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38.1 OVERVIEW OF ANTENNAS
FOR MEDICAL APPLICATIONS

Antennas used for medical applications span applications in imaging, communicatiog with
implantable medical devices, heating for treatment of cancer, cardiac abnormalities, and
hypothermia, measurement of fields for assessment of RF safety, augmentation of healing
and reduction of pain. Some of these applications have gained worldwide acceptance an(i v
are currently used with human subjects, and others are still in the research and develop_
ment stage. This chapter describes the nature of the human body environment in which
these antennas are commonly used, relevant regulations and guidelines, and the antennag
and their applications.

38.2 THE ENVIRONMENT

The Regulatory Environment

There are two types of regulations of particular interest to designers of antennas for medi.
cal applications. The first is the allowable frequency. Applications that are used externg]
to the body or for short periods of time (hyperthermia treatment, pain control, cardiac
ablation, etc.) utilize the Industrial, Scientific, and Medical (ISM) bands (433, 915,
2450 MHz) in both the United States and Europe. Higher frequencies have the advantage
of smaller antenna sizes, but the disadvantage of lower depths of penetration within the
body. Implantable medical devices that are meant to stay in the body for a long period of
time have been allocated a band of their own in the United States, the Medical Implant
Communication Service (MICS) band from 402-405 MHz.! The maximum bandwidth
that can be used by a single device is 300 kHz in this band. The maximum power limit is
25 uW Equivalent Radiated Power (ERP).>*> MICS shares its frequency allocation with the
Meteorological Aids Service (METAIDS), which is used primarily by weather balloons,
- and 1s therefore specified for indoor use.

The second type of regulation of interest in the design of antennas for medical applications
is the limit on allowable absorbed power in the body. The limits for whole-body exposure
are generally not the limiting factor. Instead, limits on localized power are more critical.
Localized power is defined by specific absorption rate (SAR), which is calculated as

ol|E |2

SAR (W/kg) = ——2%*— (38-1)

where o is the electrical conductivity of the tissue (S/m), Ep is the peak value of the electric
field, and ¢ is the density of the tissue (kg/m?). Localized SAR for nontherapeutic applica-
tions 1s limited to 2 W/kg in any 10-gram region of the body with an approximately cubic
volume.*>% An important exception is made in the new [EEE Safety Standard® for the pinna
(the outer ear) for an increased limit of 4.0 W/kg for the general public and 20.0 W/kg
for occupational exposures. For therapeutic applications such as cardiac ablation and
hyperthermia, the absorption limit does not apply, and care must then be taken not to dan-
age surrounding tissues by overheating them.

The question of whether electromagnetic radiation causes harm to the body at nonther-
mal levels has been hotly contested and remains a topic of ongoing research. A focused
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_review of this research was completed by the NIEHS in 1999.7 Significant research and

. ongoing professional oversight have lead to today’s RF exposure standards, which are

- meant to ensure safe levels of RF fields.? Still, designers of antennas for medical systems
should be aware of public fears that may accompany their use and should anticipate being
asked to address this question.

The Physical Environment

Antennas used for medical applications are strongly impacted by the lossy dielectric materials
that make up the human body. This presents challenges when antennas are used for a commu-
pication system, because the tissues absorb the power and detune the antenna. This depends
- strongly on the frequency and the location and depth of the antenna in or near the body, and
. significant variation can be seen from patient to patient. Figure 38-1 shows the electrical
. properties of muscle and fat as a function of frequency.’ At low frequencies, the conductivity
~ of the tissue dominates the impact on the field, and at high frequencies, the dielectric values
. tend to dominate. Table 38-1° shows the electrical properties of several different tissues in the
* body at 433 MHz, which is a commonly used ISM frequency. Muscle is highly conductive
© and therefore very lossy, whereas fat has lower conductivity and therefore lower loss. These
 two tissues are near extremes in the body. A common rough approximation is that the body
. can be modeled using average properties of 2/3 muscle. This is suitable for addressing global
questions such as total power absorbed in the body, but is generally not suitable for evaluating
" near field effects such as peak SAR.
- The lossy tissues in the body have several effects on antennas used for medical appli-
cations. When antennas are used for deliberately depositing power in the body for hyper-
- thermia or cardiac ablation, for instance, the power tends to stay more localized around
_ the antenna, where it is absorbed and converted to heat. For cardiac ablation or in vitro
* hyperthermia applicators, this is good, because it means that the heat will not penetrate to
nearby structures that are not meant to be heated. For external, whole-body applicators for
- hyperthermia or for medical imaging applications, this loss means that it can be difficult to
get the power to penetrate deep within the body. Lower frequencies are used when possible,
and regions near the surface of the body (such as the breast) are easier to work with than
. areas deep within the torso. Multiple antennas must be used outside the body and focused
~ in some way in order to get the power deep into the body.
~ For biotelemetry (communication) applications, the same types of problems are seen.
- Communication with subcutaneous implants loses less power in the body than communi-
cation with deep body implants, for instance. Power lost in the body has two effects: it is
wasted and cannot be used for communication, and the RF exposure limits typically limit
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FIGURE 38-1 Electrical properties of
muscle and fat (from Gabriel®)
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TABLE 38-1 Electrical Properties of Tissues at 433 MHz (from Gabriel®)

