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ABSTRACT

Jameson Holden: Sensory Perceptual Metrics: Design and Application of Biologically Based
Methods for the Assessment of Systemic Cortical Alterations
(Under the direction of Mark A Tommerdahl)

A large number of neurological disorders (neurodegenerative, neurodevelopmental or
trauma induced) are difficult to diagnose or assess, thus limiting treatment efficacy.
Existing solutions and products attempting to fill this gap are costly, extremely slow, often
invasive, and in many cases fail to definitively (and quantitatively) diagnose or assess
treatment. Our innovative low-cost sensory testing device and accompanying software
package can be used to non-invasively assess the central nervous system (CNS) health
status in minutes for numerous patient populations. The somatosensory system is ideally
suited for the design of a CNS diagnostic system. First, the organization of the system is
such that adjacent skin regions project to adjacent cortical regions (i.e., it is somatotopic).
Second, ambient environmental noise in the system can be easily controlled (i.e., it is less
likely that a patient will be exposed to distracting tactile input than auditory or visual input).
Third, the somatosensory system is the only sensory system that is highly integrated with
the pain system, and this is often an important aspect of a patient’s diagnosis. The
diagnostic system delivers a battery of somatosensory-based tests that are conducted
rapidly, much like an eye exam with verbal feedback. Neuro-adaptation, functional
connectivity (e.g. cortical synchronization), and feed-forward inhibition are just a few of the
cortical mechanisms that can be quantified using somatosensory testing protocols. Many of
these protocols leverage tactile illusions which act as confounds on top of a basic
somatosensory test, allowing each subject to serve as his or her own control. Design and

validation of the perceptual metrics was/is accomplished via correlative studies that



compare non-invasive observations of human sensory percepts with non-human primate
neurophysiological studies. Additional validation has been demonstrated through the use of
a magnet-compatible version of the device in both functional magnetic resonance imaging
(fMRI) and magnetoencephalography (MEG) studies. Based on pilot data (currently an
ontological database of roughly 3000 subjects), the system can be used to enable clinicians

to have a much better view of a patient’'s CNS health status.
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CHAPTER 1: INTRODUCTION

There is currently a significant gap that exists between fundamental neuroscience
research and translation of the findings of that research into everyday practice.
Experimental findings at the genetic, cellular, molecular and systems level often take a fairly
long and often circuitous route to make an impact on a particular neurological disease or
disorder. Additionally, there is no standard, reliable, cost-effective paradigm or
methodology for assessing the degree to which the central nervous system (CNS) is
impacted by any of a given number of neurological disorders. A large number of
neurological disorders (neurodegenerative, neurodevelopmental, pharmacological or trauma
induced) are difficult to diagnose or assess, thus limiting treatment efficacy. Current
existing solutions and products for this need are costly, extremely slow, often invasive,
and/or in many cases fail to definitively (and quantitatively) diagnose or assess treatment.
Several years ago, Tommerdahl and colleagues proposed to design and fabricate a non-
invasive portable sensory based diagnostic system, using state-of-the-art technology to
investigate cortical information processing in autism. The device, along with unique
protocols that were designed based on in vivo laboratory neurophysiological findings with
non-human primates, proved successful in that a number of specific protocols appeared to
be very sensitive to detecting differences between autism and controls. Combining the
results of several tests and analyzing via SVM (a machine learning analytical tool) yielded
close to 90% accuracy in determination of whether or not an individual in that first study
had autism. The significance of that finding was that such a system, in which a battery of
non-invasive, non-noxious tests can be delivered in 20-25 minutes (each test is 1-3
minutes; delivered in a manner similar to that of an eye exam), proved that it could yield

valuable and cost effective, information to a primary health care giver in making a more



informed decision about a patient’s diagnosis and/or about efficacy of treatment. An
additional goal of the original work was to bridge the neuroscientific gap at the systems
level of study by developing standardized sensory measures that could be not only utilized
in clinical or clinical research settings, but could be directly correlated with the observations
obtained directly from high resolution laboratory animal experimentation.

The tactile diagnostic system that was developed was conceptually designed to
investigate differences in cortical information processing strategies between people with
autism and people without. Thus, a number of tests specifically target diminished capacities
known to exist in autism from genotypic, physiological and anatomical studies. The
question that were subsequently addressed is whether or not the strategy that was devised
for investigating a population with a neurodevelopmental disorder can be broadly applied to
a number of neurological disorders. In other words, it is considered that the changes
manifested by the neurodevelopmental disorder autism to be systemic, in that large scale
alterations in cortical processing are impacted because of changes that occur throughout the
cortex. If systemic cortical alterations occur in other neurological disorders, could they also
be detected in the same manner?

Proof-of-concept studies in a number of clinical research areas demonstrated that
these newly developed metrics were sensitive to systemic cortical alterations. For example,
a metric of central adaptation was obtained in a large cohort of subjects from multiple
populations, and it was found that this metric in all of these subject populations was
significantly impacted. This is not particularly surprising, as a number of cortical
mechanisms play significant roles in adaptation (or can lead to maladaptive behavior).
GABAergic and NMDA receptor mediated neurotransmission, as well as neuron-glial
interactions play significant roles in the cortical dynamic process that allows the CNS to
quickly modify and adapt to environmental stimuli. Among the subject populations that
were identified as having below-normative values for adaptation (and suspected impacted

cortical mechanisms) are autism (GAD deficiency or low GABA levels; Tannan et al, 2008),



concussion/TBI (white matter damage; neuron-glial interactions), pharmacological
manipulation (DXM blocks NMDA receptors; Folger et al, 2008), and chronic pain
(fibromyalgia, VVS, migraine, IBS and TMID -often treated with GABA agonists and/or
NMDA antagonists). One question that emerges from this data is that most of these
neurological disorders result in some type of altered central sensitization, no matter what
the cause - whether it be neurodevelopmental, neurodegenerative, pharmacological or
trauma induced - in which there is a significant change in the balance between excitation
and inhibition.

