Research results on biomagnetic imaging of the lung tumors
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ABSTRACT

Recent results on the development and implementation of a novel technology for lung tumor detection and imaging is
presented. This technology offers high-sensitivity imaging of magnetic nanoparticles to provide specific diagnostic
images of early lung tumors and potential distant metastases. Recent developments in giant magnetostrictive (GMS) or
magnetic shape memory (MSM) materials have led to the possibility of developing small, low-cost, room-temperature,
portable, high-sensitivity, fiber-optic sensors capable of robustly detecting magnetic nanoparticles, without direct
contact with the skin. Magnetic nanoparticles are conjugated with antibodies, which target them to lung tumors.

A prototype fiber-optic biomagnetic sensor, based on giant magnetostrictive or magnetic shape memory materials, with
the requisite sensitivity to image the magnetic signals generated by antibody-labeled magnetic nanoparticles in lung
tumors has been built and calibrated. The uniqueness of the biomagnetic sensor lies in the fact that it offers high
sensitivity at room temperature, and is not a SQUID-based system. The results obtained during the process of choosing
the right magnetostrictive materials are presented. Then, for the construction of an accurate image of the lung tumor, the
optimum spatial distribution of one-channel sensors and nanoparticle polarization has been analyzed.

Keywords: magnetometer, medical imaging, lung tumor, magnetic nanoparticles, antibodies

1. INTRODUCTION

Lung cancer is one of the leading causes of cancer-related death in the United States. One of the difficulties associated
with the diagnosis of lung cancer is that there are four major histological types of lung tumors, with markedly different
prognoses. These types are generally distinguished into two treatment groups as either Small Cell Lung Cancer
(SCLC), comprising 25% of the tumors, or Non-Small Cell Lung Cancer (NSCLC), comprising the remaining 75%.
NSCLC consists of squamous-cell carcinoma, adenocarcinoma, and Large-cell carcinoma. The fact that the death rate
for lung cancer is so high is a reflection of the suboptimal state of current therapeutic approaches. For the NSCLC group
of patients, successful therapies center on early detection and surgery since metastases occur later than with SCLC. For
patients with the most limited stage of NSCLC at the time of initial diagnosis 5-year cure rates are ~50% '. For patients
with more-advanced, nonresectable initial NSCLC, and with recurrent disease, chemotherapy and irradiation are
employed, but long-term response rates are only 35% with a median survival time of only 25 weeks®. The clinical
course and response to treatment of SCLC is very different from that for NSCLC. This cancer is one of the most
metastatic of all solid tumors, and is extremely lethal>. Tumor spread occurs so early in the course of the disease that
surgery is seldom used as a primary approach even for patients with no objective signs of metastasis at the time of initial
diagnosis®. This highly-lethal cancer has among the highest initial sensitivity among solid tumors to combination
chemotherapy” so that early detection could be crucial.

However, without early detection, recurrent and resistant disease virtually always ensues and the 5-year survival rate is
only 5%, with an average survival time of 13 months’. Clearly, early diagnosis of the primary lesion, and any attending
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metastases, is critical to any rational plan to address the treatment of lung cancer. It has been estimated that early
diagnosis could rescue up to 85% of lung cancer patients from the grim statistics presented above. This is where our
magnetic imaging of lung tumors will have its greatest impact.

A high-sensitivity imaging of magnetic nanoparticles to provide specific diagnostic images of early lung tumors and
potential distant metastases is currently being developed. Exciting recent developments in giant magnetostrictive
(GMS) or magnetic shape memory (MSM) materials have led to the possibility of developing small, low-cost, room-
temperature, portable, high-sensitivity, fiber-optic array sensors capable of robustly detecting magnetic nanoparticles,
without direct contact with the skin®’. Magnetic nanoparticles are conjugated with antibodies that target them to lung
tumors.

