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ELECTROMAGNETIC SYSTEM AND METHOD
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Joseph West
Jennifer McFerran-Brock
Emily Sequin
Duxin Sun
Peng Zou
CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This PCT application claims the benefit of priority to U.S. Provisional
Application No. 61/152,408, filed February 13, 2009, U.S. Provisional Application No.
61/234,745, filed August 18, 2009, and U.S. Provisional Application No. 61/239,652,
filed September 03, 2009. All of the aforementioned applications are incorporated by
reference in their entirety.

TECHNICAL FIELD
[0002] Embodiments are directed to the fields of cancer biology and medicine.

More particularly, it concerns systems, apparatuses, and methods for assessing
abnormal tissue in an organism. Additionally, embodiments are broadly applicable for
numerous electromagnetic detection applications, such as detection of minute quantities
of metal in food.

BACKGROUND OF THE ART
[0003] Successful treatment of cancer often relies on surgery, which in turn

depends on the accuracy of the detection and imaging tools available to the surgeon.
Of the non-skin cancers diagnosed every year in the U.S., most (~ 50%) are cured by
surgical resection. Only a small percentage of patients are cured by radiation therapy
and chemotherapy, while the remainder are incurable. At present, patients undergoing
planned cancer surgery with a curative intent depend upon pre-operative imaging
techniques such as computer tomography (CT) scans, magnetic resonance imaging
(MRI), and positron emission tomography (PET) scans for cancer detection. This pre-
operative imaging is usually able to detect the primary tumor or tumors, but often fails to
1
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indicate the extent of metastasis. A technique is needed to provide the surgeon with
real-time, dynamic, intraoperative information that could ultimately impact decision-
making in the operating room (OR).

[0004] Accurate assessment of resection margins and detection of occult disease
(including affected lymph nodes) during surgery is known to reduce recurrence rates
and improve long-term patient outcomes. Of particular interest are detection techniques
with the potential to be developed into intraoperative tools that could be used in the OR.
Accordingly, development of an intraoperative probe is vital in the precise identification
of occult tumor and for the evaluation of the adequacy of surgical resection margins in
the OR, both of which presently rely on frozen sections and post-operative pathological
examination. Such a technique could also serve to advance image-guided pathology.

SUMMARY

[0005] Various embodiments comprise an electromagnetic (EM) probe includi'ng of a
pair of coils designed to detect changes in inductive coupling due to eddy currents when
different materials are brought into the probe’s vicinity. Experiments on human colon
cancer-bearing xenograft mice and human tissue excised during cancer surgeries
demonstrate the probe’s consistent ability to differentiate between healthy and abnormal
tissue. Various embodiments utilize sawtooth excitation of the tissue to achieve the
greatest sensitivity. In various embodiments, the information contained in the phase shift
of the induced voltage in the receiver coil relative to the voltage across the driver coil is
substantially less ambiguous in detecting differences in tissue properties. Embodiments
are appropriate for use in intraoperative detection of abnormal tissue conditions (e.9.,
cancer), and their selectivity may be further enhanced when used in conjunction with
molecular targeting agents. The method may also be readily extended to imaging of
surgically excised tissue and real-time tissue analysis in the operating room. Additionally,
an exemplary method may also be extended for diagnosis of disease, post-surgical
imaging to determine efficacy of surgery, or imaging to determine efficacy of therapeutic
treatment (e.g. from chemotherapy, or hyperthermic treatment using conjugated
nanoparticles (NP})).

[0006] In various embodiments, a novel, hand-held electromagnetic probe is
disclosed for the detection of occult tumor and for the accurate assessment of surgical

2
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rhargins. In alternative embodiments, the probe is mechanically or robotically
positioned. In some embodiments, the probe may be used in conjunction with a particle
or tracer with electrical conductivity or magnetic properties that are distinguishable from
the electrical conductivity or magnetic properties of the tissue, the particle or tracer
operably linked or associated with a molecular targeting agent selective for an abnormal
tissue (e.g., cancer).

[0007] Accordingly, embodiments include a method of identifying an abnormal
condition occurring in a tissue of an animal, comprising:

providing a probe comprising a driver coil and a receiver coil;

positioning the probe adjacent to the tissue;

imposing a time-varying current or voltage through the driver coil at a fixed frequency;
measuring the alternating current or voltage produced in the receiver coil;

comparing the induction phase shift between the alternating current or voltage imposed
through the driver coil to the alternating current or voltage produced in the receiver coil,
thereby determining the induction phase shift response of the animal tissue at the fixed
frequency;

comparing the determined induction phase shift response of the animal tissue at the
fixed frequency to an induction phase shift response of a normal animal tissue at the
fixed frequency; and

identifying an abnormal condition occurring in a tissue based on the comparison.

In various embodiments, the waveform of the alternating current or voltage is selected
from the group consisting of square, triangle, and sawtooth waveforms.

In specific embodiments, the waveform of the alternating current or voltage comprises a
sawtooth waveform.

In various embodiments, at least a portion of the driver coil is disposed within the
cylinder defined by the receiver coil.

In some embodiments, the step of identifying an abnormal tissue comprises detecting a
neoplasm.

In various embodiments, the tissue is selected from the group consisting of brain tissue,
breast tissue, lung tissue, heart tissue, muscle tissue, skin tissue, kidney tissue, cornea
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tissue, liver tissue, pancreas, ovary, uterus, bone tissue, abdomen tissue, head tissue,
leg tissue, arm tissue, pelvis tissue, chest tissue, and trunk tissue.

In some embodiments, the probe does not contact the animal tissue.

In various embodiments, the frequency of the alternating current or voitage is between
about 1 Hz and about 1 MHz.

In some embodiments, the frequency of the alternating current or voltage is between
about 1 Hz and about 100 kHz.

Some embodiments further comprise the steps of:

administering to the animal an effective amount of a particle or tracer with electrical
conductivity or magnetic properties that are distinguishable from electrical conductivity
or magnetic properties of the tissue (i.e., either higher or lower than tissue to be
examined), conjugated with a molecular targeting agent, the molecular targeting agent
selectively binds a marker associated with cells associated with an abnormal condition
occurring in a tissue; and

pausing after the administering step for a period sufficient to allow the unbound
molecular targeting agent to clear.

In some embodiments, the molecular targeting agent comprises an antibody and the
conductive particle comprises a nanoparticle.

Additional embodiments include a method of treating an abnormal condition occurring in
a tissue of an animal, by exciting the conductive particles with EM waves to kill cells
associated with an abnormal condition by hyperthermia after the targeting agent is
bound to a marker associated with cells associated with an abnormal condition
occurring in a tissue. ’

Other embodiments include a method of imaging an abnormal condition occurring in a
tissue of an animal, comprising the steps of:

providing a probe comprising a driver coil and a receiver coil;

positioning the probe adjacent to the tissue;

imposing a time-Varying current or voltage through the driver coil at a fixed frequency;
measuring the alternating current or voltage produced in the receiver coil;

comparing the induction phase shift between the alternating current or voltage imposed
through the driver coil to the alternating current or voltage produced in the receiver coil,

4
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thereby determining the induction phase shift response of the animal tissue at the fixed
frequency,

determining the induction phase shift response at various positions across the animal
tissue at the measured frequency; and

generating an image based on the induction phase shift response at various positions
across the animal tissue.

Various embodiments include an arrangement for identifying an abnormal condition
occurring in a tissue of an animal, comprising:

a probe comprising a driver coil and a receiver coil, at least a portion of the driver coil is
disposed within the cylinder defined by the receiver coil;

an alternating current power sUpply connected to the driver coil, the alternating current
power supply configured to generate a fixed frequency of a current or voltage in the
driver coil;

a measurement system operably connected to the receiver coil, the measurement
system is configured to measure a phase shift between the voltage or current imposed
on the driver coil and the voltage or current produced in the receiver coil when the driver
and receiver coils are positioned adjacent to the tissue; and

a system for presenting the measured phase shift between the input voltage or current
imposed on the driver coil and the alternating voltage or current induced in the receiver
coil in order to identify the abnormal condition occurring in the tissue.

In various embodiments, the waveform of the alternating current or voltage is selected
from the group consisting of square, triangle, and sawtooth waveforms.

In other embodiments, the waveform of the alternating current or voltage comprises a
sawtooth waveform.

In some embodiments, at least a portion of the driver coil is disposed within the cylinder
defined by the receiver coil.

In various embodiments, the frequency of the alternating current or voltage is between
about 1 Hz and about 1 MHz.

In other embodiments, the frequency of the alternating current or voitage is between
about 1 Hz and about 100 kHz.

In other embodiments, the arrangement further comprises:

5
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an effective amount of a particle or tracer with electrical conductivity or magnetic
properties that are distinguishable from electrical conductivity or magnetic properties of
the tissue (i.e., either higher or lower than tissue to be examined), conjugated with a
molecular targeting agent, the molecular targeting agent is structured to bind a marker
associated with cells associated with an abnormal condition occurring in a tissue.

In some embodiments, the molecular targeting agent comprises an antibody and the
conductive parﬁcle comprises a nanoparticle.

In various embodiments, the alternating current power supply comprises:

a function generator configured to generate an alternating current or voltage having a
sawtooth waveform.

