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

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
27 December 2018 (27.12.2018)

(10) International Publication Number

WO 2018/237384 Al

WIPO I PCT

(51) International Patent Classification:
A61B 5/00(2006.01) AG6IN 1/05 (2006.01)
A61B 5/04 (2006.01)

(21) International Application Number:
PCT/US2018/039293

(22) International Filing Date:
25 June 2018 (25.06.2018)

(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:

62/523,816 23 June 2017 (23.06.2017) US

(71) Applicant: CASE WESTERN RESERVE UNIVERSI-
TY [US/US]; 10900 Euclid Avenue, Cleveland, Ohio 44106
(US).

(72) Imventors: DURAND, Dominique M.; 10900 Euclid Av-
enue, Cleveland, Ohio 44106 (US). MCCALLUM, Grant
A.; 10900 Euclid Avenue, Cleveland, Ohio 44106 (US).

(74) Agent: HAYDEN, Craig W.; Tarolli, Sundheim, Covell &
Tummino LLP, 1300 East Ninth Street, Suite 1700, Cleve-
land, Ohio 44114 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA,CH,CL,CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR,KW,KZ,LA,LC,LK,LR,LS,LU,LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM,KE, LR, LS, MW, MZ,NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,

(54) Title: DETERMINING A STATE OF A SOLID TUMOR BASED ON NEURAL ACTIVITY WITHIN THE SOLID TUMOR

Tnitiuts

Ave Number of Spikes (per 10

Days after mnoculation Ddetastasis day 223

Weural Analysis Mouse CTO0Z1I7R

Y ’////0////’//77/"////,

soceerfype

wo 20187237384 A1 |0 0000 OO0

FIG. 29

(57) Abstract: One aspect of the present disclosure relates a method of diagnosis and/or treatment of a solid tumor. The method includes
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DETERMINING A STATE OF A SOLID TUMOR BASED ON NEURAL ACTIVITY
WITHIN THE SOLID TUMOR

Cross-Reference to Related Application

[0001] This application claims priority to U.S. Provisional Application Serial No.
62/523,816, filed June 23, 2017, entitled “TUMOR NERVE INTERFACE”, the entirety of

which is hereby incorporated by reference for all purposes.

Technical Field

[0002] The present disclosure relates generally to neural activity within a solid tumor
and, more specifically, to systems and methods that determine a state of a solid tumor based

on the neural activity within the solid tumor.

Background

[0003] A solid tumor is an abnormal mass of tissue that usually does not contain cysts
or liquid areas. Solid tumors, which can be benign (not cancer), pre-malignant, or malignant
(cancer), can be found in the brain, ovary, breast, colon, prostate, pancreas, and other tissues.

A malignant solid tumor in the breast can be referred to as breast cancer.

[0004] Breast cancer is a global problem, accounting for nearly a quarter of all cancers
in women worldwide. It is estimated that as many as 1.7 million women are diagnosed with
breast cancer every year. One in eight women will be diagnosed with breast cancer during
her lifetime. An estimated 90 % of deaths due to breast cancer are a consequence of
metastatic disease, whether the cancer was metastatic at diagnosis or a metastatic recurrence
developed later. Permanent treatments to eradicate metastasis do not exist. In fact, there is
no cure once metastatic disease has occurred. The median survival with metastatic breast
cancer is three years, and that number has had no statistically significant change in over

twenty years.
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Summary

[0005] The present disclosure relates generally to neural activity within a solid tumor
and, more specifically, to systems and methods that determine a state of a solid tumor based
on the neural activity within the solid tumor. For example, the state of the solid tumor can be
benign or cancerous. When the solid tumor in the cancerous state, a risk of growth and/or a
risk of metastasis can be determined based on comparing at least a portion of the neural
activity to one or more neural signal metrics. Treatment can be suggested and/or performed

based on the state and/or the determination of the associated risks.

[0006] In one aspect, the present disclosure can include a method for determining a
state of a solid tumor based on neural activity within the solid tumor. The method can
include directly measuring neural activity within the solid tumor for a time. The measuring
can be done by a recording device. The method can also include determining the state of the
solid tumor based on the neural activity. The determining can be done by a system

comprising a processor.

[0007] In another aspect, the present disclosure can include a system that can determine
a state of a solid tumor based on the neural activity within the solid tumor. The system can
include a recording electrode coupled to a computing device. The recording electrode can be
configured to record neural activity within the solid tumor for a time. The computing device
can include a non-transitory memory and a processor to receive the neural activity and

determine the state of the solid tumor based on the neural activity.

Brief Description of the Drawings

[0008] The foregoing and other features of the present disclosure will become apparent
to those skilled in the art to which the present disclosure relates upon reading the following

description with reference to the accompanying drawings, in which:

[0009] FIG. 1 is a schematic diagram showing a system that determines a state of a
solid tumor based on neural activity detected within the solid tumor in accordance with an
aspect of the present disclosure;

[0010] FIG. 2 is a schematic diagram of the computing device in FIG. 1;

2
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[0011] FIG. 3 is a process flow diagram illustrating a method for determining a state of
a solid tumor based on neural activity detected within the solid tumor according to another

aspect of the present disclosure;

[0012] FIG. 4 is a process flow diagram illustrating a method for determining a risk of
growth and/or a risk of metastasis based the neural activity detected using the method of FIG.

