in figure 4.24

Figure 4.24: Example of a microstrip structure

A theoretical model was used to assess the required parameters for the design

and highlighted a number of choices based on the operation of the transformer.

Considerations were:

1. Substrate material, including effective dielectric constant and desired dissipation

factor

2. Track width and therefore impedance of the line

3. Track length required to achieve quarter wave impedance matching taking into

account the dielectric constant of the substrate and interaction and/or coupling

with air.
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(a) E Field Lines (b) H Field Lines

Figure 4.25: Microstrip simulation showing E and H Field

As can be seen in figure 4.25, for a microstrip line the electromagnetic field exists

and propagates both through the substrate material and the surrounding air. This

gives rise to a principle known as effective dielectric constant. This slightly alters

the required geometry for a given microstrip line as would be calculated using the

provided dielectric properties from substrate datasheets.

Effective dielectric constant and characteristic impedance have been considered

in many publications and are discussed in detail in [78] where an homogeneous

medium which takes the place of both the air and the substrate regions is presented.

The effective dielectric constant is usually somewhere between the dielectric constants

of air and that of the substrate material. These calculations slightly vary depending

on the ratio of the line width and the substrate thickness.
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Where H and W are the height of the substrate and the width of the microstrip

trace respectively, εeff is the effective dielectric constant of the structure, εr is the

dielectric constant of the substrate material and Z0 is the impedance of the structure.

For example; a substrate such as RT 5880 from Rogers Corp [79] has a dielectric

constant of 2.2. However, when this is used in a microstrip application with H =

1.575mm and W = 10mm this dielectric constant approaches a value more like 1.95

as calculated using eq. 4.7. As the dielectric material gets thinner and the line gets

wider this effective dielectric constant approaches the original quoted constant for

the substrate itself as more of the field is confined within the substrate structure and

not the surrounding air. A graph showing this variation and impedance variation

with line width can be seen in figure 4.26.

Figure 4.26: Characteristic Impedance and Effective Dielectric Constant variation
with trace width for structure where H = 1.575mm.
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Table 4.3: Excerpt of calculated values for the microstrip transformer.

H W εr εeff Zo

1.524 4.5 9.2 6.922 26.87
1.524 4.6 9.2 6.938 26.46
1.524 4.7 9.2 6.954 26.07

Initial Theoretical Design

Whilst theoretically possible to have a single microstrip line with the correct impedance

to match the 50Ω input to the approximately 14Ω cable, it was decided for their to

be an initial 50Ω microstrip section to allow for ease of connection to the SMA

connector. For the initial theoretical design Rogers TMM10 material was used. This

has a stated dielectric constant of 9.2 and the eqs. 4.5 to 4.8, given above, were used

to determine the values required to match impedances given in table 4.3. A nominal

length of 14.7mm was calculated with the new effective dielectric constant using eq.

4.4 and multiplying by three, for the same reasons as discussed when considering

the co-axial transformer, to allow for ease of attachment to the new cable.

A render of the intended structure is given in figure 4.27. This helped to to assess

connection strategies and to ensure the transformer would be small and lightweight

enough to allow for inclusion in a handpiece and for intended use of the device as

a whole.

Figure 4.27: Side and Perspective 3D render sketches of the theoretical design of the
transformer structure

This structure was then modelled in CST Microwave Studio to determine the
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optimal geometry for the traces. Initially these simulations were conducted on the

Rogers TMM10 material [80].

The library material for Rogers TMM10 from within CST was used to ensure that

the properties would closely match those of the actual material. Both the ground

and trace material are modelled as annealed copper with a thickness of 35 micron

as given in the datasheet for TMM10. To excite the structure and to match the

intended excitation in the manufactured transformer, two discrete edge ports were

used between the input and output and the ground metallisation. The ports were set

to 50Ω and 14Ω for the input and output respectively. Initial trace thickness and

length were chosen based on the theoretical calculations discussed earlier.

Figure 4.28: Initial Simulation model for the microstrip transformer

Due to the operating frequency and the high dielectric constant of the TMM10

material, εr = 9.20 it was decided to multiply the quarter wavelength transformer by

three. This will still operate to alleviate the impedance mismatch but will be easier

to manufacture. This increase in length will not introduce significant additional

insertion loss an so this extra length is acceptable. Should the transformer, in

the future, need to be smaller then more precise manufacturing processes can be

considered to create a much smaller structure using a single quarter wave length.
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The S Parameters for those initial values can be seen in figure 4.29

Figure 4.29: Initial Simulation S Parameters for the microstrip transformer

As can be seen from these initial values the transformer is not quite working

at the intended frequency but is operating well at 5.4GHz. This could be due to

a number of reasons and is one of the advantages of using simulation software

is recommended when designing microwave components. Even when considering a

simple microstrip trace with ideal stimulation ports there is still some deviation from

the theoretical values.

One reason for this apparent change in length could be due to the T shape of

the trace itself. This step in width will create a minor discontinuity and introduce

both capacitance and inductance into the structure as can be seen in the equivalent

circuit given in figure 4.30, for which further information and the original diagram

can be found in [81]. This additional capacitance and inductance will alter the match

frequency and will need alteration of the length to counteract this.

One way to mitigate the capacitive effect of the stepped microstrip trace would

be to chamfer or taper the steps to provide a more smooth transition between

impedances. Due to the issues discussed above concerning effective dielectric constant

and the introduction of extra capacitance, CST Microwave Studio allowed parameter
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Figure 4.30: Equivalent circuit for a step discontinuity in microstrip

sweeps to be conducted to find the optimal geometry to ensure that the performance

of the transformer was acceptable.

Due to the transformer operating optimally at a lower frequency than required it

was expected that the transformer trace was slightly longer than a quarter wavelength

at 5.8 GHz. The parameter sweep was conducted to see what this optimal length

would be given the particular transformer geometry.

Figure 4.31: Initial Simulation S Parameters for the microstrip transformer with
parameter sweep

As can be seen in figure 4.31 both the original theoretical parameters along with

the parameters which create the most optimal transformer structure are shown giving

an optimised length of 13.6mm.
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SMA and cable connections

The next consideration was how both the SMA and the cable would be connected to

the transformer in practice. Not only was it important to ensure these connections

operated well electrically but also that they were structurally stable enough to with-

stand breakage due to movement in the device or flexing of the cable. Not only this, it

was clear that variation in connection and the introduction of any extra capacitance

or inductance would alter the operating frequency of the transformer.

The initial connection method consisted of soldering the inner conductor of both

the SMA and the cable to the trace directly which created problems, in terms of

connecting the outer conductors to the ground plane of the transformer. This problem

was simulated in CST with the optimal parameters as found previously.

The first solution to this problem considered was the use of conductive copper tape

to bridge the gap between the outer conductor of the cable and the transformer. The

second simulated solution used a specifically machined block of copper to provide

good electrical connection to both the outer conductor of the cable and also the

ground plane of the transformer. Both the models, figure 4.32, and the simulated S

Parameters, figures 4.33 and 4.34, are shown below.

(a) Copper tape connection method (b) Block connection method

Figure 4.32: Models to assess connection methods for microstrip

It can be seen that the results indicate impedance transformation at the required

frequency but the conductive copper tape had higher loss than the machined block

and also a much higher reflection from the input port, as such both were unsuitable.
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Figure 4.33: Simulated S Parameters for tape microstrip attachment

Figure 4.34: Simulated S Parameters for block microstrip attachment

The final transformer structure was prototyped on FR4 board. There were a

number of issues with this but as these prototypes were intended to test the operation

of the transformer and overall device it was deemed suitable for this task.

Consideration of using FR4

Initial test transformer prototypes were created with Rogers TMM10 material. The

copper layer was hand cut to form the two required traces. This was quite a difficult

78



process and whilst providing an approximate shape for the required traces, it was

clear that the transformer boards would need to be manufactured professionally in

order to obtain the desired performance which was done using FR4 board.

FR4 is an industry standard material used in electronic printed circuit boards. It

is cheap and relatively easy to prototype with which makes it one of the most popular

printed circuit board materials.

However it falls down slightly when it comes to the development of higher fre-

quency microwave circuits. This is due to a number of reasons; initially the loss

associated with the substrate can be quite high when compared to that of specific

high frequency substrates such as those developed by Taconic and Rogers. This is

especially problematic when high power is to be transmitted as the structure can heat

up excessively. Power loss is equal to the dissipation factor x power and as such a

loss tangent of 0.1 and input power of 100W will lead to approximately 10W being

lost, usually manifesting as heat. FR4 is not quite this bad, with a loss tangent of ap-

proximately 0.015, but this was still a concern. Secondly, the design of high frequency

boards can be quite sensitive to both the dielectric constant and the loss tangent of

materials. Due to the availability and relatively low cost of FR4 boards it is difficult

to specify both of these quantities and tests have shown that both characteristics can

vary even within the same batch.

As can be seen in figure 4.35 both the dielectric constant and the dissipation

factor vary by a few percent and is even specified at a max of 5.2 and 0.035 which is

a large variation, especially when designing devices which require known dielectric

characteristics such as this microstrip transformer.

A mock simulation of a microstrip structure, model shown in figure 4.36 with

varying dielectric constants and dissipation factors is shown which highlights the

values in this report compared to the maximum values discussed here. For example

wavelength varies by approximately 1.3mm with given dielectric constant values of

4.67 and 5.20.
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Figure 4.35: Excerpt of test report for IPC-4101D for matrial EM-827

Figure 4.36: Model used to simulate microstrip with varying dielectric constant and
dissipation factor

Whilst remaining relatively similar to the data provided from the test batch (grey

lines), it could well be that the material supplied could be at the maximum values or

even exceeding these (black lines). This can be seen in the highlighted line in figure

4.37 which represents the same design with maximum dielectric properties.

It can be seen from this that the variation in dielectric properties would not
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Figure 4.37: Simulation of microstrip with varying dielectric constant and dissipation
factor

strongly affect the operation of the transformer. Due to the variability of the dielectric

properties in FR4 it was decided to use averages for both the dielectric constant

(εr = 4.67) and the dissipation factor (tanδ= 0.015) as given in the test report shown

in figure 4.35. It was also deemed that FR4 was sub-optimal but would still be

suitable for the initial scope of this research.

Manufacture of the microstrip transformer

Gerber files and images were created and sent off to printed circuit board manufac-

turer Cambridge Circuit to create a number of transformer of varying sizes. From

the simulations previously carried out it was deemed that the most important di-

mension was the length of the transformer section. The boards were manufactured

with the optimal length from the simulations and variant boards created at length

+/- 1mm. A 1mm variation was chosen to account for any manufacturing tolerance

issues which may cause the electrical length of the structure to be marginally differ-

ent to the structure as simulated. 1mm equates to approximately 340MHz variation

in matching frequency. Subsequent testing of the tables as discussed in section 5.14
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showed that the tolerances and dimensions of the manufactured boards were correct

and the simulated length of 3mm showed good operation of the transformer.

The boards were manufactured on 1.6mm FR4 board via etching and routing at

Cambridge Circuits to ensure accurate dimensions and consistency between boards.

Once the board had been prototyped methods of connecting the SMA connector

and the cable were considered. Failure to provide an adequate ground connection

would lead to increased losses due to a portion of the wave being reflected and failure

to provide an adequate signal connection would prevent the device from operating as

expected due to mismatch and or complete device failure.

A number of coax to microstrip adapters have been developed and these suggest

that co-axial cable to be soldered directly onto the microstrip trace [82]. Initial tests

showed this would be possible and the transformer would operate, however, the

connections were weak and there was a risk they would break with any movement

of either the cable or the transformer itself.

Figure 4.38: Photograph of assembled microstrip transformer with copper tape outer
conductor connection
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Another issue with this connection was the gap between transformer ground and

cable outer conductor. Due to the substrate thickness, a small section of copper tape

was used to bridge the gap between both the conductors. Whilst providing a good

electrical connection, it was unclear as to how much affect this had at 5.8GHz with

the resultant device having much higher attenuation as per previous simulated results.

Once again this connection was weak and tended to come apart or malfunction with

movement. Due to the small size of the cable connection and the difficulty in working

with copper tape it would have also been difficult to achieve a consistent connection

throughout multiple devices. Another concern with the use of copper tape was the

presence of the adhesive backing. This effectively introduces a further dielectric layer

altering the structure and the copper may not adhere fully to the substrate.

Figure 4.39: Time domain plot of 4.66m cable connected to microstrip with copper
tape outer conductor connection

It can be seen from the time domain plot in figure 4.39 that the connection

between the transformer and cable is pretty poor at -3.18dB which is unacceptable.

This means that only 48.07% of the power would be launched into the cable. If we
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consider other test results, which give a cable loss of approximately 2.9dB/m, then

we can expect a peak in the time domain at the distal open end of -27.02dB for the

4.66m cable used here. Considering this value with the measured value in figure

4.39 it can be seen that the connection method used here may introduce up to 6dB

of additional loss.

To solve the situation of unsuitable ground connections, extra attenuation and

breakage due to movement, a ground tray structure was designed. This houses the

transformer board, allows for good ground connections and also ensures a stronger

connection to both SMA and novel microwave cable.

Figure 4.40: Illustration of the ground tray structure

Simulated S Parameters gave confidence to the design which is illustrated in

figure 4.40 and show good matching between the generator and the cable impedances.

Overall this indicates good operation of the transformer structure even when placed

inside the ground tray.

