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New Microwave Antenna Structures for Treating
Gastro-Oesophageal Reflux Disease (GERD)
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Abstract—The design and initial pre-clinical evaluation of
microwave traveling-wave antenna structures to deliver high-fre-
quency microwave energy with controlled depth of penetration
of the electric field to produce controlled ablation around the
inner wall of the oesophagus (confined to the mucosal layer) at
the junction between the stomach and the oesophagus is described
in this paper. The structures were fabricated using flexible mi-
crowave substrates to enable them to be attached to the outer wall
of oesophageal balloons for introduction into the oesophagus. It is
shown that the uniform electromagnetic field produced along the
length of the structure produces controlled circumferential tissue
ablation, which could be used to tighten the muscles in the lower
oesophageal sphincter, where the stomach connects to the oesoph-
agus, to reduce or eliminate regurgitation and acid exposure to
the oesophagus, a condition known as gastro-oesophageal reflux
disease. This paper also presents the results obtained from in-vitro
tissue studies and initial in-vivo work carried out using the porcine
model. This is the first study to assess the use of microwave energy
to treat medical conditions associated with the oesophagus.

Index Terms—Gastro-oesophageal reflux disease (GERD), gas-
troscope, lower oesophageal sphincter (LES), super high frequency
(SHF).

I. INTRODUCTION

ASTRO-OESOPHAGEAL reflux disease (GERD) is re-

flux and regurgitation of the contents of the stomach into

the oesophagus (the tube from the mouth to the stomach) and
can have a negative impact on daily life. At best, this reflux is
uncomfortable, but left untreated, it can cause chronic inflam-
mation and lead to damage and even cancer of the oesophagus.
Food passes from the throat to the stomach through the oe-
sophagus (also called the food pipe or swallowing tube). Once
food is in the stomach, a ring of muscle fibers prevents food
from moving backward into the oesophagus. These muscle
fibers form a valve called the lower oesophageal sphincter
(LES), which separates the stomach from the oesophagus. This
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valve is also known as the antireflux valve. If this sphincter
muscle does not close well, food, liquid, and stomach acid
can leak back into the oesophagus. This is called reflux or
gastro-oesophageal reflux. GERD is one of the most common
diseases, with millions of people worldwide experiencing
symptoms at least once a month. Over 21 million people in the
USA suffer from heartburn or other symptoms of acid reflux
two or more times per week. Finely controlled heating of the
muscles in the LES, using high-frequency microwave energy
delivered from a near-field antenna structure, could offer a
clinically preferred solution to tighten and restore the function
of the antireflux valve.

The ability to produce controlled circumferential tightening
at the LES to restrict the flow of acid from the stomach back
up into the oesophagus is challenging due to the location of the
LES, the limited thickness of the tissue in this region of the body,
which can be less than 2 mm in places [1], and the need to de-
liver the treatment as quickly as possible to prevent the device
from moving (it is only possible to stabilize the patient for a
limited amount of time). This paper presents a novel solution to
this problem by introducing a center-fed traveling-wave antenna
structure that has a width of 5 mm and an overall length of be-
tween 40—60 mm that enables controlled near-field propagation
of high-frequency microwave energy into the sphincter to pro-
duce a band of controlled heating around the sphincter to give
controlled tightening. The new structure is mounted onto the
outside body of a surgical balloon and introduced through the
instrument channel of a gastroscope or cannula in the deflated
state, where it can be located, using the camera within the scope,
and inflated in-situ. A dose of energy of between 8600 J is de-
livered in the form of a pulse or burst of microwave power at
14.5 GHz for a duration of between 2-30 s with an amplitude of
between 4-20 W to produce a band of controlled heating around
the LES with a uniform area and controlled depth of penetration
to restrict the flow of juices back up into the oesophagus. The
level of control of the heating profile and short treatment time
is not possible using other existing treatments.

The new solution uses high-frequency microwave energy
generated in the super high-frequency (SHF) band, and a flex-
ible substrate material with a high enough dielectric constant to
allow the distance between adjacent slots of the traveling-wave
antenna structure to be small enough to produce a uniform
band of heating when in contact with biological tissue. The
width of the structure is narrow enough to allow the structure
to be attached to an oesophageal balloon and be inflated and
deflated, and the length is long enough to ensure that at least
270° of the circumference radiates. A frequency of 14.5 GHz
ensures that the depth of penetration of the electric field into
the tissue produces heating to a depth that does not damage the
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muscle layer or cause a perforation, and the insertion loss of
the 2.2-mm microwave feed cable that connects the microwave
power source antenna is low enough not to cause cable heating.
The traveling-wave antenna arrangement comprises of a feed
structure, an impedance transformer, and a series of radiating
slots in the ground plane. The antenna is fabricated onto a
low-loss flexible microwave substrate to allow it to be attached
to the surface of a standard oesophageal balloon in a collapsed
state to enable it to be introduced into the instrument channel
of a gastroscope or a cannula and be expanded when it reaches
the LES.

