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ABSTRACT

Tracking microscale targets in soft tissuengsimplantable probes is important in
clinical applications such as neurosurgery, cheeraiby and in neurophysiological
application such as brain monitoring. In most afsth applications, such tracking is done
with visual feedback involving some imaging modelitat helps localization of the targets
through images that are co-registered with stex@oteoordinates. However, there are
applications in brain monitoring where precisiorg&ing of microscale targets such as
single neurons need to be done in the absencecbfgsual feedback. In all of the above
mentioned applications, it is important to underdtéhe dynamics of mechanical stress
and strain induced by the movement of implantabféen microscale probes in soft
viscoelastic tissue. Propagation of such stressgb strains induce inaccuracies in
positioning if they are not adequately compensafdte aim of this research is to
guantitatively assess (a) the lateral propagatibsteess and (b) the spatio-temporal
distribution of strain induced by the movement atmoscale probes in soft viscoelastic
tissue. Using agarose hydrogel and a silicone dver as two different bench-top models
of brain tissue, stress propagation was measurgdgdmovement of microscale probes
using a sensitive load cell. | further used a sofubf microscale beads and the silicone
derivative to quantitatively map the strain fieldsing video microscopy. The above
measurements were done under two different typesiabelectrode movement — first, a
unidirectional movement and second, a bidirectigmah-worm like) movement both of
30 um step-size with 3min inter-movement interval. ®essindicate movements of

microscale probes can induce significant stressefaraas 50Qum laterally from the



location of the probe. Strain fields indicate sfgraintly high levels of displacements (in
the order of 10Qum) within 100um laterally from the surface of the probes. Thevabo
measurements will allow us to build precise meatelnmodels of soft tissue and

compensators that will enhance the accuracy okkitnganicroscale targets in soft tissue.
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CHAPTER 1:

INTRODUCTION

Implantable microelectrodes are used to monitorgral activity in the brain in vivo.
However, they have serious limitations both in acahd chronic experiments. As a
potential solution to overcome the challenges whin fixed implantable microelectrode,
movable microelectrodes has been suggested. Mowabteelectrodes would maximize
the quality of neuronal recording by adapting thmasition in the brain tissue. As an
advantage of implantable microelectrode technolggghat it allows real time monitoring
of single neurons while animal is behaving. They arffew common limitations of the
microelectrode technology during the time of impédion or recording, such as biasing
toward the active sample of neurons or the onestwiiave higher firing rate. They are a
few factors involved in the yield of multi-channellectrodes that make it inconsistent
during the experiments such as user skills, expariat set up and protocol and location
of the electrode. Although monitoring single neumsrensembles of neurons over a few
weeks or months is of value to neuroscientistsh witrrent implantable microelectrode
technology, neural recording is unreliable in agleerm experiments. (Vetter et al., 2004;
Engel et al., 2005; Polikov et al., 2005). The rrmred drawback is of importance in some
applications such as cortical prosthesis in whsthgle neuron or ensembles of neurons

activity are being monitored.



Advantage of Moveable Microelectrodes

Movable electrode technology can re-establtsintact at failed interfaces by
repositioning the electrode (Jackson et.al, 20TOgy are a few advantages with the
technologies that allow us to move microelectraafesy implantation. These technologies
will allow us to isolate single neurons activitydamaintain neural recording for a longer
duration. With these technologies, changes in spmgillation of single neurons, such as
for example, neuronal plasticity, can be monitorddo, signal to noise ratio in the neural
recordings can be enhanced. These technologieteemsibo seek specific neurons after
implantation, such as the ones that have been sitdhe time of implantation. Movable
microelectrodes can potentially be useful for aggilons which need neural recording for
the life time of the patient. To record action puig of neuron, microelectrode have to be
positioned within ten or hundreds of micron. Howe\hbis distance depends on type and
orientation of the neuron. Therefore, if we areeatd make small adjustments to the
position of the microelectrode after implantatiomgroelectrode can be held in within the
recording radius of a neuron. Single neuron recgrdiver a long period of time with a
fixed electrode is challenging specially in non-tamprimates. To confirm that recording
has been done on a specific neuron over a longgefitime (single neuron recording), a
few methods can be used such as:

1: Clean inter spike interval (ISl),
2: Consistent shapes and peak to peak amplitudggotl and consistent behavioral

correlates.



