US 20190029549A1

12) Patent Application Publication (o) Pub. No.: US 2019/0029549 A1

a9y United States

Sniadecki et al,

43) Pub. Date: Jan, 31, 2019

(54) SYSTEM FOR MAGNETIC DETECTION OF
MYOCARDIAL FORCES

(71) Applicant: University of Washington, Seattle, WA
US)

(72) Inventors: Nathan J. Sniadecki, Bothell, WA
(US); Shiv Bhandari, Seattle, WA
(US); Kevin S. Bielawski, Seattle, WA
(US); Andrea B. Leonard, Seattle, WA
(US); Charles E. Murry, Seattle, WA
us)

(21) Appl. No:  16/082,847

(22) PCT Filed: Mar. 10, 2017

(86) PCT No.: PCT/US17/21899
§ 371 (e)(D).
(2) Date: Sep. 6, 2018

Related U.S. Application Data

(60) Provisional application No. 62/307,157, filed on Mar.
11, 2016.

102

Publication Classification

(51) Int. CL
AGIB 5/04 (2006.01)
AGIB 5/00 (2006.01)
(52) US.CL
CPC ...... AGIB 5/04007 (2013.01); A61B 5/7203

(2013.01); A61B 2562/0223 (2013.01); 4618
2503/02 (2013.01); A61B 5/7225 (2013.01)

(7) ABSTRACT

Devices and techniques for magnetic detection of myocar-
dial forces are generally described. In some examples,
cardiac tissue may be cultured such that the cardiac tissue
adheres to a first post and a second post. In further examples,
a magnetometer may detect a change in a magnetic field
resulting from a deflection of the first post in a first direction
from a first position to a second position. In some other
examples a signal corresponding to the change in the mag-
netic field may be generated. In still other examples, fre-
quencies of the signal outside of a first frequency range may
be excluded to produce a filtered signal. In various
examples, the first frequency range may include frequencies
associated with beating of cardiac tissue. In still further
examples, a force exerted by the cardiac tissue may be
determined based at least in part on the filtered signal.
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610 Culture cardiac tissue such that the cardiac
tissue adheres to a first post and a second post,
wherein the first post comprises a first polymer and a
magnetic portion and the second post comprises a
second polymer

¥

620 Detect, by a magnetometer situated proximate
to the first post, a change in a magnetic field resulting
from a deflection of the first post in a first direction from
a first position to a second position

630 Generate a signal corresponding to the change
in the magnetic field

¥
640 Filter the signal by filtering out frequencies of
the signal outside of a first frequency range to produce
a filtered signal, wherein the first frequency range
includes frequencies associated with beating of cardiac
tissue

650  Determine a force exerted by the cardiac tissue
based at least in part on the filtered signal

FIG. 6
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SYSTEM FOR MAGNETIC DETECTION OF
MYOCARDIAL FORCES

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 62/307,157, filed Mar. 11, 2016, the
disclosure of which is incorporated herein by reference in its
entirety.

STATEMENT OF GOVERNMENT LICENSE
RIGHTS

[0002] This invention was made with government support
under Grant Nos. CBET-1509106 and CMMI-1402673,
awarded by the National Science Foundation. The govern-
ment has certain rights in the invention.

FIELD

[0003] This application relates to culturing and analysis of
tissue and/or cells.

BACKGROUND

[0004] The heart can be loosely characterized as a positive
displacement chamber that expands and contracts to cause
blood to flow through the body. Heart contractions may
occur with a frequency of approximately 1 Hz in a human
subject. Abnormal frequency and/or forces associated with
cardiomyocyte contraction may be indicative of disease.
Cardiomyocyte tissues may be engineered and produced in
a laboratory setting to investigate and study the forces and
biology of the tissues. Such laboratory models may be useful
in the formation of replacement tissues for therapeutic
applications, as the heart does not have great ability to repair
itself after infarctions. Engineered cardiac tissue may allow
repair of the myocardium. Monitoring progress of cardiac
cells and tissues for their force-generating capabilities may
allow doctors and researchers to assess the maturity and
viability of the cardiac cells and/or tissue, and thereby
enhance the likelihood of successful repair.

SUMMARY

[0005] In various examples, systems and methods are
provided for improved magnetic detection of myocardial
forces of engineered cardiac cells and/or tissue.

[0006] In accordance with some embodiments of the pres-
ent invention, cardiac tissue analysis devices are generally
described. In some examples, the cardiac tissue analysis
devices may comprise a base and a first post having a
proximal end coupled to the base and a distal end. In some
examples, the first post may comprise a first polymer and a
magnetic portion. In various other examples, the cardiac
tissue analysis devices may comprise a second post com-
prising a second polymer and having a proximal end coupled
to the base and a distal end. The distal end of the second post
may be separated from the distal end of the first post by a
gap. In further examples, the cardiac tissue analysis devices
may further comprise a magnetometer disposed proximate to
the first post. In various examples, the magnetometer may be
effective to generate a signal in response to a deflection of
the distal end of the first post. In some other examples, the
cardiac tissue analysis devices may comprise a filter circuit
communicatively coupled to the magnetometer. In vet other

Jan. 31,2019

examples the filter circuit may be effective to pass signals of
a first frequency range. In various examples, the first fre-
quency range may include frequencies associated with beat-
ing of cardiac tissue.

[0007] In accordance with some other embodiments of the
present invention, methods of magnetically detecting forces
in cardiac tissues are generally described. In some examples,
the methods may include culturing cardiac tissue such that
the cardiac tissue adheres to a first post and a second post.
In vet other examples, the first post may comprise a first
polymer and a magnetic portion and the second post may
comprise a second polymer. In various other examples, the
methods may further include, detecting, by a magnetometer
situated proximate to the first post, a change in a magnetic
field resulting from a deflection of the first post in a first
direction from a first position to a second position. In still
further examples, the methods may further comprise genet-
ating a signal corresponding to the change in the magnetic
field. In still other examples, the methods may comprise
filtering the signal by filtering out frequencies of the signal
outside of a first frequency range to produce a filtered signal.
In various cases, the first frequency range may include
frequencies associated with beating of cardiac tissue. In
other examples, the methods may further comprise deter-
mining a force exerted by the cardiac tissue based at least in
part on the filtered signal.

[0008] In some examples, other methods of magnetically
detecting forces in cardiac tissues are generally described. In
some examples, the methods may comprise culturing car-
diac tissue such that the cardiac tissue adheres to a first post
and a second post. In various examples, the first post may
comprise a first polymer and a magnetic portion and the
second post may comprise a second polymer. In some
further examples, the methods may further comprise posi-
tioning the first post and the second post in a well of a
multi-well plate. In still other examples, the methods may
further comprise adding a therapeutic agent to the well. In
some further examples, the methods may comprise detect-
ing, by a magnetometer situated proximate to the first post,
changes in a magnetic field resulting from deflections of the
first post due to beating of the cardiac tissue. In some other
examples, the methods may further comprise generating a
signal corresponding to the changes in the magnetic field
over time. In yet other examples, the methods may further
comprise filtering the signal by filtering out frequencies of
the signal outside of a first frequency range to produce a
filtered signal. In some cases, the first frequency range may
include frequencies associated with beating of cardiac tis-
sue. In various further examples, the methods may further
comprise determining, based at least in part on the filtered
signal, changes in force exerted by the cardiac tissue over
time.

[0009] Still other embodiments of the present invention
will become readily apparent to those skilled in the art from
the following detailed description, wherein are described
embodiments by way of illustrating the best mode contem-
plated for carrying out the invention. As will be realized, the
invention is capable of other and different embodiments and
its several details are capable of modifications in various
obvious respects, all without departing from the spirit and
the scope of the present invention. Accordingly, the draw-
ings and detailed description are to be regarded as illustra-
tive in nature and not as restrictive.
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BRIEF DESCRIPTION OF DRAWINGS

[0010] FIG. 1 depicts a side view of a device that can be
used to magnetically detect myocardial forces, in accor-
dance with various embodiments of the present disclosure.
[0011] FIG. 2 depicts magnetometer circuitry for detecting
a change in a magnetic field associated with beating of
cardiac tissue and for filtering and amplifying a signal
received from the magnetometer, in accordance with various
embodiments of the present disclosure.

