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ABSTRACT

The goal of this research is to characterize the electromagnetic properties of biological and
non-biological materials at terahertz (THz), millimeter-wave, and microwave frequency bands.
The biological specimens are measured using the THz imaging and spectroscopy system, whereas
the non-biological materials are measured using the microwave and millimeter-wave free-space
system. These facilities are located in the Engineering Research Center at the University of
Arkansas. The THz imaging system (TPS 3000) uses a Ti-Sapphire laser directed on the
photoconductive antennas to generate a THz time domain pulse. Upon using the Fourier
Transform, the spectrum of the pulsed THz signal includes frequencies from 0.1 THz to 4 THz.
On the other hand, the free space system uses a PNA network analyzer to produce a signal at
frequencies ranging from 10 MHz to 110 GHz.

For the biological specimens, the research focused on imaging the freshly excised breast
tumors to detect the cancer on the margins using THz radiation. The tumor margin assessment
depends on the THz contrast between cancer, collagen, and fat tissues in the tumor. Three models
of breast tumors are investigated in this research: humans, mice (xenograft and transgenic), and
Sprague Dawley rats. The results showed good differentiation between the cancerous and non-
cancerous tissues in all three models. In addition, an excellent distinction was observed between
cancer, collagen, and fat in the formalin-fixed paraffin-embedded (FFPE) block tissue with ~ 90-
95% correlation with the pathology images. Furthermore, the FFPE ductal carcinoma in situ
(DCIS) tumors are investigated, also using the THz imaging. The THz images of the DCIS samples
are compared with those of the FFPE invasive ductal carcinoma (IDC) specimens. The results
demonstrated that THz electric field reflection from the IDC were higher than that from the

collagen, DCIS, and then the fat tissue region.



Furthermore, a pilot study is conducted to investigate the effect of optical clearance (e.qg.,
glycerol solution) on THz images of freshly excised tumors. The results showed that the glycerol
reduced the absorption coefficients of pre-treated tissues compared with those of untreated tissues.

For the non-biological materials, the research focuses on characterizing highly conductive
non-magnetic radar absorbing materials (RAM) for the automotive industry. The ingredients of
material components in the RAM samples are unrevealed under a non-disclosure agreement
(NDA). The material characterization involves the extraction of the complex relative permittivity
utilizing the transmission measurement data obtained at the K-band (18 GHz to 26.5 GHz) and the
W-band (75 GHz to 110 GHz). The measurements are obtained using the free-space conical horn
antenna system. A transmission line based extraction model is implemented, and the results are
validated with the experimental measurements of the S-parameters. The maximum error reported
between the measured and the calculated S-parameters was less than 1 dB.

In conclusion, the THz imaging of breast cancer tumors presents a potential margin
assessment of other solid tumors, and the microwave, millimeter-wave, and THz spectroscopy of
materials demonstrate a potential application in the fifth and sixth generations of wireless

communications.
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CHAPTER 1

Introduction
1. Biological Materials: Imaging and Spectroscopy of Breast Cancer Tumors
1.1.  Motivation

Cancer is a leading medical concern in the modern world, specifically breast cancer among
women. As per the cancer statistics of 2020 by the American Cancer Society [1], the three most
common cancers among women in the United States that account for a total of 50 % new diagnoses
in 2020 are breast, lung, and colorectal, with breast cancer alone accounting for 30% of those
cases. Although the cause of this disease is not specific, over the years, researchers have
contributed various studies that might help narrow down the reason. For example, Brian
MacMahon [2], in his research on the Epidemiology and causes of breast cancer, correlated the
cause of occurrence of breast cancer to breastfeeding, lifetime lactation period, energy-rich diet,
menopause, ovarian hormones, ionizing radiation exposure, alcohol consumption, and
international variations. However, it is still an estimate; the certainty in this research has not yet
been achieved.

Although the cause of breast cancer occurrence might not be known, its early detection
plays an essential role in the successful management and treatment of the disease. With the advent
of technology, the detection and screening of breast cancer have certainly improved with the years
of research. The current diagnosis involves both imaging techniques and molecular biotechnology
examination methods [3]. The most common techniques utilized in breast cancer detection and
screening are mammography, ultrasonography, magnetic resonance imaging, Positron emission
tomography, Optical imaging, CT, and puncture biopsy system [3, 4]. Each method has its

advantages and disadvantages [3, 4]. However, the main goal is the early detection of breast cancer



to reduce the metastasis of cancer to the other organs through lymph nodes or the blood. In
addition, these screening methods help detect cancer, its size, grade, and position in the breast.

Once the cancer is detected successfully, the next step involves surgical treatment. The two
current surgical treatments followed to remove cancer from the breast are lumpectomy with
radiation and mastectomy [5]. Mastectomy procedure consists of removing the entire breast and is
used chiefly if cancer has spread in the whole breast. In contrast, lumpectomy, also known as
breast-conserving therapy (BCT), involves just removing a cancerous lump along with some
healthy tissue at its margin. The successful lumpectomy procedure helps to effectively remove
breast cancer as a mastectomy procedure but with minor cosmetic damage [6]. The success of the
lumpectomy surgery is defined by the status of the tissue at the excised tumor’s margin. If the
excised tumor has a negative margin—there is no cancer on the tumor margin—the surgery is a
success. However, if the margins are positive—there is cancer on the excised tumor margin—the
patient has to go through another surgery to remove the rest of the cancer and avoid local
recurrence. Unfortunately, there is no defined answer to how much margin width is optimal to
minimize local recurrence in patients undergoing BCT [7]. Variations in margin policy have been
a topic of controversy among breast surgeons; however, no ink on tumor is the margin definition
provided in the National Surgical Adjuvant Breast and Bowel Project (NSABP) B06 study in 1995
[8], and by the American Society of Radiation Oncology in 2014, that established the safety of
BCT in invasive carcinoma [9].
1.2. Margin Assessment Techniques: Current State of the Art

The gold standard used for assessing excised tumor margins is the histopathology process,
which involves fixating the excised tumor in formalin, followed by dehydration process,

embedding it in the paraffin block, and finally sectioning the 3-4 pm thick slices of the tissue. The



sectioned tissue is fixed on a glass slide and stained with the standard hematoxylin and eosin
(H&E) ink to analyze under the microscope. This method provides the margin tissue analysis at
the microscopic cellular level. However, the limitation of this process is that it takes a few days to
weeks to assess the tumor margins. Furthermore, if the margins are positive, the patient has to go
through another surgery to avoid recurrence, which leaves the patient with financial, physical, and
emotional trauma [10]. Therefore, many other techniques are followed commonly in most clinics
to provide the margin assessment intraoperatively to prevent second surgery. A few of these
intraoperative techniques are summarized in Table 1 with their mechanisms and limitations.
Among all the current clinically used margin assessment methods, researchers worldwide are
investigating many new techniques. For example, the intelligent knife (iKnife) is a surgical knife

developed based on the application of rapid evaporative ionization mass

Table 1. Summary of current commonly used techniques for intraoperative margin
assessment of breast cancer

Category Technique Mechanism Limitations
. : 1. Not practical of full
It involves freezing the . .
. margin analysis because of
excised tumor, followed | .. -7
b . tissue sectioning.
- y an incision of ~3-4 um : :
Frozen sectioning thick section and finally 2. Increased intraoperative
[11] performing microscopic surgery time.
: ) 3. Necessity for a
analysis of the sliced -~ o
; specialized pathologist in
sections. )
the operation room.

Rapid Involves scraping/cutting | 1. Necessity for a
ath(?lo the excised tumor margin | specialized cytologist in
P 9y with a scalpel and gently | the operation room.

pressing it on a glass

Imprint cytolo slide; staining the tissue | 2. Does not distinguish

P [11] 9 lon the slide with | between ductal carcinoma

hematoxylin and eosin | in situ and invasive
(H&E) stain; and finally | carcinoma.
performing the
microscopic analysis of
the stained slide.




Table 1. (Cont.)

Category

Technique

Mechanism

Limitations

Wire
Localization

Preoperative needle
localization [12]

Using the mammography
or ultrasound radiology
techniques, the position
of the tumor is obtained
and a wire is inserted into
the tumor. With the help
of markers on the skin,
distance to the tumor is
determined for the best
incision  site.  After
excision, a mammogram
is taken to confirm the
excision of tumor.

1. This method requires
same-day insertion of
wire into the tumor,
which requires
coordination between the
radiologist and the
surgeon.

2. Wire placement may
affect incision location,
which may results in
either undermining or
excess removal of tissue.

Gross
Assessment

Cavity Shaving
[12]

Involves the removal of
additional tissue margins
after the excision of the
original tumor.

1. Makes it difficult to
measure the final tumor
width and the final margin
width.

2. The excessive tissue
removal results in
deforming the breast
shape.

Micro-computed
tomography
(micro-CT) [13]

The excised specimen is
placed on the micro-CT
scanner that passes X-
rays through the excised
tumor. The tumor is
rotated 360° during the
scanning  process to
obtain multi-planar,
cross-sectional images.

1. It requires ~ 15 minutes
of scanning time.

2. Need for a specialized
radiologist in the surgical
room to assess the
obtained CT images.

3. This method is limited
in differentiating between
variable tissue density
regions in the excised
tumor.

Imaging

Magnetic
Resonance Imaging
[14]

After the removal of
tumor, saline is placed in
the breast cavity and MRI
with  gadolinium s
performed. MRI
evaluates the
permeability of blood
vessels in this process.
Any residual tumor or
uncertain margins are
then re-excised.

1. Time consuming and
expensive technique.

2. MRI cannot identify
microcalcification, which
IS an important
mammographic sign of
DCIS.




Table 1. (Cont.)

Category

Technique

Mechanism

Limitations

Ultrasonography
[15]

This technique uses
high frequency
ultrasound that
differentiates between
healthy and cancerous
tissues based on their

acoustic properties.

1. Limited ability to scan
the entire breast.

2. Time consuming review
of large number of the
images by the surgeon
during the surgery.

Imaging

Positron emission
tomography (PET)
[4]

It is a nuclear medicine
imaging method.
Malignant cells tend to
have increased glucose
metabolism than
normal breast cells and
that is the basis of
contrast in the PET
scan images.

1. It is an invasive
technique, as a radionuclide
is introduced in the body
for the imaging.

2. Expensive and Time
consuming.

4. Yields poor resolution

Margin Probe [11]

It uses a single use hand
held probe that operates
at radiofrequency. The
probe is held at the
multiple locations on
the excised tumor
margin to obtain the
spectroscopy analysis
of the tissue.

1. Expensive technique as
it adds an additional cost
of the probe.

2. Invasive and Time
consuming to examine the
margins at several different
locations.

3. Only detects cancer
where the probe is placed.

Spectroscopy

Bioimpedance
spectroscopy [16]

It utilizes an impedance
analyzer with a probe
that records impedance
of the tissue at the point
where probe is placed
at different frequencies.
The difference between
the impedance values
of cancer and healthy
tissues provide the
margin assessment
using this technique.

1. Invasive technique.

2. Requires the cutting of
the margins to get a flat
surface for correct
impedance measurements.
3. Requires to wipe out any
extra fluid or blood on the
tissue that might interfere
with the impedance
measurements.




spectrometry. This device aims to provide the tissue's real-time molecular composition while it is
being excised [17]. Among others, there are some optical imaging and spectroscopy techniques
for margin assessment. These include fluorescence imaging [18], Raman spectroscopy [19],
optical spectral imaging [20], and optical coherence tomography [21]. Although most of these
techniques [17-21] achieved good accuracy in cancer detection, these have not been clinically used
yet. It could be either due to the undergoing research or due to some innate limitations, such as
limited speed, inability to quickly cover a large tissue area, an additional cost of the device, or the
need for an expert operator. Thus, new technology is required that provides a reliable, cheap, faster,
and easy assessment of the tumor margins intraoperatively.

1.3.  Terahertz Radiations for Biological Tissues

The Terahertz (THz) gap is a region that refers to a frequency band ranging from 0.1 to 4 THz
in the electromagnetic spectrum that lies between the microwaves and visible spectrum. The reason
for its suitability to be used on biological tissues is its wavelength. Compared to the near-infrared
(NIR) or optical radiations, the THz signal has longer wavelengths. The signal's wavelength is
further related to the signal scattering, which occurs when it hits a particle of the same size as the
incident wavelength. In biological tissues, the scattering could happen due to the variations in the
refractive index of the tissue, extracellular constituents, and mammary cells, which are of
comparable size as the wavelength of NIR or optical waves [22-23]. However, the THz
wavelengths are several orders larger than the size of most biological structures; therefore, the
scattering in biological tissues is weaker at THz wavelengths than visible and NIR wavelengths
[22-23]. Thus, it provides the images obtained at THz frequencies with better contrast between
different regions than the NIR or optical imaging techniques. Additionally, due to the longer
wavelengths, the penetration depth of the THz signal is relatively more and, thus, it can provide

in-depth information of the biological tissue [22, 23] that may aid the tissue assessment process.
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Another advantage is that THz radiation carries very little energy as compared to the higher
frequency radiations, e.g., X-rays. The energy is so less that it has no potential to ionize the
materials on which it is incident, which makes it suitable for biological materials as it will not
damage or change the properties of the tissues before pathology assessment [24]. Furthermore, due
to higher frequency, THz provides higher resolution images with more details than microwave
images.

1.4.  Application of Terahertz Spectroscopy and Imaging in Biomedical Field

Terahertz is an emerging technique that has shown promising results in biomedical
applications [25-30]. In the existing terahertz systems, data from the sample can be obtained in
two different ways—transmission spectroscopy/imaging or reflection spectroscopy/imaging [30].
In transmission mode, the THz signal transmitted through the sample is recorded at the receiver
antenna. Whereas in reflection mode, the THz signal reflected from the sample's surface is
recorded at the receiver antenna. To perform the transmission measurements of the fresh tissue,
the tissue thickness has to be optimal (usually in hundreds of micrometers); otherwise, the signal
is attenuated due to the larger thickness of the tissue. However, reflection mode has its advantage
over transmission mode, as it does not require tissue shaving to get the optimal thickness and can
be used to scan the whole tissue surface to produce a THz image [30].

The application of THz imaging and spectroscopy is not only limited to cancerous diseases
but has also been investigated for various non-cancerous human diseases or injuries [31-36]. For
example, a study conducted by Omar B. Osman et al., using terahertz spectroscopy for
differentiating burn wounds in an in vivo porcine model, reported the accurate classification of

deep partial- and superficial partial-thickness burns from the collected reflected spectral data [36].



Another study by Lin Ke et al. [31] demonstrates the use of THz imaging and spectroscopy,
in an ex vivo experiment on a rabbit model to detect the density and distribution of the corneal
scar tissues. They introduced four different scars on the corneal tissue of the rabbit model through
laser ablation and performed imaging using the THz system. They also imaged a healthy corneal
tissue as a control sample and compared the results. It is reported that the healthy tissue showed
smooth uniformed absorption, as compared to the scarred tissues that showed many absorption
peaks spread from 1 THz to 3 THz, primarily due to the structure and composition change that
happened in the scar center [31].

The THz spectroscopy has also been investigated for brain tissue excised from a mouse
model of Alzheimer’s disease (AD) [34]. In this study, Lingyan Shi et al. performed THz
spectroscopy on 150 um and 250 pum thick AD tissues. The reported absorption coefficient and
refractive index plots from 0.5 THz to 2.5 THz demonstrate a clear differentiation between the AD
disease tissue and the normal brain tissue of the same thickness. The study also reports the
occurrence of three dominating absorption peaks allied to torsional-vibrational modes in AD
tissue, at ~ 1.44, 1.8, and 2.114 THz, which were not observed in normal tissue.

Furthermore, the application of THz imaging has also been investigated in a study by G.G.
Hernandez-Cardoso et al. for the early detection of diabetic foot syndrome [32]. This work reports
the use of THz reflection imaging in differentiating between the diabetic syndrome feet and healthy
feet based on the hydration level. As a result, it is concluded that the water content in the diabetic
feet is less than the normal feet. Furthermore, the diabetic feet demonstrate a level of deterioration,
which helped achieve the difference between healthy and diabetic syndrome feet using the THz

imaging.



Among others, many studies report the use of THz imaging and spectroscopy techniques
in the assessment of different types of cancerous tissues [37-52]. The discussion on a few of these
studies is presented here. For example, Young Bin Ji et al., [39], in a study using a mice model,
demonstrates THz reflectometry imaging (TRI) in the detection of grade II, I11I, and IV gliomas.
Along with the TRI imaging technique implemented in this study, MRI, GFP fluorescence
imaging, pathology imaging, optical coherence imaging, and pplX fluorescence imaging
techniques were also implemented for the same tissue. It was concluded in the paper that the TRI
images provided the best contrast among all imaging methods, with cancer regions presenting high
THz reflection signals compared with normal brain tissue regions in the tumor.

Prostate cancer is another cancer application where THz has proven its success. For
example, Ping Zhang et al. [41] used the THz reflection imaging and spectroscopy technique in
their study to diagnose prostate cancer. They used four paraffin-embedded block tumors, which
consisted of prostate cancer tissue, normal prostate tissue, and muscle tissue. The obtained results
showed that the muscle has a higher absorption coefficient than cancer, followed by normal tissue
in the THz range. They also performed principal component analysis (PCA) and least squares
support vector machine (LS-SVM) to classify the three tissue types in the samples and presented
a 92.2% overall average recognition rate LS-SVM method.

In another study, the THz spectroscopy and imaging technique was used to detect skin
melanoma [42] by growing murine B16 melanoma cells in ten BALB/c mice. The reflection
imaging was performed on the excised fresh tissues, and results demonstrated a good
differentiation between melanoma skin tissue and normal skin tissue. Furthermore, they concluded
that the contrast in the images and difference in the refractive index and absorption coefficient

values of these tissues was due to the amount of water content in each tissue. An experiment was



conducted in the same study to calculate the water content in the melanoma and normal skin
tissues. The results demonstrated a higher water content level in melanoma tissue than normal
tissue. These results are valid not only for skin cancer but also for other cancer and non-cancer
tissue types [53-55]. Thus, for THz imaging and spectroscopy measurements, water plays a
significant role in providing the contrast between different tissue types. In addition, THz is a safer,
non-ionizing, and non-invasive imaging technique that shows the potential to be used as an
intraoperative cancer assessment tool in the near future.
1.5. Terahertz Imaging and Spectroscopy of Breast Cancer Tumors

This work aims to apply the THz imaging and spectroscopy technique for the margin
assessment of breast cancer tumors. The research on the margin assessment of this cancer using
THz imaging and spectroscopy techniques started in 2004 [56], where the infiltrating ductal
carcinoma (IDC) tumor tissue and ductal carcinoma in situ (DCIS) tumor tissue were imaged and
differentiated against fat tissue. Until today, many researchers have contributed to this study. For
example, Tyler Bowman et al. in [44] demonstrated the use of both reflection and transmission
imaging methods to construct the THz images. In this study, FFPE tissue slides were used
containing the paraffin-embedded tissues at 20-um and 30-pum thickness. The tumors used in this
work presented two different types of cancers: IDC and lobular carcinoma (LC). It was concluded
in this study that both transmission and reflection imaging methods provide clear differentiation
between cancer and healthy tissues, where cancer shows higher reflection and lower transmission
compared to normal tissue types. However, it was reported that the reflection imaging provides
higher resolution and more clear margins between cancerous, fibro glandular, and fatty tissues in
the tumors. Many other studies on the FFPE breast cancer tissues have been investigated which

reported similar findings [43, 45, 46, 47, 49]. FFPE tissues are dehydrated tissues; therefore, the
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contrast in the THz images of these tissues is not due to the water but due to their electrical
properties. In the same work [44], the authors showed refractive index plots of dehydrated cancer,
fibroglandular, and fatty tissues, with cancer presenting the highest values (~1.8 at 1 THz),
followed by fibroglandular (~1.7 at 1 THz), and fatty tissue showing the lowest of all (~1.5 at 1
THz).

Due to dehydration of the tissue and the absence of water, the THz signal tends to travel
longer distances through the FFPE sample than fresh tissue samples. Based on this property of the
THz waves, in another article, Tyler Bowman et al. showed the in-depth imaging of the FFPE
block tissues [45]. The results in this article demonstrated the ability of THz to produce in-depth
cross-sectional images without slicing the tissue, a capability of THz that can aid the pathology
process. In the pathology process, the pathologist has to cut the tumor in several 3-4 um thick
slices in order to assess the margins under the microscope, which destroys the bulk tissue. Using
the THz in-depth technique can help pathologists to determine the depth to slice the tissue for a
potential presence of cancer at its margin to look under the microscope; this will further help
preserve the rest of the tissue.

In THz imaging and spectroscopy measurements of freshly excised tissues, a study
conducted by Philip C. Ashworth et al. [51] demonstrated the extraction of refractive index and
absorption coefficient results. They measured freshly excised human breast cancer and normal
tissues using the THz system. The results showed higher refractive index and absorption
coefficient values of cancer followed by fibroglandular, and finally, fatty tissues obtained at the
frequency ranging from 0.1 THz to 2 THz. However, the refractive index of cancer and collagen
was almost equal and overlaps at the 95% confidence intervals of both plots. Additionally, it was

reported that the cancerous and non-cancerous tissues were obtained from the excised tumor itself.
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In another study, Tyler Bowman et al. [48] performed transmission spectroscopy and
reflection imaging of freshly excised human breast cancer and healthy tissues. They used two types
of tissues in this study— IDC breast cancer tissues with a very small or no healthy tissue at its

margin, obtained via lumpectomy or mastectomy surgeries, and healthy breast tissues obtained via
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Fig. 1. THz images and spectroscopy of human fresh breast cancer tissue ND15348, (a) The
photograph of the fresh tissue, (b) The low power pathology image, (c) The frequency domain
THz image in spectral power over the range 0.5-1THz, (d) The reflection absorption coefficient
(cm™1) a-image at 0.5 THz, (€) The reflection absorption coefficient (cm™1) a-image at 1.0
THz, (f) The transmission absorption coefficients (cm~1) at points (1) and (2), (g) The
reflection refractive index n-image at 0.5 THz, (h) The reflection refractive index n-image at
1.0 THz, (i) The transmission refractive indices at points (1) and (2). The high power pathology
images for (j) cancer at point (3), (k) cancer at point (4), (I) Collagen, and (m) Fat. Each a- and
n-image contains 1638 pixels. Figure republished from T. Bowman et al. [48] with permission
from SPIE.
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breast reduction surgeries. The THz tomographic reflection images and transmission spectroscopy
plots were obtained for both cancerous and healthy breast tissues for frequencies ranging from 0.1
THz to 3.5 THz. The results of one of the cancer tissues handled in that work are presented here
in Fig. 1. A photograph of the tumor ND15348 is presented in Fig. 1a; a low-power pathology
image is presented in Fig. 1b, showing that around 90% of this tumor is cancer tissue with a small
region of fatty tissue present at the upper right and upper left side of the cancer. Fig. 1c presents
the THz power spectra image obtained at frequencies from 0.5 THz to 1.0 THz. Figs. 1d and le
illustrate the absorption coefficient images constructed at 0.5 THz and 1 THz, respectively.

The results in these images show that the absorption coefficient of cancer is higher than
fat, and it increases with an increase in frequency. This increasing trend can also be seen in the
absorption coefficient vs. frequency plot in Fig. 1f. This plot demonstrates the absorption
coefficient calculated using transmission spectroscopy of two tissue sections cut from the cancer
region at the points marked (1) and (2) in Fig. 1a. The results obtained for two points were further
compared against the digitized data obtained from the study by Philip C. Ashworth et al. [51]. The
difference in results occurred primarily because in [51] the data was averaged over 33 samples
whereas, in [48] it was just one point. Furthermore, a peak was reported in Fig. 1f, occurring around
3.5 THz. This peak was not observed in any healthy tissue spectroscopy results presented in [48]
and could potentially serve as a biomarker for IDC breast cancer tissues in the THz range.

Similarly, the results in Figs. 1f to 1i present the refractive index image and plot for this
sample. Here we see an opposite trend where the refractive index value decreases with an increase
in frequency. Finally, Figs. 1j to 1n present the high-power microscopic pathology images of
different tissue regions in this sample. This work handled the cancer tissues that were lacking

enough healthy tissue at its margin. Even if cancer had healthy tissue at its margin, it was only fat
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and lacked the presence of collagen. The challenge here is to differentiate between cancer and
collagen present in the same tumor because the properties of these two tissue types are very close
in the THz range [48, 51].

However, obtaining the freshly excised tumors from human subjects is difficult unless you
collaborate with a hospital itself. There are biobanks, such as, National Disease Research
Interchange (NDRI), Cooperative Human Tissue Network (CHTN), iSpecimen Marketplace, etc.,
that help academic researchers by providing the freshly excised human cancerous tissues within
24 hours of excision. However, these tissue sources are costly, and the frequency of receiving the
tumor tissues is very low (one in a few months). Adding to that, the margins of the excised tumor
are significant to the surgeons and pathologists for assessing it correctly. Pathologists do not give
out the cancer tissue with surgical margins to the biobanks. The only tissue type that these biobanks
have more access to is the cancer tissue with no surgical margin. Therefore, the lack of availability
of tissues with margins hinders the research investigation on breast cancer margin assessment
using THz techniques.

1.6. Laboratory Animal Models for Cancer Assessment

To overcome the limitation of unavailable freshly excised human breast cancer tumors and
to investigate the margin assessment on actual cancer tissues with adjacent healthy margins, the
animal models have provided an easy platform [57]. There are many animal species, mammals as
well as non-mammals, such as chickens [58], zebrafish [59], rabbits, monkeys, dogs, pigs, [60],
rats [61], mice [62], and non-human primates [63], that have been used as experimental models
for the cancer research. Ideally, an animal model for cancer research should have a similar
physiology as humans, and should be very simple and cheap. Among all these animal species,

mouse and rat models have been more frequently used in research protocols performed in
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American laboratories [64]. This is because of the advantages mice and rats offer when compared
with other species. It is easy to accommodate them because of their small size; their physiology
and genetic characteristics are well researched; they are relatively less expensive, and are quickly
approved by the Institutional Animal Care and Use Committee (IACUC). Most importantly, they
possess similar mammalian characteristics like physiology, anatomy, and genetic behavior as
humans [61].

There are many existing methods by which mammary tumors can be induced in mouse and
rat models [65]. Some of these processes involve—genetically modifying the model to produce
mammary tumors [66], hormone induction [67], implantation of human cancer cell lines [68], and
chemical induction [69]. In the previous study in our group on breast cancer margin assessment
using THz imaging, we used a xenograft mouse model to grow mammary tumors after implanting
the EO771 breast adenocarcinoma cells in the mouse mammary pad [46, 47]. The study reported
THz imaging of 11 mice that produced tumors of size ~ 1cm in diameter. The THz imaging and
statistical model results correctly assessed cancer in these tumors. However, the growth of these
tumors lacked the presence of fibroglandular tissue. For successful investigation of margin
assessment using THz imaging, the presence of fibroglandular tissue in the animal model tumors
is of significant importance [68]. Therefore, in this work, we investigated the mouse mammary
tumor virus- polyoma middle T antigen (MMTV-PyMT) transgenic mouse model and an N-ethyl-
N-nitrosourea (ENU) injected Sprague Dawley rat model for the terahertz margin assessment of
freshly excised breast cancer tumors.