However, since different neurons can havetidahaction potential, the mentioned
methods can not guarantee an identical neuroreldition, action potential for the same
neuron might change as a result of neuronal plgstiBecording systems can monitor
changes in signal amplitude, shapes and ISI. Thestems will allow for the development
of the predicative models to confirm the reasonégorded changes. As mentioned earlier,
these changes might be because of neuronal ptasiraiiue to a change in the identity of
a neuron (Tolias et al., 2007; Dickey et al., 2008)contrast, in non-human primates,
movable microelectrodes can achieve stable singleom recording over a long time.
(Yamamoto and Wilson, 2008 and Jackson and Fet¥])20It has been shown that the
ability to reposition the microelectrode after impiation increases the yield and signal to
noise ratio of the neuronal recordings. (Fee armhhedo, 2001, Cham et al., 2005; Wolf
et al., 2009). Neuron migration happens as a resultissue reaction around the
microelectrode or relative micromotion between theroelectrode and tissue. The
mentioned biological reasons would result in ldssignal. Movable microelectrode gives
us the ability to search for new neurons. Thergfoyausing movable microelectrodes, the
reliability of neuronal recording over a long tinegperiments as well as in clinical
application such as cortical prosthesis will beréased. They are a few methods for
movement of microelectrodes after implantation sastpiezomotor (Yang et al., 2011),
step-per motors (Fee and Leonardo, 2001; Kernl,20(8), hydraulic positioning
(Decharms et al., 1999; Sato et al.,2007). Thedstdogies have been tested in mice, rats,
song birds and non-human primates. All of the noead technologies were successful in

different levels. They are a few issues with mamavement of microelectrodes such as



constraining the animal during the movement of petectrode. This may affect its
spontaneous behaviors such as motor activity. Thergossibility is resisting of the
animal and perturbing the position of the microetete. Therefore, motorized
microelectrodes are more reliable compared to theual one. Movable microelectrodes
will result in enhanced signal quality (Jackson Batz, 2007; Yammoto and Wilson, 2008;
Wolf et al., 2009; Jackson et al., 2010). Movableroelectrodes can isolate single units
and result in stability of recordings for weeks €Fend Lenardo, 2001). They will also
result in improved yield as well as simultaneousiitawing of pairs. There are a couple of
key gaps in understanding of neuron-electrode fexter that will affect the quality of
neuronal recording are 1) response of the brasu¢isurrounding the micoelectrode and

2) relative micromotion between electrode and btiasue.

Tissue Response to Movable Microelectrodes

In acute experiments, implanted microelectsodmuse inflammatory and body
response (Szarwski et al.,, 2003; Polikovet al.,20(&tice and Muthuswamy, 2009).
According to these studies glial sheath formatimuad the microelectrode has happened
after 4-6 weeks of implantation. Neural migratiovag from the microelectrode has been

also seen.

Tissue Micromotion

Another issue is the relative micromotion begw the microelectrodes which is fixed
to the skull and the surrounding brain tissue. Téneya few reasons that cause brain tissue

to move relative to the microelectrodes such asatian in the vasculature and propagating



mechanical pressure waves due to breathing andtausnimal behavior (vigorous
movement of the head, sneezing etc). The levessfi¢ micromotion depends on species.
Cats and humans have the larger relative displatec@mpared to rodents. Due to
vascular pulsation, displacement of 100-250 pumdarecko breathing, displacement of 300-
900 um were observed in cats (Britt and Rossi, 1982)hds been observed that
anesthetized rat models have tissue displacemeh#d@im due to pulsation in the brain
vasculature. In humans, brains can displace owerakemillimeters from accelerated head
movement. Neuroscientists are interested to kn@wrttpact of the relative displacement
between the recording microelectrode and brain¢iss recordings from a single neurons
in the brain. Is the Movable microelectrode tecbgglthe solution for the issue of tissue
micromotion? Unfortunately, according to the datamicromotion between implanted
electrode and surrounded brain tissue, there sohd answer for this question. However,
short term studies demonstrated that tissue mictiombave an important impact on the
electrical recordings from single neurons. Thisaetps twofold, which means there is a
direct (short-term) and indirect (long-term) impathere are several results to show the
short term impact of micromotion. These resultsssbbange in electrical recording from
single neurons (Chestek et al., 2009). Severaliegushow that manual or motorized
movement of microelectrodes results in restoradioiading neuronal signal and results in
enhanced neuronal recording (Jackson and Fetz,)2@ddies show that loss or
deterioration of recording from a specific neuroiti vappen by an increase in distance
between the microelectrode and the recorded simgyleon. Neuroscientist are interested

to know how a behavioral movement of the animal neagd to changes the electrical



recording. Intuitively, relative displacement beéme the recording site of the
microelectrode and the neurons in the surroundiagnhktissue will lead to changes in
amplitude and shape of the recorded action potefiace brain tissue is viscoelastic, it
is complicated to be able to predict any changekenrelectrical recording from a single
unit due to relative micromotion between the btasue and the recording microelectrode.
Therefore, the real distance between the micrael@etand neuron is different compared

to the propagating pressure waves which happendyriiie to animal behavior.

Variabilities in Neural Recording

They are several reasons for variation inaleignal recording such as motion artifacts,
brain micromotion and presence of glial sheath tdude immune response of the tissue
to the implanted electrode. However, tissue respasishe main factor for instability in
neural recordings. Electrode insertion and movendamages the extracellular matrix,
glial and neuronal cell processes. Tissue in tiggoneof electrode track is pushed aside
and tissue under the electrode tip is compressea result, high stress region around the

electrode will be built.

Physical Changes-Variability in Neural Recording

Physical changes at neural interface is orthesource of variation in neural activity.
During electrode penetration, tissue strains astidsee is pulled with the electrode.
Physical changes happens when the microelectratismue move relative to each other.