3;

[0013] FIG, 5 is a process flow diagram illustrating a method for treating a solid tumor

based on the neural activity detected using the method of FIG. 3;

[0014] FIG. 6 is a plot of impedance change over time post implantation from the day

of implantation until the day of termination in four implanted electrodes;

[0015] FIG. 7 shows 10 second samples of recordings within the tumor;
[0016] FIG. 8 shows 10 second samples of recordings within the control;
[0017] FIGS. 9-10 show a burst of EMG activity originating from the control that

contaminates the tumor recording;

[0018] FIG. 11 shows a graph of the average number of spikes seen in the tumor and

control for an average recording session in 7 mice;

[0019] FIG. 12 shows neural activity within the tumor before lidocaine injection;
[0020] FIG. 13 shows neural activity within the tumor post lidocaine injection;
[0021] FIGS. 14-15 show neural activity within the control both before and after the

injection of lidocaine;

[0022] FIG. 16 shows a graph of the average spikes seen pre and post lidocaine

injection of 5 mice;

[0023] FIG. 17 shows the neural activity within the tumor before saline injection;
[0024] FIG. 18 shows the neural activity within the tumor after saline injection;
[0025] FIG. 19 shows the neural activity within the control before saline injection;

3
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[0026] FIG. 20 shows the neural activity within the control after the saline injection;

[0027] FIG. 21 shows the averaged response within the solid breast tumor to a 5 mA

stimulation pulse applied to the vagus nerve in both forward and reverse polarity;

[0028] FIG. 22 shows raw neural response data for all stimulation pulses lined up and

plotted on top of each other;

[0029] FIG. 23 shows a plot of the neural activity of 5 mice centered at metastasis to

show the increase in neural activity observed;

[0030] FIG. 24 shows a plot of the average number of spikes per day post inoculation;
[0031] FIG. 25 shows a Gaussian fit to average neural spike data centered at metastasis;
[0032] FIG. 26 shows a feature space representation of spike clusters showing the first

two principle components;
[0033] FIGS. 27-28 show representative spikes of identified neural clusters; and
[0034] FIG. 29 shows a plot of the distribution of spike subgroups over time.

Detailed Description

I. Definitions

[0035] Unless otherwise defined, all technical terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which the present

disclosure pertains.

[0036] In the context of the present disclosure, the singular forms “a,” “an” and “the”

can also include the plural forms, unless the context clearly indicates otherwise.

[0037] The terms “comprises” and/or “comprising,” as used herein, can specify the
presence of stated features, steps, operations, elements, and/or components, but do not
preclude the presence or addition of one or more other features, steps, operations, elements,

components, and/or groups.
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[0038] As used herein, the term “and/or” can include any and all combinations of one

or more of the associated listed items.

[0039] As used herein, the term “solid tumor” can refer to an abnormal mass of tissue
that usually does not contain cysts or liquid areas. Solid tumors, which can be benign (not
cancer) or malignant (cancer), can be found in the brain, ovary, breast, colon, prostate,

pancreas, and other tissues.

[0040] As used herein, the term “neural activity” can refer to detectable conduction

within a nerve (e.g., an autonomic nerve, which experiences autonomic activity). In some
instances, the conduction can be electrical conduction. When not otherwise modified, the
term “activity” can refer to “neural activity”. The neural activity can include one or more

neural signals that include one or more properties or characteristics.

[0041] As used herein, the term “state” can refer to a particular condition that
something is in at a particular time. For example, the state of a solid tumor can be one of
benign (not cancer) or malignant (cancer); in some instances, the state can be pre-cancer. A
solid tumor with a state of malignant can be associated with a risk of growth and/or a risk of
metastasis. In some instances, the state may be “requires further testing” to determine

whether the solid tumor is benign or malignant.

[0042] As used herein, the term “metastasis” can refer to the development of a

secondary malignant growth at a distance from a primary malignant solid tumor.

[0043] As used herein, the term “growth” can refer to the process of increasing in

physical size. Tumor growth can refer to the process of the tumor increasing in physical size.

[0044] As used herein, the term “neural signal metric” can refer to a quantifiable
measure of a property of a neural signal. The neural signal metric can be used (often in
combination with one or more thresholds) to predict a risk of growth and/or a risk of
metastasis. For example, the neural signal metric can be based on a shape of the neural
signal, a number and/or amplitude of spike events in the neural activity for the time, power,
entropy, complexity, and/or mean number of crossings of the neural activity within the solid
tumor for the time, and/or one or more frequency characteristics of the neural activity within

the solid tumor for the time.
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[0045] As used herein, the term “recording device” can refer to any type of measuring
instrument that records or detects a signal. Examples of recording devices can include a

recording electrode, magnetic field detector, etc.

[0046] As used herein, the term “electrode” can refer to a conductor through which

electricity enters or leaves an object, substance, or region.

[0047] As used herein, the term “nerve” can refer to a group of one or more fibers (or
“neurons” that employ electrical and chemical signals to transmit motor, sensory, and/or

autonomic information from one body part to another.

[0048] As used herein, the term “autonomic nervous system” can refer to a part of the
nervous system responsible for control of the bodily functions that acts largely
unconsciously. The autonomic nervous system includes parasympathetic neurons and

sympathetic neurons.

[0049] As used herein, the term “treatment” can refer to a session of medical care or the
administration of a dose of medicine for a certain duration and at a certain time. For
example, the treatment of the solid tumor can include delivering a pharmaceutical to the solid
tumor, delivering a therapeutic agent to the solid tumor, delivering an immunotherapy to the
solid tumor, stimulating neural activity to or from the tumor, blocking neural activity to or

from the tumor, delivering radiation to the solid tumor, or the like.

[0050] As used herein, the term “threshold” can refer to a magnitude that must be

exceeded for a certain result to be achieved.

[0051] As used herein, the terms “subject” and “patient” can be used interchangeably
and refer to any warm-blooded organism including, but not limited to, a human being, a pig, a

rat, a mouse, a dog, a cat, a goat, a sheep, a horse, a monkey, an ape, a rabbit, a cow, etc.