The scientific aim of the dissertation work was to determine if sensory perceptual
metrics, similar to those that were used to successfully distinguish subjects with autism
from healthy control populations, could be used to reliably distinguish - on an individual
basis - subjects with neurological disorders that are not neurodevelopmental in nature.
Towards that goal, subjects from two broad categories of neurological disorders - chronic
pain and trauma induced systemic alterations — were targeted. The engineering aim - and
the most significant part of this dissertation — was the hardware and software development
of a low cost, portable vibrotactile stimulator that could be widely distributed and used
virtually anywhere. Widespread distribution of the device allowed for a large number of
proof-of-concept studies in a diverse spectrum of neurological disorders to be feasible.

The potential impact of this work is highly significant for multiple communities. A
simple, fast, non-invasive, cost-effective means for assessing CNS health that could be
utilized by health care providers could have an overwhelming impact. To date, there are no
standardized, quantitative measures for assessing altered central sensitization. The
advantage of the proposed methodology is that it will be low cost, easy to use and effective
at both providing information about a patient or subject that would enable a diagnostician to
make a radically more informed choice about treatment, AND it would provide a means for
assessing treatment efficacy. Is a drug effective in treating a patient’s pain, and if so, is it

at the proper dose? Is it safe for a concussed athlete to return to play? These are the



types of everyday, practical questions that could be addressed by the methodology that has
been developed. Additionally, as all of the methods developed are based on decades of
neuro-scientific findings in the lab (both from our lab and many others) from observations
of non-human primates, the clinical tool that has been developed could provide a direct

(and iterative) translational link from the lab to the clinic.



CHAPTER 2: CM4: A FOUR-POINT VCA BASED VIBROTACTILE STIMULATOR!

Overview

Current methods for applying multi-site vibratory stimuli to the skin typically involve
the use of multiple, individual vibrotactile stimulators. Limitations of such an arrangement
include difficulty with both positioning the stimuli as well as ensuring that stimuli are
delivered in a synchronized and deliberate manner. Previously, we reported a two-site
tactile stimulator that was developed in order to solve these problems (Tannan et al.,
2007a). Due to both the success of that novel stimulator and the limitations that were
inherent in that device, we designed and fabricated a four-site stimulator that provides a
number of advantages over the previous version. First, the device can stimulate four
independent skin sites and is primarily designed for stimulating the digit tips. Second, the
positioning of the probe tips has been re-designed to provide better ergonomic hand
placement. Third, the device is much more portable than the previously-reported stimulator.
Fourth, the stimulator head has a much smaller footprint on the table or surface where it
resides. To demonstrate the capacity of the device for delivering tactile stimulation at four
independent sites, a finger agnosia protocol, in the presence and absence of conditioning
stimuli, was conducted on seventeen healthy control subjects. The study demonstrated that
with increasing amplitudes of vibrotactile conditioning stimuli concurrent with the agnosia
test, inaccuracies of digit identification increased, particularly at digits D3 and D4. The
results are consistent with prior studies (Tommerdahl et al. 2007) that implicated
synchronization of adjacent and near-adjacent cortical ensembles with conditioning stimuli

in impacting TOJ performance.

L This chapter previous appearted in the Journal of Neuroscience Methods. The original citiation is as follows:
Holden JK, Nguyen RH, Francisco EM, Zhang Z, Dennis RG, Tommerdahl M. “A novel device for the study of
somatosensory information processing.” J Neurosci Methods, 2012 Mar 15;204(2):215-20. Epub 2011 Dec 4.



Introduction

For the past several years, our research group has been working towards the
development of a portable tactile stimulator that could effectively be used to study changes
in sensory information processing in clinical and clinical research venues across a diverse
spectrum of neurological disorders. Thus far, we have gone through several iterations in the
development of this stimulator. The first prototype of the device (Tannan et al., 2005a) was
used to demonstrate changes in spatial acuity with repetitive stimulation. A subsequent
report described that this change did not occur with individuals with autism, strongly
suggesting a lower-than-normal inhibitory response (Tommerdahl et al., 2007a). A second
iteration of the device (Tannan et al., 2007a) was much more portable as well as more
robust and reliable in its ability to deliver well-controlled vibrotactile stimuli to the skin. The
device proved extremely useful, and a number of studies were conducted with it that
demonstrated the ability to reliably and reproducibly obtain metrics of neuro-adaptation
(Tannan et al., 2007b), temporal order judgment (TOJ) and the impact of synchronized
conditioning stimuli on TOJ (Tommerdahl et al., 2007b), the absence of the impact of those
same conditioning stimuli on TOJ in individuals with autism (Tommerdahl et al., 2008), the
relationship between spatial acuity and amplitude discrimination (Zhang et al., 2008), a
method for the study of tactile-thermal interactions (Zhang, 2009), a reliable means for
measuring amplitude discriminative capacity and a robust near-linear relationship between
duration of repetitive conditioning stimuli and the impact of that conditioning on amplitude
discriminative capacity (Tannan et al., 2007b), the below-normal adaptation metrics in
autism (Tommerdahl et al., 2007), the impact of NMDA receptor block on adaption metrics
(Folger et al., 2008), a demonstration of Weber’s law (Francisco et al., 2008; Holden et al.,
2011) and a robust relationship with neurophysiological data (Francisco et al., 2008), and
differences in timing perception in Parkinson’s Disease (Nelson et al., 2011). More recently,
we have developed a newer, more portable and ergonomic model of the device, which is

