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25 SUMMARY:
26  Freshly excised human breast cancer tumors are characterized with terahertz spectroscopy and
27  imaging following fresh tissue handling protocols. Tissue positioning is taken into consideration
28 to enable effective characterization while providing analysis in a timely manner for future
29 intraoperative applications.
30
31 ABSTRACT:
32  This manuscript presents a protocol to handle, characterize, and image freshly excised human
33  breast tumors using pulsed terahertz imaging and spectroscopy techniques. The protocol
34  involves terahertz transmission mode at normal incidence and terahertz reflection mode at an
35 oblique angle of 30°. The collected experimental data represent time domain pulses of the
36 electric field. The terahertz electric field signal transmitted through a fixed point on the excised
37  tissue is processed, through an analytical model, to extract the refractive index and absorption
38 coefficient of the tissue. Utilizing a stepper motor scanner, the terahertz emitted pulse is
39 reflected from each pixel on the tumor providing a planar image of different tissue regions. The
40 image can be presented in time or frequency domain. Furthermore, the extracted data of the
41  refractive index and absorption coefficient at each pixel are utilized to provide a tomographic
42  terahertz image of the tumor. The protocol demonstrates clear differentiation between
43  cancerous and healthy tissues. On the other hand, not adhering to the protocol can result in noisy
44  orinaccurate images due to the presence of air bubbles and fluid remains on the tumor surface.
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The protocol provides a method for surgical margins assessment of breast tumors.

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’. One area where THz has shown
promise and significant growth is the biomedical field?. THz radiation has been shown to be
nonionizing and biologically safe at the power levels generally used to analyze fixed tissues3. 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?, liver cirrhosis®, and cancer
in excised tissues®’. Cancer assessment in particular covers a broad range of potential clinical and
surgical applications, and has been investigated for cancers of the brain®, liver®, ovaries?',
gastrointestinal tract'!, and breast”1271°,

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 um 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?. Current guidelines by the
American Society of Radiation Oncology define this positive margin as having cancer cells
contacting the surface-level margin ink?'. 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 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’.

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’.182223 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?*?>, 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.
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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?® for murine breast cancer tumors'*'/1% and was extended to human surgical tissue
obtained from biobanks”!8, 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?’. Due to a 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

1.1. 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).

1.2. 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.

1.3. Fill a 50 mL centrifuge tube with up to 45 mL of 10% neutral buffered formalin and place it
in the centrifuge storage tray near the tissue handling tray.

[Place Figure 1 here].

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.

2.1. Remove the bulk tumor from the DMEM solution and place it in a Petri dish on the tissue
handling area (see Figure 2A).
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2.2. 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.

[Place Figure 2 here].
3. THz transmission spectroscopy measurements

3.1. Set the transmission spectroscopy module inside the THz core chamber by aligning the
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.

3.2. 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.

3.3. Open the THz transmission spectroscopy measurement software from the desktop
connected to the THz system. It will open up the main window.

3.4. 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.

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

[Place Figure 3 here].

3.5.1. Underthe 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.

3.5.2. 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 through air as
a sample average of 1,800 signals over ~1 min.

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

3.6.1. Place the two quartz windows in the liquid sample holder without a spacer in between.
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3.6.2. Open the THz core chamber. Mount the liquid sample holder on the transmission
spectroscopy module, as shown in Figure 3C. Close the chamber.

3.6.3. 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.

3.6.4. If the 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.

3.7. 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.

3.8. 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.

3.9. 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.

4. Handling fresh breast cancer tumor for THz reflection mode imaging

4.1. 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.

4.2. 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.

[Place Figure 4 here].

4.3. Unmount the transmission spectroscopy module and set the reflection imaging module
(RIM) 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).

4.4. 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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4.5. 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.

[Place Figure 5 here].

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.

4.6. 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
subwindows for THz field plots, (Au) against the time and frequency, respectively.

4.7. 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.

4.8. 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.

4.9. 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).

4.10. 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.

4.10.1. 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.

4.10.2. 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.

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
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time domain window.
[Place Figure 6 here].
4.11. Level the sample stage and record the reference signal.

4.11.1. 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.

4.11.2. 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.

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

4.11.4. Inthe 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.

4.11.5. 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.

4.11.6. 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.

4.11.7. 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).

4.11.8. 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).

4.12. 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.

4.13. 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.
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4.14. Record this signal as the reference.

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

4.14.2. 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.

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

4.15.1. 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.

4.15.2. 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.

4.15.3. 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.

4.16. 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.

4.17. 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, Axis1 is the A-axis and Axis2 is the B-axis.

4.18. 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 pum
increments during the scanning process. The total scan time can be estimated in the Image

Acquisition Parameters window.

4.19. 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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5. Postprocessing the fresh tissue in preparation for histopathology procedure

5.1. 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.

5.2. 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.

[Place Figure 7 here].

5.3. Let the ink dry for around 3 min—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 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.

5.4. 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.

6. Hazardous waste disposal

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

[Place Figure 8 here].

6.2. 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.

9
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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 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.

7. Data processing to construct THz images

7.1. 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.

7.2. 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.
7.3. 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 f, = 1.0
THz using the following equation®®:

2 2
Power Spectra = f]{ZlEsamplel /lEreferencel dfTHz (1)

NOTE: Here Egqmpie is the frequency domain reflection imaging data of the tissue sample and
Ereference is the frequency domain of a single point reflection data of the reference signal.

7.4. Construct the two-dimensional image by plotting the calculated power spectra data at each
point in the matrix defined by the A-axis and B-axis. 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.

7.5. For characterization, calculate the theoretical frequency-dependent reflection for a range
of potential tissue properties using the following equation®®:

(Esamp) = Trasamp _ (pT.23—PT.31€_]2k3 cos 83d3
Eref /1 14+p123pT,31€J2K3 COs3d3

)/PT,21 (2)

rT,Z,Tef

NOTE: Here pr ;; 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

10
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incidence by Snell’s Law. l~cj = %ni —j% is the complex propagation coefficient in region j,

where w is the angular frequency, c is the speed of light in vacuum, n; is the real part of the
refractive index, and ags; is the absorption coefficient’. Region 1 is air, Region 2 is the
polystyrene plate, and Region 3 is the tissue.