An initial prototype was machined out of aluminium with the same geometry as

shown in figure 4.40. Holes were drilled and tapped to allow the SMA connector to be
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Figure 4.41: Perspective view of the final simulation model

Figure 4.42: Simulated S Parameters for ground tray transformer structure

screwed directly into the ground tray structure for optimal connection and included a

ridged section for the cable to fit into this providing structure and strength even when

bending the cable. Due to difficulty in soldering to aluminium the cable was held in

place and mechanically secured to the ground tray. This ensured good connection

between the cable and tray.

The entire ground tray structure itself acts as a ground. The cable, SMA connector

and the transformer board itself are all electrically connected to the structure in a
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much more secure way than previous methods of attachment.

Figure 4.43: Photograph showing the microstrip transformer and ground tray struc-
ture

Effect of microwave on saline during delivery

One concern with the use of a microstrip structure was whether the fields radiating

from the trace would interfere with the hollow channel; if this was filled with saline

for instance. One possible outcome was that this saline would absorb the electro-

magnetic energy and be heated to a dangerous level causing damage to the device or

more importantly to the patient.

Figure 4.44: Simulation Model used to assess the microstrip transformer with filled
hollow channel
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The transformer structure was simulated with the hollow channel of the cable

filled with sea water. This is to approximate saline which has comparable electrical

properties due to salinity. Sea water has an average of 35,000 parts per million (ppm)

whereas the sodium chloride solutions commonly used in medical procedures have

around 9000 ppm. Sea water has been used here due to its presence in the CST

Microwave Studio material library and as a worst-case scenario for a conductive

liquid in the hollow channel.

Figure 4.45: Simulated S Parameters for microstrip transformer with filled hollow
channel

The S Parameters, as shown in figure 4.45 remain relatively unchanged, which

is to be expected. The main reason for this simulation was to ensure that the fields

generated in the air gap above the microstrip transformer board did not affect the

contents of the hollow channel such as the heating of the solution being delivered to

the patient.

It can be seen from figure 4.46 that there is some power delivery into the salt water

within the hollow channel. The simulated volume loss within the entire cylinder of

water is 0.000452W, however the power loss density plot shows that not all the fluid

is being affected. If this value is taken as worst case and applied to a small length of

the fluid cylinder, say 10mm, the theoretical temperature increase due to that power

can be calculated. This volume loss is calculated with respect to a simulation input of

1W. A 50W input from the generator, once again worst case, was considered although
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Figure 4.46: Simulated Power Loss Density for microstrip transformer with filled
hollow channel

some energy will be lost through the cables and connectors before the transformer.

First multiplying this volume loss by 50W to match our generator input power

the power loss in the whole body of fluid is 0.021W. This is then considered as a

maximum loss in a 10mm cylinder. The following table 4.4 shows the calculations

used to calculate the temperature increase.

The situation however is not as clear as this. Although the liquid may experience

a 6.2 degree increase in temperature, it is likely that either the liquid will be used

when microwave energy is not active, or alternatively will be used at the same time;

in which case the liquid will be flowing through the channel and thus the energy

delivery will be spread out, for instance the 10mm cylinder of liquid as described

above may only pass through the fields for 1s or less which gives a temperature rise

of 0.62 degrees.
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Table 4.4: Theoretical Calculation of temperature increase due to power delivery into
saline

Sea Water Density 1025 kg/m^3
Sea Water Specific Heat Capacity 4.2 kJ/kg/C

Cylinder Radius 5.00E-04 m
Cylinder Length 1.00E-02 m
Cylinder Volume 7.85E-09 m^3
Cylinder Weight 8.05E-06 kg

To heat volume by 1 degree 3.38E-05 kJ
0.0338 J

Delivery Power 0.021 W
Delivery Time 10 s
Delivery Energy 0.21 J

Temperature Increase 6.21 Degrees
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Chapter. 5

A Novel Transmission Line...

5.1. Design and Development

5.1.1 Dimension Considerations

With the advent and increase in popularity of minimally invasive surgical procedures

carried out using flexible scoping devices, e.g. endoscopes and gastroscopes, rather

than shorter more rigid devices as used in laparoscopic or key-hole surgery, medical

devices are required to be much longer, more flexible and have smaller diameters

than those previously used for more traditional laparoscopic procedures. [83] These

requirements brought about a number of constraints for the development of the energy

delivery cable. These include:

• Maximum attenuation of 3dB/m to minimise loss over the entire length of the

device

• Maximum outer diameter of 2.5mm for all parts of the proximal end of the

device (cable and radiative tip)

• Minimum diameter of hollow channel of 1mm

Following on from the previous sections, it is clear that these requirements make

the design and development of the cable rather challenging. Maximising the available

hollow channel and minimising the outer diameter, limits the amount of dielectric

material between the two conductor and therefore increases attenuation. Not only

does this affect the loss but it also means that the cable inevitably has to be a
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non 50Ω line which gives a requirement for impedance matching or transforming

sections between the 50Ω generator impedance and the new co-axial cable.

5.1.2 Material Considerations

A number of decisions had to be made with regard to material choices for both

the conductors and the dielectric material. The main consideration was a balance

between optimal performance and cost.

Conductor materials needed to be chosen to maximise conductivity and therefore

minimises losses without being prohibitively expensive. Use of the skin depth concepts

discussed above allow the coating of a base metal with a more conductive layer. As

this can be very thin, a more expensive metal such as silver or gold can be used. As

the E and H fields will be mainly focused within this layer the cable will have lower

attenuation along with lower cost.

Dielectric material needed to be chosen both with respect to minimising loss but

also to ensure that the cable can withstand the power required to achieve the desired

tissue effects. The dielectric breakdown strength, in V/m, required for this application

is minimal as the final device will only make use of microwave energy as discussed

in section 2.4.3. Should the cable be used for higher voltage applications such as

Radio Frequency ablation, dessication or resection then modification of the design

may be required to ensure that the amount of dielectric material between the two

conductors is sufficient to handle voltage levels associated with either monopolar or

bipolar RF treatment.

PTFE, however, has a high voltage breakdown strength at approximately 23.6kV/mm

[84]. As the microwave cable contains a PTFE wrap with wall thickness of approxi-

mately 0.28mm theoretically it should be able to withstand voltages of up to 6.6kV.

This indicates that the novel cable structure should be suitable for the propagation

of RF energy but further testing should be carried out before being used for RF
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electrosurgical applications.

5.1.3 Prototype Rigid Design

An initial prototype consisted of a rigid design to prove the concept of a hollow

channel co-axial line concept. This comprised a PTFE tube as the dielectric and two

brass tubes forming the inner and outer conductor. The inner conductor had an

outer diameter of 2mm whilst the outer conductor had an outer diameter of 4mm.

Both conductive tubes had a wall thickness of 0.45mm. The PTFE dielectric tube had

a wall thickness of 0.55mm. This geometry can be seen in figure 5.1.

Figure 5.1: Model showing the individual layers which comprise the rigid prototype
structure

Brass has relatively good conductivity and is much more practical compared to

copper tubing. It has a conductivity of approximately 15.9× 106 S/m. Theoretical

loss calculations show a slightly higher attenuation due to the use of brass when

compared to silver. For this prototype however this was not a major concern. Figure

5.2 shows this comparison of loss.

An initial manufacturing attempt can be seen in fig 5.3. Whilst having an outer

diameter of approximately 1.5 times larger (4mm) than the required diameter of the

actual cable (2.5mm) and despite being inflexible this prototype served as a posi-

tive step in identifying issues and considerations ready for the actual design and
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Figure 5.2: Graph showing theoretical comparison between the use of brass vs silver
conductors for the rigid prototype geometry at 5.8GHz.

development of the flexible and much thinner cable.

Figure 5.3: Initial prototype design of the rigid novel microwave cable idea

As can be seen, a standard 50Ω SMA connector is used to connect the structure

to the VNA. Due to the deviation from 50Ω impedance as discussed in section 5.1, a

quarter wave transformer section was required to minimise mismatch losses at both

the input and output of the rigid prototype.

The quarter wave impedance transformer section comprises a length of transmis-
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sion line that is equal to any odd multiple of quarter wavelength in the dielectric

material used. The impedance of the section needs to be the geometric mean of

the two impedances which are to be matched. This simple structure works through

destructive interference where the reflected waves from the load interfere with the

reflected waves of the mismatch boundary and are cancelled out. Further explanation

of this principle is given in section 2.1.5.

CST Microwave Studio (CST) was used to simulate the structure to provide optimal

geometry for both the quarter wavelength from the shorted end and also for the

length of the impedance transformer and results indicated acceptable insertion loss

and minimal reflections at the interfaces between the line and transformer section.

Theoretical calculations suggested that both transformer sections should be the

same length. To correctly equate the simulation with the device design a 1mm section

of co-axial line with an impedance of 50Ω was used along with a waveguide port to

provide the correct impedance input to the cable. This extra section was required as

the standard waveguide ports used within CST provide an input which matches the

geometry they are applied to, i.e. matching the impedance of the quarter wavelength

section rather than having the standard 50Ω input.

Figure 5.4: Simulated Model for Rigid Prototype design

Simulated S Parameters for the above structure can be seen in fig 5.5 and cor-

responding reflected and transmitted power for varying lengths can be seen in table

5.1. A parameter sweep was conducted to assess how sensitive the prototype was to
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errors in the measurement and manufacture of the quarter wave transformer. As

can be seen even with an offset error of 2mm, a mismatch loss of less than 2% will

only be introduced. This is due to a shift in the matching frequency but due to the

bandwidth of the match the transformer section remained usable.

Figure 5.5: Simulated S1,1 for Rigid Prototype design

Table 5.1: Calculated power from simulated rigid prototype results

Length (mm) S1,1 (dB) Reflected Power (%) Transmitted Power (%)

25.5 -18.83 1.45 98.55
26.5 -26.87 0.21 99.79
27.5 -33.95 0.04 99.96
28.5 -26.73 0.21 99.79
29.5 -17.62 1.73 98.27

Unfortunately, during the testing phase of the rigid prototype it was clear that

the method used for attaching the quarter wave transformer was not suitable and

shorting occurred between the conductors.

Initially a 4mm hole was drilled into the outer conductor of the main structure.

A smaller hole (1mm) was then drilled through the PTFE dielectric tube and partially

into the inner conductor. Each component of the transformer section was then

inserted into these holes. The transformer inner conductor was initially electrically
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connected to the inner conductor of the main structure. The PTFE dielectric tube

for the transformer was then inserted. Finally the transformer outer conductor was

electrically connected to the outer conductor of the main structure. Figure 5.6 shows

this process.

It was difficult to adequately connect the two inner conductors together due to

the presence of the dielectric tube in the main structure. It is believed that the

heat required for soldering the two connections damaged the dielectric material and

allowed a short to form between the two conductors. The use of flux to allow for ease

of soldering may have also left residue in between the structures and as it heated

will have likely caused damage to the dielectric or created a short between the two

conductors also.

Figure 5.6: Assembly procedure for attaching the impedance transformer section to
the rigid prototype.

Whilst it was clear that the hollow co-axial structure would function as expected,

a new approach to manufacture the cable needed to be considered. Not only did this

quarter wave connection method cause issues, but it was clear that the use of brass

tubes would never fulfil the project requirements. The development of this prototype

structure however, enabled a non 50Ω co-axial line and a λ/4 wavelength impedance

transformer to be prototyped and measured. This was the first feasibility study for

the hollow non 50Ω co-axial line.
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5.2. Flexible Cable Design and Manufacture

Three prototypes were developed during the work using a common style of manu-

facturing which will subsequently be discussed. Due to the requirement for the cable

to be flexible in order to allow for endoscopic insertion to the treatment site, wrapped

foil based conductors were considered to be the most suitable for this application.

The basic structure of the cable can be seen in fig 5.7. Attempts at applying a thin

layer of silver directly onto the PTFE tubing were discussed at the very beginning of

this research project. The difficulty in this method is the presence of carbon-flourine

bonds which are very strong and prevent other molecules from attaching via substi-

tution reactions, the very small van der Waals forces associated with the molecules

of the PTFE also give it the characteristic ’non-stick’ surface. A number of possible

solutions were investigated with the most promising being a technique which Zeus

Inc. are currently developing which would include the pre-treatment of the PTFE

tube and then the deposition of silver on both the internal and external surfaces.

Unfortunately this technology is not readily available at this moment but will be

considered in the future. The application of a thin layer directly onto the PTFE

structure would not only allow for ease of manufacture but also allow for a much

thinner conductor layer to be used, thus creating more space. This extra space can

either be used to increase the diameter of the hollow channel, lessen the attenuation

by having a thicker layer of dielectric material or minimise the total outer diameter

of the cable for applications which are required for much smaller scopes such as

treating deep into the bronchial tree.

The 3 main parts; inner conductor, outer conductor and the dielectric layer are all

wrapped around a central inner tube made of solid but flexible PTFE. This provides

structure for the cable and also forms the hollow channel to allow the passage of

liquids, visualisation systems or other devices such as graspers or biopsy forceps. The

whole cable is then encapsulated in an outer jacket extrusion.
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Figure 5.7: Model showing the individual layers which comprise the novel microwave
cable structure

The geometry of the new cable can be seen in fig 5.8. As can be seen the cable

has a maximum outer diameter of 2.5mm with a minimum hollow channel of 1mm.

Figure 5.8: Diagram showing the size of each layer for the novel microwave cable
structure

Each conductive layer consists of a wrap of silver coated copper tape. The copper

provides a less expensive base structure for the more conductive silver layer to be
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coated onto. Due to skin depth considerations only a thin layer of silver is required

to be used meaning that there will be lower loss throughout the cable. Similarly the

dielectric layer comprises a wrapped low density PTFE tape.