The uniqueness of this biomagnetic sensor array lies in the fact that it offers high sensitivity at room temperature, and is
not a SQUID-based system. SQUIDs (superconducting quantum interference devices) must operate at liquid helium
temperatures (~4 K), which require bulky cryostats, and they consume expensive, non-renewable helium. From a
commercial point of view, it is projected that our sensors could be produced at costs significantly lower than SQUID-
based systems, and will incur substantially lower maintenance costs due to the absence of a cryogenic support system.
We anticipate that this relative ease of deployment will lead to the rapid expansion of our fiber-optic magnetometer
arrays in clinical practice.

1. Antibodies to lung tumors

The histologic classification of pulmonary neoplasms can have important implications regarding appropriate
management of patients. Although the histologic classification of lung tumors is predominantly based on morphology,
studies with immunohistochemistry® have shown that differential diagnosis of the various forms of lung cancer can be
performed with antibodies. In particular, among NSCLC cases, 99% were positive for either keratin 34BE12, keratin 7
or B72.3, and among neuroendocrine carcinomas (SCLC), 84% were chromogranin positive®. CD56, or neural cell
adhesion molecule (NCAM), is widely expressed by small cell carcinomas, and other tumors of neuroendocrine origin.
Investigators using antibodies against CD56 to measure the surface concentration of CD56 in 27 lung tumors found that
there was a 100 to 1000—fold increase in the amount of CD56 on the surface of SCLC tumors compared with that of
matched isotype controls’. Antibodies against CD56 localized in the tumors of lung cancer patients'® and were
successfully used to eliminate tumor cells of neuroendocrine origin'' without harming normal tissues. Specific binding
to tumor cells in bone marrow, liver, and lung was observed. Since NCAM is distributed in the heart and peripheral
nervous system, patients were examined for cardio- and neuro-toxicity. Cardiac function remained normal and no
patient developed clinically significant neuropathy'”. Thus, antibodies are available which will specifically target lung
tumors, and can differentiate SCLC from NSCLC in vivo.

2. Magnetic Nanoparticles and Antibody-labeled Magnetic Nanoparticles

Magnetic nanoparticles are manufactured from ferromagnetic materials, but are so small that the individual particles are
superparamagnetic, not ferromagnetic. The difference is that ferromagnetic materials retain a permanent magnetic
moment, but paramagnetic materials only acquire a magnetic moment when placed into an external magnetic field. For
this reason the magnetic nanoparticles do not clump together in solution. In order to detect the nanoparticles, we must
first magnetize them in an external field. The magnetization of the nanoparticles will then proceed to decay (relax) once
the external field is removed. The characteristics of this relaxation process are well-understood. These particles are so
small (10-500 nm) that they undergo collisions with water molecules, which causes the magnetization of free particles
to rotationally reorient on a time scale which is characteristic of Brownian motion. For nanoparticles free in solution,
this time is of the order of nanoseconds. The relaxation time, T = Te *¥%T, where 1, is a constant ~ 10” s, AE is the
magnetization energy barrier ~ 5 x 10° JV/m3, V is the particle volume (m?), k is the Boltzmann constant (1.38 x 107
J/K), and T = 300 K. This exponential function predicts that the relaxation time is such a strong function of the particle
volume that a change in diameter of only a factor of two from 25 to 50 nm produces a million-fold change in the
relaxation time (from microseconds to minutes). This also predicts that if the nanoparticles are then bound to a lung



tumor cell, the effective volume of the particle increases so much that the relaxation time increases from microseconds
to many seconds, by the Neel mechanism. In this way, the magnetization of the free nanoparticles decays so quickly,
that the only residual magnetization in the body arises from the nanoparticles bound to the tumor. The result is that the
free nanoparticles produce no long-lasting magnetization signal® and hence no background, while the nanoparticles
bound to the tumor remain magnetized for detection. The ratio of the magnetizations of the bound to the free particles
easily exceeds one million to one. The strength of the field from the magnetic nanoparticles depends on their number,
density, the value of the polarizing field, and the time elapsed after polarization. Typical values for the nanoparticle
fields are of the order of 50-500 pT. These values are well within the operating range anticipated for our fiber-optic
magnetometer array.