Tissue £, o (S/m)
Aorta 49.15 0.7395
Bladder 17.67 0.3128
Blood 57.3 1.72
Bone (Cancellous) 21.08 0.02275
Bone (Cortical) 13.77 0.1032
Bone (Marrow) 5.137 0.03575
Breast Fat 5.62 0.04953
Cartilage 43.64 0.65
Cerebellum 529 0.9]
Cerebro Spinal Fluid 68.97 2.32
Cervix b 44.17 1.020
Colon 60.88 0.96
Cornea 54.4 1.070
Dura ’ 51.03 ' 0.8
Eye Tissues 57.69 1.010
Fat 5.028 0.04502
Gall Bladder 60.06 1.035
Gall Bladder Bile 76.55 1.613
Grey Matter 54.27 0.87175
Heart 60.74 0.9866
Kidney 57.3 1152
Lens Cortex 52.75 0.6742
Lens Nucleus 38.76 ‘ 0.38
Liver 50.34 0.68
Lung Deflated 52.83 0.7147
Lung Inflated 21.58 0.3561
Muscle 64.21 0.9695
Nerve 35.7 0.500
Ovary 5L.55 1.033
Skin (dry) 42.48 0.5495
Skin (wet) o 51.31 0.72
Small Intestine 74.1 2.053
Spleen ° 60.62 1041
Stomach . 74.55 1120

Tendon 50.53 0.7554
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TABLE 38-1 Continued

Tissue _ E, o (S/m)
Testes 65.2 1.137
Thyroid 60.62 0.8183
Tongue 58.79. 0.8993
Tracea 4293 0.673
Uterus ’ 64.73 1117
Vitreous Humour 66.16 - 0.3931
White Matter 39.84 0.5339

the power that can be used for communication and hence the range or bandwidth of the sys-
tem. Also, the lower the frequency used (to enable penetration and minimize power loss),
the larger the antenna must be. Determining the exact impact of the body on the antenna
generally requires precise calculation of the antenna in the presence of the human body.
This typically requires numerical methods that are described in the next section.

Numerical Simulation of Antennas in or near the Human Body

Several methods for analyzing antenna arrays for medical applications exist.' For simple
cases where the biological structure can be approximated as uniform or by very simple mod-
els such as layers or cylinders, classical methods such as analytical analysis!"'? or method of
moments'>'* can be used. If the structure of the body varies so much that anatomically pre-
cise modeling is rendered imprecise by variation between individuals, these simple analyses
can be used to determine an optimal array design for the range of expected variation between
individuals. An example of this was done in Hadley" for design of coils for vascular MRI.
Another example in which the body can be modeled as near-uniform is in the case of arrays
for hyperthermia of the brain. In Furse and Iskander'® stepped-impedance dipoles were mod-
eled using method of moments in an homogenous brain with a localized (nonhomogenous)
tumor. Method of moments with a simple pulsed basis function (which is the most numeri-
cally efficient form) has limitations for heterogeneous models, however, due to artificial
charge buildup on the dielectric interfaces.'® Higher-order basis functions can overcome this
limitation, although the computational complexity is significantly increased.!” In addition,
the method of moments is very computationally expensive when heterogeneous models are
evaluated. It requires N logN computations, where N is the number of cells in the model,
including those making up the heterogeneous object.

A more efficient method for calculation of heterogeneous objects is the finite difference
time domain (FDTD) method, which has led to its tremendous popularity for numerical -
bioelectromagnetic calculations. Forexample, a interstitial array of hyperthermia applicators
simulated using method of moments'® was simulated with a fraction of the computational
resources using FDTD.'® Several individual hyperthermia applicators have been simulated
using FDTD." FDTD requires N? computations, where N is a cell in the (normally cubical)
FDTD grid. Unlike method of moments, every cell in space (including at least a minimal
amount of air surrounding the model) must be included in the discrete model, so the total
number of cells, &, is likely to be larger. However, the significant improvement in com-
putational efficiency generally makes this trade-off favor FDTD for bioelectromagnetic
stmulations. Complete detailed analysis of breast cancer imaging modalities was also done
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with FDTD,?°* as well as hyperthermia systems,* and evaluation of cell phones (including
those with dual antennas) near the human head.***® Antennas for implantation in the body
(mostly microstrip or Planar Inverted F (PIFA) types) have been simulated with FDTD anq
in some cases optimized with genetic algorithms.*’ Deep hyperthermia applicators (annular
phased arrays) have been simulated extensively with FDTD.*4°

Several FDTD developments have been important for bioelectromagnetic simulations,
including the development of frequency-dependent methods (FD)*TD,* low-frequency
FDTD methods,”" efficient FDTD computation,’® and evaluation of temperature using the
bioheat equation.*’

Model development is one of the significant challenges of numerical bioelectromagnet-
ics. Models have progressed from the prolate spheroidal models of the human used during
the 1970s> to roughly 1-cm models based on anatomical cross sections used during the
1980s>* to a new class of millimeter-resolution MRI-based models of the body that have
been the hallmarks of research since the 1990s.-38 Today, probably the most widely used
models are derived from the Visible Man Project.”

