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Two Applications of Microwave Therapy: Psoriasis and Varicose Veins

Abstract

An introduction to the use of microwaves for medical applications is given, with a
comparison between different modalities for heating tissue, such as radio-frequency
and laser based techniques. The background to the design and construction of
applicators using finite element packages is also explained and this knowledge is
demonstrated in the design, construction and testing of novel systems to treat psoriasis
and varicose veins. The psoriasis treatment system is hyperthermia based, whilst the
varicose veins treatment employs ablation, thus giving an insight into two different
means of inducing a therapeutic effect using heat. Thermal analysis of the heat
induced by the applicators is demonstrated by numerical solution of the diffusion
equation by finite difference approximations and Green’s function analysis, with the
results being validated against bench models. The results of testing of the psoriasis
system on three patients are given, including the first quantitative assessment of the
relationship between skin temperature and blood perfusion levels for both psoriatic
and healthy skin at hyperthermic temperatures. The varicose veins treatment is

minimally invasive, and is the first microwave based treatment for varicose veins.
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Chapter 1: Introduction and background

1.1  Introduction
Heating tissue can have a variety of effects depending on the temperature and the

length of time for which that temperature is held. It can temporarily stop cell
replication (Herman, 1977), coagulate blood vessels (Carbonell, 2003), cause tissue
shrinkage (Trembly & Keates, 1991) and, of course, induce cell death (Borelli, 1990).
The resulting cell death, and the effects resulting from further heating, such as
carbonisation and vépbriéaﬁoh, are cbrﬁmbniy feferfed to as a‘tblationb (LeCarpentier,.
1993), and are useful for treéting a wide variefy of éomplaints. Some of the modalities
available to achieve heating in tissue include direct contact heating, (Chung, Xiao &
Ryan, 2002), heating induced by laser beams (Navarro, 2001), ultrasound induced
heating (Tyreus, Nau & Diederich, 2003), the direct application of radio-frequency
(RF) electromagnetic waves (Scott, 2001) and the application of RF energy via an
argon plasma (Miyazawa, 2000).

Achieving the desired effect on the tissue relies on producing a particular temperature
profile within the tissue for a given length of time. The fact that each modality
delivers energy to the tissue through a different method of action means that each
modality will lend itself to producing different temperature profiles over different
timescales. Different modalities are therefore inherently suited to producing different
effects, and hence for the treatment of different conditions. In addition, the use of a
particular modality has an impact on the engineering of the device and system used to
deliver the heating, which can also be an important consideration in where and how
the treatment system can be used. A review of the most commonly used modalities,
together with their features and advantages and disadvantages are given in sections
1.2.1 to 1.2.6. A summary is given in table 1.1. The majority of these modalities have
been reviewed by Williams and colleagues (2004).

Chapter 1: Introduction and background Page 1
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1.2  Thermal medical treatment modalities
1.2.1 Contact heating

Possibly the superficially simplest method of achieving tissue heating is through
contacting the tissue to be heated with a hot surface or hot fluid. Thermal conduction
is then relied upon to carry the heat into the tissue. This has the advantage of being
likely to be relatively easy to implement in terms of system engineering, as the
technology required to achieve heating of fluids or surfaces is unlikely to be as
complex as that required for other heating modalities. In addition, the maximum
temperature rise in the tissue will not exceed the temperature of the fluid or surface
used, due to the fact that thermal conduction alone is used to carry heat through the
tissue. This means that an accurate upper limit on tissue temperature can be set if the
surface temperature is known. This differs from other heating modalities where the
heating is induced in the tissue itself, making the maximum tissue temperature more
difficult to accurately predict. This effect can be important for treatments that have
tight safety limits on temperature, such as treatments that must not produce steam, or

must achieve cellular damage without causing cell death.