Since the success of this research depends upon the use of antibodies to specifically target magnetic nanoparticles to
lungs tumors, we will briefly review the evidence that antibodies can indeed be tagged to nanoparticles, and that these
function as expected. Remsen et al."* used periodate and cyanoborohydride reduction to directly conjugate L6 tumor-
specific antibodies to dextran-containing nanoparticles, which then were successfully employed in tumor detection
using MRI. In separate results, we have shown that we can indeed label anti-PSMA antibodies with nanoparticles, and
that these particles specifically bind to, and can be imaged on, prostate cancer cells. A similar approach was taken for
imaging the lung cancer cells.

2. MATERIALS AND TECHNOLOGY

Our novel approach for medical imaging consists of the measurement of the magnetic field produced by magnetic
nanoparticles bound to organs or tissues within a living body. For the lung tumor imaging we chose to initially detect
and image lung tumors induced in nude rats. There are several technologies to measure magnetic fields, but not all of
them are suitable for medical imaging applications. These technologies can be classified as either non-optical or optical
magnetic field sensing systems.

The most common magnetostrictive materials used for magnetic sensing are Terfenol-D and Metglas. The sensitivity of
Metglas is in the range of 10° T. The sensitivity of our system can be adjusted either by changing the length of the
magnetostrictive material rods or by using more sensitive magnetostrictive materials. Using longer rods is not suitable,
though, when the sensor needs to be miniaturized for incorporation within an array. Therefore, a more sensitive material
was used. For example, a Metglas-type material manufactured by UNITIKA Co., Japan, shows one order of magnitude
better sensitivity. We believe that by using our technology the sensitivity of Metglas-type materials can be increased up
to 10" T. However, we also considered the newly developed Magnetic Shape Memory (MSM) materials, which are
more sensitive at very weak magnetic fields. In MSM materials the magnetic field moves microscopic parts of the
material (so-called twins) that create a net shape change of the material. Magnetic fields produce a strain 50-100 times
larger than traditional giant magnetostrictive materials.

The magnetic fields which emanate from the nanoparticles are much smaller (50-500 pT) than the background magnetic
field from the Earth, which has a value of 50 microTesla. However, the Earth's field varies only slowly over time or
over distances less than a few meters, so that this field acts only as a DC offset to any time-dependent biomagnetic field
measurement, and can be removed from the measurement by operating the sensors as gradiometers. The fields from
magnetic nanoparticles are at least as large as any arising from the body itself. From MRI studies, it is known that
magnetic susceptibility gradients exist within the human body. The air-tissue interface is responsible for the largest of
these, which can be as large as 50 pT/cm. We were able ameliorate these static effects through simple motion control.
Our measurements were time-dependent, with coherent signal detection, so that these static effects only contribute to
the magnetic background offset and are to be removed in our self-shielded sensor array.

In our feasibility studies, Metglas, Terfenol-D and NiMnGa (MSM material) were used as magnetic field sensor
materials. Light from a laser diode was generated using a commercial driver module, and modulated at 1 kHz using the
internal phase and frequency reference of a lock-in amplifier. The diode current and temperature were controlled by the
driver module. We had available up to 300 mW of light at A = 1550 nm, but in our experience, we were able to perform



excellent studies with light levels of only 10 mW. One single-channel detector was amplified, so we have used optical
attenuators to reduce the light from the interferometer to avoid saturation of the detector.

We have been working with samples of MSM (NiMnGa) material provided by Adaptmat, Finland where the maximum
strain of 4.86 % corresponds to a sample length change of 729 um. Our interferometer can measure changes in the
optical path length of approximately 0.01 A so with A = 1550 nm, this translates into a path length change of 15 nm. It
should be noted that the strain versus field curves have three distinct regions characterized by quite different

sensitivities to the field variation. These regions, which differ according to the slope of the curves, are summarized in
Table I, below.