As previously mentioned, and as demonstrated in the design of the rigid prototype,

the structure of the cable means that it must deviate from the industry standard of

50Ω. The expression to find this deviation in impedance is given in eq 2.4 and gives

an impedance of approximately 14Ω. Whilst this is a deviation from the normal

and seems to be contrary to the points discussed in section 2.1.2, this deviation was

required in order to ensure that the specifications of loss, hollow channel size and

maximum outer diameter were still maintained.

Whilst not of considerably affecting the performance of the cable, this deviation

does require the use of an impedance transformer both for the testing and subsequent

operation of the device. Further details regarding these transformer structure can be

found in chapter 4.

One other advantage of this concentric structure is the ease of rotation for endo-

scopically inserted devices on the whole. Testing on non-concentric devices conducted

at Creo Medical Ltd showed that a non concentric cable does not perform optimally

when rotating, this is especially the case when the device is inserted into an endo-

scope in retroflex, where the tip of the device is fully inverted at its maximum bend

radius, or when the device is navigated through the tortuous path of the gastroin-

testinal tract. Optimal performance in this case refers to the ability of a clinician to

rotate the proximal end of the device and experience a 1:1 turn ratio with the distal

tip. It is believed that the use of a concentric structure will equalise friction forces

and lead to improved rotation.
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5.2.1 Prototype 1 - Company A

The initial prototype developed by Company A comprised the novel microwave cable

construction made up of multiple wrapped layers as discussed above. However the

dielectric material used in this initial design was as expanded PTFE which had a

dielectric constant of approximately 1.5 when wrapped. From eq. 2.4 the cable was

designed with an impedance of approximately 17.8Ω.

Figure 5.9: Render of the Prototype 1 Cable

5.2.2 Prototype 2 - Company A

Prototype 2 was developed based on the findings from prototype 1. Special focus was

placed on the wrapped conductors as inspection of the first prototype indicated that

the silver coated copper tape was not wrapped as tightly and evenly as required. Any

variation in this; such as the wrap overlapping too much in certain parts or having

gaps in the conductive layer would lead to multiple small reflections along the line

and therefore higher attenuation whilst also making the cable more susceptible to

faults when bending. For this reason a braided inner conductor was tested, once

100



again made of silver coated copper.

Figure 5.10: Render of the Prototype 2 Cable

One theoretical trade off for this prototype was the increased resistance, and

therefore conductor losses, due to the braided metal. This effect arises due to the

proximity effect where any current carrying metal in close proximity has its current

charge confined to a smaller region. Eddy currents created by induced magnetic fields

can also increase the AC resistance of the cable [85], even to such an extent where

the AC resistance is much higher than its DC counterpart. [86].

5.2.3 Prototype 3 - Company B

Prototype 3 was a cable created with the same design as prototype 1 but using a

different manufacturer. For this prototype it was stressed to the manufacturing com-

pany that all of the wrapped layers needed to be tightly wrapped and even throughout

the cable. Visual inspection of this prototype showed a much greater attention to

detail of the wrapped layers and also gave the cable an improved overall feeling both

in regard to structure and flexural strength even when approaching maximum bend

radius.
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5.3. Theoretical Cable comparison

Before manufacture a theoretical comparison was carried out between a common

co-axial cable such as the Huber & Suhner Sucoform 47 and the new cable developed

as part of this research.

Figure 5.11: Excerpt from the H&S Sucoform 47 datasheet [1]

The sucoform 47 cable was chosen for its small diameter. When considering the

intended clinical use of the device for this research project an alternative structure

would be to have a 2.5mm catheter which contains a microwave delivery cable such

as the sucoform 47 cable and have another lumen to act similarly to the hollow

channel.

A number of assumptions were required to allow for a theoretical analysis of

both cables. The datasheet only gives generic details for the material types so the

resistivity of each conductor and also the properties of the dielectric material were
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all estimated as shown in figure 5.11 1.

Table 5.2: Table showing the Sucoform 47 parameters used in theoretical comparison

Inner Conductor Outer Conductor

Material Silver Plated Copper Wire Tin Soaked Copper Braid
Resistivity (ohm.m) 1.59E-08 1.10E-07
Inner Diameter (mm) 0.00 0.94
Outer Diameter (mm) 0.31 1.20
Wall Thickness (mm) 0.155 0.13

Table 5.3: Table showing the new cable parameters used in theoretical comparison

Inner Conductor Outer Conductor

Material Silver Plated Copper Foil Silver Plated Copper Foil
Resistivity (ohm.m) 1.59E-08 1.59E-08
Inner Diameter (mm) 1.50 2.21
Outer Diameter (mm) 1.65 2.30
Wall Thickness (mm) 0.075 0.045

The skin depth for each conductor was calculated using eq. 2.1. This was then

used to calculate the equivalent area of each conductor as shown in eq. 5.1.

Equivalent Area= 2πδSr (5.1)

Where δS is the skin depth in the conductor and r is the radius.

Loss/length= 8.686× Resistivity/Equivalent Area
2Z0

(5.2)

Once this equivalent area was known it was used to calculate the loss per length

as in eq. 5.2. The constant 8.686 is used to convert the value from nepers to dB. The

results of this gave the loss per length in dB for the cable as a result of the resistivity

of the conductors.

The attenuation due to dielectric was shown in eq. 2.22 and has been used to

estimate a value for each of the cables. Once again this calculation makes a few
1Credit: http://www.nkt-rf.ru/upload/iblock/da4/F_cat_Sucoform.pdf
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assumptions regarding the materials being used. The dielectric constant for PTFE

has been shown to vary from between 1.4 to 2.1 depending upon its density, i.e. the

amount of air contained within it. Dissipation factor can also vary but is usually

stated at 0.0004. For these calculations εr = 2.1 and tanδ= 0.0004 were used.

Table 5.4: Table showing calculated values for sucoform 47 used in theoretical com-
parison

Inner Conductor Outer Conductor

Skin Depth (m) 2.24E-06 8.33E-07
Equivalent Area (m) 6.62E-09 8.07E-10
Resistance/Length (ohm) 17.29 19.70
Conductor Loss/Length (dB) 1.50 1.71
Dielectric Loss/Length (dB) 0.31
Total Loss/Length (dB) 3.52

Table 5.5: Table showing calculated values for new cable used in theoretical compar-
ison

Inner Conductor Outer Conductor

Skin Depth (m) 8.33E-07 8.33E-07
Equivalent Area (m) 5.79E-09 4.32E-10
Resistance/Length (ohm) 2.75 3.68
Conductor Loss/Length (dB) 0.81 1.08
Dielectric Loss/Length (dB) 0.31
Total Loss/Length (dB) 2.20

Tables 5.4 and 5.5 show that there is a clear difference between the theoretical

loss for the sucoform 47 cable when compared with the new cable developed for this

project. It is pertinent once again to mention that there were many assumptions made

when carrying out these calculations so they may vary from measured results. One

thing to consider though is the much lower resistance for both conductors within the

new cable. This meant two things, less loss throughout the cable but also that, due

to the increased surface area, any heating of the conductors is more dispersed and

should lead to a much better average power handling for the cable.
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5.4. Cable Testing

In order to accurately test all of the prototype cables, specifically in terms of at-

tenuation, an impedance transformer was required due to the lower impedance of the

cable and the 50Ω impedance of the test equipment. All three prototype cables were

measured using both the co-axial and the microstrip transformer structures. One

disadvantage of this was the varying impedance of the cables. Both transformers, as

discussed in sections 4.2.4 and 4.2.5 were designed with an impedance of approxi-

mately 26Ω to match an impedance of 50Ω and 14Ω. This was based on previous

calculations which have been shown to be marginally incorrect via the time domain

measurements presented in this section. A preliminary analysis of the amount of loss

this variation in match impedance would introduce was carried out and is shown

here. This calculation considered various line impedances compared to the optimal

impedance which would be matched by the transformer.

Figure 5.12: S1,1 of transformer for various cable impedances

It can be seen from figure 5.12 that the transformer is quite effective even over the

variation in impedance of each prototype cable. Table 5.6 shows the exact calculated

values for each prototype cable. Due to the minimal amount of power being reflected

for each cable it was assumed that the transformers would work appropriately for
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Table 5.6: Specific Return Loss for each prototype

Prototype Line Impedance (Ω) Return Loss (dB) Power Reflected (%)

1 18.43 -16.93 2.03
2 12.18 -23.97 0.40
3 18.43 -16.93 2.03

each of the prototype cables.

5.4.1 Co-axial Transformer

Initially the cables were tested using the co-axial transformer. The transformer was

connected to a long length of cable, of 4.82m, as the attenuation due to the long

length would be greater than any losses due to the transformer. Data from these

tests for each prototype cable can be found in table 5.7. Due to the length of the

transformer and the structure, especially due to the use of air as a dielectric, the

losses in the co-axial transformer were considered to be negligible.

It can be seen from both table 5.7 and figure 5.13 that all three cables contain no

large discontinuities along their length and the connector and open end of the cable

can clearly be seen in the first and second peak respectively. There is a small shift in

the data for prototype 2 and it is believed that this may be due to the manufacture

of the cable. The second prototype uses a braid which might have affected how

tightly the PTFE tape can be wrapped which would slightly alter the overall dielectric

constant and therefore the velocity of propagation giving this slight shift in the time

domain data. The magnitude shown at the open end of the cable is in effect the two

way loss of the cable; i.e. Loss per meter=Mag(dB)/(Length of cable×2)

5.4.2 Microstrip Transformer

The same testing was carried out with each prototype cable attached to the microstrip

transformer. It was expected that this transformer would have higher loss than the
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Figure 5.13: Time domain plot of each prototype cable test using co-axial transformer

Table 5.7: Measured losses from open ended prototype cable testing using co-axial
transformer

Prototype Open End time (ns) Loss (dB) Loss (dB/m)

1 19.09 -46.03 -4.77
2 18.43 -34.63 -3.59
3 19.09 -27.5 -2.85

co-axial transformer. The values obtained below and marked with an * include

consideration of this loss as discussed below.

Table 5.8: Measured losses from open ended prototype cable testing using co-axial
transformer

Prototype End time (ns) Loss (dB) Loss (dB/m) Loss (dB) * Loss (dB/m) *

1 19.09 -48.38 -5.06 -46.53 -4.87
2 18.43 -35.40 -3.70 -33.55 -3.51
3 19.09 -28.81 -3.01 -26.96 -2.82

Back to Back Transformer Testing

To ascertain the amount of loss introduced to the device due to the microstrip trans-

former, two structures were tested back to back with a small length of cable between

them. The loss measurement, at 5.8GHz, was then divided by two, disregarding the
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Figure 5.14: Time domain plot of each prototype cable test using microstrip trans-
former

small amount of loss due to the cable which was approximated to be around 0.07dB,

to give an approximate value for the loss in each transformer.

Figure 5.15: Testing of back to back microstrip transformers

As can be seen in figure 5.16 this value is approximately -3.69dB, giving an

estimate of the attenuation in each transformer of around -1.85dB.

Figure 5.17 shows a graph of both tests with microstrip * denoting the additional

loss term due to the transformer attenuation being taken into account. It can be seen
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Figure 5.16: S2,1 of back to back microstrip transformers

that the results correlate quite well with each other and give the novel cable structure

an approximate attenuation of slightly above 2.8dB/m.

Figure 5.17: Graph showing comparison of cable loss measurements with both trans-
formers

5.4.3 Estimation of Dielectric Constant

The time domain plots shown in figures 5.13 and 5.14 were also used to estimate the

dielectric constant of the PTFE wraps used in each of the cables.

It can be seen that the end time values for prototype 1 and prototype 3 are the

same at 19.09ns whereas prototype 2 has a lower value of 18.43ns. Calculating the
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velocity factor of the cable and rearranging eq. 5.3 gave an estimation of the dielectric

constant. The velocity factor is a measure of how fast a signal travels through the

cable when compared with the transmission of light in air; 299,972,458m/s.

VF =
1
√
εr

→ εr =
1
VF

2
(5.3)

Table 5.9: Calculation of εr for each prototype cable

Prototype Time (ns) Length (m) Velocity (m/ns) VF εr
1 19.1 4.82 0.252 0.84 1.41
2 18.4 4.82 0.262 0.87 1.32
3 19.1 4.82 0.252 0.84 1.41

Of course this does not give a fully accurate answer as this calculation assumes

that the transformer has very little effect on the propagation of the waves through the

structure. The small variation with prototype 2 could be due to a number of factors

including how tightly the PTFE has been wrapped or whether it is being compressed

by the wrap of the outer conductor which would remove some of the air and therefore

increase the density of the PTFE.

110



Chapter. 6

Radiative Tip Design

6.1. Requirements

The overall device presented herein utilises the novel cable structure to deliver mi-

crowave energy at 5.8GHz to successfully coagulate bleeding vessels in a controlled

and accurate manner. Whilst it was proven in chapter 5 that the cable was capa-

ble of carrying energy from the generator, this energy propagation is useless in this

application without a suitable and efficient way to couple the energy into the treat-

ment site. Not only did the design need to be considered from an energy delivery

standpoint but the unique feature remains that this cable includes the presence of a

hollow channel. Any tip design considered needed to still allow the delivery of fluids

or other tools through this hollow channel. A number of other factors also needed

to be taken into consideration both in terms of physical device constraints and also

clinical effect requirements which are subsequently detailed.

6.1.1 Physical Constraints

These constraints included the physical structure of the tip and how this would

interact with both the patient and the environment during the procedure.

Size

Figure 6.1 shows an example of the working channel insertion angle of most en-

doscopes and gastroscopes. Due to the angle of this channel any rigid part of the

device, specifically the radiative tip, needed to be short enough to be able to be in-
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serted not only through this angle but also through any tortuous path experienced

whilst the endoscope is being navigated through the gastrointestinal tract especially

during retroflex; where the tip of the scope is flexed back on itself.