[0012] FIG. 3 depicts the example device of FIG. 1
including external magnets used to simulate preload and
afterload of cardiac tissues, in accordance with various
embodiments of the present disclosure.

[0013] FIG. 4A is a graph of preload and afterload forces
varied over time with an external magnet, in accordance
with various embodiments of the present disclosure.
[0014] FIG. 4B is a length-force graph of cardiac tissue in
accordance with various embodiments of the present disclo-
sure.

[0015] FIG. 4C is a graph exhibiting cardiac pressure-
volume (PV) loops representing changes in pressure during
preload and/or afterload in cardiac tissue, in accordance with
various embodiments of the present disclosure.

[0016] FIG.5 is a graph showing varying post position and
resulting voltage resulting from the beating of cardiac tissue
in the various systems for magnetic detection of myocardial
forces described in the present disclosure.

[0017] FIG. 6 depicts an example process for magnetically
determining force exerted by cultured cardiac tissue, in
accordance with various aspects of the present disclosure.
[0018] FIG. 7 depicts an example computing device effec-
tive to perform the various processing techniques described
herein.

DETAILED DESCRIPTION

[0019] In the following description, reference is made to
the accompanying drawings that illustrate several embodi-
ments of the present disclosure. It is to be understood that
other embodiments may be utilized and system or process
changes may be made without departing from the spirit and
scope of the present disclosure. The following detailed
description is not to be taken in a limiting sense, and the
scope of the embodiments of the present invention is defined
only by the claims of the issued patent. It is to be understood
that drawings are not necessarily drawn to scale.

[0020] Various embodiments of the present disclosure
provide improved systems and methods for magnetic detec-
tion and determination of myocardial forces of engineered
cardiac cells and/or tissue. These embodiments may
improve a signal to noise ratio for determination of myo-
cardial forces. Additionally, these embodiments may reduce
data storage requirements for myocardial force detection and
determination, relative to optical methods of monitoring the
tissue. The magnetic detection and filtering techniques
described herein allow for repeatable, accurate, and precise
results. As used herein, “cardiac tissue” and/or “myocardial
tissue” may refer to single cardiomyocytes and/or multiple
cardiomyocytes fused to form a tissue. In the following
detailed description these terms may sometimes be used
interchangeably.

[0021] In some examples, single cardiomyocytes may be
cultured and affixed to polymeric microposts, sometimes
referred to herein as “posts”. The force response of single
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cardiomyocytes can provide information about the effects of
a variety of reagents and treatments to which the cardio-
myocytes are exposed as well as information about the
development and maturity of the cardiomyocytes. In various
examples, small tissues made up of cardiomyocytes may be
cultured and attached between microposts. The cardiomyo-
cytes may be seeded within a fiber matrix. In some
examples, the fiber matrix may comprise collagen, fibrin,
matrigel, silicone, and/or other polymeric substances. At
least some of the microposts to which the cardiac tissue is
affixed may be designed in such a way as to be flexible. In
various examples, the diameter, length, or material of the
microposts may be selected in order to impart a desired
flexibility or rigidity to the microposts. The cardiac tissue
may be effective to bend the flexible microposts upon
contraction of the cardiac tissue. In this disclosure, micro-
posts may sometimes be referred to as “posts”. Additionally,
in some cases, the posts described herein may have a wide
variety of dimensions. As such, the prefix “micro” used in
conjunction with the term “posts” does not describe all
possible and intended posts contemplated by the present
disclosure. As described in further detail below, the force
generated by the cardiac tissue may be determined based on
the amount by which the post is bent or deflected.

[0022] Previous attempts at seeding cardiac tissue and
monitoring forces from engineered heart tissues have
encountered a variety of obstacles. For example, sophisti-
cated image analysis may be used to monitor the motion of
the microposts to which the cardiac tissue is affixed. The
force exerted by the cardiac tissue may be determined based
on the motion; however, a dedicated microscope and highly
complex computer vision techniques are required to monitor
the force of the cardiac tissue over time. The computer
processing requirements and data storage requirements for
processing and storing the optical data is relatively high,
especially as compared with the techniques described
herein. Additionally, expansion beyond a single 24 well
plate requires additional microscopes and/or a significant
set-up and tear-down time for each point of force measure-
ment. As such, massively parallel studies using such tech-
niques may be prohibitively expensive and/or time consum-
ing. Some other methods of monitoring the force
development of engineered cardiomyocyte tissues require
destructive methods or merely monitor the electrophysiol-
ogy and not the actual force generation of the cardiac tissue.

[0023] FIG. 1 depicts a side view of a device 100 that can
be used to magnetically detect myocardial forces, in accor-
dance with various embodiments of the present disclosure.
Device 100 may include a base 102 and a plurality of posts
including, for example, post 104 and post 106. In some
examples, posts 104 and/or 106 may comprise a polydim-
ethylsiloxane (PDMS) polymer. In various examples, the
PDMS polymer may be formed from a four-part acrylic
mold or another mold. In various examples, base 102 may be
comprised of a biocompatible matrix material such as col-
lagen, fibrin, Matrigel, and/or any other suitable material to
which to couple and/or affix microposts. Although two posts
104 and 106 are depicted in FIG. 1, any number of posts may
be used in accordance with various embodiments of the
present disclosure. In some examples, there may be a gap of
between 4 and 20 millimeters between adjacent posts, such
as posts 104 and 106. In some further examples, posts 104
and 106 may be between approximately 5 mm and 24 mm
tall and between 0.5 mm and 3 mm in diameter.



US 2019/0029549 A1

[0024] 1In other examples, posts may be taller or shorter
and may have larger or smaller diameters relative to the
ranges previously mentioned, according to the desired
implementation. Similarly, the gaps between posts may in
some cases be smaller than 4 millimeters, depending on the
desired implementation. As is described in further detail
below, the dimensions of the posts may be selected in order
to impart rigidity and/or flexibility to the posts. In some
examples, posts arranged in an array may be spaced for
insertion into a multi-well plate such as, for example, a
24-well plate. In various examples, each pair of posts, such
as posts 104 and 106, in an array of posts may be appro-
priately spaced and located such that each pair of posts may
correspond with and fit into a well of a multi-well plate.

[0025] The base 102 may be rigid or flexible and may be
designed to interface with a 24-well or other-numbered well
plate so that the tips 110 of pairs of posts (e.g., posts 104 and
106) of base 102 may be inverted to fit into individual wells
of the plate. Cardiac tissue 116 may be cultured and may
adhere to tips 110 of the posts 104, 106 such that the cardiac
tissue grows “between” the two posts. For example, cardiac
tissue 116 depicted in FIG. 1 may adhere to posts 104 and
106 and may be grown between the two posts. In some
examples, cardiac tissue 116 may be cultured in the indi-
vidual wells. In various other examples, and as described in
further detail below, wells of a multi-well plate into which
tips 110 of posts 104, 106 are inserted may include solutions
comprising nutrients and/or therapeutic agents. In some
examples, cardiac tissue adhered to posts 104, 106 may be
exposed to therapeutic agents in order to test the efficacy of
the therapeutic agents by measuring the response of the
cardiac tissue to the agents.

[0026] A first proximal end of posts 104 and 106 may be
coupled to base 102 and a second, distal end of posts 104 and
106 may comprise a tip 110. While in some examples the tip
110 may be non-uniform relative to the remainder of the
posts in order to promote tissue attachment, in various other
examples, the tip 110 may be relatively uniform with respect
to the post, depending on the desired implementation. In
various examples, the posts may comprise a polymeric
material and may be less than about 2 millimeters in
diameter. Post 104 may be sufficiently flexible such that the
tip 110 of post 104 may be deflected away from an at-rest
position in response to the contraction of cardiac tissue
attached to post 104. For example, cardiac tissue 116 may be
attached to post 104 at or near tip 110 of post 104. Cardiac
tissue 116 may also be attached to post 106, or another post
and/or object. When cardiac tissue 116 contracts due to the
spontaneous beating of cardiac tissue, the force of the
contraction causes post 104 to bend or deflect from an at-rest
position to a second, deflected position. In FIG. 1, post 104
is shown in a deflected position, bent away from a vertical
rest position. Post 106 may include a rigid insert 108 to
impart rigidity to post 106 in order to prevent and/or limit
the deflection or other movement of post 106 from the
vertical rest position in response to the contraction of cardiac
tissue 116. Rigid insert 108 may comprise silicon glass,
metal, plastic and/or any other material of sufficient rigidity
to prevent and/or reduce the deflection of post 106 during the
contraction of cardiac tissue 116.