1.7. Water: An Aid and a Barricade for Terahertz Imaging of Freshly Excised Tumors

As mentioned earlier, the amount of water content varies with each biological tissue in the

human body [54]. Additionally, the THz signal is strongly absorbed by intermolecular bonds, e.g.,
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hydrogen bonds present in water, which implies that it is susceptible to the amount of water content
in the material. Thus, it serves as a differentiating factor, providing contrast between different
tissue types when imaged at THz frequencies. However, water has also been a barrier when
differentiating between cancer and collagen tissues in freshly excised human breast cancer tumors.
As reported in [48], the differentiation between the electrical properties of freshly excised cancer
tissue and healthy collagen tissues is very little due to the amount of water in them. Therefore, the
differentiation between these regions in the THz images of breast cancer tumors is difficult to
observe. Not only is this challenge reported in THz, but it also exists in other imaging techniques,
such as optical imaging [70, 71]. The presence of water obstructs the pathway of the incident signal
and thus disallows the penetration of the signal for tissue assessment.
1.8.  Optical Clearing Agents

To increase the signal penetration and improve the contrast between different tissue types,
many researchers in the optical imaging field have reported using glycerol solution as an optical
clearing agent. The glycerol is a biocompatible hygroscopic viscous solution with an absorption
coefficient much smaller than water in the THz frequency range [72]. In an experiment conducted
by H.Q. Zhong et al. [73], the healthy and cancerous human breast tissues were treated with the
60% glycerol solution prior to the imaging to increase the penetration depth of the optical signal.
The results showed OCT image enhancement upon treating the tissue with a 60% concentration of
glycerol solution [73]. Another study by A.S. Kolesnikov et al. [74] monitored the THz signal
penetration in an in-vitro muscle tissue upon dehydration using glycerol solution. The results
showed the ability of the glycerol solution to form free water flow out of the tissue and hence
increase the signal penetration [74]. Similarly, Seung Jae Oh et al. [75] reported the THz signal

penetration enhancement through a freshly excised skin tissue that was treated with glycerol.

16



In this work, we used the 60% glycerol solution to treat breast cancer tumors to improve
the contrast between cancer and collagen tissues by controlling the water level in both. Since
efforts using the glycerol solution on freshly excised human breast cancer tissues are still in
progress, results have not been published yet. However, preliminary results have appeared in an
IEEE conference proceeding [76]. The details of this work are added to Appendix A in this
dissertation.

2. Non-Biological Materials: Microwave and Millimeter-wave Characterization of

Radar Absorbing Materials
2.1.  Motivation

With the inclusion of radar systems in the automotive industry, the interest to manufacture
radar-absorbing materials has increased in recent years. As known, the newly introduced car
models are equipped with radar-based advanced driver assistance systems (ADAS) like—Collision
Warning and Collision Avoidance (CW/CA), Adaptive Cruise Control (ACC), assisted lane
change, Collision Mitigation Braking (CMS), and automated parking assist—which provide high
volume production with low-cost potential. The radar sensors for these advanced systems are
primarily deployed to function in the 24-26 GHz (short-range) and 76-77 GHz (long-range)
allocated frequency bands [77]. However, the deployment of ADAS systems has led to an increase
in the number of automotive radar sensors operating simultaneously in a compact space, which
results in signal interference that can lead to a reduced signal-to-noise ratio or ghost targets [78].
Furthermore, the coupling between transmitting and receiving antennas and reflections from the
adjacent metal structures of the vehicle can cause electromagnetic interference (EMI) in the
automotive radar system. One potential solution to all these problems is utilizing high-frequency

radar absorbing materials (RAMS) to cover the electronics in automobiles. RAM attenuates the
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electromagnetic (EM) radiations by dissipating the incident EM energy into heat [79], [80].
However, shielding from the EM waves depends on the critical properties of the engineered
composite materials [81]-[83]. Therefore, the electromagnetic characterization of the RAM
material versus frequency is of significant importance.
2.2.  Microwave and Millimeter-Wave Measurement Techniques

The well-known existing material characterization methods used to extract the electrical
properties of the dielectric materials depend on high accuracy measurements [84-86]. These
methods can considerably be divided into two main categories: resonant cavity techniques and
transmission/reflection (T/R) techniques. In the former case, very accurate electromagnetic (EM)
characterization is achievable, but it is limited to a single frequency measurement of materials with
moderate resonance damping [87], [88]. In the latter case, commercial T/R devices, such as—
coaxial cables [89, 90], waveguides [91-93], or free space propagation [104-119] —can be
employed to perform the characterization of materials. These methods provide wideband material
characterization in contrast to resonant cavity techniques. In both coaxial cable and waveguide
techniques, the material is characterized in the dominant mode propagation band of the device.
Moreover, the coaxial cable technique requires the shape of the material to be adaptive to the
concentric corona of the cable, which leads to a complex manufacturing process [93]. Similarly,
in the waveguide technique, the sample under test is fabricated concerning the waveguide size for
the measurements. However, the major drawback of this technique is that the size of the waveguide
dimensions decreases as the frequency increases. Therefore, fabricating the sample to the specific
size at high frequencies becomes critical.

In contrast, the free space technique provides high accuracy contactless, non-destructive

broadband measurements of highly conductive materials, independent of accurate sample

18



matching. It is a nondestructive measurement technique preferred over the other methods for many
applications, precisely, for applications in the aerospace and automobile industries. It allows the
broadband characterization of materials without the requirement of specific and accurate sample
matching.

2.3.  Development of Free-Space Non-Destructive Measurement Technique

The non-destructive measurement technique was first implemented in the 1940s [94, 95]
for material characterization, and since then, with the advent of technology, it has been
implemented in many different applications for the extraction of dielectric material properties.
Until the 1980s, the non-destructive measurement procedures were based on waveguide methods
[96-102]; therefore, researchers were not able to perform wideband measurements at higher
frequencies due to the requirement of optimum waveguide size. However, in 1987, A. L. Cullen
proposed a new non-destructive measurement technique that allowed measurements at broader
frequency ranges [103]. This technique allowed measurements in the free space where the signal
was transmitted through the air and directly passed through the sample placed between two
antennas.

Later in 1989, D. K. Ghodgaonkar et al. demonstrated a free-space microwave system
custom-built at Pennsylvania State University [104]. The system presented in this work consisted
of two conical horn lens antennas that provided the bandwidth ranging from 14.5 GHz to 17.5
GHz. The transmitting and receiving antennas consisted of dielectric focused beam lenses, which
provided the beam spot radius of ~ one wavelength when projected on the sample. The antennas
were connected to the HP 8510B network analyzer that recorded the frequency domain S-
parameters for the metal-backed reflection measurements of the samples. The well-known

transmission line model was implemented to extract the dielectric constant and loss tangent of
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three samples— fused quartz, Teflon, and PVC—which were measured at frequencies ranging
from 14.5 GHz to 17.5 GHz.

Further, in 1990, V. V. Varadan et al. [105] reported the extension of their free-space
system which was upgraded to provide measurements for higher frequencies from 5 to 100 GHz.
This upgraded system provided transmission and reflection measurements at normal and oblique
incident antenna positions. In the same year, they published another article that demonstrated the
use of this upgraded system for the measurements of different thickness samples until 40 GHz
frequency [106]. The results were reported with an error of less than 5% at mid-band. The paper
also reported the measurement of a very thin and flexible sample. They used the sandwich
technique for the measurements, where the sample was placed between two equal thickness quartz
plates to avoid sample sagging and bending during the measurements. To extract the S-parameters
of the actual sample from the measured S-parameters of the quartz-sample-quartz assembly, they
implemented a decomposition technique [106].

Since then, many other studies are reported in the literature [104-119] that implemented
free-space measurement techniques at several different microwave and millimeter-wave frequency
bands to extract the dielectric properties of the unknown materials. However, to the best of the
author’s knowledge, no study has yet been reported that used the free-space measurement
technique to extract the relative permittivity of very highly conductive materials in the W-band.
Therefore, in this work, we propose using a free-space method to characterize the highly
conductive carbon-based non-magnetic radar absorbing materials at K- and W-bands to be used in

short-range radar (SRR) and long-range radar (LRR) systems integrated into automobiles.
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2.4.  Free-Space Measurement System at the University of Arkansas

The microwave and millimeter-wave free-space measurement system used in this work is
shown in Fig. 2. It is composed of transmitting and receiving conical horn antennas with bandwidth
ranging from 10 MHz to 110 GHz. The antennas and the sample holder are mounted on a + 2 um
precision positioning system fixed on a large aluminum table, as shown in Fig. 2a. This positioning
system provides four degrees of freedom for the antenna movement in X, Z, theta, and phi
directions [118]. At the same time, the sample holder stage is only restricted to the motion in Y-
direction. The system is connected to an Agilent PNA E8361C network analyzer, an N5260A
millimeter-wave controller, and two millimeter-wave frequency extenders to obtain the

measurements for frequencies ranging from 10 MHz to 110 GHz.
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Fig. 2. Microwave and millimeter wave free-space measurement system. (a) Experimental
measurement system composed of two horn lens antennas, sample holder, and a network
analyzer mounted on a positioning system, (b) An Agilent PNA E8361C network analyzer and
millimeter wave controller, (c) Millimeter wave frequency extenders to extend the frequency
range of the network analyzer from 67 GHZ to 110 GHz, (d) K-band co-axial to waveguide
adapters for each horn antenna, (¢) W-band co-axial to waveguide adapters for each horn
antenna along with a 1 mm coaxial cable that connects the horn antenna to the frequency
extender.
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As known, the radiation from the horn antennas grow outwardly, and by the time it reaches
the target, the energy is no longer concentrated in one spot. To avoid such a phenomenon, two
equal plano-convex dielectric lenses are mounted back to back on the conical horn antenna to focus
the antenna beam in the center of the sample. The distance between both transmitting and receiving
horn antennas is ~61 cm and the focal distance to diameter ratio of the lens is one with the diameter
of the lens equal to ~30.5 cm. To hold the planar sample for measurements, a specially fabricated
sample holder is placed at the common focal plane of both antennas.

The PNA E8361C network analyzer used in this work, as shown in Fig. 2b, can generate
the incident signal at frequencies ranging from 10 MHz to 67 GHz. It is equipped with a set of
1.85 mm female coaxial gold connectors that connect the network analyzer to the rest of the system
using the 60-inch co-axial cables (orange cables), as shown in Fig. 2b. To feed the antennas with
the required frequency signal, a coaxial-to-waveguide adapter is used that converts the coaxial line
signal received from the network analyzer to the required microwave/mm-wave frequency signal.
This adapter includes a coaxial line to rectangular waveguide adapter, followed by a rectangular
waveguide to circular waveguide adapter. These adapters are designed for the specific frequency
ranges at which only TE1o dominant mode is excited within the rectangular waveguide section.
The successful verification of the dominant mode excitation for various coaxial-to-waveguide
adapters was performed in our lab by the graduate student Clifford E. Kintner; the verification test
methods and results are presented in [119]. To cover the whole bandwidth range of the conical
horn antennas shown in Fig. 2a, a total of eight pairs of the coaxial-to-waveguide adapters are used
that cover the frequency range from C-band (4-8 GHz) to the W-band (75-110 GHz). In this work,

the measurements are performed in K-band and W-band only; thus, the K-band adapters (1.85 mm
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female connector) and W-band adapters (1 mm female connector) are used to feed the antenna, as
shown in Fig. 2d and 2e.

For frequency bands higher than 67 GHz, the horn antennas are connected to the millimeter-wave
frequency extenders, as shown in Fig. 2c, which provide frequencies ranging from 67 GHz to 110
GHz. The frequency extender has a WR-10 waveguide to 1 mm coaxial adapter that connects it to
the horn antenna via coaxial-to-waveguide adapter using the 1 mm cable, as shown in Fig. 2e. The
frequency extenders are further connected to the network analyzer via the N5260A millimeter-
wave head controller shown in Fig. 2b. The millimeter-wave head controller provides the low-
frequency signal to the frequency extenders which, using the inbuilt multiplexers, convert this
signal to the high frequency, specifically from 67 GHz to 110 GHz. The horn antenna then
transmits the mm-wave frequency signal in the free-space towards the receiver antenna. The
received signal at the receiver antenna is fed back to the frequency extender the same way through
the adapter and 1 mm coaxial cable. There it is down-converted to a low-frequency signal to feed
it back to the network analyzer through the same connections for further analysis.

In this work, we measured a total of 51 samples, at both K-band and W-band, in both
transmission and reflection mode methods. The transmission and reflection mode S-parameters
are measured using the PNA network analyzer, and the relative permittivity is extracted utilizing
the algorithm developed in this work. The extracted relative permittivity of these samples is further
verified by back calculating the transmission and reflection S-parameters. The details of this work
are provided in Chapter 5 in this dissertation.

3. Overview of Dissertation Chapters
This dissertation follows the progression of experimental and analysis of the

electromagnetic characterization of biological materials in the terahertz frequency band and non-
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biological materials in the microwave and millimeter-wave frequency bands. Chapter 1 has

provided an overall introduction to the literature background, methods, and materials used

throughout this work. Each subsequent chapter of this work corresponds to a single published

paper in a peer-reviewed journal. The chapters and citations with their corresponding reference

number for this chapter are as follows:

Chapter 2 [120]: N. Vohra, T. Bowman, K. Bailey, M. El-Shenawee, “Terahertz Imaging and

Characterization Protocol for Freshly Excised Breast Cancer Tumors,” J. Vis. Exp. issue. 158,
€61007, 2020.

Chapter 3[121]: N. Vohra, T. Bowman, P. M. Diaz, N. Rajaram, K. Bailey, M. El- Shenawee,

“Pulsed terahertz reflection imaging of tumors in a spontaneous model of breast cancer,”
Biomedical Physics and Engineering Express, vol 4, no. 6, pp. 065025, 2018.

Chapter 4 [122]: N. Vohra, T. Chavez, J. R. Troncoso, N. Rajaram, J. Wu, P. N. Coan, T. A.
Jackson, K. Bailey, M. El-Shenawee, “Mammary tumors in Sprague Dawley rats induced by
N-ethyl-N-nitrosourea for evaluating terahertz imaging of breast cancer,” J. Med. Imag. vol.
8, no.2, pp. 023504, 2021.

Chapter 5 [123]: N. Vohra and M. EI-Shenawee, “K- and W-Band Free-Space
Characterizations of Highly Conductive Radar Absorbing Materials,” in IEEE Transactions on
Instrumentation and Measurement, vol. 70, pp. 1-10, 2021, Art no. 8001910.

Lastly, Chapter 6 will provide overall concluding remarks and key challenges observed throughout

the dissertation.
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CHAPTER 2
Terahertz Imaging and Characterization Protocol for Freshly Excised Breast Cancer
Tumors

© 2020 Journal of Visualized Experiments. Reprinted, with permission, from N. Vohra, T.

Bowman, K. Bailey, and M. El-Shenawee, “Terahertz Imaging and Characterization

Protocol for Freshly Excised Breast Cancer Tumors,” J. Vis. Exp. issue. 158, €61007, 2020.

[doi:10.3791/61007].
Abstract

This manuscript presents a protocol to handle, characterize, and image freshly excised

human breast tumors using pulsed terahertz imaging and spectroscopy techniques. The protocol
involves terahertz transmission mode at normal incidence and terahertz reflection mode at an
oblique angle of 30°. The collected experimental data represent time domain pulses of the electric
field. The terahertz electric field signal transmitted through a fixed point on the excised tissue is
processed, through an analytical model, to extract the refractive index and absorption coefficient
of the tissue. Utilizing a stepper motor scanner, the terahertz emitted pulse is reflected from each
pixel on the tumor providing a planar image of different tissue regions. The image can be presented
in time or frequency domain. Furthermore, the extracted data of the refractive index and absorption
coefficient at each pixel are utilized to provide a tomographic terahertz image of the tumor. The
protocol demonstrates clear differentiation between cancerous and healthy tissues. On the other
hand, not adhering to the protocol can result in noisy or inaccurate images due to the presence of
air bubbles and fluid remains on the tumor surface. The protocol provides a method for surgical
margins assessment of breast tumors.

Video Link

The video component of this article can be found at https://www.jove.com/video/61007/
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Introduction

Terahertz (THz) imaging and spectroscopy has been a rapidly growing area of research in
the past decade. The continued development of more efficient and consistent THz emitters in the
range of 0.1 THz—4 THz has made their applications grow significantly [1]. One area where THz
has shown promise and significant growth is the biomedical field [2]. THz radiation has been
shown to be nonionizing and biologically safe at the power levels generally used to analyze fixed
tissues [3]. As a result, THz imaging and spectroscopy has been used to classify and differentiate
various tissue features such as water content to indicate burn damage and healing [4], liver cirrhosis
[5], and cancer in excised tissues [6, 7]. Cancer assessment in particular covers a broad range of
potential clinical and surgical applications, and has been investigated for cancers of the brain [8],
liver [9], ovaries [10], gastrointestinal tract [11], and breast [7, 12-19].

THz applications for breast cancer are primarily focused on supporting breast conserving
surgery, or lumpectomy, via margin assessment. The objective of a lumpectomy is to remove the
tumor and a small layer of surrounding healthy tissue, in contrast to full mastectomy, which
removes the entire breast. The surgical margin of the excised tissue is then assessed via pathology
once the sample has been fixed in formalin, sectioned, embedded in paraffin, and mounted in 4
pm-5 pm slices on microscope slides. This process can be time-consuming and requires a
secondary surgical procedure at a later time if a positive margin is observed [20]. Current
guidelines by the American Society of Radiation Oncology define this positive margin as having
cancer cells contacting the surface-level margin ink [21]. THz imaging for high-absorption
hydrated tissue is primarily limited to surface imaging with some varying penetration based on
tissue type, which is sufficient for meeting the surgical needs of rapid margin assessment. A quick

analysis of margin conditions during the surgical setting would greatly decrease surgical costs and
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follow-up procedure rate. To date, THz has proven effective in differentiating between cancer and
healthy tissue in formalin-fixed, paraffin-embedded (FFPE) tissues, but additional investigation is
needed to provide reliable detection of cancer in freshly excised tissues [7].

This protocol details the steps for performing THz imaging and spectroscopy on freshly
excised human tissue samples obtained from a biobank. THz applications built on freshly excised
human breast cancer tissues have seldom been used in published research [7, 18, 22, 23], especially
by research groups not integrated with a hospital. The use of freshly excised tissues is likewise
rare for other cancer applications, with most non-breast human cancer examples being reported for
colonic cancer [24, 25]. One reason for this is that FFPE tissue blocks are far easier to access and
handle than freshly excised tissue unless the THz system being used for the study is part of the
surgical workflow. Similarly, most commercial laboratory THz systems are not prepared to handle
fresh tissue, and those that do are still in the stages of using cell line growth or have only started
to look at excised tissue from animal models. To apply THz to an intraoperative setting requires
that imaging and characterization steps be developed for fresh tissue in advance so that the analysis
does not interfere with the ability to perform standard pathology. For applications that are not
inherently meant to be intraoperative, the characterization of fresh tissue is still a challenging step
that must be addressed to work towards in vivo applications and differentiation.

The objective of this work is to provide a guideline for THz application for freshly excised
tissue using a commercial THz system. The protocol was developed on a THz imaging and
spectroscopy system [26] for murine breast cancer tumors [13, 17, 19] and was extended to human
surgical tissue obtained from biobanks [7, 18]. While the protocol was generated for breast cancer,
the same concepts can be applied to similar THz imaging systems and other types of solid-tumor

cancers that are treated with surgery where success depends on margin assessment [27]. Due to a
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fairly small amount of published THz results on freshly excised tissues, this is the first work to the

authors’ knowledge to focus on the protocol of fresh tissue handling for THz imaging and

characterization.

PROTOCOL

This protocol follows all the requirements set by the Environmental Health and Safety
department at the University of Arkansas.

1. Set Up the Tissue Handling Area

1. Take a stainless-steel metal tray and cover it with the biohazard bag as shown in Figure 1.
Any handling of the biological tissues will be performed within the tray area (i.e., the tissue
handling area).

2. Prepare laboratory tweezers, tissue wipes, paper towels, filter paper pack, tissue dye bottles,
bleach bottle, and ethanol bottle around the tray for easy access when required. Keep any used
tissues, wipes, and gloves on the biohazard material surface to dispose of at the end of the
protocol.

3. Fill a50 mL centrifuge tube with up to 45 mL of 10% neutral buffered formalin and place it

Figure 1: Setup of tissue handling area.
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in the centrifuge storage tray near the tissue handling tray.

2. Handling Fresh Breast Cancer Tumor for THz Transmission Spectroscopy

CAUTION: Before handling any live tissues, put on nitrile hand gloves, eye protection goggles,
a face mask, and a lab coat. Always use laboratory tweezers to handle tissues and avoid touching
them directly with the hands. All work with fresh tissue outside of a sealed container or the
scanning stage should be conducted at the tissue handling area established in step 1.1.

NOTE: All tissues handled in this work were shipped in Dulbecco's Modified Eagle's medium

(DMEM) and antibiotic solution from the biobank.

1. Remove the bulk tumor from the DMEM solution and place it in a Petri dish on the tissue
handling area (see Figure 2A).

2. From gross inspection, identify distinct tumor regions from which to slice small pieces for
transmission characterization. Cut a 0.5 mm thick segment of tumor from the identified points
using a stainless steel low profile blade, as shown in Figure 2B. Place this sliced section
between two quartz windows with a spacer of 0.1 mm thickness in a liquid sample holder, as

shown in Figure 2C.

Figure 2: Tumor sectioning for the THz transmission spectroscopy measurements. (A)
Photograph of the bulk tumor. (B) Photograph of the small sections (0.5 mm) of the tumor cut
from the bulk tumor. (C) The sliced tumor section placed in the liquid sample holder between
the two quartz windows with a 0.1 mm polytetrafluoroethylene spacer for spectroscopy
measurement. Figure republished from T. Bowman et al. 18 with permission from SPIE.

3. THz Transmission Spectroscopy Measurements

1. Set the transmission spectroscopy module inside the THz core chamber by aligning the
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module handles over the mounting posts in the core system and sliding the stage down into

the system. Tighten the two mounting screws in the upper right and lower left corners of the

module as shown in Figure 3A.

Purge the system with dry nitrogen gas at 5 L/min (LPM) during the entire spectroscopy

procedure to remove water vapor from the sample space.

Open the THz transmission spectroscopy measurement software from the desktop connected

to the THz system. It will open up the main window.

Click on the Scan tab on the top of the window. A Spectra Scan Setup window will appear.

From the drop-down menu of the Measurement Mode tab on the top right of the window,

select Transmission to set up transmission spectroscopy. If the peak is not automatically

visible, check the Enable option under the Manual Peak Search tab and manually step the

optical delay to bring the peak into view.

After 30 min of purging, record an air reference signal by following the steps below.

1. Under the Scan Settings tab in the spectra scan setup window, input an appropriate
Name for the reference file, set Num Scans to 1,800, and set the Start Delay (s) to 0.

Leave the other settings as their default values.

[
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transmission module mounted on it. (B) A photograph of the liquid sample holder. (C) The
sample holder placed inside the core chamber for the measurements.

2. Click on Measure Reference in the scan setup window to take the air reference
measurement. Then click on Measure Sample to measure the transmission signal
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through air as a sample average of 1,800 signals over ~1 min.

Measure the two quartz windows in the liquid sample holder as shown in Figure 3B.

1. Place the two quartz windows in the liquid sample holder without a spacer in between.

2. Open the THz core chamber. Mount the liquid sample holder on the transmission
spectroscopy module, as shown in Figure 3C. Close the chamber.

3. Click on the Scan tab on the main window. Repeat steps 3.5.1-3.5.2 for the quartz
sample, but update Start Delay (s) to 900. This allows time to purge any water vapor
before measurement.

4. Ifthe quartz is desired as a reference for additional samples, click on the Clear Reference
tab under the Scan Settings. This clears the air reference. Then click on the Measure
Reference tab to record the quartz measurements as a new reference.

Place the sliced tumor section between the two quartz windows inside the liquid sample holder

and position the holder inside the chamber for a single point transmission measurement of the

tissue. To record the measurement, repeat step 3.6.3.

Take the liquid sample holder out of the chamber when the measurements are completed and

bring it to the area designated for tissue handling. Disassemble the liquid sample holder, wipe

the tumor section from the quartz windows with the tissue wipes, and place the used tissue
wipes in the same tray to dispose in the biohazard bag along with the other biohazard waste.

Repeat steps 2.2, 3.7, and 3.8 as necessary to characterize additional tumor slices. When the

measurements are completed, go to the main window and click on the File tab to save the

measurement data. Close the software window.
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4.

Imaging side of the{

plate Paper tG e

/ pads

Fresh Tissue

Figure 4: Fresh tumor sample preparatlon for THz imaging. (A) Tumor placed on filter
paper to dry. (B) Tumor placed on polystyrene plate over the imaging window with tissue wipe
pads to absorb excess fluids. (C) Tumor viewed from below to track orientation and check for
air bubbles.

Handling Fresh Breast Cancer Tumor for THz Reflection Mode Imaging
Remove the fresh tumor sample from the DMEM and antibiotics solution and place it on a
Petri dish. Using gross inspection, select a side of the tumor to be imaged that is sufficiently
flat and has little blood and few blood vessels. Avoid imaging tissue with blood or blood
vessels if possible.
Place the tumor with the side to be imaged on grade 1 filter paper to dry the excess DMEM
and clear the tissue of fluid or secretions from the tumor, as shown in Figure 4A. Reposition
the tumor on the filter paper to a dry spot as the paper saturates. Dry the tumor for ~5 min.
Unmount the transmission spectroscopy module and set the reflection imaging module (R1M)
mirror base on the THz core system as shown in Figure 5A. Upon setting the mirrors, mount
the RIM scanning stage above the mirror base and screw it into the core system (see Figure
5B).
Purge the system with dry nitrogen gas at 5 LPM for 30 min prior to the imaging procedure
to remove water vapor from the sample compartment. After 30 min, reduce the amount of dry
nitrogen gas to 3 LPM for the rest of time the system is in use.
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Micrometer

Figure 5: System setup for reflection imaging. (A) Reflection imaging module mirror base.
(B) Scanning stage.

Reflection Imaging Module

5. Place a polystyrene plate of thickness ~1.2 mm on the scanning window of diameter ~37 mm.
Center the scanning window along with the polystyrene plate on the sample stage.

NOTE: Other thicknesses and plate materials are suitable for step 4.5 but should have a uniform

thickness and be of low enough absorption to not impede the THz signal.

6. Open the THz reflection imaging measurement software from the desktop connected to the
THz system. A window will pop up showing several dialog icons for specific functions and
two sub windows for THz field plots, (arbitrary units’ a.u.) against the time and frequency,
respectively.

7. To set the parameters for the RIM set-up, click on the Image Parameter Dialog icon at the
top of the window. An Image Acquisition Parameters window will pop up. Select RIM
from the drop-down menu of the Template tab for reflection imaging set up. Hit OK and go
back to the main window of the software.

8.  On the main window, click on the Fixed-point Scan icon. This will activate the THz antennas
to start sending the incident THz signal and receiving the reflected THz signal from a single

point on the polystyrene plate.
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9. Click on the Motor Stage Dialog icon on the top of the main window. The motor control
window will open up. Adjust the optical delay axis by clicking on the forward/reverse
direction arrows to center the reflected pulse from the polystyrene in the main window.

NOTE: After adjusting the optical delay axis, two pulses should appear on the window, as shown

in Figure 6: one from the lower interface of the polystyrene plate (primary reflection), and one

from the upper interface of the polystyrene plate (secondary reflection).

10. Window out the primary reflection from the polystyrene plate and keep the secondary
reflection in the window, which will contribute to the reflections from the tissue during
the imaging procedure. This is done in two steps.

1. First, click on the DAQ Settings button at the top of the main window to open the DAQ
settings dialog window. Change the optical delay value from 5 V (default) to 4 V.

2. Second, adjust the scanning stage’s vertical position with the micrometer scale on the
scanning stage until the minima of the secondary pulse is the strongest. Adjust the optical
delay of the axis in the Motor Control Window to put the primary reflection outside of

the range of the reflected signal being measured.