This paper is focused on the design of the new antenna
structure and presents initial in-vitro and in-vivo data gathered
to date to demonstrate clinical efficacy. The use of minimally
invasive devices, such as the new microwave traveling-wave
antenna structure introduced here, offers a clinically attractive
alternative solution over other treatment solutions, including
medicines (e.g., proton pump inhibitors) and surgery (fundo-
plication). Other devices that have been considered to treat
oesophageal related conditions using minimally invasive tech-
niques and electrical energy include low-frequency microwave
or RF devices [2]-[6], but none of these devices offer the level
of control of the heating profile and the fast treatment time
offered by the new traveling-wave structure.

It has been shown that high-frequency microwave energy
generated in the SHF band at a specific frequency of 14.5 GHz
can be used to produce fast and controlled ablation of in-vitro
and in-vivo[7], [8] liver tissue. These studies demonstrate the
ability to create spherical ablations with a diameter of up to
38 mm (£1.3 mm) using an omni-directional radiator com-
prising of a 2.2-mm-diameter rigid coaxial structure with an
end-fed radiator with a ceramic tip and integrated quarter-wave
impedance transformer [9]. A review of other low-frequency
microwave antenna structures designed and developed to ad-
dress other medical applications is given in [10]-[16].

In the new structure, near uniform heating along the length
of the antenna structure, in the near-field, is achieved by con-
trolling the size of the radiating slots within the ground plane.
The width of the slots increases with the distance between the
generator and the end of the structure. The depth of the heating
is a function of the frequency of operation and the tissue type to
be treated, i.e., the oesophagus wall. At the chosen frequency,
the depth of heating is near ideal for this tissue.

II. DESIGN AND MODELING

It is required for the antenna to be designed to be conformal to
an oesophageal balloon and fit through the instrument channel
of a gastroscope. It should radiate selectively into the oesoph-
agus wall when the supporting balloon is inflated with air or a
liquid, i.e., saline solution. A short section of the oesophagus
wall around the LES should be heated in order to produce con-
trolled local surface scarring to a controlled depth. It is pro-
posed to achieve this using microwave radiation at a frequency
of 14.5 GHz due to the limited depth of penetration of the field.

There are a number of constraints that must be considered.

a) The antenna must be inserted through a tube or channel

of approximately 2.5-mm diameter.
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b) The antenna must be placed in a known position relative
to the wall of the oesophagus (at the LES) so that focused
heating can be delivered.

c) It is desired that the heating takes place around at least
270° of the circumference while the antenna is in close
contact with biological tissue of high dielectric constant.

d) Itis desired to heat the oesophagus uniformly around the
circumference.

Constraints ¢) and d) indicate that the use of an array antenna
would be required, but size constraint a) makes this very diffi-
cult. Close contact with the oesophagus wall, as required in c),
would tend to make a feed network lossy. Constraint a) makes
it difficult to include much structure at all, let alone shielding to
prevent coupling of the feed to the oesophagus wall.

A traveling-wave antenna structure was considered because
it can be designed to distribute its radiation uniformly over
its length. If weak coupling is used, the radiation takes place
over a large length, and if strong coupling is used, over a
short length. The usable length of a traveling-wave antenna
may be limited by efficiency considerations because, if the
coupling is too weak, more energy may go into losses in
the antenna than is radiated.

A. Short Single Traveling-Wave Structure

Electromagnetic (EM) simulations were carried out using
CST Microwave Studio to identify the characteristics of trans-
mission lines on the proposed flexible microwave substrate,
Rogers R-Flex 3850. It was found that 12.55- and 26.7-Q2
lines were of convenient widths, being 1.5 and 0.6 mm wide,
respectively. These are close to 12.5 and 25 €} and are conve-
nient for use in quarter-wave impedance transformers with a
transmission line of 50-€2 impedance.

It is desired that transmission should take place in the line
without large losses to the oesophagus wall so structures having
the ground plane next to the oesophagus were considered.
This is because the fields for microstrip are mainly confined
close to the track and thus should not couple strongly round
to the back of the ground plane, even if the ground plane is
only slightly wider than the track. It was found that a layer of
oesophagus under the ground conductor of microstrip lines did
not significantly affect the transmission loss even for ground
planes 2.5 mm wide and track widths of 1.5 mm (12.55 ).