[0027] In some other examples, post 106 may not include
a rigid insert and may accordingly exhibit similar flexibility
as other posts attached to base 102. In still other examples,
the diameter and/or length of posts may be altered in order
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to impart the desired level of flexibility to various posts. For
example, if it is desired that some posts be more flexible and
other posts be less flexible, some posts may be formed with
a smaller diameter and/or a greater length in order to impart
greater flexibility along the length of the post. Similarly,
other posts may be formed with a larger diameter and/or a
shorter length in order to impart rigidity/limit flexibility.
Additionally, although the description herein refers to posts
of a cylindrical shape, posts may instead be formed with
other shapes. For example, the posts may be formed in a
parallelepiped shape or other polygonal shape.

[0028] As depicted in FIG. 1, post 104 may comprise a
magnetic material 112 such as neodymium and/or another
magnet embedded within or otherwise coupled to the post.
In some examples, tip 110 of post 104 may be effective to
prevent the post 104 from tearing due to the embedding of
magnetic material 112. In various further examples the
magnetic material may be smaller than 2 mm®. In various
examples, the magnetic material 112 may be disposed at or
near the tip of post 104 such that when post 104 is deflected
the magpnet is accordingly displaced from a first position to
a second position by the deflection of the post 104. Magnetic
material 112 produces a magnetic field 114. Deflection of
post 104 may cause magnetic material 112 to be displaced
and to rotate relative to the original position of magnetic
material 112. Accordingly, the magnetic field 114 associated
with magnetic material 112 may similarly translate and
rotate due to the translation and rotation of magnetic mate-
rial 112. A magnetometer 120 disposed proximate to post
104 may detect the changes in the strength of a detected
magnetic field as the magnetic material 112 and magnetic
fields 114 move closer to and away from the magnetometer
120 with the beating of the cardiac tissue 116. The magne-
tometer 120 may be disposed at various positions relative to
positions of post 104 and post 106. Magnetometer 120 may
be positioned such that magnetometer 120 can detect a
change in the magnetic field due to deflection of magnetic
material 112 from a first position to a second position. In
various examples, magnetometer 120 may be positioned
within 0.1-10 millimeters from post 104. In some other
examples, magnetometer 120 may be positioned between
11-30 millimeters from post 104. In various other examples,
magnetometer 120 may be positioned closer to or further
from post 104, depending on the type of magnetometer
and/or the type of magnetic material used.

[0029] In some examples, the change in magnetic field
strength detected by the magnetometer 120 may be on the
order of microteslas and may affect only a local region
within the well in which posts 104 and 106 are disposed.
Accordingly, magnetic field changes associated with the
beating of cardiac tissue 116 may be distinguished from
magnetic field changes associated with beating of cardiac
tissue adhered to other posts, and/or disposed in other wells
of a multi-well plate.

[0030] In various examples the magnetometer 120 may be
a giant magnetoresistive (GMR) sensor. In some examples,
an array of magnetometers 120 may be arranged such that a
single magnetometer may be associated with each well of a
multi-well plate. Accordingly, the changes in magnetic field
strength associated with the cardiac tissue disposed in each
well of a multi-well plate may be detected and distinguished
from other wells. The change in field strength results in an
output signal 122. The output signal 122 may comprise a
voltage output from magnetometer 120.
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[0031] In various examples, magnetometers and/or arrays
of magnetometers may be arranged on printed circuit boards
along with other circuitry for filtering and/or amplifying
output signal 122. In some examples where magnetometers
120 are GMR-based magnetic sensors, the magnetometers
120 may include resistances arranged in a Wheatstone
bridge configuration that results in a decrease in voltage of
signal 122 when the magnetic field detected by the GMR
sensor increases. Each measurement from the Wheatstone
bridge of the GMR sensor may be output to as signal 122 to
a high pass filter and/or a bandpass filter and amplified using
one or more operational and/or instrumentation amplifiers.
See, for example, FIG. 2 depicting an example of circuitry
including magnetometer 120, filter 130 (a high pass filter in
FIG. 2), and an instrumentation amplifier 220.

[0032] The output voltage from filter 130 may be detected
by a data acquisition system and may be used to determine
a force associated with the beating of the cardiac tissue 116,
as discussed in further detail below. Although a high pass
filter is depicted in the example circuitry shown in FIG. 2,
in some other examples, low pass and/or bandpass filters
may be used, in accordance with the various embodiments
described herein, depending on the desired frequencies to be
captured and passed to the data acquisition system.

[0033] Magnetometers 120 may be soldered to printed
circuit boards containing conditioning circuitry. In some
examples, the magnetometers 120 may comprise Wheat-
stone bridge configurations and may be routed to high-pass
filters to reduce long-term drift of the system. Filters, such
as the high pass filter 130 depicted in FIG. 2, may be
designed to have a cut-off frequency that passes cardiac
tissue contraction frequencies while excluding low-fre-
quency ambient noise. In some examples, high pass filters
130 may have a cut-off frequency of approximately 0.01-0.3
Hz. In various other examples, high pass filters 130 may
have a cut-off frequency of approximately 0.1-0.25 Hz. In
still other examples high pass filters 130 may have a cut-off
frequency of approximately 0.16 Hz-0.5 Hz. Although,
various frequency ranges are provided for illustrative pur-
poses, other ranges of cut-off frequencies may be used in
accordance with the present disclosure. Identification of the
frequency of rhythmic beating of the cardiac tissue can, in
some examples, serve as an upper limit for the cutoff
frequency of the high pass filters, although often a lower
cut-off frequency may be used in order to avoid data loss
from slower than average beating of cardiac tissue. Addi-
tionally, band pass and/or low pass filters may be used in
various implementations in order to filter out frequencies
lower than and/or higher than the frequencies associated
with the beating of the cardiac tissue. Filter 130 may be
effective to offset drift in the detected signals due to tem-
perature fluctuations and/or due to ambient magnetic fields
of the environment in which device 100 is sitnated.

[0034] Signals from filters 130 may be routed through
instrumentation amplifiers such as instrumentation amplifier
220 depicted in FIG. 2 before going through a data acqui-
sition system. The data acquisition system may be effective
to monitor and record the frequencies of cardiac tissue
contraction and force. In addition, the data acquisition
system may record the timing of additions of fluids, such as
therapeutic agents and/or nutrients. The data acquisition
system may include one or more processing elements and/or
one or more memories effective to store data received from
filter 130 depicted in FIG. 1.
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[0035] Magnetic Model

[0036] The examples below describe experimental meth-
ods used to validate a system for magnetic detection of
myocardial forces. Although particular data and instrumen-
tation are described in the discussion below, other instru-
ments (e.g., magnets, filters, materials) may be used in
accordance with the present disclosure and such other instru-
ments may yield different values than those discussed below
for purposes of example.

[0037] A model of the system was developed in Matlab
(although any suitable programming language may be used)
by treating the embedded magnetic material 112 as a point
dipole. A point dipole may be a fair approximation for the
magnetic material 112, as the distance between the magnetic
material 112 and the magnetometer 120 was much greater
than the size of the magnetic material 112. In some
examples, the dipole strength of 1 mm? neodymium magnets
may have a dipole strength of M=7.5¢ +1.5e +1.5e, mAm>.
The x-component of the stray field was determined for an
array on the plane of the sensor to determine the effect of
adjacent posts as well as the optimal location for the sensor.
The projection was determined based on the magnetic field
of a point dipole:

B:,u_os(m-r)r m] 1)

Az s 3

[0038] where m is the magnetic moment described above,
B is the magnetic field change, and r is the distance from the
current location of the magnet to the position in the plane of
the sensor. Due to the physical constraints of the system, the
closest the sensor can be to the magnet in the vertical
direction is 10 mm. In various examples, an optimum
position of the magnetometer 120 relative to the post 104
may comprise locating magnetometer 120 a few millimeters
ahead of the post 104.

