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ABSTRACT OF THE DISSERTATION

Novel Techniques for Neuromodulation and

Neural Signal Analysis

by

Yushan Wang
Doctor of Philosophy in Bioengineering
University of California, Los Angeles, 2022

Professor Wentai Liu, Chair

Neuromodulation, targeting either the central nervous system or peripheral nervous system, is
a viable therapy for many diseases, particularly for patients who are refractory to traditional
treatments.

The first part of this thesis aims to develop the non-invasive neuromodulation technique
targeting the central nervous system, specifically the brain with transcranial direct current
stimulation (tDCS). Compared to the conventional tDCS which uses two large pad electrodes,
high-density tDCS has recently received more attention. With the high-density electrode system,
it is able to achieve better stimulation performance in terms of stimulation intensity and focality.
To further improve the performance of this promising technique, we characterize the performance
with respect to the electrode factor for the high-density tDCS system. In addition, we have
developed an optimization algorithm, Stimulation with Balanced Focality and Intensity (SBFI), to

guide the high-density system, which provides effective and focal stimulation. The robustness of

il



the computational model with standard tissue conductivity is also evaluated. The proposed
technique can be applied to transcutaneous spinal cord stimulation (tSCS).

The second part aims to develop the electrical modulation technique targeting the peripheral
nervous system, specifically one of the second brain organs - colon. Electrical stimulation has been
demonstrated as an alternative approach to alleviate intractable colonic motor disorders. However,
knowledge of optimal electrical stimulation modalities and regional specific functional effects of
colonic neuromodulation is lacking. We have investigated the regional colonic motility in response
to different electrical stimulation modalities. In addition, we have developed a novel and efficient

technique employing bio-impedance characterization to monitor colonic motor activity.
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CHAPTER 1

Introduction

Neuromodulation has been widely applied to fundamental research to better understand the
nervous systems as well as to the clinical therapy of a variety of diseases. Well-known examples
include manipulating neural activities in the brain to modulate the brain functions [1]-[3], spinal
cord implants to restore the motor function after spinal cord injury [4]-[6], and gastrointestinal
implants to monitor and treat GI motility disorder[7]-[9]. These applications require continuous
technological advancement and knowledge of specific functional effects. Despite technological
advances to date, there are still challenges to overcome. Concretely, an effective stimulation should
be capable of selectively activating the desired neurons of interest while avoiding others, making
selectivity and focality critical concerns in electrical stimulation systems. However, in the high-
density stimulation interface with the conventional stimulation paradigm, the resolution of
stimulation is poor as the delivered charge from the stimulating electrodes would inevitably spread
to nearby tissues. An in vitro study to perform and validate focalized stimulation using a multi-
electrode array has been conducted in [10]. However, in order to further the stimulation
focality/selectivity, it is essential to develop a stimulation approach that can focalize the electrical
field in the desired region with ease. In addition, while enthusiasm is high for this popular
therapeutic approach, the optimal neuromodulation modalities, effects, and mechanisms are not
well known, especially when targeting the regions/organs with complex functions. The brain and
colon (known as a part of the second brain) are the most representative examples. Overcoming
these challenges is desperately needed to continue driving the technology toward better modulation

effects and filling the knowledge gap. This thesis aims at developing advanced optimization
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methods to provide focalized and effective neural stimulation with a multi-electrode system, as
well as region-specific functional mapping and monitoring of the colonic neuromodulation.

For neuromodulation, we mainly focus on noninvasive electrical stimulation techniques with
a high-density electrode system targeting the cortex. Benefits of a high-density electrode system
include the ability to target multi-site stimulation, avoid specified regions, and provide more
flexible stimulation configurations with the same target and safety constraints. Furthermore, it is
critical to achieving spatially precise stimulation. Performing selective and focalized stimulation
to specific neurons would greatly ameliorate the stimulation efficacy by avoiding the undesired
spread of electrical charge. And the focalized stimulation can only be accomplished by a high-
density electrode system. There are many factors that can impact the stimulation performance,
such as the number of electrodes in the system and the computational model used for the system's
current assignment. The first contribution of this dissertation systematically studies the influence
of different electrode-related factors on the performance of stimulation and develops optimization
algorithms, which guide developments of the high-density electrode system and support
focalized/selective stimulation. Further, it is important to recognize the gap between the
computational model and clinical application. Therefore, this dissertation also explores the
robustness of the computational model and prepares for future clinical studies.

Electrical stimulation is also believed to be effective in modulating the part of the second brain
— colon by applying directly to the colonic tissue or the nerves of the autonomic nervous system.
The interest in this electroceutical-neuromodulation is increasing, an alternative approach to
alleviate intractable colonic motor disorders. However, the knowledge of region-specific
functional effects of colonic neuromodulation and effective electrical stimulation modalities is
lacking. Furthermore, the colonic motility, playing a critical role in accessing the effectiveness of

2



these emerging therapies, is complex, and its accurate analysis remains a challenge. Various
methods have been proposed to monitor the colonic motility, and while each has contributed to a
better understanding of colon motility, a significant limitation has been the spatial and temporal
low-resolution in colon motility data acquisition and analysis. The second contribution of this
dissertation investigated the regional colonic motility response to different electrical stimulation
modalities, which provides a foundational basis to guide safe and effective neuromodulation for
patients suffering from intractable colonic motility disorders. On top of that, this dissertation
develops the spectral analysis of the intracolonic pressure to uncover important features (frequency
pattern and power) of intestinal phasic contractions under different electrical stimulation protocols.
Furthermore, a novel technique based on bio-impedance characterization is proposed and validated
to monitor colonic motor activity at high spatial and temporal resolution.

Chapter 2 aims to improve the performance of the high-density electrode system in focalized
stimulation. We first establish a computational model of high density transcranial direct current
stimulation (tDCS) and systematically study the influence of different electrode-related factors on
the stimulation performances. Then, the optimization algorithm using a regularization matrix 4 is
developed to explore the balance between stimulation intensity and focality. The simulation study
is designed such that the performance of state-of-the-art algorithms and the proposed algorithm
can be compared via quantitative evaluations. The results show that the proposed algorithm, with
a reasonable number of electrodes, not only achieves desired intensity but also smaller target error
and better focality. Robustness analysis indicates that the simulation results with the computational
model are stable within the ranges of the scalp and Cerebrospinal Fluid (CSF) conductivities, while

the skull conductivity is most sensitive and should be carefully considered in real clinical



applications. The same strategies have been demonstrated to be applicable to the transcutaneous
spinal cord stimulation (tSCS).

Chapter 3 focuses on the functional mapping and modulation techniques of the colonic nervous
system. In this dissertation, we investigated the regional colonic motility response to electrical
stimulation of the colonic tissue and nerves in an anesthetized porcine model and demonstrated
the effective stimulation modalities. In addition, we propose a novel technique based on bio-
impedance characterization to monitor colonic motor activity. We demonstrate that the proposed
bio-impedance-based method can monitor colonic motor patterns at high spatial and temporal
resolution.

Chapter 4 summarizes the dissertation and points out some future directions.



CHAPTER 2

Non-invasive neuromodulation Achieves Balanced Focality and Intensity

The technique of transcranial direct current stimulation (tDCS) has been recently attracting
more and more attention in research and clinic applications to elicit modulation of neural activities
non-invasively for the treatment of psychiatric conditions and neurological diseases. Although
tDCS has a lot of practical advantages such as portability, flexibility and tolerable stimulation
duration, it faces several challenges such as the limited stimulation intensity and focality of
detecting the stimulating electric field. To address these issues, high-density tDCS has been
developed in the past. With a high-density electrode system, high-density tDCS provides a higher
degree of freedom to achieve better stimulation results.

In this chapter, we first introduce the background of the high-density tDCS. To improve the
high-density tDCS, we establish the computational model and explore the factors that affect tDCS
performance. Stimulation with Balanced Focality and Intensity (SBFI), an optimization-based
algorithm, is proposed to further investigate the technique with balanced the stimulation focality
and intensity. Several state-of-the-art methods are introduced and compared with SBFI. The
advantages and disadvantages of different optimization algorithms are discussed. Then, the
robustness of the computational model is studied, and a graphic user interface is built for future
clinical applications. Moreover, we extend this study to another non-invasive neuromodulation
system (transcutaneous spinal cord stimulation tSCS). We demonstrate that the proposed
techniques can be applicable to tSCS. SBFI can enable the high-density electrode system to
maintain the stimulation intensity and affects fewer non-target spinal cord segments, indicating a

great potential for future implementation.



2.1 Introduction

As a non-invasive neuromodulation method, transcranial direct current stimulation (tDCS)
shows therapeutic potential to treat many brain disorders and improve brain functions, such as
major depression [11]-[13], epilepsy [14]-[16], and Parkinson's disease [17]-[19]. It also has
garnered great interest because it may benefit healthy individuals as well [20]-[23]. Conventional
tDCS applies a constant, low direct current through two large pad electrodes to stimulate a specific
brain region. It is challenging to achieve accurate activation or inhibition at a specific region
without interfering with other regions in the brain. Numerous efforts have been made to improve
this promising technique, such as using multiple electrodes to achieve focalized EEG-guided
stimulation. For example, the GTEN system (EGI, Eugene, OR, USA) with 256 channels
integrated the reciprocity theorem and EEG-based source localization tools such as sSLORETA.
However, it has many deficiencies. First of all, state-of-art source localization algorithms such as
gFOTYV can improve its localization accuracy and degree of focalization [24], [25]. Importantly,
the density of the electrode system does affect stimulation outcomes, and 256 may not be high
enough to reach the plateau [26]-[29]. The most important drawback is that the reciprocity theorem
may not be ideal, especially in the multiple target case. It may stimulate the average location of
these targets and result in a broadly distributed stimulation pattern. Consequently, one of the
emerging challenges of utilizing a high-density electrode system for tDCS is to determine the
optimal current at each electrode. An optimal current pattern will enable high-density electrode
systems to provide stimulation with high focality, accuracy, and intensity.

So far, optimization-based methods are the most popular solution to assign injected current

values. As an overdetermined problem, the Least Squares solution is a straightforward approach



[30], which minimizes the second-order error term. Considering the safety issue in clinical use,
constraints are then added when applying the algorithm; thus, it can be referred to as the
Constrained Least Squares method (CLS). Its optimal current pattern often produces relatively
focal stimulation but low stimulation intensity; one possible explanation for this is that the target
region is generally tiny compared to the whole brain. To overcome this challenge, the Least
Squares method has been improved by assigning weight to balance the tiny target region and large
non-target ones in a technique called the Weighted Least Squares method [30], [31]. It is able to
produce higher stimulation intensity; however, the weight factor must be given by the clinician,
which is a non-trivial task. Another developed technique optimizes for the intensity at the target
region and is named the Max Intensity (MI) method [27], [32]. This method tends to achieve high
stimulation intensity but is more likely to activate large non-target areas. Thus, this motivates the
introduction of more constraints on non-target areas to improve the MI method [33], [34]. However,
the additional constraints may lead to no feasible solution set and also longer computational time.
These improvements all indicate the key point behind this optimization problem—that is, to find
ways of balancing the stimulation intensity and focality. One novel solution named Linearly
Constrained Minimum Variance (LCMV) [30] adopts ideas from the beamforming problem. The
algorithm has a hard constraint in that the stimulation intensity at the target region is enforced to
be exactly equal to the desired one, while a cost function minimizes the energy of the non-target
regions. This strategy is aimed at ensuring the stimulation's effectiveness but has pitfalls. LCMV
minimizes the effects on the non-target areas under the premise that the hard constraint is fulfilled.
When the desired electric field at the target regions is difficult to achieve, it can greatly sacrifice
the non-target region and produce a spread-out electric field distribution. In the worst case, it may
even fail to attain the hard constraint, thus giving no feasible solution.
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To balance the trade-off and overcome these pitfalls, we propose a new method combining the
principles of LCMV and MI. The new method, Stimulation with Balanced Focality and Intensity
(SBFI), maximizes the energy in the target region and minimizes the rest of the energy in non-
target regions. We also adopt an idea from the Weighted Least Squares method by adding a
stimulation parameter A in SBFI to balance the intensity and focality of the target regions and non-
target regions. Computational simulation experiments were conducted using the aforementioned
methods and the proposed SBFI method. The quantitative results show that SBFI achieves better
performance in balancing the stimulation intensity and focality for both single and multiple target
studies. Robustness experiments indicate that the results are stable with different scalp and
cerebrospinal fluid (CSF) conductivities, while skull conductivity is most sensitive and should be
carefully considered in real clinical applications. The proposed optimization method SBFI shows
good robustness among tested methods in terms of the overall electric field distribution deviations

and the maximum intensity changes at the target area.

2.2  Framework and Computational Model

2.2.1 Mathematical Formulation

To formulate this optimization problem, let’s consider the head as a volume conduction model,
which consists of multiple tissues, each with different electrical conductivity. Furthermore, the
whole volume is discretized into small voxels. The cortex now has n elements, and the electric
field in the cortex resulting from the electrical stimulation is denoted by e, «1. The stimulation is

expected to have a desired electric field distribution in the application, which is denoted by e;.



And e, as a submatrix of e, represent the specified electric field intensity and orientation at the
target(s). For a stimulation system with m electrodes on the scalp, we use s,,»; to denote the
injected current in the system. Considering the fact that head tissues are mainly resistive when
tDCS is applied, the electric field distribution can be regarded as quasi-static. Under this condition,
the applied current s,,,; and electric field e;,; are linearly related as:
€3nx1 = Kanxm * Smx1

The coefficient matrix K;,,, , known as the lead field matrix, provides the mapping
information between the injected currents of the electrode system and the electric field value at
each voxel of the brain. The K3, ,, matrix can be obtained by constructing a realistic volume
conduction model and solving Maxwell’s equations.

To guarantee the stimulation is within the safety limits, it is necessary to introduce constraints
for the optimization model. Generally, there are three common safety concerns. First, the sum of
all current inflow should be equal to the sum of all current outflow based on the charge

conservation law

ZSi=0

Second, the current injected into each electrode cannot exceed I,,,,. This is especially
important for high-density electrode systems to avoid side effects such as pain and skin injury.
This constraint can be written as

|s;| < Lpax for any i
Lastly, we limit the sum of all current inflow to the body. If we use I;,:,; to represent the

maximum sum currents injected into the body, then the constraint will be

ZISiI < 21total
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In our study, we set I,,,,, = 2mA, and I;,+,; = 4mA, which are reported to be safe [35]-[37].

The feasible sets of the optimization model are defined as:

s = {S € R™: ZSL' =0, Isil < Imax'zlsil < thotal}

Then, we introduce the [, -norm and the [, -norm of a vector, i.e., [|X||, = max |x;| and
<ism
lIx|[; = X|x;| for any x € R™. Using the vector norms, we can get an equivalent form:
s = {S e R™ s™1 = 0, ”s”oo < Inax, ”5”1 < thotal}

where 1 = (1, ...,1)T € R™.

2.2.2 Quantitative Evaluation of the Stimulation Performance

Intensity (V/m)
A

Target Center
Desired Intensity |— — — — — .?

|
<
Produced Intensity = — — — — |
I ] Focality
— | _

Activation Center

— » Position (mm)

Figure 2.1: The illustration of quantitative evaluations.

To evaluate the stimulation performance fairly and comprehensively, we use four quantitative
evaluation criteria, i.e., the stimulation intensity, precision, accuracy and the electrode number.
The quantitative evaluation illustration is shown in Figure 2.1. Note that we evaluate the
performance of each target region separately if we stimulate the multiple targets at the same time.

First is the stimulation intensity in volts per meter, which shows the maximum electric field of
the target region. In general, higher intensity is preferred. An intensity of 0.1 ~ 0.3V/m is reported

10



to be efficient [30], [38], [39]. In addition, clinical application favors the result that is close to the
desired electric field distribution in the target region.
E = enax = max(eiar)
Secondly, the target error (TE) is defined as the Euclidean distance between the mass centers

of the target and the solution regions [28].

i\Co/ij i(e);

where j € {x,y, z}, p; is the coordinates of the ith voxel. The mass center of the target region
and the activation region is MC, and MC, respectively. With units of millimeters, TE is a way of
evaluating the stimulation accuracy: the smaller the TE, the higher the accuracy.

The third is the focality [28] measured in millimeters, which is represented by the radius in
which the cumulative energy is Aalf of the total energy. If we use I'(r) to represent the voxel set

within a distance r from the center of the target region, E (1) is the portion of the energy of I'(r).

Yiermlle@)ll
T =7 - ) E(r) =
0.5 lE@=05 Yille(rll3

Focality indicates the stimulation precision. Smaller values of 7 5 indicate that most of the
energy is concentrated in a smaller region, and thus off-target brain regions are less likely to be
activated.

In addition, the number of electrodes used in the montage is provided, which reflects the

technology limitation.
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2.2.3 Realistic Head Model and Electrode Model

The computational realistic head model utilized in our study is derived from the anatomical
FieldTrip template [40] from the Statistical Parametric Mapping (SPM) Canonical Brain, which
provides anatomical information on the scalp, skull, cerebrospinal fluid (CSF), and cortex. The
Boundaries of all the tissue layers of the model were first saved in stereolithography (STL) format
and then converted to the solid models using SolidWorks (Dassault Syst¢emes SOLIDWORKS
Corp., Waltham, Massachusetts, USA). The conductivity values are adopted from the literature
[30], where 0gcqp, = 0.465S/m, Ogpyyy = 0.01S/m, o¢gp = 1.65S/m, and 0¢preer = 0.2S/m
respectively.

In addition, the electrode model was constructed using SolidWorks, the location of which is
based on the international electroencephalography (EEG) system. The electrodes consist of the
metal layer and the gel layer, where the gel layer lays between the metal and scalp as the real
clinical application. Both the layers have the same diameter and thickness of 1mm.

As described previously, the injected current at each electrode has a linear relationship with
the electric field value in each voxel, which is exactly the single element of the lead field matrix.
Using FEM and solving the Laplace equation in the realistic head model, we obtain one column
of K5,,«m by assigning a unit current (ImA) to that corresponding electrode and then complete the
lead field matrix by repeating m times. All the simulation work is done by COMSOL Multiphysics

(COMSOL Inc., Burlington, MA).
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2.2.4 Process Automation

Figure 2.2: High-density electrode model.

The electrode modeling and simulation are time-consuming and mindless work. Each electrode
is first built and then adjusted its orientation normal to the scalp surface manually, which will be
repeated m times to model a m-electrode system. From our experiences, it took more than 48 hours
to build 342 electrodes (Figure 2.2) and more than 7 days to run the 342 simulations to obtain the
lead field matrix as described in the previous section. Those processes require more time as the
number of electrodes increases. Besides, errors can easily occur in any step of those manual
construction, including missing electrodes and missing orientation adjustments. Those errors could
be noticed eventually in the simulation procedure. However, the errors in simulation, like the
repeated simulation of the same electrode mistakenly, may be hard to identify and lead to failure.

Therefore, process automation is proposed to overcome those limitations and resolve the problems.

2.2.4.1 SolidWorks Macro Control
Macro, based on visual basic syntax, is used to operate SolidWorks to achieve electrode
construction automatically. The input data required by Macro includes one single electrode

template, electrode positions, and the normal direction of each electrode. The application of Macro
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can significantly save the high-density electrode system construction time; for instance, it
decreased the operation time from more than 48 hours to 30 minutes for 342-electrode system

modeling.

2.2.4.2 COMSOL Java Control

Java is proposed to control the COMSOL to achieve electrode simulation automatically. With
the basic physics settings, the java script can control COMSOL conduct simulation for one
electrode after another without additional work. The simulation of a 342-electrode system can be

done in a day without error.

2.3 Influence of Different Electrode Factors on High-Density tDCS

Performance

The performance of high-density tDCS is influenced by several electrode-related factors, such
as electrode number, electrode size, and electrode shape. Fernandez-Corazza et al. compare 128
and 256 electrode cases and find that greater electrode density improves focality, directionality
and intensity parameters [26]. Faria et al. have shown that smaller stimulation electrode produces
a more focal current density distribution when using two circle electrodes system [41].
Coincidentally, Nitsche et al. find that stimulation focality can be improved by reducing the size
of the stimulation electrode and by increasing the size of the reference electrode [42]. In general,
previous related studies are isolated and based on the conventional system or the ring electrode
montage. A systematic study of the influence of various electrode-related factors on the
performance of high-density tDCS is still missing. To further improve the performance of high-

density tDCS, it is important to characterize the performance with respect to the electrode factor.
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Herein, we proposed a systematic study based on the high-density electrode system. Electrode
number, electrode size, and electrode shape were the three factors proposed to be studied. The
most common optimization method Least Square with safety constraints was applied, and the
aforementioned evaluation criteria were compared to quantitatively analyze how these factors will
influence tDCS performance.

s = arg min||Ks — e,||?
S

The desired e-field intensity e, of the optimization problem is 0.3 V/m in our experiments to
meet the effectiveness requirement as described. Different targets were chosen: target 1 is the
motor cortex region, target 2 is the auditory cortex, and target 3 is the left dorsolateral prefrontal
cortex which is identified to be important for depression treatment. With those different regions of
target, we aimed to analyze various target conditions that may occur in clinical use in order to draw
a pervasive conclusion. Also, considering that the different target voxels at the specific location
may influence the performance, ten sets of target voxels in each region were randomly selected to
evaluate the average performance. Thus, in addition to the quantitative evaluation criteria, we also

used Box-plot to demonstrate the numerical analysis.