Figure 6.1: Diagram showing proximal end angle of insertion in endoscopic working
channel

The outer diameter of the tip needed to also be able to fit into the entirety of

this working channel and as such the maximum allowable size for this diameter was

set to 2.5mm; the same outer diameter as the cable itself. It must be noted that the

the inner liners of the working channels can vary between scopes. For example it

would be absurd to consider using a 2.8mm device within a 2.8mm working channel

as the device would likely not fit or would become stuck during operation. A similar

statement can be made for using larger working channels. A buffer of 0.1mm around

the outer circumference of a device is a safe margin to allow for free movement

and rotation. This gives a maximum outer diameter for a 2.8mm working channel

of 2.6mm. 2.5mm was subsequently chosen to allow for tolerances both in the

manufacture of the cable and radiative tip but also during assembly.

Mechanical Connection

This device will be introduced into the gastrointestinal tract and as such requires

a certain level of mechanical stability. Not only did the tip need to be robust but
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it also needed to be securely attached to the cable to prevent accidental detachment

and risk leaving a foreign body inside the patient, especially during insertion and

extraction into the digestive tract. It is also quite likely that, during haemostasis,

the clinician will need to apply local tamponade, or pressure to a specific area on

a vessel, to ensure that a good coagulum or ’plug’ is produced. For this reason

the radiative tip connection needs to withstand both push and pull forces. Whilst

out of the initial scope of this research it is expected that further validation will

subsequently be carried out should the device go further in the mechanical device

design process. This includes the use of accurate force measurements, to ensure

that the tip connection is capable of withstanding the various forces associated with

expected clinical usage.

6.1.2 Clinical Requirement

Generally the radiative tip needs to deliver microwave energy into vessels or tissue

in order to coagulate and stop bleeding. However this needs to be considered in two

ways.; firstly the device needs to be able to deliver the energy efficiently, in order to

avoid energy wastage and unwanted heating of the device. Secondly the device needs

to be able to deliver the energy into the required area accurately and controllably.

For ease of use and to allow the clinician to be able to coagulate specific vessels it

was decided that the radiator be end fired.

Specific Oesophageal Anatomy and Penetration Depth at 5.8GHz

The use of 5.8GHz initially comes from the fact that the generator used for this

project is provided by Creo Medical Ltd and utilises that specific frequency. But

there are a number of benefits achieved by using this frequency as previously dis-

cussed. One main consideration is the ability to deliver energy precisely into the

tissue. The oesophageal wall, when dilated, is approximately 1.87 - 2.4mm and infor-
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mation from the Institute of Applied Physics (IFAC) in Italy and presented in [87]

gives a penetration depth in oesophageal tissue of approximately 6.41mm at 5.8GHz.

This may seem to suggest that 5.8GHz is not suitable for use in the oesophagus

without penetrating too deep and causing perforation but the situation is not quite

as straightforward as it appears.

The penetration depth describes the point at which the field strength has dropped

to 1/e and therefore the power has dropped to 1/e2 or approximately 13%. This means

that at half the penetration depth i.e. 3.2mm the power level is approximately 36.8%

of that delivered. We further minimise this depth as the provided values from IFAC

are calculated considering the energy being propagated as a plane wave. This is not

the case with most surgical instruments, especially as the radiative tip has a much

smaller cross sectional area than the wavelength being used. This means that the

power flowing through the tissue, the power density, decays according to the inverse

square law; that is 1/r2. What actually happens is that there is an area of high

intensity within the first millimetre which then lessens deeper into the tissue. This is

especially noticeable when considering penetration depths at much lower frequencies.

For example at RF (400KHz) the penetration depth in oesophagus is over 1 meter.

Whilst energy delivery into the tissue to seal a bleeding vessel is the main require-

ment of this device, it needs to be specific to the treatment area and not interfere

or interact with surrounding tissue structures. As previously discussed the ability of

this device to deliver energy in a controlled and accurate manner is one of the main

advantages of using microwave haemostasis over other haemostatic modalities such

as chemicals or powders which as previously discussed are likely to interfere with

and cause damage to surrounding tissue and structures.

A clinical human use study carried out by Creo Medical was the first study of its

kind and demonstrated the clinical efficacy of using 5.8GHz within the gastrointesti-

nal tract [88]
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Impedance Transformation

The complex impedance of the oesophageal tissue, blood and also liver were cal-

culated assuming a plane wave propagating through a lossy dielectric. Whilst not

strictly accurate for consideration of penetration depth as discussed above it gives

enough information to estimate the impedance of the tissue and therefore allows

preliminary theoretical design of the radiative tip to be modelled and simulated to

efficiently couple microwave energy into the tissue.

Z=

√
jωµ0µR
σ+ωε0εr

(6.1)

Eq. 6.1 gives the wave impedance of an electromagnetic wave travelling through a

medium. Where ω is the angular frequency, µ0 is the magnetic permeability of free

space, µR is the relative magnetic permeability of the material, σ is the conductivity

of the material, ε0 is the permittivity of free space and εr is the relative permittivity

of the material.

Table 6.1: Table showing the calculated values for wave impedance of various tissues
at 5.8GHz

Tissue Conductivity
(S/m)

Relative
Permittivity

Complex
Impedance
(ohm)

Impedance
Magnitude
(ohm)

Oesophagus 6.31 56.46 48.06 + 8.09j 48.74
Blood Vessel 4.35 38.23 58.32 + 9.98j 59.17
Liver 4.64 38.13 58.06 + 10.58 59.02

It can be seen that the values for blood vessels and liver are quite similar and

due to the higher impedance, when compared with the cable, a specifically designed

radiative tip was required at the distal end of the cable to allow for the efficient

coupling not only from radiative tip into tissue but also from cable to radiative tip.

The values for blood and liver were used as the radiative tip will be predominantly

in contact with a mixture of oesophageal tissue and blood. Although there is a large
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amount of blood expected to be present in the oesophagus tailoring the design of the

structure to match blood would likely cause the majority of the energy to coagulate

the blood. In order to achieve good haemostasis a plug needs to be created from the

coagulation of the blood vessels and surrounding tissue rather than just blood itself.

For this reason the impedance for blood vessels and liver were used. Liver has been

used throughout the project in CST Microwave Studio as a homogeneous mass for ts

If we consider the expected impedance of the cable and the calculated values

for the liver impedance from table 6.1. The impedance required to match cable to

tissue can be calculated using eq. 2.15. This gives an impedance of approximately
√
14×59= 28.7Ω to provide the best match between tip and tissue.

A number of iterations were developed and the most viable designs are presented.

Each tip was simulated connected to a short length of cable to allow for a return

loss or S1,1 simulation to be conducted. To ensure that the simulations showed the

effect due to the tip structure only, all were simulated using a waveguide port which

ideally matches the simulated impedance of the attached co-axial structure which

was modelled to emulate the new cable design.

6.2. Simple Macor Collar

One of the initial tip comprised a simple cylinder made from Macor, a machinable

ceramic. This material was chosen for its ability to be machined whilst having a high

dielectric constant allowing the electrical length of the tip to be shortened as a quarter

wavelength in the material is much shorter. This is desirable for a device that is to

be introduced into an endoscope due to the angles required to be navigated through

at the proximal end of the scope.

The tip was simulated, as a nominal quarter wavelength to provide matching to

the higher impedance tissue, using CST Microwave Studio as being partially insereted

into a cylinder of liver to emulate the delivery of energy into vascular/bleeding tissue.
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Figure 6.2: Initial simple cylindrical radiative tip

The S parameters and power loss distributions were then considered. These can be

seen in figures 6.3 and 6.5 respectively. The novel microwave cable structure was

modelled as per the geometry for prototype 3. The Macor can be seen inserted

approximately 1mm into the tissue, this would be similiar to the amount of tissue

surrounding the tip once the clinician applies local tamponade.

Figure 6.3: Simulated S Parameters for radiative tip 1

As can be seen in figure 6.3 as well as figures 6.5 and 6.6 minimal energy is being

delivered into the tissue. It is quite likely however that these apparent S parameter

values are due to the length of the overall structure including the small length of
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cable rather than due to the functionality of the tip itself. The repeated ’dips’ in the

S1,1 result suggested that this was the case and variation in the length of the cable

structure distal to the liver changed the S parameters significantly. This effect can be

seen in the simulated return loss shown in figure 6.4 which shows the variation in

match due to change in cable length whilst the tip geometry remains the same. This

would suggest that the match into the tissue is not correct and would need alteration

of the geometry to try and improve this. Due to the inner hollow and outer diameter

constraints this was difficult to achieve with this simple structure.

Figure 6.4: Simulated S Parameters for radiative tip 1 with variation in cable length

Even though energy delivery into the tissue is present it is still minimal and the

S1,1 shows that there is only a -3.07dB reflection equating to approximately 49.32%

of the power was being reflected into the input port.

It was clear from the simulated results that an alternative radiative tip structure

was required. For the radiative tip to work correctly the return loss needed to stay

constant with variation in cable length and to have at least 80% efficiency meaning

that the majority of energy will be delivered into the treatment site.
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Figure 6.5: Simulated Power Loss Density for radiative tip 1

Figure 6.6: Simulated Power Loss Density for radiative tip 1 in perspective view

6.3. Final Tip Design

It was clear from previous consideration that the impedance of the tip structure

would need to vary from that of the cable itself in order to provide a match into the

higher impedance tissue as discussed in section 6.1.2. To do this whilst maintain-
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ing the required outer diameter, the inner conductor needed to be minimised from

that of the inner conductor of the novel cable. Increased separation between the

two conductors would allow for the tip to have an increased impedance. This also

required shrinking of the hollow channel inner diameter but as the main foreseen

use for this particular clinical application was the delivery of fluids it was deemed

that minimising the hollow channel was the lesser compromise when compared with

the ability to deliver more energy.

Figure 6.7: Rendered image of the final tip design

As can be seen in the render shown in figure 6.7, the inner conductor is an

insert into the hollow channel which was then electrically connected to the inner

conductor of the cable. A dielectric cylinder was then placed over this and finally an

outer conductive cylinder was placed on top and electrically connected to the outer

conductor of the cable.

CST Microwave Studio was used to optimise the structure prior to manufacture.

Two materials were initially considered for their use as a dielectric; polyetherether-

ketone (PEEK) and Macor. Both of these materials are able to be machined and

are readily available. The details of which have been compiled into table 6.2 from

[89, 90].
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Table 6.2: Table showing dielectric properties and calculated quarter wavelength for
each tip material

Material Dielectric
Constant

Loss
Tangent

1/4 Wave
(mm)

Macor 5.64 0.0025 5.44
PEEK 3.20 0.0020 7.22

Macor

Initially the structure was simulated using Macor. CST studio was used to find

the optimal length of the structure having been initially set to a nominal quarter

wavelength in the material i.e. approximately 5.4mm at 5.8GHz. This was then

varied via parameter sweep to find the length which matched most optimally with

the tissue. Explanation as to why this length might vary from theoretical calculation

is discussed in section 6.3.1

Figure 6.8: Simulation Model for the final tip design with Macor

The simulated return loss shown in figure 6.9 give the values at the theoretical

calculation of quarter wavelength and also at the optimal length for matching of this

structure to the tissue. A broadband dip around the operating frequency can be seen

when the length is 4.5mm. The magnitude of this reflection however is only -5.3dB

or 70% power delivery. Using eq. 2.4 the impedance of the tip can be calculated and

as shown in figure 6.8 is approximately 22.12Ω. This is slightly lower than the match
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impedance required, 28.70Ω, and by rearranging eq. 2.4 it can be calculated that the

tip would need to be 3.1mm, at least, to approximate the required impedance. This

was unsuitable for the application so indicated the need for an alternative material

to provide a better match into the tissue.

Figure 6.9: Simulated results for the final tip design with Macor

The power loss density plots, figures 6.10 and 6.11 give an indication of the energy

delivery into the tissue. The energy delivery pattern comprises two ’hot’ spots where

the inner conductor makes contact with the tissue but extends around these spots and

does not penetrate too deeply into the surface of the tissue. This is advantageous for

surface coagulation and will limit the risk of damage to surround vessels or tissue.

A simulated farfield monitor, as shown in figure 6.12, was used to ensure that

the return loss results were due to the energy being delivered into the tissue and not

being radiated into the air surrounding the treatment site.

The farfeld monitor Radiation efficiency is recorded at -15.86dB or 2.59%. This

gives confidence that, at the operating frequency, the energy is being delivered into

the tissue as expected. This test is required as the majority of the efficacy of the

radiative tip is only being deduced from a single port return measurement. All that

the return loss S parameters in figure 6.9 show is that there is an amount energy

being returned back to that input port. If the radiative efficiency was much higher
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Figure 6.10: Simulated power loss density plot for the final tip design with Macor

Figure 6.11: Simulated power loss density plot for the final tip design with Macor in
perspective view

then although a small return loss would be measured the actual energy delivery into

the treatment site might be minimal or even non existent. This may be fine when the

device is outside of the body cavity but for a closed lumen, such as in the oesophagus,

could affect or damage surrounding tissue.
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Figure 6.12: Simulated farfield monitor for final tip design with Macor

PEEK

The second simulation for this tip structure replaced the Macor dielectric with PEEK.

This has a slightly lower dielectric constant, which theoretically required the structure

to be slightly longer but was able to maintain the required outer diameter whilst

providing an impedance much closer to the required match impedance.