Mechanical properties of material will determineahid returns to a steady state. Tissue



displacement causes change in relative positiond®st the neuron and the recording site

of the microelectrode.

Neuron Tracking Issue

A common issue during extracellular neurabrding is that a single electrode’s signal
may have spikes which are generated by other nsunear the electrode tip. The ultimate
goal of extracellular recording is to detect thévéy of individual neurons. Therefore,
each detected action potential must be associatdtetneuron that produced it, which is
called spike sorting. Shape of spikes are verylamacross neurons and spike sorting
algorithms classify action potential according taweform shape and amplitude. Accurate
spike sorting is important in electrode positionifidne goal here is to maximize signal
quality. Spike sorting, due to its importance, igsk that is typically achieved through a
largely manual process in experiments, throughatismamination of spike waveforms. It
should be noted that, if spikes are incorrecthssiited, the metrics from the signals of
each distinct neuron would be corrupted. In theommmnous electrode positioning
algorithm spike sorting is achieved in an unsumadimanner. Since electrode signal is
sampled over many brief and successive recorditggvals, it is important to note that
spikes should be associated to their generatingonewithin specific recording interval.
Besides, signals from the same generating neurehlmewassociated with each other across
recording intervals. Therefore, it is importantfioe algorithm to be able to track individual

neurons over successive intervals to evaluate whetlthange in electrode position has

10



improved the signal quality of these neurons. Haadl, two data association challenges
must be addressed:

1) Classification or clustering which is gecess of grouping action potentials from
a single interval in to the distinct sets.
2) Tracking is the process of associating clusiersach other across recording intervals
and determining whether they are from the samepgoounot.

In multi-unit recordings in electrophysiologl experiments, automating the spike
sorting task can remove the extensive task of masmding from experimenters and

improve the accuracy of the result. It has beeontegd that manual sorting is inconsistent.

Stability of Neural Recordings

Data for stability analysis is recorded from:
1) Day to day recording sessions which last marmnad few hours
2) Continuous recording session over 24 hours

3) Long term recordings (chronic recordings) owaresal months.

Single- Unit Stability

Since intra-cortical microelectrode array tasability to simultaneously record from
large populations of neurons over long period wfeti the use of these arrays has been
extensively common in neuroscience experiments.oktinfiately, it is not clear that
neuronal signals achieved in multiple recordingsses come from the same neuron or
not. Many methods has been reported to asseseg singlstability such as measuring the

similarity of 1) average spike waveform and 2) irgpike interval histogram. The goal of

11



identifying stable neurons is to study long terarteng effects across days as well as for
the development of brain-machine interfaces. A deaups have reported stability data by
using a method which is based on the similarityspke waveform shapes. | has been
reported that tracking a neuron is practical by&isnspection over a few weeks, however,
they did not quantify the results. In many studsegh as Jackson and Fetz (2007) they do
not include an estimate of false positive rate Whécthe probability that signals from two
different neurons would be classified as stableoAmon mistake is that stable units are
assumed to have similar waveforms, however, differeeurons can also have similar
waveforms.

Another issue is that recordings from one adeamisually contain activity from more
than one neuron. Although movable electrode cgroséioned in a way that isolate single
units, it is not possible with chronically impladtenicroelectrode array. Therefore, there
are two ways to track neuronal stability on thasayas.

1) Only the channels with almost no contaminafrom noise or other neuronal signals
should be used. This means potentially meaningitd dould be discarded

2) Do the spike sorting on the neuronal signaletluce this contamination.

12



CHAPTER 2

LATERAL STRESS PROPAGATION DUE TO MICROELECTRODE
IMPLANTATION IN SOFT TISSUE

Objective

In this chapter, we are discussing lateral stregpggation during microscale navigation
inside the brain tissue. As mentioned earlier, stepement of microelectrode inside the
brain tissue induces stress in the surroundingnliissue. In this study, the effect of lateral

stress due to the movement of one electrode oothtez electrode has been evaluated.

Mechanical Properties of Brain Tissue

As mentioned earlier, brain tissue is viscoeladtiee best model for brain tissue is the one
which is considered as hyperelastic and viscoelasgdium (Miller et al. 2000). As an
example of constitutive model is viscoelasticitysdbelasticity model has been used for
the materials which has the time dependent properaystress or strain. A main property
of viscoelastic materials is dissipation of energpder loading condition. This
phenomenon has been known as hysteresis. Thisatedi¢hat in strain-stress curve,
loading portion is higher compared to unloadingtipor However, this phenomenon has
not been for purely elastic material. This implilkat the relationship between stress and

strain for a spring is linear , which means thaidiag portion and unloading portion are
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the same. When electrode is moving forward in tlagnktissue, it is considered as loading
portion. Backward movement of the electrode is mared as unloading portion.
Experimental results showed the nonlinearity oésgrand strain in brain tissue (Miller
2000). Since a linear viscoelastic model canndy fdéscribe the material characteristics
of brain tissue, a hyperelastic viscoelastic masleked.

Hyperelasticity is used as a type of constitutivedel to explain nonlinearity between
stress and strain in brain tissue.

