01/76475 A2

WO

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date

(10) International Publication Number

18 October 2001 (18.10.2001) PCT WO 01/76475 A2

(51) International Patent Classification”: A61B 5/05
(21) International Application Number: PCT/US01/11108
(22) International Filing Date: 5 April 2001 (05.04.2001)
(25) Filing Language: English
(26) Publication Language: English

(30) Priority Data:
60/195,857 7 April 2000 (07.04.2000) US

(71) Applicant (for all designated States except US): THE
JOHNS HOPKINS UNIVERSITY [US/US]; Applied
Physics Laboratory, 11100 Johns Hopkins Road, Laurel,
MD 20723-6099 (US).

(72) Inventors; and

(75) Inventors/Applicants (for US only): KO, Harvey, W.
[US/US]; 9016 Furrow Avenue, Ellicott City, MD 21042
(US). SMITH, Dexter, G. [US/US]; 6469 River Run,
Columbia, MD 21044 (US).

(74) Agents: COOCH, Francis, A. et al.; The Johns Hopkins
University, Applied Physics Laboratory, 11100 Johns Hop-
kins Road, Laurel, MD 20723-6099 (US).

(81) Designated States (national): AE, AG, AL, AM, AT, AU,
AZ,BA, BB, BG, BR, BY, BZ, CA, CH, CN, CO, CR, CU,
CZ,DE, DK, DM, DZ, EE, ES, FI, GB, GD, GE, GH, GM,
HR, HU, ID, IL, IN, IS, JP, KE, KG, KP, KR, KZ, LC, LK,
LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW, MX,
MZ, NO, NZ, PL, PT, RO, RU, SD, SE, SG, SI, SK, SL,
TI, ™™, TR, TT, TZ, UA, UG, US, UZ, VN, YU, ZA, ZW.

(84) Designated States (regional): ARIPO patent (GH, GM,
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZW), Eurasian
patent (AM, AZ,BY, KG, KZ, MD, RU, TJ, TM), European
patent (AT, BE, CH, CY, DE, DK, ES, FI, FR, GB, GR, IE,
IT, LU, MC, NL, PT, SE, TR), OAPI patent (BF, BJ, CF,
CG, CI, CM, GA, GN, GW, ML, MR, NE, SN, TD, TG).

Published:
—  without international search report and to be republished
upon receipt of that report

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations" appearing at the begin-
ning of each regular issue of the PCT Gazette.

(54) Title: APPARATUS FOR SENSING HUMAN PROSTATE TUMOR

PORTABLE COMPUTER

7~

g
SENSITIVITY
\ H Cami o RESET () SLICE SELECTO} I

I ) S | G O {
I | ) o s |
) G B D | |
o | o | o | |

COoooo0)

(57) Abstract: An electromagnetic bioimpedance measurement apparatus uses an alternating magnetic field to induce electrical
eddy currents in biological tissue. The eddy currents produce secondary magnetic fields that have the effect of changing the mu-
tual inductance between the tissue and the coil that applied to the initial magnetic field. The amplitude of the resultant voltage, as
measured by the same coil or a different receiver coil, is proportional to the conductivity of the tissue. A simple, marginally stable
oscillator circuit is used to generate the current into the coil. Nearfield holographic signal processing is then used for holographic
image formation. Bioimpedance is used to distinguish between normal tissue and cancerous tissue, especially cancerous prostate
tissue. An invasive embodiment includes driven needle electrodes that are inserted into the body segment to be tested. Noninvasive

embodiments include single or multiple coils arranged on a probe

shaft.
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APPARATUS FOR SENSING HUMAN PROSTATE TUMOR

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001]  This application claims the benefit of prior filed co-pending U.S. application No.
60/195,857, filed on April 7, 2000.

BACKGROUND OF THE INVENTION
1. Field of the Invention
[0002]  The invention relates generally to an electromagnetic bioimpedance apparatus and,
more particularly, to noninvasive imaging using nearfield electromagnetic holography, and

especially for imaging human prostate tumors.