7.6. Calculate the reflection in equation (2) for a range of user-defined refractive indexes and
absorption coefficients for Region 3 (n3 and ass,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.

7.7. Construct the tomographic THz image from the extracted refractive index and absorption
coefficient data (n3 and aaps,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.

8. Extraction of electrical properties of the tissue using transmission spectroscopy data

8.1. 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.

8.2. Calculate the theoretical frequency-dependent transmission for a range of potential tissue
properties using the following equation®®:

Esamp _ >, (r1-v3)d (3)
Eref

NOTE: Here T is the ratio between Fresnel transmission coefficients for the sample and reference
setups; y; and y; 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 as y =j%ﬁ. 7l is the
complex refractive index defined as 1 =n —j%%, where n is the real part of the refractive
index; c is the speed of light; w is the angular frequency; and a; is the absorption coefficient®.

8.3. 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 agps values.

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

11
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8.4. Plot the extracted refractive index and absorption coefficient data against the frequency
range from 0.15 THz—3.5 THz. Representative results are shown in Figure 12.

REPRESENTATIVE RESULTS:

The THz imaging results'® 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/Il grade infiltrating ductal
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 was 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.

[Place Figure 9 here].

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 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%® with high reflection that did not correlate to the pathology
image shown in Figure 10A%. 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*° and 10D, so it is highly recommended to dry the tumor
properly before imaging.

[Place Figure 10 here].

12



523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566

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 air gaps are removed.

[Place Figure 11 here].

Transmission spectroscopy results!® for the same sample (# ND14139) are presented in Figure
12. Tumor sections were taken from points @ and @ 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 Figures 12C and 12D. Both points
showed good agreement for the whole frequency range. The black curve from 0.15 THz-2 THz in
Figures 12C and 12D represents data obtained from the literature?® to compare the results
obtained in our work.

[Place Figure 12 here].

FIGURE LEGENDS:
Figure 1: Setup of tissue handling area.

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.'® with permission from SPIE.

Figure 3: THz transmission spectroscopy module setup. (A) THz core chamber with the
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.

Figure 4: Fresh tumor sample preparation 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.

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

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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Figure 7: Post processing on the tumor after THz imaging. (A) Tumor placed face down on
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.

Figure 8: Photograph of the biohazardous waste bag.

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.'® with permission from SPIE.

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 #ND10405 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.?® with permission from IEEE
and Figure 10C, 10D are republished from N. Vohra et al.*® with permission from 10P Publishing,
Ltd.

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 THz—1.0 THz.

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™!) plot ranging from 0.15 THz—3.5 THz at points @ and @ (D) The transmission
refractive index plot ranging from 0.15 THz—3.5 THz at points @ and @ Figure republished
from T. Bowman et al.'® 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 and 4.15); and 2) the stage setup
(primarily section 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
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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 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
h 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 um-—
500 um in 50 um increments, though the maximum spatial resolution of the system is around 80
pum 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®. 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
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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®!l, 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*4'’ 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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Table of Materials

Name of Material/ Equipment

70% isopropyl alcohol

Alconox powder detergent

Bio Hazard Bags

Cardboard holder

Centrifuge Tubes

Cotton Swabs

Ethyl Alcohol

Eye protection goggles
Face Mask
Filter paper
Formalin solution

Click here to access/download;Table of Materials;Table of Materials file updated.xlsx %

Company

VWR

VWR

Fisher Scientific

N/A

VWR

Walmart

VWR

VWR
VWR
Sigma Aldrich
Sigma Aldrich

Human freshly excised tumors (Infilterating National Disease Research

Ductal Carcinoma (IDC))

IRADECON Bleach solution

KIMTECH SCIENCE wipes
Laboratory Coat

Laboratory tweezers/Forceps

Liquid sample holder (two quartz windows

with a 0.1 mm teflon spacer)

Interchange (NDRI biobank

VWR

VWR
VWR

VWR

TeraView, Ltd

Catalog Number
89108-162

21835-032

19-033-712

N/A

10026-078

551398298

71002-426

89130-918
95041-774
2240087
HT501128-4L

N/A

89234-816

21905-026
10141-342

82027-388

N/A
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Nitrile hand gloves

Nitrogen cylinder
Paper towel

Parafilm

Petri Dish
Polystyrene Plate
ScanAcquire Software
Stainless steel low-profile blade (#4689)

Stainless steel metal tray

Tissue Marking Dyes

TPS Spectra 3000

TPS Spectra Software

VWR

Airgas
VWR

VWR

VWR

Home Depot

TeraView, Ltd

VWR

Quick Medical

Ted Pella, Inc

TeraView, Ltd

TeraView, Ltd

82026-426

NI UHP300
14222-321

52858-076

470210-568
1S11143A
N/A
25608-964

10F

Yellow Dye #27213-1
Red Dye #27213-2
Blue Dye #27213-4

N/A

N/A



Comments/Description
Contains 70% USP grade isopropanol and 30%
USP grade deionized water

Concentrated detergent to remove organic
contaminants from glass, metal, stainless steel,
porcelain, ceramic, plastic, rubber, and fiberglass

Justrite FM-Approved Biohazard Waste
Container Replacement Bags
Scrap cardboard to keep tissue imaging face
intact when immersed in formalin

Centrifuge Tubes with Flat Caps, Conical-Bottom,
Polypropylene, Sterile, Standard Line

Q-tips Original Cotton Swabs used to dye the
tissue
KOPTECH Pure (undenatured) anhydrous (200
proof/100%) ethyl alcohol
Kimberly-clark professional safety glasses
DUKAL Corporation surgical masks
Whatman grade 1 cellulose filters
10% neutral buffered formalin

A protocol is signed with the NDRI for the type of
tumors required
Pre-diluted Sodium Hypochlorite Bleach solution

Kimberly-clark professional Kim wipes
This catalog number is for medium size coat
Any laboratory tweezers can be used as long as it
does not damage the tissue

1" diameter, and 0.1452" thick quartz windows



This catalog number is for medium size gloves

NITROGEN UHP GR 5.0 SIZE 300
11 x 8.78" Sheets, 1 Ply

Flexible thermoplastic. Rolled, waterproof sheet
interwound with paper to prevent self-adhesion.