Table I. Magnetic characteristics of MSM (NiMnGa) materials.

Region PreLoad (MPa) Slope (um/Gauss)

A (0-26 kA/m) 1.2 3.85
A (0-72 kA/m) 1.5 2.68
A (0-151 kA/m) 1.8 1.92
B (~26 kA/m) 1.2 870,700.00
B (~72 kA/m) 1.5 1,020,000.00
B (~151 kA/m) 1.8 1,300,700.00
C (26-65 kA/m) 1.2 ~800.00
C (72-136 kA/m) 1.5 ~800.00
C (151-211 kA/m) 1.8 ~800.00

The highest sensitivity arises in region B, where with a minimum strain of 15 nm, we calculate a minimum detectable
field of ~1.1-1.7 pTesla, depending on the preload value. An examination of the maximum strain as a function of
preload value showed (Figure 1) that the preload only reduced the maximum strain value attainable, and from the results
shown in Fig. 2, it became clear that the position of the slope change (shown as the position of the “knee” in the curve
in Fig. 2) varied with the preload in an undesirable way. Therefore we chose to operate the MSM material without a
preload in order to increase the maximum strain attainable, and to be able to operate in the highest sensitivity region
without having to bias the material with an applied static field independent of the measured field. By using this
operating mode, we calculated that we could detect a ~10 % lower B,y;, than with a preload (B, ~ 1.0 pT).
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Terfenol-D. Our initial fiber optic magnetometer used Terfenol-D as the sensing element. The results obtained with it
are shown in Fig. 3. This interferometer used shorter wavelength (A = 835 nm) light from a low intensity (~5 mW) red
laser diode, and a photodetector constructed in our laboratory. The laser light was launched into the fiber with a Melles-
Griot laser coupler, which required careful alignment. Therefore, the system was not optimized for light throughput, or
for sensitivity. The solenoid used was a small prototype wound on a glass tube, which surrounded the Terfenol-D
sample. This system was used as a test bed in order to obtain data which would serve to form the basis for isolating the
parameters in greatest need of improvement or replacement. We replaced our laser with an infrared laser and, instead of
driving it with a simple power supply and signal generator, we purchased a laser diode driver which could directly
accept the modulation signal from the lock-in amplifier. These changes resulted in improvements that are evident in the
data obtained later.
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Figure 3. Performance of our magnetometer using Figure 4. Performance of our magnetometer using
Terfenol-D as a sensor element. Metglas as a sensor element.

Metglas. We obtained a large quantity of Metglas to use both for the sensor GMS material, but also for use in
developing shielding for the magnetometers. We chose the annealed version of Metglas because it has a much larger
magnetic permeability than the unannealed material, even though the annealed material is much more brittle. The
Metglas we used has a permeability of ~40,000 so that a single layer of this shielding will reduce the background fields



in our laboratory to about 1.25 nT, and two layers, separated by ~1 mm, will further reduce these fields to less than 1
pT, which was found to be completely adequate to make measurements of the performance of our GMS sensors. We
illustrate this in Fig. 5 where we have measured the interferometer output during a calibration run with Metglas as the
sensor, using a newer solenoid to generate the known fields. One can see that the Metglas shield has markedly reduced
the noise from the background magnetic fields in the laboratory.

This system provides three orders of magnitude better output (Volts vs. mV) compared to the initial terfenol system
(Fig. 4) and shows improved noise characteristics as well. The sensitivity we obtained was 650 mV/pT, well within
range of integrated circuits, so that we can anticipate adapting this system to a miniature sensor system. The most stable
material from the ones that we tested proved to be Metglas. However, Terfenol and MSM, even if they were more
unstable showed a higher sensitivity and therefore their use for lung cancer diagnostic and tumor imaging seems to be
feasible with the condition to ensure a proper stability in operation.