5
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—_ 4 reflection \ reflection
Air 53
8
Polystyrene plate ¢1.2 mm % 2 l
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Figure 6: THz reflections from the lower and upper interfaces of the polystyrene
plate. (A) THz signal incident to and reflected from a 1.2 mm thick polystyrene plate.
(B) Measured primary and secondary THz time domain signals from the polystyrene.
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NOTE: For a 1.2 mm thick polystyrene plate, the primary reflection is windowed out when the
secondary reflection minimum peak is approximately -0.3 mm on the optical delay axis of the time
domain window.

11. Level the sample stage and record the reference signal.

1.  Select two points on each axis (A-axis and B-axis) that denote locations on the
polystyrene plate near the edge of the sample window. For example, for the A-axis
ranging from -15 mm-15 mm, the two position points can be -10 mm and 10 mm; and
for the B-axis ranging from -15 mm-15 mm, the two position points can be -10 mm and
10 mm.

2.  Click on the Motor Control Dialog button to open the motor control window. Reposition
the motor control window and the main software window so that the time domain signal
is visible while adjusting the motor positions. Set both the A-axis and B-axis to 0 mm.

3. Level the A-axis using following steps. A -10 mm-10 mm range is used as an example.

4. In the Motor Control Window, change the value of the A-axis from 0 to -10 and hit
Enter. The stage moves to the -10 mm position on the A-axis and a shift in the signal
position on the main window is observed.

5. Use the adjustable micrometer scale on the scanning stage shown in Figure 5B to move
the minimum peak of the signal back to the position set in step 4.10.2.

6. Change the A-axis value to +10 and hit enter. The stage will now move from the -10 mm
position to the +10 mm position on the A-axis and a shift in the signal is observed again.
Note the direction and the distance that the signal shifted from its previous position and
change the A-axis value again to -10. The signal will go back to the position set in step

4.11.5.
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Rotate the leveling screw on the A-axis of the scanning stage, as shown in Figure 5B
and shift the signal to double the distance in the same direction it moved from the original
position. Use the micrometer on the scanning stage to shift the signal back to the original
position (-0.3 mm for 1.2 mm of polystyrene).

Repeat steps 4.11.6-4.11.7 until the signal at +10 and -10 are equal and the peak for both

positions is focused at the original position (-0.3 mm on the optical axis).

12. Once the leveling of the A-axis is achieved, change the A-axis value to 0 and repeat the same

procedure for the B-axis. Start by changing the value of the B-axis on the motor control

window from 0 to the most positive value (for example +10 mm). Also, while leveling, use

the leveling screw on the B-axis of the scanning stage, which is shown in Figure 5B.

13. Once both axes are leveled, return both the A-axis and the B-axis to 0 mm. Close the Motor

Control Window and verify that the signal is in its original position in case it is shifted a

little.

14. Record this signal as the reference.

1.

Go to the set DAQ Properties window. Change the averaging value to 5 and keep all
other parameters as default.

Click on New Reference. The averaging counter in the top right of the window will count
from 0-20. Once the counter reaches 20, change the averaging value to 1 and click OK.
The reflected signal from the polystyrene will be saved as the reference for any scans
taken later.

NOTE: If only the THz imaging procedure has to be performed, then it is best to perform

steps 4.3-4.14 before taking the tumor tissue out of the DMEM solution.
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15.

16.

17.

18.

19.

Mount the tumor on the polystyrene plate covering the scanning stage window.

1.  Remove the imaging window from the scanning stage and bring it to the tissue handling
area. Place the tumor on a polystyrene plate, as shown in Figure 4B.

2. Ensure that there are no significant air bubbles between the plate and the tumor. If air
bubbles are observed, press the tumor with tweezers or lift the tumor and gently roll it
onto the polystyrene until the air gaps are minimized.

3. Place absorptive spacers at regular intervals around the test sample as shown in Figure
4B. Place another polystyrene plate above the tumor and press gently in order to make
the tumor surface as flat as possible. Tape down this polystyrene-tumor-polystyrene
arrangement on the sample window.

Flip the sample window as shown in Figure 4C, and take photos of the tumor to keep a record
of its orientation. Return the sample window with the tumor to the scanning stage.

Click on the Image Parameter Dialog button to open the Image Acquisition Parameters
window. Set the values of Axislmin, Axislmax, Axis2min, and Axis2max to fully enclose
the position of the tumor in the imaging window.

NOTE: By default, Axisl is the A-axis and Axis2 is the B-axis.

Set Axislstep and Axis2step to 0.2 mm for the imaging scan.

NOTE: Setting the Axislstep and Axis2step will set the stepper motors' step size to 200 um
increments during the scanning process. The total scan time can be estimated in the Image
Acquisition Parameters window.

Click on the Measure tab on the main window and select the Flyback 2D Scan option. In the

window that pops up, indicate the directory and file name under which to save the scan data.
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2.

Postprocessing the Fresh Tissue in Preparation for Histopathology Procedure

Upon completion of the scanning process, remove the sample window, polystyrene plates,
and sample from the core THz system and move them to the area designated for hazardous
waste. Remove the tumor from the polystyrene plate and place it on a flat piece of cardboard
of a size comparable to that of the tumor. Make sure the orientation of the tumor is the same

as it was on the polystyrene, with the imaging face touching the cardboard.

cardboard holder and dyed with tissue marking dye. (B) Filter paper placed over tumor and taped
to maintain contact. (C) Stained tumor fixed on the cardboard immersed in 10% neutral buffered
formalin solution and sealed with parafilm.

Dip a cotton swab in red tissue dye and stain the left side of the tumor down to where the edge
of the tumor contacts the cardboard. Similarly, stain the right side of the tumor with blue tissue
dye. Stain the exposed surface of the tumor with a line of yellow tissue dye connecting the
red stain to the blue stain to denote the back of the sample, as shown in Figure 7A.

NOTE: To prevent the ink from staining the formalin solution, apply only a thin layer to the
tissue. This can be accomplished by dabbing the cotton swab on a different surface before
staining the tissue or using a clean cotton swab to wipe off any excess dye. Avoid letting the
dye contact the skin or clothing. This tumor-staining process is conducted as a reference to
provide information about the tumor’s imaging side and its orientation to the pathologist.
Let the ink dry for around 3—4 min. Cut a piece of filter paper with the same approximate

dimensions as the cardboard. Place it on the tumor and wrap a piece of tape completely around
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the filter paper and cardboard as shown in Figure 7B. The tape and filter paper should secure
the tumor against the cardboard without applying any significant pressure.
Immerse the stained tissue affixed to the cardboard in 10% neutral buffered formalin solution
and seal the centrifuge tube using a paraffin film, as shown in Figure 7C. Designate the
sample number, date, tissue type, and tumor number for the sample on the tube label. Send
the tumor to the pathologist for further histopathology processing.

Hazardous Waste Disposal

Collect all the waste from the tissue handling tray along with the biohazard bag used to cover

Figure 8: Photograph of the biohazardous waste bag.

the tray and put it in a new biohazard bag, as shown in Figure 8. Bring the bag to the
designated biohazardous waste area in the building and set an appointment with the
Environmental Health and Safety (EH&S) department for the waste pickup. Clean the tissue
handling tray and the surrounding area on the table with 10% bleach solution and ethanol.

Take the liquid sample holder with the spacers and quartz windows, sampling window on
which tumor was mounted, polystyrene plates, and laboratory tweezers to the washing area.
Rinse all materials with water and then 10% bleach solution, wiping with paper towels as

necessary to remove tissue debris. Rinse again with water, scrub with alconox solution, and
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rinse thoroughly. For glass and plasticware, rinse in 70% isopropyl alcohol and set aside to
dry.
NOTE: Once the tumor is in formalin and the sample space is clean, data processing can be
handled at the same time as imaging or a later time.

Data Processing to Construct THz images
Export the saved .tvl data files from the THz system. The raw data files obtained from the
system are written in Python and are best read in Python before saving as MATLAB data
files.
To construct the THz image of the scanned fresh tissue, convert the raw time domain
reflection imaging data into the frequency domain using Fourier transform on the third
dimension of the raw data matrix (i.e., the time dimension). Also take the Fourier transform
of the reference data.
NOTE: A typical frequency domain spectrum should provide data ranging from 0.1 THz—4
THz.
Normalize the sample data with the reference data and perform the power spectra based on
the integration of the normalized data over the frequency range from f1 = 0.5 THzto f2=1.0

THz using the following equation [19]:

f2

2 2
Power SpeCtra = lesamplel /lEreferencel dfTHz (1)
fi

NOTE: Here Esample is the frequency domain reflection imaging data of the tissue sample and

Ereference 1S the frequency domain of a single point reflection data of the reference signal.
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Construct the two-dimensional image by plotting the calculated power spectra data at each
point in the matrix defined by the A-axis and Baxis. This is known as the power spectra THz
image.

NOTE: The method to obtain a tomographic THz image instead is detailed in steps 7.5-7.7.
For characterization, calculate the theoretical frequency-dependent reflection for a range of

potential tissue properties using the following equation [18]:

= —j2ks cos 03d
<Esamp> _ l—‘T,Z,samp _ <pT,23 — Pr,31€ Jeks 373
T

= 1+ ,OT,23PT,313_J'21~€3 cos 93d3) /pT,Zl (2)

Eref l’:‘T,Z,re f

NOTE: Here pr,j is the complex Fresnel reflection coefficient between region i and region j; d; is

the thickness of region j; and 6; is the angle of propagation in region j related to the angle of

incidence by Snell’s Law. is the complex propagation coefficient in region j, where o is the angular

frequency, c is the speed of light in vacuum, n;j is the real part of the refractive index, and aabsj IS

the absorption coefficient [18] . Region 1 is air, Region 2 is the polystyrene plate, and Region 3 is

the tissue.

6.

Calculate the reflection in equation (2) for a range of user-defined refractive indexes and
absorption coefficients for Region 3 (nz and oans;3) and compare with the measured signal at
each point to calculate the combined mean squared error for the magnitude and phase.
NOTE: The solution for the refractive index and absorption coefficient is the pair of values
that give the lowest error.

Construct the tomographic THz image from the extracted refractive index and absorption
coefficient data (n3 and aabs;3) at each pixel. Analyze the tumor regions by comparing with the
pathology slide image obtained from the pathologist. Representative results are shown in
Figure 9, with examples of insufficient adherence to the protocol in Figure 10 and Figure
11.
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8.

Extraction of Electrical Properties of the Tissue Using Transmission Spectroscopy
Data
On the main window of the THz transmission spectroscopy measurement software, go to the
File tab and click on the Export option. A window will pop up to select the Data Type and
Sample to export. Choose Transmittance and Transmittance Phase data types for the
quartz and tissue sample measurements.
Calculate the theoretical frequency-dependent transmission for a range of potential tissue

properties using the following equation [15]:

Esamp = Te (y1-v3)d
Ere f (3)

NOTE: Here is the ratio between Fresnel transmission coefficients for the sample and
reference setups; y1 and ys are the complex propagation constants of air and tissue,

respectively; and d is the thickness of the tissue. The propagation constant in general is defined

asy= j%ﬁ, fi is the complex refractive index defined as i = n — ]i% where n is the real

part of the refractive index; c is the speed of light; ® is the angular frequency; and o.aps IS the
absorption coefficient [15].

Calculate the combined mean squared error between the magnitude and phase of the
transmission in equation (3) and the measurement data from the system for a range of user-
defined n and aabs Values.

NOTE: The solution for the refractive index and absorption coefficient is the pair of values
that give the lowest error.

Plot the extracted refractive index and absorption coefficient data against the frequency range

from 0.15-3.5 THz. Representative results are shown in Figure 12.
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Representative Results

The THz imaging results [18] obtained following the abovementioned protocol of human
breast cancer tumor specimen #ND14139 received from the biobank are presented in Figure 9.

According to the pathology report, the #ND14139 tumor was a I/l grade infiltrating ductal
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Figure 9: Analysis of breast cancer tumor #ND14139 using THz imaging technique. (A)
Photograph of the tumor. (B) Low power pathology image of the tumor. (C) THz power spectra
image over the frequency range 0.5 THz-1.0 THz. (D) THz tomographic absorption coefficient
image obtained at 0.5 THz. This image was constructed using the extracted absorption
coefficient data at each pixel from the raw reflection imaging data of the tumor. (E) Absorption
coefficient image obtained at 1.0 THz. (F) Refractive index image (n- image) obtained at 0.5
THz. This image was constructed using the extracted refractive index data at each pixel from the
raw reflection imaging data of the tumor. (G) Refractive index image (n- image) obtained at 1.0
THz. Figure republished from T. Bowman et al. [18] with permission from SPIE.
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carcinoma (IDC) obtained from a 49-year-old woman via a left breast lumpectomy surgery
procedure. The photograph of the tumor is shown in Figure 9A, the pathology image in Figure
9B, and the THz power spectra image obtained using equation (1) in the protocol is shown in
Figure 9C. The assessment of the pathology image was done by our consulting pathologist at
Oklahoma State University. Upon correlating the THz image with the pathology image, it was
clear that the cancer region (i.e., the red color region in Figure 9C) showed higher reflection than
the fat region (i.e., the blue color region in Figure 9C). The blue circle close to the center of the
cancer region in Figure 9C w as due to the presence of an air bubble beneath the tumor during the
imaging process.

Tomographic images based on the electrical properties of the tumor obtained using the
above discussed model for each pixel (2,477 pixels in total) are also presented. The tomographic
images based on the absorption coefficient (cm™) data (a- images) and refractive index (n- image)
data of the tumor obtained at frequency 0.5 THz and 1.0 THz are shown in Figure 9D, 9E, 9F,
and 9G, respectively. As the frequency increased, the calculated absorption coefficient (cm™)
values for the cancer and fat pixels increased, with cancer pixels showing higher values than fat at
both frequencies. In contrast, the refractive index of both tissues decreased as the frequency
increased. It should be noted that the measured phase became subject to micrometer-scale
variations in the imaging stage leveling, polystyrene plate thickness, and stepper motor jitter as the
frequency increased. For example, the horizontal lines observed in Figure 9E and 9G were due to
the small phase shift introduced by the stepper motors during the scanning process, which was not
observed at lower frequencies.

The THz results discussed in Figure 9 were obtained by successfully following the

described protocol. Insufficient handling of the tissue can lead to misleading imaging results. For
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Figure 10: The effect on tumor imaging taken out of the DMEM solution without drying
using filter paper. (A) Low power pathology image of the tumor #ND10405. (B) THz power
spectra image of tumor #NDZ10405 over the frequency range 0.5 THz-1.0 THz. (C) The
transmission refractive index plot for DMEM, PBS, and water ranging from 0.15 THz-3.5 THz.
(D) The transmission absorption coefficient (cm —1) plot for DMEM, PBS, and water ranging
from 0.15 THz-3.5 THz. Figure 10A, 10B are republished from T. Bowman et al. 28 with
permission from IEEE and Figure 10C, Figure 10D are republished from N. Vohra et al. [19]
with permission from IOP Publishing, Ltd.

example, the THz imaging results in Figure 10 for human breast cancer tumor #ND10405 show
the effects of insufficient drying. Excess DMEM solution in the tissue dominated the THz power
spectra image of the tumor in Figure 10B [28] with high reflection that did not correlate to the
pathology image shown in Figure 10A [28]. This led to a false positive result, suggesting a larger
presence of cancer in the tumor. DMEM showed a similarly high refractive index and absorption
coefficient to water, as seen in Figure 10C [19] and 10D [19], so it is highly recommended to dry

the tumor properly before imaging.
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Figure 11: The artifacts in the THz image caused by the presence of air bubbles between
the polystyrene plate and tumor. (A) Low power pathology image of tumor #ND11713. (B)
THz power spectra image of tumor #ND11713 over the frequency range from 0.5-1.0 THz.

Another example of insufficient adherence to the protocol is shown for tumor #ND11713
in Figure 11. In this case, the air bubbles between the polystyrene plate and the tumor were not
removed when the tumor was placed on the plate for the imaging procedure. This resulted in
several spots of low reflection across the THz image in Figure 11B, which prevented accurate
comparison to the pathology in Figure 11A. Thus, if any air bubbles are observed after placing
the tumor on the plate, press it with the tweezers or lift the tumor and gently roll it onto the
polystyrene until ai r gaps are removed.

Transmission spectroscopy results [18] for the same sample (# ND14139) are presented in
Figure 12. Tumor sections were taken from points (1) and (2) in Figure 12A and characterized
following the protocol. Both selected points were taken from the cancer tissue region in the tumor
according to the pathology image in Figure 12B. The extracted absorption coefficient and
refractive index for both tumor sections are presented in Figure 12C, D. Both points showed good
agreement for the whole frequency range. The black curve from 0.15-2 THz in Figure 12C and
Figure 12D represents data obtained from the literature [23] to compare the results obtained in our

work.
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Figure 12: The characterization of breast cancer tumor #ND14139 using THz transmission
spectroscopy. (A) The photograph of the tumor with two selected points marked and from where
the 0.5 mm thick sections of the tumor were cut for the transmission spectroscopy measurements.
(B) Low power pathology image of the tumor. (C) The transmission absorption coefficient (cm
—1) plot ranging from 0.15-3.5 THz at points and . (D) The transmission refractive index plot
ranging from 0.15-3.5 THz at points and . Figure republished from T. Bowman et al. [18] with
permission from SPIE.

Discussion

Effective THz reflection imaging of fresh tissue is primarily dependent on two critical
aspects: 1) the proper consideration of tissue handling (sections 2.2 and 2.2.4.15); and 2) the stage
setup (primarily section 2.2.4.11). Insufficient drying of the tissue can result in increased reflection
and inability to visualize regions due to high reflections of DMEM and other fluids. Meanwhile,
poor tissue contact with the imaging window creates rings or spots of low reflection in the THz
reflection image that obscure the results. Extra effort should be taken to ensure good tissue contact

with the imaging window, including repositioning the tissue to obtain a better interface. For tissue
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characterization, additional considerations for the stage setup must be carefully implemented.
Improper balancing of the stage by even a few microns can cause significant shifts in the calculated
refractive index and absorption coefficient of the tissue. This can also be a result of applying too
much pressure to the tissue when mounting it on the imaging window, which can cause bowing of
the polystyrene plate. For accurate calculations, the reference signal selected for characterization
must also be obtained from the same phase plane of the image to avoid artificial phase shift.

The primary area where the protocol can be modified is in the dielectric materials used to
mount the tissue, such as quartz (sections 3.6-3.7) and polystyrene (starting in section 4.5). As
long as the selected window materials are uniformly thick and of low enough absorption to have
good signal interaction with the tumor, other materials can be substituted. Materials should be
evaluated ahead of time to determine whether they provide an adequate phase plane. Alternatively,
for systems where the imaging window will be fixed, a nonuniform window thickness can be
addressed by characterizing the phase shift calculated from an empty window scan. There is also
some room for modification in how the tissue is mounted for shipment to the pathologist. While
tissue marking dyes are used here out of convention, the important aspect is to have a method in
place that enables comparison between the THz imaging and the pathology. The primary
troubleshooting concerns for the protocol will involve obtaining a good THz signal and
establishing proper windowing, which will depend on the specific system being used.

A primary limitation of any fresh tissue handling technique is the time that the tissue is
exposed to air. This protocol was designed such that the tissue could remain exposed for no more
than 1 hour to avoid decomposition prior to the pathology assessment. This is also reflected in the
selection of the step size of the image. The THz system in this protocol can reach any step size

from 50-500 um in 50 pum increments, though the maximum spatial resolution of the system is
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around 80 um due to the spectral content of the THz signal. The 200 um step in the protocol
provided sufficient detail while maintaining a reasonable scan time of ~30 min. Assessment of the
tumor samples by our consulting pathologist determined that this amount of air exposure does not
cause damage to the tissue in an observable way at the cellular level. However, materials such as
gelatin can be used to provide clear THz imaging without excessive drying, and may be
investigated for future updates to the protocol [29] . For efficient use of time, steps like purging
the system with dry nitrogen and setting up the imaging or spectroscopy can be performed before
the tissue is removed from the DMEM. This is also important for future intraoperative applications
where the time taken for imaging is a key factor in implementing the THz imaging into the surgical
workflow.

Using this protocol intraoperatively represents a potential significant decrease in the time
to assess the surgical margins of the tumor from several days or weeks to few a minutes. This will
be accomplished when the hardware of the THz system is improved to use THz cameras instead
of stepper motor scanners in the future. At present the most similar method employed
intraoperatively is specimen radiography, which takes transmission X-ray images of excised
tumors for interpretation by a radiologist to determine whether there is cancer on the tissue surface.
The described imaging protocol provides a means of direct imaging of the tissue surface. The
protocol for the freshly excised breast cancer tumors can also be used for the characterization and
imaging of any other type of freshly excised solid tumor [8-11]. While this manuscript focuses on
imaging freshly excised breast tumors following the described protocol, THz imaging of the
associated formalin-fixed paraffin embedded tissue blocks has also been successfully validated
with pathology [14-17, 19]. Imaging protocols similar to the one proposed here could be developed

for pathology support in analyzing embedded tissues as well.
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CHAPTER 3

Pulsed Terahertz Reflection Imaging of Tumors in a Spontaneous Model of Breast Cancer
© 2018 IOP Publishing. Reprinted, with permission, from N. Vohra, T. Bowman, P. M. Diaz, N.
Rajaram, K. Bailey, and M. El-Shenawee, “Pulsed terahertz reflection imaging of tumors in a
spontaneous model of breast cancer,” Biomedical Physics and Engineering Express, vol. 4, no. 6,
pp. 065025, 2018. [https://doi.org/10.1088/2057-1976/aae699]
Abstract

We report the use of reflection-mode terahertz (THz) imaging in a transgenic mouse model
of breast cancer. Unlike tumor xenografts that are grown from established cell lines, these tumors
were spontaneously generated in the mammary fat pad of mice, and are a better representation of
human breast cancer. THz imaging results from 7 tumors that recapitulate the compartmental
complexity of breast cancer are presented here. Imaging was first performed on freshly excised
tumors within an hour of excision and then repeated after fixation with formalin and paraffin.
These THz images were then compared with histopathology to determine reflection-mode signals
from specific regions within tumor. Our results demonstrate that the THz signal was consistently
higher in cancerous tissue compared with fat, muscle, and fibrous tissue. Almost all tumors
presented in this work demonstrated advanced stages where cancer infiltrated other tissues like fat
and fibrous stroma. As the first known THz investigation in a transgenic model, these results hold
promise for THz imaging at different stages of breast cancer.
1. Introduction

Breast cancer accounts for 30% of all new cancer diagnoses [1] and is the most frequently
diagnosed cancer in women in the United States [2]. For early-stage breast cancer, the current
standard of care is breast-conserving surgery (BCS) followed by chemotherapy. Unfortunately, a

dire limitation to this procedure is the incomplete local excision of the tumor, resulting in positive

margins at the time of final pathology [3]. This leads to approximately 20% of patients requiring
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further surgery to attain clear margins [4]. In light of this, there is a critical need for an intra-
operative imaging technology that can reliably evaluate the margins for possible presence of
cancerous tissue. Such an evaluation requires the ability to accurately differentiate between normal
and cancerous tissue as well as between different components of breast tissue — fat, muscle, and
fibrous tissue.

Nearly 20 years ago, Hu et al employed terahertz (THz) imaging and demonstrated its
capacity to differentiate between fat and muscle within porcine tissue [5]. Since then, THz
technology has taken great strides, and noteworthy research has unveiled its significant potential
for biomedical applications. Investigators have demonstrated the sensitivity of THz imaging in
differentiating between different types of tissue present in both formalin-fixed, paraffin-embedded
(FFPE) and fresh samples [6-13]. THz radiation is very sensitive to polar substances, such as water
and hydration state. Therefore, THz waves can provide a better contrast for soft tissues than X-
rays [14]. Physiologic changes associated with tumors generally lead to increased water content
and decreased lipid concentration compared with normal tissue [15]. This suggested that water
content and lipid concentration might lead to strong changes in the terahertz reflection.
Nevertheless, a number of studies have imaged biologic samples that were fixed in formalin,
dehydrated, and paraffin embedded for histopathologic examination and still found contrast
between tumor and the surrounding normal tissue [7-13] suggesting that in addition to lipid
changes, other factors such as increased cell density or the presence of certain proteins may also
be responsible for contrast [16].

However, imaging of fresh human tissue from breast and other types of cancer outside of
a surgical context is challenging. To circumvent this obstacle, many investigators have turned to

mouse-model tumor xenografts to carry out their studies. Chen et al performed in vivo THz
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imaging on a subcutaneous xenograft mouse model and successfully detected early breast cancer
[17]. They were also able to differentiate between cancerous and fatty tissue within fresh ex vivo.
Also, Bowman et al successfully performed THz imaging and statistical analysis of fixed and fresh
xenograft breast tumors [18]. A reflection-type THz imaging system was used on an orthotopic
glioma rat model to demonstrate that the THz reflection intensity was higher in brain tumors than
in the surrounding normal tissue [19], [20].

Although these studies have provided a wealth of information, tumor xenograft models fall
short in closely mimicking the stages of cancer progression and underlying mechanisms. A recent
study from our group demonstrated the ability of THz imaging to clearly distinguish between
cancerous and fatty tissue in breast tumor xenografts grown from murine breast cancer cells [18].
However, the xenograft models were devoid of fibrous tissue, and therefore could not adequately
represent human tissue. Transgenic mouse models offer a promising alternative to the conventional
xenograft models for imaging, biological, and therapeutic investigations. Whereas xenograft
models based on human breast cancer cells require the impairment of the immune system,
genetically engineered mice provide a competent immune system where the tumor can grow, and
its development can be followed from early time points [21]. The MMTV-PyMT transgenic mouse
model has been widely used to investigate breast cancer due to its metastatic potential and how
closely it reflects the many changes and aspects of human breast cancer progression. In this model,
the promoter/enhancer mouse mammary tumor virus long terminal repeat (MMTV LTR) drives
the expression of the oncoprotein polyoma middle T antigen (PyMT), resulting in the development
of multifocal adenocarcinomas within the mammary epithelium, and also in metastatic lesions

within the lymph nodes and lungs [22].
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Plodinec et al investigated the nanomechanical signatures of normal and benign samples
from both human breast biopsies and MMTV-PyMT mammary tissue. In contrast to the human
breast samples, they found that healthy mammary fat pad tissue from this transgenic mouse model
exhibited extensive amounts of adipose tissue (70-80%). At the early cancer stage, they observed
basement membrane degradation, and the absence of collagen I at the soft core of the tumor. They
noted that collagen | was instead increasingly present towards the periphery of the tumor.
Furthermore, they monitored the loss of integrin B1 expression in the MMTV-PyMT specimens at
different tumor progressions stages, and found that the fibrous tissue was lost significantly early
[23]. Similar findings were reported by Lin et al, wherein they noted the loss of B1-integrins was
strongly associated with the MMTV-PyMT tumor progression [24]. They also observed that
adipocytes formed the majority of the mouse mammary glands and they were located very close
to the epithelial structures. This was very different from the human breast tissue, where extensive
extracellular connective tissue stroma was present, resulting in the adipocytes being less proximal
to the ductal epithelium. Almholt et al likewise observed that adipose tissue surrounded the
epithelium in the MMTV-PyMT mouse gland in great amounts, whereas the human mammary
epithelium was instead surrounded by a specialized fibroblastoid stroma not adjacent to the
adipocytes [25].

In spite of these structural differences, the MMTV-PyMT breast cancer model has been
proven to be a reliable model for metastatic breast cancer, sharing many more similarities than
differences with human luminal breast cancer on a molecular and histological level [22,24,26].
While the MMTV-PyMT model possesses a high percentage of adipose tissue, it still results in a
tumor microenvironment where some fibrous tissue is present. Moreover, this transgenic mouse

model poses a level of complexity that more closely mimics that of human breast cancer tissue,
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and therefore presents a better model for investigating the THz reflection signatures acquired from
breast tissue components in the native microenvironment.