Once a tissue-segmented model has been chosen, the electrical properties of the tissues
are defined. The properties of human tissue vary significantly with frequency, so it is essen-
tial to use data accurately measured at the frequency of interest. There is a wide range of
published data on measured tissue properties,’> %! and work is still underway to measure
and verify these properties. These and other references are electronically searchable at the
University of Utah Dielectric Database OnLine.”

38.3 ANTENNAS FOR MEDICAL IMAGING

One of the most promising uses of antennas in medical applications is for imaging the
location of leukemia,” breast tumors,*®* and cardiac anomalies.”*” Microwave imag-
ing methods rely on the fact that the electrical properties of normal and malignant tissue
are significantly different®®%’ and that there is significant variation from tissue to tissue.
Location of breast cancer shows particular promise, because its relatively low loss allows
electromagnetic fields to propagate to the tumor and back, and the proximity of the tumor to
the outer surface of the body means that the signal does not have more than a few inches to
propagate. Two major microwave imaging methods utilize antenna arrays. Tomography??’
attempts to map a complete electrical profile of the breast, and confocal imaging®* maps
only the location of significant scatterers. Both of these methods have used antenna arrays
made up of wideband elements to send and receive the test signals. Microwave thermog-
raphy picks up the passive electromagnetic fields from the body.”*> Magnetic Resonance
Imaging (MRI) uses a strong magnetic field to cause the magnetic dipoles in the body to
precess and then uses an array of loops to pick up the fields when they relax back to their
normal state.!!93-113 :

Tomography for Breast Cancer Detection

Microwave tomography is used to provide a complete spatial mapping of the electrical
properties in the region of interest. During the acquisition phase, an array of antennas sur-
rounds the region of interest. One of the antennas in the array is used to transmit a signal,
normally a sine wave,? set of sine waves,??? or a broadband signal,?? and all of the other
antennas are used to receive the reflected signal. The array is scanned so that each antenna
. transmits each frequency, and these signals are received by each of the other antennas. After
all of the data has been acquired, it is processed by comparing the received data with what
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would be expected from a simulated model of the region. A numerical “forward model” is
used to predict how much power is transmitted from the transmit antenna, passes into and
reflects from the breast/tumor model, and is received by the receive antenna. Originally,
the simulated model is just a good guess for what might be present, generally a generic
breast model with no tumor. The differences between the measured and expected received
data are used to modify the original guess to obtain an ideal model that best matches the
measured data. This “inversion” is used to predict what model could have produced the
measured data.

Microwave tomography for breast cancer has been demonstrated by several groups.20-27
In the Dartmouth system,” for instance, sine waves from 300-1000 MHz (being expanded
to 3 GHz) are transmitted from a circular array of 16 transmit/receive monopole antennas,
shown in Figure 38-2, to produce 2D reconstructed images of the breast. Quarter-wave
monopole antennas (in the fluid) that were built by extending the inner conductor of semi-
rigid coax were used for this application. Monopoles were chosen because they are easy to
model as a line source in a 2D reconstruction algorithm with high accuracy.?® Water-filled
waveguide apertures have also been used for tomography, but the monopole antennas were
found to be as accurate and easier to build.?*

Microwave tomography has been validated experimentally.’ The presence of 1.1- or
2.5-cm saline tubes (representing tumors) in excised breast tissue are seen to be clearly vis-
ible.”® Objects as small as 4 mm in diameter have been imaged at 900 MHz.2’

Confocal Imaging for Breast Cancer Detection

Confocal imaging for breast cancer detection is another exciting application of antenna
arrays in medical imaging. Confocal imaging is similar to ground-penetrating radar. Unlike
microwave tomographic imaging, this method does not provide a complete electrical map-
ping of the region of interest. Instead it identifies locations of significant scattering. This
method typically uses a single antenna scanned in a flat array pattern above the breast or a
cylindrical array of very small broadband antennas.?® For planar imaging, the patient lies
face up, and the antenna is physically scanned in a plane above the breast.?*-*! For cylindri-
cal imaging, the patient li¢s face down, with the breast extending into the cylindrical array

e SRR

FIGURE 38-2 2D monopole array used for tomographic
imaging of the breast (after P. M. Meaney et al® © [EEE
2000)
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through a hole in the table.”>** Matching fluid surrounding the breast, similar to that ugeg fo
microwave tomography, is suggested in this case. Both methods provide similar results 3
One antenna in the array transmits an ultrawideband (UWB) pulse, which propagateg into
the breast, where it is reflected off significant electrical discontinuities, and is receiveg i’
parallel by the other antennas in the array. Knowing the physical spacing between the array
elements, the different delays between the transmit antenna, scattering point, and receiyipgy
antenna can be calculated geometrically. The received pulses representing a specific point -
in space can then be time delayed appropriately for each antenna, added up, and integrageq
to indicate the magnitude of the scattered energy from that point in space. This is effectivety
correlating the signals received from that point at all antennas.