VWR Petri Dish, Slippable, Mono Plate
(undivided bottom)
~ 10 x 10 cm square piece cut froma 11" x 14" x
0.05" Non-glare styrene sheet
System Software for THz reflection imaging
measurements
Tissue-Tek Accu-Edge Disposable Microtome
Blades
Polar Ware Stainless Steel Medical Instrument
Trays

Used to orient excised tissue samples
sent to the histopathology laboratory

THz imaging and spectroscopy system
System Software for THz transmission
spectroscopy measurements
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Response letter.pdf

JoVEG61007 Manuscript: Terahertz Imaging and Characterization Protocol for Freshly
Excised Breast Cancer Tumors

The authors would like to thank the Editor, Associate Editor, and Reviewers for their
consideration and comments on this manuscript. We have responded to all comments/suggestions
provided by the editor and the Reviewers. Changes to the manuscript have been highlighted both
in this letter and in a revised file for the manuscript.

Note: all revisions are highlighted in yellow in the revised manuscript and revised table of
materials. The 2.75 pages for filmable content are marked in red text in the revised manuscript.

Editorial Comments:

Comment 1: Please take this opportunity to thoroughly proofread the manuscript to ensure that
there are no spelling or grammar issues. The JOVE editor will not copy-edit your manuscript and
any errors in the submitted revision may be present in the published version.

Response: The manuscript has been proofread thoroughly for the spelling and grammatical errors
and revised accordingly. Since these edits are relatively minor the full list of changes is not detailed
here, but have been highlighted in the manuscript.

Comment 2: Please provide an email address for each author.

Response: The email addresses corresponding to each author are added in the revised manuscript
as requested.

The following email addresses has been added to page 1:

Nagma Vohra: nvohra@email.uark.edu

Tyler Bowman: tcbowman@email.uark.edu

Keith Bailey: kbaileyl@illinois.edu

Magda El-Shenawee: magda@uark.edu

Comment 3: Please provide at least 6 keywords or phrases.

Response: The sixth keyword is added to the KEYWORDS section in the revised manuscript.
The following keyword has been added to page 1:

“Cancer research”

Comment 4: JoVE cannot publish manuscripts containing commercial language. JOVE cannot
publish manuscripts containing commercial language. For example TPS Spectra 3000 THz,
TeraView, Ltd, Kim wipes, Davidson tissue dye, ScanAcquire software, etc.

Response: The manuscript has been revised thoroughly and the commercial language names of
the system, materials, and software have been removed. The full list of changes is not detailed
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here, but have been highlighted in the manuscript. The names and description of the two software
used in the protocol are added and highlighted in the Table of Materials file.

The following two rows are added in the Table of Materials file:

Name of Material/ Company Catalog Number Comments/Description
Equipment
ScanAcquire TeraView, Ltd N/A System Software for
Software THz reflection
imaging measurements
TPS Spectra TeraView, Ltd N/A System Software for
Software THz transmission
spectroscopy
measurements

Comment 5: Please ensure that all text in the protocol section is written in the imperative tense as
if telling someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). The actions should
be described in the imperative tense in complete sentences wherever possible. Avoid usage of
phrases such as “could be,” “should be,” and “would be” throughout the Protocol. Any text that
cannot be written in the imperative tense may be added as a “Note.”

Response: We have made sure that the manuscript is written in the imperative tense and the
phrases such as “could be,” “should be,” and “would be” are not used anywhere in the protocol.
The additional information that could not be written in the imperative tense has been added as a
“NOTE” wherever needed.

The following sentence has been revised on page 3:

“Keep any used tissues, wipes, and gloves on the biohazard material surface to dispose of at the
end of the protocol.”

The following sentence has been added as a NOTE to page 6:

“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).”

The following sentence has been added to page 6:

“4.10. 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.”

The following sentence has been added as a NOTE to page 6:

“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.”



The following sentence has been added as a NOTE to page 8:
“NOTE: By default, Axisl is A-axis and Axis2 is B-axis.”

The following sentence has been added as a NOTE to page 8:

“NOTE: Setting the Axislstep and Axis2step will set the stepper motors to increment at every
200 um step size during scanning process. The total scan time can be estimated in the Image
acquisition parameters window.”

The following sentence has been added to page 9:

“This tumor staining process is conducted for the pathologist’s reference to provide the
information about the tumor’s imaging side and its orientation.”

The following sentence has been added as a NOTE to page 10:

“NOTE: A typical frequency domain spectrum should provide data ranging from 0.1 THz to 4
THz.”

The following sentence has been added twice as a NOTE to page 11:

“NOTE: The solution for the refractive index and absorption coefficient is the pair of values giving
the lowest error.”

Additionally, all definitions of terms following equations in the protocol have been converted to
Notes.

Comment 6: Please ensure you answer the “how” question, i.e., how is the step performed?

Response: It is ensured that every step mentioned in the protocol is detailed on how it is to be
performed.

Comment 7: Please make the spectroscopy measurements as a separate section.

Response: As requested, the spectroscopy measurement details are introduced as a separate
Section #3 in the protocol. The alterations to other section numbers and the corresponding step
numbers following new Section #3 are made as well. The full list of changes in the section numbers
and step numbers in not provided in this letter, but are highlighted in the revised manuscript.

The following new Section has been introduced in the protocol to page 4:

“3. THz transmission spectroscopy measurements.”

Comment 8: 2.3.1, 2.3.5: How is this done?