2.3.1 Influence of Electrode Number

We first studied how the number of electrodes impacts the performance of high-density tDCS.
We constructed several high-density electrode systems of 21, 32, 64 and 342 electrodes (Figure

2.3). The diameter of each electrode was fixed to 6mm.
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Figure 2.3: The model of multi-electrode systems of 21, 32, 64 and 342 electrodes.

Comparison of the focality, TE, and intensity has been done at different selected target regions
by varying the electrode number. Figure 2.4 shows the results of the normalized E-field
distribution. Each column represents a specific target region, where from left to right are the motor
cortex, auditory cortex and left dorsolateral prefrontal cortex. And the four rows are the results of
21, 32, 64, and 342 electrodes.

Clearly, the visual inspection shows that the focusing capability is significantly improved as
the number of electrodes increases. In all three stimulation cases, the e-field created by 21-
electrode stimulation is broadly distributed, which almost undesirably spreads the half of the cortex.
When the electrode number n is equal to 32, the activation region is smaller than the 21-electrode
stimulation. If the electrode number is set at 64, the e-field distribution is much more focal.
Moreover, when the electrode number reaches 342, the focusing capability is greatly improved,

and the focality can be as small as 1cm.

16



Target 1 Target 2 Target 3

%107 %107
n=21 12 10
10 8
2 6
4 4
2 2
%107 %107
14
12
10
8
6
4
2
%1072
6
4
2
%107
15
10
5

Figure 2.4: Performance comparison at the different number of electrodes (21, 32, 64, and

342).

Furthermore, several sub-regions of each target area are chosen for the evaluation of focality,
TE, and intensity. The results of all three target regions are in accord. The numerical result for
each target is shown in Figure 2.5 using box plots, including the lower quartile, median and upper

quartile. From top to bottom, the three rows are the results of intensity, TE, and focality. The range
17



indicates the performance varies at different target locations. And the ranges of both focality and
TE are the smallest when the electrode number is 342, which indicates that precise and accurate
stimulation can be obtained by a configuration of a higher electrode number.

Influence of Electrode Number on Intensity
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Figure 2.5: Box and whisker plot shows the trends at different electrode numbers when

stimulating different target regions.

The red bar represents the median value, and the diamond in each box indicates the average
value. The “whiskers” above and below the box show the values of the highest non-outlier and

lowest non-outlier. The red cross sign represents the outliers.
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Though the range in the intensity figure is the largest, the intensity of the target region is
improved. The red bar in each “box” represents the median value, which decreases in focality and
TE and increases in intensity with more electrodes. A similar trend occurs in the diamond plotted
in each “box” representing the average value.

The results of the electrode currents obtained by the algorithm show that the optimal currents
s, far from reaching the safety constraints, are not enough for applications. This indicates that the
electrodes do not fully use the allowable current. The fewer electrode number, the worse the
phenomena. To make full use of the current and results in the desired higher intensity without
enlarging the focality and TE, we could increase the current by multiple a scaling factor (t) to reach

the safety constraints. It is very clear that the formulation of tXs = s* = arg min||Ks — te,||?
s

will not change the focality and TE. This remedy method provides a way of increasing the intensity
created by different electrode systems. Thus, the electrode system can make full use of the
allowable current and produces the highest intensity while maintaining the optimal focality and
TE. Comparing the intensity of each system after this method, the 342-electrode system still
achieves higher intensity than other systems with smaller electrode numbers. Considering the
focality and TE, the values will not be changed. As we discussed in the previous paragraph, the
focusing capability and stimulation accuracy are greatly improved as the number of electrodes
increases.

Combining together the E-field distribution, focality, TE, and intensity, it indicates that the
increase of the electrode number can achieve better performance in focusing capability, stimulation
accuracy, and intensity of HD-tDCS regardless of the target regions.

As the conclusion suggests, we can achieve better performance of tDCS by increasing the

number of electrodes regardless of the target types and target areas. Thus, we propose to build a
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high-density electrode system. The placement of high-definition tDCS is based on the international
EEG system, including the 10/20, 10/10, and 10/5 systems [43], [44]. The ”20”, “10”, and “5”
refer to the fact that the actual distances between adjacent electrodes are either 20%, 10%, or 5%
of the total front-back or right-left distance of the skull.

Currently, the highest electrode number is 342, whose placement is based on the 10/5 EEG
system. However, more electrodes are required, and this 10/5 system is not enough. Thus, we
proposed to extend the 10/5 system to the 10/2.5 system. As the definition indicates, the distance
between adjacent electrodes will be 2.5% of the whole length. The extended 10/2.5 system is

shown in Figure 2.6.

Figure 2.6: The extended 10/2.5 system.

Considering the 10% circle, based on our analysis, the number of electrodes in this 10% circle
(N) can be calculated by the following formula.
N = 22n+4 + 2n+1 +1
where n reflects the distance between adjacent electrodes as a percentage of the total front-
back or right-left distance of the skull. For example, n = 0 for the 10/20 system. The exact values

are in the table below. Additional electrodes can also be placed outside the 10% circle, which is
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based on the specific need, like the cheek. So, there will be more than a thousand electrodes when

applying the new 10/2.5 system.

Table 2.1: The 10/2.5 system

System n N
10/20 0 19
10/10 1 69
10/5 2 265
10/2.5 3 1041

2.3.2 Influence of Electrode Size

X N B

Figure 2.7: The model of multi-electrode systems with 6mm, 8mm, 12mm and 16mm in

diameter.

We then explored how the size of electrodes impacts the performance of high-density tDCS.
The diameters we studied vary from 6mm, 8mm, 12mm, to 16mm (Figure 2.7). The number of all

those electrode models is 64, and they share the same center position.
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Figure 2.8: Performance comparison at different sizes of electrode.
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Influence of Electrode Size on Intensity
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Figure 2.9: Box and whisker plot shows the results at different electrode sizes when stimulating

different targets.

The red bar represents the median value, and the diamond in each box indicates the average
value. The “whiskers” above and below the box show the values of the highest non-outlier and

lowest non-outlier. The red cross sign represents the outliers.

The same comparison has been done to study the influence of electrode size. But from Figure

2.8 and Figure 2.9, there is no clear overall trend for its influence on all three criteria. There are
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differences among the four systems, which are inconsistent and vary with the target regions,
especially for the 8mm, 12mm, and 16mm systems. According to those results, we could not draw

any conclusion that electrode size will have a great influence on tDCS performance.

2.3.3 Influence of Electrode Shape
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Figure 2.10: The model of multi-electrode systems with a different shape. From left to right

are round electrodes, fractal electrodes, and annulus electrodes.

As for the electrode shape, besides the round electrode, we also designed fractal electrodes
[45], [46] and annulus electrodes [47]. The number, surface area and the position of all those

electrode models are the same (Figure 2.10).
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Figure 2.11: Performance comparison at different shapes of electrode.
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Influence of Electrode Shape on Intensity
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Figure 2.12: Box and whisker plot shows the results at different electrode shapes when

stimulating different targets.

The red bar represents the median value, and the diamond in each box indicates the average
value. The “whiskers” above and below the box show the values of the highest non-outlier and

lowest non-outlier. The red cross sign represents the outliers.

The results in Figure 2.11 and Figure 2.12 show that the electrode shape does not play an

important role in improving the tDCS performance, as suggested in the previous study. The
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intensity, TE, and focality of the systems with different electrode shapes are almost at the same
level regardless of the target situations. Therefore, it’s reasonable to conclude that the electrode
shape does not make a large difference in tDCS performance in terms of the stimulation intensity

and focusing ability.

2.4 Optimization Algorithms in High-Density Electrode System Stimulation

2.4.1 Prior Arts

There are some pieces of literature that aim to further develop the high-density tDCS technique
by making use of its high degree of freedom. Various optimization-based methods have been
proposed and applied to design a better stimulation pattern and assign current weightings to
different electrodes. Different optimization algorithms, incorporating a variety of constraints, can
make better use of the high-density electrode system to achieve better stimulation effects. In this
section, we will review some popular state-of-the-art optimization algorithms in tDCS.

Constrained Least Squares method (CLS)

The least square is to minimize a second-order error term, which is the most common method
for solving the over-determined problem [30], [31]. With the safety constraints introduced in the
previous section, it will be referred to as the Constrained Least Squares method (CLS) in this thesis.

s = arg min||Ks — e,4||?
s

The advantage of the CLS is that it can achieve a relatively better focusing ability. On the other
hand, the intensity is always too low to activate any target region.

Maximum Intensity (MI)
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Maximum Intensity, different from the CLS, maximizes the intensity at the target elements
[27], [32]-[34]. If we use C to represent the coefficient matrix of only the target elements, the
model of MI can be expressed as follows

s = argmaxe,’Cs
S

C is the submatrix of K. e, Cs is the projection of the electric field at the target node on a
vector pointing in the direction of the desired field. The advantage of MI, as the name suggested,
is that its intensity at the target region is the maximum value. However, the algorithm achieves
high intensity by sacrificing the focusing ability, which will always result in a broadly distributed
electric field.

Linearly Constrained Minimum Variance (LCMYV)

Linearly constrained minimum variance (LCMV) [30] is similar to the scheme of the
beamforming technique; the algorithm enforces a hard linear constraint, that is, the desired e-field
distribution at the target along each direction while utilizing the remaining degrees of freedom to
minimize the total energy.

s = arg min||Ks]||?
S

subjectto Cs = e,

The advantage of this LCMV method is that it can achieve electric field distribution at the
target region as expected. However, there are several shortcomings. The most fatal problem is that
it will have no feasible solution if the premise that desired electric field at the target region is not
satisfied.

The possibility of having an empty feasible solution set increases when targeting multiple

regions or avoiding specific regions. Moreover, there is no guarantee that the resulting electric
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field exhibits a maximum at the target, and LCMV may also stimulate an undesired cortex region
in order to meet the hard constraint.

Stimulation with Optimal Focality and Intensity (SOFI)

The idea of Stimulation with Optimal Focality and Intensity (SOFI) is combining LCMV and
MI to achieve higher intensity as well as better focusing ability [48]. A is the optimization
parameter to balance the trade-off between the intensity and the focality. If w is the ratio between
the total number of voxels and the number of target voxels, the objective function of SOFI can be

expressed as
vt
s = argmin (— IKs]||? — AeOTCs)
s \w

The advantage of the SOFI method is that it can achieve better performance both in intensity
and focusing ability compared to the other algorithms. The limitation occurs in multiple-target
stimulations. SOFI is not able to well balance the performance for each target region, which will

be shown later.

2.4.2 Proposed Algorithm: Stimulation with Balanced Focality and Intensity (SBFI)

With the intent to balance the tradeoff between stimulation focality and intensity, Stimulation
with Balanced Focality and Intensity (SBFI) combines both in the cost function. The focality is
represented by the total energy of the non-target regions ||Ds||2. Here, D is the submatrix of K
relating the injected current at non-target regions. The intensity can be expressed by e,” Cs. The
distribution of the desired electric field intensity at the target is e, and C is the coefficient matrix

of current at the target region(s). Thus, the cost function of SBFI can be further written as:

ntar

s=arg min( ||Ds||? —AeOTCs)
S

non
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where A is the optimization parameter to balance the first term of focality and the second term
of intensity. Higher A favors intensity, while smaller A tends to have better focality. The number
of voxels at the target and non-target regions are n;,,- and n,,,, respectively.

The proposed objective function, as an improvement of SOFI, increased the intensity by

changing the focality term ||Ks||? to ||Ds]|?. The cost function of SOFI can be rewritten as:

argmin(||Ks||?> — 1e,"Cs) < argmin(||Ds]||? + ||Cs||?> — 1e, " Cs)
N N

The optimal solution for the cost function of SOFT is denoted as s;, while the optimal solution
of the cost function of SBFI is denoted as s,. Both cost functions share the same feasible solution
set T that meets the constraints. We have s, s, € T. Thus, we have the following two inequalities:

{IIDslll2 + [ICs, 112 — 2e," Csy < [IDs, |7 + [ICs2|1? — 2ep" Cs;
IDs,|? — Ae," Cs, < ||Ds,||* — Aey"Cs,

The two inequalities can be reformulated into one as follows:

= [IDsy|I? + ICs11* — A&, Csy < |IDs,[|? + [ICs,|* — Ae," Cs;

< [IDs,]12 + 1ICs2|I* — Ae," Csy
= |IDsy1I? + ICs411* — Aeo" Csy < |IDsyI? + [ICs2|1* — Aeg" Csy

= [|Cs4lI? < ICs,I?
The optimal intensity of the cost function of SOFI is always lower than the optimal intensity
of the cost function of SBFI.
Furthermore, the algorithm can be expanded to fulfill the needs of targeting multiple brain
regions in a single stimulation session. For example, different erectile dysfunction (ED) symptoms

are mapped to different cortical targets, and stimulating a single target may be insufficient to
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address multi-dimensional ED pathology [49]-[51]. In addition, network-targeted transcranial
direct current stimulation (net-tDCS) is able to change the excitability of the sensorimotor network
(SMN) and show the potential to manipulate network connectivity patterns [52]. Similarly, multi-
target stimulation is desirable in the potential application of stopping the seizure with the guidance
of neural recording techniques [53], [54]. However, stimulation performance at different targets
may not be the same because of the complex brain structure. Thus, the optimization parameter A

is further refined by 4 = diag(/ll,lz, '"'Antar) to balance the stimulation effects of different

targets.

n
s = arg min (ﬂ IDs||? — eOTATCs)
s non

Since this optimization problem is convex, it can be efficiently solved by software such as

CVX.

2.4.3 Experiment Design and Results

2.4.3.1 Simulation Protocol

To test the performance of the proposed algorithms and compare it to the conventional two-
electrode system and several available algorithms mentioned, we designed various stimulation
cases based on different clinical applications. First, the simplest test is to stimulate a single target
containing only one voxel in the motor cortex with the desired intensity of 0.3 V/m; this scenario
mimics common clinical use. The second test is to stimulate multiple targets derived from synthetic
data. As indicated in Figure 2.13, the stimulation targets contain three brain regions with a
maximum electric field of 0.3727 V/m in the left frontal lobe, 0.3522 V/m in the left occipital lobe,

and 0.2841 V/m in the left temporal lobe. Our third test measures how each algorithm performs
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for real EEG data from a seizure patient [25], [48]. The target regions are identified by EEG source
localization [25]. In addition to examining SBFI performance on multiple targets in real seizure
data, this study also demonstrates the applicability of our method to EEG-guided brain stimulation.
Similar to the synthetic case, there are three target areas in the EEG-guided case. One is in the
occipital cortex with a maximum electric field of 0.1107 V/m, while the other two are on the left
and right prefrontal lobe with intensities of 0.0702 V/m and 0.0844 V/m, respectively. Due to the
infeasibility of a conventional two-electrode system to target multiple areas, it is excluded in the

performance comparison study of optimization algorithms for multiple targets.

Study 1: Study 2:
Single Target Synthetic Multiple Targets
0.3
0.3
0.2
0.2
0.1 0.1
0 0
Study 3:
EEG-guided Multiple Targets
Front View Back View Side View

ANe

Figure 2.13: Three simulation studies with the different target(s). Study 1: single target. Study

2: Synthetic multiple targets. Study 3: EEG-guided multiple targets.
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2.4.3.2 Results

Study with Single Target

Desired Conventional
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Figure 2.14: Electric field in (V/m) and current pattern in (mA) of different optimization

algorithms for the single target protocol.
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Table 2.2: Quantitative Evaluations of Single Target Stimulation

Methods Intensity TE (mm) Focality Electrode
Desired 0.3

Conventional 0.4385 28.3738 63.5043 2
MI 0.7449 29.1206 81.9083 4
CLS 0.0171 6.9016 10.8616 80
LCMV 0.3 9.6710 25.2921 21
SOFI 0.3011 7.3715 22.1196 20
SBFI 0.3018 7.3776 22.1130 19

The advantages of using multiple electrodes over the conventional system with two large pad
electrodes can be demonstrated in the results of the electric field distribution with a single target
in Figure 2.14, as well as the quantitative evaluations in Table 2.2. The conventional montage
produces a maximum electric field of 0.4385 V/m with a focality of 63.5043 mm. The figure
clearly indicates this spread-out distribution not only activates the target in the motor cortex but
also the entire left hemisphere. A target error of 28.3738 mm shows that the conventional montage
does not create an accurate stimulation either. The performance of the MI algorithm is similar to
the conventional montage with even higher electric field intensity and worse focality and accuracy,
which is as expected. The MI method maximizes the intensity at the target, reaching 0.7449 V/mm
with only 4 electrodes. Although its intensity is more than 1.5 times higher than the conventional
system, it affects larger brain regions, especially the frontal lobe. The focality and target error are
81.9083 mm and 29.1206 mm, respectively. The CLS method has the opposite results of the MI
algorithm and conventional montage. CLS produces an extremely precise and accurate stimulation
pattern among all methods with a focality of 10.8616 mm and a target error less than 1 cm.
However, the outcome intensity of CLS is around 17 times lower than the desired value. Such a

low intensity may not be feasible in real clinical applications. Additionally, this montage requires
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80 electrodes, which introduces additional drawbacks compared to the other methods. As for the
LCMYV, SOFI, and the proposed SBFI method, Figure 2.14 shows that the performance of those
three is comparable. All successfully find a balance between MI and CLS algorithms with around
20 electrodes. The desired intensity 0.3 V/m at the target region is achieved, while the focality and
target error are within control. The focality of LCMV is 25.2921 mm, and its target error is 9.6710
mm. The proposed SBFI method with A = 0.0316 is slightly better at the focality of 22.1130 mm
and target error of 7.3776 mm. With the same A value, SOFI has a slightly lower intensity as
predicted. Compared to the conventional montage and MI algorithm, these dramatic improvements
in focality and target error indicate that more energy is focused in a smaller region surrounding the
target point, which promises more effective and safe stimulation.

Study with Multiple Targets

When stimulating disjointed target regions, the conventional 2-electrode montage is no longer
feasible, and using a multiple-electrode system is the only reasonable approach. Thus, the multiple-
target studies exclude the conventional system, and comparisons are made only between different
optimization methods. It is worth pointing out that LCMV performs reasonably in the single target
case, but due to the hard constraint. The LCMV method has no feasible solution set for multiple
target cases tested in our study. Therefore, we were not able to compare the performance of LCMV
with all the other methods. The failure to have a feasible solution is the key drawback of the LCMV

method, and this motivates us to develop the SOFI and SBFI model.
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Figure 2.15: Results of different optimization algorithms for the synthetic multiple targets

protocol.

Table 2.3: Quantitative Evaluations of Synthetic Multiple Targets Stimulation

Methods Intensity (V/m) TE (mm) Focality (mm) I]flllfgtr)zfe
Desired | 0.3727 | 0.3522 | 0.2841

MI 0.4243 | 0.3628 | 0.7083 | 29.9582 | 34.1547 | 21.8123 | 77.6548 | 84.3150 | 63.4031 4
CLS 0.0208 | 0.0461 | 0.0370 | 10.6171 | 4.4076 | 4.9572 | 15.6967 | 12.5975 | 17.4074 46
SOFI 0.0394 | 0.1417 | 0.0995 | 14.5507 | 8.0578 | 4.2719 | 31.8758 | 21.6644 | 17.2168 26
SBFI 0.1325 | 0.1906 | 0.1439 | 13.0181 | 9.8556 | 10.2435 | 34.9998 | 24.3398 | 37.4852 26

The results of synthetic multiple targets are shown in Figure 2.15. Similar to the results of the

single target study, CLS can mimic the electric field distribution pattern of the desired result,

except the intensities of all three regions are almost an order of magnitude smaller than the desired

value. The effectiveness of stimulation is questionable at such low intensities. On the contrary, the

MI method produces enough intensities in those three areas but sacrifices the focality. From the

distribution figure, it is hard to recognize three discrete areas. The MI method appears to activate
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the whole left hemisphere instead. As for the SOFI method with 4 = 0.15, it failed to activate all
three areas. In the case of the proposed SBFI method, effective and precise stimulation can be
achieved simultaneously with 4 = diag(0.5885,0.247,0.247). The intensity of all three regions
is higher than 0.1 V/m, which is enough to induce cortical changes, as shown in the literature [30],
[38], [39]. Although the focality values of the three regions are relatively higher than in CLS and
SOFI, the energy outside the target region is actually lower than the threshold, which in turn will
not be able to activate neurons. Thus, it is an acceptable tradeoff to see this small increase in
focality value. Overall, the proposed SBFI method provides a good balance between stimulation
intensity, precision, and accuracy. It not only can provide sufficient stimulation intensity as done
in the MI method but also is able to minimize target error and focality simultaneously. Besides, it
can balance the stimulation effects among all target areas as expected. Quantitative evaluation

details are shown in Table 2.3.
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Figure 2.16: Results of different optimization algorithms for the EEG-guided stimulation.