Viscoelastic materials are known for two main chteastics: creep and relaxation. In
creep, viscoelastic material, under constant stressild undergo deformation. This
deformation would continue until asymptotic levéktrain is reached. In relaxation, stress
level in brain tissue reaches its maximum andléxes over time. Response of the brain
to the step perturbation of stress or strain shbaldetermined by these two characteristics.
There are two main assumptions for the model ahlirssue:

1) Since there are microvasculature and tissue heteeny inside the brain tissue,
microscale movement of electrode inside the brisisue would be consider as
anisotropic. However, it has been assumed thaptbperties of brain tissue are
isotropic. This means that mechanical propertigsraiin tissue are the same in all
directions.

2) When electrode moves inside the brain tissue,digguld be displaced along the
electrode track. This causes deformation aroundlgwtrode. However, it has been

assumed that brain tissue is incompressible.

14



Viscoelastic and hyperelastic properties of bréssue have made the prediction of any
change in the electrical recording from the singé&iron complicated. As mentioned
earlier, this change in electrical recording happleecause of the micromotion between
the brain tissue and recording microelectrode. Muoeat of the electrode makes a trend as
a function of time between the real distance ofrtwmrded neuron and recording site of
the electrode. Therefore, a step movement of thetrelde can be modeled as an induced
strain. Forward movement of the electrode causespoession of the brain tissue. The
forward movement causes stress in the surroundiig bissue. The induced stress level
due to the movement of microelectrode, reachesxamuzn value and then relaxes over
time. Backward movement of the electrode causesiléestress. The relaxation time
constant R is the time it takes the stress le\ahes one-third of the initial value under
constant strain. It shows the time taken for themessed tissue to relax to the steady state
level. Thus, one step movement of the electrodesesathe real distance between the
electrode and the neuron to evolve as a functidmdd. Steady state will achieve at least
after a 4 R time interval.

This is of importance for mapping SNR as a functibelectrode position in brain tissue.
The goal is to find an optimal site for which SN&Rabove the defined threshold. If the
relaxation time constants are not included in tloeleh the relative distance between the
electrode and a neuron would change with time. rdeates, SNR changes with time.
Thus, after the relaxation of the tissue, electmoeleds to be repositioned to adjust for new
SNR. This issue continues in a cycle and neuroridMoecome a moving target. Although

the exact viscoelastic constant of brain tissuestisthall levels of strain is unknown, strain

15



values should be the input in to the mechanicalehofithe brain tissue to be able to find

the relaxation time constant. Then, stress respande¢he time taken to reach steady state

will be calculated.
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Figure 1: Force measurement data from a tat
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Materials and Methods

The goal of this research was to study the effédoi@es from microelectrode- tissue

interaction in a simple, inexpensive, and robusteh@system to be used as an in vitro
surrogate for in vivo brain tissues. Forces froncnoelectrode- tissue interaction during
microscale navigation in an agarose gel were medstirom these force measurement,

stresses on the surrounding brain tissue were lascl

Agarose Hydrogel as a Bench-top Models of Brain Tssie

For in vitro studies, agarose gel was chosen tees&s a model of brain tissue.
Justifications for this choice of material are suanized in Fig 3. First, both brain tissue
and agarose gel can be considered poroelasticialatélthough overall the brain is
inhomogeneous and anisotropic in its compositiocalized regions of gray matter can
be largely homogeneous and isotropic, like agagese

Agarose gels have been used to evaluate the dymasgonse of soft tissues. In dynamic
experiments studying the brain response to immectihg, gel materials are used. Gels
are simpler in handling and can be made in largatties. In such experiments, it is
clear that the dynamic mechanical behavior of #le qust be similar to that of the brain
tissues they are representing. The behaviors ddgheose gel are then compared to that
of the brain tissues under identical loading caadg to find candidate gel materials that

respond to dynamic loading in a similar mannetasbrain tissues. The results show that

18



the mechanical properties of agarose gel with aainagon of 0.5% are close to that of

brain tissues.

Property Brain Agarose Gel
Material Type Poroelastic Poroelastic
Homogeneity Inhomogeneous Homogeneous
Isotropy Anisotropic Isotropic
Optical Properties Opaque Transparent
General Properties | Vary among brains repl-rgdgt;uc Jlfble
Availability Limited supply Unlimited supply

Figure 3 Comparison between brain tissue and agage

Figure 4 shows the force-displacement curve frotis farain tissue. Figure5 shows
force-displacement curve from agarose gel. In lsaes, electrode was moved 1 mm
inside and it was left in place until forces reatiséeady state. As shown in Fig.4,

maximum force on the brain tissue is 1000 uN arid domparable with maximum
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force exerted on agarose gel after 1mm penetratiberefore, we decided to do this

study in agarose hydrogel as it is a simple motibrain tissue.
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Figure 4 Force measurement data from the brain tissuerat a
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Figure 5: Force measurement data from agarose hydrogel

Preparation of 0.5% Agarose Gel

Bench-top model of brain tissue, 0.5% agarose lgelrovere prepared by mixing 0.5
grams of dry agarose (X) with 100 mL sodium chleri@ihen the solution was warmed up
to a boiling point for 10 min. Solution was pouiatb the gel dish.