much more suited for a clinical or clinical research environment, and is capable of delivering



vibrotactile stimuli to four fingers: the index (D2), middle (D3), ring (D4), and little (D5)
fingers. The utility of this device has been recently reported in a paper that reported
phenotypic differences within a spectrum of patients with vulvodynia (Zhang et al., 2011),
and in a paper that describes its utility for describing phenotypic differences within the
autism spectrum via modulating vibrotactile stimuli (i.e., sinusoidal stimuli that dynamically
change in amplitude), but the device itself, as well as a demonstration of its capability to
deliver four-digit protocols, has not been fully described, which is the purpose of this report.
In a subsequent paper, a magnet-compatible version of this device will be reported.
Methods

Hardware. The Cortical Metrics (CM-4; see Figure 1) stimulator was developed in our
laboratories for use in series of experiments such as those described in this report. The
system was designed using state-of-the-art rapid manufacturing technology to allow
multiple identical systems to be built and used in different locations. Also, the use of rapid
manufacturing permitted very rapid design evolution, thereby potentiating the production of
special fixtures and changes to geometry as needed for special applications. The device
consists of two separate parts: the main body and a detachable head unit. The flat plates of
all exterior housing and other components of approximately planar geometry are direct
manufactured using laser-machined 6 mm acrylic sheet, cut on a 120 Watt CO2 laser
engraving system, model humber X660 (Universal Laser Systems, Scottsdale, AZ). The
more complex housing and internal mechanism components are direct manufactured from
ABS plus, by fusion deposition modeling (FDM) on a StrataSys Dimension bst 1200es
(StrataSys, Inc., Eden Prairie, MN). The cylindrical trays forming the disks of the head unit
are CNC machined from 1" thick Acetal (Delrin) plate. All housing and mechanism
components and assemblies were solid modeled prior to fabrication using SolidWorks solid

modeling software (SolidWorks Corporation, Concord, MA).



Figure 2.1: Four Site Vibrotactile Stimulator. Each of the four probe tips is positioned by rotating the four
independently-positioned drums to maximize contact between finger pads and the stimulator tips. During an
experimental session, subjects were seated comfortably in a chair with their arm resting on the arm rest attached
to the head unit of the device. Digits D2 through D5 were then positioned for vibrotactile stimulation.

The internal mechanism of the head unit is comprised of identical cylindrical disks
placed sideways and four abreast (130 mm in diameter, 11 mm in depth) between two
plastic supports. Each disk can be independently rotated to adjust for differing finger
lengths for each test subject. A voice coil actuator (VCA) and an optical position sensor are
mounted in each disk. Each VCA is attached to a plastic probe (5 mm diameter) which
slightly protrudes through a hole (7 mm diameter) in the side of the cylinder. The amount of
protrusion for each probe is independently adjustable as are the positions of the holes to
accommodate the length of the subject’s fingers. The VCAs drive the plastic stimulator
probe tips according to prescribed sinusoidal waveforms. The moving components of the

stimulator tips are directly manufactured from Polycarbonate (PC) by 3-D FDM as a single



compliant mechanism component integrating a mounting flange, a thin-beam four-bar
linkage, a magnet coil bobbin, an optical displacement sensor vane, and the extension to
the mechanical stimulator tip. The compliant four-bar linkage mechanism allows the caoil,
optical position sensor vane, and tip to be displaced vertically along a straight line for a
distance of £1 mm. The 4-bar compliant mechanism also provides a very low hysteresis
linear restoring force to center each tip vertically when no current is applied to the VCA coil.
The VCA coil is 400 turns of 34 AWG magnet wire (approximately 30 Ohms total resistance),
wrapped in a rectangular bobbin permanently solvent bonded into the four-bar mechanism.
The entire four-bar mechanism is 5.3 mm in thickness, and is positioned such that the VCA
coils sit directly between two opposed rectangular N42 rare-earth-element magnets (catalog
number BCC2, K & J Magnetics, Jamison, PA) similar to those found in computer hard
drives. The resulting VCA motors generate extremely linear force outputs as a function of
drive current with very low hysteresis due to the “frictionless” nature of the single-piece
bearing-less four-bar compliant mechanism. The position of the vibrating tips is detected by
non-contacting optical displacement sensors, one for each tip, similar in configuration to
ones we have previously employed in precision optical force transducers (Dennis and
Kosnik, 2002). When the tips are not being driven, the optical position sensors can act as a
highly-sensitive contact or force sensor. By employing the optical position sensor, the tips
can be driven to contact the skin, and the contact force of each tip can be adjusted
independently due to the fact that the spring constant of each VCA four-bar linkage
mechanism is identical.

The custom electronics were designed using free CAD software from ExpressPCB
(www.expresspcb.com). The printed circuit boards were manufactured using the resulting
CAD files, also by ExpressPCB. The hybrid circuit includes signal amplifiers for the position
sensors, an analog controller to allow either “force” or “position” control of each VCA motor
and tip, a tunable analog PID controller for position control of each tip, and a bipolar push-

pull high-current op-amp output stage to drive each VCA motor. This hybrid circuit is



interfaced via four parallel pin connectors (2 banks of 50 pins for digital signals and 2 banks
of 34 pins for analog signals) to an internal NI-USB-6259 data acquisition (DAQ) board. The
DAQ board then interfaces via a USB connection to any standard PC running Microsoft
Windows XP or later.