I1. Overview
[0052] Neural fibers are known to infiltrate solid tumors and establish a direct

connection between the nervous system and tumor cells. It was long believed that these
neural fibers did not engage in meaningful neural activity. However, the neural activity of

these neural fibers is actually quite meaningful so that the present disclosure relates generally
6
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to detection and usage of this neural activity within a solid tumor. The neural activity in a
solid tumor for a time can be directly measured by a recording device that can be proximal to
the solid tumor or within the solid tumor. A state of the solid tumor can be determined based

on the neural activity.

[0053] A closed loop system can be created using the systems and methods of the
present disclosure. The neural activity within a solid tumor can be directly measured and a
state of the solid tumor can be determined. For example, the state can be benign, malignant,
or requires further testing. Determining the state based on the neural activity creates a new
diagnostic mechanism for the solid tumor. When the tumor is in the malignant state, a risk of
growth and/or a risk of metastasis can be determined based on comparing one or more
properties of characteristics of the neural activity signal to a neural signal metric. Treatment
can be delivered at a certain dose and/or at a certain time to the solid tumor based on the risk
of growth and/or the risk of metastasis. The loop can continue with checking again for the
neural activity. The treatment can be ceased when the neural activity is gone. The detected
neural activity can also contribute to the development of new treatment protocols and

pr eventative measures.

I11. Systems
[0054] One aspect of the present disclosure can include a system 10 (FIG. 1) that can

that determine a state of a solid tumor based on neural activity detected within the solid
tumor. The system 10 can include at least a recording device 12 and a computing device 14.
The recording device 12 can be configured to record neural activity within the solid tumor for
atime. The computing device 14 can receive the neural activity from the recording device 12

and determine a state of the solid tumor based on the neural activity.

[0055] The recording device 12 can be configured in a manner that permits detection of
the neural activity within the tumor. The neural device can be one or more electrodes, a
device that detects a magnetic field corresponding to the neural activity, or the like (e.g., any
bioelectric recording device that can record the neural activity within the tumor and be
connected to an amplifier). As one example, the recording device 12 can be implemented as
a sheet that can be laid over at least a portion of the tumor. In another example, the recording

device 12 can be configured for implantation within the solid tumor (outside the nerve). Asa
7
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further example, the recording device 12 can be an intrafascicular electrode that is configured
for insertion within a nerve located within or associated with the solid tumor. The
intrafascicular electrode can be implanted within a nerve that innervates an organ that

currently includes or once included the solid tumor.

[0056] Until recently, it had been impossible to record chronic, intrafascicular activity
in peripheral nerves due to electrode size and rigidity. However, using highly flexible
materials technology the electrode size and rigidity barrier has been overcome. As an
example, an intrafascicular electrode can be made that includes a 10 micron diameter carbon
nanotube (CNT) yarn electrode and a custom ultra-low noise recording system. Other
materials can be used as long as the flexural rigidity of the material approximates that of the

nerve targeted for implantation.

[0057] The recording device 12 can be coupled to the computing device 14 to send the
detected neural activity for analysis. The coupling can be according to a wired connection in
some instances. In other instances, the coupling can be according to a wireless connection.
In still other instances, the coupling can be according to both a wired connection and a

wireless connection.

[0058] The computing device 14 is shown in more detail in FIG. 2. As shown in FIG.
2, the computing device 14 includes a non-transitory memory 16 and a processor 18. As
shown, the non-transitory memory 16 and the processor 18 can be hardware devices within
the computing device 14. The non-transitory memory 16 can store instructions and the
processor 18 can access the instructions within the non-transitory memory 16 and execute the
instructions. The instructions can include receive 20 the neural activity from the recording

device 12 and determine 22 a state of the solid tumor based on the neural activity.

[0059] In some instances, when the solid tumor is known to exist, the state can be
benign or malignant. A third state can be pre-cancer. The determination of the state can lead
to the system 10 being used as a diagnostic tool. The system 10, in some instances, can

output a diagnosis that includes the determined state of the tumor.

[0060] The state can be determined based on a detection of the neural activity. In other

words, the existence of neural activity from within the solid tumor may be an indicator that

8
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the solid tumor may be or is malignant. To further determine the state, the neural activity can
be compared to one or more neural signal metrics. For example, the neural signal metrics can
be based on a shape of the neural signal, a number and/or amplitude of spike events in the
neural activity for the time, power, entropy, complexity, mean number of crossings, etc. of
the neural activity within the solid tumor for the time, one or more frequency characteristics

of the neural activity within the solid tumor for the time, or the like.

[0061] In other instances, when a solid tumor has been removed from an organ, a
potential recurrence of the solid tumor can be detected based on the presence of neural
activity. This indication of neural activity can be used to determine if further testing should
take place. For example, based in the neural activity, a physician can order a biopsy or other

confirming test.

[0062] When the solid tumor has been characterized as malignant, the computing
device 14 can compare 24 one or more properties or characteristics of the neural signal within
the neural activity to one or more neural signal metrics (which can be based on a shape of the
neural signal, a number and/or amplitude of spike events in the neural activity for the time,
power, entropy, complexity, and/or mean number of crossings of the neural activity within
the solid tumor for the time, and/or one or more frequency characteristics of the neural
activity within the solid tumor for the time). The comparison can be used to determine a risk
of growth or a risk of metastasis based on a property of the neural activity exceeding one or
more thresholds. For example, when the malignant solid tumor is melanoma, when a rate of
change of a neural signal within the neural activity is high, indicating a fast growing tumor,
the risk of growth and/or metastasis would be high. The processor 18 can create an output
recommending delivery of a treatment to the solid tumor based on the risk of growth and/or a

risk of metastasis.

[0063] As another example, a treatment can be delivered to the solid tumor based on a
property of the neural activity. The treatment can include delivering a pharmaceutical to the
solid tumor, delivering a therapeutic agent to the solid tumor; delivering an immunotherapy
to the solid tumor, stimulating neural activity to or from the tumor, blocking neural activity to
or from the tumor, and/or delivering radiation to the solid tumor. Based on the comparison, it

can be determined if and when (e.g., a specific time) to apply the treatment to the solid tumor.