The gel was allowed to cool down and solidify fOrr@inutes.

Experimental Set-up for Stress Measurement

In this study, AM systems (Carlsberg, WA) tungstemicroelectrodes were used.
Microelectrode had a 12/m shaft diameter with 8° taper and 76.2 lengthfigare (),
experimental set up is shown. A single microelat#ravas attached to a hydraulic
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micromanipulator (FHC# 50-20-1C, Bowdoin, ME). ahé second microelectrode was
attached to a precision 10 g load cell (Futek, LBB4rvine, CA) and then mounted on
the manual micromanipulator. Increase in force irgggdwas an indication of contact with
the surface of the agarose gel. These two elecelmitrode and manually lowered in the
gel and implanted to a depth of 1mm below the@ate implanted, it was left in place for
about 30 minutes. During this time, forces woultlle¢o steady state and the gel around
the microelectrode would stabilize. After that, #seond microelectrode was also lowered
in the gel at the rate of 1Q0n/s and implanted to a depth of 1 mm below the Qakte
implanted, second microelectrode was also leftlate for about 30 minutes to allow
forces to settle to steady state. The microeleetrwds moved according to pre-defined
movement patterns in each experiments and restittings was recorded. In order to move
the microelectrode in specific step size with peagnterval between steps and control the
direction of the movement, the movements of thetedde were automated. A hardware
hack on the FHC hydraulic manipulator that was na#iyjiwcontrolled was performed by
interfacing the remote control pin in the front pawith the TTL ports of a computer that
generates voltage pulses according to a progrannmoeement pattern. A LabView based
platform generates TTL pulses that control the sieg, IMI and the direction of movement

of the microelectrode.
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Figure 6: Experimental set up for force measurement
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Experimental Protocol

In this study, four different movement patterns evetudied. 1: Unidirectional movement
of 30 um and 3 minutes inter movement interval jJIN2t Bidirectional, inchworm type
movement of 60 um and 1 minutes IMI followed by B® downward movement and 2
minutes IMI. 3: Unidirectional movement of 60 um vement and 20 seconds IMI
followed by 40 um upward movement and 2 seconds IMI

As mentioned earlier, two electrode were placed nexeach other with a predefined
distances of 500 and 10@@n. Each of four movement pattern was tested imfathe
above inter-electrode distances. The rational fayosing these distances between two
electrodes is that we are looking for lateral tq@®pagation and we would like to study
several distances under which stress propagatoon fnovement of one electrode affect
neural recording on the other electrode. A schemati the placement of the

microelectrodes is shown in Fig. 8.

Load Cell
An Electrode
The Electrode which 1s creating

the stress
» Dish of Agarose Gel <> X
» X=Inter electrode distance Jp -

Figure 8: Schematic of experimental set up with
two electrodes in agarose gel
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Estimating Stress

The load cell records the forces acting on the oelectrode during microscale movement

inside the brain tissue and during tissue relaraflhe stresses on the microelectrode are
calculated as force per contact area. At each pion& in the force curve, the surface area

of the microelectrode while it is in contact withasose gel is calculated.

According to the following formula, the measuredce was divided by the contact area

to get the total stress on the microelectrode.

c=F/A

Estimation of Viscoelastic Parameters

Maxwell model is a well-known model in estimatingetstress relaxation behavior of
viscoelastic materials. G(t) is the relaxation fimt and it is defined in terms of Prony
series parameters. The stress relaxation respandeecdescribed by a viscoelastic model

with a 29 order Prony series expansion.

G(t)=G1 €'+ Gz et/

In the above equation, G(t) is the relaxation respoas a function of time. G(0) is the

instantaneous shear modulus. It has been defineduaisnum peak stress value measured

when microelectrode is moved. Instantaneous shedulus in an indicator of the stiffness

of the brain tissue. Higher the modulus, stiffex issue. Gis the short term shear moduli
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and Gis the long term shear moduli. These two parametfieasacterize the relaxation
response of the brain tissue.

11 andt2 short term and long term relaxation time constant

Representative Stress Measurement in Response todvbbelectrode Movement

As mentioned earlier, in this study, we are inte@sto find out the lateral stress
propagation as one electrode is moving inside tfetssue. Four different movement
patterns has been executed.
1) Unidirectional downward movement of the electrodthv@0 um step size and 3
minutes inter movement interval (IMI).
2) Bidirectional downward movement of @@n step size and 1 minute IMI followed
by 30 um step size and 2 minutes IMI.
3) Unidirectional movement of the electrode with 2l step size and 40 seconds IMI
4) Bidirectional movement of 60m step size and 20 seconds IMI followed byu#i®
upward and 20 seconds IMI.
For each pattern, two different distances betwaem ¢lectrodes has been examined,
500um and 100(m. The forces measured are converted to stresestdlata recorded is
smoothed using 32 point-averaging window. The attarstic stress for a unidirectional
downward movement of a microelectrode, p® away from the second microelectrode

with 30 um step size and 3 minutes IMI is shown in figure 9.
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Time needed to achieve steady state forces varibsstep size, the rate of movement and
residual stresses due to the prior movement instiveounding tissue. This is called
hysteresis and it happens because of the time depemechanics of brain tissue.