Response: The setting of the module mentioned in step 2.3.1, which is now renumbered as 3.1, is
performed by mounting it inside the core THz chamber and locking it down by tightening the two
mounting screws. The mounting screws are depicted in the modified Figure. 3A.



To record the air reference signal in step 2.3.5 (renumbered as 3.5), steps 2.3.6 and 2.3.7
(renumbered as 3.5.1 and 3.5.2, respectively) are followed. To clarify that these steps are
performed to fulfill the prior step, steps 2.3.6 and 2.3.7 (renumbered as 3.5.1 and 3.5.2,
respectively) are made as the sub-steps of the step 2.3.5 (renumbered as 3.5).

In response to the step 2.3.1, the renumbered step 3.1, the following edits have been added to page
page 4:

“Set the transmission spectroscopy module inside the THz core chamber by aligning the 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.”

In response to the step 2.3.5, the renumbered step 3.5, the following edits have been added to page
4.

“3.5. After 30 minutes of purging, record an air reference signal by following the steps below.
[Place Figure 3 here].

3.5.1. Under the Scan settings tab in the spectra scan setup window, input an appropriate
Name for the reference, set Num Scans to 1800, and set the Start Delay (s) to 0. Leave the
other settings as their default values.

3.5.2. 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 through air
as a sample average of 1800 signals over ~1 minute.”
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Figure 3: THz transmission spectroscopy module set-up. (A) THz core chamber with the
transmission module mounted on it. (B) The photograph of the liquid sample holder. (C) The
sample holder placed inside the core chamber for the measurements.

Comment 9: There is a 10-page limit for the Protocol, but there is a 2.75-page limit for filmable
content. Please highlight 2.75 pages or less of the Protocol (including headings and spacing) that
identifies the essential steps of the protocol for the video, i.e., the steps that should be visualized
to tell the most cohesive story of the Protocol.

Response: The 2.75 pages for filmable content are marked in red text in the revised manuscript.



Comment 10: Please ensure that you have a result for each section of the protocol.

Response: We have presented and discussed the results for both the methods described in the
protocol, THz transmission spectroscopy (Sections #3 and #8) and THz reflection imaging
(Sections #4 and #7), for the characterization and imaging of breast cancer tumors. It is to be noted
here, that Sections 1 and 2 in the protocol are for tissue handling which are necessary to be done
to get to the Sections 3 and 4 in the protocol which provide detail on the experimental methods.
Similarly, Section 5 and Section 6 are the post processing steps upon completion of the
experimental methods. The figures are added in these sections itself to make it easy for the readers
instead of presenting them in the results section. A new figure (Figure 8) and the corresponding
legend has been added for Section 6 in the manuscript. It is to be noted, that with the addition of
Figure 8, the numbering of all the figures following Figure 8 are altered and highlighted in the
manuscript accordingly.

The following sentence is added to page 9:
“[Place Figure 8 here].”

The following legend corresponding to Figure 8 is added to the FIGURE LEGENDS Section to
page 13:

“Figure 8: Photograph of the biohazardous waste bag.”

Comment 11: As we are a methods journal, please revise the Discussion to explicitly cover the
following in detail in 3-6 paragraphs with citations:

a) Critical steps within the protocol

b) Any modifications and troubleshooting of the technique

¢) Any limitations of the technique

d) The significance with respect to existing methods

e) Any future applications of the technique



Response: (a) The steps most critical for effective THz imaging are the tissue handling
(specifically tissue wetness and the tissue-polystyrene interface) and the stage setup and balancing.
To more explicitly call out these steps, the Discussion session on page 14 has been revised to
specifically indicate the relevant sections of the protocol.

The following sentence has also been added on page 14:

“Extra effort should be taken to ensure good tissue contact with the imaging window, including
repositioning the tissue to obtain a better interface.”

(b) The modifications of the technique primarily involve the materials being used to mount the
tissue. While this protocol specifically uses quartz (for transmission spectroscopy) and polystyrene
(for reflection imaging), the important properties of these materials is their low THz absorption
and uniform thickness. Any equivalent material can serve as a substitute. Alternatively, non-
uniform thickness can be offset by establishing the phase shift of the fixed window if the window
can be set up in such a way that it is positioned the same way with and without tissue. The primary
troubleshooting portions of the work involve ensuring that a sufficient THz signal exists for
measurement, which is highly dependent on the exact system being used and cannot be concisely
defined within the scope of this protocol.

The following paragraph was added on page 15:

“The primary area where the protocol can be modified is in the dielectric materials used to mount
the tissue such as quartz (in sections 3.6-3.7) and polystyrene (section 4.5 forward). 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 the one that provides 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 with the
pathologist that enables comparison between THz imaging and 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.”

(c) The primary limitation of the technique is the amount of time that the tissue is exposed to air.
At the suggestion of pathologist collaborator, the protocol was designed such that the tumor
samples were immersed in formalin for shipping no more than one hour after being removed from
the DMEM solution. This consideration also affects protocol steps such as the selection of step
size, as is described in the discussion already. The secondary limitation of the protocol is due to
the spectral frequency limit of the THz pulsed signal, which sets a maximum spatial resolution of
around 80 pum.

The following sentence has been revised on page 15 to more clearly introduce the limitations:

“A primary limitation of any fresh tissue handling technique is the time that the tissue is exposed
to air.”



The following note was added on page 15:

“...though the maximum spatial resolution of the system is around 80 pum due to the spectral
content of the THz signal.”

(d) The main significance of the developed technique is a relatively fast imaging process that can
be incorporated into a surgical setting without excess degradation of the surgical tissue or the
increase use of the operation room. While some other methods have been proposed for similar
applications, the only comparable technology currently in use intraoperatively is specimen
radiography. Radiography has some limitations in that two orientations of transmission X-ray
images of the excised tissue must be interpreted to estimate what edges of the tissue, if any, have
cancer. THz has an advantage that it can be applied to look directly at the surface of the excised
tissue for cancer detection.