9
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The processor 18 can create an output recommending delivery of a treatment to the solid
tumor according to the determination. For example, the output can set forth a time course for

the treatment to be delivered based on the determination.

[0064] In some instances, the system 10 can includes a treatment delivery device (not
shown). The treatment delivery device can communicate with the computing device 14
and/or a user associated with the computing device 14. The treatment delivery device can be
configured to perform the recommended delivery of the treatment to the solid tumor based on
the output from the computing device 14. In some instances, the treatment delivery device
can be an intravenous access device. In other instances, the treatment delivery device can
include one or more radioactive delivery sources. In further instances, the treatment delivery
device can include a heat source. In other instances, the treatment delivery device can

include a radio frequency (RF) source.

[0065] In some instances, the system 10 can engage in a closed loop control of the
delivery of treatment to the tumor. When the neural activity is detected by the recording
device 12, the computing device 14 can determine the state of the solid tumor to be
malignant. The computing device 14 can then determine the risk of the solid tumor growing
or becoming metastatic. Treatment can then be applied to the solid tumor using the treatment
delivery device. The system 10 can then check again for the neural activity. The treatment

can be ceased when the activity is gone.
Iv. Methods

[0066] Another aspect of the present disclosure can include methods 30-50 that can be
performed by the system 10 shown in FIG. 1. FIG. 3 shows a method 30 for determining a
state of a solid tumor based on neural activity detected within the solid tumor. FIG. 4 shows
a method 40 for determining a risk of growth and/or a risk of metastasis based the neural
activity detected using the method of FIG. 3. FIG. 5 shows a method 50 for treating a solid

tumor based on the neural activity detected using the method of FIG. 3.

[0067] The methods 30-50 are illustrated as process flow diagrams with flowchart
illustrations. For purposes of simplicity, the methods 30-50 are shown and described as being

executed serially; however, it is to be understood and appreciated that the present disclosure
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is not limited by the illustrated order as some steps could occur in different orders and/or
concurrently with other steps shown and described herein. Moreover, not all illustrated

aspects may be required to implement the methods 30-50.

[0068] Referring now to FIG. 3, illustrated is a method 30 for determining a state of a
solid tumor based on neural activity detected within the solid tumor. At Step 32, neural
activity within a solid tumor can be directly measured (e.g., by recording device 12). At Step
34, a state of the solid tumor can be determined (e.g., by computing device 14) based on the
neural activity. For example, the state of the solid tumor can be benign or malignant.
However, the state can also be pre-cancer or needs further testing. The state can be malignant

when the neural activity is detected in the tumor.

[0069] Referring now to FIG. 4, illustrated is a method 40 for determining a risk of
growth and/or a risk of metastasis based the neural activity detected using the method of FIG.
3. At Step 42, a neural signal metric can be retrieved (e.g., from non-transitory memory 16).
At Step 44, the neural activity can be compared to the neural signal metric (e.g., by processor
18). At 46, a risk of growth and/or a risk of metastasis can be determined (e.g., by processor

18). The risk can be based on the neural activity satisfying one or more thresholds.

[0070] Referring now to FIG. 5, illustrated is a method 50 for treating a solid tumor
based on the neural activity detected using the method of FIG. 3. At Step 52, the presence of
a malignant tumor can be detected (by computing device 14) based on neural activity within
the solid tumor (detected by a recording device 12). At Step 54, a treatment for the malignant
tumor can be chosen (by the computing device 14 and/or by a user associated with the
computing device 14). At Step 56, the treatment can be delivered (by a treatment delivery

device) to the malignant tumor.

[0071] In some instances, the treatment can be delivered under a closed loop control.
When the neural activity is detected by the recording device 12, the computing device 14 can
determine the state of the solid tumor to be malignant. The computing device 14 can then
determine the risk of the solid tumor growing or becoming metastatic. Treatment can then be
applied to the solid tumor using the treatment delivery device. The system 10 can then check

again for the neural activity. The treatment can be ceased when the activity is gone.

11



WO 2018/237384 PCT/US2018/039293

V. Example
[0072] The following example is for the purpose of illustration only is not intended to

limit the scope of the appended claims.

[0073] This example demonstrates the direct measurement of neural activity in a solid
tumor (a breast tumor in a 4T1 mouse model). Based on this neural activity metastasis can be
determined with 95% confidence if the number of spike events exceeds a predetermined
threshold such as 150 per a given 10 minute recording period. Additionally, it may be
possible to predict metastasis based on the activity of specific populations of nerve fibers

within the tumor.
Methods
Surgery

[0074] Female mice were inoculated with 4T1 breast cancer in the lower left quadrant of
the abdomen. The lateral length and width of the surface tumor were measured and recorded
daily utilizing digital micro-calipers. The implantation surgery was conducted within 7 to 10
days after inoculation; the approximate time in which the tumor reaches 0.5cm x 0.5cm in size.
This is the minimum size necessary for differential electrodes to be implanted Smm apart, the
ideal distance for micro recordings. At this distance both differential electrodes could record
from the central mass of the tumor by minimizing interference from common mode signals.
The implant device had 3 main components: electrodes, connector port and recording system.
There were 5 electrodes (2 sets of differential electrodes, and one ground electrode), a
transcutaneous connector port to which the electrodes were soldered and woven into a Dacron

mesh for stability, and the INTAN recording system for daily measurements.