Software. A custom line-of-business application was developed for the Microsoft .Net
platform using the C# programming language and Windows Presentation Foundation (WPF)
framework to control the stimulator and administer the data collection protocols. The
interface was designed to be intuitive, extensible, and aesthetically pleasing. The software
needed to be extensible to facilitate the development of future protocols for a device as
flexible as the CM-4. The core extensibility was achieved by using a “plugin” architecture
with a shell application whose function is to discover, load and execute small plugins. The
shell exposes a software contract (an inheritable C# class) that is consumed and extended
by each plugin. Each task described in this paper represents one such plugin. Most
traditional neuropsychological protocols using the standard X-alternative forced-choice (X-
AFC) tracking method (Cornsweet, 1962) can be created with only a couple dozen lines of
C# code. While most plugins interact directly with the CM-4 stimulator, this is not a
requirement of the plugin contract. Plugins can, for example, be designed to collect arbitrary
subject information pertinent to the given study (e.g. participant demographics, relevant
medical history, various surveys, etc.). The net effect is not only a significant reduction in
the amount of clinical paperwork that needs to be completed by each participant, but also a
marked reduction in data-entry time for clinicians. All data collected by the application are
stored in an encrypted (128-bit RC4) SQLite database in a user-specified location. Each
database can be shared with multiple instances of the shell application, providing a
mechanism for seamless networking of CM-4 stations (Holden, et al, 2011). The software is
also capable of storing, as well as creating and customizing, all relevant initialization
information for each plugin, such that a given battery of protocols can be administered

repeatedly and in a consistent manner, while maintaining flexibility for future projects. The

10



batteries allow for greater reuse of each plugin, resulting in shorter development times a
more efficient workflow throughout an experiment.

Protocols. In order to demonstrate exemplary use of the CM-4, a finger agnosia test,
in the presence and absence of conditioning stimuli, was performed. The finger agnosia test
was designed to assess the capacity of subjects to recognize and identify stimulated digits,
an assessment similar to tactile finger recognition or localization tests (Boll, 1974; Reitan
and Wolfson, 1993) utilized in current neuropsychological diagnostics.

Subjects. Seventeen healthy subjects (8 males and 9 females), ranging from 22 to
57 (39.1£2.9) years of age, were recruited for the study. None of the subjects reported any
neuropsychological impairment and all were naive to both the study design and issue under
investigation. The study was performed in accordance with the Declaration of Helsinki, all
subjects gave their informed consent, and the experimental procedures were reviewed and
approved in advance by an institutional review board.

Experimental Procedure. During an experimental session, the subjects were seated
comfortably in a chair with the right arm resting on the device. Because the lengths of
fingers typically vary among subjects, the positions of the probe tips were individually
adjusted to ensure that they contacted the glabrous, padded tips of the fingers of each
subject. These loci were chosen in order to allow the convenience of access and comfort of
participants as well as for the wealth of neurophysiologic information that exists for the
corresponding somatotopic regions of cortex in primates (Chen et al., 2003, 2007, 2009;
Francisco et al., 2008; Friedman et al., 2008; LaMotte and Mountcastle, 1975; Mountcastle,
1969; Tommerdahl et al., 1993, 1998, 2002, 2005, 2006, 2010). As depicted in Figure 1,
probe tip positioning was accomplished by loosening a set screw and rotating each of the
drums independently to conform to the natural hand shape of each subject. After proper
positioning, if the probe tips still failed to make proper contact with the digits, the tips
themselves were either raised or lowered. Once adjusted, the probe tips were locked in

place prior to initiation of the battery so that they would remain immobile during testing. At
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the start of each run, the four tips were driven towards the tips of the fingers in order to
ensure good contact with the skin.

During the assessment, the device delivered constant-amplitude sinusoidal skin
displacements (vibrations) via flat Delrin probes (5-10 mm in diameter) positioned to make
contact with the tips of the index (D2), middle (D3), ring (D4), and little (D5) fingers of the
right hand. The independent probe tips were computer-controlled and capable of delivering
a wide range of vibrotactile stimulation of varying frequencies (Hz) and amplitudes (um).
Stimulus parameters were specified by test algorithms that were based on specific protocols
as well as subject responses during those protocols.

Subjects viewed a computer monitor that provided continuous visual cueing during
the experimental session. Specifically, an onscreen light panel indicated to the participant
when stimuli were being delivered and when subjects were to respond. Training trials were
not included prior to testing, and the subjects were not given performance feedback or
knowledge of the results during data acquisition. The sensory testing session was conducted
by application of low frequency (25 Hz) vibration to selected fingers. Each battery of testing
lasted between 15 and 20 minutes depending on the protocols being run and on subject
performance. Each individual protocol typically lasted 2 to 3 minutes.

Finger Agnosia Protocol. Finger agnosia tests are typically utilized to diagnose the
ability of subjects to recognize and identify stimulated digits (Boll, 1974; Reitan and
Wolfson, 1993). In order to assess the ability of the subject to discriminate one digit from
another, a four-alternative forced-choice (4-AFC) protocol was implemented. Figure 2
represents a timeline for the finger agnosia protocols evaluated. The device delivered a
short pulse or tap (300 um, 25 Hz, 40 ms) to one of the four digits in a pseudo-random
order on a trial-by-trial basis, and subjects were queried as to which digit was stimulated
(Figure 2). The simple test was used in order to determine baseline values for each subject.
A more complex agnosia test was subsequently administered in which test stimuli were

delivered to the skin as a tap as in the previous test (300 um, 25 Hz, 40 ms), but in the
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presence of conditioning stimuli at variable amplitudes. In each case, a 25 Hz, 500 ms
conditioning stimulus was delivered to all four digits at one of four amplitudes: 30, 40, 50,
and 100 pm. The conditioning stimulus was delivered 500 ms prior to, and 500 ms
following, the tap of the test digit (Figure 2). For all finger agnosia tasks, subjects indicated
which finger was perceived to have received the large amplitude tap by choosing the
respective digit on an image of the dorsal side of a hand presented on a computer monitor.
Test stimuli sites were pseudo-randomized on a trial-by-trial basis. The subjects were
assessed on their accuracy over a total of 16 trials (4 trials for each digit as the test

stimulus).