Table 2.4: Quantitative Evaluations of EEG-guided Stimulation

Methods Intensity (V/m) TE (mm) Focality (mm) I]::Ifrcntlr;;fe
Desired | 0.1107 | 0.0702 | 0.0844

MI 0.0707 | 0.7248 | 0.4432 | 77.3818 | 30.3521 | 46.1655 | 86.7308 | 51.0670 | 75.1968 4
CLS 0.0205 | 0.0114 | 0.0162 | 5.0799 | 5.5740 | 5.5362 | 8.8909 | 13.3186 | 13.1918 72
SOFI 0.0769 | 0.0785 | 0.0840 | 7.7114 | 11.8733 | 9.8017 | 13.9977 | 27.2759 | 25.8349 35
SBFI 0.1199 | 0.0745 | 0.0792 | 8.4630 | 12.1275 | 9.9984 | 14.5168 | 27.1422 | 20.7317 33

Similar results are obtained for the EEG-guided multiple targets study, as shown in Figure 2.16

and Table 2.4. CLS can preserve the distribution pattern but always fails to achieve enough

intensity. MI undoubtedly reaches desired intensity, but the high intensity is at the cost of

stimulation focality and accuracy. This EEG-guided case shows that MI even impacts both

hemispheres, which may be due to the fact that there are targets on both hemispheres. It is worth

pointing out that CLS and MI work towards two extremes: MI favors the intensity of the targets,

and CLS produces more focal stimulation. However, SBFI can balance the trade-off between

intensity and the focality of all target regions. By choosing the proper optimization parameters

A =diag(0.147,0.1049, 0.1049), SBFI achieves desired intensity at all three target regions with

reasonable focality and target error.

2.4.4 Discussion

2.4.4.1 Electrode configuration

The electrode configuration for all studies clearly shows that MI always uses 4 electrodes,

where 2 are used for stimulation, and the other 2 are for current return. The two stimulation

electrodes deliver most of the current to the targets to increase the intensity. However, with the

safety constraint on the total amount of the injected current, no spare electrodes can be used to

39




neutralize the effects in non-target regions. This is why MI usually has poor focality and target
error. In contrast, CLS needs more electrodes than any of the other methods. These electrodes
counteract each other to eliminate effects at non-target areas, which explains the good focality and
small target error in all CLS results. The large number of electrodes also contributes to low
intensity since each electrode can only deliver a small current to meet the safety constraint on the
total current. Therefore, the strategy is to keep the number of electrodes neither too large nor too
small, which is the unique approach of SBFI. In a sense, some electrodes deliver enough current
to ensure the desired intensity, while others are used to decrease the unwanted effects at non-target

brain regions.

2.4.4.2 Regularization with Single Lambda and Multi-lambda

As described in the methods section, multiple targets studies can be mitigated by adopting 4 =
diag (/11, Ay, Ay tar) such that balancing each target can be done simultaneously. The motivation
to extend one scalar A to multiple A; is that some targets may be in a dominant position and easier
to stimulate than others. As shown in the synthetic multiple target case, SOFI using a scalar A fails
to balance the three target regions. The desired intensity of all three target regions is similar, but
the result intensity at the motor cortex region is much lower than the other two regions. It appears
the system does not favor the targets on the motor cortex region. One possible explanation could
be the size of the target region. Intuitively, it is easier for the system to stimulate a large region
than a tiny region because fewer electrodes are needed to minimize the intensity at the surrounding
non-target region. If the target size is defined as the maximal distance between the target voxels
and target mass center, the size of the motor cortex target is 12.9444 mm, which is the smallest

among the three, compared to 13.6425 mm on the occipital lobe and 17.7783 mm on the temporal
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lobe. Thus, in order to compensate for this unbalanced distribution of size, we have to assign
different A; for different target regions. Ideally, we could set the optimal A; for each voxel.

However, for simplicity, currently we have all the voxels in the same region share the same A.

2.4.4.3 The Choice of Lambda

The results clearly show the proposed SBFI method can achieve a reasonable balance between
the intensity and focality by fine-tuning the optimization parameter 4 under different conditions.
This flexibility allows the system to achieve different optimal results tailored to various
applications. Decreasing the values of 4 will increase the weight of the first term ||Ds||?, which
controls focality. The result will always have better focality and lower target error but relatively
lower intensity. Increasing the values of A will increase the weight of the second term ey’ CS,
which controls intensity; the result tends to have higher intensity at the cost of focality and target
error. Take the example of multiple synthetic target simulation, when 4 is chosen to be 4, =
diag(0.5885,0.247,0.247), the algorithm favors intensity. When 4 is chosen to be 4, =
diag(0.1085,0.055,0.055), the algorithm favors focality. As expected in Table 2.5 and Figure
2.17, the focality and target error of SBFI (4,) are better than the case of SBFI (4,), but the
intensities are lower. Compared to CLS, SBFI achieves the highest intensities at all three target
regions while at the same level of the focality and target error. Mathematically, increasing the
values of A allows the second term to dominate, and the cost function is closer to the MI method.
When 4 approaches infinity, SBFI is equivalent to the MI algorithm. The first term leads the
optimization if 4 is decreased, as the cost function mainly minimizes the energies of the non-target

arca.

41



0.15
0.3
0.1
0.2
0.05
0.1
0

Figure 2.17: The electric field distribution pattern using different optimization parameters in

A. The comparison is based on the protocol of synthetic multiple targets. Left: the results of 4;.

Right: the results of 4,.

Table 2.5: Quantitative Comparison Between Different A

lambda A A,
Intensity (V/m) 0.1325 0.0657
0.1906 0.0704
0.1439 0.0405
TE (mm) 13.0181 9.7954
9.8556 7.6622
10.2435 5.1718
Focality (mm) 34.9998 26.7367
24.2298 15.4913
27.4851 16.9662

The selection of 4 strongly affects the outcome of intensity and focality. From the simulation
study, we found that the optimal A varies from case to case, and thus there is no single fixed
optimal value for every stimulation problem. Consequently, it is critical to decide the parameter 4
to balance the intensity and focusing ability. Sophisticated methods for dynamically choosing 4

must be developed in the case of closed-loop stimulations for evolving sources. Nevertheless,
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insights could be obtained by studying the relationship among 4, the number of target voxels, and
the size of target regions. For example, 4 is higher when stimulating a single target with only one
voxel and is much lower when stimulating multiple targets with hundreds of voxels. Thus, it is
reasonably predicting that optimal 4 is inversely proportional to the number of target voxels and

then adjusts 4 accordingly.

2.4.5 Conclusion

In this dissertation, we develop an optimization algorithm, Stimulation with Balanced Focality
and Intensity (SBFI), to support high-density tDCS. SBFI can provide a balance between
stimulation intensity and focality by adjusting optimization parameter A4 with a reasonable number
of electrodes. Compared to the conventional montage and other popular optimization methods,
SBFI not only can obtain sufficient stimulation intensity but also minimize target error and
improve stimulation focality simultaneously. In addition, SBFI is better than other algorithms
especially in the multiple targets situation that it can balance the stimulation effects among
different target areas with ease. A series of simulation experiments present its potential for

implementation in different clinical applications, especially stimulation for multiple targets.

2.5 Preparation for Clinical Application

2.5.1 Robustness Study: Effects of Different Tissue Conductivity on Template Model

In the real world, uncertainty in tissue conductivity can result in different electric field

distributions from our expected, idealized models (0scqp = 0.465S/m, 0gyy = 0.01S/m,
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Ocsp = 1.65S/m, and 0¢yriex = 0.2 S/m); this greatly affects the robustness of the computational
model. The conductivity variations result in a different coefficient matrix K%,,,,; accordingly,
with the same current pattern s,,4, it produces an electric field vector €5,,; = K5,xm * Smx1 that
is different from the expected electric field distribution using standard conductivity values. The
dissimilarity between e3,,, and the expected distribution e, reflects the robustness of the
computational model. In this study, we observe how small changes in tissue conductivity can
create differences between e%,,; and es,,, thereby analyzing the robustness of our model. Based
on the literature [55]-[57], we assumed that the conductivities of the main tissues have uniform
distributions with a unit of S/m, i.e., Psqp(x|0)~U(0.2,0.6), Psyyy(x|0)~U(0.001,0.04),
Prsp(x]|a)~U(1.20,2.01), and Pyyier(x10)~U(0.05,0.71). An overview of both single and
multiple targets with different algorithms is given to demonstrate the general effects of

conductivity changes. The detailed influences are revealed by an example of single target

stimulation with SBFI in the main text.

2.5.1.1 Evaluation Metrics

Mean Square Error (MSE), the common image measurement, is adopted to evaluate the
dissimilarity between e3,,; and es, ;. A higher MSE indicates that the electric field distribution
is more sensitive to changes in conductivity, and that the computational model is therefore less

robust with respect to conductivity uncertainty.

1
MSE = EZ(eénxl - e3n><1)2
Then the intensity, TE, and focality of e5,,; are compared with es,.;. Finally, the maximum

changing rate will be given, defined as the maximum changing value divided by the maximum

conductivity changes (AE /Acg ,ATE /Ao ,Afocality/Ao).
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2.5.1.2 Results

We investigated our model’s robustness to changes in conductivity values: including scalp
conductivity, skull conductivity, cerebrospinal fluid (CSF) conductivity, and brain cortex
conductivity. Since the electrical properties of these tissues can vary slightly between patients, we
use the term “conductivity uncertainty” to describe the small changes made to our model
parameters during our robustness study.

The overall impact of conductivity uncertainty
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Figure 2.18: The overall impact of conductivity uncertainty.

(A) Mean Square Error (MSE) between expected electric field e and electric field e’ due to
uncertainty in tissue conductivity. Left: single target. Right: synthetic multiple targets, from top to
bottom are the results for target 1, 2, and 3, respectively. The effects on MSE in general: skull >

scalp =~ cortex > CSF. (B) Example of the MSE changes. When the conductivity of a tissue is
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equal to that tissue’s original conductivity from the model, the MSE is trivially zero. However, as
we shift the tissue’s conductivity away from its starting value, the error increases. Larger slopes
on the graph above indicate high sensitivity to conductivity changes and, therefore, low robustness
to uncertainty. Within the possible conductivity changes, the model is most sensitive to the skull

and least sensitive to CSF.

Table 2.6: Dissimilarity Results of the Robustness Test ((V/m)"2)

Single Target
Tissue | Conventional LCMV SBFI MI CLS
Scalp 0.0028 6.43x107% 6.14x107* 0.0080 6.79x1077
Skull 0.0071 0.0018 0.0018 0.0227 2.80x107°
CSF 5.71x107* 6.23%x107° 5.51x107° 0.0018 4.49x10°8
Cortex 0.0030 9.41x107° 8.89x107° 0.0085 3.12x1078

Figure 2.18 (A) shows the maximum MSE due to conductivity uncertainties for each algorithm.
In all cases, the MSE peak appears at the skull layer, and the valley appears at the CSF layer. These
accordant peaks and valleys indicate a predominant impact of skull conductivity on model
robustness and a minor impact of the CSF on model robustness. The scalp layer and cortex layer
have similar heights in-between, which indicates the comparable and moderate influences of the
scalp and cortex in general. Figure 2.18 (B) shows an example of MSE analysis in a single-target
experiment with our SBFI method. MSE increases as the model’s conductivity values deviate from
their idealized values, which creates a concave “V” shape for each tissue. Note that the concave
“V” shape associated with the skull is much sharper and higher than the others—this shows that
the model is more sensitive to small uncertainties or deviations in skull conductivity. The observed
trends are consistent with all stimulation scenarios regardless of target types and optimization

algorithms.
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The impact on intensity by conductivity uncertainty
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Figure 2.19: The impact on intensity by conductivity uncertainty.

(A) Maximum Intensity deviation from the expected value due to the conductivity uncertainty.
Left: single target. Right: synthetic multiple targets, from top to bottom are the results for target 1,
2, and 3, respectively. The effects on intensity in general: skull > scalp > CSF =~ cortex. (B)
Example of the intensity changes. The large intensity spans on the graph above indicate the strong
impact of the conductivity changes. Within the possible conductivity changes, skull conductivity

increase greatly increases the intensity, while the conductivity increases in scalp/CSF/cortex

decrease the intensity.

Table 2.7: Intensity Results of the Robustness Test

Tissue o (S/m) | Max Intensity (V/m) | Min Intensity (V/m) | Rate ((V/m)/(S/m))
Scalp 0.2-0.6 0.5978 0.2418 0.8899

Skull 0.001-0.04 0.8283 0.0366 20.2990

CSF 1.20-2.01 0.3860 0.2574 0.1588

Cortex | 0.05-0.71 0.3522 0.2192 0.2016
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Figure 2.19 and Table 2.7 show that the skull’s conductivity uncertainty has the most powerful
impact on the electric field intensity. An increase in skull conductivity induced a dramatic intensity
growth on the target region. In contrast, the maximum intensity of the target region negatively
correlates to the conductivity of the scalp, CSF, and cortex, on which the scalp has moderate effects
stronger than the CSF and cortex. One possible explanation for the trends could be related to the
conductivity ranges. The conductivity of the scalp/CSF is always much higher than the inner tissue
layer skull/cortex. Therefore, the current tends to be shunted through the layers of the scalp/CSF
instead of the skull/cortex. If the scalp/CSF conductivity increases, current shunted though the
scalp/CSF will increase, weakening the intensity at the cortex. If the skull conductivity increases,
less current will be shunted at the scalp/skull boundary. While at the skull/CSF boundary, the skull
conductivity is still considerably lower than the CSF. The significant conductivity differences
ensure an increase in the net current flowing into the CSF and cortex, resulting in an intensity

increase at the cortex.
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The impact on TE by conductivity uncertainty
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Figure 2.20: The impact on TE by conductivity uncertainty.

(A) Maximum TE deviation from the expected value due to the conductivity uncertainty. Left:
single target. Right: synthetic multiple targets, from top to bottom are the results for target 1, 2,
and 3, respectively. The effects of TE in general: skull > cortex > scalp > CSF. (B) Example of the
TE changes. TE has non-monotonic and divergent changing forms. Overall, TE tends to decrease
when the skull/cortex conductivity increases, while scalp/CSF has no clear tendency. TE spans

caused by the cortex are the largest, which indicates the strong impact of the cortex.

Table 2.8: Target Error Results of the Robustness Test

Tissue o (S/m) Max TE (mm) Min TE (mm) Rate ((mm)/(S/m))
Scalp 0.2-0.6 7.3824 7.1837 0.4969
Skull 0.001-0.04 8.1584 6.6051 39.83
CSF 1.20-2.01 7.5909 6.8166 0.956
Cortex 0.05-0.71 9.743 5.9004 5.8221
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Regarding TE in Figure 2.20, the scalp and CSF generally have the least impact capped at 4mm,
which have no clear trend of increasing or decreasing for all scenarios. The skull and cortex can
alter the TE greatly up to 16mm. Overall, the TE tends to decrease when the skull/cortex
conductivity increases. Sometimes, the cortex even induces more TE changes than the skull.
However, considering the conductivity change of the skull is 94% smaller than the cortex
(AGgky = 0.039S/m and Ad,yytex = 0.66 S/m), the skull-induced TE changing rate is actually
6 times higher than the cortex, as shown in Figure 2.20 (B). Thus, it is still reasonable to envision
that the skull generally has stronger effects on TE than the cortex does.

The impact on focality by conductivity uncertainty
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Figure 2.21: The impact on focality by conductivity uncertainty.
(A) Maximum focality deviation from the expected value due to the conductivity uncertainty.
Left: single target. Right: synthetic multiple targets, from top to bottom are the results for target 1,

2, and 3, respectively. The effects on focality in general: skull>cortex>CSF~scalp. (B) Example
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of the focality changes. No clear tendency for the focality changes. Most focality changes happen

when the skull conductivity is small.

Table 2.9: Focality Results of the Robustness Test

Tissue o (S/m) Max Focality Min Focality (mm) Rate ((mm)/(S/m))
Scalp 0.2-0.6 22.808 22.007 2.0023
Skull 0.001-0.04 62.773 21.635 1054.8
CSF 1.20-2.01 22.598 22.102 0.6123
Cortex 0.05-0.71 33.227 21.522 17.736

Similar to the TE test, the scalp and CSF show minor and comparable effects on focality,
usually inducing focality changes less than 10mm. Figure 2.21 (A) also reveals the main influence
of skull conductivity uncertainty on focality. The skull-induced focality changes can be larger than
40mm, but most of them happen when dgy,,; < 0.005S/m. When agy,,;; > 0.005S/m, the
focality change is less than 1.5mm. This also occurs in the other scenarios, but the tuning point is
not always the same. The impact of the cortex on focality is more complicated and varies
significantly with algorithms and target types. The highest change is ~25mm, but sometimes the

influence can be as weak as the scalp/CSF effects.

2.5.1.3 Discussion

Robustness tests here identify the important roles of the tissue conductivities in the optimal
stimulation, which is consistent with the existing literature [55], [56]. Through the systematic
studies, we investigate the tissue conductivity variation effects for high-density electrode system
stimulations with different target types and different algorithms. Overall, scalp and CSF produce
slight effects on stimulation target error and focality. Unfortunately, conductivities of the skull and

cortex itself greatly influence the electric field distribution over the cortex. These results indicate
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the need for individual modeling, especially for the parameter settings of the clinical applications.
Another possible solution is to construct general models of specific populations. For example, the
tissue conductivities of children, adults, and the aging population vary a lot, while they may be
stable within their own group [58]-[60]. Furthermore, conductivity discrepancies resulting from
pathologies are also being investigated [61]—-[63]. The electrical property changes in disease states
may greatly change the electric field distribution and alter the stimulation results. Thus, the specific
simulation model for certain disease treatments should be carefully considered. As a result, more
experiments should be conducted to investigate the joint influence of different tissue conductivity,
various stimulation protocols, electrode characteristics, and more precise human head models, etc.

It is interesting to note the robustness differences among algorithms that the MI method is in
general less robust than other optimization algorithms. The conventional montage is slightly better
than the MI method with relatively lower bars in Figure 2.18 — Figure 2.21 (A), but the robustness
is not as good as LCMV or SBFI. LCMV and SBFI have comparable robustness against tissue
conductivity uncertainty. The reason for the more robust behavior could be that both algorithms
try to balance both target (e,” CS) and non-target regions (|| Ds||?) with more electrodes. Therefore,
the current distribution in the brain could be relatively more controllable, which leads to more
robust results in the face of conductivity uncertainty. The results of LS are the least affected by

conductivity changes—far less than the others because of its low intensity over the whole cortex.

2.5.1.4 Conclusion
In the robustness studies, the proposed method SBFI shows good robustness with different
tissue conductivity variations. Among the tested algorithms, SBFI has relatively lower deviations

from the overall electric field distribution and fewer intensity changes at the target area. The
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robustness experiments further suggest the high impact of skull conductivity variations, which

requires more consideration in modeling studies and clinical implementation.

2.5.2 GUI tool
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Figure 2.22: tDCS Graphical User Interface.

Simulation studies demonstrate the potential of the proposed computational model in clinical
applications. However, there is a need for users, i.e., researchers and clinicians, to understand the
coding languages or to type commands in order to run the computational model. Therefore, a
MATLAB Graphical User Interface (GUI) is developed to eliminate the difficulties and add
interactivity to the computational model (Figure 2.22 and supplementary video 1). It contains three

main functional sections that are stimulation setting, optimization setting, and results displaying.
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The stimulation setting section on the left allows users to set up the targets and their desired electric
field after loading the head model. Users can choose, add, and delete the target or avoid regions
directly by clicking the voxels of the head model shown in the left figure displaying zone, the
index of which will be indicated in the corresponding text box below that zone. Then, users can
specify the desired intensities of the target regions or the maximum intensities of the avoid regions.
All the settings can be saved to the work space, together or separately, for backup or future use.
Also, this section supports loading the previously saved settings for users’ convenience. In the
optimization setting section on the middle bottom, users have the flexibility in choosing or
specifying: 1) the electrode system having different number of electrodes, 2) the optimization
methods and their parameters, and 3) the safety constraints. With the chosen method, it starts
running by clicking the Compute button. It will flash with Solved in green if the problem has a
feasible solution and No Solution in red otherwise. If it’s solved, the simulation results will be
shown after clicking Show Optimization Results button on the upper right. The electric distribution
over the cortex and its corresponding electrode configuration will be presented in combination in
the middle figure displaying zone. All the quantitative evaluations will be given on the right. Both
the figure results and matric results can be saved as needed in the results displaying section. The
main menu on the lower right of the screen is designed to have a Finish and a Reset shortcut button

to close the GUI or reset the settings.
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2.6 Optimization for Transcutaneous Spinal Cord Stimulation (tSCS)

through a Multi-Electrode Array

2.6.1 Introduction

Transcutaneous spinal cord stimulation (tSCS), similar to epidural spinal cord stimulation, is
a potential neuromodulation therapy that has multiple applications, such as restoration of motor
function in patients with spinal cord injury (SCI) [64]-[66], treatment of chronic refractory pain
[67]-[70] and spasticity modification [71], [72]. Instead of implanting electrodes into the body,
conventional tSCS uses one or two large electrodes placed over the back and one or two return
electrodes on the abdomen to perform electrical neuromodulation. This conventional configuration
allows currents injected from the electrode on the back to flow through the body and be collected
by the return electrode. Nonetheless, one critical issue of this configuration is the inability of better
delivering the stimulation current to the target without activating undesired regions.