[0075] During surgery, the 6 prong connector port was implanted into the back (dorsal
side) of the mouse. For recording from an area of interest such as an inervated tumor, or
other highly enervated area a DFT (Drawn Filled Tubing) based electrode was utilized. This
design interface should be more physically flexible compared to cuff electrodes, and is
capable to be implanted into an area of interest and record from multiple neural sites at once.
DFT electrodes also induce less of an immune response than cuff electrodes, thus maintaining

impedance longer, and can be utilized for chronic recordings without risk of biocompatibility
12
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related degradation and malfunction. The two sets of differential DFT electrodes were
tunneled from the back of the mouse to the lower left quadrant of the abdomen; one set of
electrodes was implanted in the breast cancer tumor approximately 5 mm apart, the other was
placed on the opposite side of the abdomen as a control. A ground wire was tunneled down
the back of the mouse. The implant port was secured by suturing the attached Dacron mesh to
the back muscles and epidermis to prevent the possibility the subject could irritate or explant
the port during recovery or the subsequent chronic trial. After one day of recovery daily
monopolar and differential recordings were conducted with the subject under 1.5 % isoflurane
for approximately 1 hour each day. Impedance of the electrodes was also measured daily to

ensure that the implanted electrodes were functioning as intended.

[0076] As a control, 3 mice were inoculated with D2A1 cells. D2A1 is a slow growing,
but aggressive, triple negative tumor with a low rate of metastasis (rate of metastasis 3-8%).
The mice were imaged and recorded every other day for 42 days. The mice were then
perfused and the tumors explanted for histology. It has been found previously that nerves only
grow in metastatic tumors and not in the tissue is found in non-metastatic tumors. A non-
metastatic tumor is the ideal null hypothesis test to ensure that any activity found in the

metastatic tumors are neural.
Recording

[0077] The main instruments of recording was the INTAN recording system, utilized
with two custom INTAN amplifier circuit boards with 16 and 32 channels for monopolar and
differential recordings respectively. The subjects were anesthetized for recordings under
1.75-2% Isoflurane. The percutaneous ports were connected to the INTAN amplifier boards
(either monopolar or differential) once the subject was anesthetized. The analog signals from
the tumor, control, and ground electrodes were sampled at 20ksps, the hardware-averaged
across the channels and filtered between 500-1000 Hz. Baseline recordings during surgery
were obtained during 5-20 minutes periods to ensure that the electrodes were placed properly.
After two days of recovery recording were obtained daily for one hour (30 minutes duration
monopolar, 30 minutes duration differential). The impedance of the implanted electrodes was
measured daily, post implantation, at a sampling frequency of 1000Hz to ensure their

functionality.

13
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[0078] The neural signals from the tumor electrodes are recorded simultaneously on 16
channels which are hardware averaged to decrease Johnson noise from the electrode and
amplifier. Additionally the signal is filtered between 500-1000 Hz to remove additional
sources of noise. To ensure that no noise was being produced by the recording system a
shake test was performed. This test involves isolating and moving each point of the recording
setup and the animal while monitoring for increased noise or signal artifact on all channels.

At the end of the recording trials, perfusion was performed on the subject to explant the tumor

for histology.
Vagus Stimulation

[0079] At the end of the daily recording trials, a terminal experiment was conducted on
two mice (one pre and one post metastasis), where the vagus nerve was exposed, separated
from the surrounding muscle structure, and elevated and supported on two hook electrodes
approximately 1 mm apart in order to see if there is a neural response in the tumor. The vagus
nerve was stimulated (with forward and reverse polarity) with an electrical waveform
generator at 5 mA amplitude with a 100 uSec PW stimulation at .25 Hz. Five trials were
conducted per mouse, each trial lasting approximately 30 seconds, with a 3-minute break
between trials. The response in the tumor and control were recorded by the Intan System. A

10-minute baseline recording was taken prior to stimulation.

[0080] These experiments were designed to test whether a large action potential impulse
induced in the vagus nerve will travel to the supposedly recruited nerves in the primary tumor
and create a measurable action potential. In these trials, forward and reverse polarity impulses
were administered to the vagus nerve in order to avoid electrical artifacts from being

mistakenly classified as neural action potentials in the primary tumor.
Lidocaine Experiment

[0081] The lidocaine experiment was designed to test the neural nature of the signals
identified during the chronic recordings. Lidocaine is a common nerve blocker, which
inhibits neurons from creating an action potential by blocking fast voltage gated Na+ channels
in the neuronal cell membrane responsible for signal propagation. At the termination of 5

chronic recording experiments a final 30-minute bassline recording was taken, then 0.5 mL of
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Lidocaine 2 % was injected into the tumor. Recordings continued for 30 minutes post
lidocaine injection. If the baseline activity seen during the chronic recordings ceased after the
lidocaine injection, this would be a strong indication that the signals recorded within the tumor

are indeed neural.

[0082] To counter the possibility that the injection process, or the salt in the lidocaine,
could potentially short-circuit the electrodes, an additional experiment was performed
whereby before the injection of Lidocaine, 0.5mL of saline was injected into the tumor. There
was a continuous recording for 30 minutes before and after the injection. No change in
recorded activity during this control experiment will indicate that any decrease in signal

during the lidocaine experiment is a result of a blocking in neural activity, instead of a

chemical or mechanical phenomenon.
Data Analysis

[0083] The recordings were processed via lowband filtering and spike sorting Matlab
programs to determine the trend of neural activity over time. The primary recordings
used in analysis were the differential recordings. The monopolar recordings were utilized in

case either one of the differential electrodes failed.

[0084] In order to determine if neural activity occurred, the differential lowband
recordings from the tumor and control sides were both filtered by the same program, and the
threshold for neural activity was found. The threshold was set to 2.5 time the baseline
RMS (Root Mean Squared) of the signal; this is to determine if the counted spikes

were neural.