During downward movement , forces inducing on theroglectrode represent both shear
and compressive forces. Upward movement of thdrelde register tensile forces on the
load cell. These forces register positive incremémthe registered force in the load cell.
Downward movement of the electrode causes compeefsices. Compressive forces

register negative force increment in the load cell.

Results

Figure9 shows the stress propagation in agaroselyah the electrode which is creating
the stress is x=0 um away from the second electrodess means we only used one
electrode with a load cell on it. The electrode was/ed downward in 7 steps of 30 um
each with 3 minutes IMI.

The short term and long term relaxation parameiéthe non-linear viscoelastic model
were also estimated. All stress curve in Figurevéde overlaid on top of the first curve
and we took the average of them. Then the modaidiwwas done in MATLAB. The
instantaneous shear modulus was calculated asageitude of the step change in stress
value at each instant of movement. The same asglyscedures were performed for other

movement patterns. Figure 11 shows stress duiglitedtional movement pattern for the
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same experiment. As expected, stress value reatbady state after a few movement. As

figurell indicates, stress value for x=0 is apprately 800 Pa.
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Figure 9 Stress profile for 7 steps of downward emognt at x=0
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Figure 10: Averaged stress values for 30 um dowdwaovement, curve has been fitted
to the data based on Prony series model
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Figure 11: Force measurement result at x=0 for kdtional movement of 60 pm
downward followed by 30 um upward

Figure 12, shows stress values as a result of ecoiive unidirectional movement of 30
pm with 3 minutes IMI for x=500. In this experimettie electrode which is creating the
stress is 500 away from the stationary electrodguré 13 shows the result of model fit.

As it is shown in figure 13, stress values for x&%0n is approximately 200 Pa.
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Figure 12 Consecutive stresses at a distance of x=500ffom a second
microelectrode moving unidirectionally 30um steps/dward with 3 minutes IMI
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Figure 13: Averaged stress values for 30 um unidirectiatainward movement. A
second order Prony series model shown in blue kas [it to the data

Figurel4 shows stress due to 6 consecutive downmaxe@ment of 30 um with 3 minutes

IMI. In this experiment, x=1000 um, meaning that glectrode creating the stress is 1000
pm away from the stationary electrode which is meag the stress. Stress registered on
the load cell is -120 Pa and is less comparedstodiresponding values for x=0 and x=500

um distances .
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Figure 14: Consecutive stress measurement for tggtdonal 30pum downward
movement with 3 minutes IMI ,at x=100&
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Figure 16 Force result for bidirectional movemef0 um downward followed by 30
pm upward at x=100@m

Figure 17 shows the result of stress measured €bifedent inter-electrode distances. As

expected minimum lateral stress was measured witenrelectrode distance x=100.
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Figure 17: Average stress measurement fou@Qunidirectional downward movement at
three different inter-electrode distances, x=0,x853-1000uzm
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Figure 18: Average stress measurement for 30 pneliibonal downward movement at
two different inter-electrode distances x=500,x=0@®n
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CHAPTER 3

SPATIO-TEMPORAL DISTRIBUTION OF STRAIN IN BRAIN TIS SUE DUE TO
MOVEMENT OF MICROELECTRODE

Objective —To quantitatively assess the spatio-temporal tigtion of strain induced by

the movement of microscale probes in soft viscaoieléissue.

PDMS as a Bench-top Model of Rodent Brain

To study the distribution of strain in space indlbg the movement of microelectrode in
soft tissue, we used another bench-top model ahhrssue, called PDMS. Due to
solubility issues, we could not continue our studih agarose gel. Figures 19 and 20 show
the force-displacement curves due to microelectrodeement in PDMS and brain tissue
of the rat, respectively. As the figures indicateaximum forces and dynamics of
relaxation in PDMS are comparable with those mesakur brain tissue indicating PDMS

as a suitable bench-top model of brain tissue.
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Figure 19 : Force measurement data obtained from a rat

-400 +
-500
-600 |
-700 : : ' :
0 200 400 600 800 1000
Time(sec)

Figure 20 Force measurement data obtained from PDMS
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Materials and Methods

In this study, Microspheres (Cospheric LLC) of deter 10-27um were embedded in
PDMS. As mentioned earlier, PDMS is a brain likatenial. Diameter of a neuron is
between 10-20 um, thus, we chose microsphere wdiaseeter is in the same range to be

able to simulate neurons.

Experimental Set-up to Measure Spatial Distributionof Strain

For this section of the experiment, we were intex$ quantitatively map the strain fields
using video microscopy.

To do so, we used solution of microscale beadsDM® dish. Imaging was done by
placing the microscope in front of PDMS dish andreecting it to the computer. wmv
format video was acquired with 29 frames/secone Video was converted to the frame
by frame images. Based on the acquired data, weletb¢o compare frames every 30

seconds. Figure 21 shows experimental set uprfansneasurement.
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Experimental Protocol

To measure distribution of strain, we used one gterg electrode connected to the
hydraulic micromanipulator. Four different typermbvement patterns were tested.