On the other hand, instead of using the conventional configuration, tSCS through a multiple
electrode array has also been investigated. A 3x8 electrode pad placed over T10-L2 vertebrae was
tested [73]. The results show that the electrode array could produce a more focal electric field
distribution along the longitudinal direction when choosing a separate electrode strip (a raw of
three electrodes) for stimulation and further enable the segmental selective stimulation of posterior
root-muscle reflexes. However, the desired efficacy diminishes when three separate electrodes are
connected together through a continuous hydrogel layer. Though the above study demonstrates the
potential of using multiple electrodes to achieve focal and selective stimulation, a better

mechanism to utilize the multi-electrode array is still missing.
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Through our prior study [48], [74], careful selection of the current weighting for each
stimulation electrode can significantly improve the spatial resolution of the stimulation via a multi-
electrode array. The same principle can be applied to the non-invasive tSCS while appropriate
electrode-body modeling and optimization algorithms to determine the stimulation strategy are
needed. The idea stimulation result is to correctly stimulate the target region, maximize the
intensity at the target, and minimize the energy at the non-target area, which corresponds to the
stimulation accuracy, intensity, and selectivity. State-of-the-art optimization algorithms for
electrical stimulation can achieve some of the above features at the cost of stimulation accuracy.
Furthermore, there is a lack of accurate human body modeling, allowing the quantitative
investigation of various algorithms for tSCS.

In this thesis, we developed a 3D real spinal cord model and extended the proposed

optimization algorithm SBFI to the tSCS technique.

2.6.2 Methods

2.6.2.1 Realistic 3D Spinal Cord Model

The computational model is derived from cryosection images of The Visible Human Project
(VHP) [75], which is shown in Figure 2.23. The first step is tissue segmentation and is done by
Invesalius (Renato Archer Information Technology Center., Campinas, Sdo Paulo, Brazil). The
torso was segmented into twelve layers, including three layers of skin (SC, SG, and dermis), fat,
epidural fat, abdomen, muscle, vertebrae, intervertebral disc, CSF, gray matter, and white matter.
Meshmixer (Autodesk, San Rafael, CA, USA) and SolidWorks (Dassault Systémes
SOLIDWORKS Corp., Waltham, Massachusetts, USA) are used for further boundary repair,

model dimension transformation and file format conversion. The procedure of realistic spinal cord
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model construction can be applied to either MRI or CT data. The reason we used the cryosection
image is its higher resolution and smaller spacing interval compared to the MRI and CT data of

the VHP data, which makes the model more precise and accurate for the rest of the work.

&) ®)

Figure 2.23: 3D model. (A) Vertebrae model derived from The Visible Human Project. (B)

Position of the electrode array.

Besides the spinal cord model, we also need to construct an electrode model for both single
electrode and array electrodes. The single electrode has a size of 3cm in diameter, which is the
common size for the commercialized device. The single electrode was placed on the back over the
T11 and T12 spinous processes. For the electrode array, we built a 3x10 array with a 20mm pitch
for both line and column spacing, and the diameter of the electrode is 1cm. The array electrodes
were placed on the back, covering T8 to L3, and the center column is lying above the midline of
the spinal cord. The return electrodes of both single and array systems share the same position on

the abdomen. The relative position of the electrode and vertebrae is shown in Figure 2.23 (B).

2.6.2.2 Mathematical Model
Similar to the tDCS problem, the mathematical model of the tSCS can be constructed by using

the finite element method (FEM). In the tSCS study, the voltage Hessian distribution of the spinal
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cord, as the nerve activating function defined by the well-known Cable Equation, is of interest
[76]. The model is discretized into small voxels, and the number of voxels that belongs to the white
matter (nerves) is denoted by n. In addition, we denote injected currents of m electrodes by S, 1 -
Following the superposition principle, the voltage Hessian feature of the white matter has a linear
relationship with the injected current. If we use vector Hs, 4 to represent the voltage Hessian
feature of the white matter, the relationship can be expressed by the equation:

Hznx1 = Kansm * Smxa

Being similar to the tDCS problem, K3, is the lead field matrix and can be calculated by
solving Maxwell’s equations.

For safety purposes, the stimulation intensity is reported to be free from pain and tolerable
when it is no larger than 200mA with a carrier frequency of 10kHz [77]. Besides, following the
conservation law of currents, the net currents through the body should be zero. Therefore, the
mathematical model is revised to be a constrained optimization. The constraints are as follows in
which [,,,,,, = 80mA, and I;,¢,; = 160mA.

s ={s € R™: [Islles < Inax, lIslly + Is" 1] < 2Lorai}
where 1 = (1, ...,1)T € R™.

As a result, the cost function of SBFI can be modified as follows:

ntar

s=arg min( |IDs||? — HOTATCS)
S

non

where D is the submatrix of K that describes the linear connections between injected currents
and the Hessian feature at the non-target area. C is the submatrix of K delivering the linear

relationship between currents and target region(s). H is the Hessian feature of the target(s).
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2.6.6.3 Simulation Protocol

Researches show that lumbosacral spinal cord stimulation with a single electrode placed over
T11 and T12 spinous processes can excite muscles innervated by L2-S2, including rectus femoris
(RF), biceps femoris (BF), tibialis anterior (TA), and triceps surae muscle group (TS) [78]. Thus,
we designed to simulate the lumbosacral spinal cord stimulation protocol and compare the results
of a single electrode and electrode array. The target tissue that we aim to stimulate is white matter
(nerves) since the dorsal root is the main target region in many clinical applications such as pain
control and lumbosacral spinal network modulation. The desired voltage Hessian intensity is the
same as the Hessian intensity of the target produced by the conventional single electrode, which
is 1500 V/m?. Different optimization algorithms are tested and compared based on the same

electrode array.

2.6.6.4 Quantitative Evaluation of the Stimulation Performance

Similarly, three evaluation metrics of the activated area intend to judge the stimulation efficacy,
precision, and accuracy quantitatively. The first criterion is the intensity of the hessian features at
the target region with a unit of volt per meter squared; higher intensity is believed to make the
treatments more effective. The second measurement is the target error (TE) of the stimulation,
which is the distance between the mass center of the target region and the mass center of the
activated region. The unit of TE is millimeter. TE describes the stimulation accuracy; small TE
indicates that the area activated by the stimulation is close to the target region and, consequently,
could achieve the correct function as expected. The focality evaluation is slightly different from
the tDCS study considering the anatomy differences. The spinal cord is not fully covered by the

vertebrae. The intervertebral discs and intervertebral foramens, with high conductivities, will shunt
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the current and cause high hessian features at the nearby spinal cord segments. Therefore, we

evaluate the area (cubic millimeter) that has been activated at other spinal cord segments. The

threshold is set to be equal to the desired hessian intensity.

2.6.3 Results
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Figure 2.24: Results of conventional tSCS and different optimization-based multi-electrode

tSCS.
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Table 2.10: Quantitative Evaluations of tSCS
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target 1 | target 2 | target 3 | target 4 | target 5 | target 6
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Conventional | 1510.5 |2.33 |0.11 0 0.06 0.23 0.51 2.55
MI 3010.5 | 2.17 |2.04 0.68 2.04 4.41 3.00 12.9
CLS 69.1 282 |0 0 0 0 0 0

SBFI 15009 |2.11 |0 0 0 0 0.06 2.15

The results of the computational experiments are in Figure 2.24 and Table 2.10. As mentioned
in the previous section, the conventional montage produces a voltage Hessian feature of
1500 V/m? at the target region. The mass center of the activated area has a shift of 2.33mm from
the desired target region. The Hessian distribution in Figure 2.24 indicates that conventional
montage not only activates the desired target segment but also creates the same or even higher
hessian intensity at the other six non-target segments. Those non-target segments are located in
the thoracic level and conus medullaris. The approximated volume of each segment is shown in
Figure 2.24. For the electrode array with different optimization algorithms, the stimulation
performances vary a lot. The CLS method is the only method that does not activate any non-target
area. However, its Hessian intensity of the target region is also too low to achieve effective
stimulation, and the target error is the largest. On the contrary, the MI method produces the highest
Hessian intensity in the target region, which is almost two times higher than the conventional
montage. In addition, its target error is also smaller compared to the conventional stimulation. The
deficiency of the MI method is also apparent that it activates six regions besides the target. Similar
to the conventional montage, we can see from Figure 2.24 that all those regions are stimulated
with high hessian values. If comparing the area of which hessian intensities are higher than
1500 V/m?, we could find that the MI method activates an average volume of 4.18mm? been
activated in non-target segments. The largest activated non-target segment is conus medullaris

(non-target segment 6), the volume of which is about 13mm3. Neither CLS nor MI produces better
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stimulation performance. The achievement of high intensity is always accompanied by activating
too many non-target segments, and reducing the hessian intensities of the target region seems to
be the only way that can stimulate fewer non-target segments. According to the quantitative results,
the proposed method is the only method that can balance the trade-off well. When parameter A is
0.0047, the hessian intensity at the target reaches the desired value, which is about the same as the
conventional montage. TE of the proposed method is the smallest among all the methods. And
compared to the conventional stimulation, smaller areas of the non-target segments have been
influenced. The results indicate that the proposed method SBFI maintains the stimulation intensity

and affects fewer non-target segments, which achieves a selectively spinal cord stimulation.

2.6.4 Discussion and Conclusion

The computational simulation experiments demonstrate the limitations of the conventional
tSCS and the feasibility of using a multi-electrode array for selectively spinal cord stimulation.
The comparisons among all the methods also emphasize the importance of choosing a proper
optimization algorithm. The performances of these algorithms vary a lot, and some may be even
worse than the conventional montage. The failure of the CLS method may be due to the ratio
between the number of target voxels and the number of non-target voxels. The ratio is too small,
which makes the non-target voxels in a dominant position. The algorithm minimizes the overall
error. Thus, it reduces the overall intensity to favor the non-target region. The poor performance
of the MI is because it only maximizes the Hessian intensity but has no constraints on the non-

target area. The proposed SBFI is the only method that can balance the trade-off well.
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Figure 2.25: Results and comparison of different parameter A.

As discussed in the tDCS optimization problem, the proposed method uses A to balance the
targeted and non-targeted regions. Scalar A is used in the study since the single target is tested.
Figure 2.25 shows the same effects of 4 on the stimulation performance that increasing A will
increase the weight on the target region; producing higher intensity is the first priority. When 4 =
0.0065, the intensity in the target region is almost 2000 V/m?, but it affects more non-target
segments. If A is increased towards infinity, it becomes the MI method. On the other hand,
decreasing A will increase the weight on the non-target region. It will lower the intensity to avoid
activating too many non-target regions. When 4 = 0.003, the intensity is slightly higher than
1000 V/m?, and little effect in the non-target region. Compared to the A = 0.0047, 0.0065 and
0.003 do not perfectly work for the expectation in the scenario (1500 V/m?). The choice of 1 (1)

becomes a critical issue for future development.
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Figure 2.26: A better 3D model with more details and organs. (A) some of the organs in the
new spinal cord model. (B) overall view of the new model. (C) a representative simulation result

of the electrical stimulation using the new model.

The 3D model tested in the presented study preserves the realistic feature of the most important
tissue, i.e., gray matter, white matter, vertebrae, and intervertebral disc. However, we simplified
some structures to save the computational cost. For example, the three-layer skin was represented
by an elliptic cylinder. In order to fully understand the tSCS effects for the research purpose, we
keep developing a better 3D model, including refinements and more organs, as shown in Figure
2.26. The comparison between the simplified model and the sophisticated one may lead to the
validation of the current simplified model and also shows the necessity of the sophisticated model.

In this section, we extended our work of the optimization-based multi-electrode array to
achieve selectively spinal cord stimulation. We conducted computational experiments and

compared the conventional tSCS and several common optimization algorithms. The quantitative
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results show that the proposed algorithm SBFI can specify the currents at the electrode array. As
a result, it is able to achieve the effective intensity of the stimulation of the spinal cord as the
conventional tSCS does but affect fewer non-target segments as well. The choice of 4 (1) in the
algorithm is the key to balancing the intensity and selectivity. The proposed method SBFI has
shown great potential in selective stimulation of the transcutaneous spinal cord and can

significantly improve the stimulation focality.
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CHAPTER 3

Functional Mapping, Modulation, and Monitoring of Mammalian Colon

In the previous chapter, we have developed non-invasive focusing neuromodulation techniques
for the brain. In this chapter, we will discuss the functional study and modulation of part of the
“second brain” - colon. The colon is considered part of the second brain as the enteric nervous
system (ENS) is capable of functioning largely independent of the central nervous system (CNS),
and the functional and chemical diversity of the neuron of ENS is similar to the CNS [79]-[83].
The functional mapping of the autonomic innervation of colon regions helps to gain a better
understanding of the nerve circuitries and activities. With the knowledge, the neuromodulation
technique can be applied to selectively stimulate the neural structures as effective and safe
treatments for colon diseases.

In this chapter, we first introduce the background of autonomic nerve-colon functional
mapping. A porcine model is a high translational value mammalian model to investigate several
human diseases, including the detailed regional specific motility response to electrical stimulations
at either colonic tissues or nerves. The use of safe and optimal tools to map colon motility is critical
to understand underlying mechanisms of dysmotility and design appropriate treatments, such as
neuromodulation. We present a novel technique of bio-impedance characterization to monitor
colonic motor activity. The proposed bio-impedance-based method is shown to be viable for

monitoring colonic motor patterns at high spatial and temporal resolution.
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3.1 Introduction

The colon plays a critical role in the absorption of water, electrolytes and nutrients, storage of
digesta as well as fermentation and generation of useful neuroactive molecules, elimination of gas,
fluid, and solid waste with remarkable selectivity. Colonic motility is key in these complex
functions, and dysmotility is associated with a variety of severe diseases such as gastroparesis
adynamic ileus, chronic constipation, and diarrhea [84]—-[89]. On the other hand, diseases such as

Hirschsprung's disease, spinal cord injuries, brain trauma and multiple sclerosis cause motility
disorders that lead to chronic neurogenic colonic dysfunction with devastating emotional and
quality of life impacts [86], [90], [91]. Although prokinetic or inhibitory pharmacological agents
influencing motility or dietary interventions provide relief to several of these conditions in some
patients, they suffer from low efficiency and side effects, while surgical removal of gut segments
can affect the overall gut functions [88], [92].

In light of this therapeutic gap, interest in electroceutical-neuro-modulation is increasing as an
alternative to mainstay therapies [93]-[95]. The rationale for the use of neuromodulation to treat
refractory gut diseases is further strengthened by the fact that the gut is highly controlled by the
electroceutically accessible autonomic nerves that impinge on the enteric nervous system [96].
Electrical stimulation can therefore be applied directly to the organ or to target nerves of the
autonomic nervous system, which have specific innervation patterns [93], [97], [98]. While
enthusiasm is high for this new therapeutic approach to alleviate colonic disorders, the optimal
neuromodulation modalities, effects, and mechanisms are still not well known. Clinical and
preclinical neuromodulation studies done thus far, on gut functions, have mainly targeted the

stomach [99]-[101]. In past years, however, a number of electrical interventions have been tested
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for treating colonic motility disorders both in experimental models and clinical settings, as recently
reviewed [93], [97]. These include colonic electrical stimulation, sacral nerve stimulation,
transcutaneous, or percutaneous tibial nerve stimulation, transcutaneous electroacupuncture, and
transabdominal electrical stimulation [93], [97]. To date, the few clinical studies that have
addressed the effect of the different types of neuromodulation on the lower gut function either by
direct targeting the organ [102], [103] or by stimulating the autonomic nervous system [97], [104],
[105], showed mixed outcomes of success and failures [97]. Reasons for this outcome
inconsistency may be multiple, including the following: (a) the diversity of the targeted pathology
(fecal incontinence, slow transit constipation, irritable bowel syndrome-constipation predominant,
colonic inertia), (b) the gap in knowledge related to the colonic region-specific effects in response
to ES of different nerves, (c) the lack of adequate evidence on the optimal stimulation parameters
which are, for the most part, adopted from those established to be effective in urinary system
dysfunction, (d) the variable and unpredictable motility pattern of the colon [106]-[109], (e) the
lack of knowledge about potential colonic pacemakers [110], and (f) the limitations in the
translatability of most preclinical models used (rodents, cat, dogs) to the human colon in terms of
colon structure innervation, motility patterns, and diet. To address the latter, interest has grown
over the past decade in the use of pigs as relevant preclinical models to study the pathophysiology
of different organs due to their dietary, anatomical and physiological similarities with humans
[111]-[113]. In particular, the pig colon, similar to humans, possesses unique tenia and sacculation
[114] (not present in dogs, cats, rats, and mice). Both species are colon fermenters and have similar
colonic microbial composition [115], [116]. Thus, the porcine model has both high face and
construct validity to gain insight for better electroceutical therapy development. However, the
influence of colonic neuromodulation on healthy pigs has been the object of a limited number of
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reports so far. Most of these studies involve acute direct electrical stimulation on anesthetized and
cleansed descending colon [117]-[120] or cecum [121], [122] using a broad range of stimulation
parameters (5 — 130Hz, 0.03 — 3ms, 7 — 30mA). These protocols induce local contractions
(single point of stimulation) [118], [122], propulsive contractions [120]-[122], luminal content
movement [119], [122], or acceleration of colonic transit in response to sequential stimulations
[119], [120], [123]. These data confirmed or expanded other preclinical studies performed in
healthy [124]-[127] or constipation models [128], [129] in rodents, cats, and dogs. A few
additional studies in pigs addressed the influence of the autonomic nervous system on the anorectal
function and fecal evacuation by assessing the impact of neuromodulation targeting the pelvic
nerve, hypogastric nerve, and sacral nerves [130]-[133]. While providing some insight into the
potential beneficial effects of neuromodulation, the majority of these studies focused on the distal
colon. The response of the different colonic regions, to a direct or selective nerve stimulation, has
not been simultaneously studied. This is of importance because there is mounting evidence of clear
regional differences in the colon both at structural and functional levels [134]. In addition, while
the pelvic nerve, hypogastric nerve, and sacral nerves are well known to innervate the colon, the
extent to which other extrinsic nerves, such as the vagus nerve, impinge on the colon is unclear.
For instance, in humans, studies reported that vagal innervation extends from the upper gut up to
the splenic flexure, while others reported that it continues further to include the rectal ampulae
(see [135], [136]). Despite the ubiquity and key role of the vagus nerve in the brain-gut interactions,
the neuromodulation of colonic motility by the vagus nerve has received limited interest thus far

[137]-[139].
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3.2 Functional Mapping

In view of those gaps, it is critical to understand the functional sphere of influence of specific
nerves to develop efficient neuromodulation. Therefore, in the current study, we aimed to map the
region-specific (proximal/ascending colon, transverse colon, and distal/descending colon) motility
response to selective electrical stimulation applied directly on each of the colonic proximal colon,
transverse colon, distal colon segments, or the abdominal vagus nerve (specifically the celiac
branch), sacral nerves (S1-S4), and thoracolumbar nerves (specifically T12 and L1) in a healthy

porcine anesthetized model.

3.2.1 Animals

Yucatan minipigs, male castrated at 7 days of age (~7 months old, 25-36kg), were obtained
from S&S Farms and group housed in pens (either bedding or grate floor, depending on housing
availabilities — 2 pigs/pen, 42ft?) in an environmentally controlled room (lights on/off 6 AM/6
PM, 61 — 81°F) under specific pathogen-free conditions. All pigs received ad libitum access to
diet (5p94 Prolab mini pig diet, PMI nutrition) and filtered tap water. All husbandry practices and
procedures were conformed to the NIH Guide for the Care and Use of Laboratory Animals (8"
edition) and were reviewed and approved by the UCLA Animal Research Committee (Institutional
Animal Care and Use Committee) under protocol #2018-074-01. All efforts were made to

minimize any suffering and the number of animals used.
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3.2.2 Equipment & Methods

3.2.2.1 Electrodes, leads, and stimulator

The planar electrode arrays were produced on 8um thick polyimide substrates, providing the
mechanical flexibility and durability to withstand the motion of the intestine. The electrodes were
fabricated using e-Beam evaporation deposition to create layers with a thickness of 200nm
platinum and 10nm titanium [9], [140], [141]. Each electrode had a geometric size of
500umx200um, and a surface roughness process was applied to increase the effective surface
area and thus increase the charge storage capacity. Each planar electrode array contained six rows
of three individual electrodes (18 channels total) that could be potentially used for stimulation and

recording [140].

3.2.2.2 Experiment protocol

For all the experiments, pigs were fasted for at least 12 hours prior to surgery with free access
to water. On the day of surgery, pigs were premedicated with midazolam (1mg/kg, cat # 067595,
Covetrus), ketamine (15mg/kg, cat # 068317, Covetrus), and meloxicam (0.3mg/kg, # 049755,
Covetrus) injected intramuscularly. They were then intubated, connected to a respirator for
ventilation (13-16 breaths/min) and maintained under general anesthesia with 1%-3% inhaled
isoflurane. Maintenance fluids (Lactated Ringers, cat # 059380, Covetrus) were administered at

10mL/kg/h.
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Figure 3.1 Schematic representation of colonic manometry probe positions in overnight fasted

and anesthetized adult male castrated Yucatan pigs.