The objective of this study is to determine the THz reflection differentiation between
cancer and noncancerous (fibrous, fat, and muscle) tissue in a spontaneous model of breast cancer.
Specifically, we use the MMTV-PyMT mouse model of breast cancer to obtain spontaneously
generated breast tumors for THz imaging. To the best of our knowledge, this is the first time THz
imaging has been investigated for imaging freshly excised breast cancer tumors derived from a
transgenic mouse model. In addition to providing new knowledge about THz reflection from fat,
fibrous and muscle tissue in orthotopic breast tumors, these results also lay the groundwork for
investigating THz imaging at different stages of breast cancer progression.

This work is organized as follows: methodology including terahertz imaging system and
mice tumor sample preparation in Sec. 2; the experimental results of THz image correlation with
pathology in Sec. 3; and discussion and concluding remarks in Sec. 4.

2. Methodology
2.1.  Mice tumor sample preparation

Protocols for all mouse experiments were approved by the Institutional Animal Care & Use
Committee (IACUC) of the University of Arkansas. Four MMTV-PyMT mice between 3-4 weeks
of age were purchased from The Jackson Laboratories. Mice were maintained under standard 12-
hour light/dark cycles with regular access to food and water. Tumors were excised at between 5
and 11 weeks.

Upon excision of the tumor, the tissue was immersed in phosphate buffered saline (PBS)

or in Dulbecco’s Modified Eagle Medium (DMEM). DMEM is often utilized in biobanks when
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Fig. 1. Summary of imaging procedure of transgenic tumors.

handling human breast tissue and is investigated here to study potential changes in THz imaging
from refrigeration and shipping of fresh tissue. Tissues in PBS were imaged an hour after excision,
while tissues in DMEM were stored in a refrigerator and imaged within 24 hours, mimicking
overnight shipping from a biobank. Upon conducting THz spectroscopy of DMEM and PBS, it
was found that they have THz signature similar to water (see Appendix). Therefore, the choice of
solution when immersing fresh tissue did not affect the imaging. After being removed from
medium, the tissue was dried using filter paper and positioned between two polystyrene plates with
slight pressure to make its surface as flat as possible. The tissue sample was then positioned on the
THz imaging scanner window prepared for the reflection mode (see Fig. 2). After THz imaging,
the tissue was immersed in formalin and shipped to the Oklahoma Animal Disease Diagnostic
Laboratory (OADDL), where it was embedded in paraffin for histopathology. Formalin fixed
paraffin embedded (FFPE) tissue slices of 3-4 um thickness were stained with hematoxylin and
eosin (H&E) to produce the pathology image. The thickness of the fresh tissues handled in this
work is approximately 5 mm while that of the corresponding FFPE tissues is between 3-4 mm due
to possible shrinkage incurred during formalin fixation and slicing during the histopathology
procedure. Subsequent THz imaging was performed on the FFPE block. The tissues in blocks were
mounted on standard plastic pathology cassettes which prevented transmission imaging without

destructive sectioning of the samples, so reflection imaging is observed here. The procedure is
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described in the diagram of Fig. 1. THz imaging of both fresh and FFPE tissue will be presented
in Section 3 in order to compare the image contrast based on the water content in the tissue.
2.2. Experimental Terahertz Imaging System

Terahertz imaging in this work is performed using a commercial THz system from
TeraView, Ltd shown in the diagram in Fig. 2a. An 800 nm pulse from a Ti:Sapphire laser is
passed through a beam splitter. One path of the laser is used to excite a biased THz emitter
consisting of a gold bowtie antenna on a GaAs substrate, which emits a resulting time domain
pulse in the THz range seen in Fig. 2b. The Fourier transform of the pulse is shown in Fig. 2c,
demonstrating the spectral power of the pulse from 0.1 to 4 THz. The incident pulse is directed
using mirrors to reflect off the sample under test, then a second set of mirrors directs the reflected
signal to a THz receiver with the same construction as the emitter. The second path of the laser
excites the receiver after passing through an optical delay line such that the incident THz field
generates a current on the receiver measured by the computer. The sample stage moves in set
increments using stepper motors to obtain the reflected signal at each point. For all results
presented in this work the step size of the motor was 200um while the spot size of the beam on the
tissue surface at each point was function of frequency, e.g. at 1 THz the radius of the beam spot
size is ~0.7271mm and at 2 THz it is ~0.3554mm.

Following the acquisition of the THz signal at each point, the THz image is produced by
one of two methods. For fresh tissue samples mounted between polystyrene plates (see Fig. 2a), a
power spectrum integration of the reflected frequency domain signal is taken at each point using

the equation:

fa
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where Esamp IS the measured sample signal, Erer is the reference reflection signal from the air-
polystyrene interface, and f1 and f> are the selected frequencies over which to perform the
integration. This kind of power integration has been suggested as a principal signal component to
provide distinction between tissue regions [27]. The authors previously found this calculation to
provide consistently good images for freshly excised xenograft mice tumors for an integration
range from 0.5 to 1.0 THz, so the same frequency range will be used here [18]. For imaging the
FFPE tissue, the top of the tissue block is positioned directly on the scanning window of the
system. In this case, the THz images are obtained by taking the peak value of the reflected time

domain electric field signal normalized against the peak signal measured from a gold mirror

reference.
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Fig. 2. (a) Terahertz imaging system diagram for the reflection mode of fresh tumors, (b)
Incident time domain THz pulse, and (c) frequency domain signal following Fourier transform.

3. Experimental Results
In this work, 15 breast tumors were excised from 4 transgenic mice and imaged using the

THz imaging system. As predicted from literature [22], the transgenic mice tumors share complex
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structures in their tissues with multiple regions of cancer, cancer infiltrated fat, fat, cystic areas,
fibro, and others as will be discussed in this Section. This contrasts with previously studied tumor
xenografts, which consisted mostly of cancer and fat [18]. Seven tumors are selected here, as
described in Table 1, to present the THz reflection imaging results for both freshly excised tumor
tissue and FFPE tissue block for each tumor. The tumors are numbered from 1-7 with an additional
code referring to the sequence of excision. In all results presented here, we observed that the
histopathology process altered the tumor tissue shape and size, causing the THz images of fresh
tissue and the pathology images to be different. The 15 tumor tissues were scanned over a full year

from June 2017 to July 2018 and showed consistent contrast in all images as will be seen below.

Table. 1: Summary of presented tumors
Tumor 1 | Tumor 2 | Tumor 3 | Tumor4 | Tumor5 Tumor 6 Tumor 7

Sample
no. (14-A) | (15-A) | (15-D) | (15-E) (15-B) (14-C) (12-A)

2

g \
&y

tissue Y- o

Photo of | own o i y . %
fresh \.‘,.\.«,-/) > - ol » o7 %\» CS 43

Stze | ~1ax9x | ~19x12 | ~21XBx | o ax5 | ~16x11x5 | ~18x14x5 | ~20x17x5

(mm) 5 x5 5
Solution PBS PBS DMEM DMEM PBS DMEM PBS
3.1. Tumorl

The results of Fig. 3 represent THz imaging of Tumor 1 (14-A). Fig. 3a shows the THz
image of the freshly excised tumor represented in the frequency domain spectral power between

0.5and 1.0 THz. Adding frequencies above 1THz to the spectral power did not improve the results.
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Fig. 3b shows the normalized THz time-domain peak from the FFPE tissue block. The low power
pathology image of tissue sliced at 3-4 um from the top surface of the FFPE block is shown in Fig.
3c. The pixels in the pathology image marked as (1)-(7) are selected from different tissue types
based on the pathology report. The high power images of the surrounding regions of these pixels
are shown in the figure. The time domain signals (from FFPE THz imaging data) at different tissue
types marked as (1)-(7) are plotted in Fig. 3d showing the difference in THz signal magnitude of
each type. The spectra of the reflected electric field signals of Fig. 3d are demonstrated in Fig. 3e.
All THz reflected signals are normalized with respect to the reflected signal from the gold mirror.
The baseline noise of the system is usually around + 0.01 to + 0.035 for the raw measured electric
field without normalization. For the reference peaks taken across the scans in this work, this
correlates to a noise level of about + 0.0005 to + 0.00175 in the normalized scan values, which is
insignificant compared to the normalized measured data from the tissue.

The results of Fig. 3d demonstrate that the magnitude of the reflected THz signal from the cancer
region is more than that of any other region in the tissue. This can be seen in the THz images of
both fresh and FFPE tissue in Figs. 3a-b, where the cancer region (represented in red color in the
image color bar) dominates the tumor. The THz image of the FFPE tissue is particularly effective
in differentiating between the cancer and other regions. For example, the cancer with glandular
secretions can be seen as yellowish-red region and the cancer infiltrated in fat can be seen as
yellow-greenish region in Fig. 3b. The dark blue region in this image represents the cystic region
in the cancer. Although fibrous, muscle, and brown fat regions show almost similar reflection in
the THz image, they are well differentiated from cancer. For the THz image of fresh tissue in Fig.
3a, the cancerous and non-cancerous regions are well differentiated. The dark blue boundary in

the image of fresh tumor represents an edge effect due to the difference in surface level of the
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tissue with respect to the polystyrene slide, which is not the case with the FFPE tissue. Considering
the complexity of the transgenic mouse tumor shown in Fig. 3, a good agreement between the THz
and pathology images is demonstrated, with slightly better results for the FFPE tissue than that of
fresh tissue. It should be noted that THz imaging of all fresh tissues was conducted blindly with

respect to the pathology, where the histopathological imaging was processed afterward.
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Fig. 3. THz reflection images of transgenic mice breast tumor 1(14-A), (a) Frequency domain
THz image of freshly excised tumor represented by spectral power, (b) Time domain THz image
of FFPE tumor tissue block represented by peak value, (c) Low power pathology image (d)
Time domain signals of normalized reflected electric field at selected pixels (1)-(7), (e)
Spectrum of normalized reflected electric field of the signals shown in (d). The high power
pathology images of surrounding regions of (1)-(7) are shown. All THz signals are normalized
with respect to a reference signal reflected from a gold mirror.
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3.2.  Tumor 2

The results of Fig. 4 represent THz imaging of Tumor 2 (15-A). From Fig. 4c it can be
seen that most of tumor 2 is cancer (the red color in Figs. 4a and 4b image color bars). Meanwhile,
other regions show intensity differentiation in the THz image in Fig. 4b. For example, muscle (6)
shows a yellowish-red color, cancer in fat (2) appears cyan, the cystic area in the cancer (5) is
yellow, the glandular secretions (4) show a greenish-blue color, and brown fat (7) shows a light
blue color. It should be noted here that the differentiation in THz images for fresh (Fig. 4a) and
tissue block (Fig. 4b) is primarily due to the difference in the imaging surfaces which results in
different features in the image. For example, the cancer in fat region in Fig. 4c (2) shows dark blue
color in Fig. 4a which demonstrates the presence of more fat in that region. After the
histopathology slicing of the block, another tissue layer of cancer infiltrated in the fat becomes
visible in Fig. 4b ((2) in Fig. 4c). There are additional regions of low reflection across the center
of the tissue in Fig. 4a which are due to air bubbles that arise while mounting the fresh tissue on
the polystyrene plate for scanning rather than from fat. One differentiation that THz imaging could
not demonstrate in this tumor is between cancer and salivary glands, indicated by (1) and (3) in
Fig. 4c. These two regions do not show any color difference in the THz images in both Figs. 4a
and Fig.4b. The presence of salivary gland in this tumor is due to the natural tendency of transgenic
mice tumors to grow around the neck of the mouse, and salivary gland would not exist in human
breast tumors. In conclusion, we can see that the THz image in Fig. 4b is a better representation of

the pathology image of Fig. 4c compared with the fresh tumor image in Fig. 4a.

3.3.  Tumor 3
The results of Fig. 5 represent THz imaging of Tumor 3 (15-D). Tumor 3 is consistent

with the previous samples in proving the capability of THz imaging in differentiating tissue types.
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Fig. 4. THz reflection images of transgenic mice breast tumor 2 (15-A), (a) Frequency domain
THz image of freshly excised tumor represented by spectral power, (b) Time domain THz image
of FFPE tissue block represented by peak value, (c) Low power pathology image (d) Time
domain signals of normalized reflected electric field at selected pixels (1)-(7), (e) Spectrum of
normalized reflected electric field of the signals shown in (d). The high power pathology images
of surrounding regions of (1)-(7) are shown. All THz signals are normalized with respect to a
reference signal reflected from a gold mirror.

The red color in the THz images in Fig. 5a and 5b denotes the cancer region. The yellowish-blue
region in both Fig. 5a and 5b indicates cancer infiltrated in fat (2). The dark blue region in Fig. 5a
signifies the presence of fat tissue which is totally infiltrated with cancer in the FFPE tissue (Fig.
5b) upon conducting the histopathology process on the fresh tissue. The high reflections observed
diagonally along the center of the image in Fig. 5a is most likely due to excess fluid beneath the

tissue while it was freshly excised. The higher reflection from this fluid was spread over the areas



that would normally be muscle (3) in Fig. 5b. There is also a possibility that the surface of the
tissue has changed significantly from where the THz fresh image was taken (Fig. 5a) to where the
pathology image was taken (Fig. 5¢), resulting in different features in these images. From Figs. 5d
and 5e, we can see that the signal for the fibro-fatty (5) and brown fat (4) regions show almost
equal amplitudes, which can also be seen in the THz image in Fig. 5b. Likewise, the signal
amplitudes of muscle (3) and the cancer in fat (2) regions are similar, leading to displaying similar
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Fig. 5. THz reflection images of transgenic mice breast tumor 3 (15-D), (a) Frequency domain
THz image of freshly excised tumor represented by spectral power, (b) Time domain THz image
of FFPE tumor tissue block represented by peak value, (c) Low power pathology image (d)
Time domain signals of normalized reflected electric field at selected pixels (1)-(5), (e)
Spectrum of normalized reflected electric field of the signals shown in (d). The high power
pathology images of surrounding regions of (1)-(5) are shown. All THz signals are normalized
with respect to a reference signal reflected from a gold mirror.
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color intensities in THz image of Fig. 5b. However, despite their similarities to each other, all these
regions show significant differentiation from the cancer region (1).
3.4. Tumor 4

The results of Fig. 6 represent THz imaging of Tumor 4 (15-E). The results demonstrate a
more advanced cancer stage which has undergone necrosis (designated based on the pathology

report) that is seen in the form of several cracks (lumens) in the interior of the solid cancer region
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Fig. 6. THz reflection images of transgenic mice breast tumor 4 (15-E), (a) Frequency domain
THz image of freshly excised tumor represented by spectral power, (b) Time domain THz image
of FFPE tissue block represented by peak value, (¢) Low power pathology image (d) Time
domain signals of normalized reflected electric field at selected pixels (1)-(7), (e) Spectrum of
normalized reflected electric field of the signals shown in (d). The high power pathology images
of surrounding regions of (1)-(7) are shown. All THz signals are normalized with respect to a
reference signal reflected from a gold mirror.
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in the pathology image Fig. 6¢. These cracks are displayed as cystic gaps (6). These cystic gaps
show significant contrast (green color) in the THz image in Fig. 6b. At this stage, cancer starts
producing glandular structures (3) filled with some secretions which can be seen as yellowish-red
color in Fig. 6b. The regions of cancer with fibrous stroma (2) and dense fibrous (4) regions in the
tissue show almost similar signal amplitudes in Fig. 6d. This can primarily be due to the cell
densities of the two regions. One unique feature compared to the previous samples is that the THz
image in Fig. 6b shows the presence of skin (7) in the tumor tissue as reported in Fig. 6¢. The skin
could not be clearly seen in the THz image of fresh tissue in Fig. 6a but folded down during the
histopathology process. The yellow-greenish and blue color regions in Fig. 6a are due to air
bubbles that occurred during settling the tissue on the polystyrene plate. The fresh tissue image
shows a high reflection over the entire tissue which is primarily due to the fact that most of the
tumor is cancerous. This could also be due to fluid pooled beneath the tissue due to secretions from
the necrotic cancer during the pressure made on the tissue when positioned between two
polystyrene plates.
3.5, Tumor5

The results of Tumor 5 (15-B) are presented in Fig. 7. Like previous results, the red color
in the THz images represents the highest reflected amplitude which belongs to the cancer tissue
(1). The regions of high reflections in the Fig. 7a is primarily due to blood and PBS on the surface
of tissue that was not properly absorbed using filter paper. In some cases, the excised tumors
continue to release fluids even after drying, causing the reflection to be stronger than other
noncancerous regions in the tumor. This is a remaining challenge in imaging freshly excised
tumors. The THz image of the fresh tissue shows clear differentiation between cancer and fat ((2)

as seen in pathology image) where fat is the blue color in the lower right part of Fig. 7a. This
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Fig. 7. THz reflection images of transgenic mice breast tumor 5 (15-B), (a) Frequency domain
THz image of freshly excised tumor represented by spectral power, (b) Time domain THz image
of FFPE tissue block represented by peak value, (¢) Low power pathology image (d) Time
domain signals of normalized reflected electric field at selected pixels (1)-(6), (e) Spectrum of
normalized reflected electric field of the signals shown in (d). The high power pathology images
of surrounding regions of (1)-(6) are shown. All THz signals are normalized with respect to a
reference signal reflected from a gold mirror.

differentiation was often observed in tumor xenografts grown in mice [18]. The dark blue spots
throughout the center of Fig. 7a are due to the air bubbles that could be observed when zooming
in on the photograph in Table 1. The yellow-blush region in the lower left corner of Fig. 7a is a
large area of skin (5). The yellow color slightly above the center of the tissue is most likely some
surface roughness and separation of the tissue from the polystyrene, but may also be some loose

fatty tissue that was removed in the histopathology process. The highest reflection (dark red color)



in Fig. 7b is primarily because of the higher density of cancer cells in that region (1). Almost all
the regions indicated in Fig. 7c shows clear intensity differentiation in Fig. 7b, except the fibro (4)
and the skin (5) that show similar cyan color. This similarity can also be seen in the signal
amplitudes in Fig. 7d and 7e (solid black and dashed blue lines). It should be noted that the skin
present in Fig. 7c and 7b cannot be seen in fresh tissue imaging in Fig. 7a as it was on the upper
surface and was folded over with the imaging surface during the histopathology process.
Additionally, the cystic areas represented by the light lumens (cracks) within the dark purple region
seen in Fig. 7c are primarily revealed during slicing the FFPE block in the histology process. This
is attributed in the pathology report to the aggressiveness of the cancer in this sample.
3.6. Tumor 6

The results in Fig. 8 represents THz imaging of Tumor 6 (14-C). The THz image of fresh
tissue in Fig. 8a is dominated with the high intensity reflection of cancerous and muscle tissues
which is also clear in Fig. 8c. The dark blue region at the top of Fig. 8a is the mostly fat (3) as can
be seen in the THz image of FFPE in Fig. 8b and the pathology in Fig. 8c. The high reflection (red
color) on the left side of the tissue in Fig. 8a is most likely excess fluid that was not fully removed
by the filter paper and seeped from the muscle tissue during imaging. Additional blood or protein
secretions from within the necrotic cancer region might also have emerged when the tissue was
pressed between the two polystyrene plates. Furthermore, the regions of cancer infiltrated in fat
(2) in Fig. 8¢ result in the dark and light blue color areas on the right side in Fig. 8a demonstrating
the significant contrast provided by THz imaging even in the mingled cancer and fat regions of
freshly excised tumor. Similar to all other FFPE tissues discussed above in this section, Fig. 8b is

a reasonable representation of the pathology image in Fig. 8c where cancer (1) can be seen with a
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Fig. 8. THz reflection images of transgenic mice breast tumor 6 (14-C), (a) Frequency domain
THz image of freshly excised tumor represented by spectral power, (b) Time domain THz image
of FFPE tissue block represented by peak value, (¢) Low power pathology image (d) Time
domain signals of normalized reflected electric field at selected pixels (1)-(3), (e) Spectrum of
normalized reflected electric field of the signals shown in (d). The high power pathology images

of surrounding regions of (1)-(4) are shown. All THz signals are normalized with respect to a
reference signal reflected from a gold mirror.

red color, cancer infiltrated in fat (2) with a yellowish-blue color, fat (3) as a dark blue region, and

muscle (4) as a yellow region.

3.7. Tumor7

The results of Tumor 7 (12-A) are shown in Fig. 9. The THz image of the freshly excised
tumor in Fig. 9a shows little contrast between different tissue types. As can be seen from Fig. 9c,

the tumor is mostly cancerous with a little bit of fibrous, fat and muscle tissue within the cancerous
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regions. The fat region (4) is partially shown in blue color in Fig. 9a with clear differentiation
from the cancer region (1) (red color). Many of the dark blue spots in Fig. 9a could be due to air
bubbles (which can be seen in the zoomed photograph in Table 1). The blue outline of the image
is due to the edge effect as discussed earlier. The higher reflection region in Fig. 9a is primarily
due to excessive fluid or blood beneath the tissue surface because of the pressure when the tissue

was positioned between two polystyrene plates. The light yellow regions mixed in red color
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Fig. 9 THz reflection images of transgenic mice breast tumor 7(12-A), (a) Frequency domain
THz image of freshly excised tumor represented by spectral power, (b) Time domain THz image
of FFPE tissue block represented by peak value, (¢) Low power pathology image (d) Time
domain signals of normalized reflected electric field at selected pixels (1)-(6), (e) Spectrum of
normalized reflected electric field of the signals shown in (d). The high power pathology images

of surrounding regions of (1)-(6) are shown. All THz signals are normalized with respect to a
reference signal reflected from a gold mirror.
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regions in the lower left side of the image in Fig. 9a are the less dense cancer regions. Here cancer
cells are forming glandular structures (2) filled with some protein secretions. The THz image of
the FFPE tissue in Fig. 9b shows good agreement with the pathology image in Fig.9c as
demonstrated in the other tumors. The regions of cancer (1) are shown in red, the cancer with
glandular secretion (2) is shown in yellowish-red, the muscle (5) is shown in yellow, the fibro (3)

is shown in dark blue, the brown fat (4) is shown in yellowish-blue, and the skin (6) is shown in
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Fig. 10. Summary Charts for (a) Fresh tumors, and (b) FFPE tissue block.
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cyan. It should be noted that the skin is not present in the fresh tissue image in Fig. 9a because it
was on the upper surface and was folded over during the histopathology process. The time domain
and frequency domain signals in Fig. 9d and 9e are in good correlation with the THz image in Fig.
9b, showing the high reflection comes from the cancer regions and the lower reflection comes from
the fibro region.

The above discussion is summarized in Fig. 10, where the estimated limits of the THz
spectral power and reflected peak obtained from the THz images in Figs. 3-9 is presented in Fig.
10a and 10b, respectively.

4. Conclusion

In this work we presented THz images of fresh and FFPE tissue block tumors excised from
transgenic mice. The images were obtained using the reflection mode of the THz imaging system
where no contrast agent or staining ink was used. The MMTV-PyMT breast cancer transgenic
model was used in this work. The transgenic mice spontaneously produced multiple tumors
without the need to inject carcinogens, with the tumors exhibiting complex structures with multiple
tissue types like fat, cancer, fibro, muscle, cancer with glandular secretions, fat infiltrated with
cancer, and others. A total of fifteen tumors were excised from four transgenic mice and were
imaged using pathology and THz techniques, seven of which were presented here. Both fresh and
FFPE tissue block were scanned on the THz imager and their images were compared with the low
power pathology images. At the same time, high power pathology images were produced to
demonstrate the complexities of the transgenic mice tumors and to designate different regions in
the THz images. Almost all tumors presented in this work demonstrated advanced stages where
cancer infiltrated other tissues like fat and fibrous stroma, and in some cases cancer became

necrotic. In spite of the aggressiveness of the cancer in these tumors, their maximum size did not
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exceed 2.5 cm. Furthermore, we observed that the transgenic mice tumors did not contain
significant fibroblast tissues surrounding the cancer that we clearly saw in our research on human
breast tumors [28]. Therefore, while THz imaging is shown here to be effective in distinguishing
between the complex tissue regions, the transgenic tumors were not suitable for us to investigate

the margins of these tumors as a direct parallel to human breast cancer.

The results of this work demonstrated a partial success in differentiation between the cancer
and the diverse tissue regions within the tumor. The summary in the Figs. 10a and b demonstrated
the range of the signal amplitude for each tissue type. For example, in fresh tissue the signal of
aggressive cancer ranges from 0.4 to 0.6, cancer in fat ranges from 0.1 to 0.5, etc., while in FFPE
tissue, it was 0.23 to 0.24, 0.2 to 0.22, etc. The pathology reports indicated each tissue type and
were used to qualitatively validate the THz images. The results of Fig. 10 demonstrated that THz
imaging of FFPE tissue blocks clearly differentiates between aggressive cancer (i.e. complete
invasion of tissue) and other tissue types. However, when cancer partially invaded fat and fibro
regions and/or when cancer has glandular secretions, the differentiation was not seen. In the
meantime, only 50% of the fifteen fresh tumors investigated here showed reasonable correlation
between THz images with pathology. This observation is consistent with our preliminary work on
human breast tumors [28]. The results show that THz imaging demonstrates contrast between
cancer and healthy tissue even without the strong interaction of water (FFPE tissue), though
water’s effect must be considered for surgical procedures. It has been observed that some of the
tumors release more fluid than others during the fresh tissue imaging procedure despite the effort
to dry it using filter paper before positioning on the scanner. The main challenges in differentiating
between different tissue types in fresh tumors imaging are (i) the possible presence of fluid (water,

necrotic secretions, blood, etc.) beneath the tissue surface, (ii) the degradation of fibrous and fatty
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tissues once the cancer invades the surrounding regions, especially in the transgenic mice tumors
in this work, and (iii) the histopathology process sometimes alters the tumor tissue shape, size, and
imaging surface making the correlation with pathology more challenging compared with THz
images of FFPE tissue block. Overcoming these challenges (i)-(iii) is an ongoing research
objective for advancing THz imaging of fresh tumors for its use in in-vivo clinical diagnosis.
Additional future work is to conduct biochemistry analysis of cancer and fibro tissues in order to
understand the difference in the THz response from these tissue types.
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Appendix

We conducted spectroscopy experiments of Dulbecco’s Modified Eagle Medium (DMEM) and

Phosphate-Buffered Saline (PBS) solutions. A 100 um thick quantity of the solution is placed in

the liquid sample holder of the system. The extracted refractive index and absorption coefficients

88



700
600
500
400
300
200
100

Refractive Index

1.5

Absorption Coefficient (cm™1)

05 1.0 1.5 20 25 3035
Frequency (THz)

0510 1520 25 3.0 35
Frequency (THz)

Fig. Al Refractive index and absorption coefficient of DMEM, PBS, and water vs frequency.
compared with distilled water are shown in Fig. Al. The results show that these solutions have

THz signature similar to water.
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CHAPTER 4
Mammary tumors in Sprague Dawley rats induced by N-ethyl-N-nitrosourea for evaluating
terahertz imaging of breast cancer
© 2021 Society of Photo-Optical Instrumentation Engineers (SPIE). Reprinted, with
permission, from Nagma Vohra, Tanny Chavez, Joel R. Troncoso, Narasimhan Rajaram,
Jingxian Wu, Patricia N. Coan, Todd A. Jackson, Keith Bailey, Magda EI-Shenawee,
“Mammary tumors in Sprague Dawley rats induced by N-ethyl-N-nitrosourea for
evaluating terahertz imaging of breast cancer,” J. Med. Imag. 8(2), 023504 (2021). [DOI:
10.1117/1.JM1.8.2.023504]
Abstract
Purpose: The objective of this study is to quantitatively evaluate terahertz (THz) imaging for
differentiating cancerous from non-cancerous tissues in mammary tumors developed in response
to injection of N-ethyl-N-nitrosourea (ENU) in Sprague Dawley rats.
Approach: While previous studies have investigated the biology of mammary tumors of this
model, the current work is the first study to employ an imaging modality to visualize these tumors.
A pulsed THz imaging system is utilized to experimentally collect the time-domain reflection
signals from each pixel of the rat’s excised tumor. A statistical segmentation algorithm based on
the expectation-maximization (EM) classification method is implemented to quantitatively assess
the obtained THz images. The model classification of cancer is reported in terms of the receiver
operating characteristic (ROC) curves and the areas under the curves.
Results: The obtained low-power microscopic images of 17 ENU-rat tumor sections exhibited the
presence of healthy connective tissue adjacent to cancerous tissue. The results also demonstrated
that high reflection THz signals were received from cancerous compared with non-cancerous

tissues. Decent tumor classification was achieved using the EM method with values ranging from

83% to 96% in fresh tissues and 89% to 96% in formalin-fixed paraffin-embedded tissues.
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Conclusions: The proposed ENU breast tumor model of Sprague Dawley rats showed a potential
to obtain cancerous tissues, such as human breast tumors, adjacent to healthy tissues. The
implemented EM classification algorithm quantitatively demonstrated the ability of THz imaging
in differentiating cancerous from non-cancerous tissues.
1. Introduction

Terahertz (THz) imaging has emerged as a potential clinical technology for noninvasive and
nonionizing evaluation of breast tumor margins [1-5]. Leveraging its sensitivity to water content,
THz imaging has been used to determine the differences between normal and diseased tissue in
several organs [6-10]. To establish the feasibility of THz imaging for imaging breast tumor
margins, we and others have shown the ability of THz imaging to distinguish between tumors and
the surrounding fatty tissue in subcutaneous tumor xenograft models of breast cancer [11-14].
These tumor models are established from subcutaneous injections of immortalized cancer cells
and result in the formation of distinct tumor cells and fatty tissue compartments. However, these
tumors are nearly devoid of fibrous tissue and therefore do not adequately represent the complexity
of human breast cancer. Recent work from our group demonstrated the first THz imaging study
[15] in a transgenic mouse model of breast cancer [mouse mammary tumor virus-polyoma middle
T antigen (MMTV-PyMT)], which has been used extensively as a preclinical model of breast
cancer due to its similarities to the complexity and progression of human breast cancer [16, 17].
Despite the incredible tumor heterogeneity that was similar to what we have observed in our
studies of human breast cancer [4, 18-21], there were appreciable differences in THz signal
between different tumor compartments, such as fibrous, adipose (with and without tumor
infiltration), tumor, and glandular secretions. However, the relative contributions of fatty and

fibrous tissue to these tumors were still not reflective of human breast cancer [22]. Specifically,
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these transgenic tumors exhibit progressive degradation of the extracellular matrix with tumor
progression, resulting in nearly 70-80% of the tumor being composed of adipose tissue at the time
of tumor excision in our study. In our previous work [4], we reported tomographic images of
freshly excised cancerous and healthy tissues obtained from patients and breast reduction
surgeries, respectively. It is a continuous challenge, in cost and frequency, to acquire an adequate
number of freshly excised human tumors that include normal tissue adjacent to cancerous tissue
needed to assess the tumor margins. While no model can perfectly replicate human disease, our
use of THz imaging and image analysis algorithms that leverage differences in the reflection
signatures from different tissue compartments necessitate the use of a model that is a closer
representation of the human breast tumors.