[0039] The magnetic field change B can be used to deter-
mine the force of the tissues after a calibration is performed
on the system. The force exerted by the cardiac tissue on the
flexible post 104 is directly proportional to the distance the
tip 110 of the flexible post 104 moves, determined by the
stiffness and dimensions of the flexible post 104. The
distance the tip 110 of the flexible post 104 moves causes a
change in B at the magnetometer 120, which in turn creates
a difference in the voltage read at a computing device. A
calibration can be performed by manually moving the tips of
the posts a specified distance (thus generating a known
force) and monitoring the corresponding voltage change in
the system. The voltage change is due to the B field change.
[0040] Magnetometers 120 may be spaced in an array such
that adjacent magnetometers 120 do not have measurable
signals when posts are deflected up to 300 pm. The orien-
tation relative to the earth was found to slightly alter the
response of the sensors, which is likely due to a move away
from the linear range of the sensors while the earth’s
magnetic field was oriented against the stray magnetic field
of the post. The sensors had a linear voltage-position
response in multiple orientations with slightly different
sensitivities.

[0041] Frequency and Force Plotting

[0042] In testing the system, voltage outputs from six
sensors simultaneously tracked the active force generation
of the posts in the first row of a 24-well plate. Data was
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recorded using LabView and displayed on screen in real-
time during experiments. Post-hoc analysis was performed
on all experiments to assess the frequency and magnitude of
pulses over time. The data was filtered with a low-pass filter
to remove measurement noise using an Sth order Butter-
worth filter with a cut off frequency of 7 Hz. Only the
peak-to-peak amplitudes were recorded, so the mean was
removed from the data. An exponential moving average
filter with alpha=0.0001 was used to eliminate the means of
the data and account for any low-frequency drift in the
system that was not eliminated with the analogue high-pass
filters.

[0043] After filtering the data, a custom peak finding
program found the maximums and minimums of the data
with a minimum amplitude of 7 mV, or about 5-10% of the
typical baseline motion. Frequency was determined based
on the time between maximums. The instantaneous magni-
tude was determined by subtracting the maximum from the
adjacent minimum as long as the maximum and minimum
were within two seconds of each other. Data was then
grouped together for analysis with 30 seconds grouped at a
time. The means of the frequency and magnitudes were
averaged over each 30 second period until the end of the
experiment at 180 seconds. In order to reduce errors due to
slight adjustment of the posts during fluid addition, a four-
second window around each fluid addition time point was
removed from the averages for both the frequency and
magnitude measurements.

[0044] Pharmacological Inhibitors

[0045] In various examples, cardiac tissues adhered to
posts and disposed within wells of a multi-well plate may be
exposed to therapeutic agents. For example, inhibition
experiments may be performed using verapamil hydrochlo-
ride (CAS 152-11-4, Tocris Bioscience, Bristol, UK) and
isoproterenol hydrochloride (CAS 5984-95-2, Sigma-Al-
drich, St. Louis, Mo.). Cardiac tissues may be treated with
a mixture of the relevant drug and deionized water. Thera-
peutic agents may be filtered and portioned into the appro-
priate dilution based on the final concentration. In some
example experiments, some wells may serve as controls
having no therapeutic agents.

[0046] FIG. 3 depicts the example device of FIG. 1
including an external magnet 330 used to simulate preload
and afterload in cardiac tissues, in accordance with various
embodiments of the present disclosure.

[0047] External magnetic fields may be applied to posts
104 and 106 of device 100 via an external magnet 330. In
some examples, external magnet 330 may comprise a per-
manent magnet, while in other examples, external magnet
330 may comprise an electromagnetic coil 340 to impart a
magnetic force that acts on the magnetic material 112 and
pulls against the cardiac tissue 116 attached to post 104
and/or 106. In some examples, external magnet 330 may be
disposed adjacent to post 104 and/or post 106. External
magnet 330 may be effective to attract magnetic material 112
with a first force and thereby displace a distal end of post
104. When the cardiac tissue 116 relaxes during diastole, the
restoring force of the post (e.g., a flexible post 104) causes
the cardiac tissue 116 to stretch like the elastic recoil of the
myocardium. However, when a magnetic force is applied,
the cardiac tissue 116 is stretched further, similar to ven-
tricular expansion during diastolic filling (sometimes
referred to as “preload”). Accordingly, the cardiac tissue 116
may be strained by a first amount during and/or just after
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diastole of the cardiac cycle to stress the cardiac tissue 116
in order to simulate preload. For example, a flexible post 104
to which cardiac tissue 116 is adhered to may stretch from
an at-rest position 350 to a position 352 due to the magnetic
force from external magnet 330 attracting magnetic material
112. When cardiac tissue 116 begins to contract forcibly
with electrical stimulation, and at the same time an increase
in the magpetic force from external magnet 330 is applied,
there is increased resistance to shortening akin to the resis-
tance due to blood pressure during systole (sometimes
referred to as “afterload™). Increasing preload and afterload
can be done independently and with complex patterns by, for
example, controlling the current running through the elec-
tromagnetic coil 340 at various points during the cardiac
cycle of cardiac tissue 116 or by varying the distance
between an external magnet 330 and magnetic material 112
(e.g., FIG. 4A). Using this pattern, the cardiac tissue’s
length-force (e.g., FIG. 4B) can be compared to cardiac
pressure-volume (PV) loops for increasing preload and/or
afterload (e.g., FIG. 4C). Thus, preload can be gradually
increased to mimic increasing venous return and afterload to
mimic increasing blood pressure during development, and
change their loading conditions to mimic PV loops of heart
failure or hypertension. In various examples, the amount of
magnetic force applied to the magnetic material 112 may be
modulated by changing an amount of current supplied to the
electromagnetic coil 340.

[0048] Magnetic Sensors

[0049] In various examples, high-speed optical micros-
copy may be used to track post deflections, but such an
approach may have low throughput: one sample/well at a
time. Additionally optical techniques may require a large
amount of processing resources and data storage as well as
expensive optical equipment. Moreover, the image analysis
algorithms are cumbersome and require user-input to ensure
accuracy of results. Accordingly, the magnetic approach
described herein may be used to record the post deflections
using giant magnetoresistive (GMR) sensors and/or other
magnetometers (e.g., magnetometer 120 depicted in FIG. 1).
Arrays of GMR sensors and/or other magnetometers may be
used, with high pass filters and instrumentation amplifiers
for signal processing to allow for parallel processing of
multiple multi-well plates. When cardiac tissue 116 pulls on
a flexible post (e.g., post 104 from FIG. 1), its movement
causes the neodymium magnet or other magnetic material
112 to rotate and translate which, in turn, changes the
strength of the magnetic field at the GMR sensor. The
change in the field is very small (microteslas) and affects
only a local region within its well, and not at the other wells.
The field change results in a change in voltage output from
the sensor, which can be calibrated to correspond to the post
deflection detected using optical microscopy, and the corre-
sponding contractile force (see FIG. 5). The voltage signal
may be used to determine the force exerted by the cardiac
tissue 116. Thus, real-time analysis of cardiac tissue con-
tractions is possible without requiring powerful processing
and large amounts of data storage. In various examples, a
PID controller may be used in conjunction with the electro-
magnetic coil 340 (FIG. 3) to modulate preload and afterload
in response to contractile forces of the cardiac tissue 116.
[0050] Preload Effect on Maturation in Cardiac Tissue
[0051] The following description describes an experiment
to simulate preload effect on cultured cardiac tissue in the
system for magnetic detection of myocardial forces
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described herein. The values described below may be altered
in different implementations according to the desired strain
to be introduced to the cardiac tissue.