2. Description of the Related Art

[0003]  Prostate cancer is the most commonly diagnosed cancer and the second leading
cause of cancer death in American men. In a diseased human prostate, localized tumors can
be pea-sized with distinct boundaries, located at the surface or at a depth, though most tumors
are within 1cm of the surface. Extensive screening, consisting of digital rectal examinations
(DREs) and prostate-specific antigen (PSA) level tests, has resulted in a rise of diagnosed
cases of prostate cancer. In 1996, there were more than 317,000 new cases of prostate cancer
and more than 41,000 prostate cancer deaths. Currently, in men with an abnormal DRE
and/or elevated PSA and who are candidates for therapy, a transrectal ultrasound with
prostatic biopsy is performed. '

[0004]  Of men who have abnormal DRE’s, one in four men will have no identifiable
pathology on biopsy. Also, using an ultrasound-guided biopsy, there is a 12.8% false
negative rate, meaning prostate cancer will be missed, especially for tumors in depths and
surfaces that the DRE cannot reach. There has not been good correlation between ultrasound
findings of hypoechoic areas and cancer. Therefore, a more sensitive and specific imaging
modality to better direct prostate biopsy is needed to aid the clinician in detecting and

localizing cancer.
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[0005]  Bioimpedance is an electrical property of biological tissue that has been used for
several biomedical applications, such as quantification of brain edema in neurosurgery and in
differentiating a pulmonary mass such as cancer from pneumonia. The electrical
bioimpedance of a body segment depends upon a number of factors, including
hemoperfusion, that is, the volume of blood or fluid in the body segment, and the electrical
conductivity of the body segment.

[0006]  Other biological variables that could affect electrical bioimpedance of a body
segment include differences in body size, body shape, electrolytes, fluid distribution, or other
elements of body composition. In addition, variations in electrode position and machine
settings, hydration status and ambient air and skin temperature can each play a role in
electrical bioimpedance of a body segment. Recent physical activity can increase vascular
perfusion and warming of muscle tissue, increasing cutaneous blood flow and vasodilatation
that affects the electrical bioimpedance.

[0007]  Direct bioimpedance measuring systems utilize a current generator to generate a
continuous, constant amplitude and frequency current though a human or animal body
segment, such as muscle, fat, liver, skin or blood. Frequencies in the range of about 30KHz-
30MHz have been used to determine tissue conductance (or, reciprocally, tissue impedance)
in order to assess the fluid content of brain matter. Impedance to the continuous current flow
in the body segment generates a voltage difference across the body segment. A bioimpedance
meter measures the impedance in the body segment.

[0008]  U.S. Patent No. 4,805,621 to Heinze et al. discloses an apparatus for measuring the
impedance of body tissue. The apparatus has a signal source connected to the tissue to be
measured, a unit for acquiring an impedance signal from the body tissue dependent on the
electrical signal, and an evaluation stage for the impedance signal. The signal source supplies
an electrical signal to the body tissue to be evaluated. The evaluation stage filters out low
frequency signal components corresponding to the conductance of the tissue, and has a signal
output to which the signal components that were filtered out are supplied.

[0009] U.S. Patent No. 5,529,072 to Sramek discloses a system and method for detection

of electrical bioimpedance signals in a human or animal body segment. The system
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comprises a constant current generator for generating a periodic high frequency current output
across a body segment in response to a periodic control input signal, a controller for '
generating a periodic control output signal to control operation of the current generator and an
electrical bioimpedance detector for detecting a voltage generated across the body segment by
the flow of current in the segment. The electrical bioimpedance detector generates an output
signal indicative of bioimpedance in the body segment. The periodic generation of a current
across a body segment alleviates the potentially detrimental effects of a continuous current on
body segment tissue and reduces interference with the function of certain pacemakers.

[0010]  Despite the ability of noninvasive electromagnetic bioimpedance methods to
measure low contrast changes in tissue, a perennial problem has been the precise localization
of the change. Generally, the interrogation or sampling volume is gauged by the diameter of
the coil used to impart the electrical signal to the tissue. Because of the intervening tissue
between the coil and the region under study (e.g., skin, muscle, bone), it is difficult to
precisely locate the depth of the physiological change since the conductance (or impedance)
of the intervening tissue is also measured. Traditionally, the signal from a receiving coilisa
broadly peaked function with poor spatial resolution and no definitive electrical conductivity
(or impedance) data specific to the different kinds of tissue under illumination. Additionally,

bioimpedance measurements have never been used to detect prostate tumors.