[0085] The number of spikes with an amplitude greater that the threshold was counted.
Neural spikes, recorded within the tumor that shared the same time marker to a spike
above threshold in the control were excluded from the final neural spike count to
eliminate obvious artifacts. To ensure that this motion artifact did not contaminate the
tumor spike counting, the tumor activity was disregarded during any instance the control

activity was above threshold.
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UltraMegaSort 2000

[0086] To organize and classify the recorded neural activity, the spike sorting algorithm
UltraMegaSort 2000 (“UMS2k’) was applied to the filtered neural signal. The neural spikes
are divided into clusters; these clusters were then analyzed for their relative firing rate over
time, throughout tumor growth and metastasis. An important metric UMS2k uses during
classification is refractory period violations (rpv). Rpvs are spikes that are classified into a
cluster despite occurring within the refractory period of a neuron of another spike grouped in

that same cluster; there should be a minimal number of rpvs in low noise neural recordings.
Imaging

[0087] The 4T1 cells utilized in this trial have been genetically modified to have the D-
luciferin protein marker. This allows the 4T1 cells to bind to luciferase and bioluminescence
for approximately 30 minutes. Utilizing bioluminescence imaging (BLI) the tumors’ growth
and metastasis can be monitored. For the 4T1 mouse model, metastasis is anticipated to occur
between days 19-22 after inoculation. Post inoculation the mice were subject to BLI imaging

every other day until day 17; following this time, the mice were imaged daily.

[0088] SPECTRUM BLI machine was utilized for imaging. Each mouse was
administered 0.1mL of luciferase via IP injection. Seven minutes after the injection (when the
luciferase is attached to the tumor cells and bioluminescence is at peak brightness) the mice
were imaged at two exposure times. Once at an auto exposure and once at a 1- minute
exposure time, to ensure that the maximum number of photons were captured from the 4T1

cells without oversaturating the image.

[0089] After the SPECTRUM imaging, the images were processed. Two ROIs (regions
of interest) were selected, a 3cm x 3cm ROI over the tumor site, and one 3cm x 2cm ROI over
the lungs. The photons collected within each ROI were processed, and utilized to determine

the tumor size, as well as cell migration and metastasis in the lungs.
Histology

[0090] In order to determine the presence of nerve fibers within the breast cancer tissue,

histology was performed. The mice were perfused and the primary tumor mass extracted and
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fixed in formalin. Utilizing immunofluorescence staining for autonomic nerve fibers
(Cholinergic VACh-T, and Sympathetic TH) the tumor specimens were evaluated. The
formalin-fix tissue samples from the 4T1 breast cancer tumors were sectioned into 40-um
thick slices. Slices were selected from three main areas of the tumor: adjacent to the skin,

center of the tumor mass, and adjacent to the abdominal wall.

[0091] Immunostaining was performed (TH staining- rabbit anti rabbit to stain for
sympathetic fibers, and VACh-T —Sheep anti goat to stain for cholinergic fibers.) according to
the manufacturer’s instructions. The slides were also stained with DAPI to identify the nuclei
of the cancer cells. Any distinct voids within the DAPI staining will identify a potential area
of interest during imaging, as a void means a lack of cancer cells, due to necrosis, blood vessel

growth, or nerve growth.
Results
Impedance Test

[0092] To ensure the continuous functionality of the implanted electrodes, impedance
measurements were performed daily. A sharp increase in impedance indicates the electrodes
failed, while a gradual increase is consistent with post implantation fibrous encapsulation. For

all the trials the electrodes have remained functional.

[0093] FIG. 6 is a representative graph of the impedance over the recording period. (+/-
A are the differential electrodes in the tumor, +/-B are the differential electrodes in the
Control). The graph shows the expected increase of impedance over time for the DFT
electrodes with fibrous encapsulation. These measurements were consistent across all of the

recording trials.
Neural Recording in Tumor and Control

[0094] In order to determine if there is neural activity within the solid breast tumor,
differential recordings within the tumor and control were compared. An example of the
activity recording from the one mouse is shown in FIGS. 7 and 8.  Activity in the tumor is

shown in FIG. 7 and large numbers of spikes each identified with + or small triangle are
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observed on top of a baseline noise. The activity recorded from the control side is shown in

FIG. 8 and no spiking activity is observed.

[0095] Signals were obtained from seven mice were processed after implantation, until
termination. (Mouse 032317_1, 062918A, 062917B all reached metastasis). FIGS. 9 and 10
show that the tumor activity was significantly higher (average over all mice:112 +/- 46.5
spikes per 10 minutes) than the control activity (average over all mice: 3.3 +/-2.6 spikes per

10minutes).

[0096] The results of the spike counting in the control and tumor are statistically
different from one another when analyzed with a t-Test: Paired Two Sample for Means; for
the pooled data P(T<=t) one-tail=0.0001 the t-test results for all mice can be seen in the
legend of FIG. 11 and indicate a significant difference. To determine that the sample size of
seven mice was large enough to create statistically significant results, a power analysis test
was performed. The power was 0.94 indicating a good sample set. The occasional activity
above threshold seen in the control recordings is correlated to motion artifact as stated above.
In order to test that this activity is the result of neural growth within metastatic tumors a

lidocaine test was conducted.
Lidocaine Experiment

[0097] In order to demonstrate the recorded activity within the primary tumor was
neural, Lidocaine was injected into the tumor core to block any neural action potentials within

the recording proximity of the implanted electrodes.

[0098] A half an hour baseline recording was taken for each of the 5 mice. After the
injection of (0.5mL) of Lidocaine 2%, the high level of activity within the tumor ceased. A
30 minute recording was taken after injection. FIGS. 12-13 show that the neural spikes
previously observed within the tumor (FIG. 12) are completely blocked by the addition of
lidocaine (FIG. 13).