The fact that contact heating relies on thermal conduction alone also has significant
disadvantages. Above all, it cannot produce ablations of significant depth without the
use of very high surface temperatures and is slow to create deep ablations compared
to other modalities such as microwaves and RF. A major limiting factor in this regard
is the level of blood perfusion, which has the effect of cooling the tissue and hence
limiting ablation depth even more. In addition, if a surface is used to provide this
heating, any small gaps between the surface and the tissue will result in significantly
less transfer of heat and so result in a significantly smaller ablation depth than
predicted by thermal analysis. This problem can be overcome through the use of a
fluid, but this introduces the difficulty of safely delivering the hot fluid to the
treatment site without causing collateral damage, containing it once in place and then
removing it again. One example of the use of contact heating in medicine is in
removing the lining of the uterus, called the endometrium, by inserting a hot saline
filled bag into the uterine cavity (Baldwin, 2001). Removal of the endometrium using

heat is called endometrial ablation.
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1.2.2 Laser
Lasers light with wavelengths of between 1000-3000nm are typically used for heating
tissue. Lasers heat the tissue directly, and very superficially, leading to difficulty in
assessing and controlling the maximum tissue temperature achieved. However, they
offer potentially superficial heating at high temperatures over a small treatment area.
The minimum depth of ablation is around 20pm according to LeCarpentier et al.
(1993) with maximum ablation diameters of between 1-3cm if heating is maintained
(Tizuka, 2000). In addition, no contact with the tissue is required to achieve the
heating and the energy can be delivered down very narrow (600um) optical fibres

with minimal losses.

On the other hand, the small size of the heated area of tissue makes ablating large
areas slow, as this can only be achieved by passing the heated spot over the surface to
be treated. It is therefore not ideal for treating large areas due to the significant time
that is required. The fact that the power delivery is from a virtually point source also
means that carbonisation of the tissue can result when trying to achieve large ablation
volumes (lizuka, 2000), due to the maintenance of very high temperatures in a small
volume of tissue, followed by a reliance on thermal conduction to carry the heating
out further. As with direct contact heating, this reliance on thermal conduction limits
ablation volumes compared to ultrasound, RF and microwave based modalities and
leads to the need for very high superficial temperatures to try and achieve a larger
depth of thermal penetration within an appropriate length of time, if required for an
application that necessitates large ablation volumes such as tumour ablation. Some
examples of lasers being used in medicine are their use in eye surgery due to their
very focussed heating, their use to cause veins to occlude by causing localised damage
to the vein wall, and in cancer treatment, where they have been used to ablate

tumours.

1.2.3 Ultrasound
Ultrasound is very widely used in imaging, but high intensity ultrasound can also be
used to produce significant tissue heating. Frequencies of between 1-15 MHz are

typically used with heating over depths of up to 5cm (Tyreus, Nau & Diederich,
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2003). Higher frequencies are absorbed more readily, so giving smaller depths of
penetration, with lower frequencies resulting in deeper penetration. This ability to
vary the depth of over which the tissue is heated means that there is significantly more
flexibility in determining the required therapeutic temperature profile, as thermal
conduction alone is not relied upon to deliver the heat. In particular, heating over a
significant depth of tissue means that large ablation volumes are theoretically possible
without the need for the development of extremely high temperatures, as thermal
conduction is not the only method of delivering heat into the tissue. This means that

ultrasound heating is well suited for the ablation of tumours.

Unfortunately, ultrasound applicators have difficulty maintaining efficiency as the
probe heats up, even for relatively modest temperature rises. Direct contact with the
tissue is also needed to deliver the ultrasonic waves and the use of a coupling medium
(such as ultrasound gel) can be required to achieve efficient coupling between the
ultrasonic transducer head and the tissue. Both of these effects lead to a significant
lack of efficiency and high reflected powers, particularly as the probe temperature
rises due to heating of the surrounding tissues. This limits ablation volumes to around
3cm diameter. Also, relatively large applicators of around 2.2 to 4mm diameter are
required to create these significant ablation volumes (Tyreus, Nau & Diederich,
2003), which is large in comparison to RF and laser applicators which are generally
around 1-2mm in diameter. An additional disadvantage is that ultrasonic absorption is
directly related to tissue protein content, which can vary significantly between tissues.
It will therefore selectively heat éome tissues more than others, such as bone, nerves

and scar tissue. This makes ultrasonic ablation impossible in areas close to bone.