Alternative embodiments include a medical imaging apparatus comprising:

a probe comprising a driver coil and a receiver coil, at least a portion of the driver coil is
disposed within the cylinder defined by the receiver coil;

an alternating current power supply connected to the driver coil, the alternating current
power supply configured to generate a fixed frequency of a current or voltage in the
driver coil;

a means for raster scanning the probe at various positions across the tissue; and

a measurement system operably connected to the receiver coil, the measurement
system is configured to measure phase shifts between the voltage or current imposed
on the driver coil and the voltage or current produced in the receiver coils when the
driver and receiver coils are positioned at locations across the tissue; and

a system for presenting the measured phase shift between the input voltage or current
imposed on the driver coil and the alternating voltage or current induced in the receiver
coil at positions across the tissue in order to create an image.

Another embodiment includes a method of identifying an abnormal condition occurring
in a tissue of an animal, comprising:

providing a probe comprising a coil;

positioning the probe adjacent to the tissue;

imposing a first time-varying current or voltage through the coil at a fixed frequency;
detecting a reflected time-varying current or voltage through the coil at a fixed
frequency;
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measuring the standing wave ratio between the first time-varying current or voltage and
the reflected time-varying current or voltage, thereby determining an inductive reactance
response of the coil at the fixed frequency;
comparing the inductive reactance response of coil for the animal tissue to the inductive
reactance response of the coil for a normal animal tissue at the fixed frequency; and
identifying an abnormal condition occurring in a tissue based on the comparison.
At least one embodiment includes a method of identifying an abnormal condition
occurring in a tissue of an animal, comprising:
providing a probe comprising a coil;
positioning the probe adjacent to the tissue;
imposing a first time-varying current or voltage through the coil at a fixed frequency;
detecting a reflected time-varying current or voltage through the coil at a fixed
frequency; '
measuring a time period between the imposing step and the detecting step, thereby
determining an inductive reactance response of the coil at the fixed frequency;
comparing the inductive reactance response of the coil for the animal tissue to the
inductive reactance response of the coil for a normal animal tissue; and
identifying an abnormal condition occurring in a tissue based on the comparison.

BRIEF DESCRIPTION OF THE DRAWINGS
[0008] Figure 1: (A) Schematic of electromagnetic probe used for

measurement of magnetic susceptibilities of tissue; (B) Bottom plan view of an
exemplary embodiment with two concentric coils.

[0009] Figure 2: Schematic of the driving and data acquisition system of an
embodiment.
[0010] Figure 3: Schematic demonstrating the operation of an embodiment

comprising a lock-in amplifier.

[0011] Figure 4: Schematic showing non-conducting probe holder and stage
which control the placement and movement of the probe relative to the specimen.
Motion in the x-, y- and z- directions is controlled by three separate motors, which turn
three separate threaded rods, causing motion either of the probe in the z-direction or of
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the non-conducting Plexiglas stage in the x- or y-direction. Non-conducting materials
are used to prevent any interference with the probe signal.

[0012] Figure 5: shows the experimental set-up for in vivo measurements on an
animal model.
[0013] Figure 6: Electromagnetic probe readings on control animal, i.e., one

injected with cancer cells but without any nanopatrticles or antibodies, as a function of
day from injection of colon cancer cells. Filled squares indicate measurements on the
tumor while open circles denote measurements on the lower left ribcage, denoting
healthy tissue.

[0014] Figure 7: (A) Electromagnetic probe readings on animal injected with
0.1 mL free Fe>O3 NPs (i.e., not conjugated to CC49) as a function of day from injection
of colon cancer cells. Filled squares indicate measurements on the tumor while open
circles denote measurements on the lower left ribcage, denoting healthy tissue.

(B) Electromagnetic probe readings on mouse injected with 0.2 mL free (not conjugated
to CC49) Fe,O3 NPs as a function of day from injection of colon cancer cells. Filled
squares indicate measurements on the tumor while open circles denote measurements
on the lower left ribcage, denoting healthy tissue. ‘

[0015] Figure 8: (A) Electromagnetic probe readings on mouse injected with
0.1 mL CC49-Fe,0O3 solution as a function of day from injection of colon cancer cells.
Filled squares indicate measurements on the tumor while open circles denote
measurements on the lower left ribcage, denoting healthy tissue. (B) Electromagnetic
probe readings on mouse injected with 0.2 mL CC49-Fe>O3 solution as a function of day
from injection of colon cancer cells. Filled squares indicate measurements on the tumor
while open circles denote measurements on the lower left ribcage, denoting healthy
tissue.

[0016] Figure 9: Tissue samples excised during human lymphoma surgery,
consisting of (1) a diseased lymph node and (2) a sample of healthy tissue removed
from the same vicinity.

[0017] Figure 10: Tissue samples excised during a human hepatic cancer
surgery. Probe measurements were performed at six different locations, including (1)
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the tumor, (2) healthy tissue near the tumor, (3) cauterized tissue on specimen 1, (4,5)
healthy tissue, and (6) cauterized tissue on specimen 2.

[0018] Figure 11: Subsurface PET/CT image of the sample of human metastatic
ovarian signet ring cell cancer from the omentum showing locations where
measurements were taken with the EM probe. EM probe measurements were taken on
healthy tissue (1), a tumor just below the surface of the sample (2), and tumors
embedded below the surface (3,4).

[0019] Figure 12: (a) Photograph of tissue sample from human colon cancer
metastasized to the distal psoas muscle showing the locations of probe readings that
were taken in the x-direction along 6.3 mm intervals. (b) PET/CT image showing the
location of the main tumor mass. Note that the probe scan did not pass through the
main tumor, but that it did pass over an interior tumor embedded in the tissue sample.
[0020] Figure 13: Typical detector voltages recorded by the EM probe at a fixed
phase for three separate measurements each on a diseased lymph node and healthy
tissue removed from the same vicinity during human lymphoma surgery (see Figure 9).
Error bars are smaller than the data markers and are not shown. Readings on the
diseased lymph node have a mean value of 2.97 V and a standard deviation 0.15 V,
while readings on the healthy tissue have a mean value of 1.03 V and a standard
deviation 0.10 V.

[0021] Figure 14: Results of probe readings on a sample of human metastatic
ovarian signet ring cell colon cancer (see Figure 11) at four different locations. The
tumor just below the surface (2) and the two embedded tumors (3, 4) show probe
readings that are well below the reading on healthy tissue (1).

[0022] Figure 15: Results of probe readings on colon cancer metastasized to
distal psoas muscle at locations shown in Figure 12. Readings at 2.54 and 3.81 cm
correspond to the embedded interior tumor that is visible on the PET/CT image. The
line of measurement does not actually go through the main tumor mass, but the location
at 5.72 cm corresponds to tissue just at the top edge of the main tumor, and this
location does show an elevated reading.
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[0023] " Figure 16: Peak-to-peak magnitude of receiver response as a function of
driving frequency f for a single 7.39 mm loop of 18 gage copper wire. The driver coil is
driven by a 7 Vpp sinusoid.

[0024] Figure 17: Phase difference A¢ between driver and receiver coils as a
function of driving frequency f for a single 7.39 mm loop of 18 gage copper wire. The
driver coil is driven by a 7 Vpp sinusoid.

[0025] Figure 18: Peak-to-peak voltage of receiver coil for experiments on single
concentric loops of 18 gage copper wire of varying diameter. The driving signals are a
sawtooth or sinusoid of 7 Vpp and 99 kHz.

[0026] . Figure 19: Phase shift of probe for experiments on single concentric loops
of 18 gage copper wire of varying diameter. The driving signals are a sawtooth or
sinusoid of 7 Vpp and 99 kHz. Error bars are smaller than the data markers.

[0027] Figure 20: Peak-to-peak receiver voltage of receiver coil for experiments
on single concentric loops of 18 gage copper wire of varying diameter. The driving
signals are a sawtooth or sinusoid of 7 Vpp and 99 kHz. The results for the sinusoidal
driving signal have been multiplied by a factor of 2 to show that they have the same
qualitative dependence of the peak-to-peak receiver voltage versus loop diameter.
[0028] = Figure 21: Phase response of probe for experiments on single concentric
loops of 18 gage copper wire of varying diameter. The driving signals are a sawtooth or
sinusoid of 7 Vpp and 99 kHz. The results for the sinusoidal driving signal have been
multiplied by a factor of 60 to show that they have the same qualitative dependence of
the peak-to-peak receiver voltage versus loop diameter. Error bars are smaller than the
data markers.

[0029] Figure 22: Schematic demonstrating the operation of an embodiment with
the probe mounted on a raster device on a round phantom.

[0030] Figure 23: Schematic of various rectangular paraffin phantoms used to
test various embodiments.

[0031] Figure 24: Schematic demonstrating an imaging embodiment where the
EM probe may be rastered over the specimen.

[0032] Figure 25: Image generated using the measured phase output on the
rectangular, paraffin phantom with one embedded larger copper loop. Step size along
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the short edge is 2.5 mm. The phantom was scanned along the long edge at a rate of
2.08 mm/sec.

[0033] Figure 26: Image generated using the measured voltage magnitude output
on the rectangular, paraffin phantom with one larger copper Ioop; Step size along the
short edge is 2.5 mm. The phantom was scanned along the long edge at a rate of 2.08

mm/sec.
[0034] Figure 27: A schematic of an exemplary embodiment for SWR
measurements.
[0035] Figure 28: a schematic of an exemplary embodiment for TDR
measurements.