The antennas used for confocal imaging must be UWB and small enough to fit withi,
the relatively small array area. Resolution of less than 1 cm requires a bandwidth of at Jeag
5 GHz. The lossy nature of tissue attenuates high-frequency signals, limiting the upper fre.
quency to about 10 GHz. Initially, resistively loaded bowties were suggested for the planar
configuration,*®3'3337 while dipole antennas were suggested for the cylindrical system 3233
Resistively loaded Vee dipoles have also been proposed.*® In the cylindrical configuration,
multiple antennas are present in the array, although they are not simultaneously active, [y
the planar system, a single antenna is scanned over the surface, creating a synthetic antenng
aperture. To overcome the inherent inefficiency of resistively loaded antennas, a modified
ridged horn antenna operating from 1 to 11 GHz has been introduced.*® Most of the anten-
nas are designed to observe copolarized reflections from the breast; however, two resistively
loaded bowtie antennas in the shape of a Maltese cross, as shown in Figure 38-3, have also
been proposed to pick up the cross-polarized reflections.>® Cross-polarized reflections from
simple tumor models were also examined.>**

The antenna shown in Figure 38-3* consists of two cross-polarized bowtie antenna
elements, an octagonal cavity behind the bowtie elements, and a metal flange attached to
the cavity. The broadband bowties have flare angles of 45°. They are 1.67 cm long, which
is a half-wavelength at 3 GHz in fat (similar to breast). The octagonal cavity blocks waves
radiated away from the breast. The cavity is approximated as a circular waveguide filled
with fat material for matching and size reduction. The first cutoff frequency is set to be

Near field
observation
plane (z=1cm)

31.25mm 1 3.85mrln

10mm | 8.33mm
|

62.5mm

11mm

62.5mm
(a) {b)

FIGURE 38-3 Cross-polarized antenna for confocal imaging. The properties of the substance inside the
cavity and the medium outside the antenna are similar to fat (¢, = 9; o = 0:2 S/m) (after X. Yun et al*
© IEEE 2005).
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GHz for 2 to 4 GHz operation. The cavity length is a quarter wavelength, which is 11 mm
3 GHz. The flange consists of an inner and outer component, and is designed to block
wanted waves such as surface waves. The antenna performance does not change signifi-
tly when the flange size is varied between 10-6.25 mm, therefore, the width of the outer
ange is set to be 6.25 mm. The inner flange is designed to prevent possible electric field
ershoot at the inner corners of the opening of the octagonal cavity or at the ends of the
powtie elements. A slotline bowtie antenna has also been proposed.*

A resistively loaded monopole antenna, shown in Figure 38-4, suitable for use in a
ylindrical array was proposed by Sill and Fear.*'* Based on the Wu-King design!+'15
this antenna was designed to be usable from 1 to 10 GHz immersed in canola oil (g, = 3.0)
or matching to breast tissue. The antenna is fabricated using high-frequency chip resistors
(Vishay 0603HE, by Vishay Intertechnology, Malvern, PA) soldered to a high-frequency
ubstrate (Rogers RO3203 series by Rogers Corporation, Chandler, AZ). The substrate
¢ =3.02 and 0 = 0.001 S/m) has electrical properties similar to those of the canola oil.
Tﬂe antenna is soldered to a subminiature A (SMA) connector and attached to a metal plug
or connection into the oil-filled test canister.
The cylindrical confocal imaging system has been experimentally tested. 443116
~ Simulated tumors as small as 4 mm have been detected using a 3D system.

" Microwave Radiometry

" Microwave radiometry is a passive method where the natural electromagnetic radiation or
~ emission from the body is measured to allow detection or diagnosis of pathogenic condi-
“tions.”” This method has been proposed for detection of breast cancer®®%9! and brain can-
~cer,®! in which the metabolism of cancer cells increases the localized temperature 1 to 3°C.
" This method has also been used for fluid and blood warming,” for detection of theumatol-
~ ogy,” and for monitoring temperature rise during hyperthermia treatment.”

Typical antennas include open-ended rectangular waveguides,®?~*> small-loop antennas,8’
“and a horn antenna with a dielectric lens.3® Working around 3 GHz, all of these antennas
" have radiation patterns that have minimal penetration into the body, thus strongly weighting
- them to monitoring of surface temperatures.’>** Increased focus, and therefore better spatial
accuracy, was obtained with an array of six rectangular aperture antennas filled with low-loss

FIGURE 38-4 Fabricated resistively loaded mono-
pole antenna soldered to an SMA connector and
attached to a metal plug (afterJ. M. Sill and E. C. Fear®®
© IEEE 2005)
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dielectric (&, = 25), which were scanned over the object of interest in an overlap

. A . . ping patrer,.
Preliminary results indicated promise for location of breast tumors.9-°! pattem,

Magnetic Resonance Imaging

Magnetic Resonance Imaging (MRI) uses a very strong magnetic field (0.5T, LST, 3T, 41
7T, perhaps in the future 8T) to make the magnetic dipoles in the body precess (Jj >
When they are released, a set of receiver coils picks up the magnetic field create
these dipoles return to their normal orientations (position may change a lot as j
imaging, diffusion, etc.). The relaxation properties of the different tissues affect the
received signal intensities, and a 3D map of the body can be produced.