[0099] Following the addition of lidocaine, the baseline noise is also reduced
significantly (from approximately SuV to ~1.5uV). The remaining signal post injection is
approximately equivalent to the thermal noise of the electrodes based on the following

calculation:
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Johnson Noise: V(RMS) = \J4*KB*T+R+*(F2—F1)
Bandwidth(F2-F1)=20KHz

electrode resistance =5.6KOhms
Temperature=37 Celsius

V(RMS)=1.38uV

This result indicates that the baseline noise is also neural in origin.

[0100] Data for 5 mice are shown in FIG. 16. The 5 mice were at various stages of
tumor growth (Mouse 072417_1, 090817N, and 090817R reached metastasis). The baseline
activity was significantly higher in all of the mice (average over all mice:140.3 +/- 62.7 spikes
per 10minutes) than after Lidocaine injection (average over all mice:1.5 +/-1. 9 spikes per
10minutes). The results of the spike counting pre and post lidocaine injection are statistically
different when analyzed with a paired t-test (p<0.0001) with two-sample median test, on the
average data of all mice. To determine that the sample size of five mice was large enough to
create statistically significant results, a power analysis test was performed. The power was

0.94 indicating a good sample set.

[0101] This significant reduction in activity as a result of the lidocaine injection supports
the hypothesis that electrical activity within the primary breast cancer tumor is of neural
origin. To ensure this reduction in activity was not caused by a short-circuit in the implanted
electrodes due to the injection process; a control trial was done where (0.5mL) Saline was
injected into the primary tumor. The results are shown in FIGS. 17 and 18 and confirm that
saline injection does not block spiking activity in the tumor. The baseline recording, and post
saline injection recordings are comparable to the previous baseline (pre lidocaine) recordings,
thus supporting the hypothesis that nerve fibers are active within the primary breast cancer
tumor. Data from the control group injected with lidocaine are shown in FIGS. 19 and 20 (pre

and post, respectively).
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Vagus Stimulation

[0102] To further test and define the activity within the tumor is neural, the vagus nerve
was exposed and stimulated to determine if there is a connection between the parasympathetic

nerve and the tumor growth.

[0103] The experiment was performed on 2 mice, with 5 stimulation trials per mouse
(results shown in FIGS. 21 and 22). Ineach trial, an evoked response in the tumor occurred
during vagus stimulation. The response was present for both forward and reverse polarity of
the stimulation, indicating the activity is neural and not an electrical artifact. The delay
between the vagus stimulation and the tumor response was approximately 3 ms, which is the
estimated time it would take for an unmyelinated axon potential traveling at 11.6 m/sec would

need to travel the distance of approximately 3 cm to reach the tumor.
Histology

[0104] Histology was performed to determine any neural growth within the tumors as
predicted by the neural recording experiments. Imaging of the immunostained slide was
performed utilizing a confocal imaging microscope. Images of each stain type were taken
(DAPI, TH, VACh-T, NF, GFP for the 4T1 cells). Neurofillaments, as well as Cholinergic
and sympathetic nerve bundles containing fibers were observed and measured at

approximately 30 to S0um in diameter.

[0105] The histology showed that axons are normally found in the advancing front of
the tumor, and rarely in the tumor core, which correlates to the current theory in literature of
axon recruitment. Together with the neural recordings, these results indicate that there are
nerve fibers in tumors and that their activity can be recorded. These findings support the

theory that the activity within the tumor is neural due to the presence of nerve fibers.
Neural Spikes Correlating to Metastasis

[0106] Next the neural recordings were examined in relation to the growth of the tumor

using BLI to answer the following question: is the neural activing correlated with metastasis?

[0107] For each of the 5 mice recorded, the number of neural spikes was plotted vs

number of days post inoculation. The mouse presented in FIG. 23 (CT090817R) is
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representative of all 5 specimens observed until metastasis where there is a clear increase in
neural activity on the day metastasis as indicated by the appearance of tumors site in the lungs

(day 22 in FIG. 24).

[0108] To normalize these data from the various mice, the plots were centered on the
day of metastasis (FIG. 23). The neural activity on the day of metastasis is 180%-500%
increase of the firing rate of previous peak. The absolute number of spikes varies for each
individual specimen, which is expected variations in the individual mouse, tumor growth, and
electrode implantation. The paired t-test between day of metastasis and all other days was
performed with all results showing statistically significant difference. The t-test values
calculated for days before metastasis indicated no significant difference (p>0.05) except

around the first peak of tumor growth (days -5 to -3).

[0109] To further analyze the findings, the data from all 5 mice were averaged and fitted
to a Gaussian curve with two terms (FIG. 25). The R-squared value of the fit for the 5 mice
ranged from 0.88 to 0.96 (with the average graph having a value of 0.94), indicating a good fit
of this model. The Gaussian model shows that there is a clear correlation between neural
activity and the occurrence of metastasis. In all mice analyzed: there was an initial increase
in neural activity as the tumor grew, a decrease in activity 1.6 days on average before
metastasis, and a 50-400% increase in activity during the metastasis event. As the Gaussian
trend is consistent across all mice, the average regressive model can be utilized as a predictive

aid for future experiments.
Neural Spike Analysis

[0110] The UMS2K algorithm was used to identify the number of subgroups within the
neural spikes. Two clusters were positively identified as different neural spike subgroups
(FIG. 26). The Matlab spike sorting program further identified the characteristics of these two
subgroups: a larger amplitude spike (10-20mV) and a lower amplitude spike (<6mV) (shown
in FIGS. 27-28).

[0111] To determine the spike subgroups contribution to the overall neural activity
during tumor growth and metastasis, both subgroup values were plotted on the same graph.

The specimen (CT090817R) is utilized as a representative example. Considering the number
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of spikes in FIG. 29, the pattern of the smaller amplitude neural spikes correlates with the
trend of total neural activity. The larger amplitude neural spikes remain at a constant low

value throughout the entire trial.