Figure 6.13: Simulation Model for the final tip design with PEEK

Figure 6.14 shows simulated return loss for both the theoretical quarter wave-

length and the optimised length as per CST. Once again an explanation for this

variation is considered later in this chapter. At a length of 4.2mm a return loss of

approximately -8.6dB or 86.2% delivery is shown, a much better match due to the
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higher 29.36Ω impedance providing better matching at the tip-tissue interface.

Figure 6.14: Simulated results for the final tip design with PEEK

The power loss density plots shown in figures 6.15 and 6.16 show very similar

results to the Macor structure with the same focussed energy spots but at higher

power due to the increased return loss; i.e. more energy is being delivered into

the tissue but still shows a similar delivery pattern with the advantages previously

discussed including depth of penetration and accurate application to a lesion/bleed.

Figure 6.15: Simulated power loss density plot for the final tip design with PEEK

The farfield monitor, figure 6.17, was once again used to confirm that the low

value for return loss is due to the delivery of energy into tissue and not due to
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Figure 6.16: Simulated power loss density plot for the final tip design with PEEK
from perspective view

radiation into surrounding air. The farfield monitor shows a radiative efficiency of

-17.19dB which equates to 1.91% of the power being radiated.

Figure 6.17: Simulated farfield monitor for final tip design with PEEK

Flush or sloped tip

As the PEEK structure appeared to be optimal in its design and simulation, it was

re-simulated both as a flush end and also as a sloped end structure, as seen in figure
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6.18. Due to the size of the oesophageal lumen, which is not that much larger than

the device especially when constricted, it would be difficult to fully apply the tip

flush with the mucosal surface which was further validated during initial pre-clinical

investigations at Northwick Park institute for Medical Research. It was also believed

that if only one side of the tip is applied, then the energy would be focussed at

a single spot, which would assist the surgeon in accurately coagulating a specific

location without risk of damage to surrounding tissue structures or vessels. Figure

6.21 shows this spot of focus at the inner conductor.

Figures 6.19, 6.20 and 6.21 show similiar experimental simulations as the previous

sections concerning the dielectric tip material and show good matching between tip

structure and liver at -11.21dB or 92.43%. This is much larger than the previous tip

designs, however the farfield monitor results should be especially considered here as

half of the structure is not actually in contact with the tissue.

(a) Flush End (b) Sloped End

Figure 6.18: Radiative tip variations

Figure 6.19: Simulation Model for the final sloped tip design with PEEK
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Figure 6.20: Simulated results for the final sloped tip design with PEEK

Figure 6.21: Simulated power loss density plot for the final sloped tip design with
PEEK

Figures 6.12, 6.17 and 6.22 all show the simulated farfield monitors from CST. The

initial two flat structures show that a minimal amount of energy is being radiated

from the structure, approximately 1.6-1.8%. The sloped tip shows a much higher value

as only half of the radiative tip is placed onto the tissue and half is exposed to the

surrounding air. with this setup there is only a radiation of approximately -9.7dB or

10.6%. This energy will also fall off relatively quickly. Figure 6.23 shows the power

delivery into a cylindrical tube of oesophageal material at 20mm in diameter which

approximates the distended diameter of the human oesophagus [91]. It can be seen

128



Figure 6.22: Simulated farfield monitor for final sloped tip design with PEEK

that the power is delivered into the tissue but has no noticeable effect on the opposite

side of the lumen. The majority of the energy is still being delivered into the tissue at

the intended treatment site and the energy falls off too rapidly to affect the opposite

side of the oesophageal lumen. During clinical usage the clinician will be aware that

the entire tip radiates energy and to be aware of any unwanted tissue effects.

Figure 6.23: Simulated power loss density plot for final sloped tip design with PEEK
inside oesophageal lumen
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6.3.1 Variation in length

The simulated length, as discussed above, varies from the theoretical calculation

for a quarter wave impedance transformer. Three experimental simulations were

carried out to assess the reasoning for this. For the radiative tip to act as a quarter

wave transformer it needs to approximate a quarter wavelength when considering

the dielectric through which the wave is travelling. Considering the earlier eq. 4.4,

the calculated value for the PEEK radiative tip was approximately 7.2mm whereas

simulated results, shown above, give a much smaller tip length of 4mm at 5.8GHz.

Experiment 1

The initial experimental simulation was a re-run of the PEEK radiative tip model

and used a parameter sweep to assess the variation in tip length between 3.9mm and

4.3mm. This gave resonance or matching at varying frequencies which corresponded

to an electrical length which should then be equal to a quarter wavelength and can

be seen in table 6.3. Eq. 4.4 was used to calculate the expected value for a quarter

wavelength at the corresponding frequencies which allowed the difference between

simulation and theoretical to be quantified.

Table 6.3: Table showing variation in length with increasing tip length of PEEK tip

Tip Length (mm) Frequency (GHz) 1/4 Wave (mm) Difference (mm)

3.90 6.08 6.89 2.99
4.00 5.98 7.01 3.01
4.10 5.89 7.11 3.01
4.20 5.79 7.24 3.04
4.30 5.70 7.35 3.05

This gave a base line showing the amount of length variation for the simulated

structure along with relevant matching frequencies.
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Experiment 2

The second experimental simulation was intended to ascertain whether the step dis-

continuities present where the radiative tip attaches to the cable would affect the tip

length due to change in capacitance and inductance variations. To do this a simula-

tion was set up in which the radiative tip and cable had the same geometry in terms

of inner and outer conductor. This can be seen in fig 6.24.

Figure 6.24: Simulation model for second experimental simulation considering lack
of step discontinuity

An artificial material was created with a dielectric constant of 12.7 which provides

a 14.74Ω input for the radiative tip to approximate the cable impedance without the

need for a step in conductor diameter. The results of this experiment can be seen in

table 6.4. It can be seen that there is a small difference of approximately 0.2mm when

compared to the previous experiment. This means that there is a small length change

required to compensate for additional capacitance introduced due to the stepped

conductor but this does not account for the over 3mm difference.

Experiment 3

The final experiment considered open circuit end effects introduced as the energy is

propogated through the liver. The open structure gives rise to fringing fields and a

fringing capacitance which can have a large impact on the effective electrical length
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Table 6.4: Table showing variation in length with increasing tip length of PEEK tip
without step discontinuity

Tip Length (mm) Frequency (GHz) 1/4 Wave (mm) Difference (mm)

3.70 6.06 6.91 3.21
3.80 5.95 7.04 3.24
3.90 5.85 7.16 3.26
4.00 5.75 7.29 3.29
4.10 5.67 7.39 3.29

of the structure. [92, 93]. To assess the effect of this a method similar to the previous

experimental simulation was used. The model for which can be seen in figure 6.25.

Figure 6.25: Simulation model for third experimental simulation considering lack of
fringing capacitance

This co-axial load provided a similar impedance in magnitude to the liver whilst

a waveguide port ensured that the open circuit end effects were removed. The results

of this were assessed to locate resonant frequencies and the difference between theo-

retical quarter wave and simulated length was once again calculated as seen in table

6.5

It is clear from the three experimental simulations above that the largest compo-

nent responsible for the variation in physical length from theoretical calculations is

open ended structure within the liver load. The capacitance introduced due to the

fringing fields at the open circuit causes the effective electrical length to be much

longer than the physical tip length. The simulated E field shown in figure 6.26 shows
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Table 6.5: Table showing variation in length with increasing tip length of PEEK tip
without fringing end effects

Tip Length (mm) Frequency (GHz) 1/4 Wave (mm) Difference (mm)

6.80 6.04 6.94 0.14
6.90 5.95 7.04 0.14
7.00 5.86 7.15 0.15
7.10 5.77 7.26 0.16
7.20 5.69 7.36 0.16

these fringing fields. The discontinuity is frequently assumed to be capacitive [94]

and is a combination of the fringing fields both within the tip dielectric and within

the liver. When this is taken into consideration the small variation left can be ex-

plained in terms of extra capacitance within the the stepped conductor method of

attaching the radiative tip, as shown in experiment 2, and also in simulation errors

and minor considerations which the theoretical calculations do not consider.

Figure 6.26: Simulated E field showing fringing fields at open circuit liver boundary
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Chapter. 7

Microwave and Adrenaline Haemostat - Full Device

7.1. Development and Design

7.1.1 Overview

The final devices consisted of the microstrip impedance transformer, a length of the

novel cable structure along with the radiative tip coupled with a 3D printed handpiece.

Due to the planned protocol during preclinical testing as shown in appendix B. As

only the oesophagus is being used, a length of 1.7m of cable was decided upon. The

device need not be too long as it will only be used to coagulate lesions in the upper

GI tract however for other devices this could be changed.

Overall four devices were created, two with the flat ended radiative tip and two

with the sloped radiative tip. It was unclear at the time of manufacture whether

the clinician would find it easier to apply energy through the flat or sloped tip. As

previously discussed the minimal diameter of the oesophageal lumen may make it

difficult to apply the tip fully against the tissue which would make the use of the

sloped tip much easier as the structure need only be applied at a 45◦ angle. Devices

containing both tips were manufactured to allow for this to be tested.

7.1.2 Transformer and Connectors

As per the impedance transformer test results previously shown, for ease of manufac-

ture and to allow the structure to be assembled in a repeatable way, it was decided to

make use of the microstrip transformer with ground tray structure to ensure that both
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a good electrical/microwave connection and also good structural connections were

made. This was vital for the testing that was to be carried out, especially for use

in the operating theatre in which the device will be subject to much more strenuous

and harsh forces/usage than during initial bench testing.

Hollow Channel Connection

For the full device to be able to support both intended modalities i.e. energy delivery

alongside the introduction of other tools or fluids, a solution needed to be found

on how to access the hollow channel. Leaving the PTFE tube exposed through the

handpiece would create difficulty in insertion or injection. The chosen solution was

to use a Luer lock connector which is an industry standard for many device which

require the attachment of a syringe and allows for compatibility between different

devices. A simple syringe could be connected to this luer lock attachment and allow

for easy injection of either saline or adrenaline or even attachment to a syringe pump

system could be connected for aspiration and irrigation.

The luer lock needle was wrapped in heatshrink to increase the outer diameter

and inserted into the hollow channel to ensure a tight fit. A small brass collar

was then placed over the connection and mechanically compressed into place. This

ensured that the connection would be robust enough to handle the high pressure

during injection and repeated connection and disconnection of syringes. This is

vitally important as the pressure required to inject fluid could increase significantly

if the hollow in the distal tip was to become partially occluded due to blockage by

tissue or partially coagulated blood.

Handpiece and Transformer Enclosure

Once the cable had been connected to the transformer and a strong mechanical

connection achieved whilst allowing access to the hollow channel the next step was

to enclose the device with a handpiece. This needed to not only provide protection
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Figure 7.1: Photograph of the final connection used to access the hollow channel

for the clinician from accessing parts of the transformer which could cause injury

but to also allow for ease of use and comfort for them.

Due to the radiative nature of microstrip a section of work was carried out to

consider the effect of radiation from the microstrip transformers. Work presented at

the IEEE MTT-S International Microwave Workshop Series on Advanced Materials

and Processes considered the difference between a milled aluminium enclosure and

a 3D printed conductive filament enclosure [95]. The latter being much easier to

prototype and iterate through various designs. It is thought that the handpiece used

in the final design offers enough shielding due to its thickness to ensure that no

electromagnetic interference is present during operation. All laboratory testing was

undertaken using a Nard alert monitor to ensure that excess levels of radiation were
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not present during operation.

Final Handpiece Design

The final handpiece design was 3D printed using an Ultimaker 2+ Printer with stan-

dard Polylactic Acid (PLA) material.

The initial structure was designed in Autodesk Inventor Professional and had a

number of constraints.

• Ensure enough room for the transformer structure with a small air gap above

the microstrip so as not to affect the electromagnetic fields.

• Provide a secure structure for a small section of cable after the transformer to

minimise breakage and stress on the transformer - cable connection.

• Contain openings for access to both the SMA connector and Luer lock hollow

channel access.

• Be of suitable size to allow for ease of use and comfort in holding for the

clinician.

Once the final design was finished, the model was split into two halves and

imported into Ultimaker Cura to slice the model ready for loading onto the 3D

printer. This converts the model into G code which the printer can then read layer

by layer. This structure can be seen in figure 7.3

This g code was then loaded into the printer and allowed to print, once complete

they were then removed from the printer and cleaned up. Due to the slight overhang

at the cable end of the handpiece scaffold material was needed; this is a less dense

structure of plastic which supports any overhanging edges to ensure that they don’t

droop and maintain their intended shape during the print process. This support is

then removed once the print is completed and the part is finished.
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Figure 7.2: Designing of the handpiece in Autodesk Inventor Professional

Figure 7.3: Slicing the handpiece model in Utlimaker Cura

7.1.3 Consideration of handpiece shielding

As PLA was used for the final handpiece design a section of work was carried out

to ensure that the plastic enclosure would provide enough protection for the user

from the radiation from the microstrip trace on the impedance transformer. Prelim-
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Figure 7.4: Ultimaker 2+ 3D Printer during printing of the initial handpiece design

inary simulations which consider both aluminium and conductive plastic shielding

are shown in appendix C whilst this section considers the effect of the the PLA en-

closure in terms of specific absorption rate (SAR). It was believed that the majority

of this radiation would be minimised by the handpiece but CST Microwave studio

was used to quantify this. The model designed and used for this is shown in fig. 7.5

and comprises the microstrip impedance transformer connected to a standard SMA

connector and also to a length of cable. The handpiece then surrounds the trans-

former and a cylinder of skin is placed around this to emulate the handpiece being

in contact with the hand of the clinician.