There are two basic types of receiver coils used for MRI. Volume coils, such as the
quadrature birdcage head coil shown in Figure 38-5,' are used for imaging large and
deep anatomic structures of the body and provide homogeneous field profiles. For high-
resolution applications that are more localized, such as angiographic imaging, hypocam-
pus imaging, and functional imaging, in which the object features are very small, volume
coils pick up less signal and more noise, thus having a lower signal-to-noise ratio (SNR)
and poor-quality images. Modifications such as the use of an RF reflector or “endcap,”tt
and modified shapes such as the elliptical™ or “dome”?>% coils, have been developed,
Smaller-volume surface coils®” have been shown to improve image quality, particularly
when combined into phased arrays®-'% such as the one shown in Figure 38-6. Phased-
array coils are closer to the area of interest, so they pick up larger signal strength, and
are smaller, so they pick up less noise, thus having a higher SNR. They are designed to
overlap so that the mutual inductance between coils is zero, and so that the impedance at
the preamplifier is very low, for optimal SNR.® Part of the price for this improved image
quality is the complexity of the receiver and data acquisition system, as each antenna is
received on an individual channel. The image processing is also more computationally
expensive, as the signal from each antenna is weighted depending on its proximity to the
target region (and hence expected relative SNR), phase shifted, and combined with the
other similarly processed signals.

ie up),
d whep
1 blood
telative

FIGURE 38-5 Quadrature birdcage coii with endcap used
for whole-volume head imaging (repriated with permission
from J. R. Hadley et al'! © Journal of Magnetic Resonance
Imaging 2000)
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(a) (b

FIGURE 38-6 (a) Two-element phased-array coil design. Dashed lines indicate the
breaks in the underside of the double-sided copper section of the coil. (b) Image of
finished phased-array coils (enclosed in foam) with triax balun cables and phased-array
port connector box (reprinted with permission from J. R. Hadley et al'! © Journal of
Magnetic Resonance Imaging 2000).

Among the practical considerations that are challenging with phased-array coils are the
data acquisition time and the limited field of view, particularly for applications where the
region of interest (an arterial occlusion, for instance) may not be precisely known and is

- therefore easy to miss. Phased-array coils have been used for numerous magnetic resonance
angiography (MRA) applications including peripheral'®”-!% abdominal, intracranial, and

- carotid imaging.'®!!! Recent coil designs have started to integrate phased-array elements
into volume-like coils with the ability to control how the image is constructed to achieve
maximum image quality.''>!"* For these applications, the coil array functions much like the
phased array in a synthetic aperture radar application. The image quality for the different

coil types and configurations depends strongly on the application. The optimal image con-
struction algorithm depends strongly on the application and region of interest, making the
flexibility of being able to synthetically develop large or small subarrays very attractive.

38.4 HEATING

Hyperthermia

Hyperthermia (HT)!'!'® is a method of treating cancer by heating the body. The tissue is
typically heated to.41 to 45°C for 30 to 60 minutes. Often, this involves focusing the energy
on the tumor region, relying on the tumor to be more sensitive to heat than the surround-
ing healthy tissues. This may be due to poor internal vasculature of the tumor or its higher
conductivity and permittivity caused by increased water and ionic content. HT has also
been shown to increase the effectiveness of radiation or chemotheraphy.!'*'20 The most
commonly used frequencies for hyperthermia are 433, 915, and 2450 MHz. The type of
antenna or‘antenna array used for HT depends on whether it is to be administered superfi-
cially, interstitially, or deep-body.

Superficial HT applicators include microstrip, 2! waveguide,'?? current sheets,'® induc-
tive,"** and the dual concentric conductor antenna, or DCC, shown in Figure 38-7.125-128
The DCC is particularly attractive, because it can be easily fabricated on flexible, printed,
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Bottom View (Air) Top View {Muscle)

Patch Width

Standing

E Field {Slot Modes)

FIGURE 38-7 DCC antenna geometry,
E fields in the ring slot and edge currents
(after P. F. Maccarini et al'?s © IEEE 2004)

circuit-board material, which makes it easy to conform to virtually any part of the humag
body. The DCC aperture is a ring-slot configuration fed simultaneously on al] four sideg.
Prediction and optimization of the heating is normally done by analyzing the near fieldg of
the antenna (the heating region) numerically.'?6

Interstitial applicators for HT are typically monopole antennas made from coaxial cableg
with the center conductor extending beyond the outer ground shield of the cable. 29 These
antennas have a tear-drop-shaped radiation pattern, so the majority of the heating is near
the feedpoint of the antenna (where the ground shield stops), leaving the tip of the antenna
extended beyond the useable heating range. The heating distribution can be made more upj-
form by varying the width of the conductor'¢ or adding a choke to the antenna.™® Numeroys
other designs of interstitial applicators also exist. The heating pattern can be adjusted within
the array by phasing the antenna elements ' or by using nonuniform insulation.!3!