Manometry sensors were positioned at 10, 13, 16, and 19 cm from the ceco-colic junction (P10,
P13, P16, P19) from the distal end of the proximal/ascending colon (T10, T13, T16, T19) and from

the anal verge (D10, D13, D16, D19).

During the first part of the surgical procedure, pigs were positioned on a heating pad (32°C) in
the supine position. ECG electrodes and a femoral arterial line were placed. When needed, the
heart line was flushed with sterile saline containing 0.5% heparin. A midline abdominal incision
was performed to gain access to the peritoneum. Three colonic regions of interest-
proximal/ascending colon, transverse colon, and distal/descending colon-were identified and
externalized. Flexible solid-state-manometry probes (MikroCath™ diagnostic pressure catheter,
cat # 825-0101, Millar Inc) were inserted into the different segments of the colon via a small
incision and maintained in position with a loophole silk ligature. For the proximal colon, 4
manometric probes were inserted about 10cm below the ceco-colic junction, at 10,13,16, and 19cm

from the point of entry. For the transverse colon, 4 manometric probes were inserted at the end of
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the proximal colon at 10, 13, 16, and 19cm from the point of entry. Distal probes were inserted in
the distal colon through the anus with sensors at 10, 13, 16, and 19cm proximal to the anal verge.
For each region, four single sensor probes were mounted together in stagger such that the sensors
were spaces 3cm apart. An addition sensor was also added in the anal canal (AC) for the sacral or
thoracolumbar nerve electrical stimulation study.

Pigs were euthanized at the end of the experiment with an intravenous injection of

pentobarbital (100mg/kg cat # 009444; Covetrus).

3.2.2.3 Assessment of colonic motor function

Gastrointestinal motility is critical to digestive health, and its dysfunction contributes to
multiple diseases. Gut motility is complex, and its accurate analysis remains a challenge. This is
particularly important to assess the effectiveness of emerging therapies, such as neuromodulation,
against gut motility disorders. In this study, the colonic motility is monitored by intracolonic
pressure. The colonic motility time-domain changes are first quantified. Spectral analysis is then
done to uncover important features (frequency pattern and power) of intestinal phasic contractions
under different protocols.

Intracolonic pressure (manometry) recording procedure

Each pressure transducer catheter was connected via pressure cables (PEC-10D, cat # 850-
5090, Millar Inc) to a transducer (PCU-2000, cat # 880-0129, Millar Inc). The signal was acquired
via a Microl1401 analog-to-digital interface (Cambridge Electronic Design, Cambridge, UK) at
100 samples/s and recorded with Spike 2 version 7.10 data acquisition software (Cambridge
Electronic Design). The system was calibrated by using know pressure at 0, 20, 40, and 60mmHg

at the start of each experiment to convert voltage output to intraluminal pressure. Abdominal
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contractions and breathing artifacts were excluded by smoothing the original trace with a time
constant of 2s. Recording of motility data began after surgery was completed and continued for at
least 30 min for stabilization of baseline motility and then for at least another 30min following
completion of the stimulation experiment.

Intracolonic pressure data analysis

Motility Index: Colonic contractile pressure changes were quantified by measuring the area
under the curve of the phasic component of the intraluminal pressure trace (pAUC) every minute
and reported as motility index. The phasic component of intracolonic pressure was extracted from
the original trace as previously reported [107].

Generation of colonic motility pressure maps (colon luminal pressure and contraction
frequency power map) and video animation: For visual representation of the strength of pressure
changes and their regional distribution across the colon, luminal pressure changes (motility
index/min), at basal and in response to electrical stimulation were processed as heat map images
using MATLAB code. Likewise, the contraction frequency band power changes are generated
using the same software. In addition, the motility index data was used to generate video animation
to view the propagative nature of pressure changes.

Spectral analysis of pressure changes: Spectral power analysis of luminal pressure changes in
the proximal colon, transverse colon, and distal colon at basal and in response to colonic electrical
stimulation and post-stimulation periods were done for each of the pressure sensor probes. After
removing the DC component, fast Fourier transform (FFT) was applied to obtain the frequency
spectra. The integrated power of the prominent 0-12cpm frequency band and the dominant
frequency band (1-6¢cpm) were then calculated using a lab-written MATLAB code. The pressure
wave data have frequency components that can be unveiled using FFT. The conditional
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relationship between frequency resolution and time window at low frequency (1-12cpm) was
carefully chosen such that accurate FFT analysis was obtained. The power of the frequency
component indicates (a) the amplitude of the activity in a specific frequency band and (b) how
much activity in that frequency band was present during the period of analysis.

Statistical analysis: Normality, differences in variance and the presence of outliers were
determined via the Kolmogorov-Smirnov test, F test, and Grubbs’ testing, respectively, prior to
further statistical analysis. There were no outliers removed. GraphPad Prism v.5.01 (GraphPad
Prism) software was used to perform statistical analysis. Time course response of the motility
index was analyzed using repeated measure 2-way ANOVA and Bonferroni post hoc test. Mean
motility index expressed in % baseline data were analyzed using repeated measure one-way
ANOVA and Tukey’s or Dunn’s post hoc test. Motility index expressed as mean changes from
baseline were analyzed using Wilcoxon paired or Mann-Whitney unpaired t-tests as appropriate.
Contraction frequency power changes were analyzed using repeated measure 2-way ANOVA and
Sidak’s post hoc test. Data are presented as mean + SEM P < 0.05 indicates a significant

difference.
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3.2.3 Stimulation Protocol

3.2.3.1 Direct colonic tissue electrical stimulation

oral anal

Figure 3.2: Direct colonic tissue electrical stimulation setup.

After the insertion of the sensors, planar electrode arrays were placed onto the serosal surface
of the colonic region of interest (proximal colon, transverse colon or distal colon) for stimulation
as described in the previous studies (Figure 3.1) [9], [140]. The electrodes were positioned to lie
on the serosal side of the first 3 luminally placed pressure sensors (10-16cm). A baseline was
established for a period of 10 min, and stimulation was initiated using the customized stimulation
device [9], [141]. Two stimulation electrodes, configured as bipolar pair and (1.5cm apart), were
stimulated alternatively.

Pulse train

60 sec
2ms

10 pulses = 85ms

100ms (10Hz)
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Figure 3.3: Direct colonic tissue electrical stimulation protocol.

The protocol of direct colon stimulation was done with 5 cycles of alternating stimulation of
electrodes #1 and #2 (a total of 10 consecutive cycles) at 10 Hz, 2 ms, 15 mA, 30 s ON, 60 s OFF
for a total duration of 15min (Figure 3.2). The stimulation parameters were chosen based on sweep
trail studies using diverse stimulation parameters performed under our conditions of

experimentation (2-100Hz, 2-4ms, 4-15mA) (https://doi.org/10.26275/ajkk-17xd) and reported in

prior studies [9], [140] to cause contractions or stimulate propulsion.

3.2.3.2 Abdominal vagus nerve electrical stimulation

'! Brain

Stimulation

Colon

Figure 3.4: Abdominal vagus nerve electrical stimulation setup.

The posterior branch of the abdominal vagus nerve was exposed through a midline abdominal
incision. An incision was made starting at the midline above the xyphoid process and moved
diagonally to the animal’s left. The muscle was blunt dissected along the incision and held open
using a retractor. We carefully retract the left liver lobule, cut the hepatoduodenal ligament, and
move the right liver lobule aside to reveal the esophagus. After identification of the
esophagogastric junction, the lesser omentum and the esophageal hiatus were opened, the right

diaphragmatic crus was identified, and the posterior vagus nerve was dissected free from the
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esophagus. We then located the celiac branch of the left vagus nerve and placed one hook electrode
5-10mm apart (Figure 3.3) to produce stimulation. Another nerve block hook electrode was placed
1-2cm proximal from the stimulation electrodes (Figure 3.3). Particular care was taken during this
procedure to minimize nervous tissue damage, and the vagal trunk was not grasped directly at any
time. The posterior branch was chosen since it arises from the right cervical vagus nerve and
innervates the small intestine and the colon avoiding the major hepatic branches that leave off the

anterior branch of the abdominal vagus [142].
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Figure 3.5: The celiac branch of the abdominal vagus nerve electrical stimulation protocols.

The CBVN was stimulated with the following protocols: pulse train, 2Hz, 0.3 or 4ms, SmA, 5
cycles of 30s ON and 90s OFF for a total duration of 10 min (Figure 3.4). In addition, the effect

of different protocols of electrical stimulation, including continuous and square-wave, was
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evaluated. For CBVN nerve block, anodal block with 200Hz, 0.1ms, 2mA parameters were

determined based on a sweep trail study with different combinations of parameters.

3.2.3.3 Sacral nerve root electrical stimulation
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Figure 3.6: Sacral nerve root electrical stimulation setup and protocols.

(A) Picture of the sacral roots (S1, S2, S3 and S4) isolated following laminectomy in an
anesthetized male Yucatan pig. (B) A 3D-printed holder was used to ensure the well-contact of the
electrode and nerve. (C) Raw traces example of spinal root stimulation in an anesthetized pig using
a sweep trial for optimal electrical parameters to stimulate motility of the colon, as well as
contractions and motility in the anal canal. The first S2/S3 stimulations were done using
conventional continuous 14Hz, 0.3 ms, 0.5 mA, the latter two with 2Hz, 0.3ms, 0.5mA pulse train
with 30Hz, 3 pulses per train. Note the increase in anal canal contraction during both frequency
stimulation while the distal colon stimulation occurs mainly during and post 30 Hz stimulation

(highlighted D16-D19 sites).

After the first part of the surgery to place pressure sensors in the proximal and transverse colon,
the abdomen was then closed, and the pig was placed on prone position, leaving access to the back.
The S1-S4 sacral spinal nerves (S1/2 vs. S3/4) were accessed via a laminectomy (Figure 3.5 (A)).
(surgery time: 30 min-40 min). Laminectomy is a common spine operation and refers to the
surgical removal of the vertebral lamina, thereby unroofing the vertebral canal. We followed the
following processes similarly as described in this reference [143].

Before surgery, we palpated the lumbar spinous processes along the midline and identified the
vertebral levels of interest (S1-S4). A midline incision using a scalpel/electrocautery was then
performed, and the subcutaneous tissue and fat were dissected to gain access to the thoracolumbar
or lumbosacral fascia. The fascia along the midline was cut to expose the supraspinous ligaments
spanning between spinous processes. The supraspinous ligaments were open over a few

millimeters. Then using a Freer elevator, the supraspinous ligaments were gently detached from
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spinous processes (subperiosteal dissection). The dissection was then extended to the interspinous
ligaments up to the facet joints of the spinous processes along the area of interest. After locating
the lamina, we opened the lamina using a surgical saw or a Kerrison rongeur to extract bone in a
piece-wise fashion over the whole vertebral segment of interest in order to gain access to the
ligamentum flavum, periosteum, epidural fat, and dura sac. The spinous processes corresponding
to the region of interest were removed, allowing access to the meninges. The epidural fat was
gently removed, taking care not to damage the dura sac and allowing identification of the spinal
roots.

During the surgical procedure and as the laminectomy was completed, hemostasis was
performed with bipolar electrosurgery. Monopolar electrosurgery was not used because of the
proximity of neural structures.

Bone wax was placed along with sites of bleeding from exposed bone, and absorbable hemostat
dressing was used to obtain hemostasis near soft tissue. We also used cotton to wick serous fluid
and blood away from the dissection where necessary.

After surgery, sacral root nerves (S1- S4) were identified and isolated using small pieces of
cotton. Cuff electrodes were used to produce stimulation alone or concomitantly with a nerve block,
either afferent (to assess the role of efferent fibers) or efferent (to investigate the role of afferent
fibers).

In the sacral nerve root stimulation (SNS) study, unilateral (left root) SNS was performed as
there is no significant difference between the nerves of the two sides and no demonstrable
connection between them [144].

The sacral nerves are thin, delicate and friable; therefore, the flexible planar electrodes were
used to wrap and stimulate the nerve in order to avoid nerve damage. An electrode holder was
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designed and fabricated with soft 3D printing material to keep the well-contact between electrodes
and nerve and ensure the stimulation quality (Figure 3.5 (B)). The sacral nerve root (S1-S4) was
stimulated with the following protocols: 2Hz, 0.3ms, 0.5mA pulse train with 30Hz, 3 pulses per
train, 5 cycles of 30s ON and 90s OFF for a total duration of 10min. For sacral nerve block,
kilohertz frequency blocking (40 kHz, 2 V, sinusoidal wave) was chosen. The effectiveness of
stimulation and blocking was determined based on a sweep trail study with different combinations
of parameters. Figure 3.5 (C) is a raw trace example of a stimulation effectiveness study. The first
S2/S3 stimulations were done using conventional continuous square wave parameters (14Hz, 0.3
ms, 0.5 mA) [105], [145], [146], the latter two with the selected pulse train parameter. The increase
in anal canal contraction can be observed during both frequency stimulation, while the distal colon
stimulation occurs mainly during and post pulse train stimulation (highlighted D16 and D19 sites).
Less colonic activities were overserved in response to the conventional continuous square wave

protocol. Therefore, the pulse train stimulation protocol was used for the sacral nerve studies.

3.2.3.4 Thoracolumbar nerve root electrical stimulation

After the first part of the surgery, the abdomen was then closed, and the pig was placed on
prone position, leaving access to the back. With a laminectomy, the thoracolumbar (T12 and L1)
nerve root was exposed and identified. We followed similar processes as described in the sacral
nerve root electrical stimulation section.

In the thoracolumbar nerve root stimulation (TNS) study, unilateral (left root) TNS was
performed with a needle electrode placed on the T12 or L1 spinal root proximally to the dorsal
root ganglion (targeting afferent fibers only) or distally to the dorsal root ganglion (targeting both

afferent and efferent fibers). In this study, The TNS was done with either continuous 10Hz, 0.3ms,

83



0.5mA square wave stimuli or 2Hz, 0.3ms, 0.5mA pulse train with 30Hz, 3 pulses per train, 5

cycles of 30s ON and 90s OFF for a total duration of 10 min (Figure 3.6).

Afferent fibers * — stimulation site
Dorsal root

Dorsal root ganglion

Dorsal ramus
Afferent and efferent fibers
Ventral

ramus 2{’

. Gray
White matter
matter  ventral root

Pulse train Continuous square wave
0.3ms 0.3ms
0.3ms 0.3ms
P O I—
33ms (30Hz)
3 pulses = 100ms 100ms (10Hz)
500ms (2Hz)

Figure 3.7: The thoracolumbar nerve root T12/L1 electrical stimulation protocols.

In this study, we used a needle electrode instead of the cuff electrode due to the technical
challenges. Accessing the distal segments of the thoracolumbar spinal nerve roots for cuff
electrode placement is difficult. Bleeding and side effects of systemic responses (increased blood
pressure and heart rate) were observed. The vertebral processes limit the anatomical space for root
access and placement of cuff electrodes, and bleeding is profuse in this area. We have attempted
to use absorbable hemostats (Surgicel) to reduce the bleeding without great success. As an
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alternative, we used needle electrode stimulation of the root before and after dorsal root ganglions.
So far, nerve blocking using needle electrodes is not feasible. Therefore, we did not include the

blocking study here.

3.2.4 Results

3.2.4.1 Direct colonic tissue electrical stimulation

Colon motility was recorded for over 3 hours without any electrical stimulation in a few pigs
(n=3). After the initial 30min post-surgery, the colon motility remains stable throughout the
experimental recording. Effective delivery of electrical current to the colon was confirmed by the
direct measurement of electrode overpotential. Activation of the electrode also corresponded with
an immediate local contraction of the colonic segment directly under the electrode. Data associated
with this study [147] were collected as part of the Stimulating Peripheral Activity to Relieve
Conditions (SPARC; RRID: SCR_017041) project and are available through the SPARC Data

Portal (RRID: SCR_017041) under a CC-BY 4.0 license.

Table 3.1: Colonic mean motility index (in % baseline) during stimulation (15 min) and post-
stimulation (30 min) in response to direct proximal, transverse, and distal colonic stimulation in
anesthetized male Yucatan pigs.

Note: Data are mean = SEM of n as indicated for each probe/set. Repeated measure one-way
ANOVA and Tukey’s post hoc test, *P < .05, **P < .01, and ***P < .001 vs baseline (100.0 £

0.0%), +P < .05, ++P < .01 vs stimulation.

n Stimulation Post-Stimulation
Direct Proximal P10 13 209.0£28.1° 127.2+11.87
Colon Stimulation P13 12 159.5+30.9" 131.4+17.0
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P16 7 186.5 + 34.1 270.1 £71.6"
P19 7 163.6 +31.3 162.0+51.0
T10 14 118+ 12.1 125.6 +20.5
T13 13 112.6 +16.3 109.8 +£25.9
T16 15 102.1+10.5 89.0 + 122
T19 15 114.5+7.0 108.7 +£24.9
D10 14 111.4 +10.7 114.7 £ 13.5
D13 13 111.3+7.0 128.1 £ 17.7
D16 14 103.5+6.7 121.6 + 14.5
D19 12 96.0 + 10.7 129.7 +24.3
Direct Transverse P10 5 95.6 +£12.7 117.3 +£26.1
Colon Stimulation P13 7 922+ 10.5 131.9 +27.1
P16 7 102.5 + 14.0 852+ 10.6
P19 8 1252+ 17.9 109.6 + 28.8
T10 6 240.2 +26.8 123.2+£24.4
T13 7 1249 +21.7 104.9 + 18.0
T16 8 125.2 + 14.8 105.7 £ 16.7
T19 8 118.9 + 14.7 99.81 + 10.3
D10 8 125.7 +19.7 137.3 £24.7
D13 7 139.5+21.5 171.0 £ 30.9
D16 8 153.9+26.9 192.8+29.5
D19 7 141.8 +28.2 119.3 £20.2
Direct Distal Colon P10 2 86.4+13.2 73.8 £12.7
Stimulation P13 6 143.4+94 1184+ 16.4
P16 5 1429+ 17.6 131.6 + 33.1
P19 5 142.7 +28.3 141.0 + 53.6
T10 5 92.5+9.8 106.6 + 3.7
T13 5 106.0 + 12.1 97.7 £21.1
T16 6 109.0 + 12.0 123.5+15.5
T19 6 135.8 + 24.4 156.1 £21.0
D10 4 115.5+9.7 152 +41.1
D13 6 131.4 +20.2 149.1 + 40.7
D16 5 129.5+ 159" 192.8 £23.7°
D19 6 147.3 +23.80 193.2 + 77.69
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Proximal colon electrical stimulation
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Figure 3.8: Influence of direct proximal colon electrical stimulation as monitored by
manometry in anesthetized pigs (n = 7-15 each).

(A) Representative trace of direct proximal colon stimulation; (B) pressure map representation;
(C) time course response of the motility response recorded by the different proximal probes (P10,
P13, P16, P19) at basal, during and post direct proximal colon electrical stimulation (motility
index, % baseline) (n = 7-13). Traces show the baseline response (30 min), stimulation (15 min),
and post-stimulation (30 min) periods. Data are mean + SEM, 2-way ANOVA and Bonferroni's
post hoc test, *P <.05, **P <.01, ***P < .001, ****P <.0001 vs baseline. D, Mean motility index
change (% baseline) during baseline (30 min), stimulation (15 min), and post-stimulation (30 min)
in proximal (n = 7-13 pigs) regions. Data are mean + SEM, repeated measures one-way ANOVA
and Tukey's post hoc test, *P < .05, ***P < .001 vs baseline, "' P < .01 vs stimulation. Channels
represent the position of the different manometry probes in the different colonic parts (P: proximal,

T: transverse and D: distal).

Stimulation of the proximal colon induced a very strong circular muscular contraction
observed visually (supplementary video 2). This contraction was also detected on manometry
recordings (Figure 3.7 (A) and Table 3.1). This was followed by a marked activation of the
proximal colon for the next 30min, and an overall trend to decrease the motility in the transverse
colon as shown on the pressure map (Figure 3.7 (B)), which did not reach statistical significance
(Table 3.1). The distal colon motility remained unchanged throughout the recording period (Figure
3.7 (B) and Table 3.1). Time course response of the motility index of the proximal colon at each
of the 4 proximal sensors (Figure 3.7 (C)) showed increased motility index (% change of baseline)

during stimulation (P10 and P13) and post-stimulations (P16), suggesting a possible propagation

88



from P10-P13 sites to the P16 site. Similarly, a comparison of the mean motility index of the basal

vs. the stimulation or post-stimulation period showed an increased mean motility index at P10 and

P16 (during stimulation) and P16 (during the post-stimulation period) (Figure 3.7 (D)).
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Figure 3.9: Influence of direct proximal colon electrical stimulation on the regional colonic

frequency power spectrum.