Figure 7.5: CST Studio model used to simulate the effect of microstrip radiation
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Due to the expected penetration depth and the complexity of human tissue due

to its inherent inhomogeneity only the CST model for skin was used. For further

accuracy it would be necessary to model the entire structure of the hand including

the various tissue structures within. For the purposes of this research it is believed

that the method used will give a good indication of the outcome.

Figure 7.6: Specific absorption rate illustrating the energy absorbed into the handpiece
and surrounding skin phantom with cutting planes through (top) x-axis and through
(bottom) y-axis

Fig. 7.6 shows the SAR in the skin phantom structure at 5.8GHz. It can be seen

that the energy is travelling through the handpiece and is being delivered into the
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skin. Once scaled up to approximate the power input of the device this gives an SAR

of the skin of 107 W/kg.

The SAR value is a measure of how much electromagnetic energy is absorbed by

biological matter when exposed to radiation. This value can be given as total SAR,

which takes into account the entire structure, or it can be averaged over a specific

mass usually 1g or 10g. For these measurements an averaging mass of 10g was used

within CST studio and applied to a power loss density simulation for the structure

which had been scaled up to approximate the expected input power of 50W, i.e. the

COAG9 setting on the Creo Medical generator.

The International Commission on Non Ionising Radiation Protection (ICNIRP)

gives a safe occupational exposure limit of 20 W/kg localised SAR into limbs [96].

It can be seen that the 107 W/kg SAR shown in fig. 7.6 is approximately five times

higher than the recommended exposure limit. One proviso made by ICNIRP, however,

is that this maximum exposure should be averaged over any six minute period. For

all bench testing carried out the device was held within a clamp and secured away

from the operator. For the pre-clinical testing this six minute average needs to be

taken into account.

Each lesion was created prior to haemostasis and as such the device was only

active for approximately 30 seconds. To allow for a further safety margin in addition

to those already implemented by ICNIRP it was assumed that the clinician would

have the device active for 1 minute for every 6 minutes of procedure. This takes the

exposure limit down to roughly 17.83 W/kg.

Metallic insert for handpiece shielding

Although the previous section proves that the clinician was at minimal risk and was

exposed to electromagnetic energy under the recommended exposure limits as stated

by ICNIRP, it was deemed necessary to include some shielding within the handpiece

to limit this exposure even further. This would become especially necessary should
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the clinician need to keep the device active for a longer amount of time such as

required for a larger bleed or for multiple bleeding lesions.

To achieve this a small layer of metallisation was applied to the inside of the

handpiece above the microstrip transformer structure as can be seen in fig. 7.7

Figure 7.7: CST Studio model showing metallic shielding above microstrip

The structure was then re-simulated and the SAR re-calculated considering the

effect of this shielding and the SAR plot is shown in figure 7.8. The highest recorded

SAR value in the skin phantom is 0.096 W/kg which is well below the safe exposure

limit as previously discussed.

This shielding can be achieved through the use of a metallisation layer such as

through the use of conductive paint or simply by using conductive tape. Ongoing

work could include the use of a machined enclosure or the use of the co-axial

transformer which would prevent this radiation as the fields are confined between

the two conductors. These simulations provided a safe alternative to the original

structure which requires very little alteration to the current design and still allows for

the manufacture of the handpiece using readily available 3d printing manufacturing

techniques. Further shielding could be achieved through the use of EMC finger strips

or gaskets along the joins of the device. Further work could be carried out in altering

the transformer structure to ensure that the E field is at a minimum at any point

where leakage could occur.
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Figure 7.8: Specific Absorption Rate plot from X cutting plane (top) and Y cutting
plane (bottom) showing absorption of energy into the handpiece and surrounding
skin phantom with shielded transformer

7.1.4 Radiative Tip

The radiative tip for each of the devices were manufactured in house and assembled

at Creo Medical Ltd onto each of the cable lengths. The inner conductor was elec-

trically connected in place and then covered by the PEEK sheath and then the outer

conductor. The PEEK sheath was used following from simulated results previously

presented. PEEK provided the best return loss and appeared to offer much better

143



energy delivery. Once all the parts had been aligned the outer conductor of the tip

was electrically connected to the outer conductor of the novel microwave cable. Care

was taken to ensure that all three parts lined up correctly as any variation in the end

geometry would have affected the device efficiency and mitigated possible treatment

effect. This could occur due to variation in the required length and therefore change

in matching frequency.

An immediate issue became apparent during connection of the inner conductor.

Whilst possible, it was difficult to get the parts lined up and then to be able to apply

solder accurately enough to ensure that only the inner conductor was connected.

Continuous testing using a Fluke 289 True RMS multimeter was carried out during

the manufacturing process to ensure that no parts of the device had become shorted

and that a good electrical connection was achieved between each of the conductors.

7.1.5 Final Manufacture

Figure 7.9: Photograph showing connection of the cable to the microstrip transformer

The radiative tip parts were turned from small sections of brass and PEEK as

previously discussed. Images of these parts can be seen during the initial assembly
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process and the final structure can be seen in figure 7.10.

Figure 7.10: Individual (left) and assembled (right) parts for final sloped tip design

Figure 7.11: Photograph of the final manufacture (left) and device ready for preclinical
testing (right)

The transformer, cable and radiative tip assembly was then packaged in the pre-

viously 3D printed handpiece. The inner structure of the handpiece was designed to

hold the structure in place and not require any fixing. The two halves of the structure

were then secured to each other with glue. The handpiece and both the SMA and the

fluid port were both tested for good connection and to ensure that they would not

come apart during bench and pre-clinical testing.
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7.2. Bench Results

7.2.1 VNA testing of completed devices

Once the devices had been manufactured they were all tested using the VNA to

ascertain both the loss of the whole device and also the effectiveness of the radiative

tip.

For each device a time domain measurement was made initially with the tip

radiating into air and then into a piece of liver. This set-up is similar to that used

when testing the cable prototypes. The idea being that the air measurements are

when there is maximum reflection due to the open ended radiative tip and therefore

should give an indication of the amount of loss through the cable. Once the tip is

placed into the liver this measurement should decrease meaning that the energy is

being delivered into the tissue. This general result can be seen throughout all the

plots for each device as shown in figures 7.12 to 7.15. A summary containing the

results can be seen in table 7.1. It can be seen that for each device the connector

values, that is the reflection at the connection to the transformer, does not deviate

strongly even when placed into tissue. However when the device is placed into the

tissue the peak at the end of the device becomes much lower. This means that the

reflection at the tip of the device has lessened. The obvious conclusion from this is

that the energy is being delivered into the tissue.

Table 7.1: Results from time domain measurements for each device

Device Connector (Air) dB Connector (Liver) dB Tip (Air) dB Tip (Liver) dB

MAH1 -23.76 -24.40 -11.39 -21.06
MAH2 -17.33 -17.26 -11.91 -17.29
MAH4S -12.60 -12.40 -11.78 -15.62
MAH5S -14.85 -15.52 -13.50 -24.68

It can be seen from table 7.1 that the first three devices all show similiar results
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Figure 7.12: Time Domain plot of the final MAH1 device

Figure 7.13: Time Domain plot of the final MAH2 device

when tested in air. Although the connector values for MAH4S appear to be much

lower; when considering power transmission a value of -12dB equates to 93.69%

transmission whereas -23dB equates to 99.50%, a difference of only 5.81%.

When looking at the tip measurements, the peak on the right, we can estimate

the amount of loss in the device and also how effective the radiative tips are. These

tests can also be used to confirm the attenuation along the length of cable. Use of

the following eq.
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Figure 7.14: Time Domain plot of the final MAH4S device

Figure 7.15: Time Domain plot of the final MAH5S device

(Tip(Air)− 1.8)
(2× 1.7m)

(7.1)

1.8dB is the approximation of the loss in the transformer and 1.7m is the length of

the cable, once again multiplied by two to take into account the forward and return

path of the time domain measurement. This analysis gives us values varying from

-2.82dB to -2.94dB. MAH5 gives a much higher value of -3.44dB. This could be for
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a number of reasons including connection to the transformer or the radiative tip not

being connected correctly. For this reason it was deemed unsuitable and not used

for the preclinical testing.

Consideration of the time domain plots and analysis of the measured values

allowed for the both the MAH1 and MAH4S devices to be chosen for use for the

final preclinical testing at Northwick Park.

7.2.2 Ex-vivo Tissue Testing

Prior to pre-clinical testing, one of the initial prototype devices was tested on the

bench using a porcine liver model. The device was used to deliver energy into a

tissue sample for varying amounts of time. Each delivery was repeated twice to

ensure repeatability. This bench testing was a preliminary investigation to determine

that both the transformer and the radiative tip design were operating as required and

that energy would be delivered into the tissue as expected.

Figure 7.16: Bench test results for initial prototype at various times

From left to right, the device was used to apply energy for 10 seconds, 5 seconds

and finally 2 seconds. The device was applied to the tissue at a 45 degree angle whilst
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Table 7.2: Table showing measurements of application sites during bench porcine
liver testing

Application time X (mm) Y (mm) Depth (mm)

10s 5.5 7.5 1.1
5s 4.0 6.5 1.0
2s 3.5 3.0 0.8

applying a small amount of local tamponade or pressure as seen in figure 7.17. The

COAG9 setting was used on the Creo Medical CROMA generator, which equates to

approximately 50W at the fascia of the generator. Considering the results from both

the cable and transformer testing approximately 11.75W should have been delivered

into the tissue, the method of determining this is shown in table 7.3

Table 7.3: Loss calculations for bench testing

Input Power (W) 50.00
Input Power (dBm) 46.99
Loss due to Interface Cable (dB) 1.25
Loss due to Transformer (dB) 1.85
Loss due to Cable (dB) 2.85
Total Loss (dB) 5.95
Power minus Loss (dBm) 41.04
Power minus Loss (W) 12.71
Power minus Loss with tip efficiency (W) 11.75

The tissue effect noted in figure 7.16 matches the expected power delivery pattern

as per simulations discussed earlier and shown again in figure 7.18. There is an

area of high temperature increase around the hollow channel and this then lessens

as energy dissipates into the tissue. Where the outer conductor meets the tissue

there is also an increase in temperature which gives a tissue effect extending in one

direction underneath device from the point of application. This allows the surgeon to

coagulate a specific area whilst providing an area between inner and outer conductor

so as not to be too localised and miss the actual bleeding site.
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Figure 7.17: Application of the haemostat to the tissue sample

Figure 7.18: Simulation showing power loss density and approximate area of tissue
effect

Side application and radiation

Another concern regarding the radiative tip was to ensure that energy was only

delivered from the tip and that any tissue in contact with the sides of the cable

would not be effected.

To test this the device was placed side on on top of a porcine liver sample as in

previous tests and energy was applied as shown in figure 7.19. The coagulation zone
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was then considered for point of application, thermal spread and any other factors

which would indicate unwanted energy delivery.

(a) Placement of the device (b) Coagulation zone

Figure 7.19: Side application of haemostat probe

It can be seen that there is some thermal spread along the tip which is evident

due to the slight discolouration adjacent to the main coagulation zone. At the tip-

cable junction and further down the cable there is no tissue effect meaning that at

5 seconds of application there is not enough heating at those points to visibly affect

the tissue.

Ex Vivo Porcine Oesophagus

A Porcine Pluck (oesophagus, trachea, lung and heart) was procured from the local

meat processing plant to allow for oesophageal tissue testing of the device. The

oesophagus was dissected from the rest of the pluck and a longitudinal incision was

made to allow the oesophageal lumen to be laid out as to create a flat surface which

could then be treated as can be seen in figure 7.20. Saline was used sporadically to

prevent the mucosal surface from drying out.

The device was tested both at a 45 degree angle and at a 90 degree with the whole

tip in contact with the tissue.

The first 8 coagulation zones were treated with the tip at 45 degrees to the tissue

for 20 seconds, 10 seconds, 5 seconds and finally 2 seconds. Each delivery was

repeated twice and the zones were demarcated with a superficial cut.

152



(a) Extracted oesophagus (b) Inner surface of oesophageal lumen

Figure 7.20: Exposing of inner surface of oesophageal lumen

Figure 7.21: Ex vivo oesophageal testing

It can be seen that all of the application sites show a similar pattern. There is

a small area in the center of each coagulation zone which, especially for the 90
◦ test has caused some carbonisation where the tissue has reached a much higher

temperature. This is then surrounded by an area of white coagulum where the

temperature is slightly lower but still high enough to alter the structure of the tissue

and denaturing of proteins.

For the 10s delivery at 90 degrees there is a discrepancy between the the first

and second application. It was believed that the radiative tip was applied with less

pressure on the second application compared to the first. This meant that the tip was
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not fully in contact with the tissue.

Overall it can be seen that the carbonised area is more prominent in the 90 degree

applications and once again this is thought to be as a result of the pressure being

applied. Due to the perpendicular positioning of the tip it was likely that a more

consistent higher pressure was applied. For the 45 ◦ angle applications this pressure

was more sporadic and tended to be minimal. This was something that needed to

be considered and questioned during the preclinical investigation as to ascertain the

actual clinical usage and how the amount of pressure affects energy delivery into the

tissue.

Comparison with Boston Scientific Gold Probe

Bench testing culminated in a preliminary comparison between the microwave haemo-

stat and the Boston Scientific Gold Probe bipolar RF device. The results of which

can be seen in figure 7.22

Figure 7.22: Initial results from comparison testing with Boston Scientific Gold Probe

COAG4 and COAG8 microwave settings on the CROMA generator which, ac-

cording to the same calculations shown in table 7.3, gives an output power of 4.69W

and 9.39W respectively.