DETAILED DESCRIPTION
[0036] Unless otherwise defined, all technical and scientific terms used herein

have the same meaning as commonly understood by one of ordinary skill in the art to
which this invention pertains. Although methods and materials similar or equivalent to
those described herein can be used in the practice or testing of the exemplary
embodiments, suitable methods and materials are described below. All publications,
patent applications, patents, and other references mentioned herein are incorporated by
reference in their entirety. In case of conflict, the present specification, including
definitions, will control. In addition, the materials, methods, and examples are
illustrative only and not intended to be limiting.
[0037] As used herein, the phrase “operably connected” may be intended to
mean coupled or connected, either directly or indirectly, such that the connected
structures are operable to perform a desired function.
[0038] As used herein, the word “animal” broadly refers to ali'members of the
kingdom Animalia, including humans. Other animals include vertebrates such as fish
and other mammals such as mice, rats, rabbits, cats, dogs, pigs, cows, ox, sheep,
goats, horses, monkeys and other non-human primates.'
[0039] Embodiments include a system and a method for detecting an abnormal
condition in an animal tissue. Exemplary embodiments comprise an EM probe
operating in the kHz range and consisting of a pair of parallel-axis, multi-turn coils, one
used as a driver and one as a receiver. In a preferred embodiment, phase-sensitive
11
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detection may be provided by a lock-in amplifier. The lock-in amplifier measures the
phase shift of the receiver coil signal relative to that of the reference input, which is the
signal from the function generator that is. used as an input to the driver coil.  In an
exemplary embodiment, the phase shift between the alternating voltage or current
imposed on the driver coil and the alternating voltage or current induced in the receiver
coil may be used to detect changes in the EM properties of tissue brought into its
vicinity.

[0040] An exemplary embodiment may be used to detect cancerous or pre-
cancerous tissue in an animal (e.g., humans and or other mammals), for example, intra-
operative cancer detection. The system and method exploit differences in the
electromagnetic (EM) properties between abnormal and normal tissue (e.g., cancerous
and healthy tissue). More specifically, by way of time-varying EM fields, electrical eddy
currents are generated in tissue samples, and assessed using phase-sensitive
detection. Embodied methods and systems utilize the change in phase shift between
the voltage in a receiver coil and the voltage in a driver coil to provide a direct and
immediate indication of differences in EM properties of specimens.

[0041] In an exemplary embodiment, the presence of additional, symmetric
detector coils is not necessary to establish a null condition. Instead, various
embodiments use a reference .phase of a lock-in ampilifier to null the device. Preferred
embodiments utilize a function generator to impose alternating driving voltages or
currents, preferably non-sinusoidal driving voltages or currents (e.g., square, triangle,
sawtooth, etc), more preferably sawtooth-typeA driving voltages or currents, at
frequencies between 1 Hz and 1 MHz, more preferably between 1 Hz and 100 kHz (e.g.
99 kHz) through a driver coil. When different materials are brought into the probe’s
vicinity, imposing such low frequency, non-sinusoidal driving signals through the driver
coil may produce induced phase shifts as much as 60 times greater than those
produced by sinusoidal excitation. The physics underpinning the extreme phase shifts
is unknown.

[0042] In an exemplary embodiment, the probe diameter may be constructed to
approximate the anticipated-size of the tissue eddy current diameters (e.g., millimeters)
or smaller. Additionally, the EM probe need not contact the relevant tissue in order to

12



WO 2010/093479 PCT/US2010/000444

perform the examination. Embodiments have been successfully used to detect cancer
in both a xenograft mouse model and in surgically excised tissue from cancer patients.
[0043] The following embodiments are included as representative examples. It
should be appreciated by those skilled in the art that the systems, devices, and methods
disclosed in the examples which follow, represent systems, devices, and methods that
function well in the practice of the invention, and thus can be considered to constitute
acceptable modes for its practice. However, those of skill in the art should, in light of the
present disclosure, appreciate that many changes can be made in the specific
embodiments which are disclosed and still obtain a like or similar result without
departing from the concept, spirit, and scope of the invention. Additionally, it will be
apparent that certain agents both chemically and physiologically related may be
substituted for the agents described herein while the same or similar results would be
achieved. All such similar substitutes and modifications apparent to those skilled in the
art are deemed to be within the spirit, scope and concept of the invention as defined by
the appended claims.

[0044] Referring to Figure 1A, an exemplary embodiment comprises an EM
probe 25. The probe may comprise a probe head 19 affixed to a support 29. In one
embodiment, the probe head 19 may be about 10.67 mm long. Referring to Figure 1B,
the EM probe of an exemplary embodiment may comprise two concentric coils of wire.
The coils may be concentrically wound using insulated copper wire (e.g., 32 gage
(0.202 mm diameter)). The (inner) driver coil 33 may contain two Iayefs of evenly-
wound turns, while the (outer) receiver coil 41 may be made up of five layers and be
scatter wound. The inner diameter of the driver coil 33 may be 11.81 mm, and the outer
diameter of the receiver coil may be 16.00 mm. Accordingly, in this embodiment the
outer diameter of the driver coil 33 is calculated to be 12.62 mm based on the thickness
of the wire. In some embodiments, the probe is a hand-held instrument. In alternative
embodiments, the probe is mechanically or robotically positioned.

[0045] Referring to Figure 2, the EM probe of an exemplary embodiment may be
operably connected to a driving and data collection system 75. Figure 2 shows a
schematic of an exemplary system. In the embodiment shown, the driver side of the
probe comprises a function generator 67 (e.g., HP 33120A from Hewlett-Packard,

13
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Loveland, CO), which may provide both the driving signal (f,) to the driver coil 33 and
the reference signal (feference) t0 the lock-in amplifier 54. In this embodiment, the AC
voltage in the driver coil 33 imposes a current that induces a voltage in the receiver coil
41. A lock-in amplifier 54 (e.g., models SR510 (single channel) or SR 530 (dual
channel), Stanford Research Systems, Sunnyvale, CA) may be used to amplify the
voltage from the receiver coil 41 at a fixed phase. In an exemplary embodiment, the
presence in close proximity of a material with different electromagnetic properties (a
tissue sample containing a tumor, for example) changes the mutual inductance between
the driver and receiver coils and leads to a different reading at a fixed phase.

[0046] Referring again to Figure 2, the driving signal to the driver coil 33 of the
probe and the reference input to the lock-in amplifier 54 are provided by a function
generator 67. In an exemplary embodiment, function generator is used to drive a
predetermined waveform through the driver coil. Preferably, the waveform generator
drives a sawtooth waveform through the driver coil. For example, in one preferred
embodiment, the waveform generator 67 imposes an alternating voltage of a 7Vpp
sawtooth waveform at a fixed frequency of 99kHz through the driver coil 33.
Advantageous'|y, imposing a sawtooth waveform yields an unexpectedly greater voltage
change on the receiver than sinusoidal excitation of the driver. The function generator
67 may also be used to drive other waveforms, for example, a square or triangle
waveform through the driver coil.

[0047] The signal from the receiver coil is sent to a lock-in amplifier 54 (e.g.,
Stanford Research Systems, Sunnyvale, CA). The output from the lock-in amplifier is
captured by an oscilloscope 79 ( e.g., Agilent 54622A, 100MHz, oscilloscope). In an
exemplary embodiment, the oscilloscope 79 output may be transferred over a data
cable 94 to a computer 90. This data may be captured by a computer 90 programmed
with specialized software, for example, Agilent Intuilink 54600 Scope Control software
(ver. 2.0.0). Preferably, this software allows for the scope data to be transferred to a
text file, excel file, or saved as an image, that may be saved and analyzed. In some
embodiments, the oscilloscope 79 may be omitted from the data collection system 75 by
programming the computer 90 with appropriate data collection software.
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[0048] The operation of an exemplary EM probe with respect to the lock-in
amplifier 54 is illustrated in Figure 3. Figure 3(a) shows the voltage signals from the

driver and receiver coils. The voltage from the driver coil V4 = E( cos(@t + ¢, ) is used
as the reference signal, while the voltage from the receiver coil V. =V, cos(at + &) is the
input signal. The reference phase ¢.,of V, may be adjusted during operation of the

lock-in amplifier. Figure 3(b) details the operation of a single channel lock-in amplifier,

such as the SR510. The signals V, and V. are passed through a multiplier 102. The

product of two cosines of frequency w is equal to the sum of' two cosines, one having a
sum frequency (w+®) and the other having a difference frequency(w— ). The sum
frequency component is strongly attenuated by a low-pass filter (LPF) 107. Because
the frequencies of the driver and receiver coils are equal, the cosine of the difference

term simply yields a DC output proportional tocos(¢ —5). This DC output is sent

though a DC amplifier 113. Therefore, the DC output voltage V.. is proportional to the

product of the magnitudes of V, and V. and the cosine of the phase difference between

=GE\V, cos(¢

F

them, that is, V

out

o —5), where G is the total gain from the lock-in ampilifier.
Initially, the reference phase ¢.is adjusted such that the phase difference between the
two signals is z/2, which sets V,, to zero. When a specimen is brought into proximity
of the coils, the mutual inductance between the two coils changes. Inductive interaction
between the coils that form the probe head and the eddy currents that arise in the
specimen introduce both a phase and a magnitude change in the receiver coil signal V,
and lead to a nonzero value of V,,. The phase change can be measured directly from
a single channel lock-in amplifier using the null method. The reference phase g@.r is
adjusted to achieve a DC output of zero with no specimen present. Once the specimen
is brought into the vicinity of the probe, 4., is adjusted again to re-establish the null
condition and the difference between the two values of ¢,y is the phase shift due to the
presence of the specimen.