1: Unidirectional movement of 30 um followed by &iMl.

2: Bidirectional movement of 60 um downward witiminute followed by 3 um upward
movement and 2 minutes IMI

3: Unidirectional movement of 20 um followed by g IMI

4: Bidirectional movement of 60 um downward follavey 40 um upward and 20 sec
IMI.

To measure strain distribution, we started recgrdimen the electrode started to move
1mm inside the PDMS using a FHC (FHC Inc., Bowdamh ME) microdrive. Then we
let the tissue to relax for 10 minutes and aftet tine of the above mentioned movement
patterns were executed. Total of 4 videos wererdech

Below are couple of the figures extracted from\lteos for demonstration. First figure

shows initial penetration and the second figure fimme 30 seconds after that.
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Figure zz: A‘frame’trom Inital movement o1 eleciednside tne' PDMS.‘Microscale
beads are shown as white dots

41



Figure 23 A frame after the initial penetration of eledeoinside the PDMS.

Block Matching Algorithm

One of the most popular techniques for motion ediion is block matching algorithm.
The concept behind motion estimation is that thiéepas corresponding to objects and
background in a frame of video sequence move wittenframe to form corresponding
objects on the subsequent frame.

The idea behind block matching is to divide therenir frame in to a matrix of “macro
blocks” that are then compared with the correspumdhlock and it's adjacent neighbors
in the previous frame to create a vector that kips the movement of the macro block

from one location to another in the previous frafit@s movement vector was calculated
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for all the macro blocks in that frame. The seanaa for a macro block match is uppo °
pixel on all four sides of the corresponding matwok in previous frame. Thig*is called
search parameter. Larger motions needs larger @ nidiching of one macro block with
another is based on the result of Mean Absolutéefihce (MAD). The macro block that

result in the least cost is the one that matcheslthsest to current block.

MAD=1/N? 3y |G - R |

where N is the side of the macro block,aDd R are the pixels being compared in current
macro block and reference macro block, respectively

In this research, we used block matching algoritbrfiind motion vectors from one frame
to another frame. Time between two frames varigoedding on the condition of the
electrode (whether it is moving or it is stationafyor the first 10 second of the video, in
which the microelectrode was moved 1mm inside th&B, we decided to compare the
frames every 1 second. However, once the elecstaged in place for 10 minutes to allow
the tissue to relax, and the subsequent movemdietrms were executed (unidirectional,
bidirectional 30 um or unidirectional/ bidirectidrZD pm). Below are there figures that
show the motion vectors for three different comuhif. Figure 24 represents the initial
penetration of microelectrode inside the PDMS. {seeted, there is significant movement
right next to the electrode and almost zero movéroarother regions. The two frames

compared were 1 second apart from each other.
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Figure 24 Motion vector for the initial penetrati@f electrode. Frames are one second
apart.

Figure 25 shows the last two frames for the timeertticroelectrode reached 1mm inside

the PDMS. We have compared two frames that arednseapart.
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Figure 25: Motion vectors for the time microeleacteo stopped movement, after 1mm
penetration. Frames are one second apart.

In figure 25, movement of the particles along theroelectrode is clear. We still cannot

see any motion vector further away from the elelgro

In figure 26, motion vectors for the end of theargtion time period has been plotted. In

this figure, time interval between two consecutirames are two minutes. Since during
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the relaxation time, movement of particles areesregly small and slow, we can see almost

no movement in the motion vectors.

Figure 26: Motion vector for the end of the relarattime. Frames are two minutes apart.
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Tracking Single Particles

To measure strain distribution, in each experimeatiracked 3 different particles in three
different locations from the electrode. Particler&v200, 400, 700 um away from the tip
of the microelectrode. The rational for choosing thstances was that we were interested
to compare the strain measurements with the simessurement reported in Chapter2.
The method we used to find Euclidean distance fparéicle from a frame to frame was
manual tracking. We developed a MATLAB code (ratethe appendix A) in which we

were able to find the current position of the detby clicking on it.

Results

Figure 27 shows displacement profile for unidirecél 30 um downward movement of
three different particles at locations 200, 400) i®n. As figure indicates, in the first 10
seconds of the video, electrode was moved 1 mmangie PDMS. Thus, we see huge
displacement of particles, up to 400 um for thisvement. Then, the tissue was left in
place to relax for 10 minutes. After the relaxatp®riod was done and particles reached

steady state, the unidirectional 30 um and 3 mig was started.
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Figure 27: Strain measurement for unidirectionalvament of 30 pm downward with 3

minutes IMI. Three different particles at threefeliént locations from the tip of the
microelectrode were evaluated
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Figure 28: Corresponding force measurement for
unidirectional 30 um downward movement

As figure 28 indicates, for unidirectional movemehB80 um, build up of stress is visible.