Deep-body HT applicators are generally based on annular phased arrays (APA) of
waveguides,'' coaxial TEM apertures,3? printed antennas,'**'** and induction systems, 3¢
Originally, APA systems contained only one ring of 2D applicators surrounding the patient,
The ring could be scanned vertically. Significant improvement with a true 3D HT system with
the applicators vertically offset has been observed.!2 The first clinically used 3D-type appli-
cator is the SIGMA-Eye applicator (BSD Medical Corp., Salt Lake City, UT'%). A detailed
description of this applicator and-different numerical antenna feed models can be found in
Nadobay et al.'36

Among the ongoing antenna design challenges in this area is the design of antennas that
can be used to also monitor temperature and administer radiation therapy.'?%133137 Ope proto-
type combination device is shown in Figure 38-8 and another in Figure 38-9. Another research
area is the use of optimization approaches to predict and control the heating pattern.!38-139

FIGURE 38-8 A prototype of the new Berlin MR-compatible Water-Coated Antenna Applicator (WACOA)
(after J. Nadobny et al'*” © IEEE 2005)
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RF Connectors

Brachytherapy

MW PCB Array Catheters

” Thermal Monitoring
Catheters

FIGURE 38-9 Schematic of combination applicator showing component parts:
parallel catheter arrays for brachytherapy sources and thermal mapping sensors, PCB
antenna array, and water coupling bolus (after P. Stauffer et al'** © IEEE 2004)

Treatment of Hypothermia

Patients who have experienced hypothermia are at great risk during the rewarming process.
Conventional methods such as warm water baths use external sources of heat, which warm
‘the peripheral regions while the heart is still cold. The demand for increased circulation to the
extremities can overload the heart. EM applicators can produce deeper heating than methods
that simply heat the body surface and rely on thermal conduction to cairy the heat to the
deeper tissues. EM heating provides heat deeper into the body, which increases cardiac output
and circulates warmed blood to the peripheral tissues without overloading the heart.!*

Cardiac Ablation

Microwave catheter ablation uses monopole antennas inserted in catheters to the heart to
treat cardia arrhythmias by creating deep lesions that destroy the source of the arthythmias.
Frequencies of 915 or 2450 MHz are typically used.*"14? Ablation requires localized tem-
peratures of 50-90° C for a short time, typically a few minutes. Microwave ablation has also
been used in conjunction with traditional balloon angioplasty to soften arterial plaque.'*3

38.5 COMMUNICATION (BIOTELEMETRY)

Wireless communication systems and their associated implantable antennas are needed
for communication with implantable medical devices such as cardiac pacemakers and
defibrillators,'* neural recording and stimulation devices,'*> and cochlear'*® and retinal'*’
implants. Designing antennas for embedded applications is extremely challenging because
of reduced antenna efficiency, impact of the environment on the antenna, the need to reduce
antenna size, and the very strong effect of multipath losses. In addition to the present needs
for embedded antennas, the expansion of MEMS, which are expected to play a dominant
role in next-generation technologies, will add dramatically to the applications for imbedded
antennas. Ultra-small devices (small enough to be injected in a human vein, for instance)
and the desire to communicate with them will inevitably lead to the need for miniaturized
antennas embedded in lossy environments. Emerging medical telemetry devices have led
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to recent advances in the design of small, biocompatible antennas that can be implanted i,
the human body. #8173

Major challenges exist for implantable antennas. Not only do they have to be long-term
‘biocompatible, but they must also be small, passive or highly efficient (to reduce batte
requirements inside the body), and able to transmit power through the highly lossy body
structure. In addition, they must meet the maximum SAR guidelines, which can be quite
challenging. The very near field of the antenna is the inductive zone where power is not
radiated. If lossy material is in the inductive zone of the antenna, which it normally is for
implanted antennas, this near field power is absorbed and shows up in the SAR measure-
ments or calculations. Thus, SAR is often the limiting factor for power transmitted from
an implanted device.

In the majority of wireless telemetry cases for implantable devices, inductively coupled
coils often wound around a dielectric or ferrite core are used.'32-'67-7 In these cases, the time-
varying magnetic field generated by the primary coil is received by the secondary coil, which
results in an induced current in the implanted coil. Frequencies are often lower than 50 MHz
to ensure that the presence of the human body does not significantly obstruct the coupling
between the coils. In this case, the most important parameters for the design of the telemetry
system are the self and mutual inductances of the coils. Several methods can be used to
determine these parameters depending upon the frequency of interest and the geometrical
shape of the coils. For the simplest traditional coil geometries (circle, square), analytical
approximations of self and mutual inductances are often used, whereas more sophisticated
methods (such as the partial inductance method and similar methods) can be used in the case
of geometrically complex coils. A measure of the quality of coupling between two coils is
given by the coupling coefficient K between two coils (0 € K £ 1), defined by

where M, is the mutual coupling between coils 1 and 2, and L, is the self inductance of
coil i. To maximize the power delivered to the load in these applications, usually a capacitor
is inserted in parallel with the inductance of the coil and the resistance of the load to form
a parallel resonant LC circuit. Many other parameters may affect the design of inductively
coupled coils for biomedical telemetry systems, such as implant size, maximum power,
temperature increase in the implanted device; and specific absorption rate of power (SAR
given in W/kg) induced in the tissue.!”’