[0049] A dual channel lock-in amplifier (SR530) operates on the same principle,
but with an added step that allows it to measure the phase directly without using the null

method. The signal V_, in addition to being multiplied by cos(at+¢,ef), is also multiplied
15
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by sin(at+¢,ef) in a separate channel. The resulting sum frequency is attenuated as

before by a LPF. The result is two DC outputs, one proportional to cos(¢. — &) and one
proportional tosin(g,, — ). These signals are
v, =GV, coslg,, - 6) (1)
V, =GV,sinlg, . - 6) ()
[0050] where Gis a gain. The magnitude of the input to the lock-in amplifier (i.e.

, 2 2
output from the receiver coil) is therefore V, = WV, é , and the phase response is

o =—tan_l(%) [Stanford Research Systems, 2001]. If the reference phase @.r is

1

adjusted so that the phase of the input signal § is zero with no specimen present, then
the phase shift due to placement of the specimen in the vicinity of the probe can be read
directly from the dual-channel lock-in amplifier.

[0051] Referring to Figure 4, in an exemplary embodiment, the motion of the
probe relative to the specimen may be aligned by way of an adjustable stage 120.
Various embodiments utilize a commercial milling machine, for example, a MaxNC CL2
precision 3-axis milling machine (e.g., MaxNC, Gilbert, AZ). The MaxNC CL2
controlling software is run from a 2000 P5-90 Pentium computer running DOS. A 38 cm
long noh—conducting holder made of PVC was constructed to hold the probe, which is
attached to the end of a non-conducting nylon rod which holds the probe 10 cm below
the probe holder. The probe and its holder are moved up and down in the z-direction by
the z-axis motor on the MaxNC. Two other motors control motion in the x- and y-
directions. A 40 x 18 cm nonconducting plexiglass stage is fastened to a platform on
the MaxNC that is capable of motion in the x- and y-directions. Motion in all three
directions is achieved by using one of three motors to turn one of three threaded rods,
causing the appropriate platform to move in the desired direction. The threaded rod
controlling motion in the z-direction is 40 cm long, while those controlling motion in the
x- and y-directions are 44 and 30 cm long, respectively. Non conducting materials are
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used to hold the probe and specimen to prevent any interference with the probe signal
by the metal parts that make up the MaxNC.
In vivo detection of Cancer in an Animal Model Using an Exemplary EM Probe

[0052] An embodiment comprising two concentric coils successfully detected
cancerous tissue in vivo in animal models, using phase-sensitive detection.
Experimental measurements with the probe were also conducted with animal models
injected with 5 nm iron oxide NPs and antibody-NP (i.e. NP-CC49) conjugates.
Measurements in the animal models with the antibody-NP conjugates were performed
to explore the potential for improving selectivity of the measurement. Additional
measurements on 5 nm NPs of iron oxide in phantoms were also conducted to identify
other characteristics of the measurement technique.

[0053] Although not required, various embodiments include the additional step of
administering to the animal an effective amount of a particle or tracer with electrical
conductivity or magnetic properties that ére distinguishable from the electrical
conductivity or magnetic properties of the tissue (i.e., either higher or lower than tissue
to be examined). In various embodiments, suitable particles or tracers may include, for
example, but not limited to, iron oxide NPs, gold NPs, polyethylene glycol (PEG). The
particle or tracer may be conjugated with a molecular targeting agent. In various
embodiments, suitable molecular targeting agents include, for example, but not limited
to, peptides, lectins, antibodies (monoclonal and polyclonal), aptamers, avimers, etc. In
exemplary embodiments, the molecular targeting agent selectively binds a marker
associated with cells associated with an abnormal condition occurring in a tissue. An
exemplary embodiment comprises administering to a patient an effective amount of a
molecular targeting agent which specifically binds a marker produced by or associated
with an abnormal tissue (e.g., neoplastic tissue). The dosage of the molecular targeting
agent is such that the EM detection arrangement can be utilized for determining sites
exhibiting accretion of the labeled targeting agent (e.g., neoplastic tissue or cells).
Molecular targeting agent dosages may depend upon the specific type of molecular
targeting agent used, the electrical conductivity or magnetic properties of the particle or
tracer conjugated to targeting agent, the characteristics of the excitation signal used to
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excited the particle or tracer, the sensitivity of the detection equipment, and other
factors which may affect dosage requirements as those skilled in the art will appreciate.
[0054] If a labeled targeting agent is utilized, the immediate accession of a
subject with embodied electromagnetic detection arrangements is not advisable.
Preferably, time is permitted to elapse following administration of the targeting agent in
order for unbound targeting agent to be cleared from the tissue surrounding the tissue
to be surveyed. The clearance time may be as short as a few minutes on up to several
weeks, depending upon how fast the subject's body clears (often métabolizes) the
targeting agent.

[0055] Once a suitable interval has elapsed, the subject may be accessed with
the electromagnetic detection instrument. The relevant sites may be surveyed with the -
electromagnetic detection instrument for determining accretion of the particle or tracer-
labeled targeting agent by detecting with the instrument altered electrical conductivity or
magnetic properties that are distinguishable from the electrical conductivity or magnetic
properties of the tissue at the relevant sites.

[0056] The methods and detection arrangements disclosed may be used ‘in
conjunction with other existing modalities of cancer detection and imaging such as
computed tomography, MRI, etc. For example, preoperative images of the surgical site
acquired by other imaging modalities may be used by the disclosed arrangements for
image reconstruction in order to enhance the accuracy and the depth resolution for
intraoperative tumor detection.

[0057] The detection compositions of various embodiments may be administered
systemically, non-systemically, locally or topically, parenterally as well as non-
parenterally, e.g. subcutaneously, intravenously, intramuscularly, perorally, intranasally,
by pulmonary aerosol, by injection or infusion into a specific organ or region, buccally,
intracranically or intraperitoneally.

[0058] Effective amounts and regimens for the administration and detection of the
molecular targeting agents according to the disclosed embodiments can be determined
readily by those with ordinary skill.

[0059] (a) Preparation of the CC49-Nanoparticle Conjugate
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[0060] CC49 is the murine form of a monoclonal antibody that targets the tumor
associated glycoprotein TAG-72. A volume of 0.8 mL of the iron oxide stock solution (3
mg/mL) was transferred to a vial and diluted with 0.6 mL of PBS. While stirring
continuously, 0.4mL of 2-(N-morpholino) ethanesulfonic acid (MES) solution (0.5 M)
(Sigma-Aldrich, St. Louis, MO) was added to the iron oxide solution, followed by
addition of 0.1 mL of freshly prepared 1-ethyl-3-(3-dimethylamino
propyl)carbodimidehydrochloride (EDC) PBS solution (7.6 mg/mL) (Sigma-Aldrich, St.
Louis, MO) and 0.1 mL of freshly prepared sulfo-N-hydroxysuccinimide (sulfo-NHS)
PBS solution (21.5 mg/mL) (Sigma-Aldrich, St. Louis, MO). The mixed solution was
stirred for 20 minutes at room temperature and then passed through a 2 mL Zeba desalt
spin column (Pierce Biotechnology, Inc., Rockford, IL). Next, 0.5 mL of CC49 solution
(11 nmol CC49) (National Cancer Institute, Bethesda, MD) was added to the eluted
solution. The pH was adjusted tb 8 with 150 uL NaxCOj3; (0.01M). The mixed solution
was stirred for 2 hours, and then the reaction was quenched by adding 2 mg of PEG-
amine (MW 5000D) (Nanocs, Inc., New York, NY). The solution was concentrated to 0.5
mL in a 30 kD cut-off centrifuge filter (Millipore, Billerica, MA) and loaded into a
Superdex-200 column (GE Healthcare, Piscataway, NJ), where it was eluted with PBS.
The first eluted component was the CC49-nanoparticle conjugate.

[0061] (b) Animal Model
[0062] (i) Cell Line
[0063] Human colon adenocarcinoma cells (LS174T) were obtained from the

American Type Culture Collection (Manassas, VA) and cultured in Dulbecco’s modified
Eagle high glucose medium (DMEM) supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin-streptomycin (Invitrogen Life Technologies, Carlsbad, CA). The cells
were maintained in a humidified atmosphere of 5% CO, at 37 °C, with the medium
changed every other day. A confluent monolayer was detached with 0.05% trypsin-
EDTA (Invitrogen Life Technologies, Carlsbad, CA) and dissociated into a single-cell
suspension for further cell culture.

[0064] (i) Tumor Xenografts and Animal Preparation

[0065] Animal procedures were performed according to a protocol approved by
the University Committee for the Use and Care of Animals (UCUCA) at The Ohio State
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University. Female athymic nude mice (nu/nu), obtained from National Cancer Institute
(Bethesda, MD) at 4-6 weeks of age, were subcutaneously inoculated in the back with
approximately 5x108 LS174T cells suspended in a mixture of 50 uL of PBS and 50 pL of
matrix gel basement membrane (BD Biosciences, San Jose, CA). When the tumors
reached 0.4-0.6 cm in diameter (10 days after implantation), the tumor-bearing mice
were injected with solutions of either Fe,O3 NPs or CC49-Fe»O3 conjugate. One tumor-
bearing mouse was not injected with any solution and used as a blank control. Two
tumor-bearing mice were intravenously injected with 0.1 mL and 0.2 mL of Fe,O3 NP
solution (0.3 mg/mL) through the tail vein, respectively. The other tumor-bearing mice
were intravenously injected with 0.1 mL and 0.2 mL of CC49-nanoparticle conjugate
solution through the tail vein. All mice were subjected to measurements with the
electromagnetic probe in vivo on days 3, 4, 5 and 8 after injection with the NPs.