The following sentences have been added to page 15:

“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 minutes. This will be
accomplished when the hardware of the THz system is advanced 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 that must be
interpreted by a radiologist to estimate whether there is cancer on the tissue surface. The described
imaging protocol provides a means of direct imaging of the tissue surface.”

(e) Beyond efforts to move this technique into intraoperative applications, the same principals for
the technique should be applicable to most surgical treatment of solid tumors. Additionally, the
concepts described in this protocol have already been proven effective of paraffin-embedded
tissues and may be useful for more detailed pathology support in the future.

The following sentence has been added to page 15:

“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®1t.”

The following sentence has been added to page 15:

“Similar imaging protocols to the one proposed here could be developed for pathology support in
analyzing embedded tissues as well.”

Reviewers' comments:

Reviewer #1:

Comment 1: The figures should be improved, particularly, the resolution and appearance of the
text in them are rather low. Most of them are hardly readable.



Response: We have improved the resolution and the text on all the figures, as suggested by the
reviewer. The improved figures are submitted as separate files during the revised submission
process.

Comment 2: It is essential to highlight the drying process (time and so on) of the tissue and the
impact of tissue drying during the experiment and measurements, since the drying of tissue
significantly change the dielectric contrast. It is not clear from the manuscript, whether authors use
some methods in order to prevent drying. See [Gavdush et al., JBO 24 (2019)] and [Fan et al.,
Phys. Med. Biol., 60 (2015)].

Response: The tissue is received immersed in DMEM solution with antibiotics to maintain the
water content of the specimen. During the ~30 minutes of imaging procedure, tissue surface does
get little dried but we did not observe an impact on the electrical properties of the tissue. For
example, although the experiment was done for a different purpose, we observed that the
tomographic imaging results (where the tissue was dried using special paper filters for ~5 minutes)
in Figures 9D-9G correlate well with the transmission spectroscopy results in Figures 12C and
12D (where the tissue section was not dried at all). Additionally, the assessment of the tissue by
our consulting pathologist did not report any damage to the tissue at the cellular level for the
duration of imaging used in this protocol.

In the suggested literature by the Reviewer, [Gavdush et al., JBO 24 (2019)] and [Fan et al., Phys.
Med. Biol., 60 (2015)] the tissue is embedded in the gelatin which isolates the tissue from
hydration/dehydration effects and help sustain their THz response unaltered for several hours.
Similar techniques are currently being investigated as addition to the protocol that would remove
any potential effects on tissue hydration levels.

The following sentence has been added to page 15:

“Assessment of the tumor samples by our consulting pathologist has determined that this amount
of air exposure does not cause damage to the tissue in an observable way at the cellular level.
However, there are some materials such as gelatin that can be used to provide clear THz imaging
without excessive drying that may be investigated for future updates to the protocol®®.”

This includes a new reference number [29]:

29.  Gavdush, A. A., Chernomyrdin, N. V., Malakhov, K. M., Beshplav, S. T., Dolganova, I. N.,
Kosyrkova, A. V., Nikitin, P. V., Musina, G. R., Katyba, G. M., Reshetov, I. V.,
Cherkasova, O. P., Komandin, G. A., Karasik, V. E., Potapov, A. A., Tuchin, V. V., &
Zaytsev, K. I. Terahertz spectroscopy of gelatin-embedded human brain gliomas of different
grades: a road toward intraoperative THz diagnosis. J. Biomed. Opt. 24 (2), 027001 (2019).

Comment 3: Is it possible to estimate the spatial resolution of the described approach? Which
minimal size of tumor tissue region could be analyzed by this protocol?

Response: The spatial resolution of the described protocol for the THz reflection imaging is
limited by the upper frequency limit of the spectrum associated with the incident time domain
signal. For an upper frequency approaching 4 THz, generally the resolvable spatial resolution is



around 80 um. In all our experiments we have maintained the step size of 200 um and thus would
not be reaching the spatial resolution limit due to step size. However, the system offers the range
of step size from 50 pum to 500 um in 50 pum increments. Thus, the representative pixel dimensions
can conceivably fall below the spatial resolution of the system, but this is not done in this work
due to the potential increase in the time needed for the scanner when use smaller step size than 200
pm.

The following sentence has been added to page 15:

“...though the maximum spatial resolution of the system is around 80 um due to the spectral
content of the THz signal.”
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PUBLISHER TERMS AND CONDITIONS