A form of traveling-wave antenna that can radiate to the rear
of the ground plane was sought. Traveling-wave antennas are
matched over a wide bandwidth so that the design is not fre-
quency critical. This is important when the exact characteris-
tics of the load (i.e., the dielectric properties and the spacing
from the antenna) are unknown, as a narrowband antenna can be
de-tuned if these parameters are different from those assumed in
the design, whereas a broadband antenna is more robust to these
changes.

There are strong currents on the top of the ground plane di-
rectly under the track. These currents mainly flow parallel to the
track. A slot in the ground plane, under the track, and transverse
to the track, will interrupt these currents and radiate.

An array having 20 transverse slots in the ground plane, cen-
tered under the track, was tested. The antenna is shown from the
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Fig. 1. Traveling-wave antenna with slots in the ground plane.

Fig. 2. Antenna seen from feed side with block of oesophagus in contact with
radiating side.

TABLE 1
LENGTH OF SLOTS FOR SHORT 20-SLOT TRAVELING-WAVE STRUCTURE
Slot Slot length (ff Slot Slot length
number (mm) number (mm)
1 0.98 11 1.456
2 1.02 12 1.512
3 1.064 13 1.582
4 1.106 14 1.638
5 1.148 15 1.708
6 1.190 16 1.778
7 1.246 17 1.848
8 1.288 18 1.932
9 1.344 19 2.002
10 1.400 20 2.170

ground-plane side in Fig. 1 and from the feed side, on a block
of oesophagus in Fig. 2.

The slots were 0.4 mm wide, with 1-mm increment between
slot centers. As a first approximation, slot lengths were chosen
that increased in geometric progression along the length of the
antenna from 0.98 to 2.17 mm. The array was based on lengths
increasing with a common ratio of 1.0405, but with some hand
adjustment. In particular, the length of the last element was in-
creased. This is because, as the power remaining in the trans-
mission line falls to a low proportion of the original power, the
geometric progression is a poor approximation of the required
law. The slot lengths as a function of position along the antenna
are given in Table I.

1) Simulation Results From Short Traveling-Wave Structure
and Coaxial Transition :

Short Traveling-Wave Structure

The antenna was simulated using CST Microwave Studio.
Automatic mesh refinement was used. After four refinements,
the result had converged. The return loss of the antenna is shown
in Fig. 3. The match between 14—15 GHz is better than 23 dB,
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Fig. 3. Input match to antenna fed from 50-€2 line with 25-{2 quarter-wave
transformer.

i.e., less than 0.5% of the incident power is reflected back to
the load. For the purposes of the simulation, the far end of the
antenna was terminated in a matched port so the proportion of
power remaining after the last slot is given by s2;. The power
transmitted past the antenna is smaller than —20 dB from 14 to
15 GHz, i.e., less than 1% of the power remains.

In addition to the return loss and the power transmitted
past the antenna, there will also be some ohmic losses in
the transmission lines and some losses into the surrounding
media. These were assessed by modeling the transmission line
without radiating slots and found to give a loss of about 0.6
dB, or 13% of the input power, for a length of transmission
line of the same length as this antenna. However, since most
of the power has been radiated by the halfway point, the
ohmic losses in the antenna might be expected to be half
this, i.e., approximately 7% of the incident power. The return
loss shown in Fig. 3 is better at 14.9 GHz than at 14.5 GHz,
therefore some improvement in efficiency could be obtained
if the antenna were redesigned with certain parameters scaled
to lower the frequency response by about 2.5%. This might
include lengthening the transformer.

Fig. 4 shows plots of power absorbed into the modeled oe-
sophagus wall. These nine plots show the absorbed power den-
sity at cross sections taken at 0.1-mm intervals from the antenna
center line out to 0.8 mm from the center line. The distance from
the center line is shown by the left-hand end of each plot.

The nine plots show that the highest absorption takes place
immediately under the coupling slots and that the penetration
is of the order of 0.5 mm to the half power point. Within
0.5 mm of the center line, the absorption per slot appears
to vary by about 3 dB until the last 1/4 of the length of the
array. The power absorption varies only slightly across the
antenna cross section out as far as 0.5 mm from the center
line. After this, the absorption starts to fall off. At distances
more than 0.7 mm from the center line of the antenna, there
is little absorption. Some improvement in the uniformity of
power absorption along the length of the antenna may be
achieved by slightly reducing the lengths of the slots in the
center portion of the array. The width over which absorption
takes place is determined mainly by the width of the slots
and the width of the feed track, whichever is smaller. It is not
likely that this can be increased significantly without making
the entire antenna wider.
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Fig. 4. Power loss density into oesophagus at 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7,
and 0.8 mm from the center plane.