(A) Representative spectrogram of the proximal colon frequency power spectrum in an

anesthetized male Yucatan minipig in response to direct proximal colon electrical stimulation.
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Note that most of the frequency power comes from the ~0-12 cpm band. (B) representative
periodogram showing dominant frequency band (~1-6 cpm) during baseline, stimulation, and post-
stimulation periods. Note that the power of the 1-6 cpm band is increased during stimulation and
post-stimulation periods. Note also (in A and B), the breathing artifact and its harmonic waves are
straight and stable. The breathing artifact (~12.5 cpm in this example) is the original frequency.
The harmonic waves (~25, 37.5, 50 cpm in this example) represent artifact frequency that is a
positive integer multiple of the frequency of the original wave (breathing artifact). (C) Aggregated
data on frequency power spectrum in the proximal, transverse, and distal colon in response to
direct proximal stimulation (cumulative recordings from 4 probes per colonic region in n = 7-15
pigs). Direct ES of the proximal colon increased the power of the 1-12 cpm frequencies in all
regions, with a statistical significant difference in the 1-3 cpm frequencies in the proximal colon.
Data are mean = SEM, repeated measures two-way ANOVA and Sidak's post hoc test, *P < .05,

**Pp < .01, ***P < .001, vs baseline in respective groups

Spectral power analysis of contractions at baseline was characterized by prominent frequency
power of 0-12 cycles/min (cpm) band in all the colonic regions. The frequency band of 13-17 cpm
was overwhelmed by the high power of the ventilator/breathing frequency, while higher frequency
bands had too low or negligible power (Figure 3.8 (A) and (B)). The frequency band-to-frequency
power (Figure 3.8 (C)) shows a hump (dominant power) in the range of 1-6¢cpm band. Direct
proximal electrical stimulation significantly increased the mean power of the 1-3cpm frequencies
and caused an overall increase in the 0-12 cpm frequency band (Figure 3.8 (C), left panel). A trend
to increase in the power of frequency spectrum was also observed in the transverse colon (Figure

3.8 (C), middle panel) and distal colon (Figure 3.8 (C), right panel), but these did not reach
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statistical significance. The integrated spectra showed a return to baseline levels in all regions
within the 30min post-stimulation analysis.

Transverse colon electrical stimulation

Stimulation of the transverse colon also induced a circular muscular contraction observed
visually. These contractions are also detected on manometric recordings in anesthetized pigs
(Figure 3.9 (A)). As in proximal colon response, stimulation of the transverse colon showed
increased luminal pressure heat map primarily occurring in the transverse colon (Figure 3.9 (B)).
After the end of the transverse colon stimulation period, the motility index was increased in the
distal colon and with a non-significant increased trend in the proximal colon, while transverse

colon motility was back to baseline levels (Figure 3.9 (B); Table 3.1).
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Figure 3.10: Influence of direct transverse colon stimulation as monitored by manometry in
anesthetized pigs (n = 5-8 each).

(A) Representative trace of direct transverse colon stimulation; (B) pressure map
representation. Channels represent the position of the different manometry probes in the different
colonic parts (Prox: proximal, Trans: transverse, and Dis: distal). (C) Frequency power spectrum

in the proximal, transverse, and distal colon in response to direct transverse stimulation
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(cumulative recordings from 4 probes per colonic region in n = 5-8 pigs). Direct electrical
stimulation of the transverse colon increased the power of the 1-12 cpm frequencies in the
transverse and distal colon, with a statistically significant difference in the 2 cpm frequencies in
the transverse colon. Data are mean = SEM, repeated measures two-way ANOVA, and Sidak's

post hoc test, *P < .05 vs. baseline in respective groups

Spectral analysis showed, like the proximal colon, a prominent 0-12cpm band power with the
1-6¢cpm being the dominant range as shown in the frequency band-to-frequency power curves
(Figure 3.9 (C)). Electrical stimulation of the transverse colon increased the power of the 1-6¢cpm
band in the transverse colon, reaching statistical significance for the 2-3cpm frequencies (P<0.05)
(Figure 3.9 (C)). The transverse colon post-stimulation response was characterized by the decrease
in the power to the level of the corresponding basal time. The responses of the proximal colon and
distal colon to the transverse stimulation displayed variable changes, a reflection of the motility
index, and pressure map images.

Distal colon electrical stimulation

The distal colon stimulation, unlike the proximal colon and transverse colon, induced a
longitudinal contractile response (supplementary video 3) and increased the manometric recording
(Figure 3.10 (A)) and motility index (pressure heat map) in the distal colon during the stimulation
period (Figure 3.10 (B)). This was followed in the post-stimulation period by a strong activation
of contraction in the distal colon. Probes at the proximal colon and transverse colon showed

variable activation and inhibition of motility (Figure 3.10 (B) and Table 3.1).
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Figure 3.11: Influence of direct distal colon stimulation as monitored by manometry in
anesthetized pigs (n = 2-6 each).

(A) Representative trace of direct distal colon stimulation. (B) Pressure map representation.
Channels represent the position of the different manometry probes in the different colonic parts.
(C) Frequency power spectrum in the proximal, transverse, and distal colon in response to direct

distal stimulation (cumulative recordings from 4 probes per colonic region in n = 2-6 pigs). Direct
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ES of the distal colon induced a trend for an increase in the power of the 1-12 cpm frequencies in

the distal colon exclusively. Data are mean = SEM

Spectral analysis of the distal colon motility displayed a similar basal frequency band (0-12cpm)
as observed in the other colonic regions. Direct electrical stimulation caused only a trend to
increase the 1-6cpm power locally during the stimulation, while the other regions remained
unaffected. The distal colon response during the post-stimulation period returned to basal power
distribution.

In all colonic regions, direct electrical stimulation induced short-distance anterograde and

retrograde propagating contractions (see example in supplementary video 4).

(A) Non-stimulated site (B) Stimulated site

Figure 3.12: Representative samples of micrographs showing H&E stained proximal colon

tissues (4X) from direct colon electric stimulation and non-stimulated sites of the same pig.

At the end of the experiment, the proximal colon tissue was examined for damage in 2 pigs.
H&E staining of the stimulated (under the electrodes) and the adjacent non-stimulated tissues

showed no histological change (see Figure 3.11).
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3.2.4.2 Abdominal vagus nerve stimulation: celiac branch
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Figure 3.13: Influence of different protocols of electrical stimulation of the abdominal vagus
nerve, celiac branch on colonic motility in anesthetized pigs.

Pressure map of (A) pulse train, 2 Hz, 0.3 ms, 5 mA, 10 min, without anodal block; (B) pulse
train, 2 Hz, 4 ms, 5 mA, 10 min, without anodal block; (C) pulse train, 2 Hz, 4 ms, 5 mA, 10 min,

with afferent anodal block 200 Hz, 0.1 ms, 2 mA. Channels represent the position of the different
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manometry probes in the different colonic parts. Traces show the baseline response (15 min),
stimulation (15 min), and post-stimulation (30 min) periods. Data are mean = SEM of recordings
from n = 7-14 pigs. (D) Motility index changes (mean change from baseline %) in response to
celiac branch vagus nerve stimulation (2 Hz, 5 mA) at a pulse width of 0.3 ms (white bars), 4 ms
(gray bars), and 4 ms with the afferent anodal block (black bars), during the stimulation (15 min)
and post-stimulation (30 min) in proximal, transverse, and distal (n = 7-14) regions. Data are mean
+ SEM, Wilcoxon paired, or Mann-Whitney unpaired t-tests, ¥P < .05, **P < .01 vs baseline, P

<.05, "P<0.01 vs stimulation in respective groups
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Figure 3.14: Influence of different protocols of electrical stimulation of the abdominal vagus
nerve, celiac branch on pig colonic motility.
(A) continuous pulse train stimulation without anodal block; B) square-wave stimulation

without anodal block. Data are mean + SEM of recordings from n=7 pigs.
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The stimulation of the CBVN using a pulse train protocol induced a pancolonic motor response
in anesthetized pigs that was more intense and widespread with the long pulse width (4ms) (Figure
3.12 (B)) than short pulse width (0.3ms) (Figure 3.12 (A)). The continuous and square-wave
protocols were not as efficient as the pulse train protocol in producing motility changes (Figure
3.13). The concomitant blockade of afferent fibers using an anodal afferent block attenuated the
pancolonic activation in all regions (Figure 3.12 (C)). The CBVN electrical stimulation induced
pancolonic stimulation, and its attenuation in the presence of afferent block is also reflected in the
colonic motility index, expressed as AUC, particularly in the proximal and distal colon (Figure

3.12 (D)).
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Figure 3.15: Influence of celiac branch abdominal vagus nerve stimulation with or without

afferent anodal block on regional colonic frequency power spectrum in anesthetized pigs.

Frequency power spectrum analysis of the colonic motility in response to celiac branch vagus

nerve stimulation (2 Hz, 5 mA) at a pulse width of 4 ms alone or with the afferent anodal block at

baseline (30 min), during the stimulation (15 min) and post-stimulation (30 min) in proximal,
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transverse and distal (n = 7-14) regions. Data are mean + SEM, Wilcoxon paired or Mann- Whitney

unpaired t-tests, **P < .01 vs. baseline in respective groups.

Spectral analysis of the colon response to CBVN electrical stimulation (4ms) showed an
increase in the power of the dominant frequency (1-6¢cpm) across the colon in response to
stimulation (Figure 3.14 (A)-(C)), with a statistically significant increase in the 2-3cpm
frequencies (power data; P<0.01 vs. baseline) in the transverse colon (Figure 3.14 (B)). Following
stimulation, the frequency power returned to baseline in the proximal and distal colon but remained
elevated in the transverse colon. In the presence of afferent block, the increased frequency power
to CBVN electrical stimulation was attenuated mainly in the transverse colon (Figure 3.14 (D)-
(F)), in line with the motility index (AUC) and pressure map response to CBVN electrical
stimulation with or without afferent block. Video animation of the pressure changes in response to
CBVN electrical stimulation showed no consistent propagation for longer distances
(supplementary video 5). Instead, pressure waves appear to move back and forth in a short distance

(within 10cm).

3.2.4.3 Sacral nerve root electrical stimulation

Stimulation at sacral nerve sites does not alter systemic responses such as blood pressure and
heart rate. S1 or S4 electrical pulse train stimulation had little effect on motility, especially
compared to S2 stimulation, as shown in Figure 3.15. Therefore, the study focused more on the

effects of S2 and S3 stimulation.
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Figure 3.16: Effect of sacral nerve (S1-S4) root pulse train stimulation on the motility of the
proximal, transverse and distal colon. Pressure maps representations of recordings before (30 min),

during (10 min) and post-stimulation (30 min). (AC = anal canal)
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Figure 3.17: Effect of sacral nerve (S2) stimulation on the motility of the proximal, transverse
and distal colon.

(A) Example of raw trace following sacral spinal root S2 pulse train stimulation, left S2 sacral
root, no block. (B) Pressure maps representations of recordings before (30 min), during (10 min)
and post-stimulation (30 min). Left sacral spinal root S2 stimulation, 30 Hz, 0.3 ms, 0.5 mA, No
block. Left sacral spinal root S2 efferent fibers stimulation, 30 Hz, 0.3 ms, 0.5 mA (i.e., S2
stimulation with a concomitant afferent block, 40kHz, 2V, sinusoidal wave). Left sacral spinal root
S2 afferent fibers stimulation, 30 Hz, 0.3 ms, 0.5 mA, (i.e., S2 stimulation with a concomitant
efferent block, 40kHz, 2V, sinusoidal wave). Data are mean motility index in % baseline of n=3-
4 pigs. AC = anal canal (1 cm from the anus). (C) Quantitative, mean motility index average (%
baseline) for the proximal, transverse and distal colon and anal canal response to whole sacral root
S2 nerve vs. S2 efferent fiber stimulation (i.e., whole nerve stimulation concomitant with afferent
block, 40kHz, 2V, sinusoidal wave) or afferent fiber stimulation (i.e., whole nerve stimulation
concomitant with efferent block, 40kHz, 2V, sinusoidal wave). Data are mean = SEM, n=3-4
probes/colon region recordings from n=3-4 pigs. The baseline is 30 min, stimulation 10 min, and
post stimulation 30 min. *p<0.05 vs. respective baseline, one-way repeated measure ANOVA and

Friedman’s post hoc test.
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Figure 3.18: Spectral analysis of the colonic motility response to left sacral S2 stimulation with
no block, with an afferent or efferent nerve block.

Data show that in the anesthetized pig colon at baseline, the 2-6 cpm frequency band is a
dominant power in most of the colon regions monitored. S2 stimulation (30 Hz, 0.3 ms, 0.5 mA)

increased power mainly of the dominant frequency at the distal colon and the AC. Afferent block

104



(40kHz, 2V, sinusoidal wave) reduced the S2-induced increased power of the dominant frequency
in the distal colon and the AC. C: Similarly, efferent block (40kHz, 2V, sinusoidal wave)
attenuated the S2 stimulation-induced response in the distal colon and the AC. Data are mean +
SEM, average of n=3-4 probes/colon region from 3-10 pigs, *p<0.05, **p<0.01, ***p<0.001 vs

respective baseline, RM 2-way ANOVA and Sidak’s post hoc test.

S2 electrical stimulation induced a strong and robust activation of motility in the distal colon
and anal canal during stimulation and post-stimulation periods while not activating that of the
proximal or transverse colon (Figure 3.16). S2 electrical stimulation also increased the power of
the whole contraction frequency spectrum in both the distal colon and anal canal during stimulation
(Figure 3.17). Video animation (supplementary video 6) shows S2 stimulation caused propagative
contractions within the distal 10-19 cm region where the distal sensors are located. In the S2 post-
stimulation periods, the transverse colon showed inhibition of motility and a decrease of the
frequency power, which did not reach statistical significance. S2 electrical stimulation has little
influence on proximal colon motility or contraction frequency spectrum. Afferent block attenuated
the distal colon motility index, pressure heat map and the dominant frequency power increase
induced by S2 stimulation, which suggests the role of afferent fibers in the S2 stimulation-induced
distal colon response. However, the afferent block didn’t cause too many changes in the S2
stimulation induced anal canal activation and transverse colon inhibition. On the other hand, the
S2 induced increased motility index and increased power of dominant frequency in both the distal
colon and anal canal were attenuated by the concomitant efferent block indicating the role of

efferent nerve fibers activation in the distal colon and anal canal responses. The S2 induced
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inhibition in the transverse colon during the post-stimulation period was also attenuated by the
efferent block (Figure 3.16 (B), (C) and Figure 3.17).
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Figure 3.19: Effect of sacral nerve (S3) stimulation on the motility of the proximal, transverse
and distal colon.

(A) Example of raw trace following sacral spinal root S3 stimulation short pulse width 30 Hz,
0.3 ms, 0.5 mA, left S3 sacral root, no block. (B) Pressure maps representations of recordings
before (30 min), during (10 min) and post-stimulation (30 min). Left sacral spinal S3 nerve root
stimulation, 30 Hz, 0.3 ms, 0.5 mA, No block. Left sacral spinal root S3 efferent fibers stimulation,
30 Hz, 0.3 ms, 0.5 mA (S3 stimulation with a concomitant afferent block, 40kHz, 2V, sinusoidal
wave). Left sacral spinal root S3 afferent fibers stimulation, 30 Hz, 0.3 ms, 0.5 mA, (S3 stimulation
with a concomitant efferent block, 40kHz, 2V, sinusoidal wave). Data are mean motility index in %
baseline of n=3-10 pigs. (C) Quantitative, mean motility index average (% baseline) for the
proximal, transverse and distal colon and anal canal response to whole sacral root S3 nerve vs. S3
efferent fiber stimulation (i.e., whole nerve stimulation concomitant with afferent block, 40kHz,
2V, sinusoidal wave) or afferent fiber stimulation (i.e., whole nerve stimulation concomitant with
efferent block, 40kHz, 2V, sinusoidal wave). Data are mean + SEM, n=3-4 probes/region
recordings from each of n=3-10 pigs. Baseline is 30 min, stimulation 10 min, post stimulation 30

min.
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Figure 3.20: Spectral analysis of the colonic motility response to left sacral S3 stimulation with
no block, with an afferent or efferent nerve block.
S3 stimulation (30 Hz, 0.3 ms, 0.5 mA) increased power mainly of the dominant frequency at

the distal colon. Afferent block (40kHz, 2V, sinusoidal wave) reduced the S3-induced increased
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power of the dominant frequency in the distal colon and the AC. Similarly, efferent block (40kHz,
2V, sinusoidal wave) attenuated the S3 stimulation-induced response in the distal colon. Data are
mean + SEM, average of n=3-4 probes/colon region from 3-10 pigs, *p<0.05, vs. respective

baseline, RM 2-way ANOVA and Sidak’s post hoc test.

S3 electrical stimulation, while causing anal canal contraction in about half of the pigs studied,
as shown in one example of the raw trace (Figure 3.18(A)), did not cause significant motility index
changes (Figure 3.18 (B) and (C)). However, S3 stimulation caused a moderate increase in the
power of the dominant frequency domain in the distal colon that was attenuated by afferent and
efferent blocks (Figure 3.19). Probes at proximal colon and transverse colon showed variable
activation and inhibition of motility in response to the S3 stimulation with or without block. The
power of the dominant frequency domain in the transverse colon was increased by the S3
stimulation, which was not attenuated by afferent or efferent block. Those increased powers

dropped back to baseline level after the stimulation.
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3.2.4.4 Thoracolumbar nerve root electrical stimulation
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Figure 3.21: Effect of thoracolumbar spinal nerve root stimulation on the motility of proximal,
transverse and distal: Pressure maps representations of recordings at baseline (30 min), during (10
min) and post-stimulation (30 min).

The left panels show right T12 spinal nerve stimulation, while the right panels show right L1
spinal nerve root stimulation. Stimulations were made at 10 or 30 Hz (0.3ms, SmA) with a
continuous (cont.) or pulse-train (PT) wave form. The site of stimulation was either at the dorsal
root (proximal to the respective dorsal root ganglion), labeled as afferent stimulation or after the
dorsal and ventral roots merge (distal to dorsal root ganglion), labeled as afferent and efferent

stimulation. Stimulations at 10 vs. 30 Hz and cont. vs. PT waves result is moderate but differential
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colon region motility modulation. For instance, afferent stimulation at T12 (10Hz, cont.) causes
inhibition of the proximal and transverse colon contractility while moderately increasing
contractility at the most distal and anal canal (AC) during and post stimulation periods. Data are
mean area under the curve of contraction (AUC) in % baseline of n = 2-4 pigs. AC = anal canal

probe, P = proximal probes, T = transverse probes and D = distal probes.
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Figure 3.22: Frequency power spectrum analysis of the proximal colonic motility in response
T12 (left panels) or L1 (right panels) thoracolumbar spinal roots stimulation (continuous or pulse
train wave).

No significant influence of the thoracolumbar nerve roots electrical stimulation with different
stimulation parameters on the proximal colon motility frequency band. Data are mean area under

the curve of contraction (AUC) in % baseline of n=2-4 pigs.

L1- Afferent Only - Cont.

5 T12 - Afferent Only - Cont. 5

£ 00020 £ 0.0020
&50.0015 250.0015
g%o.omo ggo.oom
% 0.0005 % 0.0005
& 0.0000 & 0.0000

123 456 7 8 9101112
Frequency (cpm)

123456789101112
Frequency (cpm)

5 T12 - Afferent and Efferent - Cont. 5 L1- Afferent and Efferent - Cont.
2 2
a, a,
oy 2y
5 g
:O:" :03-4 . 2P
=1 2 —
= SR e A B R S TR R
Frequency (cpm) Frequency (cpm)
5 T12 - Afferent Only - PT 5 L1- Afferent Only - PT
2 0.0020 2 0.0025
&~ & ~0.0020
53 0 oone 25 0.0015
§ 2000101 §<0.0010
% 0.0005 ;’.; 0.0005
= . = 0.0000
= 000001123456789101112 R 123 456 7 8 9101112
Frequency (cpm) Frequency (cpm)
5 T12 - Afferent and Efferent - PT 5 L1- Afferent and Efferent - PT
2 0.0020 3
2 2
50 0.0015 o
g2 0.0010 2
2 < 0.0005 3
g 0.0000 g
- ' 1 23 456 7 8 9101112 =
Frequency (cpm) Frequency (cpm)
-O- baseline -O-stimulation -8-post-stimulation

112



Figure 3.23: Frequency power spectrum analysis of the transverse colonic motility in response
T12 (left panels) or L1 (right panels) thoracolumbar spinal roots stimulation (continuous or pulse
train wave respectively).

No significant influence of the thoracolumbar nerve roots electrical stimulation with different
stimulation parameters on the transverse colon motility frequency band. Data are mean area under

the curve of contraction (AUC) in % baseline of n=2-4 pigs.
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Figure 3.24: Frequency power spectrum analysis of the distal colonic motility in response T12
(left panels) or L1 (right panels) thoracolumbar spinal roots stimulation (continuous or pulse train
wave respectively).

No significant influence of the thoracolumbar nerve roots electrical stimulation with different
stimulation parameters on the distal colon motility frequency band. Data are mean area under the

curve of contraction (AUC) in % baseline of n=2-4 pigs.
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Figure 3.25: Frequency power spectrum analysis of the anal canal motility in response T12
(left panels) or L1 (right panels) thoracolumbar spinal roots stimulation (continuous or pulse train
wave respectively).