SUMMARY OF THE INVENTION
[0011] It is therefore an object of the invention to provide a bioimpedance measurement
apparatus for detecting prostate tumors. It is another object of the invention to provide a
bioimpedance measurement apparatus that is able to distinguish between tumors and non-
tumors, cancerous tumors and benign tumors, edema and non-edema, and between fast-
growing tumors and slow-growing tumors. It is a further object of the invention to provide a
bioimpedance measurement apparatus that can determine the depth and size of a tumor. Itis
yet another object of the invention to provide a bioimpedance measurement apparatus that is
able to provide a holographic image of a tumor. It is still another object of the invention to

provide a bioimpedance measurement apparatus that is noninvasive.
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[0012] In accordance with these and other objects of the invention, a bioimpedance
measurement apparatus is provided having a portable processing device and a sensor probe.
In an invasive embodiment of the invention, the sensor probe includes a pair of needle
electrodes that are used to impart a constant magnitude current signal to the body segment -
under investigation. The portable processing device includes an oscillator circuit that
generates the current that is then passed through the needle electrodes to the body segment
under investigation and a sensor means.

[0013]  Inanoninvasive embodiment of the invention, the sensor probe includes a single
coil or a pair of coils. The coil(s) apply a non-ionizing magnetic field to the body segment
without contacting the body segment. The bioimpedance of the body segment invokes a
change in the induced magnetic field, which is then sensed and used to determine the
bioimpedance of the body segment. Under both the invasive and noninvasive embodiments,
the bioimpedance measurement apparatus uses electromagnetic bioimpedance to measure
very subtle conductivity changes between normal and cancerous prostate tissue. In the
noninvasive embodiments, holographic signal processing can be used that provides a three-
dimensional image of impedance contrast. The bioimpedance measurement apparatus is

especially useful for health care applications, and in particular to detect prostate cancer.

BRIEF DESCRIPTION OF THE DRAWINGS
[0014]  Figure 1 shows the bioimpedance measurement apparatus in accordance with the
preferred embodiment of the invention.
[0015]  Figure 2 shows the bioimpedance measurement apparatus having a probe that is
formed by electrode needles in accordance with an invasive embodiment of the invention.
[0016]  Figure 3 shows a coil arrangement for the probe sensor in accordance with a
noninvasive embodiment of the invention.
[0017]  Figure 4 shows an alternative arrangement of transmitter and receiver coils
arranged co-linear on the probe shaft.
[0018]  Figure 5 shows a single coil arrangement for the probe sensor.

[0019]  Figure 6 shows the probe having the coils of Figure 5.
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[0020]  Figure 7 shows a shield used with the probe.

[0021]  Figure 8 shows a cutout of the single coil probe.

[0022]  Figure'9 is a circuit diagram of the oscillator used to generate a current sent
through the coil of Figure 7.

[0023]  Figure 10 is a graph showing the bioimpedance measurements obtained fora
25x25x15mm tumor at the surface of a simulated body segment.

[0024]  Figure 11 shows holographic images of the bioimpedance measurements described

in Figure 9.

DESCRIPTION OF THE PREFERRED EMBODIMENTS
[0025]  In describing the preferred embodiments of the invention, specific terminology
will be resorted to for the sake of clarity. However, the invention is not intended to be limited
to the specific terms so selected.
[0026]  Turning to the drawings, Figure 1 shows the overall electromagnetic bioimpedance
apparatus 10 in accordance with the preferred embodiment of the invention. The
bioimpedance measurement apparatus 10 generally includes a portable proceséing device 20
and a sensor wand or probe 22. The processing device 20 has a switch to set the sensitivity of
the apparatus 10 on high or low. For instance, if the contrast in conductivity is expected to be
large, such as for a metal embedded in tissue, the sensitivity would be set to low. On the
other hand, if the contrast of conductivity is expected to be low, the sensitivity can be set to
high. The processing device 20 also includes a keypad for entry of information useful to store
data, such as patient name and date.
[0027] A direct impedance testing device 20 is shown in Figure 2 as including an
oscillation circuit 24 built into a meter 26. The current generator 24 generates a constant
magnitude current signal that is then transmitted through two output ports to the respective
needle electrodes 30, 32 that form the sensor probe 22. The needle electrodes 30, 32 impart
the current signal to the body segment, and the electrical conductivity of the body segment

modulates the applied current signal. The meter 26 is also connected to the needle electrodes
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30, 32 and measures the voltage across the body segment due to the impedance of the body
segment. .

[0028] The needle electrodes 30, 32 are approximately 1mm diameter stainless steel
needles that are tapered to a point. The needle electrodes 30, 32 are spaced about lmm apart,
though can be spaced at any suited distance sufficient to sense the body segment under
investigation. The separation should not be so large, however, as to mostly sense surrounding
tissue. The needle electrodes 30, 32 are coated with a non-conducting epoxy, leaving only the
distal 1.0mm exposed. In use, the needle electrodes 30, 32 are inserted approximately 3mm
into the body segment to be tested. The closer the spacing of the needles, the shallower the
needles need to be inserted into the body segment. Needle electrodes 30, 32 that are spaced
further apart are inserted deeper into the body segment to avoid surface effects that can cause
a non-uniform flow of current between the needle electrodes 30, 32.