B. Design of the Longer 30-Slot Traveling-Wave
Antenna Structure

A longer antenna than the 20-slot traveling-wave antenna de-
scribed above will be required to allow the device to be used to
treat patients that have a large diameter oesophagus. The design
of a longer antenna is more difficult than for a shorter antenna
so a parametric investigation was carried out and the lengths
of the slots were calculated using design equations and interpo-
lated parametric curves.

1) Design Method: A track width of 1.5 mm and a ground
plane width of 2.5 mm were used, as in the shorter antenna. The
width of the ground plane for the antenna is a compromise be-
tween being as narrow as possible and being wide enough to
carry all the significant current components on its top face. If it
is not wide enough, there would be a small amount of the power
flow under the ground plane, which would give additional loss
in the oesophagus near both edges of the ground plane. Max-
imum coupling is obtained by slots that are perpendicular to
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the current. Under the center of the track, these slots are com-
pletely transverse to the track direction. Asymmetric slots could
couple if they were longitudinal, but it is expected that the cou-
pling would be quite weak, as the strongest current components
are expected to be longitudinal. In order to obtain the strongest
coupling, transverse slots running under the center of the track
were used. Coupling in the first antenna was varied using the
slot length. It is possible that the slot width may also affect the
coupling strength.

Variation of Coupling Along the Antenna

In order to obtain uniform power absorption along the an-
tenna, it is necessary to vary the coupling strength along the
antenna. If slot n couples a proportion ¢,, of the power P,, that
reaches it, the power coupled at slot n, 2, is given by (1) as
follows:

Q'n = PILC’IL' (1)

The power reaching the next slot F,, 1 will be lower and can
be described by (2) as follows:

PnJrl - Pn(l - Cn)~ (2)

The power coupled at that slot can then be described by (3)
as follows:

Cp,
Qn+1 = PTl(l - Cn)cn-i-l = Qn(l - C'n) _+1 . (3)

(s

In order that the coupled power should remain the same for
eachslot,i.e., Q11 = @y, although the power in the microstrip
falls at each slot, it is necessary that the coupling should in-
crease progressively from slot to slot. The slot coupling varies
according to the law (1—¢;, )e, 11 /¢, = 1,1€, ¢ 01 = ¢, /(1 —
¢n,). Ifthere are N slots, each slot should couple 1/N of the total
power so ¢; = 1/N. Then ¢z = 1/(N — 1) and, in general,
¢n, = 1/(N —n 4+ 1). This assumes that reflections from each
slot are small enough to be neglected. Design for good return
loss also depends on the reflections from each slot being small
and on coherent cancellation between the small reflections from
each slot. The return loss is usually also controlled by tapering
the start of the antenna, but if uniform coupling is required, as it
is here, this cannot be done, so this limits the achievable return
loss. If a taper is not used, the return loss depends on the number
of slots and the slot spacing.

As each slot is designed to couple a proportion 1/N of the
power, or more, the power remaining at the end of the array
should be of the order of 1 //V or less. This determines the typical
transmission loss. For a 30-slot antenna, the transmission loss
should be better than —15 dB.

Determining Slot Lengths and Widths

In order that the first simulation of the array should be close
to the desired solution, it is necessary to be able to design slots
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TABLE 11
COUPLING FOR DIFFERENT VALUES OF SLOT LENGTH AND WIDTH

Slot Slot width (mm)
length
(mm) 0.2 0.25 0.3 0.4 0.5 0.6
0.2 0.0518 0.0474 0.0475 0.0520 0.0521 0.0522
0.4 0.0504 | 0.0525 | 0.0526 | 0.0514 | 0.0541 | 0.0548
0.6 0.0551 0.0549 0.0541 0.0562 0.0578 0.0593
0.8 0.0633 0.0662 0.0679 0.0727 0.0764 0.0806
1.0 0.0842 0.0877 0.0936 0.1006 0.1038 0.1111
1.2 0.1254 0.1336 0.1411 0.1532 0.1646 0.1751
1.4 0.2003 0.2139 0.2320 0.2391 0.2527 0.2726
1.6 0.3155 0.3276 0.3382 0.3532 0.3649 0.3730
1.8 0.4151 0.4238 0.4258 0.4365 0.4451 0.4443
2.0 0.4708 0.4700 0.4723 0.4809 0.4805 0.4807
0.5 m0.45-0.5
£ 045 m 0.4-0.45
2 04
5;:2 0.35 1 00.35-0.4
§ o%g m0.3-0.35
@ 02 m0.25-0.3
3 0.15 m0.2-0.25
e Ot 00.15-0.2
O 0.05 ’ '
0 00.1-0.15
i m0.05-0.1
s 83 ° 20-0.05
Slot length (mm) Slot width ——————
(mm)