The general configuration of the sensor array is shown in Fig. 5, where the outputs from several sensors are sent into a
multiplexer (MUX) and then into the signal acquistion system (DSP) for further processing. The images are generated
by determining the strength of the detected field at each sensor position and then by using the calibration data to
correlate the measured field intensity with the sensitivity patterns of the array. Using a sufficient number of sensors
(256-512) in the array can overdetermine the field map and avoid the ambiguities posed by the use of sparser arrays.
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Figure 5. General Configuration of the Sensing System.
3. RESULTS

An important question about the use of nanoparticles is whether one can actually image them in living systems. Several
successful reports in the literature indicate that imaging is indeed possible. For example, Weber'® has used this method
to detect tumors within a rat in vivo. The detected field in this case was 250 pT, well within the anticipated sensitivity
requirements of our sensor array. Their results revealed that the theory of magnetic nanoparticle relaxation is basically
correct.

Magnetic resonance imaging (MRI) provides good anatomical images of soft tissues without ionizing radiation. Several
mechanisms for producing image contrast help distinguish diseased from healthy tissue. However, despite acceptance
of MRI as a versatile and useful tool in a wide variety of clinical and research applications, imaging lung tissue is not
typically performed in clinical practice. One minor difficulty is the lower proton density of lung tissue, about 25% that
of other soft tissues. However, the major difficulty in imaging lung tissue is caused by small-scale magnetic
heterogeneities due to the many air-water interfaces in the lung parenchyma, the tissue comprising the alveoli and small
airways.'® These small-scale heterogeneities distort the uniform applied magnetic field, resulting in rapid dephasing of
the time-domain MR signal. The rapid signal decay makes it difficult to obtain good images of lung tissue using
standard spin-echo or gradient-echo MR imaging sequences, which are designed for longer-lived signals. To overcome
this problem, we use 3D free induction decay (FID) projection imaging'” *® with a sufficiently short data acquisition
time to avoid image artifacts (blurring) due to the magnetic inhomogeneities. Furthermore, with FID imaging, data
collection begins immediately after excitation of the proton nuclear spins (i.e., echo time = 0), such that the maximum
signal intensity from the lung parenchyma is captured.



Fig. 6. FID projection MR images of two different nude rats with human lung cancer cells instilled in their large
airways. The ratin (a) was imaged 1 week post-instillation (image resolution =0.74 mm). The rat in (b) was 6
weeks post-instillation (resolution= 0.37 mm).

Figure 6 shows in vivo T;-weighted FID projection images of two nude rats with human lung cancer. The nude rats
were irradiated to suppress their immune systems, after which Calu-6 cells (human lung adenocarcinoma) were instilled
in the rats’ airways and allowed to grow. The rat in Fig. 6(a) was imaged 1 week post-instillation, while the rat in Fig.
6(b) was imaged 6 weeks post-instillation. A single coronal slice has been chosen from the 3D image of each rat to
show the same lung anatomy. In (a) there is little evidence of tumor growth, but in (b), large tumors are evident,
appearing as bright regions emanating from the large airways (black ovals). The much denser tumor tissue (light gray)
contrasts markedly with healthy lung parenchyma (dark gray). To obtain these images, we used a Harvard rodent
ventilator modified to hold the rat's lungs at constant inspired volume during 0.42 s of each 1 s ventilatory cycle, and
acquired data only during the constant volume period. The image parameters for Fig. 6(b) were: Bi=1.9 T, TR=3.5 ms,
excitation pulse=9°, G=60.5 mT/m, Nex=4 for each of 26850 projections, BW=1 MHz, T,,=1.04 ms, total image
time=30 minutes. The 9° excitation pulse fell between the Ernst angle19 (in this case, 6.5°) and the tip angle for
maximum T; weighting (10.7°), given that we measured a T for rat lung parenchyma of about 1.2 s. The projections
were Fourier transformed? to provide complete lines of radial k-space data at double-dense point spacing for gridding
onto a 480° Cartesian grid. The Cartesian data were 3D Fourier transformed to yield a 480° image with 0.37 mm
isotropic resolution that contained the rat thorax in the central 240° region. The image parameters for Fig. 6(a) were
similar except that the gradient was decreased by a factor of two resulting in 0.74 mm resolution.