Simple Finger Agnosia

Correct
T RI Response:
02 M S
D3 vddn O
D4 vl O
D 7/— O
Finger Agnosia with Conditioning
Correct
Response:

02 AMWWWWWWWWA— O
o3 MWW WWWWW~A— o
pa AMWWWWWWMWA—  ©
o5 AMWWWWWWWWA—  ©

40 ms

500 ms }_' 500 ms

Figure 2.2: Schematics of Finger Agnosia Protocols. The simple finger agnosia assessment (top panel)
consisted of a 4AFC protocol where a short test (T) pulse (300 um, 25 Hz, 40 ms) was delivered to one of the four
digits followed by a subject response interval (RI). The finger agnosia test was also conducted in the presence of
conditioning stimuli of amplitudes 30, 40, 50, or 100 um (bottom panel). The conditioning stimulus was delivered

500 ms prior to, and 500 ms following, the tap of the test digit. For all finger agnosia tasks, subjects indicated
which finger was perceived to have received the large amplitude tap by choosing the respective digit on an image
of the dorsal side of a hand presented on a computer monitor. Test stimuli sites were pseudo-randomized on a
trial-by-trial basis.
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Analysis. For the finger agnosia protocols, accuracy percentages were calculated by
analyzing the ratio of correct to total responses of the subjects. Percent accuracies were
trial-independent and reflected accuracies across all 16 trials. The 100 um conditioning
condition was chosen for further analysis because of the significantly lower percent accuracy
compared to the simple agnosia task. Percent inaccuracies were quantified for the 100 um
conditioning stimulus by calculating the frequency at which digits were incorrectly chosen.
Results were calculated in this manner in order to compare percent inaccuracies with
difference limens (DLs), where lower value might suggest higher accuracies and increased
discriminative capabilities. The data were analyzed for significance by calculating p-values
across mean inaccuracy metrics for each digit. Histograms were plotted in order to visualize
the differences among each of the digits with respect to standard error of the means.
Statistical t-tests were used to evaluate the difference of the performance of each subject
under different conditions. A probability value of less than 0.05 was considered statistically
significant.

Auditory Cue Analysis. To ensure that the stimulator did not produce any audible
clues during the agnosia task, an auditory output analysis was conducted using a standard
USB microphone and the open source software suite Audacity. The microphone was placed
on a table 31 cm from the stimulator head unit. Four one-second recordings were created
with each condition consisting of an initial 250 ms period of silence followed by a single-
channel 300 um 25hz sinusoidal vibration lasting 500 ms and ending with another 250 ms
period of silence. Audacity provides a contrast analysis tool in compliance with the Web
Content Accessibility Guidelines (WCAG 2.0), Success Criteria 1.4.7. This tool was used to

calculate the RMS amplitude in decibels (dB) during each vibration and period of silence.
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Figure 2.3: Average Percent Accuracy the Effect of Conditioning Stimuli on the Finger Agnosia Task. The
average percent accuracy in absence of conditioning stimuli was 98.2+£0.9% (n=17). In the presence of 30, 40, 50,
and 100 um conditioning stimuli, the percent accuracies gradually decreased with increased amplitude of
conditioning stimuli: 93.7£3.0% at 30 um (n=17), 94.9+4.2% at 40 um (n=16), 89.0+£4.2% at 50 ym (n=17,
p<0.06), and 60.0+7.6% at 100 um(n=5, p<0.01).

Results

This study employed a finger agnosia protocol, in the presence and absence of
conditioning stimulation, on healthy subjects in order to demonstrate the capacity of the
device for delivering well-controlled vibrotactile stimuli at four independent sites. The
auditory cue analysis found no indication of any auditory cues produced being produced by
the stimulator during a vibration. The peak amplitude for any channel during a vibration was
-42.64 dB (silence is considered to be in the range of -30 dB for humans). The average
RMS amplitude (during all vibrations) was -58.90+0.11 dB. The average RMS amplitude
during the periods of silence was -58.83+0.10 dB. Comparing each condition’s vibration to
the immediately preceding silence yielded an average difference in RMS amplitude of
0.05+0.13 dB. The finger agnosia task was evaluated in order to quantify the ability of
subjects to recognize and identify stimulated digits in the absence and in the presence of
conditioning stimuli at different amplitudes. This task included seventeen healthy subjects
(8 males and 9 females) ranging from 22 to 57 (39.1£2.9) years of age. As shown in Figure