Fig. 5. Variation of coupling with length and width of slot—oblique view.

with coupling coefficients that are close to the required values.
In order to be able to do this, a large number of simulations of
individual slots of different lengths and widths were run using
CST. Simulation runs were performed using a short length of
microstrip with matched ports at either end. The microstrip had
one transverse slot at the center, and loads of a saline balloon
and oesophagus over and under the microstrip, respectively. The
parametric run option in CST was used so that several lengths
were calculated for one width in some simulation runs, and sev-
eral widths for one length in other runs. Only the length and
width of the slots was varied, as the variation of additional pa-
rameters, such as track width, would have greatly increased the
number of simulations required, and the existing antenna width
and impedance are convenient. Simulations were carried out for
slot lengths from 0.2 to 2 mm at intervals of 0.2 mm for widths
0f 0.2, 0.25, 0.3, 0.4, 0.5, and 0.6 mm. In each case, the return
loss and the transmission loss were recorded.
The normalized power coupled to the tissue is calculated as

Cw,l =1- 5%1 (4)

2
- S21-

Table II records the values of normalized coupled power for
each slot length and width.

Fig. 5 shows these values in a 3-D format. It can be seen that
the width of the slot has very little effect on the coupling. This
is confirmed in Fig. 6 in which the surface is seen projected
orthogonally to the width axis.

It can be seen that the coupling appears to start at 0.05. This
is because dissipative loss in the transmission line has not been
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TABLE III
COUPLING FOR 0.4-mm-WIDE SLOT FOR VARIOUS
VALUES OF SLOT LENGTH

Slot length
(mm) Si Sy’ 18,7 -8
0.0 0.000084 0.9527 0.0472
0.05 0.0000 0.9605 0.0395
0.1 0.0000 0.9603 0.0397
0.2 0.0003 0.9609 0.0388
0.4 0.0008 0.9552 0.0439
0.6 0.0019 0.9474 0.0507
0.8 0.0047 0.9287 0.0665
1 0.0108 0.8881 0.1011
1.2 0.0235 0.8100 0.1664
1.4 0.0493 0.6776 0.2730
1.6 0.0882 0.5138 0.3980
1.8 0.1434 0.3814 0.4753
2 0.1779 0.3187 0.5033
05 [m0.45-0.5
04 mO0.4-0.45
z b 0.35 6 4
c .35-0.
% 0.35 o
% 0.3 m0.3-0.35
S 0.5 [0.25-0.3
o X
g o2 W0.2-0.25
§- 0.15 00.15-0.2
O g1 0o.1-0.15
‘ [ 0-0.05

0
2 18 16 14 1.2 1 08 06 04 0.2
Slot length (mm)

Fig. 6. Variation of coupling with length and width of slot—orthogonal view.

taken into account. Allowing for this, the coupling increases
roughly as the square of slot length, until the slot length exceeds
the track width, 1.5 mm. For longer lengths than 1.5 mm, the
coupling increases more slowly with slot length until, at 2-mm
length, the coupling is no longer a strong function of slot length.
The coupling increases slightly with increasing slot width, but
by no more than about 30% for a tripling of slot width from 0.2
to 0.6 mm. Since the coupling is only a weak function of slot
width, it was decided to use a fixed slot width of 0.4 mm, as this
proved satisfactory for the shorter traveling-wave antenna.

Further predictions were carried out for a slot width of
0.4 mm, for lengths of 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2,
1.4, 1.6, 1.8, and 2 mm. These predictions were carried out
with more rigorous conditions for convergence of the adaptive
meshing algorithm because the coupling coefficient that is
calculated depends on the difference between numbers that are,
in most cases, significantly larger than the coupling coefficient,
so these numbers need to be accurate. A simulation was also
carried out with no slot to determine the dissipative loss. In each
case, the return loss and the transmission loss were recorded.
The values of 52, s3,, and | — s%;, — s3, for each slot length
are shown in Table III.

The dissipative loss in the transmission line was obtained
from the transmission and return loss when there was no slot
and was found to be 0.0472. This agrees well with the apparent
bottom limit of about 0.05 to the normalized coupling coeffi-
cient at low slot widths seen in Fig. 6, although it is a little higher
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TABLE 1V
COUPLING FOR 0.4-mm-WIDE SLOT FOR DIFFERENT
VALUES OF SLOT LENGTH—WITH CORRECTION