These special terms and conditions are in addition to the standard terms and conditions for CCC's Republication Service
and, together with those standard terms and conditions, govern the use of the Works. As the User you will make all
reasonable efforts to contact the author(s) of the article which the Work is to be reused from, to seek consent for your
intended use. Contacting one author who is acting expressly as authorised agent for their co-author(s) is acceptable. User
will reproduce the following wording prominently alongside the Work: the source of the Work, including author, article
title, title of journal, volume number, issue number (if relevant), page range (or first page if this is the only information
available) and date of first publication. This information can be contained in a footnote or reference note; and a link back
to the article (via DOI); and if practicable, and IN ALL CASES for new works published under any of the Creative Commons
licences, the words “© IOP Publishing. Reproduced with permission. All rights reserved” Without the express permission
of the author(s) and the Rightsholder of the article from which the Work is to be reused, User shall not use it in any way
which, in the opinion of the Rightsholder, could: (i) distort or alter the author(s)’ original intention(s) and meaning; (ii) be
prejudicial to the honour or reputation of the author(s); and/or (iii) imply endorsement by the author(s) and/or the
Rightsholder. This licence does not apply to any article which is credited to another source and which does not have the
copyright line ‘© IOP Publishing Ltd". User must check the copyright line of the article from which the Work is to be reused
to check that IOP Publishing Ltd has all the necessary rights to be able to grant permission. User is solely responsible for
identifying and obtaining separate licences and permissions from the copyright owner for reuse of any such third party
material/figures which the Rightsholder is not the copyright owner of. The Rightsholder shall not reimburse any fees
which User pays for a republication license for such third party content. This licence does not apply to any material/figure
which is credited to another source in the Rightsholder’'s publication or has been obtained from a third party. User must
check the Version of Record of the article from which the Work is to be reused, to check whether any of the material in the
Work is third party material. Third party citations and/or copyright notices and/or permissions statements may not be
included in any other version of the article from which the Work is to be reused and so cannot be relied upon by the User.
User is solely responsible for identifying and obtaining separate licences and permissions from the copyright owner for
reuse of any such third party material/figures where the Rightsholder is not the copyright owner. The Rightsholder shall
not reimburse any fees which User pays for a republication license for such third party content. User and CCC
acknowledge that the Rightsholder may, from time to time, make changes or additions to these special terms and
conditions without express notification, provided that these shall not apply to permissions already secured and paid for
by User prior to such change or addition. User acknowledges that the Rightsholder (which includes companies within its
group and third parties for whom it publishes its titles) may make use of personal data collected through the service in
the course of their business. If User is the author of the Work, User may automatically have the right to reuse it under the
rights granted back when User transferred the copyright in the article to the Rightsholder. User should check the
copyright form and the relevant author rights policy to check whether permission is required. If User is the author of the
Work and does require permission for proposed reuse of the Work, User should select ‘Author of requested content’ as
the Requestor Type. The Rightsholder shall not reimburse any fees which User pays for a republication license. If User is
the author of the article which User wishes to reuse in User's thesis or dissertation, the republication licence covers the
right to include the Accepted Manuscript version (not the Version of Record) of the article. User must include citation
details and, for online use, a link to the Version of Record of the article on the Rightsholder’'s website. User may need to
obtain separate permission for any third party content included within the article. User must check this with the copyright
owner of such third party content. User may not include the article in a thesis or dissertation which is published by
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ProQuest. Any other commercial use of User's thesis or dissertation containing the article would also need to be expressly
notified in writing to the Rightsholder at the time of request and would require separate written permission from the
Rightsholder. User does not need to request permission for Work which has been published under a CC BY licence. User
must check the Version of Record of the CC BY article from which the Work is to be reused, to check whether any of the
material in the Work is third party material and so not published under the CC BY licence. User is solely responsible for
identifying and obtaining separate licences and permissions from the copyright owner for reuse of any such third party
material/figures. The Rightsholder shall not reimburse any fees which User pays for such licences and permissions. As
well as CCC, the Rightsholder shall have the right to bring any legal action that it deems necessary to enforce its rights
should it consider that the Work infringes those rights in any way. For STM Signatories ONLY (as agreed as part of the STM
Guidelines) Any licence granted for a particular edition of a Work will apply also to subsequent editions of it and for
editions in other languages, provided such editions are for the Work as a whole in situ and do not involve the separate
exploitation of the permitted illustrations or excerpts.

CCC Republication Terms and Conditions

1. Description of Service; Defined Terms. This Republication License enables the User to obtain licenses for
republication of one or more copyrighted works as described in detail on the relevant Order Confirmation (the
"Work(s)"). Copyright Clearance Center, Inc. ("CCC") grants licenses through the Service on behalf of the
rightsholder identified on the Order Confirmation (the "Rightsholder"). "Republication”, as used herein, generally
means the inclusion of a Work, in whole or in part, in a new work or works, also as described on the Order
Confirmation. "User", as used herein, means the person or entity making such republication.

2. The terms set forth in the relevant Order Confirmation, and any terms set by the Rightsholder with respect to a
particular Work, govern the terms of use of Works in connection with the Service. By using the Service, the person
transacting for a republication license on behalf of the User represents and warrants that he/she/it (a) has been
duly authorized by the User to accept, and hereby does accept, all such terms and conditions on behalf of User,
and (b) shall inform User of all such terms and conditions. In the event such person is a "freelancer" or other third
party independent of User and CCC, such party shall be deemed jointly a "User" for purposes of these terms and
conditions. In any event, User shall be deemed to have accepted and agreed to all such terms and conditions if
User republishes the Work in any fashion.

3. Scope of License; Limitations and Obligations.

3.1. All Works and all rights therein, including copyright rights, remain the sole and exclusive property of the
Rightsholder. The license created by the exchange of an Order Confirmation (and/or any invoice) and
payment by User of the full amount set forth on that document includes only those rights expressly set
forth in the Order Confirmation and in these terms and conditions, and conveys no other rights in the
Work(s) to User. All rights not expressly granted are hereby reserved.

3.2. General Payment Terms: You may pay by credit card or through an account with us payable at the end of
the month. If you and we agree that you may establish a standing account with CCC, then the following
terms apply: Remit Payment to: Copyright Clearance Center, 29118 Network Place, Chicago, IL 60673-1291.
Payments Due: Invoices are payable upon their delivery to you (or upon our notice to you that they are
available to you for downloading). After 30 days, outstanding amounts will be subject to a service charge
of 1-1/2% per month or, if less, the maximum rate allowed by applicable law. Unless otherwise specifically
set forth in the Order Confirmation or in a separate written agreement signed by CCC, invoices are due
and payable on "net 30" terms. While User may exercise the rights licensed immediately upon issuance of
the Order Confirmation, the license is automatically revoked and is null and void, as if it had never been
issued, if complete payment for the license is not received on a timely basis either from User directly or
through a payment agent, such as a credit card company.

3.3.
Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) is "one-time" (including

the editions and product family specified in the license), (ii) is non-exclusive and non-transferable and (iii)
is subject to any and all limitations and restrictions (such as, but not limited to, limitations on duration of
use or circulation) included in the Order Confirmation or invoice and/or in these terms and conditions.
Upon completion of the licensed use, User shall either secure a new permission for further use of the
Work(s) or immediately cease any new use of the Work(s) and shall render inaccessible (such as by
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deleting or by removing or severing links or other locators) any further copies of the Work (except for
copies printed on paper in accordance with this license and still in User's stock at the end of such period).