[0029]  The needle electrodes 30, 32, however, are an invasive approach. Figure 3 shows
a noninvasive probe 22 in accordance with an alternative preferred embodiment of the
invention. The probe 22 has concentric planar coils 34, 36 and is used in conjunction with the
oscillator circuit 24 and meter 26 of Figure 2. The oscillator 24 is used to generate a constant
current in the outer coil 36. The inner coil 34 is connected to the input ports of the voltage
detector 26 and fhe outer coil 36 is connected to the output pofts of the current generator 24.
The coils 34, 36 can be fabricated from a variety of magnet wire diameters between about 18-
36 AWG.

[0030] The impedance Z of the body segment under investigation is determined as the
voltage V across the probe 22 divided by the input current I, and is also equal to the inverse of
the admittance Y. The impedance is the resistance and reactance of the body segment,
whereas the admittance Y is the conductance and susceptance of the body segment.

[0031]  The oscillating or transmitter coil 36 is brought near a material with a known
conductivity. The probe 22 uses the mutual induction between the coils 34, 36 to form the
sensing mechanism. Current flows through the outer coil 36, which generates a magnetic
field that surrounds the outer coil 36 and flows through the center of the outer coil 36 at the

position of the inner or receiver coil 34. By using a time varying current signal, the outer coil
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36 creates a time varying magnetic field that crosses the inner coil 34, thereby inducing a
measurable voltage on the inner coil 34 that is dependent on the conductivity of the material
near the coils.

[0032] When a conductive medium is placed near the probe, i.e., beneath the coils 34, 36,
the magnetic field generated by the outer coil 36 is disrupted. That disruption is measured by
a voltage change induced on the inner coil 34. The coils 34, 36 can be calibrated against
solutions of known conductivities that cover a biological range of interest. Accordingly,
known variations in conductivity can be sensed with the sensing coil 34 so that the
bioimpedance measurement apparatus 10 can detect tissue having different electrical
conductivity, such as for instance tumots and non-tumors, cancerous tumors and benign
tumors, edema and non-edema, and between fast-growing tumors and slow-growing tumors.
The bioimpedance increases in cancer tissue due to the distorted architecture of the prostate
glands, which prevents flow of current.

[0033]  The coils 34, 36 can be fabricated with 36 AWG magnet wire that is planar about a
shaft having a diameter of 12.5mm. The final inner diameter of the coil is about 12.5mm and
the outer diameter is about 17.5mm with 14.5 turns. In that embodiment, coils 34, 36 are
connected to a meter that can be set from 10kHz to 10MHz. However, the diameter of the
outer coil 36 is préferably about 1cm, with the diameter of the inner coil 34 being '
approximately one-half the diameter of the outer coil 36, or in this case about 0.5 cm.

[0034]  The frequency of the outer coil 36 can be anywhere in the range of about 10kHz-
10MHz, though preferably is about 1-3MHz. The higher frequencies are preferred to remove
effects of polarization. It is important to note that the conductivity of the tissue changes with
frequency, and therefore the expected resultant voltage change is dependent upon the
frequency of the outer coil 36. The coils 34, 36 are preferably arranged co-planar with one
another, with the inmer coil 34 wrapped about a probe shaft 42 and the outer coil 36 wrapped
around a rubber grommet that is affixed to the shaft 42.

[0035]  Figure 4 shows another suitable probe 22 configuration that is a noninvasive dual
coil arrangement. The receiving coil 60 and transmitter coil 62 are placed in series, that is,

co-linearly, along the probe shaft 42. The transmitter coil 62 has the constant current flowing
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through it; which in turn induces a voltage in the receiving coil 60, as described \;vith respect
to Figure 3. That configuration can be especially appropriate for natural or invasive cavities,
such as the human urethra, to measure conductivity of the surrounding prostate. Though the
transmitter coil 62 is arranged at the end of the shaft, and is shown to the right of the receiving
coil 60, the placement of the coils 60, 62 can be interchanged so that the receiving coil 60 is at
the end of the shaft. The coils 60, 62 are spaced about Imm apart on shaft 42.

[0036]  Another preferred embodiment of the coil arrangement is shown in Figure 3,
wherein the probe has a single coil 70. The present embodiment utilizes a free running
oscillator, that is, once it starts oscillating, it will continue at a constant frequency and
magnitude. An oscillator is shown in the circuit of Figure 9.