The development of carcinogen-induced mammary tumors in rodents has been used as a
preclinical model, albeit not as extensively as transgenic or tumor xenograft models. Studies have
shown that injection of N-ethyl-N-nitrosourea (ENU) results in reliable growth of benign and
malignant mammary tumors [23-25]. These tumors have several similarities to human breast
cancer, including elevated serum calcium and local invasion into the stroma and muscle. Rats were
found to develop mammary tumors between 50- and 155-days post-injection [25]. As such, the
ENU model of breast cancer has the potential to present tumors that are like human breast tumors
in both complexity and composition (i.e. presence of cancerous adjacent to fatty and healthy
connective tissues).

The objective of this study is to determine the ability of THz imaging to differentiate cancerous
and non-cancerous tissue in mammary tumors that develop in response to injection of ENU in rats.
While previous studies by others conducted investigations of mammary tumor biology in these

models [26-28], this is the first study to employ an imaging modality to visualize these tumors. In
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addition to imaging cancer and non-cancer tissue within each tumor in both fresh and formalin-
fixed paraffin-embedded forms (FFPE), we also report the results of a new classification analysis
based on the expectation maximization technique [29] and a side-by-side comparison with
xenograft and transgenic mice models. To ensure an objective comparison across all tumor models,
our classification algorithm only considers two compartments— cancer and non-cancer.

This work is organized as follows: methodology describing the rodent injections, pulsed THz
imaging system, pre-image preparation of fresh tumor tissue, and image segmentation based on
the expectation maximization technique are discussed in Section 4.2, results of THz imaging of
ENU-rat tumors, a comparison to other mice tumor models, and THz image analysis and
classification are presented in Section 4.3, and conclusion and future work is discussed in Section
4.4. The microscopic imaging and image analysis procedure is discussed in Appendix.

2. Methodology
2.1.  ENU Tumor Induction in Rats

All the rats handled in this work were injected with N-ethyl-N-nitrosourea (ENU) chemical
solution at the Oklahoma State University. Two batches of ten 30-day old female Sprague Dawley
rats were purchased from Charles River, Wilmington, MA, USA, and housed to acclimate for at
least two days after arrival. The rats were kept two per cage in static filtered microisolator cages
with corn cob bedding (Bed' OCobs, Maumee, OH, USA). Rats were fed rodent chow (Lab Diet
5001, St. Louis, MO, USA) and tap water ad libitum. The weight of the rats ranged between 150
and 186 grams. An amount of 15 mL of phosphate citrate buffer (Sigma-Aldrich, Milwaukee, WI,
USA) was infused into the ipsopac containing the ENU solution (Sigma-Aldrich, Milwaukee, WI,
USA). The rats were given 165 mg/kg of the ENU solution intraperitoneally in the lower right

quadrant of the peritoneal cavity. All the animal procedures were performed in a chemical safety
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fume hood [30]. The cages were changed every four days, with the waste being handled as
chemical hazardous for the first four days. Two weeks after inoculation, the rats were shipped to
the University of Arkansas, where they were housed in the animal facility. The rats were
maintained at standard 12-hour light/dark cycles with regular access to food and water. Tumors
were excised between 9 and 21 weeks, with sizes ranging between 8 mm and 18 mm in diameter.
The protocols for injecting rats with ENU chemical to produce mammary tumors were
approved by the Institutional Animal Care and Use Committee (IACUC) of the Oklahoma State
University. Additionally, protocols for all rat experiments were approved by the Institutional
Animal Care & Use Committee (IACUC) of the University of Arkansas.
2.2.  Pulsed Terahertz Imaging System
The diagram of the pulsed terahertz system utilized in this work is shown in Fig. 1. The

terahertz emitter and receiver antennas are voltage biased bow-tie antennas on the GaAs substrate
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of the THz pulse in (c), and (e) Reflection signals from the polystyrene-tissue arrangement in
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[21]. Fig. 1c shows the generated THz signal upon excitation with a 780 nm wavelength Ti:
Sapphire laser beam. The Fourier transform of the time domain pulse gives the spectrum ranging
from 0.1 THz to 4 THz, Fig. 1d. The generated THz pulse is directed onto the tissue sample, and
the reflected signal is collected at the receiver antenna. For fresh tissue imaging, the specimen is
placed between two polystyrene plates. The incident THz signal is directed on this polystyrene-
tissue arrangement, and the reflected signal is recorded at the receiver antenna. In this case, two
reflected pulses are received, one from the air-polystyrene interface and the second from the
polystyrene-tissue interface, Fig. 1e. To record the reflected data from the tissue, the first pulse is
windowed-out, and only the second pulse is recorded at each pixel on the tissue [21]. In this case,

the power spectra image is constructed across a frequency range from 0.5 THz to 1.0 THz as:

1.0 THz |Esamp () |?
Spectral power = [ THZZ;M# df (1)

where Esamp IS the magnitude of the Fourier transform reflected sample signal, Erer is a single point
reference signal obtained from the air-polystyrene interface, and f is the frequency in THz. For the
FFPE block tissue imaging, the block is placed directly onto the scanner, and the reflected time
domain peak signal is collected at each pixel to construct the time domain THz image [18].
2.3.  Pre-image Preparation of Fresh Tumor Tissue

Upon excising the tumor from the rat with adequate healthy normal margin, it was
immersed in phosphate buffered saline (PBS) for transfer from the excision site to the THz lab in
the same building. As shown in Fig. 2a, the bulk tumor was bisected into two halves, such that
each section has surrounding healthy normal tissue in Fig. 2b.

For performing the THz imaging, the tumor was first dried for around 3-4 minutes on a

grade-1 filter paper, Fig. 2c. The tumor section was then positioned between two polystyrene plates
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Fig. 2. Rat # 1 fresh tissue preparation for THz imaging. (a) Photograph of bulk tumor excised
from rat tumor #1, (b) Bulk tumor bisected into two halves, (c) Tumor placed on filter paper to
remove excess fluid, (d) Tumor positioned between two polystyrene plates, and (e) Polystyrene-
tumor-polystyrene arrangement placed on the scanning window.

with gentle pressure from the top to make the tumor surface as flat as possible for imaging, as
shown in Fig. 2d. We have not observed tissue dehydration due to air exposure as reported in [31].
The main reason was that during the ~ 35 minutes scanning process, the tissue was placed between
two polystyrene plates as shown in Fig. 2d. This arrangement minimized tissue exposure to air and
hence minimized tissue dehydration. In addition, during the scanning we often observe excess
fluids at the tissue perimeter indicating that tissue maintains hydration. This tissue arrangement
was then placed on the scanning window prepared for the reflection imaging, Fig. 2e. The x-y
scanner motors were set to increment at every 200 um step size to collect reflection data at each
pixel on the specimen [21]. The THz imaging system scans the tissue using a raster scanner of
different motor step size that ranges from 50 pm to 500 pum. While using a step size of 50 pm
provides a higher resolution image [18], the time consumed in the raster scanner drastically
increases depending on the tissue size. For example, the rat tumor #2- section 2 fresh tissue of size
~16.5 x 11 x 5.9 mm, shown in Fig. 4g, took ~ 25 minutes to produce the THz image using 200
um. It is estimated that imaging the same sample could take ~ 388 minutes using 50 um step size.
Therefore, in this work, a step size of 200 um is selected to quickly provide adequate image
resolution to differentiate between tumor tissue types with a reasonable trade-off in scanning time.
After completing the scanning, the tissue was immersed in a 10% buffered formalin solution and

shipped to the Oklahoma Disease Diagnostic Laboratory for the histopathology process. In the
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histopathology process, all the fluid and lipids were extracted from the tissue (dehydrated tissue).
Finally, the tumor was embedded in a paraffin block from which a 3-4 um thick flat tissue section
was sliced, stained with standard hematoxylin and eosin (H&E) ink, and fixed on glass slides. The
FFPE tissue block and the H&E stained tissue glass slides are imaged using the THz reflection
imaging system and the Nikon SMZ745T and NIKON Eclipse Ci microscopes, respectively. The
scanner motors in the THz system were first set up to 400 pm step size to obtain quick images for
adjusting the boundaries, but a finer step size of 200 um was used to obtain the final THz images
shown in this work.
2.4. Image Segmentation Based on the Expectation Maximization Technique

The THz images were assessed with respect to the pathology images as the ground truth of
tumors. However, a pathology image has an inherently higher resolution than the THz image.
Additionally, due to the dehydration process that the sample goes through during the
histopathology process, a shape mismatch occurs between the pathology image and the THz image
of fresh tissue [32]. Due to these factors and to compare the two images at a neutral ground, two
statistical processes are implemented. First, a mesh morphing algorithm is used to digitize the
pathology image and generate a classification at the same resolution and orientation as the THz
image as reported in [13]. Our algorithm in [13] is implemented here to correct the alignment,
resolution, and shape mismatch between these images. Such an algorithm utilizes control points
within the contour of the images to provide a reference pathology for the pixel-by-pixel evaluation
of the segmentation results. The obtained image is referred to as the morphed pathology image.
Second, a segmentation algorithm, based on the expectation maximization (EM) technique, is
implemented on the THz image data to classify different tissue regions in the sample [33, 34]. The

segmentation algorithm utilizes the amplitude of the frequency domain representation of the
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reflected THz waveform for each pixel, v,, € RF, where F is the number of frequency samples in
the spectrum, n = {1, ..., N} is the index of the pixel of interest, and N corresponds to the total
number of pixels in the THz image. The THz information for each pixel is represented by a high-
dimension vector with F = 106 frequency samples, which contains valuable information for the
region characterization of the tumor. On the other hand, the high dimension of the THz information
vector can negatively impact the model complexity of the segmentation process. Unlike alternative
studies that summarize the THz information per pixel into a single physical characteristic, such as
the absorption coefficient [35], the proposed algorithm employs a dimension reduction approach
to identify the most relevant discriminating features while minimizing the loss of information.
Here we utilize the low-dimensional ordered orthogonal projection (LOOP) algorithm [29], which
empirically projects the high-dimension waveform per pixel into a lower-dimension subspace
containing the most relevant features for the region segmentation of the THz image. The details of
the LOOP algorithm and the EM technique were reported in [29, 36].

In addition to implementing the EM technique, we applied other classification methods such as
estimating the model parameters within the Gaussian mixture model (GMM) utilizing a Markov
chain Monte Carlo (MCMC) process. This procedure iteratively takes samples from the posterior
distributions of the mixture model parameters by employing a Gibbs sampling technique [37]. Two
versions of the MCMC were tested on the data (not presented due to space limitation); a 1-
dimensional MCMC [12] and a higher dimensional MCMC with LOOP [29]. The first algorithm
summarizes the THz waveform per pixel into a single feature, which corresponds to the spectral
power and the peak of the normalized reflected signal for fresh and FFPE tissue, respectively [12].
While the second algorithm employs the LOOP dimension reduction technique to summarize the

THz waveform per pixel into a lower dimension representation of the data with at least two
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features. A previous study compared the segmentation results obtained through EM and MCMC
for the detection of breast cancer in THz imaging and concluded that the EM algorithm presents
the best overall segmentation performance among these approaches [29]. It is important to clarify
that the samples presented in this paper were analyzed by considering different dimension sizes
within the LOOP algorithm, ranging from two to six dimensions. For consistency, we present the
EM results obtained through the dimension size that achieved the best overall detection
performance.
3. Experimental and Image Analysis Results

A total of 9 tumors were obtained from 20 ENU induced Sprague Dawley rats, while the
rest did not produce any tumors in the expected period of 9-21 weeks and were sacrificed according
to the protocol. The obtained tumors were bisected into two sections, as shown in Fig. 2. The low
power pathology images of 17 tumor sections obtained from the 9 rat tumors are presented in Fig.
3. The details of the low power pathology process of stitching are clarified in Appendix. The
microscopic images of Figs. 3a-3q shows that the rat tumors exhibit cancer tissues adjacent to pre-
existing normal fibro-fatty tissue with healthy mammary ducts and glands, mimicking the human
breast tissue reported in [4, 18-21]. The microscopic images of Figs. 3a, b, f, g, j, I, m, and o,
exhibit muscle tissue adjacent to both cancer and healthy fibro-fatty tissues. The muscle tissue is
usually not present in human breast cancer excision but could exist in animal model tumors due to
the narrow space where the tumor grows in the mammary pad.

Due to the space limitation, we present results for THz images and EM classifications for
only three cases of ENU- rat tumors— rat tumor #1- section 2, rat tumor #2- section 2, and rat

tumor #9- section 2.
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Fig. 3. Low power microscopic images of 17 tumor sections obtained from 9 rat tumors. (a) rat
#1- section 1, (b) rat #1- section 2, (c) rat #2- section 1, (d) rat #2- section 2, (e) rat #3, (f) rat
#4- section 1, (g) rat #4- section 2, (h) rat #5- section 1, (i) rat #5- section 2, (j) rat #6- section
1, (K) rat #6- section 2, (I) rat #7- section 1, (m) rat #7- section 2, (n) rat #8- section 1, (0) rat
#8- section 2, (p) rat #9- section 1, and (q) rat #9- section 2.

3.1. THz Reflection Images

The THz reflection imaging of fresh and FFPE block tumor tissue are presented in Fig. 4.
In addition, data of two tumors obtained from our previous mice models [14, 15] are included in
the figure for comparison purposes. The first row of Fig. 4 shows the photographs of the fresh
tissues starting with rat tumor #1-section 2 in Fig. 4(a), rat tumor #2-section 2 in Fig. 4(e), rat
tumor #9-section 2 in Fig. 4(i), xenograft mouse tumor #9-section 214 in Fig. 4(m), and transgenic
mouse tumor #14 C15 in Fig. 4(q). The thickness of fresh tissue specimen ranges from 5 to 8 mm

in this work. Specifically, the thickness is ~8 mm for rat tumor #1-section 2, ~5.9 mm for rat
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tumor #2-section 2, ~5.5 mm for rat tumor #9-section 2, ~5 mm for xenograft mouse tumor # 9-
section 2, and ~5 mm for transgenic mouse tumor # 14 C. Following the same order, the results in
the second, third, and fourth rows of Fig. 4 show the low-power microscopic pathology images of
H&E stained slide (second row), THz power spectra images of the freshly excised tumors (third
row), and THz peak time reflection images of the FFPE block tumors (fourth row).

Upon visual inspection of the photographs of xenograft and transgenic mice sections in Figs.
4m and 4q, respectively, the differentiation between cancerous and non-cancerous tissues can be
clearly observed. Whereas it is not the case for the ENU-rat tumor photographs in Fig. 4a, 4e, and
4i. Here we can see the advantageous role of utilizing the THz reflection imaging technology to
highlight the contrast differentiation between cancerous and non-cancerous tissue sections in the
tumors, as shown in Fig. 4.

The tumor of rat #1 was excised on the 63" day after the chemical injection with a size of ~18
mm diameter. The microscopic low power image in Fig. 4b shows that this tumor exhibits three
tissue regions— cancer, fibro-fatty, and muscle. The light purple colored spots seen in the
pathology image in Fig. 4b indicate a lack of cancer tissue on the slide (gaps) that is important to
mention as it will also be seen in the THz image in Fig. 4d. These gaps could be either pre-existing
lumens, which were filled with some secretions when the tissue was fresh, or occurred due to
handling the tissue during the histopathology process. Fig. 4c shows the THz imaging of the fresh
tumor obtained using the power spectra image using eg. (1) demonstrating the excellent distinction
between cancer and the fibro-fatty regions of the tumor. Here, the cancer shows higher reflections
(red color) than the fibro-fatty (cyan and blue color). However, no distinction could be observed
between the cancer and the muscle regions. This is because the electrical properties of fresh muscle

tissue and fresh cancer tissues are similar, in agreement with our previously reported work [12].

101



In contrast to the fresh tissue THz image, the THz peak reflection image in Fig. 4d shows a clear

differentiation between all three regions, with cancer representing higher reflections (red color)
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Fig. 4. THz reflection imaging results. For rat tumor #1- section 2 (a) the photograph of the
fresh tissue, (b) the low power pathology image, (c) the THz power spectra image of the fresh
tissue, (d) the THz time domain peak reflection image of the FFPE block. For rat tumor #2-
section 2 (e) the photograph of the fresh tissue, (f) the low power pathology image, (g) the THz
power spectra image of the fresh tissue, (h) the THz time domain peak reflection image of the
FFPE block. For rat tumor #9- section 2 (i) the photograph of the fresh tissue, (j) the low power
pathology image, (k) the THz power spectra image of the fresh tissue, (1) the THz time domain
peak reflection image of the FFPE block. For xenograft mouse tumor #9- section 2 (m) the
photograph of the fresh tissue [14], (n) the low power pathology image [14], (0) the THz power
spectra image of the fresh tissue [14], (p) the THz time domain peak reflection image of the
FFPE block [14]. For transgenic mouse tumor #14 C (q) the photograph of the fresh tissue [15],
(r) the low power pathology image [15], (s) the THz power spectra image of the fresh tissue
[15], and (t) the THz time domain peak reflection image of the FFPE block [15]. Figs. 4m-4p,
are reproduced with permission from the IEEE. Figs. 4g-4t, are reproduced with permission
from the IOP Publishing, Ltd.
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followed by the muscle (light yellow) and fat (blue color). Consistent with the pathology image in
Fig. 4b, the THz image in Fig. 4d shows blue color spots inside the cancer region associated with
the gaps/lumens filled with the paraffin.

The rat tumor #2 was excised on the 68" day from the chemical injection with a ~11.87 mm
tumor diameter. Based on the microscopic image in Fig. 4f, this tumor includes two tissue
regions— cancer and fibro-fatty. Here, we also observe in Fig. 4g that the THz power spectra
image shows higher power spectra values for the cancer region (red color) compared with the
fibro-fatty region (blue and cyan color). In other words, a clear margin between cancer and fibro-
fatty tissue regions is seen in this image. This differentiation is also observed in the THz peak
reflection image of the FFPE block tumor in Fig. 4h, with cancer demonstrating higher reflection
magnitude (red color) than the fibro-fatty region (blue and cyan color). Furthermore, we observe
darker red color regions (higher reflection) in the cancer region in Figs. 4c and 4g that could be
due to higher density of cancer cells, insufficient drying of the tumor before placing it on the
polystyrene plate, or excess fluid secreted out of the tumor due to the pressure from the polystyrene
plate during the scanning process.

The third case presented here is for the rat tumor #9 shown in Figs. 4i-4l. This tumor was
excised on the 120" day after the chemical injection with a tumor diameter equals to ~10.63 mm.
Like the second rat tumor, this tumor also exhibits cancer and fibro-fatty regions, as shown in the
microscopic image of Fig. 4j. Consistent with the above cases, the THz power spectra image in
Fig. 4k and the peak reflection image in Fig. 41 demonstrate higher reflection values for the cancer
region (yellow-red color) in the tumor compared with the fibro-fatty region (blue and cyan color).
Upon comparing the THz image of the FFPE block tissue in Fig. 4l and the pathology image in

Fig. 4j, we see an excellent qualitative correlation between both images. However, this is not the
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case with the fresh tissue image. As discussed in our previous work [32], the histopathology
process introduced deformation in tissue shape leading to a change in the imaging surface.
Therefore, the correlation between the fresh tissue THz image and pathology image is degraded.

For comparison purposes between three animal breast tumor models, two tumors of different
animal models based on mice are included in Fig. 4. The first is the xenograft mice model reported
in [12-14], and the transgenic mice model reported in [15]. These three breast cancer animal
models represent major differences in the tumor growth process, types of healthy tissues enclosed
in the tumor along with cancer, the heterogeneity of the tumor, and the amount of healthy tissue at
the tumor margin. As described in Section 2.1, the tumors in the Sprague Dawley rats were induced
by injecting ENU chemical in the rat's mammary pad. Whereas the tumors in C57BL/6 black
laboratory xenograft mice were induced by injecting EO771 murine breast adenocarcinoma cells
in their mammary pad [14]. In contrast to both these methods, the transgenic model did not require
any carcinogen injection to induce tumors in the mice's body as it is a genetically modified mice
model that grows multifocal tumors spontaneously in the mammary pad [15].

The data of the xenograft and transgenic tumors are shown in Figs. 4m-4t. As observed from
the THz imaging point of view, we see a visual consistency in differentiation between different
tumor regions. For example, in the THz power spectra image of xenograft mouse tumor #9 in Fig.
40 and the transgenic mouse tumor #14 in Fig. 4s, the cancer shows higher reflections (red color)
compared with fat (blue color). Also, like rat tumor #1, the cancer and muscle show similar
reflection magnitudes in the fresh tissue images in Figs. 40 and 4s. We also observed consistent
THz reflections from different regions in the FFPE block tissue images in Figs. 4p and 4t, for

xenograft mouse and transgenic mouse tumors, respectively.
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Furthermore, upon comparing the microscopic images of xenograft [14] and transgenic
[15] mice tumors in Figs. 4n and 4r, respectively, with the microscopic images of rat tumors in
Fig. 3, it can be seen that both mice tumor models lack the presence of pre-existing healthy fibrous
tissue in the excised tumors. Both mice tumor models exhibit only fat adjacent to cancer in the
tumor. Also, it can be seen that the amount of surrounding healthy tissue available in ENU-rat
tumors is more than that in the presented mice models. A numerical comparison between the

percentage cancerous pixels in each tumor in three animal models is shown in Table 1 and Fig. 5.

Table 1. Summary of % cancerous pixels in each tumor in Fig. 4

% of cancer pixels % of cancer pixels
Tumor Type . P in FFPE block
in fresh tumor tumor
Rat #1- section 2 56.61 50.7
Rat #2- section 2 73.22 65.99
Rat #9- section 2 46.12 54.33
Xenograft #9- section 2 [14] 62.70 68.71
Transgenic #14 C [15] 43.09 45.81
80 " mmmm Fregh tissues
mmm FFPE blocks
= 60
i
[a W)
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X

Rat#1 Rat#2 Rat#9 Xenograft Transgenic
Fig. 5. Percentage of cancerous pixels in each tumor THz image in Fig. 4.

The percentage is achieved through generating binary masks of the tissue under test. The outer
mask of the FFPE block is obtained upon mapping the THz image with the pathology image, while

the fresh tissue mask was obtained through applying the gradient to the fresh tissue THz image.
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The binary masks have values of one for the pixels on the tissue and zeros for the outside pixels.
Similarly, a second binary mask is generated for the cancerous region using the guidance of the
pathology image for the FFPE tumor and the gradient for the THz fresh tissue. The estimated
percentage of cancerous pixels is comparable among the tumors indicating to a general
preservation of the surface between the fresh and fixed tissue specimens. Furthermore, despite the
very different procedures used to grow the tumors in these three animal models, the percentage of
cancerous pixels is consistent with the size of the excised tumors following the IACUC protocol.
3.2.  THz Image Classification

The tumor classification results in Fig. 6 are achieved using the EM technique for all tumors
presented in Fig. 4. While the THz images of xenograft and transgenic mice tumors are published
in [14, 15], the EM classification technique is implemented on these mice tumors here for the first
time for comparison purposes. The results are obtained from a binary classification perspective as
cancer versus non-cancerous regions, in which any non-cancerous regions in the tumor are merged
into a single region. Upon applying the EM segmentation algorithm to the data in Fig. 4, we can
obtain the probability that a pixel in the THz image belongs to cancer or non-cancer region. For
example, based on the calculation of the EM segmentation algorithm, a given pixel within the THz
image can present a 20% chance of belonging to cancer and 80% of belonging to a non-cancerous
region. The segmentation results presented in Fig. 6 were obtained by considering the maximum
probability among these 2 regions, i.e. a threshold of 50% was utilized for the label assignment of
this process. For the binary representation of tumors in Fig. 6, cancer pixels in each tumor are
displayed as red color and the non-cancer pixels (fat, fibro, or muscle tissues) as blue color.