As we expected, increase in displacement is obdenve themicroparticles as

microelectrode was moving 30 um downward in eaep.st
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Figure 29 Strain measurement for bidirectional movement ofu@&® downward with 1
minute IMI followed by 30um upward with 2minutes.Vhree different particles at three
different locations from the tip of the microelecte were evaluated
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As figure 30 indicates, for bidirectional movemeh60 um downward followed by 30 um
upward, quasi- steady state stresses is visibten Fne strain measurement figure, figure
29, the quasi steady state for displacement ofamsurs visible after the initial 1mm
penetration. This is validating our initial hypastathat bidirectional inchworm type

movement will cause steady state of stress.
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Figure 31: Strain measurement for bidirectional roment of 40 pm downward with 20

seconds IMI followed by 20um upward with 20 secdhtds Three different particles at
three different locations from the tip of the miglectrode were evaluated
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Figure 32: Corresponding force measurement for bidirectior@jish

downward movement with 20 seconds IMI followedOyn2 upward

movement with 20 seconds IMI
As figure 32 indicates, for bidirectional movemeh#0 um downward followed by 20 um
upward, quasi- steady state stresses is visibten fine strain measurement figure, figure
30, the quasi steady state for displacement ofamsurs visible after the initial 1mm

penetration. This is validating our initial hypastathat bidirectional inchworm type

movement will cause steady state of stress.
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Figure 33: Strain measurement for unidirectional movementOofi &1 downward
with 40 seconds IMI. Three different particlestaee different locationsom the tip
of the microelectrode were evaluated

As figure 33 indicated, displacement of a partislenore when the particle is as close as
200 um to the electrode. As the particle is furtdn@ay from the electrode, the amount of
displacement would decrease. For unidirectional engent pattern, build-up of stress in

visible in figure 33.
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Figure 34: Corresponding force measurement for unidirectid2@pm
downward movement with 40 seconds IMI
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Discussion

From stress measurement data, maximum sheasas of up to 200 Pa were observed
500 microns away from a moving electrode, and up26 Pa were observed 1000 microns
away from the moving micro electrode Shear streappear to dissipate exponentially as
a function of distance from the moving micro eled&. Besides, from stress curves, build
up of stress for unidirectional movement pattermisible. However, as expected, quasi-

steady state stresses is distinctly visible dubiiyectional movement.

From strain measurement, maximum displacementp ¢ 400 microns were observed
for microparticles within 200 microns from the mogielectrode, and up to 200microns
for microparticles within 400 microns from the miogielectrode and up to 100 microns
for microparticles within 700 microns from the migielectrode. Besides, displacements
of microparticles are quasi-static in the case ioforelectrodes moving bi-directionally in
an inch-worm fashion, but steadily increase indase of unidirectional micro electrode
movement. The results from strain measurementsfisggmtly decreased displacement of

microparticles under bidirectional movement of roaectrode.
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APPENDIX A

MATLAB CODES
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% Finding particle’s location based on placing ¢hesor on it
clear; clc;

count=1;

fori=1:0.5:13

image=strcatUni-20-40,num2str(i),pg);

pts (:,count) = readPoints(image);

time(count) =1,

count = count + 1;

end

for i=14:30:(10*60)+21
image=strcat(ni-20-40,num2str(i),jpg)
pts(:,count) = readPoints(image)
time(count) =i,

count = count + 1;

end

for i=((10*60)+21:10:(20*60)+25)
image=strcat(ni-20-40,num2str(i),jpg)
pts(:,count) = readPoints(image)

time(count) = i;
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count = count + 1;

end

for i=1:107
a(:,))=(pts(:,i)-pts(:,1))*3.7
bl=sqrt((a(l,).~2)+(a(2,)).A2))

end

plot(time,-b1)

function pts = readPoints(image, n)

%readPoints Read manually-defined points fromgena

% POINTS = READPOINTS(IMAGE) displays the imagethe current figure,
% then records the position of each click of tmtt of the mouse in the

% figure, and stops when another button is cticKéne track of points

% is drawn as it goes along.

if nargin <2
n = Inf;

pts = zeros(2, 0);
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else
pts = zeros(2, n);

end

imshow(image); % display image
xold = 0;

yold = 0;

k=0;

hold on; % and keep it there while we plot

while 1
[xi, yi, but] = ginput(1); % get a point
if ~isequal(but, 1) % stop if not button 1
break
end
k=k+1;
pts(1,k) = xi;

pts(2,k) = yi;

if xold

plot([xold xi], [yold yi],'g0-); % draw as we go
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else
plot(xi, yi,'go); % first point on its own

end

if isequal(k, n)

break
end
xold = xi;
yold = vyi;
end
hold off;

if k < size(pts,2)

pts = pts(;, 1:K);

end

end

% Code for extracting frames from video

clear;clc;
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for k = ((10*60)+21:10:(20*60)+254fill in the appropriate number
vidODbj = VideoReade¥ctual-pdms_20-40sec.wrii€urrentTimgk);
vidObj.CurrentTime = k;
this_frame = readFrame(vidObj);
thisfig = figure();
thisax = axe&Parent' thisfig);
image(this_frameParent thisax); title(thisax, sprintft time= %g secondk));
imwrite(this_frame,strcat(Uni-20-40,num2str(k),jpg),jpg)
end

closeall
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