[0037]  The LC oscillator topology for the coils 70 is a variation of the standard Colpitts
circuit, as shown in Figure 9. The frequency and magnitude of the oscillation is proportional
to the inductance and resonant Q of the coils, which is a function of wire diameter, number of
turns and physical size. The frequency and magnitude of the oscillation of the coil 70 changes
as the conductivity near the coil 70 changes. Generally, the magnitude of the oscillation is
detected since it is more reliable, repeatable and less sensitive to temperature changes than the
frequency of the oscillation. However, the frequency also changes and can alternatively be
detected by the bioimpedance measurement apparatus 10.

[0038]  Still further, the probe in Figure 5 can be the measurement sensor fora
noninvasive imaging technique in which a single coil 70 is moved ina predetermined pattern.
Each of the probe 22 designs of Figures 3-5 uses an alternating magnetic field to induce
electrical eddy currents in the biological tissue under investigation. The eddy currents then
produce secondary magnetic fields that have the effect of changing the mutual inductance
between the tissue and the coil that applied the initial magnetic field. The amplitude of the
secondary magnetic field, as measured by a different coil (Figures 3 and 4) or the same coil
(Figure 5), is proportional to the conductivity of the tissue. If the user changes the sensitivity
of the bioimpedance measurement apparatus 10, the current sent through the transmitter coil,
which is a separate coil 36, 60 or 62 in Figures 3 and 4 or the single coil 70 of Figure 5, is
adjusted accordingly.
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[0039]  As shown in Figures 6-8, a coil assembly 40 is wrapped around the end of a shaft
42 that is 30mm in length and 12.5mm in diameter. The embodiment of those figures is for
the single coil 70 probe of Figure 5. Accordingly, the coil assembly 40 includes the single
coil 70 that is wrapped around a copper electrostatic shield 44, or can be wrapped directly
around the probe shaft 42. Figure 8 further shows two wrapped layers of the single
continuous coil 70. The shaft 42 is fixed onto a handheld probe approximately 30mm in
diameter and 100mm in length.

[0040]  The shaft 42 is preferably fiberglass or any other non-conductive material. The
copper electrostatic shield 44 is placed on the fiberglass core prior to winding to avoid
capacitive coupling by the coil 70 with its surroundings. The shield 44 has a slit 46 that
further reduces that capacitive coupling to the coil 70 by preventing current flow around the
shield 44. The electrostatic shield 44 also has a ground connection 48 that extends the length
of the shaft 42 and connects the shield 44 to ground. The shield 44 can also be implemented
in the form of a cap that is placed over the end of the probe shaft 42 and extends down the
sides of the shaft 42. The cap could be a silicon membrane or filter paper that operates as a
screen to form a sterile interface between the probe and the tissue, remove surface electric
current and provide an impedance match.

[0041] The dual coil probes of Figures 3 and 4 can also be implemented in the same
manner as the single coil shown in Figures 6-8. For instance, the planar outer coil 36 can be
wrapped around shield 44 and the planar inner coil 34 wrapped around the probe shaft.
Alternatively, the planar inner coil 34 can be wrapped around shield 44 and the planar outer
coil 36 spaced apart by a rubber grommet. Likewise, the planar coils 60, 62 can be wrapped
about the shield 44.

[0042] Turning to Figure 9, a simple, marginally stable oscillator circuit is used to
generate the current into the coil 70 of Figure 5. The circuit also senses the mutual inductance
and amplifies the secondary magnetic field for recording. The circuit is marginally stable so
that the magnitude changes in response to the conductivity of the body segment under
investigation. The current flowing through the coil 70 produces an alternating magnetic field,

which in turn induces the eddy current in the prostate tissue.
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[0043]  The bioimpedance measurement apparatus 10 of Figures 1-9 is able to measure
low contrast changes in tissue. The apparatus 10 detects electrical conductivity in the range
from 0.46 Siemens/meter (for a normal prostate) to 0.34 Siemens/meter (for a prostate tumor),
when using a frequency in the range of 1-5MHz. Similarly, the apparatus 10 detects electrical
conductivity from 0.1 S/m (for a normal brain) to 0.5 S/m (for vasogenic brain edema), and
0.8 S/m (normal blood) in the 1-5MHz range. In addition, highly metastatic tumors have a
lower conductivity than normal tissue and benign tumors.