3.4. In the event that the material for which a republication license is sought includes third party materials
(such as photographs, illustrations, graphs, inserts and similar materials) which are identified in such
material as having been used by permission, User is responsible for identifying, and seeking separate
licenses (under this Service or otherwise) for, any of such third party materials; without a separate license,
such third party materials may not be used.

3.5. Use of proper copyright notice for a Work is required as a condition of any license granted under the
Service. Unless otherwise provided in the Order Confirmation, a proper copyright notice will read
substantially as follows: "Republished with permission of [Rightsholder's name], from [Work's title, author,
volume, edition number and year of copyright]; permission conveyed through Copyright Clearance Center,
Inc. " Such notice must be provided in a reasonably legible font size and must be placed either
immediately adjacent to the Work as used (for example, as part of a by-line or footnote but not as a
separate electronic link) or in the place where substantially all other credits or notices for the new work
containing the republished Work are located. Failure to include the required notice results in loss to the
Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal
to twice the use fee specified in the Order Confirmation, in addition to the use fee itself and any other fees
and charges specified.

3.6. User may only make alterations to the Work if and as expressly set forth in the Order Confirmation. No
Work may be used in any way that is defamatory, violates the rights of third parties (including such third
parties' rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise
illegal, sexually explicit or obscene. In addition, User may not conjoin a Work with any other material that
may result in damage to the reputation of the Rightsholder. User agrees to inform CCC if it becomes aware
of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC or the
Rightsholder in connection therewith.

4. Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective

employees and directors, against all claims, liability, damages, costs and expenses, including legal fees and
expenses, arising out of any use of a Work beyond the scope of the rights granted herein, or any use of a Work
which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights
of copyright, publicity, privacy or other tangible or intangible property.

. Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY
TO USE A WORK, EVEN IF ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event,
the total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed
the total amount actually paid by User for this license. User assumes full liability for the actions and omissions of
its principals, employees, agents, affiliates, successors and assigns.

. Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS". CCC HAS THE RIGHT TO GRANT TO USER
THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL
OTHER WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING
WITHOUT LIMITATION IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE.
ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS
OR OTHER PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER;
USER UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL
RIGHTS TO GRANT.

" Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope
of the license set forth in the Order Confirmation and/or these terms and conditions, shall be a material breach of
the license created by the Order Confirmation and these terms and conditions. Any breach not cured within 30
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days of written notice thereof shall result in immediate termination of such license without further notice. Any
unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be liquidated
by payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that is
not terminated immediately for any reason (including, for example, because materials containing the Work cannot
reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of
less than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.

8. Miscellaneous.

8.1. User acknowledges that CCC may, from time to time, make changes or additions to the Service or to these
terms and conditions, and CCC reserves the right to send notice to the User by electronic mail or
otherwise for the purposes of notifying User of such changes or additions; provided that any such changes
or additions shall not apply to permissions already secured and paid for.

8.2. Use of User-related information collected through the Service is governed by CCC's privacy policy,
available online here: https://marketplace.copyright.com/rs-ui-web/mp/privacy-policy

8.3. The licensing transaction described in the Order Confirmation is personal to User. Therefore, User may
not assign or transfer to any other person (whether a natural person or an organization of any kind) the
license created by the Order Confirmation and these terms and conditions or any rights granted
hereunder; provided, however, that User may assign such license in its entirety on written notice to CCCin
the event of a transfer of all or substantially all of User's rights in the new material which includes the
Work(s) licensed under this Service.

8.4. No amendment or waiver of any terms is binding unless set forth in writing and signed by the parties. The
Rightsholder and CCC hereby object to any terms contained in any writing prepared by the User or its
principals, employees, agents or affiliates and purporting to govern or otherwise relate to the licensing
transaction described in the Order Confirmation, which terms are in any way inconsistent with any terms
set forth in the Order Confirmation and/or in these terms and conditions or CCC's standard operating
procedures, whether such writing is prepared prior to, simultaneously with or subsequent to the Order
Confirmation, and whether such writing appears on a copy of the Order Confirmation or in a separate
instrument.

8.5. The licensing transaction described in the Order Confirmation document shall be governed by and
construed under the law of the State of New York, USA, without regard to the principles thereof of conflicts
of law. Any case, controversy, suit, action, or proceeding arising out of, in connection with, or related to
such licensing transaction shall be brought, at CCC's sole discretion, in any federal or state court located in
the County of New York, State of New York, USA, or in any federal or state court whose geographical
jurisdiction covers the location of the Rightsholder set forth in the Order Confirmation. The parties
expressly submit to the personal jurisdiction and venue of each such federal or state court.If you have any
comments or questions about the Service or Copyright Clearance Center, please contact us at 978-750-
8400 or send an e-mail to info@copyright.com.

https://marketplace.copyright.com/rs-ui-web/mp/license/e64 1bb8c-702e-4a68-93a4-f3c5b5a394ef/4584 3ebc-2bb3-4845-ad 10-0a48584806db 5/5


https://marketplace.copyright.com/rs-ui-web/mp/privacy-policy
mailto:info@copyright.com

Supplemental File (Figures, Permissions, etc.) Click here to access/download;Supplemental File (Figures,
11/4/2019 RightBlemkesiatis Lietpgel EEE Conference paper permission.pdf

IEEE LICENSE
TERMS AND CONDITIONS

Nov 04, 2019
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Copyright Clearance Center.
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By clicking "accept" in connection withcompleting this licensing transaction, you, as "User"
do agree that the following terms andconditions apply to the use of the material you selected
for licensing (the"Licensed Material"), along with the Billing and Payment terms and
conditionsestablished by Copyright Clearance Center, Inc. ("CCC"), at the timethat you
opened your RightsLink account and that are available at any time at
http://myaccount.copyright.com.

Grant of Limited License

IEEE hereby grants to you a non-exclusive, non-transferable worldwide license to use the
Licensed Material in the "TYPE OF USE" and "FORMAT" that you outlined in the
RightsLink form in connection with this transaction, and as outlined in accordance with the
terms and conditions of this Agreement. This license does not include any photography,
illustrations or advertisements that may appear in connection with the Licensed Material and
does not extend to any revision or subsequent edition in which the Licensed Material may
appear.