The statistical classification results of rat #1 are presented in Figs. 6a-6d. The morphed

pathology images, constructed based on the pathology assessment, are obtained separately for both
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fresh and FFPE tumors [13], as shown in Figs. 6a and 6c, respectively. The EM model results are
shown in Figs. 6b and 6d for the fresh and FFPE tissue, respectively. Although there is no tissue

distortion among the pathology results and the THz image of the FFPE tissue, the morphing
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Fig. 6. Statistical classification. Sub-figures (a-d) for rat #1; (a) The morphed pathology for the
fresh tissue, (b) The 3D EM detection model results for the fresh tissue, (c) The morphed
pathology image for the FFPE tissue block, and (d) The 4D EM detection model results for the
FFPE block tissue. Sub-figures (e-h) for Rat # 2; () The morphed pathology for the fresh tissue,
(f) The 2D EM detection model results for the fresh tissue, (g) The morphed pathology image
for the FFPE tissue block, and (h) The 4D EM detection model results for the FFPE block tissue.
Sub-figures (i-1) for rat #9. (i) The morphed pathology for the fresh tissue, (j) The 2D EM
detection model results for the fresh tissue, (k) The morphed pathology image for the FFPE
tissue block, and (I) The 4D EM detection model results for the FFPE block tissue. Sub-figures
(m-p) for xenograft mouse #9. (m) The morphed pathology for the fresh tissue, (n) The 2D EM
detection model results for the fresh tissue, (0) The morphed pathology image for the FFPE
tissue block, and (p) The 3D EM detection model results for the FFPE block tissue. Sub-figures
(g-t) for transgenic mouse #14 C. (q) The morphed pathology for the fresh tissue, (r) The 2D
EM detection model results for the fresh tissue, (s) The morphed pathology image for the FFPE
tissue block, and (t) The 2D EM detection model results for the FFPE block tissue.
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algorithm is still applied to the FFPE tissue to correct the resolution and alignment mismatch
between these images. For this tumor, the fibro-fatty and muscle tissues are grouped together and
classified as non-cancer for the binary representation of the tissue classification results. The results
in Fig. 6b represent the classification of tissues in the fresh tumor obtained by the 3D EM model.
It can be observed here that the 3D EM segmentation model presents a good visual correlation
with respect to the morphed pathology results, where it identifies the cancerous area correctly with
minimum non-cancer misclassification. The classification image shown in Fig. 6d represents the
FFPE block tumor segmentation results obtained using the 4D EM model. In this figure, we can
observe that the 4D EM segmentation results show some misclassification of the non-cancer region
but overall shows a good correlation with the microscopic image in Fig. 4a.

The statistical classification results of rat tumor #2 are discussed in Fig. 6e-6h. The
morphed pathology image of a fresh and FFPE tumor in Fig. 6e and 69 display cancer and fibro-
fatty tissue regions in the tumor as cancer and non-cancer, respectively. The 2D EM classification
model results for fresh tumor THz data are presented in Fig. 6f. By visually inspecting Fig. 6f, we
can observe that the overall region classification for the EM model shows a good correlation with
the morphed pathology results with a very minimum non-cancer misclassification around the edge
of the cancer region. Furthermore, the classification results obtained for the FFPE block tumor
using the 4D EM model are presented in Fig. 6h. This figure shows that the model represents the
correct classification of both cancer and non-cancer regions with a small region of pixels in the
non-cancer region classified as cancer. These results are to be compared with the pathology and
THz images of rat # 2 in Fig. 4.

The statistical classification results of the third tumor, rat tumor #9, are shown in Fig. 6i-

6l. The morphed pathology images of fresh and FFPE tumors showing a binary representation of
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tumor as cancer and non-cancer regions are shown in Figs. 6i and 6k, respectively. By visually
inspecting the 2D EM classification results in Fig. 6], we can observe that most of the cancer area
located in the lower-left section of the tissue was correctly identified. In contrast, the upper-middle
cancerous region within the tissue was mostly misclassified. For the FFPE block tumor, the
segmentation image obtained using the 4D EM model presented in Fig. 61 represents the correct
classification of both cancer and non-cancer regions. These results are to be compared with the
microscopic pathology and THz images of rat # 9 in Fig. 4.

The statistical classification results of the xenograft mouse tumor #9 are shown in Fig. 6m-
6p. In the morphed pathology images of fresh and FFPE block tumor in Fig. 6m and 60,
respectively, the fat and muscle tissues are combined and displayed as non-cancer. From the
classification imaging results in Fig. 6n, we can observe that the overall region classification for
the 2D EM model presents a good correlation with the morphed pathology results and correct
classification of muscle as a non-cancer region around the lower-middle edge of the cancer region.
The 3D EM model deployed for the FFPE block tumor provides the correct classification of both
cancer and non-cancer regions with some misclassification of cancer in the upper right section of
the tumor, as presented in Fig. 6p.

Similarly, the classification results of the fifth tumor obtained from transgenic mouse #14
are presented in Figs. 6g-6t. In the morphed pathology images in Figs. 6q and 6s for fresh and
FFPE block tumors, respectively, the cancer and cancer in fat are grouped to be classified as
cancer, and fat and muscle tissues are grouped to be classified as non-cancer. The segmentation
results for the fresh transgenic tumor obtained using the 2D EM model in Fig. 6r represent the

misclassification of the cancer area located in the center of the tumor. Similarly, in the 2D EM
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classification results of FFPE tumor shown in Fig. 6t, the non-cancer region in the upper-left and
lower-left region of the tumor is misclassified as cancer.

The segmentation process shown above is performed by considering the total number of
regions within the tissue, but the performance analysis presented here is evaluated in terms of the
detection of cancer alone using the operating characteristic (ROC) curves. Ideally, the ROC curves
achieve the optimum 100% true detection rate with 0% false detection rate. Therefore, we compare
the proposed classifiers' performance by analyzing their proximity to the optimal detection point
within the curve. Additionally, we summarize the classifiers' performance by obtaining their areas
under the ROC curve, which are then evaluated by considering their proximity to the ideal case,
i.e., 100%. A comparison of the ROC curves of cancer for the rats, xenograft mouse, and transgenic
mouse is summarized in Fig. 7 and Table 2. In Fig. 7, we present the cancer ROC curves obtained
using the statistical EM classification technique of the five tumors presented in Fig. 4. The cancer
ROC curves for fresh tissue samples are presented in Fig. 7a and for the FFPE block tissue samples
in Fig. 7b.

As mentioned in the Methodology Section, the tumor sections were also classified using
the MCMC method, and the areas under the cancer ROC curves are listed in Table 2. Upon

comparing the MCMC and EM results, it is clear that the EM technique provided the highest

Cancer ROC curves for fresh tissues Cancer ROC curves for FFPE tissues

1

g 2 —
£ 08 S 0.8
: 5
S 06 = 0.6
g = Rat #1 £ = Rat #1
A 04 m— Rat #2 A 04 = Rat #2
3 === Rat #9 “E’ === Rat #9
= 02 = Xenograft | = 02 = Xenograft
0 ‘ (a) Transgenic 0 | (b) . Transgenic
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
False Detection Rate False Detection Rate

Fig. 7. ROC curves of cancer using the EM technique. (a) fresh tissues, and (b) FFPE tissues.
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success rate in most of the cases. For example, the EM provided 96.45 % for rat tumor # 2, followed

by the xenograft mouse tumor # 9 with 90.68 %. The classifications of rat tumors # 1and # 9 show

Table 2. Summary of areas under the cancer ROC curves for all samples

Fresh Tissue | FFPE Block Tissue

Rat Tumor #1 Section 2

1D MCMC 6D MCMC 3D EM 1D MCMC 2D MCMC 4D EM

0.7787 0.8392 0.831 0.7551 0.9347 0.9636
Rat Tumor #2 Section 2

1D MCMC 2D MCMC 2D EM 1D MCMC 6D MCMC 4D EM

0.9591 0.9284 0.9645 0.9752 0.9949 0.9957
Rat Tumor #9 Section 2

1D MCMC | 5D MCMC 2D EM 1D MCMC | 5D MCMC 4D EM

0.7319 0.8356 0.8457 0.9312 0.9711 0.9812

Xenograft Tumor #9 Section 2

1D MCMC | 2D MCMC 2D EM 1D MCMC | 2D MCMC 3D EM

0.8647 0.8968 0.9068 0.8633 0.8827 0.8869
Transgenic Tumor #14 C

1D MCMC 5D MCMC 2D EM 1D MCMC 3D MCMC 2D EM

0.624 0.6551 0.5782 0.5917 0.6878 0.6776

similar performance with ~84 % area under the ROC curve. The performance of the classifier in
the rat tumor # 9 could be degraded due to the distortion in the shape of the tumor after the
histopathology process, as discussed earlier. Furthermore, we observe that the transgenic mouse
tumor #14 C does not show good tissue classification due to the high heterogeneity and complexity
observed in the transgenic tumors, as reported in [15]. As cancer invades the other tissue, it became
difficult for the classifier to distinguish between the different regions of the transgenic model.
Similarly, the EM classification of FFPE block tumors in Fig. 7b presents the best performance
among the rat tumors. The results of Table 2 show a success rate with more than 95% area under
the ROC curves for rat tumors, followed by xenograft mouse tumor #9 with 88.69%, and then the
transgenic mouse tumor with 67.76%. The results of Table 2 are consistent with the classification

results of human breast cancer tumors reported in [29].
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4. Conclusions

The results obtained in this work highlighted the THz imaging reflection technique and the
expectation maximization classification (EM) algorithm of breast cancer in rats. Malignant
mammary tumors were grown in Sprague Dawley rats upon injection with the N-ethyl-N-
nitrosourea (ENU).

Seventeen tumor sections were obtained from nine tumors once they reached the size of
~18mm in diameter. The freshly excised tissue sections and their associated dehydrated FFPE
block tissues were scanned on the imaging system to produce the THz images. The fresh tissue
images were based on the reflected signal in the frequency domain using the power spectra
formulation, while the FFPE block tissue images were based on the peak of the time domain
reflected signal at each pixel. The low power microscopic images of the 17 rat tumor sections were
obtained using the high-power microscope, followed by applying the stitching procedure. The
obtained images demonstrate that the ENU-tumors induced in rats exhibit the presence of cancer
tissue adjacent to healthy fibro-fatty tissues like human breast cancer tumors. This was the
motivation of this work as the previously investigated xenograft, and transgenic mice tumor
models did not exhibit such resemblance with human breast tumors.

Based on the results obtained in this work, we can conclude that the xenograft tumor model
represents the simplest tumor with only cancer and fat regions. The transgenic model represents
much more complex heterogeneous tumors with cancer invading the surrounding tissue and
expressing advanced-stage tumors. At the same time, the ENU-tumor rat model fits in between the
two mice models and closely mimics human breast tumors where healthy fibro-fatty tissues are

present adjacent to cancer tissues.
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The obtained THz images showed significant differentiation between cancer and healthy
tissues in most tumors' sections presented here. A few sections showed the presence of muscle
tissue in the tumor, which exhibits reflection signals like the cancer in the THz images shown in
Fig. 4. As a result, the presence of muscle tissue introduced some challenges in the EM
classification; however, muscle tissue is not a concern in human breast tumors. While THz images
of the FFPE block tissue show a good correlation with the pathology image, the challenge remains
in the correlation between the THz image of fresh tissue and the pathology image. As reported in
previous work [32], there is usually a surface mismatch between the pathology and the fresh tissue
THz image, as can be clearly seen in rat tumor #9- section 2. The primary reason for this mismatch
is due to tissue deformation that occurs during the histopathology process. Almost ~ 100 pm thick
tissue section is usually removed during the histopathology process to obtain a flat surface cut for
the H&E stained slide. The mismatch and deformation in the imaging surface lead to a mismatch
in the image between THz and pathology. Additionally, during the histopathology process, the
tissue sometimes gets unfold and laid down at the bottom surface of the tumor. This also introduces
ambiguity when correlating fresh tissue THz images with the pathology image. This observation
is consistent with our previous mice tumor models [14, 15].

THz imaging and classification results were obtained for the ENU-tumors in rats and the
mice models previously published, such as the xenograft [12-14] and the MMTYV PyMT transgenic
[15]. The difference observed in the results between these animal models was based on various
factors, like the tumor induction process, the presence of healthy breast tissue at the tumor's
margin, the tissue types in the tumor, and the tissue response to the THz pulse. A small amount of
fibrous tissue was exhibited in transgenic mouse tumors, but that fibrous tissue was cancer induced

tissue and not pre-existing. The results also showed that the best classification was achieved using
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the EM technique, except for the transgenic mouse tumor, consistent with the classification of
human breast cancer tumors reported in [29]. Furthermore, the obtained results showed that the
EM classification of cancer in freshly excised tumors seems to be underpredicted by showing more
false negatives than false positives.

The future work focuses on implementing machine learning and deep learning algorithms
on THz imaging to perform better cancer classification and better assessment of tumor margins.
Machine learning, as known, requires establishing a large database of tumor tissues. The use of
ENU-tumor in rats has shown a potential to provide an adequate amount of data instead of relying
on human breast tumors. Furthermore, a spectroscopy procedure in the reflection mode will be
conducted to extract the refractive index and absorption coefficient of the xenograft, transgenic,
and rat tumor models and compare with human breast tumors.
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Appendix : Microscopic Imaging and Image Analysis

The analysis of each rat mammary tumor is performed via microscopic imaging of the H&E-
stained tissue slide (Fig. 8a). The first step in this process is to construct the low power microscopic
image of the tissue slide. This is achieved by taking ~ 10-15 subsection images of the H&E slide
at 6.7x magnification, as shown in Fig. 8b. The size of each sub-image obtained at 6.7x
magnification is 3.28 x 3.28 mm. The images are taken such that every two adjacent subsection
images have a common region between them. These images are then uploaded in open-source
software (Hugin-Panorama Stitcher [38]). To map the common regions among all images, one
image is taken as a reference image and is compared one on one with other images. For example,
in Fig. 8c, image #1 is taken as a reference image, and it is further compared with all other images.
The common regions between the reference image and the other images are marked as different
colored boxes in Fig. 8c. Every image is made a reference image, and this mapping process is
repeated for all images. Upon completion of the common region mapping process, the software
then compiles the stitching of the images to provide the complete pathology image of the tissue at
6.7x magnification, as shown in Fig. 8d. To assess the tissue, few regions on the low power image

are selected, for which 100x magnification images are obtained to have the cellular level
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(d)

Fig. 8. Stitching microscopic images of mammary tumor from rat # 1. (a) H&E-stained tissue
slide of rat tumor #1- section 2, (b) Low power microscopic images of the slide in (a) at 6.7x
magnification, (c) compiled image in the software after mapping of common points between all
images in (b), (d) Stitched pathology image, and (e) High power images obtained at 100x
magnification for the tissue regions marked (1) and (2) in (d).

information of the selected region. For example, at the regions marked (1) and (2) in Fig. 8d, the
high-power images are presented in Fig. 8e. The size of each high-power image obtained at 100x

magnification is 0.22 x 0.22 mm. Several such images are taken that covers most of the tissue

regions to be assessed.
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CHAPTER 5
K- and W-Band Free-Space Characterizations of Highly Conductive Radar Absorbing
Materials
© 2021 IEEE. Reprinted, with permission, from N. Vohra and M. El-Shenawee, “K- and
W-Band Free-Space Characterizations of Highly Conductive Radar Absorbing Materials,”
in IEEE Transactions on Instrumentation and Measurement, vol. 70, pp. 1-10, 2021, Art
no. 8001910, [doi: 10.1109/T1M.2020.3041821].

Abstract

This work presents a characterization technique of highly conductive material in the K-
and W-bands. The transmission line theory model is modified to adapt to the phase challenges
observed in the measured S-parameters at high frequency. The S-parameters measurements are
obtained using the nondestructive focused beam free-space system connected with the network
analyzer and the millimeter-wave frequency extenders. The system provides measurements in a
frequency range from 5.8 to 110 GHz, and it includes focused beam horn lens antennas to minimize
sample edge reflection. The thru-reflect-line (TRL) calibration and the time-gated feature of the
network analyzer are used. Good agreement between the measured and calculated S-parameters in
the transmission mode is achieved using the extraction algorithm. The measured S-parameters are
further used to obtain the electromagnetic shield effectiveness parameters and the percentage of
power absorbed in the material. In addition, the return loss of the metal-backed material is
calculated using the extracted permittivity to obtain the maximum absorption at the desired
frequencies.
1. Introduction

With the inclusion of radar systems in the automotive industry, the interest to manufacture

radar absorbing materials (RAMS) has increased in recent years. Newly introduced car models are

equipped with radar-based advanced driver assistance systems (ADAS), such as collision warning
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and collision avoidance (CW/CA), adaptive cruise control (ACC), assisted lane change, collision
mitigation braking (CMS), and automated parking assist (APS), which provides high volume
production with low-cost potential [1]. The radar sensors for these advanced systems are primarily
deployed to function in the 24-26-GHz (short-range) and 76-77-GHz (long-range) allocated
frequency bands [2]. The sensor at 77 GHz is typically much smaller, reducing the volume- and
weight-related costs [3]. In addition, the long-range radar (LRR) systems at 77 GHz have shown
improvement in many aspects from the short-range radars (SRRs) and mid-range radars (MRRS)
[4], [5]. However, the deployment of ADAS systems has led to an increase in the number of
automotive radar sensors operating simultaneously in a compact space. This results in signal
interference that can lead to a reduced signal to noise ratio or ghost targets [6]. Furthermore, the
coupling between transmit and receive antennas and the reflections from the adjacent metal
structures of the vehicle can cause electromagnetic interference (EMI) in the automotive radar
system. Engineering and characterization of high-frequency RAMs have been investigated in the
literature for years [7], [8]. In addition, the shielding from the EM waves depends on the critical
properties of the engineered composite materials [9]-[11]. Therefore, the electromagnetic
characterization of the RAM material versus frequency is of significant importance, i.e., obtaining
the complex electric permittivity (¢) and complex magnetic permeability (pt). The literature is rich
with reports on the aspect of material characterization [12]-[43]. These materials were
characterized as lossy or low-loss materials, where a variety of extraction methods based on the
measured S-parameters were reported [12]-[43]. In this work, we use the free-space
characterization technique to measure the S-parameters with thru-reflect-line (TRL) as the
calibration methods. While the electromagnetic characterization of lossless and low-to-moderate

lossy materials is well-established in the literature, we focus here on characterizing highly
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conductive, inhomogeneous carbon-based materials in the K- and W-bands for the SRR and LRR
radar systems, respectively. For example, among the samples handled in this work, sample P1
validates the success of the presented iterative extraction method where the obtained € = ~6 in the
K-band and ~4 in the W-band. Sample P2 demonstrates its potential use in the automotive industry
as a radar-absorbing material where the absorption dip in the metal-backed measurements occurred
in the K-band at 24 GHz after changing the thickness from 3.33 to 2.704 mm. Finally, sample P3
is different from the other two samples, demonstrating a very high-conductive material with ¢
values of ~100 and ~50 in the K- and W-bands, respectively. The proposed optimization
technique, to find the initial guess values of the unknown relative permittivity, to be used in the
extraction method highlights the novelty of this work. Our developed extraction algorithm is based
on the transmission line theory [45], the iterative optimization algorithm [46], the modification
due to configuration inhomogeneity in the W-band [15], and the inhomogeneity observation in 3-
D metamaterial characterization, as reported in [48]. The proposed method provides the correct
extraction of the relative permittivity of highly conductive samples measured in both the K- and
W-bands. In addition, the extracted complex permittivity is further used to calculate the
metalbacked return loss at several estimated sample thicknesses to obtain the maximum absorption
at 24 and 77 GHz for use in the SRR and LRR systems, respectively. We present the percentage
of power absorbed and the shielding effectiveness (SE) of materials, calculated based on the
measured S-parameters. To the best of our knowledge, this is the first time that this extraction
method has been investigated for microwave and millimeter-wave characterizations of highly
conductive RAM samples measured using the free-space method. A total of 51 RAM samples were
characterized under a nondisclosure agreement. Preliminary results to validate the method with

commercial RAM materials were reported in our conference papers [28], [49], where materials of
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1- and 2-mm thicknesses were purchased from the ARC Technology Inc. The free-space system
is described in Section 2, the TRL calibration in Section 3, the model formulations in Section 4,
the experimental results in Section 5, and the conclusion in Section 6. The Appendix describes the
time gating feature used in the measurements, in addition to presenting the 3-dB beamwidth of the
system in the K- and W-bands.
2. Free-Space System Setup

The microwave and millimeter-wave free-space measurement system is sketched in Fig. 1.
It is composed of transmitting and receiving conical lens horn antennas with bandwidth from 5.8
to 110 GHz, a sample holder, an Agilent PNA E8361C network analyzer, an N5260A millimeter-
wave controller, and two millimeter-wave frequency extenders. The antennas and the sample
holder are mounted on a positioning scanner fixed on a large aluminum table in the XZ plane. This
positioning system provides four degrees of freedom for the antenna movement in the X, Z,
elevation angle (theta), and azimuth angle (phi) directions with a precision of £2 um [39], [40].
The sample holder stage provides motion in the Y -direction only. In order to focus the antenna
beam on the sample center, two equal planoconvex dielectric lenses are mounted back-to-back in
the conical horn antenna. The distance between the two antennas is ~61 cm, and the focal distance
to the diameter ratio of the lens is unity, with the lens’s diameter equal to ~30.5 cm. Thus, the
dielectric lens focuses the beam incident on a sample at a specific frequency to a footprint of
diameter approximately one wavelength [39]. The 3-dB beamwidths in the K- and W-bands are
~1.2 cm and 4 mm, respectively (see Fig. 11). A custom-made sample holder is placed at the
common focal plane of both antennas. It holds the sample under test between the two antennas
such that the focal point of port 1 antenna is at the front face of the sample and that of port 2

antenna is at the back face of the sample. The sample holder is made of acrylic material and can
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Fig. 1. Microwave and millimeter wave free-space measurement system.

hold the samples of size 6 x 6 and 12 x 12. The PNA E8361C network analyzer provides
frequencies from 10 MHz to 67 GHz using 1.85-mm female coaxial cables from the network
analyzer to the rest of the system. A coaxial to waveguide adapter is used to feed the antennas.
These adapters are designed for the specific frequency ranges at which only the TE10 dominant
mode is excited [33]. A total of eight pairs of the coaxial to waveguide adapters cover the frequency
range from 5.8 to 110 GHz. In this work, the coaxial to waveguide adapters of the K-band (1.85-
mm female connector) and the W-band (1-mm female connector), purchased from Keysight
Technologies (W281C for the W-band and K281C for the K-band), are used. For the frequency
bands up to 67 GHz, the horn antennas are directly connected to the network analyzer, whereas,
for the frequency bands higher than 67 GHz, the horn antennas are connected to the millimeter-
wave frequency extenders, which provides frequencies ranging from 67 to 110 GHz. The same
conical horn lens antennas can be used for the entire range from 5.8 to 110 GHz. However, the
appropriate coaxial to waveguide adapter that connects the network analyzer to the horn antenna

is replaced for each desired bandwidth.
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3. Free-Space Calibration and Measurement Procedures
3.1.  System Calibration

The electromagnetic characterization of materials depends on the correct measurement of
its complex S-parameters. To account for measurement errors in cables and network analyzer, a

calibration procedure is needed. Among many well-known two-port calibration techniques [35],

THRU

“ 1=305 mm|d =305 mm |

/

——————————————

\
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-

Q
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Fig. 2. TRL calibration procedure for free-space measurement system.

[38], [44], the TRL is considered the most appropriate technique for the free-space measurements
[15], [28], [39]. The calibration steps are summarized in the following (see Fig. 2).

1) THRU standard in the TRL calibration is implemented by keeping both port 1 and port 2
antennas at their home positions and taking the measurements through the air. Here, the incident

beams from both antennas are focused on the reference plane marked as the red dotted line in Fig.
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2. This selected reference plane is the common focal plane of both antennas with a focal distance
of ~305 mm, as shown in the figure.

2) REFLECT standard is implemented by placing a gold plated plate (also known as the gold-
plated mirror) of thickness D = 6.35 mm in the sample holder. The mirror in the sample holder is
placed at the common focal plane of the two antennas. Thus, the golden mirror side facing port 1
antenna is aligned with the reference plane, i.e., the incident beam from the port 1 antenna is
focused on the air—gold mirror interface. However, due to the thickness of the gold mirror, port 2
antenna is moved back by a distance DR = d + D from the reference plane, and the measurement
of the reflect standard is recorded.

3) LINE standard is implemented by removing the gold mirror from the sample holder and
positioning port 2 antenna at a distance of DL = d + A/4 from the reference plane. Here, A/4 distance
is calculated at the mid-frequency band, and the measurement through the air is recorded.

In order to verify the correctness of the calibration, S11 and S2> of a gold-plated plate are
measured. The measurement is obtained by moving the port 2 antenna back by the distance DR =
d + D from the reference plane, as described in step 2 of the TRL calibration. The threshold of the
S11 and S22 magnitudes should be within £0.1 dB, and the phase should be within 2° from +£180°.
If these conditions are not achieved, the calibration is repeated.

3.2.  Free-Space Measurements

In this work, two types of measurements are conducted: transmission mode and metal-
backed reflection mode. As known, the measurements are sensitive to the thickness accuracy of
the samples. Here, the sample thickness is measured at ten different points on the sample, and their
average (D = Dave) is considered the sample thickness. The measurements of ten points are acquired

using the Mitutoyo Digimatic micrometer mounted on a flat granite stand. The sample is placed in
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the holder, while the incident beam from port 2 antenna is focused on the air—sample interface by
positioning it back by the distance (d+D) from the reference plane. The four complex S-
parameters—Si1, So1, S12, and Sx>—are measured and recorded using the network analyzer. For
the metal-backed reflection mode, the sample is placed in the holder and backed with a gold-plated
plate of 6.35-mm thickness. The front face of the sample is facing port 1 antenna, aligning with
the reference plane, and only the S11 parameter is measured. All results of this work are obtained
using the time-gated feature of the network analyzer (see the Appendix for details).
4. Extraction Method
4.1. Transmission Line Model

The concept of the extraction method to obtain the complex relative permittivity is based
on the transmission line theory [45], [46]. However, our material samples have an unusual level
of inhomogeneity and conductivity that necessitated additional work to accurately extract the
complex relative permittivity €. = €' — je'’ with €'’ = 6/we,, where o is the conductivity of the
material, o is the angular frequency of the incident beam, and &, is the free-space permittivity. The

reflection coefficient and transmission coefficients are [45]:

Zs + Lo \@+1’ (1)
Sr

where Z, is the characteristic impedance of air, Zs is the characteristic impedance of the material,
€ = g,&, and D is the thickness of the sample under test. For nonmagnetic materials, the
magnetic permeability [i. = 1 and p"= p,.

The extraction method reported in [46] is based on iteratively minimizing error functions

between the S-parameters measurements and calculations in each iteration. However, the
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Fig. 3. The measured S-parameters phase of sample P1 in K- and W-band.

literature reported that this method has some challenges in inhomogeneous configurations [15],
[48]. In [15], the work in the W-band reported inhomogeneity in the configuration due to the
antennas’ movement, while the tested samples were lossless or of low loss homogeneous
materials. In [48], the work reported inhomogeneity due to the inclusion of the metamaterial cells.
In both works, the iterative method was slightly modified. In this study, we observed that the
samples are inhomogeneous in the W-band due to both factors, i.e. antennas’ movements and
mixing several ingredients at specific percentages (e.g. carbon, fiber, nylon, etc.). To be noted that
the RAM industry aims at engineering highly absorbing radar materials by adding carbon based
ingredients. The discussed challenge is demonstrated in Fig. 3 in the W-band and not the K-band.
The phase of S11 is not equal to the phase of Sz, while the phase of Sz: and Si2 are equal. This
phase difference prohibits the minimization of the error functions between measured and
calculated S-parameters to provide accurate values of the extracted permittivity. The magnitude
of the measured S-parameters is almost the same with some small differences due to
measurements accuracy. As a result, we modified the model to combine the methods reported in

[45], [46], and [15] in the W-band while keeping the same model of [46] in the K-band.
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Thus, the novelty of this work lies in the proposed optimization technique that demonstrates the
significance of the initial values of the unknown permittivity for such highly conductive materials
in both the K- and W-band. To find these initial guess values, the error functions to be minimized

in the K-band are:

Fun; = 10 *10g;0/S11m — Siicl (2a)
Fun, = 10 *1og10|S21m — Sa1cl (2b)
Funz = 10 xlog10/S12m — Sizcl (2¢)
Fun, = 10 *10g10/S22m — Szz¢l (2d)

Where in the W-band, we minimize the following functions:

Fun; = 10 *10810/S21m — Sa1cl (3a)
Fun, = 10 *10g10/S12m — Sizcl (3b)
Funz = 10 * log10||811m| - |Sllc|| (3c)
Fun, = 10 *1ogsq [IS22m| — [S22cl| (3d)
Where Siim, Szom, S21m, and Si2m are the measured complex transmission parameter, Siic zrl(_lr_zTTzz),

T(1-1?)