4, the average percent accuracy in the absence of conditioning stimuli was 98.2+0.9%
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(n=17), and accuracy across subjects decreased with increasing amplitude of conditioning
stimuli. Conditioning amplitudes of 30 and 40 um resulted in percent accuracies of
93.7+3.0% and 94.9+4.2%, respectively, and were not statistically significant compared to
subject performance in the absence of conditioning stimuli. The effect of conditioning on the
finger agnosia task became statistically significant at conditioning amplitudes greater than
50 um: 89.0+£4.2% at 50 um (p<0.06) and 60.0+7.6% at 100 um (p<0.01). Because the
conditioning stimuli at 100 pum resulted in the most significant percentage of incorrect
responses compared to the simple finger agnosia protocol, the frequency of inaccurate
responses for each digit was quantified (Figure 4). The results suggested that subjects, on
average, made the largest number of inaccurate responses when the correct answer should
have been D3 and D4 (percent inaccuracies of 60.0£10.0% and 55.0+14.6%, respectively).
Subjects were relatively better at identifying stimulation of D2 (inaccuracy of 15.0£10.0%
significantly better than that for D3, p<0.01) and better at identifying D5, though not

statistically significantly more.
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Figure 2.4: Average Percent Inaccuracy on Finger Agnosia with 100 ym Conditioning Stimuli

. Digits D3 and D4 showed the highest percent inaccuracies of 60.0+10.0% and 55.0+14.6%, respectively. There
was a statistically significant observation in accurately recognizing and identifying stimulation of D2 at 15.0+10.0%
versus D3 at 30.0+£20.0% (p<0.01) and slight discrimination difference between D2 and D4 (p<0.08) in the
presence of the 100 pm conditioning stimuli. The other the digit combinations showed no statistical significance in
discrimination capability.

Discussion

The delivery of sinusoidal displacements to a single skin site via mechanical
transducer has been used extensively for the study of flutter vibration in both
psychophysical and neurophysiological settings for a number of decades. Exemplary uses of
such a device are described in Goble and Hollins, 1993; Juliano et al., 1989; LaMotte and
Mountcastle, 1975; Mountcastle et a., 1969; Tannan et al., 2006; Tommerdahl et al., 1993,
1998, 2002; and Vierck and Jones, 1970. Typically, stimuli that can be delivered through
mechanical transducers - vertical displacement stimulators such as the one originally

described by Chubbuck (1966) - were used for studies of somatosensation and are very

well equipped to deliver sinusoidal stimuli at a frequency range (1 to 250 Hz) with
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amplitudes of sufficient size (between 0 and 1000 um) to activate a broad range of
mechanoreceptors. However, in order to stimulate more than one skin site — either during
the course of human psychophysical testing or animal experimentation - it is necessary to
position a second vertical displacement stimulator over the second skin site. Our previous
device (described in Tannan et al. 2007a) was designed to address this issue by allowing
dual site stimulation with automated two-dimensional probe positioning. Although the
device reported by Tannan and colleagues was successfully utilized in a number of studies
(Tannan et al., 2005b, 2006, 2007b, 2008; Tommerdahl et al., 2007a, 2007b, 2008), it was
cumbersome and not ideal for clinical and clinical research venues. The CM-4, described in
this report, has the capacity to quickly and easily adjust to fit to most adult, and many
juvenile, hand sizes and can deliver vibrotactile stimuli to the tips of four digits. The ability
to simultaneously deliver vibrotactile stimuli to a number of digits allows for a great deal of
protocol diversity.

In this report, we described a relatively simple four-site finger agnosia protocol to
demonstrate the potential utility of the device. The principle finding in the results of this
study is that there is an increase in inaccuracies with increases in the amplitude of
concurrent conditioning stimulation delivered during the agnosia task, and the ability to
perform the task accurately in the presence of that conditioning stimulation is diminished
more in digits D3 and D4 than in digits D2 and D5. The decrease in accuracy with increasing
amplitudes of synchronized sinusoidal stimulation is consistent with prior reports of
increasing inaccuracies in temporal order judgment (TOJ) in the presence of synchronized
and periodic conditioning stimuli. In a study by Tommerdahl and colleagues (Tommerdahl et
al., 2007), it was demonstrated that TOJ results obtained from a number of pairs of
stimulus sites - unilateral as well as bilateral - were comparable. However, in the presence
of a 25Hz conditioning sinusoidal stimulus which was delivered both before, concurrently
and after the TOJ task, there was a significant increase in the TOJ measured when the two

stimuli were located unilaterally on digits D2 and D3. In the presence of the same 25Hz
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conditioning stimulus, the TOJ obtained when the two stimuli were delivered bilaterally was
not impacted. This led to the speculation that the impact that the conditioning stimuli -
which only had an impact if they were sinusoidal, periodic and synchronous - had on TOJ
measures was due to the synchronization of adjacent cortical ensembles in somatosensory
cortex, and that the synchronization of these cortical ensembles could have been
responsible for the degradation in temporal order judgment. The conditioning stimuli in this
study were also synchronized, periodic and simultaneous, and if the degradation in test
performance was due to synchronization of adjacent cortical ensembles similar to what was
speculated in the TOJ report, then inaccuracies due to this synchronization would be lower
on the digits on the perimeter of the cortical ensemble (i.e., D2 and D5), and the results
reflect this prediction. Future studies will consider whether or not subjects with neurological
disorders are not impacted by conditioning stimuli, as was found to be the case in
subsequent TOJ studies (e.g., TOJ metrics of subjects with autism were not impacted
significantly by conditioning stimuli; Tommerdahl et al., 2008).

The degree of inaccuracies in the different digits with increasing conditioning
stimulation is also consistent with motor studies of digit interdependencies. In studying the
autonomy of finger movements, intended motion in one finger often results in simultaneous
movement, or enslavement, of other digits. More specifically, D3 and D4 show the most
enslavement, or interdependency, of adjacent digits while D2 is characterized by the
greatest independence (Hager-Ross and Schieber, 2000). In observing motor-related
cortical potentials (MRCPs), the autonomous nature of D2 was shown to be significantly high
while D4 showed the most dependency on other digits (Slobounov et al., 2002). In Figure 4,
D2 demonstrates the lowest inaccuracies in the presence of conditioning stimulation while
D3 and D4 exhibit the most; thus, in both the motor and sensory based studies, D2
demonstrates the most independence.