[0044]  Accordingly, the bioimpedance measurement apparatus 10 can distinguish
between a normal tissue and a tumor. The apparatus 10 can also distinguish between slow-
growing, benign tumors and fast-growing highly metastatic tumors, which is particularly
important where a patient is known to have cancer and is being monitored over time (years)
for signs of rapid growth.

[0045]  For the needle electrode probe of Figure 2, the depth of penetration is the depth at
which the needle electrodes are inserted into the body segment. With respect to the
embodiments of Figures 3-5, the depth that the magnetic field will penetrate is equally
proportional to the diameter of the coils being used. Thus, if the coil(s) 34, 36, 60, 62 or 70
have a diameter of 1cm, the magnetic field will penetrate the tissue to a depth of lcm. A high
percentage of prostate tumors are at the surface or within lem from the surface.

[0046]  Now referring to Figure 10, the change in oscillator amplitude versus grid point
location is shown when the bioimpedance measurement apparatus 10 is used to measure the
surface conductivity of a tumor. In the exemplary embodiment of Figure 10, the coil 70 of
Figure 5 is used as the probe 22. The dip in the middle corresponds to the lower conductivity

of the tumor as compared to the surrounding tissue. That graph is able to distinguish between

" atumor and a non-tumor.

[0047] In accordance with an alternative preferred embodiment of the invention, a
nearfield (i.e., less than one wavelength) holographic signal processing algorithm is applied to
the electromagnetic bioimpedance surface conductivity data collected with apparatus 10. The

algorithm is used at a high oscillation frequency in the range of 500kHz-20MHz and at low
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power. Most preferably, the frequency is in the range of between 1-3MHz, but can be
anywhere between 10kHz-10MHz.

[0048]  Results of the holographic imaging are shown in Figure 11, which is formed by the
circuit of Figure 9. The single coil 70 of Figure 5 is used as the probe 22 in the exemplary
embodiment of Figure 11, though holographic imaging can be used with any of the coil
embodiments of Figures 3-5. As shown in Figure 11, the images at the surface have a
relatively constant dimension. The image doesn’t change dimension or break up significantly

until several millimeters below the surface, which indicates that the object is at the surface of

" the body segment, and has a finite depth of about 15mm.

[0049]  The holographic algorithm is based on the vector nature of the alternating
magnetic fields that are re-radiated from the target object that is imbedded in a conducting
medium, such as tissue. The target object is illuminated by the standoff source
electromagnetic field of probe 22, usually a coil of Figures 3, 4 or 5. The full solution to
Sommerfield-type integrals for the re-radiated fields allows the sensing of not only the
scattered field measured by the receive coil above the conducting surface, but also at selected
planes below the surface. The holographic imaging is able to measure bioimpedance of the
body segment at different selected planes below the surface, by taking measurements at the
surface. In that manner, the apparatus 10 is able to determine the dimension of the tumor and
whether the detected tumor is a small tumor that is at the surface of the tissue, or a large
tumor that is below the surface of the tissue.

[0050] The consequence is that conductivity anomalies (i.e., conductivity targets) can be
localized by the pattern of the magnetic field and focusing provided by the algorithm. The
prediction for the magnetic fields at each plane is accomplished withvthe use of an analytic
back-propagator function that relies on the knowledge of the forward-scattered
electromagnetic field. Data for the algorithm are a dense map of magnetic fields scattered by
the target (such as, for instance, a prostate tumor), obtained in a single measurement plane
above the target.

[0051]  Inorder to describe the field reconstruction algorithm, a source in free space must

first be localized. It is assumed that the complex function fo(xo, yo) represents one of the

11
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components of the electromagnetic field of the source measured at the horizontal plane z= 0
with the z-axis pointing upwards and the source is located below the measurement plane at z
= .d. The distribution of the field at the detection plane is decomposed into a series of plane

waves by a Fourier transform, as represented by Equation (1).

Fo(keky) = (172 fo(%0,¥,) e %" dyydy, 1)

[0052] In equation (1), kx and ky are the spatial frequencies of the elementary plane
waves. The e time oscillation is assumed for the field throughout. The distribution of the
field (and therefore the conductivity) at the other level planes, may be obtained by a
superposition of the plane waves utilizing an inverse Fourier transform, as represented by
Equati6n ).

1 oo .
f.Gyz) = mf [ Fo(ks by, 2) @557 ddk, @

[0053] The spectrum F,(kx, ky, ), namely, the distribution of the plane waves in k-space
at a level plane, should be related to the one at the detection plane. In the forward process, the
plane waves are propagated from the source plane to the detection plane. In the inverse
process, the plane waves propagate backward from the detection plane to a level plane.
Therefore, the spectral function at a level plane may be expressed as the spectrum at the

detection plane multiplied by a propagation function, as expressed by Equation (3).