Slot length C=1- 5y, Polynomial
(mm) 1- 511252, S21°-29 fit
0 0.0472 0.0000 0.0000
0.05 0.0395 0.0015 0.0036
0.1 0.0397 0.0017 -0.0006
0.2 0.0388 0.0008 -0.0006
0.4 0.0439 0.0059 0.0085
0.6 0.0507 0.0127 0.0143
0.8 0.0665 0.0285 0.0254
1.0 0.1011 0.0631 0.0608
1.2 0.1664 0.1284 0.1328
14 0.2730 0.2350 0.2374
1.6 0.3980 0.3600 0.3522
1.8 0.4753 0.4373 0.4400
2.0 0.5033 0.4653 0.4613
TABLE V

POLYNOMIAL COEFFICIENTS FOR SIXTH-ORDER
BEST FIT To COUPLING CURVE

Polynomial term Coefficient

L° 0.1539
L -1.0832
L* 2.6546
L -2.744
L 1.303

L -0.236
L° 0.0125

than the lowest coupling values toward the top of the right-hand
column of Table III. This is a small inconsistency in the results,
despite care having been taken to run the simulations with high
accuracy. With no slot, the normalized power returned to the
input port, s3,, was 0.00008, indicating that the port matching
to the line was good, and giving confidence in the other results.
To take account of the dissipative losses in the microstrip, the
coupling coefficients were recalculated using (5) as follows:

Cr=1-s2 —s2 —ao. 5)

These values are shown, together with the old values, in
Table IV. Since the lowest coupling values in Table III are less
than 0.0472, a value of 0.038 was used for @y when calculating
the coupling values shown in the third column of Table IV,
except for the zero length value. The fourth column of Table IV
shows the best sixth-order polynomial fit to the values in the
third column. The coefficients of the polynomial are given in
Table V.

Fig. 7 shows curves for coupling coefficients calculated using
the first set of simulations (First run), the second (more accurate)
set of simulations (Longer run) and point-to-point (Empirical)
and smooth (Poly) versions of the polynomial approximation. It
can be seen that the polynomial is a good fit for coupling values
between 0.1-0.4, and couplings of over 0.47 are unattainable.

Fig. 8 shows details of the curves for coupling values between
0-0.1. It can be seen that all the curves are fairly close, but
the polynomial fit oscillates a little around the calculated values
and is a relatively poor fit for coupling values below 0.15. The
curves shown in Figs. 7 and 8, and the associated polynomial,
were used as the starting point to design the 30-slot structure.
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Slot coupling into oesophagus for 0.4 mm wide slot
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Slot coupling into oesophagus for 0.4 mm wide slot
0.1

= 0.15B9x] - 1.0832x" + 2.6546x" -

0.09 = =
P.744x” +1.803x" - 0.236x +0.0125

0.08

0.07

0.06 = == Longer run

005 First run

0.04

>

/ Empirical

Power coupled

>

Poly. (Longer run)

0.03

0.02 7

72

0.01 ==
N —-/é/
0 0410203 040506 07 0809 1

Slot length (mm)

Fig. 8. Variation of coupling with length of slot for width of 0.4 mm: detail at
low coupling.

$1.1:-16.94799

[S+44] (dB)

0 5 10 15 20
Frequency (GHz)

Fig. 9. Return loss for third 30-slot antenna.

The simulated return loss of the antenna with the integrated
transition from coaxial cable and transformer is shown in Fig. 9.
It can be seen that the match is best at the design frequency. This
is mostly due to the transformer characteristics, but interaction
between the antenna and the transformer may have resulted in
a slight improvement in the return loss at the design frequency.
This would depend on the exact distance of the antenna from
the transformer.

The simulated transmission loss is shown in Fig. 10. The
transmission loss of 30 dB represents only a small proportion
of the power coupled at each slot.

The power absorption density is shown in Fig. 11. The ab-
sorption close to the beginning of the array is about four times
more than near the end of the array. It is noticeable, though,
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Fig. 12. Two traveling-wave slotted structures connected in parallel, fed by an
impedance transformer (ground plane).

that the absorption seems to be fairly constant over most of the
last half of the array. This seems to indicate that the coupling is
too high for slot lengths less than 1 mm, but about right for slot
lengths more than 1 mm. There is a small increase in absorption
toward the end of the array, indicating that the coupling may be
slightly too high for slot lengths of 1.5 mm or more. It is not
clear why this should be. In future work, the predicted coupling
needs to be compared with the measured coupling to make sure
the predicted variation is real, and then computer optimization
used to even out the power distribution in the array.

III. FABRICATION

The substrate material employed for the antennas must be thin
and flexible enough to allow the device to be folded and passed
through the instrument channel of an endoscope or gastroscope,
while the balloon is in its deflated state, and opened up to form
a circumferential band in the inflated state. The most suitable
material was found to be the Rogers R/flex 3850 substrate with
a thickness of 0.002 in (50 um) and 1/2 oz (18 pzm) electrode-
posited copper on both sides.
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Fig. 13. Fabrication of two 30-slot traveling-wave “T” structures—radiating
slots in ground plane.