No significant influence of the thoracolumbar nerve roots electrical stimulation with different
stimulation parameters on the anal canal motility frequency band. Data are mean area under the

curve of contraction (AUC) in % baseline of n=2-4 pigs.

Thoracolumbar nerve (T12 and L1, afferent only or both afferent and efferent) stimulation
(continuous 10Hz, 0.3ms, 0.5mA square wave stimuli or 2Hz, 0.3ms, 0.5mA pulse train with 30Hz,
3 pulses per train) has an only moderate effect on the motility of different colonic regions as shown
by pressure heat maps (Figure 3.20). Stimulations at different protocols resulted in differential
colon region motility modulation. For instance, afferent stimulation at T12 (10Hz, cont.) causes
inhibition of the proximal and transverse colon contractility while moderately increasing
contractility at the most distal and anal canal (AC) during and post stimulation periods. The
frequency spectral analysis results are in line with the motility changes that there are no significant

differences in the power of dominant contraction frequencies (Figure 3.21 - Figure 3.24).

3.2.5 Discussion

In this thesis, the influence of different electrical stimulation modalities applied directly on the
colonic tissue or different nerves on colonic motility was mapped in an anesthetized porcine model.
The studies provide, for the first time, the functional (motility) sphere of influence of different
colon/nerve electrical stimulation on the colonic segments (proximal colon, transverse colon, distal
colon) and spectral analysis of colonic motility in the anesthetized pig.
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One of the features of the anesthetized pig colon contractile response to local stimulation, when
observed visually, is that proximal colon and transverse colon stimulation-induced ring-like
circular contraction (supplementary video 2), while distal colon stimulation response was
primarily longitudinal and appeared as a shrinking of the colon wall (supplementary video 3). The
ring/circular contraction response in the proximal colon and transverse colon is likely to be due to
the higher number of gap junctions between circular than longitudinal muscle cells [135], [148]
and hence the strong circumferential electrical coupling of intestinal smooth muscle cells [109].
Likewise, the distal colon characteristic longitudinal contraction suggests a stronger electric
coupling among the longitudinal than the circular muscle cells and/or the regional heterogeneity
of circular vs. longitudinal smooth muscle responsiveness to neurohormonal stimuli as reported in
humans [149].

Another salient feature of anesthetized pig colon motility is the occurrence of a wide range of
contraction frequency bands (0 - 12cpm) and repetitive phasic pressure events in the 0-12cpm
frequency range, with a dominant frequency band of 1-6¢cpm. The colon is generally considered to
have three different types of phasic contractions in various species [106], [108], [109], short
duration (0-2s), long duration (10-20s), and high amplitude propagating contractions/giant
contractions. Although the relative proportion of short vs. long duration phasic contractions cannot
be ascertained in the present study, both short and long duration contractions are observed in the
recordings as evidenced in the raw traces. The observed 0-12cpm frequency band corresponds to
the reported irregularly appearing short duration phasic contraction frequency in the human colon
[109] and to the short duration spike burst frequency (9-12/min) or colonic slow wave frequency
in ambulating pigs [106]. On the other hand, the 1-6cpm motor patterns are likely to be analogous
to that of the human colon cyclic propagating motor pattern, with a frequency of 2-6¢pm, described
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in a recent consensus statement on terminology and definitions of colon motility [150]. Similarly,
in a preliminary chronically prepared study in pigs, a 2-4cpm frequency band is reported to
represent over 50% of all contractile activities [151]. These and the currently observed 1-6¢cpm
dominant band in the colon are likely to be the main feature of colonic motility across species,
although the colon, unlike the stomach and small intestine, can have multiple frequency
components [152], [153].

Direct electrical pulse train sequential stimulation of two sites (1.5cm apart) of the uncleansed
colon at 10Hz, 2ms, 15mA primarily stimulated contraction on and near the stimulated site (12-
15cm) but also caused delayed responses (inhibition or stimulation) albeit moderately at distant
colonic regions (proximal colon, transverse colon, and distal colon) as evidenced by luminal
pressure changes. The relatively longer pulse width stimulation used in the present study (2ms) is
in line with the long time constant of intrinsic myoelectric activity of smooth muscle cells [93].
The lack of clear and long-distance propagative contractions in response to direct proximal colon
electrical stimulation may be due to the surgical and anesthesia-related ileus. The long luminal
distance between the different colonic regions makes it also less likely to capture propagative
contractions to such distant regions under the experimental conditions used. On the other hand, the
presently observed motility response at distant colonic regions to direct colon electrical stimulation
could be due to colo-colic reflex involving the enteric nervous system. In addition, the proximal
stimulation site may be devoid of colon pacemakers/hot-spots, described in the human colon as
sites responsive to electrical stimulation with propagative contractions [154]. Similar to our
observations, however, a recent report on cats indicates that direct proximal colon stimulation is
mainly affecting proximal motility [155]. It is to note that no histological damage was observed in
either colonic region in response to this electrical stimulation protocol (Figure 3.11).
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The anesthetized pig colon displayed also anterograde and retrograde short duration
propagation (see example in supplementary video 4). A similar back and forth propagation is
reported in the human cyclic motor patterns in the colon [156] and the cecum-proximal colon of
pigs [157]. However, it is possible that random contractions and relaxations occur proximal and
distal to different sensors’ positions that give the impression of short-distance propagation. Further
studies on the actual distance and direction of propagation are needed. High amplitude propagating
contractions were not recorded in the present study, which is likely due to the general anesthesia
[109] and the surgical manipulation [158], both known to cause ileus. The propulsive contraction
observed in prior pig distal colon studies could be the result of the combination of multiple
sequential stimulations (8 sites at 2cm intervals) and the colon cleansing preparation, itself known
to affect colon motility [159]-[161].

Interestingly, the spectral analysis of colonic contractile response to direct colon tissue
stimulation causes a general increase in the power of the 0-12cpm frequency band bust, especially
of the 1-6¢pm frequency band. These data point to the possible differential modulation of power
by neuromodulation. There is evidence that patients with bowel dysfunction such as slow transit
constipation lack meal-induced cyclic motor pattern (1-6¢cpm) in the colon [156]. The present data
showing the modulation of dominant frequency band motor pattern by electrical stimulation may
have relevance in treating some motility-related bowel dysfunctions. However, additional
characterization of the differential modulation of frequency band will be critical to understanding
the complex functions of the colon, including the possible mechanisms behind the ability of the
colon to differentially expel gas, liquid, and solid luminal contents.

In contrast to the direct colon tissue stimulation, which produced an immediate response
restricted locally to the segment being stimulated, stimulation of the CBVN (2Hz, 0.3ms or 4ms
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and SmA, pulse train) caused a pancolonic increase in the motility index across the colonic regions.
The motility response to short pulse width stimulation was weaker than the one observed width
the longer pulse width. This indicates that the use of the long pulse width with the current
parameter used (2Hz, SmA) produces a stronger stimulation. In addition, vagal nerve stimulation
caused an overall increase in the power of the 0-12cpm frequency band across the colon but
especially of the 1-6¢cpm band in the transverse colon. In view of the inconsistent report on the
extent of colonic innervation by the vagus nerve [162]-[164], the pancolonic motility response
observed in the present study is of significance. This shows that the functional sphere of influence
of the vagus on the pig colon is larger (extending to the distal colon) than the reported structural
evidence of vagal innervation in other species, mainly limited to the cecum and proximal colon
[106]-[109], [135], [165]. Interestingly, the effect of CBVN electrical stimulation on motility
index as well as the increased power of the 1-6cpm band is reduced when CBVN afferents are
blocked using concurrent afferent nerve block. CBVN stimulation in the current study is done
unilaterally (the posterior abdominal vagus). Thus, stimulation of the CBVN activates both
afferent and efferent fibers, the former modulating central circuits that feedback to the target organ
through both dorsal and ventral vagi. These data suggest that the CBVN electrical stimulation
recruited the central vagal network regulating colonic motility [166] and that vagal afferents
contribute to the pancolonic response to vagal stimulation. In line with this assumption, vagal
stimulation frequencies as low as 1Hz are reported to activate the central vagal network and reduce
seizures [141], supporting that our stimulation parameters can indeed recruit central vagal circuits.

The vagal nerve stimulation frequency used in the current study is in the lower frequency range
than that used to reduce epileptic seizures in humans (20-30Hz) [167], [168]. However, vagal
stimulation at wider ranges (2-300Hz) is shown to induce electroencephalogic desynchronization
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[169]. Studies show that different electrical vagal stimulation patterns have different effects. For
instance, chorda tympani in cats or vagus nerve stimulation in ferrets, using a burst pattern
compared to a continuous stimulation pattern, causes higher magnitude of saliva and vasoactive
intestinal peptide secretion by the salivary gland in cats and of higher gastric acid secretion and
contraction response in ferrets, for the same total number of stimuli [170], [171]. In line with this,
we show that pulse train vagal nerve stimulation causes a more robust pancolonic motility than a
continuous or square-wave stimulation pattern (with the same pulse width and amplitude). This is
likely to be due to the pulse train stimulation pattern inducing temporal summation at the colonic
plexi to release more excitatory neurotransmitters, as shown in cats [172]. Thus, although the
frequency of stimulation used in the current study is low, the combination of the pulse train
stimulation pattern with the relatively longer pulse width (0.3-4ms) and higher intensity (SmA)
stimulation used is likely to account for the recruitment of both afferent and efferent vagal fibers.

Spinal sacral nerves represent one of the parasympathetic arms of the extrinsic innervation of
the colon. It is shown to modulate bladder and anal functions both in humans and non-human
animals[145], [146], [173]-[175]. In our work, we have mapped the functional response (colon
motility) to a wide range of acute sacral nerves stimulation parameters in anesthetized and
surgically prepared pigs. Specifically, we demonstrated that S2 electrical stimulation induced
strong activation in the distal colon and anal canal with smaller current intensity compared to the
direct colon stimulation and vagus nerve stimulation. The similar increase in rectum pressure, with
a weak correlation to the symptomatic changes, has been observed in other sacral nerve stimulation
for the treatment of both fecal incontinence and rectal constipation [104], [176], [177]. The
comparison between stimulation only, stimulation with afferent block or efferent block indicates

that S2 electrical stimulation involves the participation of the central neural network for the distal
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colon and efferent fibers in the anal canal, which may be a possible explanation for the efficacy of
the sacral nerve stimulation on both fecal incontinence and rectal constipation [178].

The difficulties in accessing the thoracolumbar nerves (T12 and L1) and the high risk of
damaging the nerves limited the number of pigs that were studied with thoracolumbar electrical
stimulation protocols (n = 2-4). Therefore, we can only show a very preliminary result regarding
the effects of thoracolumbar nerves on colon motility. In addition, we would like to point out that
the peaks at the 10-11 cpm band shown in the T12 afferent continuous square wave stimulation
and pulse train stimulation may not be the real colonic activity since it was overwhelmed by the
high power of the ventilator/breathing frequency as explained previously. Overall the fact that we
do not see many activations as in the sacral or the vagus stimulation is because most of the nerve
fibers from the thoracolumbar are said to be sympathetic and hence more of inhibitory to the gut
especially affecting the transverse colon [179]-[181], which is indicated in our results. However,
it is premature to make any conclusive idea based on the limited number of pigs (n=2-4). In general,
the lack of clear effects on the colon, coupled with the relatively high risk of hemorrhage in
accessing these nerves compared to the vagus nerve or sacral nerves, suggest that the T12 or L1
spinal nerves may not be the best targets to modulate colonic motility, although the effect of
stimulating these nerves in the awake state and on transit has not yet been determined.

The larger functional response to electrical stimulation of CBVN than the direct colon or sacral
nerve stimulation suggests that while the latter two simulations might be used for region-specific
modulation, CBVN electrical stimulation can be considered to target most of the colon.

Two different blocking techniques, high frequency blocking and anodal blocking were used in
our study regarding the nerve types. High frequency (> 100 Hz, but < 1kHz) electrical stimulation
and the less understood kilohertz (>1kHz) stimulation have been both shown to block nerve
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activities by depleting neurotransmitters and/or inducing axonal fatigue [182], [183]. In the sacral
nerve study, kilohertz (40kHz) sine wave was tested to be most effective for the blocking effects.
As for the CBVN study, we evaluated and then adopted the stimuli with a firing frequency of
200Hz and a short stimulus pulse width of 0.1ms (i.e., 10kHz) to block the vagus nerve, which is
composed of 80% afferent fibers and 20% efferent fibers. Mathematically the Power Spectrum
Density (PSD) of the blocking pulse train at 0.1ms at 200Hz is proportional to a Sinc function, i.e.,
Sinc(mxfx0.1ms) at the frequency resolution of 200Hz. Thus, it covers the frequency spectrum
from DC to the first null frequency = (1/0.1)ms = 10kHz, second null one at 20kHz, etc., at the
frequency resolution of 200Hz, which includes multiple frequency components in the kHz range.
Previous work also shows that nerve stimulation with 100 to S00Hz and 0.1ms is able to induce
fatigue at nerve fiber. As a result, the blocking effect is achieved [184]. We would also like to
emphasize that our technique is based on anodal blocking, whose operation theory basis differs
from the kilohertz blocking. Nerve membranes show opposite responses to the cathodic and anodic
currents. Cathodic stimulation causes depolarization while anodic does hyperpolarization. During
the stimulation, if sufficient hyperpolarization is induced by the anodic current, it can block the
action potential [182], [184]. We believe it is an afferent block because the pancolonic response
caused by CBVN electrical stimulation is reduced when the afferent block is done concurrently
with stimulation. In addition, as a clear and immediate test on the effect of 200 Hz as a nerve block,
we have tested the effect of 200Hz efferent block on cervical vagus stimulation-induced heart rate
change on the same pig. We show that cervical vagus stimulation-induced heart rate decrease was
blocked by the efferent nerve block, suggesting that the 200Hz block protocol used on the afferent

CBVN electrical stimulation indeed interrupts nerve transmission.
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3.2.6 Conclusion

In summary, the study provides the first functional/motility-response-map of the colon to
electrical neuromodulation by simultaneous monitoring of the proximal colon, transverse colon,
and distal colon regions to direct tissue and different nerve stimulation in the anesthetized pig. The
data show that: (a) direct electrical stimulation primarily causes local contraction but also
moderately modulates distant colon regions contraction; (b) CBVN electrical stimulation increases
contractions across the colon through the recruitment of vagal circuits including afferent mediated
central circuitry; (c¢) the dominant contraction frequency band in basal states in the anesthetized
pig colon is 1-6¢cpm in all colonic regions whose power/magnitude is increased during colon or
vagal electrical stimulation; (d) the thoracolumbar (T12 and L1) stimulation has only moderate
effect on motility and dominant contraction frequency band of different colonic regions; (e) sacral
nerve S2 stimulation induced a strong and robust activation of motility in distal colon and anal
canal during stimulation and post-stimulation periods, while causing transverse colon inhibition;
(f) sacral nerve S1, S3, or S4 electrical stimulation has little effects on the colonic motility and
contraction frequency spectrum in contrast to the S2 electrical stimulation; and (g) spectral analysis
of colon motility in health and diseases could have the potential to guide therapies against gut
motility disorders. Mapping the motility response of the colon to electroceutical interventions,
through simultaneous monitoring of the different regions of the colon, in a model that bears several
similarities to humans, provides critical data that can guide translational studies and applications
to human patients. The study has limitations in that data are generated in anesthetized pigs that
underwent acute abdominal surgery. Thus, animals were under conditions of suppressed colonic

motor activity and the actual colonic motility responses to an acute short duration (10-15min)
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electrical stimulation of colon tissue or different nerves. It is likely that chronic and longer
stimulation may exert different responses and, as such, further investigation in chronic conscious
models is warranted. Lastly, given that the studies were performed in male castrated pigs,
additional studies taking into account the possible effects of sex differences and the influences of
sex hormones on colonic motility and on the colonic responses to neuromodulation are needed.
Taken together, the functional mapping data and the characterization of colonic motility
analysis in the anesthetized porcine model reported provides a useful frame of reference that will
help guide: (a) future mapping studies in the awake and behaving model and (b) neuromodulation
interventions while patients are still under anesthesia (for instance to decrease surgery-induced
ileus). As such, the study provides a foundational basis on which to develop safe and effective
neuromodulation for patients suffering from intractable colonic motility disorders. Selective
stimulation of fascicles within a nerve, such as the vagus, could allow targeting specific functions

and avoid off-target effects [185].

3.3 Bio-impedance Method to Monitor Colon Motility

In most of the current gastrointestinal studies, the effectiveness of the technique was assessed
mainly via colonic motility evaluation. The conventional way to assess the colonic motility uses a
force/pressure transducer. However, there are limitations for a manometry approach, especially in
colonic-related studies [186], [187]. The insertion of the probes may cause uncomfortable
sensations. Motion artifacts may also interfere with the signals. Also, careful interpretation of the
manometry data is required when contractions cause undetectable or very low luminal pressure

changes. New techniques have been investigated to overcome these obstacles. For example, a
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proof-of-concept flexible piezoelectric device has been proposed for gastrointestinal (GI) motility
sensing [188], yet it still faces the challenges of motion artifact. Impedance measurement, with
broad categories, is another strategy to monitor GI motility. One of the bio-impedance techniques,
placing electrodes on the abdomen and back, is based on the characteristic that impedance variation
mainly depends on the changes in gastric volume due to food filling [189]-[193]. By measuring
the bio-impedance in the gastric region, gastric motility and gastric emptying can be identified.
However, it is more similar to general GI motility monitoring which consists of information from
the whole GI sensitive region. Considering the complexity of colonic motility, it is difficult for
this method to provide region-specific colonic activity in detail. Another bio-impedance method
is based on the tissue impedance variation due to the tissue deformation [7], [194], [195], where a
circuit system calculates the tissue impedance by applying a carefully filtered PWM (at 50KHz)
voltage to the tissue. The main constraint is to apply a voltage less than 200mV to the tissue in
order to prevent the undesired contraction. The impedance is deduced based on the current
response extracted via a rectifier. This method involves a tedious computation.

Consequently, in this section, we proposed a novel method to monitor the colonic motility in
the porcine model by measuring its bio-impedance. It is an efficient impedance analysis method
developed on the Randles Cell Model that has been validated in our prior studies on gastric motility

measurements [6], [9], [140].
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3.3.1 Bio-impedance measurement
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Figure 3.26: (A) Randles Cell Model. (B) Electrode overpotential resulted from a stimulus with

small intensity. (C) Representative recorded signals.

The colonic wall bio-impedance changes reflect colonic motility since the tissue impedance
changes with the smooth muscle deformation. With the basis of the Randles Cell electrode model
(RC-model) [196]-[198], a hardware-efficient bio-impedance method is proposed to monitor GI
motility. The Randles cell model of an electrode, as shown in Figure 3.25 (A), includes a tissue
solution resistance Ry, a double layer capacitance Cq4;, and a charge transfer resistance Rct. Note
that Rg reflects the colonic muscle deformation measured in our case. By applying electrical
stimuli of a series of short square pulses with small intensity into the colon, the response in terms
of the RC-model can be obtained from the resulting electrode overpotential (Figure 3.25 (B) and
(C)). Therefore, the electrode-tissue impedance can be concurrently extracted by V,/I,. The
applied stimuli in our study were 200Hz, 0.1ms, 3uA, which had a fundamental tone at 200Hz and
harmonics more than 10kHz (1/0.1ms). The RC-model responses were modulated by these high-
frequency stimuli; as a result, the low-frequency (<<200Hz) motion artifacts can be filtered
through a high-pass filter. It is important to note that the narrow and low intensity pulse must be
well below the stimulation threshold charge of the colon according to the strength-duration curve.

In our study, the current intensity is low enough (3uA in our case) so that it avoids activating the
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colon and directly interferes with the colonic motility. Without involving sophisticated
computations, this method provides the bio-impedance information in a broad frequency spectrum.

A similar technique has been validated in previous studies [6], [9], [140].

Oral ~1.5cm Anal
—>

Figure 3.27: Bio-impedance measurement setup.
Each colonic region has two recording electrodes, each containing four recording sites Chl,
Ch2, Ch3, and Ch4. The distance between the first two channels (Ch1-Ch2) and the last two

channels (Ch3-Ch4) is 1.5cm, while Ch2 and Ch3 have a distance of 3mm.