[0066] (c) Electromagnetic Probe

[0067] In the embodiment tested, the probe was constructed as described above.
Briefly, the detection probe comprises two parallel-axis coils of wire, one of which
serves as a driver and the other as the detector. For these experiments, an alternating
voltage of 7 Vpp (sawtooth-type) was imposed on the driver coil at a fixed frequency of
99 kHz and phase (~38°). A current of equal frequency is induced in the detector coil.
A phase-lock amplifier is used to measure the out-of-phase component of the detector
coil voltage with respect to the driver coil (see Figure 1). The probe is nulled (zeroed) in
air with nothing placed in front of it by adjusting the phase on the lock-in ampilifier.
When the end of the detector coil is brought either into contact with or within the vicinity
of a material (such as healthy tissue or cancerous tissue), the mutual inductance
between the driver and detector coils is altered, resulting in a change in the voltage
induced in the detector coil and hence the voltage reading recorded on the lock-in

amplifier.

[0068] (d) Experimental Design and Data Analysis

[0069] (i) Experiments with Mice

[0070] As shown in Figure 5, the electromagnetic probe was suspended above

the anaesthetized animal and oriented at an angle approximately 20° from the vertical.
This was done to ensure that the area of tissue interrogated by the probe was as small
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as possible,~ yielding a point-wise measurement. The receiver coil was brought at a
constant speed of 2.1166 mm/s into contact with the target area, held in place until a
steady voltage was displayed, then retracted from the sample and allowed to reach a
steady reading once again. This process was repeated three times for each
measurement, with a precision, 3-axis motorized stage controlling the probe’s motion as
described in Figure 4. Despite the precision of the stage, it must be pointed out that it
was not possible to ensure that the very same point on the animal was probed with
each repeated measurement. Therefore, repeatability at a given location on a given
animal could be guaranteed only to within millimeters. On each day of the
measurements, the mice were anesthetized with Ketamine (100 mg/kg) (Hospira, Inc.,
Lake Forest, IL) /Xylazine (10mg/kg) (VEDCO, Inc., St. Joseph, MO). Measurements
were undertaken three times (three readings for each measurement) on the tumor for
each animal, with each measurement involving removing the animal from the stage and
replacing it after the previous measurement. Similarly, measurements below the left
ribcage were used as representative readings indicative of healthy tissue for each
animal. The lower left ribcage was chosen to avoid the liver, which was expected to be
a site of uptake for NPs. The soft abdominal region was also rejected as representative
of healthy tissue since the anesthetic was injected into the abdominal cavity and could
potentially interfere with the probe readings.

[0071] Measurements were conducted on mice on the 3%, 4™ 5™ and 8™ day
after injection of the NPs, corresponding to 13, 14, 15, and 18 days after injection of the
human colon cancer cells, respectively. The results of the nine probe measurements on
both the tumor and the healthy tissues were averaged for each animal for each day.
The averaged values are presented as a function of time (measured in days), along with
the high and low voltage values recorded for each day.

[0072] (e) Experimental Results

[0073] Probe measurements recorded on the animal models are presented in
Figures 6 through 8B. The average reading of the nine measurements is plotted on
each day for both tumor and healthy tissue. The uncertainty bars indicate the range of
readings collected per site per day. They are meant to give an indication of our ability to
return to the same given location on the animal and do not indicate experimental
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measurement error. The actual experimental measurement error is smaller than the
size of the data markers on the figures.

[0074] Figure 6 shows results for the control animal, i.e. one injected with cancer
cells but without any NPs or antibody. Note that in the absence of NPs, the tumor gives
a noticeably different (in this case, lower) reading than the healthy tissue for all four
days on which the measurements were made. It is important to stress that the
significance of the results shown in Figure 6 is not that the voltage recorded from the
tumor is smaller, but that it is different from that of the non-cancerous tissue. It is
certainly possible for the recorded voltage from the tumor to be higher than the healthy
tissue used for comparison, since the measurement is phase-sensitive and the phase of
the voltage in the detector coil could lag or lead, thereby leading to higher or lower
recorded voltages. Figures 7A and 7B show results for the animals injected with
suspensions of Fe;O3 NPs only at doses of 0.1 mL and 0.2 mL (0.3 mg/mL),
respectively. As can be seen in these figures, even though the recorded voltage varies
each day, the tumor still displays a noticeably different voltage compared to the healthy
tissue. No measurements were recorded on day 18 for the animal in Figure 7B
because it died after day 15. Figures 8A and 8B show the results for the animals
injected with 0.1 mL and 0.2 mL of solution containing the antibody CC49 conjugated
with the Fe>O3 NPs, respebtively. As with the previous results, the voltages recorded
from the tumor for the lower dose case (0.1 mL) are different and lower compared to
those obtained from the healthy tissue. However, note that the tumor gives a
comparable or higher reading than the healthy tissue throughout the measurement
period for the higher dose 0.2 mL case. Also evident in the figures is the fact that the
readings for the healthy tissue are approximately constant over the four days of
measurement, but the readings from the tumor show a peak on day 14 after injection of
the cancer cells in Figure 8A and on day 15 in Figure 8B.

[0075] The results from in vivo animal model experiments presented above
demonstrate that embodiments may be used as an intraoperative tool (e.g., a hand-held
probe, a robotically controlled probe, etc.) for distinguishing between cancerous and
healthy tissue in an animal. The embodied method and system presented above may
be useful in accurately assessing surgical margins. An exemplary probe can
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differentiate between cancerous and noncancerous tissue without the use of conjugated
Fe>O3 NPs. However, in alternative embodiments, the use of a MAbs-NP conjugate in a
detection scheme may be attractive for enhancing the sensitivity of the measurement.
The use of MAbs-NP conjugates is also attractive because of the potential to use the
NPs in treatment of the cancer by hyperthermia after they have been used in its
detection. Hyperthermia treatments involving NPs heated using EM waves may offer a
targeted treatment for certain forms of cancer. Metallic NPs can also be used to
enhance radiation therapy, so that the technique presented here addresses both
intraoperative cancer detection and treatment of surgically non-resectable diseased
tissue. ‘

Ex vivo experiments on excised tissue from cancer surgeries

[0076] In addition to measurements on animal models, an exemplary
embodiment’s performance was also evaluated in the presence of human tissue such
as would be encountered during cancer surgery. Measurements were recorded on
tissues excised from cancer patients that were part of a pilot study evaluating a
combined approach to resective cancer surgery involving preoperative PET/CT imaging
of the patient, intraoperative hand-held gamma probe detection, PET/CT imaging of the
excised tissue specimens, and postoperative PET/CT imaging of the patient. As part of
the procedure for the study, a combined PET/CT analysis was performed on each
tissue sample before it was subjected to probe readings, so that probe readings were
made with some idea of which samples contained cancer and where it was located.
[0077] Tissue samples were analyzed from four surgeries, performed on patients
with four different types of cancer. Before each set of measurements, both the
plexiglass stage and the probe head were covered with plastic wrap to avoid bio-
contamination.  This did not affect the probe readings. The procedure for
measurements on excised human tissue was virtually identical to that for the xenograft
mouse models. The probe was oriented at an angle 20° from ‘the vertical to assure as
close to a pointwise measurement as possible. A similar procedure was used to that
described for xenograft mice. The driving signal was a 7 Vpp, 99 kHz sawtooth
waveform.
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[0078] Tissue samples from four different cancer surgeries were obtained and
analyzed. The first tissue sample was from a lymphoma case. A diseased lymph node
and a sample of healthy tissue from its vicinity were studied (Figure 9). Three
measurements were performed on each, with the probe moved between tissue samples
after each measurement. Therefore, repeatability on a given location could only be
guaranteed to within millimeters. _

[0079] The next set of tissue specimens was from a liver cancer. The liver tumor
was a recurrent breast cancer that had metastasized to the liver. Two segments of liver
tissue were obtained and are shown in Figure 10. Specimen 1 contained a tumor
surrounded by a margin of healthy liver tissue, and specimen 2 was determined to be
free of cancer by micro PET/CT scan. Both samples had cauterized edges, which can
be clearly seen in Figure 10. Probe measurements were performed at six locations
total, or three on each sample. Measurements were taken on the tumor, the healthy
tissue and the cauterized edge on specimen 1. Measurements were taken on the
cauterized edge and on two locations within the healthy tissue of specimen 2. All six
locations are designated on Figure 10.

[0080] In the third case, probe measurements were performed on a sample of
metastatic ovarian signet ring cell cancer that had-metastasized to the abdominal wall,
omentum and small intestine. Measurements were made on a piece of tissue excised
from the omentum. A PET/CT image representing a subsurface slice of the same tissue
sample appears in Figure 11. Three tumors were discovered by palpation during
surgery, including one just below the surface of the sample and two embedded tumors.
Measurements were taken at four locations, indicated in Figure 11. These include a
region of healthy tissue (1), the tumor just below the surface (2) and the embedded
tumors (3,4).