[0052] Engineered heart tissues may be cultured as previ-
ous described, but with minor modifications in order to
incorporate the neodymium magnet in the flexible posts.
Briefly, 4x10° hiPSC-CMs (cardiomyocytes) may be mixed
with 2x10° normal human dermal fibroblasts (a ratio previ-
ously optimized) in a fibrin scaffold. Constructs may be
allowed to equilibrate for 7 days in order to form a tissue, or
until spontaneous beating is observed. From this point on,
tissues may be paced at 2 Hz. In this example, the target for
preload (circumferential) stretch is based on previous mea-
surements of human LV chamber dimensions during gesta-
tion. With electrical stimulation (2 Hz), cardiac tissue may
be subjected to continuously increasing magnetic fields of
2% per day over two weeks. This will result in approxi-
mately 30% strain, which may be held for an additional 1
week. Strain will be achieved by the applied magnetic field
produced by current driven through an electromagnetic coil
340 (FIG. 3), as previously described, and monitored with
the GMR sensors, such as magnetometer 120 depicted in
FIG. 1. Using a 24-well format, preload experiments MAY
be run in parallel to examine a preload stretch range of 0%
to 40% after two weeks.

[0053] After conditioning the cardiac tissue with preload,
constructs may be fixed and cryo-sectioned for immunohis-
tochemistry to assess their survival and maturation. Con-
structs may be assessed for proliferation and apoptosis
levels, cell size and elongation, myofibril structure (sar-
comere spacing and Z-band width by a-actinin), junctional
integrity (N-cadherin, connexin-43), T-tubule formation (ca-
veolin-3), f-myosin switching, expression of cTnl and ssTnl
(described in Aim 1¢.2), electrical maturation (KCNIJ2), and
ventricular phenotype (MLC2V). Reporter cell lines may be
tested for maturation due to preload as they become avail-
able from the Allen Institute.

[0054] Contractile performance may be assessed biome-
chanically and conduction velocity assessed via Ca®* imag-
ing (hiPSC-CMs expressing GCaMP6 or Fluo-4). Dynamics
of force, velocity, and power may be assessed for constructs
as described. Force-length analysis may be conducted in situ
by applying magnetically-induced strain on constructs while
measuring forces to obtain Frank-Starling curves (end-
systolic elastance) and passive stiffness (end-diastolic
elastance; FIG. 1G). Frequency-dependent gain in contrac-
tility and kinetics may also be assessed using electrical
pacing from 0.5 to 3 Hz (force-Hz response).

[0055] Afterload Effect on Maturation in Cardiac Tissue
[0056] The following description describes an experiment
to simulate afterload effect on cultured cardiac tissue in the
system for magnetic detection of myocardial forces
described herein. The values described below may be altered
in different implementations according to the desired strain
to be introduced to the cardiac tissue.

[0057] Systolic circumferential tension (afterload) may be
estimated on a mid-wall human fetal muscle fiber using
published data for LV dimensions and systolic blood pres-
sure during gestation and analysis using Lame’s equation.
Such an analysis reveals that afterload increases linearly
from 2.3 kPa to 8.2 kPa between 10 and 40 weeks. Thus,
afterload may be tuned to recapitulate this dynamic range for
initial experiments. The PID controller may be used to
ensure that the afterload is not overdriven and to prevent the
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shortening of cardiac tissue. Cardiac tissue cultured on the
posts without applied preload or afterload can contract with
an active force up to 500 uN after 3 weeks. This converts to
alongitudinal stress of 2.5 kPa (using an average tissue cross
section value of 0.2 mm?), which is equivalent in magnitude
to the tension due to afterload at 10 weeks. The procedure
may begin with zero afterload and may be progressively
increased at a rate of 120 uN per day over two weeks. This
may result in approximately 1650 uN, which can be held for
an additional week. Using a 24-well format, afterload
experiments may be run in parallel to examine a range of
forces 70% below and 20% above the target of 1650 uN. The
survival and maturation of constructs may be assessed as
described above. Functional assessment may also be pet-
formed for conduction velocities, twitch force, velocity, and
power, force-length response, force-frequency response, and
tissue elasticity.

[0058] Bioreactor for Combined Preload and Afterload
Creep
[0059] Since both preload and afterload are continually

changing during fetal development, i.e. creep, a combination
of preload and afterload may be applied that produces a
force-length loop resembling the pressure-volume loops that
promote cardiac hypertrophy (FIG. 4C). Using 24-well
plates, each cardiac tissue disposed between two microposts
may be given a different ratio of preload and afterload.
Preload stretch may be increased progressively by 2% and
afterload tension increased by 120 pN per day over two
weeks. Afterwards, constructs may be assessed for hall-
marks of maturation and improved contractile function as
described above. Additionally, the combined biomechanical
loading may be assessed with a thyroid hormone, triiodo-
thyronine, or the Let-7 transgene on hiPSC-CM maturation
and contractile performance.

[0060] Although in the description above, cardiac tissue is
generally described as being cultured between the posts of
device 100 (FIG. 1), in various other examples, different
tissues may be used in accordance with the present disclo-
sure. For example, other tissues that exhibit a rhythmic
contraction may be studied using the systems for magnetic
detection of forces described herein. In some examples, the
systems described in the present disclosure are optimal for
detecting and determining forces related to the rhythmic
beating of cardiac tissue, as cardiac tissue contracts with a
relatively stable frequency. As such, electronic filtering may
be employed to filter out noise while capturing the signal of
interest.

[0061] FIG. 6 depicts an example process for magnetically
determining force exerted by cultured cardiac tissue, in
accordance with various aspects of the present disclosure.
Those portions of FIG. 6 that have been described previ-
ously with respect to FIGS. 1-5 may not be described again
for purposes of clarity and brevity.

[0062] The process in FIG. 6 may begin at action 610,
“Culture cardiac tissue such that the cardiac tissue adheres
to a first post and a second post, wherein the first post
comprises a first polymer and a magnetic portion and the
second post comprises a second polymer”. At action 810
cardiac tissue may be cultured in such a way that the tissue
adheres to a first and a second post. As described above, in
some cases the first post may be relatively flexible so as to
bend under the force exerted by the cardiac tissue during
contraction. Further, in some cases the second post may be
relatively rigid so as not to deflect, or so as to minimize
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deflection during contractions of the cardiac tissue. In some
further examples, rigidity may be imparted to the second
post by inserted a rigid insert within the second post. For
example, a silica, glass, plastic, polymeric or other non-
magnetically active insert may be placed inside the second
post to impart rigidity. In some examples, the first post
and/or the second post may comprise a magnetic material,
such as an earth magnet, embedded within the material
comprising the post. For example, a 1 mm? neodymium
magnet may be embedded within the tip of the first post. The
posts may comprise a polymer, such as PDMS polymer.
[0063] The process in FIG. 6 may continue from action
610 to action 620, “Detect, by a magnetometer situated
proximate to the first post, a change in a magnetic field
resulting from a deflection of the first post in a first direction
from a first position to a second position.” At action 620, a
magnetometer (such as magnetometer 120 depicted in FIG.
1) may be situated proximate to the first, flexible post. The
magnetometer may be effective to detect a change in a
magnetic field resulting from deflection of the first post as
the first post may include a magnetic material, as described
herein. In various examples, the first post may be flexible
and may be deflected by contraction of the cardiac tissue
adhered to the first post and disposed between the first post
and the second post.

[0064] The process in FIG. 6 may continue from action
620 to action 630, “Generate a signal corresponding to the
change in the magpetic field.” At action 630, a signal may be
generated by the magnetometer in response to the changing
magnetic field. For example, in cases where the magnetom-
eter is a GMR sensor, a voltage of the signal generated by
the GMR sensor may be modulated by the changes in the
magnetic field detected by the GMR sensor. The changes in
the magnetic field detected by the GMR sensor may result
from movement of the magnet embedded within the flexible
first post due to the contraction of the cardiac tissue adhered
to the first and second posts.