Initially it can be seen from the haemostat applications, the left two tissue samples,

there is much less tissue effect compared to previous bench testing. This is due to
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a lower application power and it is believed that either the tissue properties were

slightly different to the prior tissue tests. The tissue used for this comparison test

had been cooled over night and re heated which may have altered their structure

slightly. It could also be that the tip itself had become less effective from repeated

use. The results from the gold probe however show that a large amount of energy

is being applied and this is especially the case where the tissue has gathered up and

surrounding the probe due to pressure being applied.

From a preliminary visual inspection it appears that the gold probe is delivering

much more energy over a wider area, but this might not actually be beneficial.

Due to the specific geometry of the upper gastrointestinal tract the energy delivery

needs to be controlled and non-aggressive to ensure that no damage is done to the

thin walls of the oesophagus. Further investigation would be needed to assess the

tissue samples microscopically for any further damage or microscopic changes to the

anatomy especially any damage indicative of oesophageal perforation.

7.3. Pre-Clinical Tests inc. Histology

The devices where tested under clinical conditions at Northwick Park Institute for

Medical Research (NPIMR). A copy of the preclinical protocol used for this procedure

can be found in the appendix.

The equipment...

For the preclinical test a Creo Medical CROMA generator suite was used to provide

the microwave input for 2 devices. The first device, MAH1, consisted of the flush

radiative tip and the second device, MAH4S consisted of the sloped tip. The endo-

scope, endoscopic tools and other surgical/clinical materials were provided by NPIMR

as required. The monitoring setup and the endoscopic stack can be seen in figures

7.23 and 7.24 respectively.
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Figure 7.23: Pre-Clinical setup at NPIMR

Figure 7.24: Endoscopic stack setup at NPIMR
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The patient...

The study was conducted on a porcine subject, identified as Animal CH7 weighing

approximately 65kg and was suitably medicated and anaesthetised by staff at NPIMR.

CH7 was pre medicated with Ketamine and Xylazine before being intubated with a

7mm cuffed endotracheal tube, anaesthesia was maintained with oxygen over isoflu-

rane and nitrous oxide, with respiration controlled via ventilator. Oxygen saturation,

pulse, rectal temperature, expired Carbon Dioxide (CO2) and respiratory rate were

measured and recorded throughout the procedure and copies of this can be found in

the appendix. Hartmann’s fluid, or sodium lactate solution, was also administered

via slow drip throughout.

The procedure...

The study took place over 8 days. The initial procedure was undertaken at day 1

and then subsequent monitoring over the next 7 days for the survival study was

undertaken.

Day 1 procedure included the creation of 6 lesions within the oesophagus using a

grasp biopsy tool. The aim was to create bleeds via the removal of the top endothelial

surface layer to emulate a gastrointestinal bleed.

The use of grasp biopsy forceps to create the lesions can be seen in figure 7.25. Re-

moval of the outermost epithelial layers was necessary to expose blood vessels found

in the layers underneath the epithelium, care was taken throughout this procedure

to ensure that only a minimal amount of mucosa was removed and no perforation

through the oesophageal lumen was created.

Once a lesion was created the surgeon used the haemostat device to apply energy

directly to the required site to stop the bleeding. As expected, and as seen in the ex-

vivo testing, the clinician needed to apply slight pressure to the bleeding site in order

to control the bleed and ensure that the energy was applied to the site as expected.
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Figure 7.25: Endoscopic graspers used to remove upper layers of oesophagus

Figure 7.26: Initial bleed and subsequent coagulation of lesion 1

Figure 7.27: Initial bleed and subsequent coagulation of lesion 2
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Lesion 2 was the only lesion which deviated slightly from the expected result

from the use of the haemostat. A small perforation was accidentally created in

the uppermost mucosal layer which, whilst only minor, may have caused further

complications during the 7 day survival study. It was decided that an endoscopic clip

be used to seal the hole. The surgeon commented however that this issue might have

been caused during the creation of the bleed itself by the biopsy graspers removing

too much of the mucosal layer, incorrect use of the device or possibly too much

power delivered into a single area for too long. Despite this the surgeon was still

able to achieve haemostasis of the lesion and the clip was just used to seal the hole.

Subsequent lesions showed no obvious issues and it can be seen from histological

analysis that this perforation of the mucosal layer was not severe enough to cause

further complications.

Figure 7.28: Initial bleed and subsequent coagulation of lesion 3

One thing to note during all lesions was the accuracy of energy delivery and

how precisely the surgeon could effectively coagulate the treatment area. One of the

concerns when designing the sloped radiative tip was the extra radiation from the

half of the tip which was exposed to the air. Recall figure 6.23, the simulated results

showed that the energy will dissipate quickly and will not affect the surrounding

oesophageal lumen. This result was given confidence during the pre-clinical testing

as the surgeon was able to coagulate the vessels at the point of bleeding and no

further damage or visible tissue change to the surrounding lumen was observed.
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Figure 7.29: Initial bleed and subsequent coagulation of lesion 4

Figure 7.30: Initial bleed and subsequent coagulation of lesion 5

Figure 7.31: Initial bleed and subsequent coagulation of lesion 6

Video and photographs were taken throughout using the endoscope camera. Once

all lesions were complete the pig was returned to the holding area and assessed over

the following 7 days. After day 7 the pig was euthanised and dissected to assess the

treatment sites and subsequent healing thereof. The sites were then cut, fixed and
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sent off for histological processing.

Histological Processing

Prior to sectioning the samples were fixed in 10% Neutral buffered formal saline for a

minimum of 48 hours. This was to allow the structures to remain intact and prevent

decay of the biological tissue. Dehydration and embedding stages prepare the sam-

ples for sectioning via microtome. The samples are then prepared for staining with

the appropriate stain. The two used for this histological process are Haematoxylin &

Eosin and Picro Sirius Red with Miller’s Elastin. Both of these stains perform differ-

ing functions and give a much better microscopic picture of the various components

within the tissue samples. Figure 7.32 shows the process used at NPIMR.

Figure 7.32: Flow chart showing the various steps involved in the histology process

There are various other steps to take within the staining process for each of the

stains used and these are summarised in fig 7.33. This process was carried out
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at NPIMR and is included here for information. Further reference to the staining

results will be discussed alongside presentation of the histological slides.

Figure 7.33: Flow chart showing the various steps involved in the staining process

Histology Results

To appreciate the microscopic effects of the energy delivery on both the lesion site

and underlying tissues it is important to be aware of normal oesophageal biology

162



and to consider a normal section of tissue as a control sample. For the purposes

of this section Haematoxylin & Eosin stain will be referred to as H & E and Picro

Sirius Red and Miller’s Elastin will be referred to as PicMill. Haematoxylin stains

the nuclei blue whilst Eosin stains the cytoplasm and surrounding cellular matrix

pink. This allows for in depth anaylsis of the cellular morphology of the tissue and

its reaction to the wound creation, coagulation and subsequent healing.

Figure 7.34: Normal oesophageal structure under H & E staining

Figure 7.34 shows a sample of oesophagus at 20x magnification and prepared

with H& E stain. To the left of the slide you can see empty space which is the

lumen of the oesophagus through which food passes. The next layer, which has a

number of folds to allow for the expansion and constriction of the oesophagus during

swallowing is made up of epithelium. This epithelium along with the lamina propria

and the muscularis mucosae form the mucosa. The submucosa sits under this and

below this is the muscularis. The haemostatic device needs to apply enough energy to

stop any bleeding but not so much as to damage deep into these layers which would

cause delayed healing and possibly further complications due to perforation of the

163



Figure 7.35: Normal oesophageal structure under PicMill staining

oesophagus itself. Figure 7.35 shows the same sample but prepared with PicMill stain

and viewed under polarised light. Viewing the PicMill slides under polarised light

causes birefringence of the collagen within the structure allowing for the analysis

of the cellular structure and also allows commentary on whether the energy delivery

has altered this structure. Once again the three distinct layers; mucosa, submucosa

and muscularis can be seen each with lower densities and different structures of

collagen. The clear line between submucosa and muscularis is called the fascia and

damage or perforation of this is one of the biggest concerns for this application.

Figure 7.36 shows the initial lesion both under H & E and PicMill stains. The

PicMill picture is once again shown under polarised light which shows a clearer

view of the collagen structure throughout all layers. There is a clear difference in

the tissues where the energy has been applied. Under H & E staining it can clearly

be seen that the epithelial layer has been removed by the graspers and the energy

has made a large entrant into the mucosal layer. In fact it appears the energy has
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Figure 7.36: Lesion 1 under H & E and Picmill staining

passed through approximately one third of the submucosal layer as well, evident due

to the increased inflammatory response. This inflammatory response is visible as

an increase in colour and density of cells. It can also be seen that the submucosa

has started to repair itself and there is clear regeneration of the endothelium at the

wound edges. When viewed under the PicMill stain however, the collagen appears to

be affected slightly deeper almost two thirds into the submucosal layer. The positive

aspect of this is that there appears to be no energy penetration into the muscularis.

Interestingly very similar results can be seen throughout all of the lesions. The

tissue components appear to be affected approximately one third through the submu-

cosa but when viewing the collagen matrix, there is clear effect approximately double

that depth. Figures 7.37 to 7.41 all show this effect.

Figure 7.37: Lesion 2 under H & E and Picmill staining
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Lesion 2 is quite interesting in that there seems to be minimal ablation of the

epithelial layer within the mucosa yet figure 7.27 clearly shows bleeding and subse-

quent coagulation. This could be due, in part, to the use of the endoclip device to

seal the small mucosal perforation during the procedure. The pink oval shape at the

distal end of the energy delivery boundary under H & E staining is a blood vessel

and there are new vessels forming giving further support that the energy delivery is

not causing long lasting negative effects on the treatment sites.

Figure 7.38: Lesion 3 under H & E and Picmill staining

Lesion 3, unfortunately, was prepared in such a way as to only show the very

edge of the lesion and coagulation. Even so the same effect can be seen.

Figure 7.39: Lesion 4 under H & E and Picmill staining

Figure 7.40 has been created from two images due to the large treatment effect.

Lesion 6, figure 7.41 shows a slightly different picture. The H & E staining shows
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Figure 7.40: Lesion 5 under H & E and Picmill staining

Figure 7.41: Lesion 6 under H & E and Picmill staining

what appears minimal depth with a clear inflammatory response within the mucosal

layer and some response in the submucosa. However when looking at the PicMill

slide, there seems to be a much deeper effect within the collagen even down to some

geographic damage and thinning of the fascia which is the small ’wall’ of collagen

which separates the submucosa from the muscularis layer. Whilst this is a larger

effect than the previous sites there is still no perforation or stopping of the collagen

which means that new collagen will eventually form and the wound site should heal

as expected.
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Chapter. 8

Discussion and Conclusion

8.1. Discussion

This research was born out of the requirement to create a new medical device

capable of utilising high frequency microwave energy in the Super High Frequency

(SHF) band alongside the delivery of haemostatic chemicals or even other medi-

cal tools to treat bleeding in the upper gastrointestinal tract via a multi-modality

approach. The device comprises a novel transmission line structure containing a

hollow channel to allow for the delivery of fluids, tools or other structures into a

treatment site whilst being capable of precisely and controllably delivering microwave

energy at 5.8GHz.

The use of 5.8GHz microwave energy was previously discussed and has been

shown to offer a good compromise between availability and penetration depth into

tissue. The use of 5.8GHz also allows for the creation of a focussed radiator without

the need to for excessive loading of the structure using materials with high dielectric

or magnetic properties. The use of this frequency has been shown to clinically

effective through human trials conducted by Creo Medical Ltd.

The clear drive towards an increase in the use of non invasive procedures dictates

the requirements for an endoscopic device capable of being introduced through a

natural orifice and able to achieve haemostasis with the following constraints:

1. Maximum Outer Diameter of 2.5mm

2. Maximum allowable Attenuation of 3dB/m

3. Hollow Channel with Inner Diameter of at least 1mm
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These three constraints required the use of materials with minimal attenuation

where the dielectric constant and loss tangent are as low as possible whilst requiring

both conductors to be in close proximity. This altered the cable impedance from the

more common 50Ω to approximately 14Ω by minimising the amount of dielectric

material and altering the capacitance and inductance of the structure. This variation

in impedance required the development of impedance transformers to allow the cable

to be used with the majority of microwave test equipment and attachment to the Creo

Medical generator that will be used in the final device.

Initial research into suitable impedance transformer structures was based on the

delivery of both RF and microwave energy, either being applied sequentially or si-

multaneously to prove usability of the device within a wider range of electrosurgical

applications which require both energy delivery modalities. Two structures were pro-

posed and designed to allow for delivery of energy at both 400KHz and 5.8GHz.

Simulated results of both structures were used to qualify the design. One of the

main constraints with the use RF energy was the maintenance of access to the hol-

low channel in a structure that provided both the impedance transformation required

for delivery of the microwave energy whilst also allowing for the propagation of RF

energy.

The first structure utilised capacitive coupling to act as an open circuit at RF

frequencies and as a short circuit around the spot frequency of 5.8GHz. The second

structure uses quarter wavelength chokes. The benefit of this structure was that, even

if a conductive material is introduced into the hollow channel, the whole structure

distal to the cable acts as an open circuit. Simulated results for both structures show

expected operation and energy delivery at both RF and microwave frequencies whilst

showing good isolation at the hollow channel input port.