[0081] Finally, a series of probe measurements were taken on tissue excised
from the distal psoas muscle from a metastatic colon cancer case. Measurements were
taken along a straight line spaced at 6.3 mm intervals in an attempt to form an image of
the varying EM properties along the top edge of a “slice” of the tissue sample. This was
done without prior knowledge of where the cancerous tissue was. A datum was chosen
at one end of the sample and set to x = 0. The y-axis was held constant, but the
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plexiglass stage was moved 6.3 mm in the x-direction after every probe reading. With
each new reading, the z-axis was re-zeroed so that the probe always came to rest just
on the surface of the tissue during the measurement. A photograph of the tissue
sample is shown annotated with the locations of the probe readings in Figure 12A.
PET/CT images of the tissue sample showing the locations of disease are shown
alongside in Figure 12B. Note that the probe scan did not traverse over the main mass
of the tumor, but did travel over an embedded tumor in the interior of the tissue sample
and by the edge of the main tumor mass.

[0082] Results of probe measurements on tissue excised during surgery from a
lymphoma case (see photo in Figure 9) are presented in Figure 13. Three readings
each were performed on the diseased lymph node and on the sample of healthy tissue
removed from its vicinity. The error bars are smaller than the data markers and are not
shown in the figure. Note the significant difference in voltage drop between cancerous
and healthy tissue, and the repeatability of the measurements. Readings on the
diseased lymph node have a mean value of 2.97 V and a standard deviation 0.15 V,
while readings on the healthy tissue have a mean value of 1.03 V and a standard
deviation 0.10 V. It is interesting to note that the diseased lymph node gives a larger
voltage drop than the sample of healthy tissue, whereas the tumor in the xenograft
models showed a smaller voltage drop compared to the healthy tissue. It is important to
stress that it is not the absolute value of the probe readings that is important but rather
that there is a difference in voltages between the two tissues.

[0083] A photograph of the two tissue specimens excised during surgery for a
hepatic cancer with the measurement sites marked is provided in Figure 10. One
measurement consisting of three probe readings was performed on each site. The
mean and standard deviation for the probe readings at each site are listed in Table 1.
Table 1

Mean
Site Description voltage, |V] o, |V]
1 [Tumor 2.93 0.30
Healthy tissue near
2 ftumor 4.79 0.32
3 |Cauterized tissue 1.14 0.04
4 |Healthy tissue 8.75 0.06
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5 |Healthy tissue 7.71 0.18
6 |Cauterized tissue 0.86 0.03
[0084] Again, a significant difference is registered between the voltages (at a

fixed phase) on the tumor and those on healthy tissue, in this case with healthy tissue
giving significantly larger voltage drops than tumor. The two readings on cauterized
tissue display readings lower than either healthy tissue or tumor, possibly indicating
poor mobility of the charges that lead to eddy currents in this type of tissue. It is
interesting to note that the readings on site 2, which is an area of healthy tissue in the
vicinity of the tumor on specimen 1, gives a probe reading (4.79 V) that is between the
readings on the tumor (2.93 V) and the healthy tissue on specimen 2 (7.71-8.75 V).
This occurred because as the probe was pushed into that location, the surrounding
tissue containing the tumor wrapped itself around the probe tip. Since the tumor site
was sufficiently close to site 2,-the recorded voltages from site 2 are between those of
the values obtained on the tumor and the cancer-free region.

[0085] The subsurface PET/CT scan of a sample of signet ring cell colon cancer
with measurement sites marked is provided in Figure 11. One measurement consisting
of three probe readings was performed on each site. These include a region of healthy
tissue (1), the tumor just below the surface (2) and the embedded tumors (3,4). The
results of the probe measurements are presented in Figure 14. Notice that the voltage
reading for the healthy tissue in.region (1) is significantly higher (6.51 V) than any of the
other readings. The surface tumor from region (2) gives a probe signal of 4.41 V, while
the embedded tumors at sites (3) and (4) giye readings c;f 470 V and 2.86 V,
respectively. Again, the probe is able to distinguish between tissue containing disease
and healthy tissue.

[0086] A PET/CT image of a section of distal psoas muscle, the site of
metastasized colon cancer, is shown in Figure 12. In this case, the probe was spot-
rastered along a straight line without prior knowledge of the exact location of the
embedded tumor, taking one measurement consisting of three probe readings every 6.3
mm as indicated in figure 12. The average probe readings at each location along the
line of measurement are shown in Figure 15. Note that the readings at 2.54 and 3.81
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cm correspond to the embedded interior tumor that is visible on the PET/CT image.
The line of measurement does not actually go through the main tumor mass, but the
location at 5.72 cm corresponds to tissue just at the top edge of the main tumor, and
this location does show an elevated reading. The results presented in Figure 15 show
that the example probe would perform well as an intraoperative probe for detecting
cancerous regions during surgery. lts utility as an imaging tool to generate a map of the
EM properties of a piece of excised tissue, and thereby determine the probable location
of disease either in-vivo or ex-vivo, is also apparent.

[0087] The results of the experiments on xenograft mice and excised human
tissue clearly show that the prototype EM probe exhibits potential as an intraoperative
device in that it consistently distinguishes between cancer and healthy tissue in the
same vicinity. An intraoperative probe designed along the principles explored in this
work could easily be nulled against healthy tissue of the type containing the cancer, and
the remaining tissue could be scanned for presence of the disease.

[0088] Figures 16 and 17 show the receiver voltage and phase response,
respectively, of the probe to a single 7.39 mm copper wire loop when driven by 7 Vpp
sinusoids of varying frequency. Both the model and the experimental data show a peak
in the phase response at a driving frequency of 8 kHz. Although the magnitude
response decreases at lower frequencies, phase response is even more sensitive at
lower frequencies. This was also evident in data comparing the probe response to single,
concentric copper wire loops of different diameters with a 99 kHz driving frequency to the
response with a 50 kHz driving frequency (not shown). An intraoperative device designed
to take advantage of eddy current detection may therefore operate at a frequency even
lower than 99 kHz to take advantage of large phase shifts (e.g., 60 Hz).

[0089] As discussed above, the choice of waveform may have a significant effect
on the voltage reading of an exemplary embdiment. A sawtooth driving signal yields a
larger voltage reading than a sinusoidal driving signal. Indeed, when a sinusoidal
driving signal is used, the change in voltage in the receiver coil of the probe in the
presence of tissue specimens may be too small to read. Because sinusoidal excitation
does not produce a measurable probe response in tissue, the effect of waveform on
receiver voltage was explored using wire loops.
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[0090] Figures 18 and 19 show the probe response to single, concentric 18 gage
copper loops of varying diameter for both 7 Vpp, 99 kHz sinusoid and sawtooth driving
signals. Figure 18 shows the receiver voltage and Figure 19 shows the phase shift.
Because the null receiver voltages are very different for the two waveforms
(approximately 830 mV for the sinusoid and 4.8 V for the sawtooth), the receiver
voltages are shown relative to the null point. Note that the difference in receiver voltage
between the sawtooth and sinusoid cases is not great (Figure 18), whereas the
difference in phase shift is substantial (Figure 19). Figures 20 and 21 demonstrate
more clearly the effects of the different waveforms on both receiver voltage and phase.
In Figure 20, the receiver voltage for the case with the sinusoidal driving signal has
been multiplied by constant scalihg factor of 2 to bring it to the level of the receiver
voltage for a sawtooth driving signal. Figure 21 shows that a scaling factor of 60 is
required to bring the phase shift for the sinusoidal case to the level of the phase shift for
the sawtooth case. In both cases, it can be seen that regardless of the waveform used,
the qualitative shape of the voltages versus loop diameter is the same.

[0091] The operation of the lock-in amplifier that was used to collect the phase
shift data was described above. In particular, the lock-in amplifier works by multiplying
the incoming signal from the receiver coil by a sinusoid at a reference frequency,
dictated by the signal from the driver coil. The particular models of lock-in amplifier
used in the described validation studies (SR510 and SR530) are unable to lock in on
any frequency greater than 100 kHz. Therefore, when the driver coil of the probe is
driven by a 99 kHz sawtooth, one would expect the lock-in amplifier to measure the
response of the 99 kHz harmonic of the receiver coil signal only. The remarkable phase
shift between the receiver and driver coils for a sawtooth driving signal observed in
Figures 19-21 cannot be explained by Fourier decomposition of the sawtooth signal and
lock-in amplification alone.

Imaging Embodiments:

[0092] Having demonstrated that it is important to monitor phase as well as
voltage, a device to raster the EM probe without affecting its functionality was

developed for the purpose of imaging biological tissue extracted during cancer surgery.
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The raster device is composed of non-conducting parts, namely plastics, and it has
been found to allow the probe to remain in contact with an unknown terrain.

[0093] Using an exemplary embodiment, images based upon the magnitude of
the induced voltage in the receiver coil of the EM probe and the phase, were obtained
for paraffin, rectangular, phantoms. In the disclosed embodiments, phase-based
imaging is a more sensitive technique compared to imaging using voltage magnitudes.
[0094] The imaging of phantoms may be directly applied to surgically excised
tissue samples. The EM probe’s ability to detect small changes in the specimen’s
electromagnetic characteristics, as well as to reproduce the location of the variation of
these changes with known uncertainties, will allow for the successful imaging of tissue.
For instance, in the signet ring cell case, the probe detected variations in signal based
on its proximity to éancer. In this 6ase, it is believed that the EM probe can and will
produce an image of the locations containing cancer. This will be an invaluable tool for
surgeons in quantifying surgical margins and provide priceless peace of mind for
patients and their families.