1.2.4 Radio-frequency
Radio-frequency based heating is the most widely used method of heating tissue.
Alternating currents at frequencies of around 450 - 1000 kHz are used to cause
heating due to the passage of the current through the tissue. This means that two
electrodes are required to allow currents to run between them. In a bipolar system, the
two electrodes are placed near each other on the applicator, so the current is relatively

well confined to the region around the applicator. In a monopolar system, currents run
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between the applicator and a large pad attached to the patient, often located on their
thigh. The current is most intense at the applicator, and becomes increasingly diffuse
for tissue closer to the pad. This therefore limits heating to the area around the

applicator.

The relatively low frequencies used, when compared to microwave frequencies,
means that wires can be used to deliver the energy, and this has significant advantages
from an engineering point of view. Applicators can be made very narrow and with
minimal energy losses on route to the treatment site. The heating induced by the
currents is less superficial than that produced from lasers, but significantly shallower
than heating from ultrasound, making it potentially suitable for treating a wide range

of conditions.

However, the more limited heated volume of tissue that results when compared to
ultrasound induced heating means that ablation volumes are intrinsically smaller than
those available from ultrasound induced heating. This is due to the greater reliance on
thermal conduction to expand the ablation, and the need to limit power delivery to the
applicator to prevent excessive temperatures and charring around the applicator. In
addition, tissue desiccation resulting from prolonged heating causes the impedance of
the tissue to change in the tissue surrounding the applicator. This has the effect of
lowering energy delivery to the tissue, so limiting ablation volume. In an attempt to
remedy this and expand the ablation volume, multiple electrodes have been used
emerging from a single applicator. This has resulted in unpredictable larger ablation
volumes and leads to recurrences when used to treat cancerous tumours as the entire

tumour has not been successfully ablated (Scott e al., 2001).

1.2.5 Argon plasma coagulation
An extension on the use of radio-frequency heating is the combination of radio-
frequency heating with an argon plasma. The plasma allows conduction between the
electrode and the tissue without the need for direct contact of the electrode on the
tissue. This expands the region of heating whilst still allowing the use of a small

probe. This gives very shallow, even burns of around 400um according to Miyazawa
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(2000) without vaporisation of tissue. Naturally, this also means that it does not lend
itself to ablating large volumes, and it is primarily used to stop bleeding from surface

blood vessels.

1.2.6 Microwave
Microwaves offer many of the advantages for heating tissue that other modalities
offer, due to the fact that it can heat both large and small volumes (Sw1ﬂ 2003) In
thlS respect it is 51m11ar to ultrasound but does not have some of the major drawbacks
associated with the use of ultrasound. Desplte this, it has been used surpnsmgly
infrequently. This may be due to the difficulties in producing efficient antenna
designs. In fact, microwaves applicators have the potential to offer very efficient
designs that can produce uniquely large ablations (Wonnell et al., 1992). As with
ultrasound, the depth of tissue heating can be altered through altering the frequency of
operation. Frequencies of around 1-10GHz are used with tissue penetration depths
between several millimetres and several centimetres. In addition, the absorption of
energy by tissue due to microwaves is relatively uniform as it is dominated by the
water content of the tissue, which is relatively uniform across tissues. This greatly
reduces selective heating effects, allow heating in areas much closer to bone than is
possible with ultrasound. Finally, direct contact between the applicator and the tissue

is not a necessity to ensure efficient microwave radiation into the tissue.

There are some potential drawbacks however. In particular, large applicators are
generally required to achieve efficient designs (2-Smm in diameter). This is
considerably larger than many RF and laser applicators. Also, as with radio-frequency
ablation, tissue desiccation due to extended treatment times can result in a reduction
in energy delivery due to changes in tissue properties. However, careful antenna
design can minimise or eliminate this effect and ensure good efficiency throughout a

treatment.