Due to the specific clinical application of this research; namely the coagulation

of bleeding vessels, the use of RF energy was discluded from the final device and as

such two further impedance transformer designs were developed. An initial co-axial
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structure showed positive results both in simulation and physical testing with accept-

able transmission and minimal loss; but this was difficult to iteratively manufacture

for optimal performance. A second microstrip based structure was designed and

developed which also showed optimal matching at 5.8GHz both in simulation and

testing but due to manufacturing limits and limited time utilised FR4 material for

the dielectric substrate which has slightly higher loss than high frequency microwave

substrates. This slightly minimises the power delivered into tissue but calculations

and simulated results showed this to be adequate for this application. For other elec-

trosurgical applications which require more energy such as tumour ablation or where

even higher microwave frequencies are considered, this would need to be changed

in order to gain optimal performance for the device and therefore optimal power

transmission from the generator.

Figure 8.1: Final manufactured transformers

The two microwave impedance transformer structures, shown in figure 8.1, were

then used to test the three prototype cables developed in this research, and discussed

in chapter 5, using time domain measurements. These results showed some issues

with the first two prototypes which had higher loss than predicted through theoeretical

calculations and more than the required 3dB/m; this could have been for a number

of reasons as previously discussed but is most likely due to variation in geometry of

the dielectric layer.

The second prototype used a braided inner conductor which also may have had

an impact on the cable loss due to higher resistance from the braid. The third
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prototype, with the same design as the first, but with an alternative manufacturer

showed much better results and measured less than the desired upper limit of 3dB/m

attenuation. It is believed that the company who manufactured the final prototype

used newer machinery and had more stringent controls and monitoring in place

during the manufacturing process which allowed for the cable to be wrapped tighter

and therefore be more uniform throughout its length. It is important to note that

even though a similar design was used, the materials were most likely acquired from

different sources and may have slightly different characteristics which could also be

a reason as to why the third prototype performed much better than the previous

prototype assemblies.

The second portion of the research concerned the integration and combination of

the previous parts coupled with a unique radiative tip design capable of delivering

fluid and delivering microwave energy, at 5.8GHz, to stop bleeding in the upper

gastrointestinal tract. The benefits of using microwave energy at 5.8GHz have been

discussed in terms of penetration depth, healing and accuracy of delivery. It was

also required for the radiative tip to be an end fired antenna which would create a

hemispherical zone of coagulation for maximum accuracy and control.

Figure 8.2: Final Simulated and Manufactured Radiative Tip

The radiative tip was designed as an integrated quarter wave impedance trans-

former to match the 14Ω impedance of the cable with the higher impedance, of

approximately 59Ω, of the tissue at 5.8GHz. Simulated designs gave results which

showed that although a lower dielectric constant material would need to be used,
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the presence of fringing fields and additional capacitances meant that the physical

length of the tip could be much shorter. A shorter tip is required to ensure that the

device can fit easily into the working channel of the endoscope or gastroscope whilst

navigating the angles experienced as the device is inserted into the GI tract.

The combination of impedance transformer, cable and radiative tip was then

integrated into the final device. 3D printing was used to manufacture a handpiece

capable of housing the impedance transformer and protecting the clinician from any

radiation or burns whilst remaining ergonomic and comfortable to use. Multiple

iterations were printed and tested to ensure that the handpiece would fit comfortably

in the hand. Standard connectors were used for both the microwave input and access

to the hollow channel to ensure compatibility with a multitude of equipment used in

a standard endoscopy suite.

Figure 8.3: Overall Final Device

Initial bench testing and comparison studies showed the device operating as ex-

pected into a porcine liver bench model. Clear coagulation zones could be seen that

vary with power level and time of delivery. Longer delivery time leads to a larger

coagulation zone and depth of treatment due to more energy being delivered coupled

with thermal spread during application. This variation was constant over multiple
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treatments allowing for controllable energy delivery dependent upon the size of the

bleed. These bench test results need to be considered as an ideal energy delivery

scenario as the on bench tissue differs from live in-situ tissue due to a lack of per-

fusion acting to take heat away from the treatment site, lack of metabolic heating to

stabilise its temperature and other various differences in tissue properties.

The culmination of this research was the programme of pre-clinical testing of the

full haemostat devices at NPIMR. A porcine study was conducted in which a number

of lesions were artificially created through removal of the outermost epithelial layer

and the bleeding was subsequently stemmed using the device followed by the devel-

opment of a ’plug’ to permanently stop the bleeding and promote healing processes.

Haemostasis was achieved in all treatment sites and the lead clinician commented

on the efficacy, accuracy and ease of use of the device.

Figure 8.4: Creation and Treatment of Oesophageal Bleed Lesion 5

Post-test histological analysis was carried out on all wound sites and showed

suitable healing of the treatment site after seven days and showed no adverse effects

any deeper than two thirds into the submucosal layer and no significant geographical

changes to the deeper muscle layers of the GI tract which would be indicative of a

perforation of the oesophageal lumen or lasting damage as a result of too much

energy being delivered to the treatment site. A clear difference can be seen between

the cellular structure of the wound sites, as seen in figure 8.5 (left) where closing of

the endothelium and regeneration of new tissue can be seen. The increased immune
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response and activity is indicative of the depth of the microwave effect. There is

a much deeper effect, shown in figure 8.5 (right), to the collagen matrix where it

can be seen that although penetrating slightly deeper, new collagen is beginning to

regenerate showing a positive outcome in healing of the treatment site.

Figure 8.5: Histological Slide of Lesion 5

8.2. Conclusion

Overall the device performed very well when evaluated for clinical efficacy and a

complete medical device capable of acting as a viable alternative to current haemo-

static technologies has been developed in this work. Literature, whilst being varied in

opinion, all agree that a multi-modality approach is the best. The successful addition

of the hollow channel within the novel transmission line structure allows for this

approach with the combination of adrenaline and microwave energy.

The multiple transformer structures developed and designed through this work not

only showed that the novel cable is capable of the delivery of microwave energy but

also that RF energy delivery can be considered for use in multiple other electrosurgi-

cal applications which require dual modality energy delivery for examople in cutting,

resecting and coagulation. This is especially useful when considering this cable as a

replacement for current energy delivery cables used in current electrosurgical devices

especially those in use by Creo Medical. The successful delivery of RF energy would

enable the use of the new cable in a device such as the RS2 ’speedboat’ [97]; a device

used for endoscopic submucosal dissection procedures, and would allow for a more
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concentric structure to be utilised to aid device rotation.

The effective design, simulation, manufacture and testing of the radiative tip

structure showed excellent efficiency when delivering energy into tissue and allowed

for the final device to not only show promise in bench ex-vivo testing but also allowed

clinical performance to be evaluated, where haemostasis was efficiently and effectively

performed on a representative porcine model during in-vivo pre-clinical testing.

Pre-clinical investigation which took place at NPIMR allowed the final device, a

combination of the individual components described in this research, to act as an

effective medical device within a clinical setting under good laboratory practice pro-

tocols. The clinician conducting this treatment commented on its efficacy and ease

of use, whilst having no problem achieving haemostasis for all lesions created. The

seven day follow up including histology not only showed good healing of all treat-

ment sites but also showed that no perforations or permanent geographical changes

were present. This result indicates that the microwave energy delivered is not too

aggressive and was able to be well controlled by the clinician.

The culmination of this work is the design and development of a novel transmis-

sion line structure featuring a hollow channel capable of being used for both RF and

microwave delivery in a number of electrosurgical applications; most notably, for this

research project, as a dual modality haemostasis device for use in the upper GI tract.

The final cable prototype successfully fulfilled all of the required constraints having

an average attenuation of 2.89dB/m, an outer diameter of 2.5mm whilst containing a

hollow channel with diameter of 1mm capable of the delivery of fluids or introduction

of other tools.

8.3. Further Work

There are a number of additional work packages, outside of the scope of this

project, which would compliment this project and benefit the device mainly in terms
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of improving the individual components. Some of these are small improvements and

some are much more involved and would require more work and may form their

own research projects in the future.

8.3.1 Microstrip Transformer Improvements

Initially the microstrip based transformers could be improved, in terms of loss,

through the use of a specific microwave dielectric material such as Rogers or Taconic

materials. This would minimise the loss and allow more energy to be delivered into

the treatment site. Equally further improvement and optimisation of the co-axial

based transformer structure might allow for a structure which is easier to manu-

facture whilst maintaining a good impedance match. The trace itself could also be

optimised, as previously discussed and could be made smaller; by using a single quar-

ter wavelength instead of three for example. One advantage of using the co-axial

structure is that no stray fields exist outside of the transformer structure as both the

E and H field propagate within the two enclosed conductors.

8.3.2 Radiative Tip Improvements

With regards to the radiative tip, one drawback is the need to minimise the inner

hollow diameter to allow for suitable mechanical and electrical connection to the

cable. When considering fluid delivery this is not an issue but for some applications

which require the introduction of other tools, losing 0.1mm of hollow channel could

limit the use of other tools such as forceps or needles. Further investigation into

other radiative structures and alternative ways of connecting the tips would allow

for the same diameter hollow to be maintained throughout the device.

Whilst not appearing to be particularly problematic in the bench testing or preclin-

ical work carried out, some literature reports tissue sticking following coagulation.

Should the device form a coagulum around the tip instead of around the bleeding

176



vessel then the bleed will continue or is likely to appear coagulated but re-bleed post

operatively. An introduction of a thin ’anti-stick’ or hydrophobic coating could be

simulated and tested to ascertain whether this is an issue or whether it would have

any effect on the radiative efficiency of the tip. For a thin layer; i.e. much smaller

than the wavelength being used, there should be minimal effect on the microwave

propogation.

8.3.3 Novel Cable Improvements

Another further aspect to consider is the materials used for the construction of the

cable itself. Research into this area could allow for a smaller wall thickness to be

used on both the structural inner tube and the outer protective tube. This would

allow for a much larger hollow diameter, a smaller outer diameter or even a cable

with the same inner and outer diameters but more dielectric material which should

decrease the attenuation and allow for more energy to be available at the distal end

of the cable; this would be important if the cable was to be used in devices designed

to achieve ablation where more power is required to be able to achieve larger ablation

zones.

Further characterisation of the cable would also be beneficial such as the deter-

mination of the actual impedance of the cable rather than inferring through other

measurements. This would allow the transformer structures and radiative tip to be

designed more optimally. Further characterisation such as maximum bend radius,

maximum power handling and temperature profile measurements would also benefit

further use of this cable.

8.3.4 Thorough Device Comparison and Validation

Although a preliminary testing comparison has been carried out between the device

presented in this research and the Boston Scientific Gold Probe, it would be advan-
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tageous to run a full comparison study between this device and a number of energy

based haemostatic devices currently in use by clinicians. This full comparison study

would need to have a large enough sample volume to be statistically significant and

would also need to consider both the macroscopic and microscopic effects of the

energy delivery profiles using histological analysis. One consideration is that the RF

probes, especially as seen in the preliminary comparison in section 7.2.2, may be more

aggressive in their energy delivery and therefore have higher risk of perforation or

unwanted damage to the tissue structures; particularly due to penetration deep into

the muscularis layers. The reformation of the collagen matrix and healing times due

to microwave energy should also be compared with that due to RF energy.
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Chapter. A

Final Device - Bill of Materials

Provided here is a Bill of Materials for the final device. Sources are provided for

those items which are off the shelf and information provided for those items which

are custom made.

Figure A.1: Bill of Materials for the final device
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Chapter. B

Pre-clinical Documents

B.1. Protocol

The protocol used for the pre-clinical study is shown here. It has been signed off

by the author, supervisor and the Director of NPIMR who conducted the pre-clinical

investigation.
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B.2. Anaesthesia and notes documents

The pre-clinical notes used during the investigation are shown here. These include

observations and comments made by the theatre technician.
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Chapter. C

Simulations: Preliminary investigation of varied mate-

rials on microstrip transformer shielding and radiation

Figure C.1: Simulation model for assessing the effect of various materials on shielding
of the microstrip transformer

The microstrip transformer structure was simulated with a previous iteration of

the ground tray which comprised of a box containing the whole structure. The

reason for this was to test the usability of a new 3D printed conductive material and

to assess its efficacy as electromagnetic shielding.

The same structure was used for each simulation with the material of the outer

box being changed. Initially this was set as aluminium, then the simulation was

repeated with a custom material created for the conductive filament from Blackmagic

3D. The material was approximated as a lossy metal with a conductivity calculated

from the BlackMagic 3D datasheet. [98]

The S parameters can be seen in figure C.3. The aluminium shows lower loss than

the conductive filament as well as less reflection at the SMA input port. However this

is only a difference of approximately 0.88% and is most likely due to the inherent
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Figure C.2: Material parameters used to assess the effect of various materials on
shielding of the microstrip transformer

Figure C.3: Simulated S Parameters showing the effect of various materials on shield-
ing of the microstrip transformer

difference in conductivity between the materials. Farfield monitors were added to

the simulation in order to ascertain whether the materials made a difference to the

amount of energy being radiated from each structure and it plotted as directivity can

be seen in figure C.4 and the radiation values can be seen in table C.1. Raditiative

efficiency is the ratio between the the radiated power and the power accepted into

the the antenna. The directivity is defined as the ratio of the radiation intensity in a

direction out from the antenna to the radiation intensity averaged over all directions.

Both simulations show that the material choice of either conductive filament or

aluminium would be suitable. However for this structure the enclosure needs to be

conductive as it acts as the ground for the entire transformer. This was deemed to

not be suitable for the final device as the connections to the material were difficult
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Figure C.4: Simulated power loss density used to assess the effect of various materials
on shielding of the microstrip transformer

Table C.1: Simulation values for farfield monitors of each material

Material
Radiated
Efficiency
(dB)

Radiated
Efficiency
(%)

Directivity
(dBi)

Aluminium -105.1 3.09E-09 3.605
Conductive Filament -98.61 1.38E-08 3.839

to control. This gave rise to the need for a more controllable ground tray structure

as discussed in the main body of this research.
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