1-T2T2

and S, = are the calculated complex parameters at each iteration in the minimization

search using the equation in [46]. Theoretically, S22c = S11c and Si2c = Sa1c. Note that the error
functions in equations (2a-d) and (3a-b) minimize both the amplitude and phase of the parameter,

while the functions in equations (3c-d) minimize only the magnitude of the parameter.
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4.2.  Absorption in Transmission and Metal-Backed modes

The main interest of the RAM industry is to examine the absorption of the material in
transmission and when the material covers a metallic target. In the transmission mode, the amount
of power absorbed, reflected, and transmitted through the sample is obtained using the measured
S-parameters as follows:

Power reflected

=[S 2 4a
Power incident IS11ml (43)
Power transmitted _ s E
Power incident ' Z2imt”’ (4b)
Power absorbed
= 1—[Sy1m|* — IS21ml? (4c)

Power incident

For the metal-backed reflection, the Siirefc IS given by [13]:

%rr tanh(jw,/s*u*D) -1
Siirefc = — (5)

%rr tanh(jw,/s*u*D) +1

Where D is the sample thickness and £* = g,&;, W= Wiy , and (i, = 1 for nonmagnetic material.

The Suarefc IS measured upon backing the sample with the gold mirror and is also calculated using
the extracted complex permittivity &..
4.3.  Electromagnetic Shield Effectiveness

The electromagnetic shield effectiveness is defined by the ability of a material to attenuate
the intensity of electromagnetic radiation to an adequate level desired based on the application.
The total shield effectiveness SE is the summation of the reflection, absorption, and multiple
internal reflection losses at the air-sample interface. When SEa is > 10dB, the multiple internal
reflection is negligible, which is usually the case. Therefore, the total shield effectiveness SE is

expressed by [47]:
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SE = SEa + SEr (6a)
where SEa and SEr are the absorption and reflection shielding, given as functions of the S-

parameters by:

1S21m 2 )
SE, = —101lo —_— 6b
SEr = —101logyo(1 — [S11ml®) (6¢)

The SE depends on the frequency of the excitation, the thickness of the sample, the material
composite, and the fabrication and processing conditions [9].
5. Experimental Results

In this section, we present the results of three samples in both the K- and W-bands. While
the developed method is applicable to magnetic and nonmagnetic materials, all samples presented
here are assumed nonmagnetic, based on information from the manufacturer. The samples are
referred to by P1, P2, and P3 and are made of highly conductive materials with an average
thickness of around 3 mm. For each sample, the extracted complex relative permittivity, the
magnitude validation of S-parameters (dB), and the return loss (dB) are presented versus
frequency. The SE and the percentage of power absorbed for each sample are also presented in
both the K- and W-bands.
5.1. Initial Guess

While, in the K-band, the initial guess in the iterative solver for the complex relative
permittivity can start with (1 — jO), which is more involved in the W-band, the simplest method to

select the initial guess of the material in the W-band is to use the values extracted at 26.5 GHz in
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Fig. 4. The initial guess in the W-band for sample P1. (a) 3-D Error function showing the
minimum error between Szimeasured aNd S21calculated. (D) Top view of (a). (c) 3-D Error function
graph showing minimum error between |S11|measured and |S11/calculated. (d) Top view of (c). (e) 3-
D Error function graph showing minimum error between |S22|measured and |Sz2|caicutated. (f) Top
view of (e).

the K-band. Another method to select the initial guess in the W-band is to map the roots of error
functions in (3) individually and select those that are close to each other. The initial guess is used
in a line search using the MATLAB code, and the algorithm stops when a preassigned threshold
error is achieved. In order to validate the extracted permittivity, the error between the calculated
and measured S-parameters is obtained, and the results are selected based on the minimum error.
In some cases, all initial guess values provide the same solutions. Fig. 4 demonstrates the map of

the roots of (3a), (3c), and (3d) for sample P1. Table 1 lists various initial guess values used in the
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line search of the W-band solution. The listed values of the initial guess converged to the same
solution of the extracted permittivity that is shown in Fig. 5(a), except for a couple of initial guess
points. For example, the first point marked as 1 with (¢' = 4.1, " = 2.8) gave a wrong validation
when comparing the measured and calculated S-parameters with a difference of ~25-30 dB in the

Table 1. Sample P1—Initial Guess Points Based On Sz1, S11, and Sz
Error Functions

W-band
. Extracted Permittivit
Number Initial Guess Solution g
8I 8”

K-band 12.98 4.65 Same as Fig. 5a

1 4.1 2.8 Wrong S-parameter

2 11.1 4.1 Same as Fig. 5a

3 21.3 5.2 Same as Fig. 5a

4 34.7 6.2 Same as Fig. 5a

5 51.4 7.2 Same as Fig. 5a

6 11.1 4.1 Same as Fig. 5a

7 11.6 4.1 Same as Fig. 5a

8 52.8 18.9 Ambiguous

S21 parameter. The second point marked by 8 (¢' = 52.8, &" =18.9) was a random point in the
considered space, giving an ambiguous solution of the permittivity. This means that the values of
the real and imaginary parts demonstrate jumps in a stepwise manner at certain frequencies similar
to what was reported in [50] and [51]. Therefore, the solutions based on these two initial guesses
were rejected, and the converged solution with the good S-parameter validations was selected.
5.2.  Electrical Properties

The extracted permittivity of P1 sample is shown in Fig. 5(a); the validation of the S-
parameters is shown in Fig. 5(b) for the K- and W-bands. The solid black line represents the real
part, and the red solid line represents the imaginary part of the extracted permittivity in Fig. 5(a).
The large values of € across the K- and W-bands demonstrate the high conductivity of the material.

The relative permittivity of P1 shows a decreasing trend in the K-band as the frequency increases,
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Fig. 5. (a) and (b) Results of sample P1 in K- and W-bands. (a) Relative permittivity plot
showing real and imaginary parts €' and €", respectively. (b) Comparison between the measured
and calculated S-parameters magnitudes.

where, in the W-band, it is almost constant versus frequency with an average value of 10.67 for &'
and that of 3.89 for the &". The extracted relative permittivity of P1 in both K- and W-bands is
further used to calculate the S-parameters, as shown in Fig. 5(b). A maximum difference observed
between the magnitudes of calculated and measured S1: (red solid and black lines, respectively) is
0.51 dB and that between calculated and measured S»1 (dashed red and black dotted line,
respectively) is 0.001 dB in the K-band. On the other hand, in the W-band, the error is 0.026 and
0.8 dB between the calculated and measured Si1 and Sz1, respectively. This demonstrates a good
validation of the extraction model for sample P1.
5.3. Return Loss for Metal-Backed Material

The return loss for sample P1 is obtained versus frequency in the K- and W-bands, as
presented in Fig. 5(c) and (d), respectively. The red solid and black lines in Fig. 5(c) and (d)
represent the measured and calculated return loss values obtained at the average thickness of the
sample (3.153 mm). An approximate maximum error of the 1.0-dB difference between the
calculated (red solid line) and measured return loss (solid black line) is observed at a 26.5-GHz
frequency in Fig. 5(c), whereas, it is ~0.001 dB at 110.0 GHz in Fig. 5(d). More importantly, with

the sample thickness of 3.153 mm, there was no observed resonance in the measured return loss at
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Fig. 5c-d. Return loss of metal-backed material of Sample P1. (c) Measured and calculated
return loss for the metal backed reflection measurement at different thicknesses in K-band, (d)
Measured and calculated return loss for the metal backed reflection measurement at different
thicknesses in W-band.

any frequency in the K- or W-band. Upon using the extracted complex permittivity in (5) with
different thicknesses, the sample can demonstrate resonance if made of different thicknesses. The
calculated return loss at four other thicknesses is shown in Fig. 5(c) for the K-band and Fig. 5(d)
for the W-band (see dotted colored lines). In the K-band figure, the black dotted, magenta, red,
and blue lines in Fig. 5(c) represent return loss calculated at a thickness of 0.970, 0.920, 0.870,
and 0.820 mm, respectively. Similarly, for the W-band, the black dotted, magenta, red, and blue
lines in Fig. 5(d) represent the return loss calculated for 0.300, 0.280, 0.260, and 0.240 mm,
respectively. In addition, the data in Table 2 show the frequency at which the maximum absorption
occurs for each thickness and the bandwidth at —10 dB. The table indicates that the obtained
bandwidth in the K-band is ~6 GHz at each thickness, whereas it is more than 20 GHz in the W-
band. Furthermore, it can be observed from Fig. 5(c) and (d) and Table 11 that, for a small change
in the sample thickness of ~50 um, in the K-band and ~20 pm in the W-band, the resonance shifts
by ~1.5 and ~5.0 GHz, respectively. Thus, to use the sample material as an absorber for radar
systems, it is imperative to manufacture the sample at the correct thickness of the needed

frequency. For example, in the automotive industry, the use of 24 GHz in short range and 77 GHz
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in LRR detection units is commonplace with the advent of environment object detection
technologies being deployed in all high-tech automobiles. To utilize sample P1 as an absorber in

these SRR and LRR systems, it has to be manufactured precisely at a thickness equal to 0.870 and

0.3 mm, respectively.

Table 2. Calculated absorption values using new thickness shown in Figs. 5(c) and (d)

K-band W-band

Max. Max.
Number | Thickness | Absorption | Bandwidth | Thickness | Absorption | Bandwidth
(mm) frequency (GH2) (mm) frequency (GH2)

(GHz) (GHz)
1 ==1 0.970 21.15 6.05 0.300 77 22.39
2 ==| 0.920 22.56 6.27 0.280 82.83 23.78
3 ==| 0.870 24.0 6.42 0.260 89.94 25.99
4 ==| 0.820 25.55 6.53 0.240 98.32 28.46

The results of the second sample P2 are shown in Fig. 6. This sample has an average
thickness of 3.33 mm. Similar to sample P1, the initial guess of the complex permittivity is selected
using the solution of the K-band validated by selecting the initial guess based on the error functions
of (3). The results are not shown here due to space limitations. The extracted results of the complex
permittivity are shown in Fig. 6(a). The solid black line in Fig. 6(a) represents the real part of the
permittivity, and the red solid line represents the imaginary part. The real part demonstrates an
increasing trend until around 22 GHz and then shows an almost constant value of ~34 in the K-
band. For the W-band, it shows an almost constant value with an average of 32.46 for &' and that
of 2.11 for &".

In order to validate the permittivity solution, the S-parameters are calculated using the
extracted permittivity values in the K- and W-bands and compared with measurement magnitudes.
A maximum difference in S11 was observed to be 0.16 dB and in Sy; to be 0.76 dB in the K-band,

while it is 0.2 and 0.36 dB in the W-band, as shown in Fig. 6(b). The results demonstrate a good
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validation of the extraction model in both K- and W-bands for this sample, consistent with sample
P1. The metal-backed return loss (dB) is shown in Fig. 6(c) and (d), for the K- and W-bands,
respectively. The red solid and black lines in Fig. 6(c) and (d) represent the measured and
calculated return loss values obtained at the actual average sample thickness of 3.33 mm. Unlike
other samples discussed earlier, the measured return loss of this sample (solid black line) indicates
the maximum absorption of the signal at 19.42 GHz, as shown in Fig. 6(c). This sample
demonstrates a narrow band absorber providing a bandwidth of ~600 MHz at 19.42 GHz. A shift
of approximately 400 MHz from the measured maximum absorption is observed in the calculated
return loss (red solid line) obtained at the same sample thickness (3.33 mm). This shift could be
due to a slight change in the sample thickness when the measurements are performed. As described

earlier, our method of taking the sample thickness is based on measuring the thickness at ten

= L 0 ')r'
E 30 /S r . \N\é—-‘-‘_‘
= r oo 3 11 measured
£ — ¢ s 2 4 Y — S11 calculated
qg) 20 EH' g a} ~ iR S
JE— s+ v . muEmm 21 measured
g- o "3 g - S21 calculated
é 10 g g} B o 2 S S S, -'\..:;__.’,
T : : a)| T & e
S | Kband  W-band @1 & E_, [cband  wibang (b
LI d - T,
20 25 80 90 100 110 20 25 80 90 100 110
Frequency (GHz) Frequency (GHz)
. 0--==:--_'_=--e::,---: ------ -
% @ / < \ ‘ \\ - \/\’ - y
w ;’J’ fl ' "I \\ ,, AR
o 7 _10 \ , \ ' N !
Q o] ' I ‘g ‘/I
= = | o757 0.657
% 2 -20|d=0.857
€ & W-band (d)
18 20 22 24 26 80 90 100 110
Frequency (GHz) Frequency (GHz)

Fig. 6. Results for sample P2 in the K- and W-band. (a) The real and imaginary parts of
permittivity, €' and &", respectively (b) Comparison between measured and calculated S-
parameters magnitude. In Figs. 6¢-d, the measured and calculated metal-backed return loss at
different thicknesses (c) in K-band, and (d) W-band.
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different points on the sample and averaging them. It is likely that, when the measurements are
performed, the spot on the sample at which the beam hits has a slightly different thickness than the
average thickness used in the algorithm. In addition, as observed earlier in this section, a slight

change of ~50 um in the thickness caused the resonance to shift significantly. To prove this, the

Table 3. Measured and calculated absorption at actual and new sample thickness shown in
Figs. 6(c) and (d).

K-band W-band
Max. Max.
Number | Thickness | Absorption | Bandwidth | Thickness |[Absorption | Bandwidth
(mm) frequency (GH2) (mm) frequency (GHz)
(GHz) (GHz)
Measured and calculated absorption at the actual sample thickness
R LM e 3.330 19.42 0.6 3.330 - -
RLC e 3.330 19.82 0.380 3.330 - -
Calculated absorption using new thickness
1l == 3.430 19.42 0.420 0.857 77 2.62
2 == 3.017 21.43 0.580 0.757 86.86 2.84
3 = 2.704 24.0 0.730 0.657 99.88 2.91

return loss for this sample is calculated at the sample thickness of 3.43 mm (a change of 0.1 mm),
which shifted the maximum absorption back at the same 19.42-GHz frequency (blue dotted line)
of the measured return loss, as shown in Fig. 6(c). The return loss is also calculated at the other
two thicknesses— 3.017 and 2.704 mm, which displays the maximum absorption at 21.43 and 24
GHz, as shown in magenta dotted and red lines in Fig. 6(c), respectively. The return loss for sample
P2 in the W-band is presented in Fig. 6(d). At high frequencies, multiple reflections are observed,
as shown in the figure. However, the calculated metal-backed return loss (red solid) follows the
same behavior as the measured one (solid black line), demonstrating a maximum difference of
~0.76 dB at 75 GHz. This validates the extraction method for this sample. In addition, in Fig. 6(d),
the blue dotted, magenta, and red lines represent the metal-backed return loss calculated, using the

extracted permittivity and sample thicknesses of 0.857, 0.757, and 0.657 mm, respectively. Table
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3 lists the frequency of the maximum absorption at each of these thicknesses and the bandwidth
obtained using the -10 dB threshold. To utilize sample P2 as an absorber in the SRR and LRR
systems, it has to be manufactured precisely at a thickness equal to 2.704 and 0.857 mm,
respectively.

The results of the third sample, P3, are shown in Fig. 7, where the average thickness of the
sample is 3.373 mm. This sample represents the highest conductive material among all the 51
samples characterized in this project. Here, the error functions of (3a) and (3b) were modified to
be similar to (3c) and (3d) where the phase minimization was removed and only the error in
magnitudes was used. Here, even in the K-band, the initial guess is marked as 1 where (¢' = 1 and
¢" = 0), provided a negative value of the real part of &, as listed in Table 4. The same for the
random initial guess is marked by 7 (¢' = 6 and &" = 10.3). All other initial guess values obtained
from the error functions converged to the same solution that also provided good comparisons
between the calculated and measured S-parameter magnitudes, as shown in Fig. 7. Here, the initial
guess of the permittivity in the W-band is obtained from the solution in the K-band at 26.5 GHz.

The results of the extracted permittivity are shown in Fig. 7(a) for the K- and W-bands.
The black solid line represents the real part, and the red solid line represents the imaginary part.

Table 4. Sample P3 — Initial guess points based on Sy,
S11, and Sz error functions.

K-band
Number Initial Guess Extracted Permittivity

1 4 g’ Solution

2 1 0 Negative €': rejected
3 44.6 50.2 Same as Fig. 7a

4 288 93.4 Same as Fig. 7a

5 329 97 Same as Fig. 7a

6 483 113.6 Same as Fig. 7a

7 585 147 Same as Fig. 7a

8 6 10.3 Negative €': rejected
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Fig. 7. Results of sample P3 in the K- and W-band, (a) The real and imaginary parts of the
relative permittivity, €' and &", respectively, (b) Comparison between the measured and
calculated S-parameters magnitudes.

The comparison between the measured and calculated S-parameters magnitudes is shown in Fig.
7(b) with the solid lines representing Si11 and the dashed or dotted lines representing Sz1. It is
observed that the real and imaginary parts of the extracted permittivity in Fig. 7(a) are noticeably
higher in the K-band compared with those in the W-band. This observation is consistent with
samples P1 and P2 results but with less difference between the two bands. We also note wavy plots
in the permittivity versus frequency consistent with the P2 sample results. This behavior could also
be due to the multiple reflections in the sample. In Fig. 7(b), the sample P3 is highly reflective due
to its high conductivity, demonstrated in the permittivity imaginary parts in Fig. 7(a). The
magnitude of Sy; is in the range between —1 and ~0 dB in the K- and W-bands, while that of Sx:
is between ~-20 and ~-30 dB in the K-band and between ~-40 and ~-50 dB in the W-band.
The maximum difference observed between the magnitudes of calculated and measured
S11and Sp1 is 0.01 dB in the K-band, as shown in Fig. 7(b), whereas it is 0.012 and 0.86 dB between
the calculated and measured Si1 and Sy, respectively, in the W-band. Even with almost no
transmission through this sample, the difference between the measured and calculated S-
parameters is less than 1 dB, proving the validity of this extraction model for highly conductive

materials. For the metal-backed configuration, this sample proved to be unsuitable asa RAM. The
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return loss results (not included) did not show absorption in the mm-range of sample thickness.
However, it is possible to use this material as absorbing thin film covering metallic targets, where
thicknesses of less than 50 um were observed to provide absorption of fewer values ~-12 dB at
110 GHz.
5.4.  Absorption and Shield Effectiveness

The percentage of power absorbed in the transmission mode is obtained using (4c). A
comparison between the three samples is shown in Fig. 8. Sample P1 demonstrates higher

absorption values compared with that in samples P2 and P3. This behavior is consistent with the
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Fig. 8. The percentage power absorbed based on measured S-parameters in samples P1, P2, and
P3 obtained in K- and W-band.
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Fig. 9. The electromagnetic total shield effectiveness based on the measured S-parameters of
samples P1, P2, and P3.
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extracted permittivity of these materials. A comparison of the total SE of the three samples,
obtained using (6a), is shown in Fig. 9. The value of SE (total SE) is the sum of SEa (absorption
SE) and SEr (reflection SE). Due to space limitations, we omitted the results of SEa and SEr and
presented only the SE values in Fig. 9. As observed in the results, the SE is higher in the W-band
than in the K-band in all three samples. In addition, as the frequency increases, the SE increases,
except for P3 in the W-band, where it shows wavy behavior versus frequency. P3 shows higher
SE values than that of P1, followed by P2. Furthermore, a wavy behavior in the SE plots observed
in samples P2 and P3 is consistent with their extracted permittivity and also with the literature [9]
for carbon-based nanostructured polymeric materials. The work in [9] described such behavior as
the irregular nature of the included conductive materials.
6. Conclusion

We presented the results of the free-space characterization method for three highly
conductive nonhomogeneous carbon-based RAM samples. The TRL calibration was utilized here,
and the measurements were conducted in the K- and W-bands. The developed method is based on
an iterative optimization model to extract the complex permittivity of the engineered materials.
The initial guess technique and the extraction algorithm that we presented in this article have
successfully provided the correct relative permittivity of highly conductive samples (e.g., sample
P3). The validation of the extracted permittivity was based on minimizing the error between the
measured and calculated S-parameters. The S-parameters calculations were based on using the
extracted complex permittivity in the S-parameters expressions of the transmission line model
[45]. In all samples, the maximum error was less than 1 dB. Furthermore, a validation was
demonstrated for the metal-backed samples based on a minimum error between the measured and

calculated return loss. The phase difference between the Si1 and Sz parameters in the
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measurements using the TRL calibration was reported in the literature in the W-band [15] and the
Ku-band [48]. We observed the same issue, particularly for the high-conductivity materials
considered here. These phase discrepancies represented a challenge when using the original
extraction methods in [45] and [46] as it has led to ambiguous solutions similar to those reported
in [50] and [51] or to incorrect validation of the measured and calculated S-parameters, as
discussed in Section 5. Here, we modified the extraction method by simultaneously minimizing
the functions of the S-parameters based on their magnitude and also generating a pool of initial
guesses based on the individual error functions. Otherwise, it would have been almost impossible
for the W-band measurements to start the optimization algorithm with an initial guess as €' = 1 and
" = 0 (similar to the K-band). Therefore, we adopted a similar technique to that reported in [15]
to obtain the initial guess in the W-band, as presented in Fig. 4. The results also show that using
metal-backed samples does not necessarily demonstrate resonances at the desired frequency.
However, the extracted complex permittivity can be utilized to design the appropriate thickness of
the sample in order to obtain the maximum resonance in the return loss at the desired frequency.
In addition, the total SE and the percentage of power absorbed in the transmission mode were
obtained to guide the selection of the appropriate material, in particular at 24 and 77 GHz, for the
automotive radar application.
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Appendix

Upon measuring the S-parameters, the time gating is implemented on the raw data. This
feature in the network analyzer helps remove the post-calibration errors caused by the reflection
of the sample’s edge and load impedance mismatch due to any imperfection in the calibration
standards. Here, we show the raw and gated data of Si11 of the metal-backed reflection mode of
sample P1, as an example, in Fig. 10. First, the inverse Fourier Transform of the frequency-domain
S11 raw data is obtained, as sh own in Fig. 10. Then, the gating window is applied to the time-
domain transformed data that include the main lobe and two side lobes. The gated time-domain
data are transformed back to the frequency domain using the Fourier transform, as shown in the
figure (red curve). An additional advantage of the gating is removing the noise. This procedure is

applied to all S-parameters measured in this work.
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Fig. 10. Time-domain gating on Sy1 data of sample P1 obtained in W-band. (a) Inverse Fourier
transformed time-domain S11 magnitude showing the applied gating window using the network
analyzer gating feature. (b) Ungated (black solid line) and gated (red solid line) S11 magnitude
(dB).
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Fig. 11. A plot for 3-dB beamwidth of the incident beam on the sample under test across the
whole K- and W-band.

The 3-dB beamwidth across the K- and W-bands is presented in Fig. 11, where the distance
between the two dashed lines represents the beam spot diameter versus frequency, following the

method at the X-band reported in [39].
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CHAPTER 6
Conclusions

Over the course of this work, THz has proven effective in distinguishing between breast
cancer tissue and healthy tissues in both FFPE and fresh tissue applications. Tumors obtained from
humans and two different animal models—the transgenic mouse model and the Sprague Dawley
rat model—are investigated in this work. The tumor inoculation process used in each animal model
was different where transgenic mice produced tumors due to their genetic modifications; the rat
model produced tumors upon ENU chemical injection in their mammary pad. The human breast
cancer tumors involved freshly excised IDC cancer tumors obtained from NDRI biobank.

The experimental THz reflection imaging and transmission spectroscopy of freshly excised
breast cancer tissue was obtained following the protocol detailed in Chapter 2 [1]. This protocol is
designed according to the intraoperative time to image the excised tumor. To perform an effective
THz reflection imaging on the freshly excised tumor, it is essential to dry the sample using grade
1 filter paper prior to the imaging to avoid false detection of cancer due to the presence of excess
fluid. Additionally, it is crucial to ensure that the tumor is adequately placed on the polystyrene
window, as poor tissue contact with the imaging window creates air bubbles underneath the tissue.
These air bubbles cause spots of low reflection in the THz reflection image which ruins the imaging
results.

Furthermore, for correct extraction of electrical properties of the tissues, additional
considerations for the stage setup must be carefully implemented. An unbalanced scanning stage,
even by a small fraction, can cause significant phase shifts in the measured data and thus affect the
calculation of refractive index and absorption coefficient data of the tissue.

The work in Chapter 3 [2] expanded the THz reflection imaging applications to the freshly

excised tumors obtained from transgenic mice. A total of fifteen tumors were excised from four
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transgenic mice and were imaged following the THz reflection imaging protocol detailed in [1].
The freshly excised mouse model tumors and the corresponding FFPE block tissues were scanned
using the THz scanner. The resulting images were compared against the low-power microscopic
images of the pathology slides. In this work, almost all mice tumors represented advanced-stage
cancer that infiltrated the surrounding normal tissues like fat and fibrous stroma. In some tumors,
cancer became necrotic. Despite the aggressiveness of these tumors, they failed to represent
significant fibroblast tissues surrounding the cancer, which we saw in our research on human breast
tumors [1, 3]. Even though THz imaging of the transgenic mouse model tumors shows
differentiation between the complex tissue regions, this model was not suitable for the overall goal
of this study.

Therefore, another animal model study was conducted to continue the margin assessment
investigation of breast cancer tumors [4]. In this work, the Sprague Dawley rat model was used to
produce mammary tumors upon inoculation with an ENU chemical injection in their mammary
pad. A total of 17 tumor sections were handled in this study obtained from nine tumors. The freshly
excised tissue sections and their associated dehydrated FFPE block tissues were scanned on the
imaging system to produce the THz images. The results obtained in this work highlighted the THz
imaging reflection technique and the classified images obtained using the statistical expectation
maximization (EM) classification algorithm. The obtained pathology images demonstrate that the
ENU-tumors induced in rats exhibit the presence of healthy fibro-fatty tissues adjacent to cancer
tissue similar to human breast cancer tumors. This similarity provided the motivation for this work,
as the previously investigated xenograft [5, 6] and transgenic mouse [2] tumor models did not
exhibit such resemblance with human breast tumors. The THz images of these tumors showed

clear differentiation between cancerous and non-cancerous regions. This conclusion is also

151



supported by the EM model classification, where rat tumors represent a greater area under the
ROC curve than the xenograft and transgenic mouse tumors.

Based on the obtained results in the investigation of margin assessment of tumors obtained
from three different animal models, it can be concluded that the best animal model for breast cancer
tumors is the ENU injected rat tumor model. While the xenograft and transgenic mouse models
were utterly devoid of the fibroglandular tissue, the rat model closely mimicked human breast
tumors by presenting healthy fibro-fatty tissues adjacent to cancer tissues [4].

In all cases, the THz imaging presented in the published works of this dissertation has
shown to provide inherent contrast between cancer and healthy tissues in both fresh and FFPE
block tumors. The THz imaging of FFPE block tissues shows strong agreement with the pathology
images. However, it remains a challenge to correlate the fresh tissue image with the pathology
image. The fresh tissue during the histopathology process undergoes shape and surface change,
making the fresh tissue image not comparable to the pathology image. Additionally, due to the
sectioning of tissue slices to get a flat surface for H&E stained pathology slides, the original surface
of the fresh tissue is lost. This observation gravitate towards the animal model tumors. The animal
model tumors tend to be soft and flexible as compared to the human breast cancer tumors. Because
of which it is more likely for these tumors to undergo shape change during the histopathology
process. Thus, another comparable method needs to be investigated, which can be used to compare
the THz image at the same level.