[0112] The analysis of the width of the two types of spikes indicates no correlation to a
metastatic or pre-metastatic event, it stays fairly consistent across all days of recording. The
amplitude of the low amplitude neural spikes remains consistent across the entire trial. There
is a gradual increase in the amplitude of the larger neural spikes several days before the
metastasis event occurs. This increase could be used as a predictor of a future metastasis

event.
Control Mice

[0113] In order to verify our hypothesis that neural activity is found exclusively in
metastatic tumors, a non-metastatic triple negative mouse model was tested. The mice
inoculated with D2A1 cells showed no activity above threshold in all recording trials. None

of the D2A1 mice had a metastasis event occur during this experiment.

[0114] A paired t-test with two sample for means was performed on the average
metastatic mouse data, vs. the non-metastatic mouse data in figure 25 to determine statistical
difference. A one tailed p value of 0.0043 was calculated, indicating a significant difference

between the two data sets.

[0115] From the above description, those skilled in the art will perceive improvements,
changes and modifications. Such improvements, changes and modifications are within the

skill of one in the art and are intended to be covered by the appended claims.
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The following is claimed:

1. A method comprising:

directly measuring neural activity within a solid tumor, by a recording device, for a
time; and

determining, by a system comprising a processor, a state of the solid tumor based on

the neural activity.

2. The method of claim 1, wherein the state is benign, malignant, and/or requires further
testing.
3. The method of claim 2, when the state is malignant, further comprising comparing a

property of a signal associated with the neural activity to a neural signal metric to predict a

risk of growth and/or a risk of metastasis.

4. The method of claim 3, wherein the neural signal metric is based on a shape of the

neural signal, a number and/or amplitude of spike events in the neural activity for the time,
power, entropy, complexity, and/or mean number of crossings of the neural activity within
the solid tumor for the time, and/or one or more frequency characteristics of the neural

activity within the solid tumor for the time.

5. The method of claim 3, further comprising delivering a treatment to the solid tumor

based on the risk of growth and/or a risk of metastasis.

6. The method of claim 5, wherein the treatment comprises delivering a pharmaceutical
to the solid tumor, delivering a therapeutic agent to the solid tumor; delivering an
immunotherapy to the solid tumor, stimulating neural activity to or from the tumor, blocking

neural activity to or from the tumor, and/or delivering radiation to the solid tumor.

7. The method of claim 2, further comprising delivering a treatment to the solid tumor at
a time based on comparing a property of a signal associated with the neural activity to a

neural signal metric to determine the time for administering the treatment for optimal effect.
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8. The method of claim 2, further comprising determining whether further diagnosis
testing is required to determine whether the state is benign or malignant based on comparing

a property of a signal associated with the neural activity.

9. The method of claim 1, wherein the directly measuring further comprises placing the
recording device within the solid tumor or within a nerve that is at least one of within the
solid tumor, innervating an organ with the solid tumor, or receiving a signal from a nerve

within the solid tumor.

10. The method of claim 1, wherein the neural activity is autonomic activity.

11. The method of claim 10, further comprising stimulating or blocking the autonomic

activity based on the state.

12. A system comprising:

a recording electrode configured to record neural activity within a solid tumor for a
time; and

a computing device comprising a non-transitory memory and a processor to receive

the neural activity and determine a state of the solid tumor based on the neural activity.

13. The system of claim 12, wherein the recording electrode is configured for

implantation into the solid tumor or a nerve associated with the solid tumor.

14. The system of claim 12, wherein the state is one of benign or malignant.

15. The system of claim 14, when the state is malignant, the processor further compares a

property of a neural signal associated with the neural activity to a neural signal metric to

predict a risk of growth and/or a risk of metastasis.
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16. The system of claim 15, wherein the neural signal metric is based is based on a shape
of the neural signal, a number and/or amplitude of spike events in the neural activity for the
time, power, entropy, complexity, and/or mean number of crossings of the neural activity
within the solid tumor for the time, and/or one or more frequency characteristics of the neural

activity within the solid tumor for the time..

17. The system of claim 15, wherein the processor creates an output recommending
delivery of a treatment to the solid tumor based on the risk of growth and/or a risk of

metastasis.

18. The system of claim 17, wherein the treatment comprises delivering a pharmaceutical
to the solid tumor, delivering a therapeutic agent to the solid tumor, delivering an
immunotherapy to the solid tumor, stimulating neural activity to the tumor, blocking neural

activity from the tumor, and/or delivering radiation to the solid tumor.

19. The system of claim 17, wherein the output comprises a time course for the treatment

to be delivered based on the neural activity.

20. The system of claim 17, further comprising a treatment delivery device configured to

perform the recommended delivery of the treatment to the solid tumor based on the output.
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This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

see FURTHER INFORMATION sheet PCT/ISA/210

2. I:' Claims Nos.:
because they relate to parts of the international application that do not comply with the prescribed requirements to such
an extent that no meaningful international search can be carried out, specifically:

3. |:| Claims Nos.:
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. lll Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

-

As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. I:' As all searchable claims could be searched without effort justifying an additional fees, this Authority did not invite payment of
additional fees.

3. As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. |:| No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest The additional search fees were accompanied by the applicant's protest and, where applicable, the
payment of a protest fee.

The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

I:' No protest accompanied the payment of additional search fees.
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Claims Nos.: 1-11

Claims 1-11 define a method for treatment by surgery (see "placing the
recording device within the solid tumor or within a nerve" in claim 9)
within the meaning of Rule 39.1(iv), a method for treatment by therapy
(see "delivering a treatment" in claim 5-7 and "stimulating" in claim 1)
and generally a diagnostic method (see "determining ... a state of the
solid tumor" in claim 1, see also "further diagnostic testing" in claim
8). According to Article 17(2) PCT no written opinion regarding novelty,
inventive step or industrial applicability is given for claims 1-11.
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