Most inductive telemetry links are used for subcutaneous applications due to power
restrictions for passive devices. Data rates are generally low, and size/weight and biocom-
patibility issues plague these devices. However, recent advances continue to reduce the
power requirements and provide more biocompatible designs. The Utah Electrode Array
(UEA), for example, uses a pickup coil printed on a ceramic substrate and integrated with
the implanted neural electrode array, as shown in Figure 38-10.'%5 The implanted coil is
energized by an external inductive programmer/reader that powers the implanted circuitry
while transferring telemetry data.

Radiofrequency links are also being developed for communication with medical
implants. For cardiac telemetry, a dipole'” and spiral or serpentine microstrip,!™!"* and a
waffle-type patch!™ have been designed for implantation in the shoulder. An insulated wire
antenna has also been used, and this wire may be used as the lead between the heart and
the battery pack/controls of the pacemaker.'®® The antenna can be treated as a waveguide,
where the lossy body acts as the outer conductor of the waveguide. The insulated antenna
in tissue may be matched with a load resistor connected to the conducting tissue in order t0
reduce or eliminate the reflection.'®
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FIGURE 38-10 Ufah Electrode Array packaged with a custom ASIC and
printed receiver coil (after K. Guillory and R. A. Normann'*® © J. Neurosci.
Methods 1999)

Another type of antenna used for communication with cardiac devices is the circum-
ference antenna, which is a monopole antenna that is mounted around the edge of the
pacemaker case, as shown in Figure 38-11.'!7° The 94-mm-long circumference antenna
shown in Figure 38-11 was centered in a plastic insulator with a thickness of 10 mm. The
bandwidth where the SWR of this antenna is less than 2 is 42 MHz, which is larger than the
required MICS allocation of 3 MHz.

For smaller implants, a microstrip patch antenna has been successfully used for a
retinal prosthesis,'” and a small dipole has been designed for communication with a
brain implant.'’?

Deep-torso devices will experience more loss than subcutaneous devices. Furthermore,
the location in the body controls the radiation pattern shape as well as magnitude. For
example, the calculated radiation patterns for a small, multiturn loop antenna implanted in

FIGURE 38-11 Circumference antenna on a pacemaker
model (after A. Johansson,'®® Figure 5-3)
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FIGURE 38-12 Calculated azimuthal radia-

tion patterns for a 418-MHz vertical source:
vertically polarized pattern (solid line) and
horizontally polarized pattern (dotted line) (after
W. G. Scanlon et al'*¢ © IEEE 2000)

the vagina are shown in Figure 38-12. Measured net body losses (power absorbed in the
body) for this 418-MHz antenna are 19.2 dB. The bodyworn radiation efficiency is

P
Ty :—[b:ﬂ =1.2%

where P, is the total power radiated by the antenna in air, and Pioay 18 the total power
radiated (external to the body) by the antenna implanted in the body. At 916.5 MHz, the
measured net body loss is 24.3 dB, and the bodyworn radiation efficiency is 0.37 percent. !¢
-The substantial losses in the body have so far limited deep-torso implants to communica-
tion with receivers held on or very near the body.

38.6 PULSED ELECTROMAGNETIC FIELDS

Pulsed electromagnetic fields (PEMFs) have been developed for a number of medical
applications. These fields are generally delivered by electrodes connected directly to the
body, and as such are not truly an application of antennas. However, since this method
is showing significant promise for many different medical applications, and since UWB
antennas are being used in many other areas, it is not unlikely that antenna design concepts
could be applied to PEMF applicators in future applications.

' Bone andTissue Healing

Pulsed electromagnetic fields have been found to be highly effective for healing fractures
and sofi-tissue injuries, particularly those that do not respond to ordinary healing methods.
As early as 1812, passing “electric fluids” through needles inserted in the fracture gap was
found to stimulate bone healing, and by the mid-1800s, this DC current stimulation was
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‘considered the method of choice for slow-healing fractures. Today’s bone-healing PEMF
: systems typically use a 72-Hz single-pulse pattern. While the full biological mechanism is
pot minutely understood, it appears PEMFs of this type are able to retard the osteoclasts
 that destroy bone while increasing the rate of new bone formation.!™

pain Control

" pulsed electromagunetic fields have also been used for controlling pain. Electrodes are
- placed strategically around the knee, shoulder, back, etc., and PEMF is applied. This has
" peen found to provide both short- and long-term pain relief, although the exact reason
. is not fully understood. This method is currently used in both human and veterinary
medicine.'”