Fig. 14. “T” structure attached to the outer wall of an oesophageal balloon
catheter.

To enable the radiating band to cover at least 270° of the cir-
cumference of the oesophageal balloon, two of the long 30-slot
structures were used and connected in a “T” arrangement, as
shown in Fig. 12 for 20-slot antennas, where the two structures
are electrically connected in parallel.

Two 30-slot structures connected in a “T” configuration, fab-
ricated on R/flex 3850 substrate, and connected to a Sucoform
86-cable assembly is show in Fig. 13.

These structures were then attached to the outer wall of the
balloon using 0.21-mm polyester carrier double-sided acrylic
tape and the microwave cable and the coaxial transition were
attached to the balloon using a medically approved Loctite ad-
hesive. Figs. 14 and 15 show the traveling-wave structure con-
nected to the outer wall of the balloon, with the balloon in the
expanded state.

It was necessary to find a suitable adhesive to attach the an-
tenna to the balloon. Both Loctite and Araldite adhesives were
applied and tested for suitability. It was found that Loctite gave
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Fig. 15. Antenna structure attached to an inflated balloon with means of in-
flating and deflating.

-

Fig. 16. Prototype antenna structure attached to an inflated balloon being in-
serted into a porcine oesophagus.

the best results with a solid bond generated between the cable
assembly and the surgical balloon.

It was also apparent that the electric field is a maximum at
the 1/4-wave T-feed launch junction. It was important to mon-
itor the coupling degradation effects on the overall S;; mea-
surements resulting from using Loctite adhesive in the bonding
process and the effect of having a double-sided acrylic tape. Any
nonuniform application of adhesive underneath the launch feed
line might cause a nonuniform field distribution at the junction,
thus causing an impedance mismatch at the junction.

IV. EXPERIMENTAL VALIDATION

The prototype device was tested using in-vivo and in-vitro
porcine tissue models. For the in-vitro testing, porcine oesoph-
agus models were obtained from a abattoir and the traveling-
wave “T” structures attached to an inflated balloon were directly
inserted into the oesophagus, as shown in Fig. 16.

A 14.5-GHz generator was used to supply the microwave
energy to the antenna structure. The generator was configured
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Fig. 17. Experimental arrangement showing a section of a pig’s oesophagus
with the antenna inserted inside.

to deliver pulses of microwave energy of duration between
1-100 s, and amplitude (measured at the output of the gener-
ator) of up to 50 W. A PID controller was used to ensure that
the power level was kept constant for the duration of the pulse.
Power level and pulse length was set up using a user menu, and
the energy was delivered by depressing a foot-switch pedal.
The experimental setup used is shown in Fig. 17.

In-Vitro Study

The balloon was inflated to a diameter of 16.25 mm and the
traveling-wave antenna was attached using double-sided tape,
as shown in Fig. 18. The microwave energy was fed into the
antenna using a 1.2-m Huber-Suhner Sucoform 86-microwave-
cable assembly.

The ablation results for generator output power of 36 W, re-
sulting in input power to the radiating antenna of approximately
4 W, are shown in Fig. 19.

The region where no tissue effect is observed is due to the
antenna structure not having radiating slots in this region. This
may offer clinical advantage, as this will limit the amount of clo-
sure of the sphincter. The three regions of ablation were created
using the same antenna, moved along the oesophagus. Table VI
gives the power levels and pulse times used to create the three
ablations.

It can be seen that tissue ablation occurs in the regions where
the radiating slots are present in the traveling-wave antenna
structure, and the depth of penetration is well controlled. The
portion of the circumference where thermal damage has not oc-
curred is due to the fact that radiating slots were not present in
this region. The delivery cable does not get hot enough to cause
any collateral damage to healthy tissue.
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Fig. 18. Antenna structure and medical balloon used in the measurements.

Fig. 19. Oesophagus cut along its length to show three zones of ablated tissue.

TABLE VI

TEST PARAMETERS USED
Power at output of generator: 36W
Power at radiating antenna: 4W
approximately
Right hand region of ablation 20 seconds
duration
Middle region ablation duration 30 seconds
Left hand region ablation duration 40 seconds

It can be seen that the structures are capable of producing con-
trolled uniform circumferential ablation using a morbid porcine
oesophagus model.
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Fig. 20. Porcine model, day 0: H&E stain x20.

In-Vivo Study

An in-vivo study was also carried out using the porcine model.
This study was designed to assess the activity of the “T” struc-
ture with the potential to ablate mucosa with sub-mucosa, in a
controlled manner, in the porcine oesophagus.