Types of Use

Complete terms and conditions and "TYPES OF USE" can be found in the License
Agreement that will be available to you during the online order process. Certain terms of use
in some [EEE licenses may take precedence over and supersede certain rights granted
through RightsLink services. IEEE also reserves the right to restrict the types and total
number of items that may be reused in any type of publication or medium.For additional
information on the types of use available by IEEE and through RightsLink, please refer to
http://www.ieee.org/publications_standards/publications/rights/rightslink usetypes.html .

Authorized Use

The license granted is granted for a one-time use for REPUBLICATION IN THE "TYPE OF
USE" and "FORMAT" that you outlined in the RightsLink form in connection with this
transaction, to be completed within one (1) year from the date upon which this license is
effective, with a maximum distribution equal to the number that you identified in the
RightsLink form in connection with this transaction.

Restrictions on Use

All uses not specifically authorized in this license and specified in the options for reusing
IEEE Licensed Material available through the RightsLink service are prohibited, including
(1) altering or modifying the Licensed Material in any manner, translating the Licensed
Material into another language or creating any derivative work based on the Licensed
Material; (ii) storing or archiving the Licensed Material in any electronic medium or in any
form now invented or devised in the future, except where permission is granted to do so. For
additional information on the types of use available by IEEE and through RightsLink, please
refer to
http://www.ieee.org/publications_standards/publications/rights/rightslink usetypes.html .

If the Licensed Material is altered or modified in any manner, it must be within the scope of
the license granted and it must not alter the meaning of the Licensed Material or in any way
reflect negatively on the IEEE or any writer of the Licensed Material.

Any use of the Licensed Material in any way that would be considered libelous, defamatory,
abusive or obscene, in violation of any applicable law or the proprietary rights of a third
party and or used in connection with the advertising or promotion of any product or service
is also prohibited.
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You agree to use your best efforts to prevent unauthorized use of the Licensed Material.
License Effective Only Upon Payment and Author Approval

The license granted to you is effective only upon (i) receipt of full payment fromyou as
provided in CCC's Billing and Payment terms and conditions and (i1) yourhaving obtained
the author's approval of your proposed use of the LicensedMaterial as described here.

IEEE Intellectual Property Rights

You agree that IEEE is the owner of all right, title and interest in the Licensed Material
and/or has theright to license the Licensed Material, including all copyright rights andother
intellectual property rights under United States and international law.

Termination

In the event that you breach any of these terms and conditions or any of CCC's Billing and
Payment terms andconditions, the license granted herein shall be terminated immediately.
Any useof the Licensed Material after termination, as well as any use of the
LicensedMaterial beyond the scope of these terms and conditions, may constitutecopyright
infringement and IEEE reserves the right to take any and all actionto protect its rights in the
Licensed Material.

Copyright Notice

You must include the following copyright and permissionnotice (WITH DETAILS FILLED
IN BY YOU) in connection with the Authorized Use ofthe Licensed Material:

© [Year] IEEE. Reprinted, with permission, from [complete publication information].
Warranty and Indemnity

You warrant that you have all rights necessary to enter into this agreement and hereby
indemnify andagree to hold harmless IEEE and CCC, and their respective officers,
directors,employees and agents, from and against any and all claims arising out of youruse
of the Licensed Material other than as specifically authorized pursuant tothis license.

Limited Warranty and Limitation of Liability

THE RIGHT TO USE THELICENSED MATERIAL IS GRANTED ON AN "AS IS"
BASIS AND IEEE MAKES NO WARRANTY, EXPRESS OR IMPLIED WITH RESPECT
TOTHE LICENSED MATERIAL, INCLUDING ALL WARRANTIES OF QUALITY,
ACCURACY AND/ORFITNESS FOR A PARTICULAR PURPOSE, AND IEEE SHALL
NOT BE LIABLE UNDER ANYCIRCUMSTANCES FOR ANY LOSSES RESULTING
FROM YOUR RELIANCE ON OR USE OF ANYINFORMATION CONTAINED IN THE
LICENSED MATERIAL.

No Transfer or Assignment of License

This license is personal to you and may not be sublicensed, assigned, or transferred by you
to any otherperson without IEEE's written permission.

Objection to Contrary Terms

IEEE hereby objects to any terms contained in any purchase order, acknowledgment, check
endorsement orother writing prepared by you, which terms are inconsistent with these
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termsand conditions or CCC's Billing and Payment terms and conditions. These termsand
conditions, together with CCC's Billing and Payment terms and conditions(which are
incorporated herein), comprise the entire agreement between you andIEEE concerning this
licensing transaction. In the event of any conflictbetween your obligations established by
these terms and conditions and thoseestablished by CCC's Billing and Payment terms and
conditions, these terms andconditions shall control.

Payment Terms

If you would like to pay for this license now, please remit this license along with your
payment made payable to "COPYRIGHT CLEARANCE CENTER" otherwise you will be
invoiced within 48 hours of the license date. Payment should be in the form of a check or

money order referencing your account number and this invoice number. Payments should be
sent to the address noted below:

Copyright Clearance Center
29118 Network Place
Chicago, IL 60673-1291

Once you receive your invoice for this order, you may pay by credit card. Additional
information is provided to users at the time their credit card order is placed.

For suggestions or comments regarding this order, contact RightsLink Customer Support:
customercare@copyright.com or +1-855-239-3415 (toll free in the US) or +1-978-646-2777.

Comments and Questions for IEEE

All comments and/or questions related to RightsLink permission services or comments and
questions regarding IEEE licensing policies should be sent to discoverservices@ieee.org.
Users may also call Author Support & Content Discovery staff at 732.562.3965.

A copy of both the license and these terms should be retained for your files.

Other Terms and Conditions:

Updated 12/2011 nbd-IEEE

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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