[0065] The process in FIG. 6 may continue from action
630 to action 640, “Filter the signal by filtering out frequen-
cies of the signal outside of a first frequency range to
produce a filtered signal, wherein the first frequency range
includes frequencies associated with beating of cardiac
tissue.” At action 640 the signal generated by the magne-
tometer (e.g., a GMR sensor or other magnetic sensor) may
be filtered by filtering out frequencies of the signal outside
of a first frequency range. The first frequency range may be
a frequency or a range of frequencies associated with the
beating of the cardiac tissue adhered to the first and second
post. Accordingly, magnetic field noise resulting from tem-
perature fluctuation and/or ambient magnetic fields in the
local environment may be filtered out and the magnetic field
change resulting from the beating of the cardiac tissue may
be detected. The cutoff’ frequencies of the filter used may
reflect the expected range of frequencies of the cardiac tissue
under observation. Additionally, in some examples, the
filters may be designed in order to filter out noise resulting
from the particular environment. For example, various fre-
quencies of unwanted noise may be produced in the local
environment due to machinery and/or other ambient condi-
tions. The particular filters used may be designed to maxi-
mize the signal to noise ratio for the particular environment
and conditions.

[0066] The process in FIG. 6 may continue from action
640 to action 650, “Determine a force exerted by the cardiac
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tissue based at least in part on the filtered signal.” At action
650, a force exerted by the cardiac tissue may be determined
based at least in part on the signal output by the magnetom-
eter and filtered by the electronic frequency filters. Calcu-
lations used to determine the force exerted by the cardiac
tissue may be performed by a data acquisition device as
described above in FIG. 1. Additionally, data generated by
the magnetometers and calculated by the data acquisition
device may be stored in a memory. Accordingly, the embodi-
ments described herein may allow for real-time and mas-
sively parallel monitoring of cardiac tissue with minimal
data storage and processing requirements relative to optical
techniques for monitoring cardiac tissue.

[0067] Referring to FIG. 7, the block diagram illustrates
components of a computing device 700, according to some
example embodiments, able to read instructions 724 from a
non-transitory machine-readable storage medium (e.g., a
hard drive storage system) and perform any one or more of
the methodologies discussed herein, in whole or in part.
Specifically, FIG. 7 shows the computing device 700 in the
example form of a computer system within which the
instructions 724 (e.g., software, a program, an application,
an applet, an app, or other executable code) for causing the
computing device 700 to perform any one or more of the
methodologies discussed herein may be executed, in whole
or in part. For example, the computing device 700 may be
effective to execute all or a part of the method described
above in reference to FIG. 6. Additionally, in some
examples, the computing device may perform the functions
of the data acquisition system described above with respect
to FIG. 1.

[0068] In alternative embodiments, the computing device
700 operates as a standalone device or may be connected
(e.g., networked) to other computing devices. In a net-
worked deployment, the computing device 700 may operate
in the capacity of a server computing device or a client
computing device in a server-client network environment, or
as a peer computing device in a distributed (e.g., peer-to-
peer) network environment. The computing device 700 may
include hardware, software, or combinations thereof, and
may, as example, be a server computer, a client computer, a
personal computer (PC), a tablet computer, a laptop com-
puter, a netbook, a cellular telephone, a smartphone, a
set-top box (STB), a personal digital assistant (PDA), a web
appliance, a network router, a network switch, a network
bridge, or any computing device capable of executing the
instructions 724, sequentially or otherwise, that specify
actions to be taken by that computing device. Further, while
only a single computing device 700 is illustrated, the term
“computing device” shall also be taken to include any
collection of computing devices that individually or jointly
execute the instructions 724 to perform all or part of any one
or more of the methodologies discussed herein.

[0069] The computing device 700 includes a processor
702 (e.g., a central processing unit (CPU), a graphics
processing unit (GPU), a digital signal processor (DSP), an
application specific integrated circuit (ASIC), a radio-fre-
quency integrated circuit (RFIC), or any suitable combina-
tion thereof), a main memory 704, and a static memory 706,
which are configured to communicate with each other via a
bus 708. The processor 702 may contain microcircuits that
are configurable, temporarily or permanently, by some or all
of the instructions 724 such that the processor 702 is
configurable to perform any one or more of the methodolo-
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gies described herein, in whole or in part. For example, a set
of one or more microcircuits of the processor 702 may be
configurable to execute one or more modules (e.g., software
modules) described herein.

[0070] The computing device 700 may further include a
display component 710. The display component 710 may
comprise, for example, one or more devices such as cathode
ray tubes (CRTs), liquid crystal display (LCD) screens, gas
plasma-based flat panel displays, LCD projectors, or other
types of display devices.

[0071] The computing device 700 may include one or
more input devices 712 operable to receive inputs from a
user. The input devices 712 can include, for example, a push
button, touch pad, touch screen, wheel, joystick, keyboard,
mouse, trackball, keypad, accelerometer, light gun, game
controller, or any other such device or element whereby a
user can provide inputs to the computing device 700. These
input devices 712 may be physically incorporated into the
computing device 700 or operably coupled to the computing
device 700 via wired or wireless interface. For computing
devices with touchscreen displays, the input devices 712 can
include a touch sensor that operates in conjunction with the
display component 710 to permit users to interact with the
image displayed by the display component 706 using touch
inputs (e.g., with a finger or stylus). In some examples, the
magnetometer 120 and/or filter 130 described above with
respect to FIG. 1 may be examples of input devices 712
operable to provide inputs to computing device 700.

[0072] The computing device 700 may also include at
least one communication interface 720, comprising one or
more wireless components operable to communicate with
one or more separate devices within a communication range
of the particular wireless protocol. The wireless protocol can
be any appropriate protocol used to enable devices to
communicate wirelessly, such as Bluetooth, cellular, IEEE
802.11, or infrared communications protocols, such as an
IrDA-compliant protocol. It should be understood that the
communication interface 720 may also or alternatively com-
prise one or more wired communications interfaces for
coupling and communicating with other devices.

[0073] The computing device 700 may also include a
power supply 728, such as, for example, a rechargeable
battery operable to be recharged through conventional plug-
in approaches or through other approaches, such as capaci-
tive charging. Alternatively, the power supply 728 may
comprise a power supply unit which converts AC power
from the power grid to regulated DC power for the internal
components of the device 700.

[0074] The computing device 700 may also include a
storage element 716. The storage element 716 includes the
machine-readable medium on which are stored the instruc-
tions 724 embodying any one or more of the methodologies
or functions described herein. The instructions 724 may also
reside, completely or at least partially, within the main
memory 704, within the processor 702 (e.g., within the
processor’s cache memory), or both, before or during execu-
tion thereof by the computing device 700. The instructions
724 may also reside in the static memory 706.

[0075] Accordingly, the main memory 704 and the pro-
cessor 702 may also be considered machine-readable media
(e.g., tangible and non-transitory machine-readable media).
The instructions 724 may be transmitted or received over a
network 202 via the communication interface 720. For
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example, the communication interface 720 may communi-
cate the instructions 724 using any one or more transfer
protocols (e.g., HTTP).

[0076] The computing device 700 may be implemented as
any of a number of electronic devices, such as a tablet
computing device, a smartphone, a media player, a portable
gaming device, a portable digital assistant, a laptop com-
puter, or a desktop computer. In some example embodi-
ments, the computing device 700 may have one or more
additional input components (e.g., sensors or gauges) (not
shown). Examples of such input components include an
image input component (e.g., one or more cameras), an
audio input component (e.g., a microphone), a direction
input component (e.g., a compass), a location input compo-
nent (e.g., a GPS receiver), an orientation component (e.g,,
a gyroscope), a motion detection component (e.g., one or
more accelerometers), an altitude detection component (e.g.,
an altimeter), and a gas detection component (e.g., a gas
sensor). Inputs harvested by any one or more of these input
components may be accessible and available for use by any
of the modules described herein.