The bio-impedance method was tested on direct distal colon stimulation as described in the
previous section. To avoid any confusion, “stimulation” in the rest of this section refers to the burst
stimulation protocol to activate the direct distal colon. Each colonic region has two planar electrode
arrays, each containing four recording sites along the longitudinal axis of the colon (Figure 3.26).
In each region, the distance between the first two channels (Ch1-Ch2) and the last two channels
(Ch3-Ch4) is 15mm, while Ch2 and Ch3 have a distance of 3mm. The impedance data were
recorded with a Plexon system (Plexon Inc., TX) at a sampling frequency of 40kHz for the whole
experiment, including three separated intervals - namely baseline, stimulation, and post-
stimulation intervals. The bio-impedance analysis is carried out at each interval. Both time-domain
analysis and dominant frequency components of the bio-impedance data were done by customized

MATLAB codes. Time-domain analysis of the bio-impedance induced by the colonic phasic
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activity was first performed. By quantifying the area under the curve of the bio-impedance change
per minute, the colonic contractile-induced impedance changes (zAUC) were monitored.
Correlation tests were then conducted between zAUC and the aforementioned manometry motility
index (pAUC). Then the heatmap image is used to visualize the strength of average zAUC changes
and their regional distribution across the colon. Frequency domain components were then
compared between “baseline” and “post-stimulation” intervals. It should be noted that during
“stimulation” interval, the bio-impedance analysis is intentionally done at the window of 60s OFF
time at each protocol cycle in order to avoid the complication of stimulation artifact. However,
considering the fact that the frequency resolution (Af=1/60sec) corresponding to the short duration
(60s OFF time) is not fine enough for reliably analyzing the responses during “stimulation”
interval, accordingly, in this paper, our impedance analysis in frequency domain excludes the data
extracted at the “stimulation” intervals.

Considering the data properties and its complexity, the Generalized Estimating Equation (GEE)
was used for statistical analysis [199]-[202] on 1) changes of one-minute average impedance,
expressed in percentage of baseline data, induced by stimulation; and 2) dominant frequency

changes of impedance induced by stimulation. A P<0.05 indicates a significant change.

3.3.2 Results
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Figure 3.28: Longitudinal contraction of the distal colonic tissue in responses to direct distal

colon stimulation. Left: Before stimulation. Right: During stimulation.

As reported in the previous section, Direct colon stimulation did not cause hemodynamic
changes. Direct distal colon stimulation resulted in an immediate local longitudinal contraction of
the colonic tissue under the stimulation point (Figure 3.27). The manometry results reported that
it increased the distal colonic motility during and after the stimulation, while it caused fewer effects

on proximal and transverse probes.

3.3.2.1 Bio-impedance changes in the time domain
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Figure 3.29: Example of different bio-impedance responses in the time domain in proximal
(P4), transverse (T4), and distal colon (D1).
Stimulation starts at Os and ends at 900s. Little or no DC changes in the proximal and transverse

colon while large impedance drops in the distal colon during the stimulation and gradually raises

after the stimulation.
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Table 3.2: Colonic bio-impedance (in % baseline) during direct distal colon stimulation (15

minutes) and post-direct distal colon stimulation (30 minutes) in response to direct distal colon

stimulation in anesthetized male Yucatan pigs.

Note: Data are mean = SD of n as indicated for each channel. Significant changes (*P < 0.05

and **P < 0.01) were observed with respect to baseline impedance (100.00+£0.00%).

n Stimulation (in % baseline) Post-stimulation (in %
P1 6 88.49 + 19.69 93.04 £+ 29.11
P2 6 95.18 + 14.82 92.03 £ 31.06
P3 7 103.47 + 13.54 103.58 + 26.62
P4 5 112.62 + 12_44** 108.10 £ 39.47
T1 6 91.07 £ 10.98 97.13 £+ 23.33
T2 6 105.07 £ 9.68 115.41 + 21.74
T3 4 111.21 + 48.47 102.21 + 65.33
T4 4 133.08 £+ 35.75 127.96 + 47.70
D1 6 83.69 + 22.45 94.90 + 23.50
D2 5 61.62 + 23.63 57.68 + 24.98
D3 4 59.17 4 52.66 86.44 + 29.86
D4 6 97.90 £ 19.91 106.57 + 18.84

Figure 3.28 show representative bio-impedance responses of distal, transverse, and proximal
channels in the time domain. The bio-impedance generally oscillated at around 2-3cpm with
additional DC shifts sometimes, of which the DC changes reflect the tonic contractile status.
During the baseline periods from -1800s to 0s, the colonic bio-impedance remained stable for all
three colonic regions. Corresponding with the activation of the electrodes on the distal colon at Os,
the local contraction occurred underneath the distal channels. The bio-impedance of the distal
colonic tissue monitored by those channels decreased significantly. A large impedance drop was

observed in most of the distal channels during the 15min stimulation period. Table 3.2 shows the
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decreased bio-impedance (percentage of baseline) in all four distal channels, where the changes
compared to baseline in both D2 and D3 channels reach statistical significance. After the
stimulation, the bio-impedance gradually rises and becomes stable again in the majority of the
distal channels. It is of interest that the bio-impedance of the D2 channel kept decreasing during
the post-stimulation time. However, unlike the distal channels, the transverse and proximal
channels showed variable increase and decrease during and after the stimulation, except for the
significant increase in P4 during the stimulation and T2 after the stimulation. The change of DC
component in the bio-impedance as a function of time reflected the colonic tissue activity. The
colonic tissue contraction causes the decrease of bio-impedance, while the relaxation, on the
contrary, causes the increase. This finding is consistent with previous studies [7], [9], [140], [194].
An explanation for this phenomenon is based on the resistance formula such that the contraction
shortens the current path and therefore decreases the impedance, while the tissue relaxation

actually prolongs the pathway and increases the impedance.
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AUC Correlation between Impedance and Manometry
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Figure 3.30: (A) Motility heatmap plot of bio-impedance. (B) Representative results of AUC
correlation between impedance channel and manometry probe in proximal (P4 & P16), transverse

(T4 & T19), and distal colon (D1 & D16). Stimulation starts at Os and ends at 900s.

As proposed in the previous method section, zZAUC reveals the colonic phasic activity-induced
bio-impedance. The overall trend, shown in the bio-impedance heatmap (Figure 3.29 (A)), is that
the stimulation of the distal colon induced marked impedance changes of the distal colon, followed
by fewer impedance changes for the next 30min post-stimulation period. The impedance changes
of the proximal and transverse regions were mostly less affected. To further test the correlation

between the bio-impedance and manometry, the zZAUC and pAUC of each channel/probe were
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compared. The results show that there exist high correlations between the manometry probes (P16,
T19, D16) and impedance channels (P4, T4, D1) if their deployed positions are physically
overlapped, as shown in Figure 3.29 (B), which indicates the bio-impedance method potentially
contains the manometry information. However, we are aware of the existence of uncorrelated
channels and probes. It is important to note that manometry probes and bio-impedance recording
channels employed different spatial resolutions. Consequently, there exist locations where
manometry probes and bio-impedance recording channels are not aligned and overlapped in our
experiments. As a result, the non-overlapping nature contributes to the un-correlations. These
different spatial locations can also explain the differences between the zZAUC heatmap and the
heatmap in the previously reported manometry. The stimuli caused strong local activation of the
recording region, which corresponded to the significant impedance changes. After the stimulation,
the recording region gradually relaxed and became less active, while the contractile activity started
a short propagation and caused colonic activation in the surrounding area. Therefore, the spatial
resolutions with two different modalities may contribute to the differences between current bio-

impedance and manometry data.
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3.3.2.2 Bio-impedance changes in the frequency domain
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Figure 3.31: Peak frequencies are observed in the majority of the channels. Examples of
different bio-impedance responses in the frequency domain in proximal (P1), transverse (T1), and
distal colon (D2).

The dominant frequency is in the range of 2-4cpm. Dominant frequency increase significantly

(P<0.05) after the 15min stimulation is observed in most channels.

Table 3.3: Colonic bio-impedance dominant frequency during baseline and post-direct distal
colon stimulation in anesthetized male Yucatan pigs.
Note: Data are mean + SD of n as indicated for each channel. *P < 0.05, **P <(0.01 and ***P

< 0.001 vs baseline.

Baseline (cpm) Post-stimulation (cpm)
P1 2.2867 + 0.2921 24232 + 0.296*7*
P2 2.3054 + 0.2624 2.325 + 0.1705
P3 2.3153 + 0.2869 2.3472 + 0. 1675
P4 2.2108 + 0.2370 2.3206 + 0. 1885
T1 24142 + 0.2751 2.3758 + 0. 1788 -
T2 2.3249 + 0.2652 2.3272 + 0.1891
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T3 2.5158 £ 0.2353 2.403 +0.2871

T4 2.4108 + 0.2717 2.5224 + 0.40841-*
DI 2.31£0.2765 2.3365 + 0.1423
D2 2.3151 + 0.2722 2.3755 + 0_1719*
D3 2.2462 + 0.2069 2.4093 + 0_2132***
D4 2.3071 £ 0.2582 2.3446 + 0.1604

As described in previously reported manometry results, the frequency band of interest to show
the phasic contraction lies in the range of 0-12cpm. The ventilator/breathing frequency band is 13-
17cpm, and the power of the higher frequency band is negligible. Manometry data has a dominant
frequency band of 1-6cpm. However, the predominant frequency is difficult to be identified in the
manometry data because of the densely peaks in 1-6¢cpm. On the other hand, frequency spectrum
analysis of the bio-impedance appears to be a better indicator of phasic activity. Clear predominant
frequencies of bio-impedance exist in the majority of the proximal, transverse, and distal channels
during both baseline and post-stimulation periods. Our results further narrowed down the range of
predominant frequency to 2-3cpm, which corresponded to the oscillation frequency that appeared
in the aforementioned bio-impedance trace in the time domain. The high-resolution change of bio-
impedance frequency can further reveal the colonic activity level. Figure 3.20 shows an example
of the bio-impedance spectrum during baseline (blue) and post-stimulation (red) from one single
experiment. The predominant peaks at around 2cpm shifted to the right along the frequency axis
after the stimulation, which is a sign of the activation effects of the stimulation as the higher
frequency suggests stronger activities of the corresponding colonic region. In our study, the 15-
minute stimulation caused an average predominant frequency increase of 0.295cpm with the
highest value of 1.639cpm. The predominant frequency increase reaches a statistical significance

in 7 out of 12 impedance channels (Table 3.3).
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3.3.3 Discussion

In this thesis, we used a novel bio-impedance measuring approach to monitor colonic activity
and found strong local effects of the direct distal colon stimulation in both the time and frequency
domain. We noted that the colonic bio-impedance drop of the distal channels correlated highly
with the longitudinal contraction of the distal colon in response to the stimulation, which is
intuitive as the longitudinal contraction, primarily the shrinking of the colon wall, shortens the
current pathway and therefore reduces the bio-impedance. After the stimulation, the bio-
impedance gradually increased, which matched with the colonic tissue recovery from the
contraction status. The colonic bio-impedance of proximal and transverse channels presented
divergent behaviors but were mainly inconspicuous compared to the distal colon.

In the statistical analysis, we are aware of the limited pigs/channels with many consecutive
measurements collected at different time separations in this study. Therefore, instead of the
repeated measure ANOVA, we applied GEE to make full use of the data and overcome the data
collection problems mentioned above. The results showed that the bio-impedance changes reached
statistical significance in D2 and D3 channels while most of the majority proximal and transverse
channels did not. It is interesting to point out in our experiments that the statistical significance of
each channel depends on the degree of colocalization between the positions of stimulation sites
and recording channels. As shown in Figure 3.26, stim site 1 was between D1 and D2, and stim
site 2 was between D3 and D4. Two stim sites were stimulated alternatively. When stim site 1 was
on, the strongest effects were at D1 and D2, while D3 had stronger effects than D4 since D3 was
closer to the stim site 1. This was true when stim site 2 was on. Therefore, D2 and D3 had more

variations than D1 and D4 in general.
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The heatmap derived from zAUC further highlighted the direct distal stimulation effects on the
colonic phasic activities. Similar to the previously reported manometry findings, the bio-
impedance method showed that the stimulation induced increased motility index in the distal colon
but varying fewer responses in the proximal and transverse colon. However, there is a different
interpretation for the distal channel reaction in post-stimulation duration. Manometry data showed
strong activation while bio-impedance indicated inhibition. The key reason for the contrast is the
positions of the manometry probes and impedance electrodes in both modalities. Due to unequal
spatial resolution, there was no consistent one-to-one correspondence between the bio-impedance
channel and manometry probe, which is indeed due to the limitation of the manometry resolution
in our study. The bio-impedance nodes had finer spatial resolution. Four bio-impedance channels
in all the experiments were placed close to the stimulation electrodes, mainly monitoring the
stimulation zone, while manometry probes covered larger areas away from the stimulation sites.
The Bio-impedance provided more information about the colonic activities around the stimulation
site, and manometry provided more information about several centimeters away from the
stimulation sites. Therefore, the two results are complementary instead of the opposite. Combining
the results of the two heatmaps, it is found that the stimulation site relaxed after the strong
contraction, and there might be a short propagation from the stimulation site to the nearby region
after the stimulation. Moreover, consistencies were found between zAUC and pAUC in some
channel-probe pairs (such as D1-D16 and T4-T19 shown in Figure 5b) for each subject from the
correlation studies. When bio-impedance and pressure sensors were placed close to each other,
high correlations can be observed, while the correlation decreased when the separation distance
increased because of the high spatial variations in colonic activity. Our results further support the
previous studies that the bio-impedance decreases when the contraction happens [7], [9], [140],
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[194] and show the capability of the bio-impedance approach to indicate the luminal pressure
changes. Given that direct colon stimulation, using similar parameters as the current study, did not
cause any histological damage, the observed impedance change is unlikely to be confounded by
tissue inflammatory response reported in the ischemic small intestine [203].

The bio-impedance responses in the time domain indicate its potential to detect colonic
contraction/expansion and, as a result, to monitor the colonic motility changes. This proposed
technique has several advantages. For example, its higher temporal and spatial resolution can
support more precise motility monitoring. The use of customized high density stretchable planar
electrodes can cover a specific area and provide more accurate spatial activity information, which
makes it a better way to capture and analyze the activity propagation in specific directions. The
impedance monitoring system can not only provide the colonic activity information but also
provide other information, such as whether the electrode overpotential is within its water window
and whether the electrode is well connected, to track the stimulation safety and effectiveness
[204]-[207]. In addition, it allows simultaneous neuron signal recording and neuron stimulation if
proper artifact removal is employed, which is essential to implement a real-time, close-loop control
over stimulation signals.

At baseline, the dominant distal colon contraction frequency is in the range of 2-3cpm.
Following stimulation, the dominant frequency shifted to the right, suggesting that stimulation
leads to a higher activity level of the colon. Compared to the traditional manometry methods, the
bio-impedance method can record the full frequency spectrum of the colonic activity without
abandoning the DC/low-frequency components because of the noise and artifacts. While recording
the evoked electrode overpotential at the interface of electrodes and colonic tissue, all frequency
components of the tissue bio-impedance were modulated by the main tone at 200Hz when the
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stimuli (200Hz, 0.1ms, 3uA) were applied. Consequently, low-frequency components are
preserved at the sidebands, and cleaner signals can be obtained via signal processing. Besides the
dominant frequency in the range of 2-3cpm, we also observed spikes beyond that range, as ~4cpm
and ~6¢cpm, shown in Figure 3.30. However, we suspect them to be the 2" and 3" harmonic waves
of the dominant frequency (~2cpm). Currently, the frequency analysis of the bio-impedance during
stimulation is not provided; nevertheless, the analysis is possible in the duration of stimulation if
stimulation parameters such as pulse width, frequency, and amplitude are selected carefully, as

well as employing sophisticated techniques for stimulation artifact removal [208].

3.3.4 Conclusion

A novel bio-impedance method based on the Randles Cell model is proposed to monitor the
colonic responses to direct distal colon stimulation. It shows that the distal colon contraction
regulates the tissue’s bio-impedance. The predominant frequencies of the contraction have also
been detected, which increased after the stimulation in most impedance recording channels. The
increase in frequencies indicates an increase in colonic activities. Moreover, statistical analysis
shows correlations between the colon motility monitoring modalities used bio-impedance and
manometry. This is evidenced by the data when both the impedance electrodes and manometry
probes are carefully aligned. In summary, the results of the study demonstrate the potential of the

bio-impedance method as a viable alternative to monitoring colonic motility.
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CHAPTER 4

Conclusion and Future Directions

4.1 Conclusions

In this dissertation, we put efforts into improving the stimulation performances of the high-
density transcranial direct current stimulation (tDCS). A computational model of high-density
transcranial direct current stimulation (tDCS) is first established. We investigate the influence of
different electrode-related factors on stimulation performances. The results indicate that a higher
number of electrodes can provide better stimulation intensity and focality with the same
optimization algorithm. Further, we developed an optimization algorithm Simulation with
Balanced Focality and Intensity (SBFI) to guide the multi-electrode system. SBFI, by adjusting
the regularization matrix 4, can provide a balance not only between the stimulation intensity and
focality but also among different target regions when applied to multi-site stimulation cases. A
series of simulation experiments present its potential for different clinical applications.

We first establish a computational model of high density transcutaneous direct current
stimulation (tDCS) and systematically study the influence of different electrode-related factors on
the stimulation performances. To fill the gap between the simulation study and clinical application,
a robustness analysis of the computation model is conducted. The results indicate that the
simulation results with the computational model are stable within the ranges of the scalp and
Cerebrospinal Fluid (CSF) conductivities, while the skull conductivity is most sensitive and should
be carefully considered in real clinical applications. The same strategies have been demonstrated

to be equally applicable to the transcutaneous spinal cord stimulation (tSCS).
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In addition to the central nervous system electrical stimulation, we also explore the peripheral
nervous system stimulation targeting an organ endowed with a second brain, ENS, the mammalian
colon. We investigate the regional colonic motility response in both the time and frequency domain
to electrical stimulation of the colonic tissue and nerves in an anesthetized porcine model. Mapping
the motility response of the colon to electroceutical interventions, through simultaneous
monitoring of the different regions of the colon, in a model that bears several similarities to humans,
provides critical data that can guide translational studies and applications to human patients. In
addition, we propose a novel bio-impedance method based on the Randles Cell model to monitor
colonic motor activity. It can detect the colon contractions and the predominant frequencies with
higher spatial and temporal resolutions. Positive correlations have been found between bio-
impedance signals and manometry data. The results indicate that the proposed bio-impedance-
based method can be a viable candidate for monitoring colonic motor patterns. The presented
technique has the potential to be integrated into a closed-loop therapeutic device in order to

optimize its stimulation protocol in real-time.

4.2 Future Improvements and Directions

4.2.1 Multi-electrode Non-invasive Stimulation

We develop a computational model for the multi-electrode stimulation system. The
computational model is based on a template head model with standard conductivities. As discussed,
the robustness tests have identified the important roles of the tissue conductivities in the optimal
stimulation. Therefore, it would be interesting to develop other template models for different

populations, such as children, adults, or populations with certain disease statuses in the future.
141



In addition, the optimization matrix A is the key to balancing the stimulation distribution,
which is tuned manually in the current study. It would be necessary to automate the process in the
future. The Bilevel optimization [209], [210] can be one of the potential solutions in which A is
considered as unknown variable. Cross validation method can be another choice if a large number
of datasets can be obtained and trained [211], [212].

So far, the research on the high-density tDCS and tSCS are mainly the methodology
developments. Real experiments are essential to further validate the proposed computational
model. For example, the simulation experiment has shown that SBFI can target multiple seizure
sources simultaneously. It would be interesting to incorporate the EEG-based brain imaging
technique and apply the focalized stimulation to stop the seizure or enhance cognitions. Further,
the multi-electrode tSCS can be designed to target the sacral nerve roots such that it can achieve

the noninvasive modulation of the colonic function, mainly in the distal colon.

4.2.2 Colonic Motility

Currently, the presented colonic functional mapping study has limitations in that data are
generated in anesthetized pigs that underwent acute abdominal surgery. Hence, animals were under
conditions of suppressed colonic motor activity. The results reveal the actual colonic motility
responses to an acute short duration (10-15min) electrical stimulation of colon tissue or different
nerves. While our studies have provided foundational functional maps of the colon’s response to
neuromodulation, the translational value of the stimulations on colon function requires
improvement by measurements in awake pigs and under chronic neuromodulation, with no acute
invasive surgery that inhibits motility. The conditions of being under anesthesia and involving

invasive surgery are known to alter enteric neurotransmission and cause ileus. These factors
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confound the interpretability of data into a more physiological awake pig colon motility state. Thus,
the effect of neuromodulation on colon motility in awake states remains unknown. Therefore, it is
important to 1) identify chronic stimulation parameters that stimulate chronic motility, transit and
defecation. 2) fill the above gap in both fronts of knowledge and technology on the impact specific
of chronic electrical stimulations in pigs.

With the preceding chronic and planned awake neuromodulation model, greater physiological
fidelity to colon motility and a greater potential for translational research will be possessed. Hence,
we can further explore colonic electrical stimulation as a potential neuromodulation target for
colonic diseases such as chronic constipation. Chronic constipation is a common problem for all
ages. It affects about 15% of the adult population, with a higher prevalence among the elderly.
One of the common causes of chronic constipation is opioid-induced constipation (OIC). OIC
occurs in up to 40-90% of non-cancer patients receiving opioids. We can first develop a model of
OIC in pigs. Then, the effectiveness of the colonic stimulation can be tested with the OIC model.

Lastly, the proposed bio-impedance-based method is hard-ware efficient and requires no
tedious computation. It would be interesting to integrate this technique into a closed-loop
therapeutic device. With the colonic feedback provided by the bio-impedance, the system will be

able to optimize its stimulation protocol in real-time.
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