Furthermore, from the THz imaging results of fresh tissues, a clear differentiation is seen
between cancer and fat tissues, cancer and fibro-fatty tissues, and fibro-fatty and fat tissues.
However, the primary challenge is determining and enhancing the contrast between pre-existing

dense collagen and cancerous tissue. While these regions are seen to be clearly distinct in the

152



transmission spectroscopy results [7], the differentiation needs further enhancement in the tumor
imaging.

One technique by which the contrast between cancer and collagen can be enhanced is by
using optical clearing agents [8]. Optical clearing agents have been used in many imaging
techniques at frequencies across the electromagnetic spectrum to improve the signal penetration
inside the fresh biological tissues [9, 10]. One example of an optical clearing agent is glycerol. It
is a biocompatible viscous solution, which is miscible with water and is hygroscopic in nature [11].
It is synthesized from glucose, and when it is introduced on fresh tissue, it binds to the structural
protein in the tissue, which further affects the free-to-bound water ratio around the region of
application. This affects the hydration of the tissue [9] and thus increases the signal penetration in
the fresh tissue. Additionally, as observed in this work, the differentiation between cancer and
collagen tissues is significantly observed in the FFPE block tissues due to its dehydration state.
Therefore, in our pilot study to investigate the contrast enhancement between cancer and collagen
tissues in human breast cancer tumors, we used glycerol as an optical clearing agent. The
preliminary results of the glycerol-treated breast cancer tissues, presented in Appendix, show an
enhancement in contrast between cancer and dense collagen tissue regions in the tumor [12].
Further investigation on this will help solve the biggest challenge when assessing surgical margins
of the excised human breast cancer tumors.

To understand the interaction of the THz signal with breast cancer tumors the spectroscopy
results obtained in [7] for cancerous and healthy breast tumors can be used to model the breast
cancer tumors for computational simulations. The preliminary work done on this project is

demonstrated in Appendix C in this dissertation. Together, the tissue handling experimental
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methodology and FDTD model-based THz imaging can serve as a solid basis for developing THz
as an intraoperative breast cancer application.

In the characterization of non-biological radar absorbing material samples in chapter 5 [14],
we presented the results of the free-space measurements and novel characterization method for
three highly conductive nonhomogeneous carbon-based RAM samples. To account for the system
noise and error, a TRL system calibration was performed prior to the measurements of the samples
in the K- and W-bands. The novel characterization method developed in this work is based on an
iterative optimization model to extract the complex permittivity of unknown materials. The initial
guess technique and the extraction algorithm presented in this work have successfully provided
the correct relative permittivity of highly conductive samples (specifically, sample P3). The
correctness of the extracted permittivity was validated by back calculating the S-parameters using
the transmission line model [15] and comparing them with the measured S-parameters. When
compared, the maximum error in the measured and computed S-parameters of all three samples
was less than 1-dB. The future work on this project may involve the characterizing the magnetic
radar absorbing materials in the W-band.
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Appendix A: Dehydration Approach for Enhancing Terahertz Detection of Cancer in
Freshly Excised Breast Tumors
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[doi: 10.1109/IEEECONF35879.2020.9330034].
Abstract

In this work we demonstrate the use of 60% concentration of glycerol solution as an optical
clearance agent in freshly excised breast tissues. The research aims at enhancing the differentiation
between cancer and collagen tissues using terahertz imaging technique. The terahertz reflection
mode imaging is utilized in this work. The preliminary results demonstrated a potential contrast
enhancement in the terahertz image between cancer and collagen tissues.
A.l. Introduction
Terahertz (THz) imaging has become an emerging technology for biomedical applications

[1]. The technology has shown a significant promise in differentiating cancerous from non-
cancerous tissues [2]. However, due to the high sensitivity of THz signal to water (or similar
fluids), around 50% of the investigated fresh tissue samples showed success when compared with
pathology. The challenge remains in differentiating cancer from collagen (connective healthy)
tissues due to the presence of blood and other fluids in the samples [3].
A study using optical coherence tomography (OCT) imaging of breast cancer tissues has reported
the use of glycerol as an optical clearing agent to enhance the image. The glycerol is a

biocompatible viscous solution with absorption coefficient much smaller than that of water in the

THz frequency range. It has been used as an optical clearing agent to enhance the penetration of
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the optical light into biological tissues. The idea is treating the tissue with a clearing solution to
increase the penetration depth of the optical signal [4]. The results reported in the literature showed
OCT image enhancement upon treating the tissue with 60% concentration of glycerol solution [4].
Another study reported that monitoring THz signal in-vitro muscle tissue, upon dehydration using
glycerol, showed the ability to form a free water flow out of the tissue, and hence increased the
signal penetration [5].

A.2. Methodology

In this work we report the use of 60 % concentration of glycerol solution to investigate
image enhancement of cancer in freshly excised human breast tumors in the THz reflection
imaging method. The human breast cancer tissues handled in this work are obtained from the
National Disease Research Interchange (NDRI) biobank, immersed in Dulbecco’s Modified Eagle
Medium (DMEM). The tissue was received within 24 hours of excision. Upon receiving the tissue,
we dissected the sample into two halves as shown in Fig. 1a. It is to be noted, that when one half
of the tissue is being scanned on the THz system, the other half is kept immersed in the DMEM
solution to prevent drying the tissue in air.

The first half of the tissue was not treated with glycerol and is scanned using the
configuration shown in Fig. 1b. The TPS Spectra 3000 pulsed THz imaging system (from
TeraView Ltd, UK) is used to image the specimen following the procedure reported in [3]. The
second half of the tissue is treated with the glycerol solution for 5 minutes as shown in Fig. 1. After
immersing the tissue in glycerol, it was kept aside in a clean petri dish for ~ 50-55 minutes to allow
the glycerol to be absorbed. The tissue is then placed on a filter paper for few minutes, in an upward
position, to allow the appropriate absorption of the glycerol into the tissue. The tissue is then

scanned using the same configuration of the untreated tissue. The THz reflection mode is used in
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Fig. 1 Schematic diagram of the sample preparation for THz imaging. (a) Bulk tissue dissected
into two halves, (b) THz reflection mode configuration using untreated tissue sandwiched
between two polystyrene plates, (c) the second half of the tissue is immersed in glycerol
solution placed in a petri dish, (d) the absorption coefficient plots of glycerol, DMEM, water,
PhosphateBuffered Saline (PBS) solutions versus frequency

the imaging procedure where the tissue was placed between two polystyrene plates as shown in
Fig. 1b. The absorption coefficient of glycerol is shown to be much smaller than other solution
such as water, DMEM, and Phosphate-Buffered Saline (PBS) as shown in Fig. 1d.

Upon completing the imaging procedure, the tissues are immersed in formalin solution and
sent to the Oklahoma Animal Disease Diagnostic Laboratory (OADDL) for pathology process.
The formalin fixed paraffin embedded (FFPE) block tissue are then imaged using THz reflection

mode. The images are validated with the pathology (microscopic) images.
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A.3. Experimental Results

The results in Fig. 2 represent THz and pathology images of the dissected halves of the
ND18228 sample. This tumor was obtained from a 70 years old female via mastectomy. The
pathology and THz images shown in Fig. 2a and 2b, respectively, corresponds to the ND18228-1
which is not treated with glycerol. Whereas, the results in Fig. 2c and 2d corresponds to ND18228-
2 which is treated with 60% concentration of glycerol solution applied for a total of ~ 60 minutes.
The 60% concentration of the solution is obtained using a well-known dilution formula, C1V1 =
C2V2, where C; is the original concentration (100 %) of the glycerol solution, V1 is the volume of

the original solution required to obtain the required volume V> of concentration Ca.
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Fig. 2 THz reflection imaging of a freshly excised human breast cancer tissue # ND18228. (a)
The low power pathology image of one half of the bulk tumor (ND18228-1) which is not treated
with glycerol solution, (b) The frequency domain THz image of the tumor in (a) represented in
spectral power, (c) The low power pathology image of the second half of the bulk tumor
(ND18228-2) which is treated using 60% concentration of glycerol solution for 60 minutes
prior to the imaging, (d) The frequency domain THz image of the tumor in (c) represented in
spectral power. All spectral power values are obtained upon integrating the frequency domain
THz signals over the range from 0.5 THz to 1.0 THz.
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The THz results in Fig. 2 are obtained using the power spectra over the frequency range from
0.5 THz to 1 THz as reported in [3]. Upon comparing the THz image in Fig. 2b with the pathology
image in Fig. 2a, a noticeable differentiation can be seen between cancer (red color) and fat (blue)
regions. Furthermore, a significant differentiation is observed between cancer (red color) and
fibro-fatty (cyan color) regions. However, the differentiation between cancer and collagen is not
clearly observed. Both of the regions show high reflections (red color) in the THz image color bar.
It is to be noted that the blue circular dots around the caner region in the THz image in Fig. 1b are
due to air bubbles between the tissue and the polystyrene plate.

The result of Fig. 2d represents the THz spectra image of the ND18228-2 tissue, also obtained
over the frequency range from 0.5 THz to 1 THz. Upon comparing the THz image with the
pathology image in Figs. 2d and Fig. 2c, respectively, a good differentiation can be observed
between cancer (red color) and collagen region (yellow-blue color). It is also observed that the
reflection values from cancer in Fig. 2d are lower than those in Fig. 2b (see the color bar). This is
because the untreated tissue in Fig. 2b has more fluid content compared with that of the treated
tissue in Fig. 2d. This means that the percentage of fluid content in both cancer and collagen was
comparable in Fig. 2b, while treating the tissue with the glycerol solution has led to push away the
fluids from the tissue. These results demonstrate the potential of using glycerol solution for
enhancing THz imaging. Ongoing research aims at investigating the use of optical clearing
solutions of various concentrations and time durations.
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Abstract

This work proposes the use of terahertz (THz) reflection imaging method for investigating
breast ductal carcinoma in situ (DCIS). The tumor handled in this work is formalin fixed and
paraffin embedded tissue block (FFPE). The goal of this research is to differentiate between DCIS
and invasive ductal carcinoma (IDC). In the previous research, THz spectroscopy has shown
successful differentiation between cancerous (IDC) and normal breast tissue in freshly excised
tumors. The study conducted on IDC has demonstrated interesting signatures in the absorption
coefficient of cancer tissues. Similar studies will be conducted in this work for FFPE tissue blocks
to investigate the potential invasiveness level of DCIS tumors.

B.1. Introduction

Ductal carcinoma in situ (DCIS) is considered the earliest form of breast cancer, where
abnormal cells replace the normal epithelial cells that line the breast ducts. Currently about 20%
of breast cancers diagnosed in the United States are DCIS with an overall 10-24% risk of
progression to invasive breast cancer within 10 years [1]. Advances in screening techniques have
increased the detection rate of DCIS incidence, but for comedo DCIS, a subtype that is considered
particularly aggressive and requires treatment, the detection rate has not increased as rapidly as for
the less aggressive forms which can remain untreated [2]. Many of the key risk factors, methods
of detection and prevention techniques for DCIS are similar to those of invasive breast cancer such

as age, race, family history, breast density, chemoprevention (e.g. tamoxifen), and mammography,
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but the challenge exists in determining which DCIS cases should be treated and which ones to be
left alone [2, 3].

Terahertz (THz) has been a growing area of research, especially in the biomedical field,
since the advent of reliable THz sources [4]. Several investigations have been made using THz
imaging and spectroscopy of freshly excised breast cancer tissue that has shown inherent
distinction between cancer and normal tissue [5]. An interesting observation has been made in the
ongoing research of our group where the transmission spectroscopy absorption coefficient results
of freshly excised cancer tissue show a peak in the frequency band of 3-3.5 THz. The peak was
observed around the same frequency band in all freshly excised IDC cancerous tissue samples that
were examined in the study. On the other hand, a less significant trend for peaks is observed in
collagenous (connective) tissues and no peaks were observed in the fatty tissues [5]. This technique
could be a potential method for identifying signatures in DCIS tumors to help investigate its grade.

In this work we present the THz reflection imaging of FFPE tissue block of DCIS tumor.
The results provide successful differentiation between DCIS and other adjacent non-cancerous
tissues in the same tumor.

B.2. Methodology

The formalin fixed paraffin embedded DCIS tissue blocks used in this work are obtained
from the National Disease Research Interchange (NDRI) biobank. Upon receiving the tissue block
in the Terahertz Lab at the University of Arkansas, the reflection imaging is performed using the
same procedure detailed in [6]. The TPS Spectra 3000 pulsed THz imaging system (from
TeraView Ltd, UK) is used to perform the reflection mode scanning of the block tissue [6]. The
imaging stage is set to be moved in increments of 200 pm using stepper motors to obtain the time

domain reflection data at each pixel on the tissue. The maximum peak of the acquired reflected
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data at each pixel is used to construct the time domain THz image. Upon completing the imaging
procedure, the tissue block is sent to the Oklahoma Animal Disease Diagnostic Laboratory
(OADDL) for pathology process. During the pathology process, a 3-4 um thick tissue section is
sliced from the surface of the block, the slice is stained with hematoxylin and eosin (H&E), and a
pathology slide is obtained. The microscopic image of the pathology slide is then used to correlate
THz image with pathology image.

B.3. Experimental Results

The results in Fig. 1 represent the THz image of the FFPE DCIS block tissue obtained from
a 46 years old female via right breast mastectomy. According to the pathology report, the tissue
shown in Fig. 1 is diagnosed as high-grade DCIS. The low power pathology image of the
corresponding FFPE block tissue is shown in Fig. 1a.

THz image constructed based on the maximum peak of the reflected time domain data at
each pixel is shown in Fig. 1b. The colorbar in the image represents the amplitude of the electric
field in the time domain normalized with respect to that reflected from a gold mirror. The time
domain plots in Fig. 1c show the reflected THz electric field pulse at selected pixels (1)-(5) shown
in Fig. 1a. The high-power pathology images of Fig. 1d show the neighborhood of points (1)-(5).
Upon comparing the THz image in Fig. 1b with the low power pathology image in Fig. 1a, we can
see that the good correlation with the pathology image. Furthermore, the THz image in Fig. 1b
demonstrates that DCIS show higher reflections (red color regions) than the dense collagen with
mammary ducts (yellow- light red color regions) and the fibrofatty (cyan color regions). This
differentiation can also be observed in the THz time domain reflected signals plotted in Fig. 1c.
The higher reflection is observed from the DCIS pixels (2) and (3) compared with the dense

collagen regions with mammary ducts and glands (1) and (4), followed by the lowest reflection
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Fig. 1 THz reflection imaging of a formalin fixed paraffin embedded DCIS tissue block. (a) The
low power pathology image, (b) The time domain THz image of FFPE tissue block represented
by maximum peak value, (c¢) The time domain reflected electric field signals at selected pixels
(1-(5) shown in (b), (d) The high power pathology images of the surrounding regions
corresponding to each selected point in (a).

from fibro-fatty regions (5). However, it is to be noted that in Fig. 1c insignificant differentiation
can be observed between (2) and (3) pixel plots, which is consistent with both being DCIS. This
insignificant difference could be due a difference in the density of cancer cells enclosed in the
scanned pixels. The observation applies to pixel plots of(1) and (4), where both represent dense
collagen with mammary glands and ducts. The results demonstrate potential differentiation
between DCIS and adjacent non-cancerous tissues in the FFPE block tissue using THz imaging.
Depending on the outcome results of THz investigation of FFPE DCIS tissue blocks, the research
will be expanded to use freshly excised DCIS tumors in animal and/or human models.
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Appendix C: Finite-Difference Time-Domain Method for Modeling the Interaction of
Terahertz Waves with Human Breast Cancer Tumors

Cl. Motivation

The motivation for this work arises from a study conducted, in the THz lab at the University
of Arkansas, for the in-depth imaging of FFPE block tissues. The FFPE block tissues handled in
that study were human breast cancer metastasized lymph node tissues. The goal of that study was
to investigate THz in-depth imaging of metastasized tumors and compare it with the THz imaging
of the IDC tumors. The in-depth imaging on the block tissues is performed by following the
procedure defined in [1]. However, the results obtained from the in-depth imaging were not
encouraging. Except for the THz image obtained at the surface of the block, no image obtained at
various depths inside the block tissue present differentiation between different regions in the tissue.
This could be primarily due to the interference caused by the multiple reflections from the
surrounding tissues. Thus, the constructed image did not present the correct results when compared

against the pathology at the same depth of the imaging. The results of one of the FFPE tumors
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Fig. 1. (a) THz in-depth image of a lymph node metastasized sample S10-17840, obtained at
180 um from the sample surface, constructed using the peak reflection magnitude at each pixel,
(b) Low power pathology image of lymph node metastasized sample S10-17840.
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imaged in this work are presented in Fig. 1. The image in Fig. 1a represents the in-depth image of
block sample S10-17840 obtained at 180 um below the sample surface. The image in Fig.1b
represents the pathology image of the tissue slice taken at 180 um below the block surface after
the in-depth scanning was already performed. Upon comparing the two images, we can see that
the tissue shape is very easily predictable from the THz image; however, the details in the tissue
regions are not captured in the image. Additionally, the reflections on the tissue edges, in the
paraffin regions, are very dominant; primarily due to the multiple reflections in the sample and
edge effects. Therefore, to better understand the physics behind the signal interaction with the
block sample in Z-scan imaging, we shifted the focus of this study on the tissue modeling, which
is discussed in the following Sections.
C2. Objective

In order to quantify the signal interference challenges faced over the THz in-depth imaging
of FFPE block tissues, this work will demonstrate the modeling and simulations performed using
a python based Finite-Difference Time-Domain (FDTD) software.
C3.  Software Introduction

The software used in this work is a free and an open-source software package called Meep.
The name Meep is an acronym for MIT Electromagnetic Equation Propagation. This software is
specifically designed for electromagnetic simulations using the finite-difference time-domain
(FDTD) method for a wide range of the applications. FDTD is a widely used technique for the
electromagnetic simulations in which the space to be simulated is divided into discrete grid cells,
called Yee cells and the fields are progressed in time using discrete time steps. Meep provides
libraries for inbuilt functions scripted in Python interface, C++ interface, and Scheme interface. It

allows the users to perform simulations in 1D, 2D, 3D, and cylindrical coordinates. The complete
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manual on the MEEP software package with multiple tutorials on different applications to practice
can be found in [2]. The software installation guide is provided in [3], and the software version are
provided in [4] for download. All the technical details for Meep’s inbuilt functions are provided
in [5, 6]. The developers update the software every few months and with each update a new version
of the software is released. In this work, we downloaded and installed the January 2021 v1.17.1
version of the software.
C4. MEEP Model Considerations

To define the model in Meep, there are some basic FDTD parameters that are defined in a
different way in the Meep software than the original formulation. These changes in the parameter
definition need to be considered and applied appropriately in order to achieve satisfactory results.
C4.1. MEEP Units

Meep uses dimensionless units where anything a user want to compute is expressed as a
ratio. That means, it defines a characteristic length scale ‘a’ and uses that as the unit of distance.
Since Maxwell’s equations are scale invariant, it is convenient in electromagnetic simulations to
choose a scale-invariant unit. Additionally, the default value of the speed of light in vacuum (c) is
defined as 1 in Meep units. Therefore, the frequency, f, in Meep is specified in units of c/a.
C4.2. Courant Factor

For a given spatial resolution, Ax, the discrete time step At in Meep is defined as At = S*AXx,

where S is called the courant factor and

}\min

AX =
X (No.of cells per wavelength)

For optimum resolution, the no. of cells per wavelength should be greater than or equal to 10. For

numerical stability, S < Zmin where n,,;, is the minimum refractive index of the

J#of dimensions

medium [6]. The default value of S used by Meep is 0.5, but it can be defined by the user as
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required. Furthermore, it is important to note that Meep does not support non-uniform
discretization of the computational cell.
C4.3. Boundary Conditions

In FDTD, only a finite region is simulated, thus there should be a way to terminate the
simulations beyond that finite region. The way to do this is by applying boundary conditions. Meep
supports three different types of termination methods—Bloch-periodic boundaries, metallic walls,
and PML absorbing layers. Meep also allows the utilization of symmetries of a problem to reduce
the computational time and memory requirements.
C5.  Breast Cancer Tumor Model Configuration
C5.1. Geometry and Material Properties

In this work, we developed a 3D model in Meep that demonstrate an irregular shaped tissue
constructed in the shape of the human breast cancer tumor ND14139 [7], as shown in Fig. 2. The
size of the tissue geometry simulated in this work is (2.8 x 2.8 x 0.5) mm?®. As shown in Fig. 2, the
tissue geometry demonstrates three different mediums—cancer, collagen, and fat. To assign the
material properties to these three regions in the geometry, the relative permittivity of the cancer,

collagen, and fat obtained in [7] are utilized. In this work, the material properties are defined at

=0 //ag en

Cancer

Fig. 2. The configuration of the human breast tumor model geometry.
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only one frequency, which is 1 THz. Therefore, at 1 THz the relative permittivity used in this work
for cancer is [4.411 + j1.69], for collagen is [4.196 + j1.554], and for fat is [2.455 + j0.2786].
C5.2. User Defined Custom Source and Other Parameters

Meep allows the users to custom-build the time domain source and combine it with the
Gaussian beam source in space. In fact, Meep is the only available FDTD software package that
provides the users with this function. In this work, we utilized the incident THz experimental time-
domain pulse data with the Gaussian beam source in space. This combination of the sources is
used as the excitation source for the FDTD computations. At this point, in this work the Gaussian
beam source is defined at 1 THz frequency with a beam spot radius equals to ~0.7 mm, which is
similar to what is provided by the experimental THz pulse. Therefore, to have the converging
computational solution, the grid resolution is defined at 1 THz frequency as well. Furthermore, for
boundary condition, the PML absorbing layer is defined at a thickness of 2*A m, where A is
calculated at 1 THz frequency in air.
C5.3. Tumor Scanning Process

In the model configuration defined in Fig. 3, the source is placed at the upper PML
boundary (in the Z-direction), with the center defined at (0, 0, Zsize/2), where the Zsize = 1.55
mm, and the tumor geometry surface is placed at 2.5* A m below the source. It is to be noted, that
the size of the computational cell for this model is (2.8 x 2.8 x 1.55) mm?, as shown in Fig. 3. The
normal incidence THz signal is focused on the surface of the geometry and the total electric field
reflected from the tumor surface is collected back at the source center. This collected electric field
data has both incident and reflected signals shifted in time. Therefore, another simulation is

performed in an empty air box without the tissue geometry to collect the incident electric field data
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Fig. 3. The configuration of the computational domain for the THz in-depth modeling.

at the source center. This incident electric field data is then subtracted from the total electric field
data to obtain the scattered electric field corresponding to the reflections from tumor surface.

To mimic the THz experimental scanning process performed on the tumors, the simulations
at several points on the tumor surface, equally separated in the computation domain at 100 pm
step size, were performed. That means for a computational cell of size (2.8 x 2.8) mm?, a total of
29 x 29 scanning points were defined, i.e., for 841 times simulations were performed. These 841
simulations were first performed serially on an Intel Xeon Silver 4110 8-core CPU with 128 GB
system memory, running on CentOS 7; the total execution time it took to complete 841 simulations
was ~ 3 days.

Therefore, to reduce the total execution time in performing tumor scanning, a
multiprocessing based parallel code was constructed such that the simulations at each point on the
tissue geometry were performed independently on multiple computers at the same time. This type
of parallelization approach is called the embarrassingly parallel method because no

communication is required between different processes assigned to different computers.
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To accomplish the parallel processing, we worked in collaboration with the Arkansas
High Performance Computing Center (AHPCC) at the University of Arkansas. We utilized a
single node with 32 cores in the comp 72 partition to perform these simulations simultaneously.
The total execution time for the whole simulation was reduced from 3 days to ~ 4 hours upon
implementing the parallel computing technique.

C6.  Simulation Results and Discussions

CO//ag en

Cancer

(b)

Fig. 4. (a) The configuration of the human breast cancer tumor model geometry, (b) the image
constructed from the reflected electric field data simulated for the geometry in (b).

The simulated scanning image of the defined tumor geometry, as shown in Fig. 4a, obtained
in this work is shown in Fig. 4b. As can be seen, that the cancer region (dark red color) represents
a higher reflection magnitude than the fat region (blue color). The differentiation between the
cancer and collagen tissue can also be visualized but not as prominent as between cancer and fat.
Furthermore, the interface boundaries between the three regions are not clearly defined in the
resulting image, which needs to be addressed in the future work of this project.

These are preliminary results and research continues to improve the resolution of the
computer simulations in order to see clear margins between the three regions in the tumor. The

future work will specifically be focused on:
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1. Improving the excitation source so that it provides the varying beam spot size at each frequency
of the THz signal.
2. Defining the tissue properties at all the frequencies covered in the THz time domain pulse,
using the Lorentz susceptibility model or Lorentz Drude model compatible with Meep.
3. Performing simulations with the source positioned at an oblique angle of 30°.
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Appendix D: Video Tutorials for Terahertz TPS Pulse Spectra 3000 System

The videos were developed in the Terahertz Imaging and Spectroscopy Computational
Electromagnetics Lab at the University of Arkansas in May 2021, under the supervision of Dr.
Magda EI-Shenawee, by Nagma Vohra. The video recordings and edits are provided by Jose
Santos Batista.

The following videos provide the user with complete training on the imaging and
spectroscopy procedures performed using the Terahertz Imaging and Spectroscopy core and gantry
systems at the University of Arkansas.

The sequence of the videos for the training is provided as follows:
1. TPS Spectra3000 — Overview — Final

2. TPS Spectra3000 — Modelocked — Final

3. TPS Spectra3000 — Transmission Spectroscopy — Final

4. TPS Spectra3000 — Transmission Imaging — Final

5. TPS Spectra3000 — Block Tissue Reflection Imaging — Final
6. TPS Spectra3000 — In-Depth Reflection Imaging — Final

7. TPS Spectra3000 — Fresh Tissue Reflection Imaging — Final
8. TPS Spectra3000 — Gantry System — Final

9. TPS Spectra3000 — Gantry System Leveling — Final
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Appendix E: Video Tutorials for Microwave and Millimeter-wave Free-Space System

The videos were developed in the Microwave and Millimeter-wave Free-Space Lab at the
University of Arkansas in April 2021, under the supervision of Dr. Magda El-Shenawee, by Nagma
Vohra. The video recordings and edits are provided by Jose Santos Batista.

The following videos provide the user with complete training on the microwave and
millimeter-wave system calibration and measurements in transmission and reflection modes, using
the non-destructive Free-Space System at the University of Arkansas.

The sequence of the videos for the training is provided as follows:

1. Introduction to the Free Space System — Final

2. Free Space System — Cable Connections — Final

3. Measurements Operations — Overview — Final

4. Measurements operations — Calibration — Final

5. Measurements Operations — Measurements — Final
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Appendix F: Protocol approved by Animal Care and Use Committee Institution

UNIVERSITY OF

' ARKANSAS

Office of Research ( ;ompliance

To: Narasimhan Rajaram
Fr: Craig Coon

Date: January 17th, 2018
Subject: IACUC Approval

Expiration Date: December 19th, 2019

The Institutional Animal Care and Use Committee (IACUC) has APPROVED your protocol # 18063: Terahertz imaging for
breast cancer margin assessment.

dification to extend project up to 3
years, or submit a new protocol. By policy the IACUC g@nnot approve a study for mor&han 3 years at a time.

The following individuals are approved to work on this
Shenawee, Christopher Oldfield, Nagma Vohra, and Pa
via the modification form prior to their start of work.

gnhan Rajaram, Tyer Bowman, Magda El-
aa. Pl mit personnel additions to this protocol

Federal guidelines involving animal subjects.

The IACUC appreciates your coopera
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