[0077] As used herein, the term “memory” refers to a
non-transitory machine-readable medium capable of storing
data temporarily or permanently and may be taken to
include, but not be limited to, random-access memory
(RAM), read-only memory (ROM), buffer memory, flash
memory, and cache memory. The machine-readable medium
is non-transitory in that it does not embody a propagating
signal. While the machine-readable medium is described in
example embodiments as a single medium, the term
“machine-readable medium” should be taken to include a
single medium or multiple media (e.g., a centralized or
distributed database, or associated caches and servers) able
to store instructions 724. The term “machine-readable
medium” shall also be taken to include any medium, or
combination of multiple media, that is capable of storing the
instructions 724 for execution by the computing device 700,
such that the instructions 724, when executed by one or
more processors of the computing device 700 (e.g.. proces-
sor 702), cause the computing device 700 to perform any
one or more of the methodologies described herein, in whole
or in part. Accordingly, a “machine-readable medium” refers
to a single storage apparatus or device as well as cloud-based
storage systems or storage networks that include multiple
storage apparatus or devices. The term “machine-readable
medium” shall accordingly be taken to include, but not be
limited to, one or more tangible (e.g., non-transitory) data
repositories in the form of a solid-state memory, an optical
medium, a magnetic medium, or any suitable combination
thereof.

[0078] While the invention has been described in terms of
particular embodiments and illustrative figures, those of
ordinary skill in the art will recognize that the invention is
not limited to the embodiments or figures described. For
example, in various embodiments described above, a single
pair of polymeric posts are described between which heart
tissue is cultured. However, in other embodiments, an array
of post-pairs may be arranged on one or more common
bases, with each post-pair having cardiac tissue cultured
between, and affixed to, the post-pairs.

[0079] The particulars shown herein are by way of
example and for purposes of illustrative discussion of the
preferred embodiments of the present invention only and are
presented in the cause of providing what is believed to be the



US 2019/0029549 A1

most useful and readily understood description of the prin-
ciples and conceptual aspects of various embodiments of the
invention. In this regard, no attempt is made to show details
of the invention in more detail than is necessary for the
fundamental understanding of the invention, the description
taken with the drawings and/or examples making apparent to
those skilled in the art how the several forms of the invention
may be embodied in practice.

[0080] Embodiments of the disclosure can be described in
view of the following clauses:

[0081] 1. A cardiac tissue analysis device comprising:
[0082] a base;
[0083] a first post having a proximal end coupled to the

base and a distal end, wherein the first post comprises a
magnetic portion;

[0084] asecond post having a proximal end coupled to the
base and a distal end, wherein the distal end of the second
post is separated from the distal end of the first post by a gap;
[0085] a magnetometer disposed proximate to the first post
for detecting deflection of the distal end of the first post by
generating a signal in response to movement of the magnetic
portion of the first post; and

[0086] a filter circuit communicatively coupled to the
magnetometer, the filter circuit effective to pass signals of a
first frequency range, wherein the first frequency range
includes frequencies associated with beating of cardiac
tissue.

[0087] 2. The cardiac tissue analysis device of Clause 1,
wherein the magnetometer comprises a giant magnetoresis-
tive (GMR) sensor.

[0088] 3. The cardiac tissue analysis device of Clause 2,
wherein the GMR sensor comprises a plurality of resistances
arranged in a Wheatstone bridge configuration, and wherein
the GMR sensor is effective to decrease a voltage of the
signal due to an increase in magnetic field detected by the
GMR sensor.

[0089] 4. The cardiac tissue analysis device of any of
Clauses 1-3, further comprising an electromagnetic coil
adjacent to the first post such that when a first current is
supplied to the electromagnetic coil, the electromagnetic
coil is effective to displace the distal end of the first post by
attracting the magnetic portion of the first post.

[0090] 5. The cardiac tissue analysis device of any of
Clauses 1-3, further comprising a permanent magnet adja-
cent to the first post effective to attract the magnetic portion
of the first post with a first force.

[0091] 6. The cardiac tissue analysis device of any of
Clauses 1-5, wherein the filter comprises a high-pass filter
with a cutoff frequency of between 0.01 Hz and 0.3 Hz.
[0092] 7. The cardiac tissue analysis device of any of
Clauses 1-6, wherein the first post and the second post
comprise polydimethylsiloxane.

[0093] 8. The cardiac tissue analysis device of any of
Clauses 1-7, wherein the second post comprises a rigid insert
effective to prevent movement of the second post in response
to contraction of cardiac tissue coupled to the first post and
the second post.

[0094] 9. The cardiac tissue analysis device of Clause 1,
further comprising an electromagnetic coil adjacent to the
first post, wherein the electromagnetic coil is effective to:
[0095] attract the magnetic portion of the first post with a
first force when a first current is supplied to the electromag-
netic coil; and
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[0096] attract the magnetic portion of the first post with a
second force when a second current is supplied to the
electromagnetic coil, wherein the second current is greater
than the first current.

[0097] 10. A method comprising:

[0098] culturing cardiac tissue adhered to a first post and
a second post, wherein the first post comprises a magnetic
portion;

[0099] detecting a change in a magnetic field resulting
from a deflection of the first post in a first direction from a
first position to a second position;

[0100] generating a signal corresponding to the change in
the magnetic field,

[0101] filtering the signal by filtering out frequencies of
the signal outside of a first frequency range to produce a
filtered signal, wherein the first frequency range includes
frequencies associated with beating of cardiac tissue; and
[0102] determining a force exerted by the cardiac tissue
based at least in part on the filtered signal.

[0103] 11. The method of Clause 10, wherein the detecting
the change in the magnetic field comprises detecting with a
magnetometer situated proximate to the first post the change
in the magnetic field.

[0104] 12. The method of any of Clauses 10-11, wherein
the change in the magnetic field resulting from the deflection
of the first post from the first position to the second position
results from a contraction of the cardiac tissue.

[0105] 13. The method of any of Clauses 10-12, further
comprising attracting the magnetic portion of the first post
with an external magnet such that the first post is deflected
in a second direction opposite the first direction.

[0106] 14. The method of any of Clauses 10-13, further
comprising applying a first current to an external electro-
magnetic coil at a first time during a cardiac cycle of the
cardiac tissue to stress the cardiac tissue by a first amount.
[0107] 15. The method of Clause 14, further comprising
applying a second current to the external electromagnetic
coil at a second time during the cardiac cycle of the cardiac
tissue to stress the cardiac tissue by a second amount
different from the first amount.

[0108] 16. The method of any of Clauses 10-15, further
comprising:
[0109] subjecting the cardiac tissue to a therapeutic agent

for a period of time;

[0110] detecting, by the magnetometer situated proximate
to the first post, a second change in a magnetic field resulting
from a second deflection of the first post from the first
position to a third position;

[0111] generating a second signal corresponding to the
second change in the magnetic field;

[0112] filtering the second signal by filtering out frequen-
cies of the second signal outside of the first frequency range
to produce a second filtered signal; and

[0113] determining a second force exerted by the cardiac
tissue based at least in part on the second filtered signal.
[0114] 17. A method comprising:

[0115] culturing cardiac tissue such that the cardiac tissue
adheres to a first post and a second post, wherein the first
post comprises a magnetic portion;

[0116] exposing the cardiac tissue to a therapeutic agent;
[0117] generating a signal in response to changes in a
magnetic field caused by movement of the magnetic portion
of the first post resulting from deflection of the first post due
to contraction of the cardiac tissue;
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[0118] filtering the signal by filtering out frequencies of
the signal outside of a first frequency range to produce a
filtered signal, wherein the first frequency range includes
frequencies associated with beating of cardiac tissue; and
[0119] determining, based at least in part on the filtered
signal, changes in force exerted by the cardiac tissue over
time.

[0120] 18. The method of Clause 17, further comprising:
[0121] positioning the first post and the second post in a
well of a multi-well plate; and

[0122] adding the therapeutic agent to the well.

[0123] 19. The method of any of Clauses 17-18, wherein
the generating the signal in response to changes in the
magnetic field comprises detecting movement of the mag-
netic portion of the first with a magnetometer positioned
proximate to the first post.