The device was passed per oss until the tip of the cannula car-
rying the circumferential ablation antenna was felt or observed
just distal to the oesophageal sphincter. The device was then ac-
tivated and 20 W of power was delivered into the antenna struc-
ture for a period of 5 s. The device was then moved proximally
2 cm and activated for a second time using the same power de-
livery profile, and this was repeated four times to produce four
separated ablations of the oesophageal mucosa. The oesophagus
was removed and fixed following which histological sections
were made of the putative ablation sites.

Two sections from subject C indicated discreet and ob-
vious ablations. With haemotoxylin and eosin stains, shown
in Figs. 20 and 21, they are not easy to detect, but are shown
as a flattening and a change of orientation together with some
loss of integrity of the tissues both at the mucosal side and
at the junction of the mucosa with the underlying collagen in
this oesophagus. However, using picrosirius red stains, shown
in Figs. 22 and 23, it can be seen quite clearly that there is a
discreet and obvious delineated area of degraded collagen deep
to the mucosa. It is not fully degraded as it still carries small
amounts of birefringence, but appears to be at the level that
would not survive in a recovery situation.

The positioning of the device to be sure of correct location for
ablation was difficult without direct vision, but with a clinical
device having remote vision markers this would be overcome.
Once in position with the end balloon fully inflated, the device
was activated according to “guestimates” of the power required
for ablation of oesophageal mucosa. Multi-positioning of the de-
vice with the end balloon fully inflated was achieved with ease,
which indicates that the inflation of the bladder was probably
not sufficient to ensure complete contact between the ablation
electrode on the outer circumference of the balloon and the oe-
sophageal mucosa—this could be solved with a larger balloon
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Fig. 21. Porcine model, day 0: H&E stain % 20.

Fig. 22. Porcine model, day 0: picMill x20 pol.

Fig. 23. Porcine model, day 0: picMill x20 pol.

provide the attached electrode was still active following com-
pliance with deflation and reinflation of the balloon.
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Macroscopic examination of the excised oesophagus post
ablation showed two obvious ablation sites evidenced by a
sharply demarcated whitened areas of the mucosal surface and
several other very light “whitenings,” which were possible
ablation sites. These sites were not complete circumferential
changes and seemed to support the probability of the end
balloon not being of sufficient size.

The histology also supports this suggestion as the areas seen
to be ablated did not form a fully circumferential feature. They
were, however, very precise and limited to the mucosa and some
of the underlying matrix, but without showing a risk of perfora-
tion. This level and depth of ablation is ideal for the adjustment
of oesophageal sphincter diameter as a potential reduction of re-
flux strategy, although the contact been microwave application
antennae and the mucosal surface would probably have to be
significantly more complete than seen in this initial pre-clinical
assessment. The width of the ablation antenna will be the other
variable for this type of device, and although there will prob-
ably be a mean acceptable width, it is believed that there will be
situations that could require thin and/or thick bands of ablation
to achieve the required clinical end point.

V. CONCLUSION

This paper has described the design, EM modeling, fabrica-
tion, and initial pre-clinical evaluation of new novel microwave
traveling-wave antenna structures that may provide a clinically
superior solution for treatment of GERD. It has been shown that
the structures can produce near-field propagation of high-fre-
quency microwave energy with a controlled depth of penetra-
tion of the electric field to produce well-defined circumferen-
tial heating (or controlled ablation) around the inner wall of
the oesophagus, just distal to the oesophageal sphincter. The
structures were fabricated using flexible microwave substrates
to enable them to be attached to the outer wall of oesophageal
balloons for introduction into the oesophagus through a tube or
cannula. It has been shown that the uniform EM field produced
along the length of the structure produces controlled circumfer-
ential tissue ablation using a morbid or in-vitro porcine tissue
model.

A design method has been formulated, refined, and followed
to enable traveling-wave antenna structures to be produced that
can deliver energy into the wall of the oesophagus to produce
controlled ablation of the mucosal layer.

The in-vivo study has enabled us to demonstrate that ablation
occurs in the region where the radiating slots are present in the
ground plane of the traveling-wave antenna structure and the
depth of penetration is well controlled. It has also been demon-
strated that the microwave cable that delivers the energy from
the source to the antenna does not get hot enough to cause any
collateral damage to healthy tissue. In the in-vivo study, the trav-
eling-wave antenna device delivered the correct intensity of ab-
lation to the oesophageal mucosa, which may make it a viable
candidate for use in the treatment of GERD. Having said this,
the contact between antenna and mucosa was intermittent and
would need to be more complete circumferentially. The prin-
ciple of the new traveling-wave device has been proven and the
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results suggest relatively straight forward routing to definitive
pre-clinical trials and thereon to clinical use.
A patent application has been filed for this device [17].
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