Figure 7. FID projection MR images of test tubes containing layers of human prostate
cancer cells exposed to antibody-labeled magnetic nanoparticles. The images demonstrate
(a) Ty-contrast and (b) phase contrast due to the presence of the nanoparticles.




Using FID projection imaging, the presence of magnetic nanoparticles can be detected by their effect on the
longitudinal relaxation time T, of nearby protons and/or by the phase shift they cause in nearby water
protons. Fig. 7(a) shows a T;-weighted FID projection image of a test tube containing two layers of human
prostate cancer cells (LNCap cells on the left, and DU145 cells on the right) sandwiched between layers of
agarose gel. The cells have been exposed to magnetic nanoparticles that we labeled with an antibody
targeted to the LNCap cells. Although the cell layers and the agarose gel have nearly the same density of
proton spins, the LNCap cells appear significantly brighter in the image due to their shorter recovery time T;.
Some non-specific binding to the DU145 cells is also apparent. Fig. 7(b) shows an FID projection phase
image of a similarly-prepared sample; in (b), the DU145 cells are on the left, near the air bubble, and the
LNCap cells are on the right. Here, the preferential binding of the antibody-labeled magnetic nanoparticles to
the LNCap cells is evident in the phase image as a dark band, and binding to the DU145 cells is not
detectable. In this case, the antibody-labeled magnetic nanoparticles had a larger diameter, resulting in
transverse relaxation time (T,)-contrast observed in spin-echo images (not shown) and the phase contrast
observed in Fig. 7(b), but no T;-contrast. We expect to observe T, and phase contrast, similar to that in Figs.
7(a) and (b), in T;-weighted FID projection images of lung cancer cells exposed to antibody-labeled magnetic
nanoparticles (described in Section 1), both in vitro and in vivo. We therefore anticipate that FID projection
imaging of rat lungs will be useful for showing us the anatomical location of the magnetic hanoparticles for
comparison with magnetic images made using the array magnetometer.

4. INVERSE RECONSTRUCTION OF THE SOURCE

The problem of determining a current density confined to a volume from measurements of the magnetic and electric
fields it produces exterior to that volume is known to have nonunique solutions®"***>2* Despite this nonuniqueness, in
previous work we have shown that one may uniquely determine certain moments of the vector spherical harmonic
expansion of the current’”. We have demonstrated that the determination of these moments allows for the unique
inversion of a current density confined to a spherical shell. By employing a regularization procedure to carry out faithful
inversions in the presence of noise which is amplified selectively at high frequencies due to the ill-conditioned character
of the inversion (Fig 8). Numerical implementation in terms of scalar spherical harmonics has resulted in a robust
algorithm with good resolving power, even in the presence of substantial noise. Our current work seeks to extend this
reconstruction methodology and study its implications for clinically useful fast Magnetic Imaging. We have recently
demonstrated the uniqueness of inversion for the case of a current confined to a star-shaped shell. The formalism
employed in our equivalent surface current reconstruction can be used without change to determine a surface dipole
source density consistent with the measured magnetic field. Considering shells with other than spherical shapes adds a
degree of freedom in the reconstruction which may help better localize the sources in a practical situation.

Figure 8: Inversion of a model current source Left: reconstruction (indistinguishable from noise-free original). Middle:
unfiltered reconstruction from same original with 5% Gaussian Noise. Right: same as middle but with filtered reconstruction
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