Microwaves have the potential to be used to treat many different conditions.
Possibilities include tumour ablation, coagulation of blood vessels and endometrial

ablation.
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Contact Laser Ultrasound Radio-frequency Argon plasma Microwave
Method of Thermal conduction  Absorption of Mechanical agitation ~ Resistive heating Application of high Agitation of polar
action photons of tissue caused by induced by the frequency current via molecules such as water
ultrasonic waves impedance of the ionised argon gas
tissue
Typical n/a 1000-3000nm 1-15MHz 450 - 1000 kHz Radio frequency 1-10GHz
frequencies
Advantages Simpler technology ~ Very targeted heating Large volumes Small applicators Creates very shallow, Efficient and quick
required Energy deliverable ablation possible even burns - 400pum. Large ablation volumes
Maximum tissue - via narrow fibres Depth of penetration ~ Power deliverable via Coagulated material possible
temperature known if No contact with can be controlled by  narrow wires remains in place Depth of microwave
surface temperature  tissue required frequency choice Widely used and Small probe penetration can be
known Minimal losses en accepted Direct contact not controlled by frequency
route to treatment site required Predictable heating
‘ Compact system patterns
Disadvantages  Difficult to deliver Small ablation Large applicators Unpredictable for Large ablations not Large applicators
heat to treatment site  volumes required for optimal ~ larger ablation possible required compared to RF
Slow Virtually point source performance volumes Cannot cope with high and laser to deliver
Only small ablation  can lead to Energy absorption levels of blood loss significant power levels
volumes possible. carbonisation when related to tissue type Tissue desiccation can
If hot saline used to  trying to achieve leading to selective result in impedance
deliver the heat, larger ablation heating changes resulting in
there is always the = volumes Becomes inefficient lower energy delivery
risk of leakage Small heated spot as applicator
size makes ablating temperature rises
areas slow
Typical medical Endometrial ablation Eye surgery Tumour ablation Venous occlusion Coagulation of surface Tumour ablation
uses Venous occlusion Blood vessel blood vessels Endometrial ablation
Treatment for thread coagulation Blood coagulation
veins and acne Endometrial ablation
Sterilisation

1.2.7 Table 1.1: A summary of the major thermal medical treatment modalities
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frequency generator were passed through his hands after they were immersed in
saline. Jacques Arsene d Arsonval (1891 & 1893) applied various high frequency
currents to human subjects in 1891, and found that frequencies in excess of 10kHz did
not produce neuromuscular stimulation, thus allowing the use of high frequency
currents to heat tissue in-vivo. D Arsonval’s equipment was modified by Oudin to
create sparks that would cause superficial tissue destruction. Riviere (1900) used this
‘equipment to successfully treat an ulcer in 1900, and Pozzi (1909) reports successful
use of the equipment to treat skin cancer, claiming that the modality could selectively
destroy tumour cells. Doyen (1909) reports the successful use of a return path
electrode that was connected to the patient. This produced a more penetrating and
effective current. Clark (1911) achieved the first desiccation of tissue, once again with
the Oudin current generator, but with a multiple set of electrodes in order to create a
multiple set of sparks, rather than a single electrode. The most major advance
undoubtedly came from William Bovie (1928). He successfully worked with Harvey
Cushing, a neurosurgeon, to create an electrosurgical device that gained widespread

acceptability (Goldwyn, 1979).

The use of both bipolar and monopolar radio-frequency has advanced steadily since
then, with many medical devices based on the use of radio frequency currents. The
use of even higher frequencies was not possible until the development of the
magnetron during World War II. Since then the possibility of heating tissue using
microwave ovens has been widely exploited. The use of microwaves for medical
treatments is also becoming more widespread. The principles of operation of four
commercial systems are given below. These demonstrate four successful ways of

applying microwave therapy.

1.5  Current microwave therapies

1.5.1 Microwave endometrial ablation (Microsulis® MEA™ - “MEA”)
This treatment is for a condition called menorraghia, Which is heavy menstrual
bleeding experienced by up to 19% of women of reproductive age (Snowden &
Christian, 1983). This condition frequently leads to a hysterectomy, which is an
operation that carries a high degree of morbidity (7% according to Kelly, 1998) and
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