[0095] Accordingly, various embodiments include systems and methods for
medic_al imaging using an EM probe. To demonstrate the capabilities of an exemplary
embodiment, a passive design to allow the probe to traverse a sample or phantom was
constructed. In various embodiments, the motion of the probe may be controlled either
by a Velmex VP9000 Controller or by a MAXNC CL2 Milling Machine. The'MAXNC
stage is used for measurements of the surgically excised tissue and the rectangular
phantoms, while the Velmex stage is used to measurements on the round phantoms

and the wire loops. The Velmex VP9000 Controller uses the Velmex VP9000 Series
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Controller Ver. 99.1.B software. The stages utilized are Unislide ® by Velmex, Inc, 6 in
wide, 5 in travel stages. The x-axis is a MB6012K1J-S8 stage and the z-axis is a
MAB6012K1-S8-0. Whereas the MAXNC CL2 is a self contained 4-axis system
controlled using MAXNC system software in a DOS computing environment on a
Gateway 2000 P5-90 Pentium computer.  For the purposes of this design setup, the
fourth axis, the rotational axis, is unnecessary and hence it is removed. See Figure 4
for a dimensioned representation of the MAXNC setup without the rotational axis.

[0096] Despite the ability to move the probe, various embodiments also include a
means to allow the probe to traverse an unknown terrain without damaging the probe,
altering its output signal, or damaging the sample, while still maintaining knowledge of
the probe tip location. So as not to affect the output signal of the receiver éoil, there
should be no bulk metal parts near the probe. If there is bulk metal in the proximity of
the probe the eddy currents that build in the metal will induce a proportionally larger
current in the receiver than the sample, possibly swamping out the information about
the sample. Exemplary embodiments use materials that do not support the formation of
these eddy currents, such as plastic.

[0097] A raster device 140 was constructed for imaging using an EM probe 25. A
schematic of that embodiment is shown in Figure 22. In the embodiment shown, the
probe 25 is disposed at an angle (e.g., 20°) with respect to the sample in order to
minimize contact area with the sample. Doing this yields a more point-wise
measurement, increasing spatial accuracy. As shown in Figure 22, the imaging
arrangement of an exemplary embodiment is capable of traversing an unknown, yet
gently sloping terrain. In the case of certain tissues and tissue specimens, the terrain is
also soft, so it is useful to have wheels 123 in order to keep the probe from experiencing
a large lateral force. Wheels 123 were modified by cutting the connective center piece
so the wheels could be inverted close to each other when mounted on the device.
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[0098] - (a) Preparation of Phantoms

[0099] Several phantom specimens were constructed to simulate or mimic some
characteristics of real tissues. These phantoms provided varied features with a known
configuration in order to assess the specificity and sensitivity of the raster device that
uses the exemplary EM probe. Various phantoms constructed using a combination of
paraffin wax and 18 AWG bare copper wire are illustrated in Figure 23 (a)-(c).

[00100] (b) Imaging the Phantoms

[00101] In an exemplary embodiment, the EM probe can be rastered over the
specimen to create an image showing location of diseased tissues (see Figure 24). In
the simulation, measurements of amplitude and phase shift by an exemplary EM probe
were made by raster scanning the probe across a phantom in order to create an image.
In this case, the probe’s motion is controlled by the MAXNC stage for the rectangular
phantoms and the Velmex stage for the round phantoms. The raster device is attached
to the probe. As depicted in Figure 22, the probe’s tip may be placed at an angle of
approximately 20° from the vertical. For the validation experiments described below,
the driving function is a 7Vpp, 99 kHz, Sawtooth, and the scope is set to 200mV/div for
the phase output, 100mV/div for the magnitude output, and 5sec/div.

[00102] The purpose of the phantom experiments was to demonstrate that an
exemplary embodiment may be used as an imaging device. Accordingly, the phantom is
taped off with electrical tape to ensure a repeatable origin and to set the axes of the
image. Next, the probe tip, i.e. the part of the probe angled towards the phantom
surface, is centered on the origin of the phantom. The z-axis is brought down close
enough to the phantom to partially depress the syringe/mini spring assembly. Also, care
should be taken that the wheels are making even contact with the phantom surface, so
that they will roll evenly across the phantom.

[00103] Once the probe is in place, the stage is zeroed such that this is the
defined origin. Now, using the “Rel” keys on the lock-in amplifier, both the magnitude,
R, and the phase, ¢, are zeroed. The offset of the magnitude, Roiset, and the reference
phase, 8., are recorded. The stage is then programmed to move 87.5 mm in the x
direction, at a rate of 2.08mm/s. In the case of the MAXNC, the uncertainty of the
location of the probe tip is approximately 2 mm, since the rate is a parameterized
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function that must be tuned by stopwatch, and therefore has a human error uncertainty
of about 1 second.

[00104] At the same time the stage begins to move, the oscilloscope begins a
single line sweep. When this sweep is completed, the voltage information pertaining to
phase and magnitude is collected and saved on a PC as a text file by using an RS-232
cable and the Agilent Scope Control Application software. The exemplary probe is then
brought to its zero location along the x-axis and is stepped along the y-axis in
increments of 2.5 mm. Again, the Rel keys are used to zero the magnitude and phase,
and the process is repeated until the probe has stepped the width of the phantom in the
y-direction.

[00105] Once this data is collected, it is processed in MATLAB 7.1 and 3-D
surface plots are generated. Each of these plots is interpolated linearly between data
points. The data then can be compared to the known dimensions of the phantoms.
[00106] For the round phantoms, a single scan through the center of the phantom
is performed. This is similar to a single sweep of the rectangular phantom. In the case
of the round phantoms, the probe is set up as previously shown in Figure 22.

[00107] In order to accurately determine the position of embedded objects within
the phantoms, or simulated tumors, the projection of what the EM probe “sees” must be
estimated. Although the probe is set at a 20 degree angle from the vertical to ensure a
single point of contact with the specimen at any time, the magnetic field lines extend
into the surface of the specimen and thus, interact with it by inducing eddy currents at
different depths. It is assumed that the distance between the edge of the EM probe
tilted upward and the specimen is sufficiently large that the magnetic field lines cannot
reach beyond the back edge of the probe. With this assumption, simple geometry gives
the effective diameter of the probe as 12.5 mm, versus the 13.3 mm of the actual
diameter of the probe.

[00108] Imaging with the EM probe may be necessary for applications to
postoperative detection. If the surgeon can have more information about the success of
the surgery before it is over, then more surgeries will be successful and more lives
could be saved. To demonstrate the EM probe’s ability to image, a set of three different
rectangular phantoms were used.
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[00109] Example results from the first phantom has a single large wire loop are
shown in Figures 25 and 26. It should be noted that the error in position along the long
axis of these images is £2mm. This is because there is a 1 sec uncertainty in the
MAXNC feed rate, and the scanning rate is 2.08 mm/sec. This problem may be
addressed by using a more precise stage, such as the Velmex system, but with a third
stage added for the third degree of freedom. It can be seen from Figures 25 and 26 that
the EM probe can resolve bodies larger than its diameter; however, the edges are less
distinct than the center of the ring in both the phase and magnitude images. This is
likely because the intensity of the magnetic field produced by the eddy currents in the
loop is greatest at the center. This effect will be less apparent in the case of tissues,
because there the eddy currents are not as restricted as they are in the case of the wire
loop. Moreover, Figures 25 and 26 clearly establish that the phase information yields
much less ambiguous images than the images constructed from the magnitude of the
induced voltages in the receiver coil.

[00110] These results further emphasize the fact that phase changes more
significantly with smaller changes in sample attributes, i.e. changes in eddy current size,
or conductivity, compared to changes in the magnitude. Finally, the error in the
detection of the ring along the vertical axis is explained by the coarseness of the scan
along that axis, i.e. in increments of 2.5 mm. |t is further explained by the diameter of
the probe, which is 13.3mm. If the probe is centered about the scanning line, then the
probe can gather information from nearly 7 mm on either side of the probe. Those
interactions, however, are quite weak, but within 2-3 mm, the information is likely to be
conveyed. For instance, a scan with the probe centered at 7.5 mm can detect the edge
of the ring, which is located at 10mm.

Standing Wave Reflection (SWR) and Time Domain Reflection (TDR) in Phase
sensitive cancer detection

[00111] Embodiments comprise alternative arrangements and methods for
measuring the phase and phase-sensitive amplitude. In various embodiments, the
Standing Wave Reflection Ratio (SWRR) method and/or the Time Domain Reflection
(TDR) method may be utilized for measuring the phase and phase-sensitive amplitude.
In various embodiments, only a single coil (similar to the driver or receiver coils
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previously described) may be necessary. The coil may be placed in contact with the
biological specimen, and connected to instrumentation via a data transfer cable or a

wireless connection (e.g., Bluetooth™

). Accordingly, an example system may resemble
a transmission network as signals are launched into the coil and the resulting
interference between forward and reflected waves (resulting in a standing wave) or
arrival times are recorded. SWRR is the ratio between the forward and reflected waves
in the transmission network, as measured by the maximum and minimum amplitudes of
the standing wave. Time Domain Reflection is a temporal measurement of the reflected
wave in a transmission line.

[00112] In various embodiments, SWR measurements may be performed using a
single coil. Figure 27 shows a schematic of an exemplary system for SWR
measurements. In various embodiments, the detection coil 159 acts as a tissue
dependent impedance in a transmission network. Energy losses in the coil due to
generation of eddy currents in the tissue cause a change in the inductive reactance of
the detection coil. The interference between the incident wave and reflected wave
results in a standing wave, which is directly affected in phase and magnitude by this
change.