Fo(ksky,2) = Fo(keky)P(keky,2) 3)

[0054] In equation (3), the propagator P(kx, ky, z) may be determined from the Helmholtz
equation which the electromagnetic field obeys in the homogeneous medium to be, as

expressed by Equation (4).

Plkaky,2) = exp(+izyB-ki-KD) - @
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[0055] When k2 + ky2 > k¢?, the square root in Equation (4) is an imaginary number, and
the propagator becomes an exponential function of the vertical distance. In the forward
process, the amplitudes of those waves decrease exponentially as they propagate, and the
waves in that case are called evanescent waves.

[0056]  In conventional holography, the evanescent waves are normally neglected in image
reconstruction. Since the hologram is generally recorded several wavelengths away from the
source, the evanescent waves are small and undetectable. However, in the nearfield case, the
evanescent waves can play an important role for improving the resolution of the reconstructed
field. It is the evanescent waves that can help the resolution in the nearfield, low frequency
case.

[0057]  Using Equation (2), the wavefield in the entire regic;n can be reconstructed. Then
the wavefield can be substituted into the wave equation to obtain the conductivity distribution,
as expressed in Equation (5).

z',u(,VZB(x,y,z)

0B (%,7,2) ©)

o(x,y,z) =

[0058]  In equation (5), B(X, y, ) is one of the components of the magnetic flux density,
1o the permeability of the medium, and o the operational frequency. '

[0059]  The invention has particular application for detecting prostate tumors, and is able
to detect tumors that cannot be sensed by a rectal examination. However, the invention can
also be used to detect other types of tumors, such as tumors in the breast. The invention can
also be used with medicines that modify or enhance the electrical conductivity of body
segments, which would facilitate detection of tumors by creating a greater disparity for the
electrical conductivity of tissue as compared to tumors.

[0060] In addition, a wide variety of configurations of the sensor wand 22 are possible.
The noninvasive small coils can be mounted on a rectal probe, or on the finger of a disposable
glove so that measurements can be made at the same time the doctor conducts the DRE. The
doctor is able to conduct a more thorough examination and concentrate on any suspicious

tissue segments. The dual needle probe of Figure 2 can be extended to a biopsy needle, such
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that the electrodes are mounted on the tip of a prostate biopsy needle to guide the clinician in
identifying suspicious areas to sample. Also, as shown in Figure 1, multiple coils, each
having a diameter between about one-eighth to one-quarter of an inch, are arranged on a pad
in an overlapping pattern. The coil pattern can be 8x8 for a total of 64 coils, and the pad can
be from 2-inch by 2-inch for use on the exterior of a patient, to %-inch by %-inch for use on a
finger-mounted probe. The processing device then cycles through each of the multiple coils
to analyze the body segment under investigation.

[0061]  Accordingly, the invention uses electromagnetic bioimpedance to measure very
subtle conductivity changes, and is especially useful to measure conductivity changes often
associated with prostate tumors. Noninvasive measurements are made using non-ionizing
magnetic fields applied with a small coil that avoids the use of contact electrodes. That
system combines a holographic signal processing algorithm and a low power coil system that
helps provide the 3D image of impedance contrast that makes the noninvasive
electromagnetic bioimpedance method useful, and especially for health care applications.
[0062] The invention can also guide a physician in positioning a needle to an area for
taking a biopsy. Since the bioimpedance measurement apparatus 10 is able to detect prostate
cancer based on its electrical properties, the apparatus 10 can also be used to guide the
clinician in directing prostate biopsies. By guiding the clinician, sampling rates are improved
and the number of false-positive biopsies is reduced.

[0063]  The foregoing descriptions and drawings should be considered illustrative only of
the principles of the invention. Therefore, it is not desired to limit the invention to the
specific examples disclosed. Rather, all suitable modifications and equivalents may be

resorted to, falling within the scope of the invention.
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WE CLAIM:

1. A bioimpedance measurement apparatus for measuring the bioimpedance of a
body segment, the apparatus comprising:

a pair of spaced-apart needle electrodes for inserting into the body segment;

a current generator connected to said pair of needle electrodes, said current generator
generating a current signal for application to said pair of needle electrodes; and,

a detector connected to said pair of needle electrodes for detecting the bioimpedance

of the body segment based upon the applied current signal.