[0124] 20. The method of any of Clauses 17-19, further
comprising inducing movement of the first post by applying
a magnetic field to the magnetic portion of the first post.
[0125] 21. The method of Clause 20, wherein the applying
the magnetic field to the magnetic portion of the first post
comprises applying a first current to an external electromag-
netic coil to induce a first strain in the cardiac tissue.
[0126] 22. The method of Clause 21, wherein the applying
the magnetic field to the magnetic portion of the first post
comprises applying a second current to the external electro-
magnetic coil to induce a second strain in the cardiac tissue,
wherein the second strain is different than the first strain.
[0127] As used herein and unless otherwise indicated, the
terms “a” and “an” are taken to mean “one,” “at least one”
or “one or more.” Unless otherwise required by context,
singular terms used herein shall include pluralities and plural
terms shall include the singular.

[0128] Unless the context clearly requires otherwise,
throughout the description and the claims, the words “com-
prise,” “comprising,” and the like are to be construed in an
inclusive sense as opposed to an exclusive or exhaustive
sense; that is to say, in the sense of “including, but not
limited to.” Words using the singular or plural number also
include the plural and singular number, respectively. Addi-
tionally, the words “herein,” “above,” and “below” and
words of similar import, when used in this application, shall
refer to this application as a whole and not to any particular
portions of the application.

[0129] The description of embodiments of the disclosure
is not intended to be exhaustive or to limit the disclosure to
the precise form disclosed. While specific embodiments and
examples for the disclosure are described herein for illus-
trative purposes, various equivalent modifications are pos-
sible within the scope of the disclosure, as those skilled in
the relevant art will recognize. Such modifications may
include, but are not limited to, changes in the dimensions
and/or the materials shown in the disclosed embodiments.
[0130] Specific elements of any embodiments can be
combined or substituted for elements in other embodiments.
Furthermore, while advantages associated with certain
embodiments of the disclosure have been described in the
context of these embodiments, other embodiments may also
exhibit such advantages, and not all embodiments need
necessarily exhibit such advantages to fall within the scope
of the disclosure.

[0131] Therefore, it should be understood that the inven-
tion can be practiced with modification and alteration within
the spirit and scope of the appended claims. The description
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is not intended to be exhaustive or to limit the invention to
the precise form disclosed. It should be understood that the
invention can be practiced with modification and alteration
and that the invention be limited only by the claims and the
equivalents thereof.

What is claimed is:

1. A cardiac tissue analysis device comprising:

a base;

a first post having a proximal end coupled to the base and
a distal end, wherein the first post comprises a magnetic
portion;

a second post having a proximal end coupled to the base
and a distal end, wherein the distal end of the second
post is separated from the distal end of the first post by
a gap,

a magnetometer disposed proximate to the first post for
detecting deflection of the distal end of the first post by
generating a signal in response to movement of the
magnetic portion of the first post; and

a filter circuit communicatively coupled to the magne-
tometer, the filter circuit effective to pass signals of a
first frequency range, wherein the first frequency range
includes frequencies associated with beating of cardiac
tissue.

2. The cardiac tissue analysis device of claim 1, wherein
the magnetometer comprises a giant magnetoresistive
(GMR) sensor.

3. The cardiac tissue analysis device of claim 2, wherein
the GMR sensor comprises a plurality of resistances
arranged in a Wheatstone bridge configuration, and wherein
the GMR sensor is effective to decrease a voltage of the
signal due to an increase in magnetic field detected by the
GMR sensor.

4. The cardiac tissue analysis device of claim 1, further
comprising an electromagnetic coil adjacent to the first post
such that when a first current is supplied to the electromag-
netic coil, the electromagnetic coil is effective to displace the
distal end of the first post by attracting the magnetic portion
of the first post.

5. The cardiac tissue analysis device of claim 1, further
comprising a permanent magnet adjacent to the first post
effective to attract the magnetic portion of the first post with
a first force.

6. The cardiac tissue analysis device of claim 1, wherein
the filter comprises a high-pass filter with a cutoff frequency
of between 0.01 Hz and 0.3 Hz.

7. The cardiac tissue analysis device of claim 1, wherein
the first post and the second post comprise polydimethylsi-
loxane.

8. The cardiac tissue analysis device of claim 1, wherein
the second post comprises a rigid insert effective to prevent
movement of the second post in response to contraction of
cardiac tissue coupled to the first post and the second post.

9. The cardiac tissue analysis device of claim 1, further
comprising an electromagnetic coil adjacent to the first post,
wherein the electromagnetic coil is effective to:

attract the magnetic portion of the first post with a first
force when a first current is supplied to the electro-
magnetic coil; and

attract the magnetic portion of the first post with a second
force when a second current is supplied to the electro-
magnetic coil, wherein the second current is greater
than the first current.
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10. A method comprising:

culturing cardiac tissue adhered a first post and a second
post, wherein the first post comprises a magnetic por-
tion;

detecting a change in a magnetic field resulting from a

deflection of the first post in a first direction from a first
position to a second position;

generating a signal corresponding to the change in the

magnetic field;

filtering the signal by filtering out frequencies of the

signal outside of a first frequency range to produce a
filtered signal, wherein the first frequency range
includes frequencies associated with beating of cardiac
tissue; and

determining a force exerted by the cardiac tissue based at

least in part on the filtered signal.

11. The method of claim 10, wherein the detecting the
change in the magpnetic field comprises detecting with a
magnetometer situated proximate to the first post the change
in the magnetic field.

12. The method of claim 10, wherein the change in the
magnetic field resulting from the deflection of the first post
from the first position to the second position results from a
contraction of the cardiac tissue.

13. The method of claim 10, further comprising attracting
the magnetic portion of the first post with an external magnet
such that the first post is deflected in a second direction
opposite the first direction.

14. The method of claim 10, further comprising applying
a first current to an external electromagnetic coil at a first
time during a cardiac cycle of the cardiac tissue to stress the
cardiac tissue by a first amount.

15. The method of claim 14, further comprising applying
a second current to the external electromagnetic coil at a
second time during the cardiac cycle of the cardiac tissue to
stress the cardiac tissue by a second amount different from
the first amount.

16. The method of claim 10, further comprising;

subjecting the cardiac tissue to a therapeutic agent for a

period of time;

detecting, by the magnetometer situated proximate to the

first post, a second change in a magnetic field resulting
from a second deflection of the first post from the first
position to a third position;
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generating a second signal corresponding to the second

change in the magnetic field;

filtering the second signal by filtering out frequencies of

the second signal outside of the first frequency range to
produce a second filtered signal; and

determining a second force exerted by the cardiac tissue

based at least in part on the second filtered signal.

17. A method comprising:

culturing cardiac tissue such that the cardiac tissue

adheres to a first post and a second post, wherein the
first post comprises a magnetic portion;

exposing the cardiac tissue to a therapeutic agent;

generating a signal in response to changes in a magnetic

field caused by movement of the magnetic portion of
the first post resulting from deflection of the first post
due to contraction of the cardiac tissue;

filtering the signal by filtering out frequencies of the

signal outside of a first frequency range to produce a
filtered signal, wherein the first frequency range
includes frequencies associated with beating of cardiac
tissue; and

determining, based at least in part on the filtered signal,

changes in force exerted by the cardiac tissue over time.

18. The method of claim 17, further comprising:

positioning the first post and the second post in a well of

a multi-well plate; and

adding the therapeutic agent to the well.

19. The method of claim 17, wherein the generating the
signal in response to changes in the magnetic field comprises
detecting movement of the magnetic portion of the first with
a magnetometer positioned proximate to the first post.

20. The method of claim 17, further comprising inducing
movement of the first post by applying a magnetic field to
the magnetic portion of the first post.

21. The method of claim 20, wherein the applying the
magnetic field to the magnetic portion of the first post
comprises applying a first current to an external electromag-
netic coil to induce a first strain in the cardiac tissue.

22. The method of claim 21, wherein the applying the
magnetic field to the magnetic portion of the first post
comprises applying a second current to the external electro-
magnetic coil to induce a second strain in the cardiac tissue,
wherein the second strain is different than the first strain.
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