[00113] In various embodiments, the coil has been specifically designed to limit
capacitive reactance and therefore is predominantly governed by inductive reactance.
The capacitive reactance is further diminished by the low frequencies used in the
detection coil. Embodiments may utilize an input frequency between 1 Hz and 1 MHz
(e.g., 99 kHz), through coil 159. As designed, the phase shift is dependent on the

XL

resistive term and inductive reactance. Tan® = — - A reference measurement of the

SWR is taken in healthy tissue and summed with an adjustable voltage to achieve a null
point. Any change in tissue properties may then be measured. Alternatively, the
characteristics of the standing wave can be examined using Fast Fourier Transforms
(FFTs), which can yield the phase shift with and without a biological specimen present.

[00114] In various embodiments, TDR may also be used with a single coil. With
TDR, the detection coil is used in an open circuit configuration. Figure 28 shows a
schematic of an exemplary system for TDR measurements. A step input with a very
rapid slew rate is applied to the detection coil 166. A finite time will elapse before the
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reflected wave is detected by the measurement device. This time signature is
dependent on the detection coil's inductive reactance, which is sensitive to induced
eddy currents within the tissue. A difference between healthy tissue and cancerous
tissue is determined by the subsequent delay of the incident wave. The larger the eddy
currents generated in the tissue by the step pulse the longer the delay.
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Other Embodiments

[00116] A number of embodiments have been described. Nevertheless, it will be
understood that various modifications may be made without departing from the spirit
and scope of this disclosure. Embodiments are broadly applicable for numerous
electromagnetic detection applications, for example, detection of minute quantities of
metal in food. Accordingly, other embodiments are within the scope of the following
claims.
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CLAIMS
1. A method of identifying an abnormal condition occurring in a tissue of an animal,
comprising:

providing a probe comprising a driver coil and a receiver coil;
positioning the probe adjacent to the tissue; -

imposing a time-varying current or voltage through the driver coil at a fixed

frequency;
measuring the alternating current or voltage produced in the receiver coil;

comparing the induction phase shift between the alternating current or
voltage imposed through the driver coil to the alternating current or voltage
produced in the receiver coil, thereby determining the induction phase shift

response of the animal tissue at the fixed frequency;

comparing the determined induction phase shift response of the animal
tissue at the fixed frequency to an induction phase shift response of a

normal animal tissue at the fixed frequency; and

identifying an abnormal condition occurring in a tissue based on the

comparison.
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2. The method of claim 1, wherein the waveform of the alternating current or
voltage is selected from the group consisting of square, triangle, and sawtooth

waveforms.

3. The method of claim 1, wherein the waveform of the alternating current or

voltage comprises a sawtooth waveform.

4. The method of any one of claims 1 to 3, wherein at least a portion of the driver

coil is disposed within the cylinder defined by the receiver coil.

5. The method of any one of claims 1 to 3, wherein the step of identifying an

abnormal condition occurring in a tissue comprises detecting a neoplasm.

6. The method of any one of claims 1 — 3, and 5, wherein the tissue is selected from
the group consisting of brain tissue, breast tissue, lung tissue, heart tissue,
muscle tissue, skin tissue, kidney tissue, cornea tissue, liver tissue, pancreas
tissue, ovary tissue, uterus tissue, bone tissue, abdomen tissue, head tissue, leg

tissue, arm tissue, pelvis tissue, chest tissue, and trunk tissue.

7. The method of any one of claims 1 — 5, wherein the probe does not contact the

animal tissue.
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8. The method of any one of claims 1 — 7, wherein the frequency of the alternating

current or voltage is between about 1 Hz and about 1 MHz.

9. The method of any one of claims 1 — 7, wherein the frequency of the alternating

current or voltage is between about 1 Hz and about 100 kHz.
'10. The method of any one of claims 1 — 9, further comprising the steps of:

administering to the animal an effective amount of a particle or tracer with
electrical conductivity or magnetic properties distinguishable from
electrical conductivity or magnetic properties of the tissue, the particle or
tracer conjugated with a molecular targeting agent, the molecular targeting
agent selectively binds a marker associated with cells associated with an
abnormal condition occurring in a tissue; and

pausing after the administering step for a period sufficient to allow the

unbound molecular targeting agent to clear.

11. The method of claim 10, wherein the molecular targeting agent comprises an

antibody and the particle or tracer comprises a nanoparticle.

12. A method of treating an abnormal condition occurring in a tissue of an animal,
comprising the steps of:

performing the method of claim 10; and then
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exciting the conductive particles with EM waves to kill cells associated with an

abnormal condition by hyperthermia.
13. A method of imaging an abnormal condition occurring in a tissue of an animal,
comprising the steps of:
providing a probe comprising a driver coil and a receiver coil;

positioning the probe adjacent to the tissue;

imposing a time-varying current or voltage through the driver coil at a fixed

frequency;

measuring the alternating current or voltage produced in the receiver coil;
comparing the induction phase shift between the alternating current or
voltage imposed through the driver coil to the alternating current or voltage
produced in the receiver coil, thereby determining the induction phase shift

response of the animal tissue at the fixed frequency;

determining the induction phase shift response at various positions across

the animal tissue at the fixed frequency; and
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generating an image based on the induction phase shift response at

various positions across the animal tissue.

14. An arrangement for identifying an abnormal condition occurring in a tissue of an

animal, comprising:

a probe comprising a driver coil and a receiver coil, at least a portion of

the driver coil is disposed within the cylinder defined by the receiver coil;

an alternating current power supply connected to the driver coil, the
alternating current power supply configured to generate a fixed frequency

of a current or voltage in the driver coil;

a measurement system operably connected to the receiver coil, the
‘ measurement system is configured to measure a phase shift between the
voltage or current imposed on the driver coil and the voltage or current
produced in the receiver coil when the driver and receiver coils are

positioned adjacent to the tissue; and

a system for presenting the measured phase shift between the input
voltage or current imposed on the driver coil and the alternating voltage or
current induced in the receiver coil in order to identify the abnormal

condition occurring in the tissue.
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~ 15. The arrangement of claim 14, wherein the waveform of the alternating current or
voltage is selected from the group consisting of square, triangle, and sawtooth

waveforms.

16. The arrangement of claim 14, wherein the waveform of the alternating current or

voltage comprises a sawtooth waveform.

17. The arrangement of any one of claims 14 to 16, wherein at least a portion of the

driver coil is disposed within the cylinder defined by the receiver coil.

18. The arrangement of any one of claims 14 to 17, wherein the frequency of the

alternating current or voltage is between about 1 Hz and about 1 MHz.

19. The arrangement of any one of claims 14 to 17, wherein the frequency of the

alternating current or voltage is between about 1 Hz and about 100 kHz.

20.The arrangement of claim 14, further comprising:

an effective amount of a particle or tracer with electrical conductivity or
magnetic properties that are distinguishable from electrical conductivity or
magnetic properties of the tissue, the particle or tracer conjugated with a

molecular targeting agent, the molecular targeting agenf is structured to
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bind a marker associated with cells associated with an abnormal condition

occurring in a tissue.

21.The arrangement of claim 20, wherein the molecular targeting agent comprises

an antibody and the particle or tracer comprises a nanoparticle.

22. The arrangement of claim 14, wherein the alternating current power supply
comprises:
a function generator configured to generate an alternating current or

voltage having a sawtooth waveform.

23. A medical imaging apparatus comprising:
a probe comprising a driver coil and a receiver coil, at least a portion of

the driver coil is disposed within the cylinder defined by the receiver coil;
an alternating current power supply connected to the driver coil, the.
alternating current power supply configured to generate a fixed frequency

of a current or voltage in the driver coil;

a means for raster scanning the probe at various positions across the

tissue; and
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a measurement system operably connected to the receiver coil, the
measurement system is configured to measure phase shifts between the
.voltage or current imposed on the driver coil and the voltage or current
produced in the receiver coil when the driver and receiver coils are

positioned at positions across the tissue; and

a system for presenting the measured phase shift between the input
voltage or current imposed on the driver coil and the alternating voltage or
current induced in the receiver coil at positions across the tissue in order

to create an image.

24. A method of identifying an abnormal condition occurring in a tissue of an

animal, comprising:

providing a probe comprising a coil;

positioning the probe adjacent to the tissue;

imposing a first time-varying current or voltage through the coil at a fixed

frequency;

detecting a reflected time-varying current or voltage through the coil at a

fixed frequency;
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measuring the standing wave ratio between the first time-varying current
or voltage and the reflected time-varying current or voltage, thereby
determining an inductive reactance response of the coil at the fixed

frequency;

comparing the inductive reactance response of coil for the animal tissue to
the inductive reactance response of the coil for a normal animal tissue at

the fixed frequency; and

identifying an abnormal condition occurring in a tissue based on the

comparison.

25. A method of identifying an abnormal condition occurring in a tissue of an
animal, comprising:

providing a probe comprising a coil;
positioning the probe adjacent to the tissue;

imposing a first time-varying current or voltage through the coil at a fixed

frequency;

detecting a reflected time-varying current or voltage through the coil at a

fixed frequency;

45



WO 2010/093479 PCT/US2010/000444

measuring a time period between the imposing step and the detecting
step, thereby determining an inductive reactance response of the coil at

the fixed frequency;
comparing the inductive reactance response of the coil for the animal
tissue to the inductive reactance response of the coil for a normal animal

tissue; and

identifying an abnormal condition occurring in a tissue based on the

comparison.
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