" Drug Delivery and Electrochemotherapy

_ Pulsed electromagnetic fields can be used for a wide variety of needle-less drug delivery
. applications. Iontophoresis is a method to electrically force drugs across a transdermal
. interface using a relatively small voltage (0.1-10 V) across the skin boundary. This method
~ appears not to create structural changes in the cells or the skin, but rather just creates ion
. pathways that a conductive fluid (drug) will follow through pre-existing aqueous pathways.
- At present, a limited number of drugs can be delivered using this method. '8

' Pulsed electromagnetic fields can also be used to treat cancer, using a new therapy
- called electrochemotherapy, which has been used for a variety of cutaneous tumors, includ-
- ing head and neck tumors, melanomas, superficial breast cancer lesions, etc. In this ther-
apy, the resistance of malignant cells to penetration by certain chemotherapeutic agents
is temporarily lowered by electroporation, which creates temporary pores (pathways) in
the membranes of the malignant cells by the application of short DC pulses that generate
¢ electric fields of several kV/cm. Once the cells are porated, the chemotherapeutic agents
- can enter the malignant cells and destroy them. Electrochemotherapy not only can increase
. the efficacy of certain chemotherapeutic agents, but also can reduce. side effects because
malignant cells can be destroyed with much lower doses of chemotherapeutic agents than
with conventional chemotherapy.!3%-181

38.7 SENSING

In addition to receiving and transmitting power for communication or imaging and deposit-
~ ing power for heating applications, antennas can be used as sensors. Antennas are used as
probes for dielectric properties and electric or magnetic fields. :

Dielectric Measurement Probes

Measurement of the electrical properties of tissues has been done extensively to facilitate
tesearch, numerical modeling, etc. High-frequency in vivo and in vitro dielectric measure-
ments of tissue are typically made using an open-ended coaxial probe.!®2 The coaxial probe
is sensitive to material that lies within a fringing capacitance zone adjacent to the probe
- tip. A two-wire, dipole-type probe has also been used.!3? Another application of dielectric
property measurements is in vivo measurement of brain fluid. '8
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FIGURE 38-13 Miniature printed dipole
antenna for measurement of electric fields to
determine cell phone RF exposuce compliance
(H. Bassen and G. Smith'® © IEEE [983)

Electric and Magnetic Field Probes

Miniature electric field probe antennas have been designed for assessment of compliance
of electromagnetic devices with RF exposure guidelines.'3® Measurement of SAR requires
evaluation of the localized electric field, which should not be perturbed by the probe. This
requires a very tiny electric or magnetic field receiver, such as the one shown in Figure 38-13.
Because this probe is inherently sensitive to the polarization of the electric field, three perpen-
dicular probes are used, as shown in the SPEAG probe in Figure 38-14. A magnetic field probe
is also shown in this figure, with three perpendicular receiving loops. '

FIGURE 38-14 Electric and magpetic field probes from SPEAG (reprinted with per-
mission, Schmid & Partner Engineering AG, Zurich)
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388 FUTURE DIRECTIONS

“The medical applications of antennas described in this chapter are by no means all inclusive.

New technology is rapidly being developed, and creative new ideas continue to emerge.
"’The basic capabilities of antennas to transmit information, deliver heat, sense electrical

- properties, and receive information for imaging will continue to lead to new applications
“for antennas in medicine. At the risk of tabloid-type predictions, the following are some
expectations for where antennas will continue to grow in medical applications.

Communication with medical devices is an area that is rapidly expanding. The first
medical devices were cardiac devices that had large battery packs and control systems
and minimal data up/downlink requiremeants that could be managed in a doctor’s office.
Today these devices are pressing for higher data rates, real-time communication, and more
efficient links. Their size has been continually shrinking and promises to shrink radically,

- due mainly to advances in battery technology. Emerging nerve stimulation or recording

- devices require far less power than cardiac devices, and therefore do not require batteries
at all. Prosthetic nerve devices hold promise for artificial vision, hearing, smell, balance
and muscle control, nerve “repair,” and a new level of treatment of brain malfunction for

- Parkinson’s disease, depression, epilepsy, and more. New packaging techniques and ultra-
efficient electronics are driving the need for superminiaturized antennas. This demand is

~ likely to grow dramatically with the success of microscale electronics, microfluidics, and

microscale sensors and actuators. Smart pills have shown the capability of “untethered”
communication systems in the body, and other applications are likely to utilize this freedom

- in the future, such as moving through the bloodstream for diagnosis or treatment.

' Devices used for heating have either been large, external devices that attempt to focus
power, or much smaller devices inserted through a vein/artery or laproscopic surgical open-
ing. These devices are also likely to shrink in size with the miniaturization of electronics,

“providing opportunity for more precise control of heat delivery.

Although medical imaging is a relatively mature field, new methods and radical enhance-
ments to mainstream methods continue to emerge. New antenna designs for imaging tend to
be larger numbers (arrays) of small antennas. Enhancing the bandwidth while miniaturizing

 the antenna continues to be a focus in many applications. Arrays that are nonuniform and
nonplanar are likely to be important in many applications. With the ability to place antennas

_in the body for medical implant devices, it would not be surprising to see the development
of imaging systems that can be swallowed, injected, or placed in body orifices for better
imaging of sensitive structures.

Antennas are an integral part of medical devices today, and hold promise to play a sig-
nificant role in the development of emerging devices for future medical systems.
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