2. The bioimpedance measurement apparatus of claim 1, wherein the body

segment is a prostate.
3. The bioimpedance measurement apparatus of claim 1, wherein the
bioimpedance measurement apparatus detects a prostate tumor based upon the detected

biompedance of the body segment.

4. The bioimpedance measurement apparatus of claim 1, wherein the current

signal has a constant magnitude.

5. The bioimpedance measurement apparatus of claim 1, wherein the current

signal has a frequency greater than 10kHz.

6. The bioimpedance measurement apparatus of claim 1, wherein said detector

detects a voltage across the body segment.

7. The bioimpedance measurement apparatus of claim 1, further comprising a

biopsy needle positioned to take a sample of the body segment upon detection of a tumor.

15
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8. The bioimpedance measurement apparatus of claim 1, wherein the
bioimpedance measurement apparatus detects a highly metastatic tumor based upon the

detected biompedance of the body segment.

9. A bioimpedance measurement apparatus for measuring the bioimpedance of a
body segment, the apparatus comprising:

a coil for placement adjacent to the body segment;

a current generator connected to said coil, said current generator generating a current
signal for application to said coil to thereby induce said coil to generate a magnetic field
having a magnitude and frequency; and,

a detector connected to said coil for detecting the magnetic field and determining the ‘

bioimpedance of the body segment based upon the detected magnetic field.

10.  The bioimpedance measurement apparatus of claim 9, wherein said detector
determines the bioimpedance of the body segmented based upon the magnitude of the
magnetic field.

11.  The bioimpedance measurement apparatus of claim 9, wherein the body

segment is a prostate.
12.  The bioimpedance measurement appatatus of claim 9, wherein the
bioimpedance measurement apparatus detects a prostate tumor based upon the determined

biompedance of the body segment.

13.  The bioimpedance measurement apparatus of claim 9, wherein the current

signal has a frequency greater than 10kHz.

14.  The bioimpedance measurement apparatus of claim 9, further comprising a

finger probe, wherein said coil is mounted to said finger probe.
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15.  The bioimpedance measurement apparatus of claim 9, further comprising a

biopsy needle positioned to take a sample of the body segment upon detection of a tumor.

16.  The bioimpedance measurement apparatus of claim 9, wherein the
bioimpedance measurement apparatus detects a highly metastatic tumor based upon the

detected biompedance of the body segment.

17.  The bioimpedance measurement apparatus of claim 9, wherein said detector

detects a depth of a tumor in the body segment.
18.  The bioimpedance measurement apparatus of claim 9, wherein said detector
detects a tumor in the body segment, further comprising a display device for displaying a

holographic image of the tumor.

19.  The bioimpedance measurement apparatus of claim 9, further comprising a

shaft for retaining said coil and a shield wrapped around said shaft beneath said coil.

20.  The bioimpedance measurement apparatus of claim 18, said shield having a slit

preventing the flow of current around said shield.
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21. A bioimpedance measurement apparatus for measuring the bioimpedance of a
body segment, the apparatus comprising:

a first coil for placement adjacent to the body segment;

a current generator connected to said first coil, said current generator generating a
current signal for application to said first coil to thereby induce said first coil to generate a
magnetic field having a magnitude and frequency;

a second coil arranged about a center of the magnetic field to induce a voltage on said
second coil; and,

a detector connected to said second coil for detecting the voltage on said second coil

and determining the bioimpedance of the body segment based upon the detected voltage.

22.  The bioimpedance measurement apparatus of claim 21, wherein the body

segment is a prostate.

23.  The bioimpedance measurement apparatus of claim 21, wherein the
bioimpedance measurement apparatus detects a prostate tumor based upon the determined

biompedance of the body segment.

24.  The bioimpedance measurement apparatus of claim 21, wherein the current

signal has a frequency greater than 10kHz.
25.  The bioimpedance measurement apparatus of claim 21, wherein the
bioimpedance measurement apparatus detects a highly metastatic tumor based upon the

detected biompedance of the body segment.

26.  The bioimpedance measurement apparatus of claim 21, wherein said detector

detects a depth of a tumor in the body segment.
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27.  The bioimpedance measurement apparatus of claim 21, wherein said detector
detects a tumor in the body segment, further comprising a display device for displaying a
holographic image of the tumor.

28.  The bioimpedance measurement apparatus of claim 21, further comprising a

finger probe, wherein said first and second coils are mounted to said finger probe.

29.  The bioimpedance measurement apparatus of claim 21, further comprising a

biopsy needle positioned to take a sample of the body segment upon detection of a tumor.
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