The role of neural communication between adjacent and non-adjacent cortical

regions plays an important role in understanding the relationship between
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neurophysiological mechanisms and sensory percept. The development of new, more
versatile devices and methodologies, such as presented in this report, could contribute to
bridging decades of neuroscientific research with human perceptual clinical and clinical
research studies. One long term goal of our research is to develop sensory based
instrumentation and methodologies for the diagnosis and assessment of treatment efficacies
for a broad range of neurological disorders, and building this aforementioned bridge could
provide new insights into fundamental information processing mechanisms as well as
generating perceptual metrics that are more sensitive to alterations in central information

processing capacity.
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CHAPTER 3: CM3: A FOUR-POINT PIEZOELECTRIC BASED MRI/MEG COMPATIBLE
VIBROTACTILE STIMULATOR!
Overview
Recently, we reported methods for applying multi-site vibratory stimuli to the

fingertips. Typically, this involves the use of multiple, individual vibrotactile stimulator and
limitations of such an arrangement include difficulty with both positioning the stimuli as well
as ensuring that stimuli are delivered in a synchronized and deliberate manner. The device
that we reported is a significant improvement on multiple independent stimulators (Holden
et al, 2011), and due to both the success of that stimulator and the consequent need to
validate a number of findings that had been made with both that device and the precursor
of that device (Tannan et al, 2007a), we designed and fabricated a four-site stimulator that
could be used in MRI and MEG compatible environments. The device can stimulate four
independent skin sites and is primarily designed for stimulating the digit tips. The device is
similar to the previously reported device in that it is portable and is ergonomically suited for
delivering stimuli to the finger tips, but it has the advantage of being MRI and MEG
compatible. However, the fundamental mechanisms of the device are significantly different
from the device that we recently reported since the device is piezo-based rather than VCA
based. To demonstrate the reliability of the device for delivering tactile stimulation at four
independent sites, a temporal order judgment (TOJ) protocol, in the presence and absence
of conditioning stimuli, was conducted on seventeen healthy control subjects. The study
produced results that were consistent with prior studies that implicated synchronization of

adjacent and near-adjacent cortical ensembles with conditioning stimuli in impacting TOJ

Ia large portion of the work presented in this chapter was completed as a collaborative effort with the following
researchers: Nguyen RH, Francisco EM, McGonigle D, Seidler R, Dennis RG and Tommerdahl M
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performance (Tommerdahl et al., 2007). Additionally, the device was used in both an MEG
and in MRI pilot studies, and those studies demonstrated that no detectable noise was
introduced by the stimulator in those environments.

Introduction

For the past several years, our research group has been working towards the
development of a portable tactile stimulator that could effectively be used to study changes
in sensory information processing in clinical and clinical research venues across a diverse
spectrum of neurological disorders. Thus far, we have gone through several iterations in the
development of this stimulator and the protocols that can be delivered with that stimulator.
The current design of the stimulator — as described most recently in Holden et al, 2011 - is
optimized for the delivery of vibrotactile stimuli to the finger tips. This optimization was
done in order to take advantage of the well-known somatotopic relationships with the
concept in mind that delivering stimuli to adjacent digit tips would evoke cortical activity in
adjacent and/or near adjacent cortical regions, and that the interactions that result from
such stimulus evoked activity will be robustly impacted by alterations in cortical information
processing.

The first prototype of the system (Tannan et al., 2005a) was used to demonstrate
changes in spatial acuity with repetitive stimulation. A subsequent report described that this
change did not occur with individuals with autism, strongly suggesting a lower-than-normal
inhibitory response (Tommerdahl et al., 2007a). A second iteration of the device (Tannan et
al., 2007a) was much more portable as well as more robust and reliable in its ability to
deliver well-controlled vibrotactile stimuli to the skin. The device proved extremely useful,
and a number of studies were conducted with it that demonstrated the ability to reliably and
reproducibly obtain metrics of neuro-adaptation (Tannan et al., 2007b), temporal order
judgment (TOJ) and the impact of synchronized conditioning stimuli on TOJ (Tommerdahl et
al., 2007b), the absence of the impact of those same conditioning stimuli on TOJ in

individuals with autism (Tommerdahl et al., 2008), the relationship between spatial acuity
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and amplitude discrimination (Zhang et al., 2008), a method for the study of tactile-thermal
interactions (Zhang, 2009), a reliable means for measuring amplitude discriminative
capacity and a robust near-linear relationship between duration of repetitive conditioning
stimuli and the impact of that conditioning on amplitude discriminative capacity (Tannan et
al., 2007b), the below-normal adaptation metrics in autism (Tommerdahl et al., 2007), the
impact of NMDA receptor block on adaption metrics (Folger et al., 2009), a demonstration of
Weber’s law (Francisco et al., 2008; Holden et al., 2011) and a robust relationship with
neurophysiological data (Francisco et al., 2008), and differences in timing perception in
Parkinson’s Disease (Nelson et al., 2011). More recently, we have developed a newer, more
portable and ergonomic model of the device, which is much more suited for a clinical or
clinical research environment, and is capable of delivering vibrotactile stimuli to four
fingers: the index (D2), middle (D3), ring (D4), and little (D5) fingers (CM4; Holden et al,
2011). The utility of this device has been demonstrated in a report of phenotypic differences
within a spectrum of patients with vulvodynia (Zhang et al., 2011a), in a report that
described stability of cortical plasticity across a wide age spectrum (Zhange et al, 2011b),
and in a paper that describes its utility for describing phenotypic differences within the
autism spectrum via modulating vibrotactile stimuli (i.e., sinusoidal stimuli that dynamically
change in amplitude; Francisco et al, 2011).

Due, in part, to the fact that we have experienced a great deal of success in
demonstrating phenotypic differences between and within a number of neurological
alterations, we determined that it would be useful to design and fabricate a magnet-
compatible stimulator that had the same, or nearly the same, capabilities as the CM4. Such
a device would allow for validation studies of a number of ideas that have been proposed by
previous behavioral findings and would possibly elucidate the underlying mechanisms that
lead to differential responses by different subject populations. In this report, a magnet-

compatible version of the CM4 device, the CM3, is described.

23



Magnet compatible stimulators are typically designed to use pneumatic or piezo-
ceramic parts. Each has its own advantages and disadvantages. Pneumatic devices for use
in magnetic environments are typically built with plastic and latex tubing, with the
controlling electronics kept away from the magnets. These devices typically have a low
frequency range with a maximum near 100Hz and require pressurized air to operate
properly (Briggs et al, 2004;) Golaszewski et al (2002) was able to avoid using compressed
air canisters by using a BP cuff and their use of a DC motor and pneumatic by-pass line
gave a wider range (1-150Hz) and larger amplitude (up to 2mm) than most devices. The
device designed by Briggs et al had the potential to support multiple probe tips, each with a
different frequency, amplitude, and pattern, though the prior calculations were necessary to
lower the risk of bursting the latex diaphragm. The one major disadvantage of any
pneumatic device is the possibility of inexact and difficult to reproduce measurements
(Briggs et al, 2004; Golaskzewski et al, 2002). Piezo-ceramics are the other typical option
for use in a magnetic environment. These often have larger frequency ranges (up to 300Hz)
than pneumatic devices (Harrington et al, 2000; Francis et al, 2000), with the ability to
target a small frequency band such as the 16-34Hz band that Hegner et al (2010) targeted
with precise frequency steps of 2Hz. Piezo-ceramics typically require large voltages to
create a small amplitude (50V for 169um in Harrington et all, 2000; 100V for 400um in
Francis et al, 2000). A work-around to get a large amplitude (though high voltages were still
necessary) involves using piezo-ceramic wafers with multiple rods that can be individually
controlled (Hegner et al, 2010). The high voltages required to move these amplitudes
require that a non-conducting surface interacts with the subjects, such as plastic probe tips
or non-conducting piezo-ceramic wafers. A piezo-ceramic stimulator offers more control
than a pneumatic stimulator, though they are often more expensive and require large

voltages.
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Methods

Hardware. The cortical metrics (cm-3; see figure 1) stimulator was developed in our
laboratories for use in the series of experiments described in this report. The principle
driving design requirement for the CM3 stimulator system is to allow up to four vibrotactile
stimulator mechanisms to interact with a test subject’s fingertips while their cortex is being
imaged in a magnet-based imaging system such as fMRI. The system was designed using
state-of-the-art rapid manufacturing technology to allow multiple identical systems to be
built and used in different locations. Also, the use of rapid manufacturing permitted very
rapid design evolution, thereby facilitating the production of special fixtures and changes to
geometry as needed for special applications. The device consists of two separate parts: the
controller/power box and one, or in some cases two, detachable stimulator head unit(s)
connected together by a 40-conductor shielded twisted-pair ribbon cable, 2 meters in
length. The flat plates of all exterior housing and other components of approximately
planar geometry are direct manufactured using laser-machined cast acrylic sheet, cut on a
120 Watt CO2 laser engraving system, model number X660 (Universal Laser Systems,
Scottsdale, AZ). The more complex housing and internal mechanism components are direct
“3-D” manufactured from ABS plus thermoplastic material, by fusion deposition modeling
(FDM) on a StrataSys Dimension bst 1200es (StrataSys, Inc., Eden Prairie, MN). The four
large cylindrical components forming the four movable disks of the stimulator head units are
CNC machined from 1" thick Acetal (Delrin) plate. All housing and mechanism components
and assemblies were solid modeled prior to fabrication using SolidWorks solid modeling

software (SolidWorks Corporation, Concord, MA).
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Figure 3.1: Four Site Vibrotactile Stimulator. Each of the four probe tips is positioned by rotating the four
independently-positioned drums to maximize contact between finger pads and the stimulator tips. During an
experimental session, subjects were seated comfortably in a chair with their arm resting on the arm rest attached
to the head unit of the device. Digits D2 through D5 were then positioned for vibrotactile stimulation.

The internal mechanism of the head unit is comprised of identical cylindrical disks
placed sideways and four abreast coaxially (130mm in diameter, 24mm in depth) between
two acetal side panels. Each disk can be independently rotated to adjust for differing finger
lengths for each test subject. A servo mechanism comprising a non-metallic piezo bender
actuator and a compliant four-bar link linear motion mechanism are mounted inside each
disk. The piezo bender actuators (P/N: Q2C, formerly Q220-A4NM-303YB) are custom
manufactured by Piezo Systems, Inc., in Cambridge MA. Each piezo bender is .5mm thick x
12.5mm wide x 32mm in length, and require approximately 200 to 300 volts for actuation.
Each piezo bender is attached to a cylindrical plastic probe (5mm diameter) which slightly

protrudes through a hole (7mm diameter) in the side of each 130 mm diameter acrylic disk,
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which serves to mechanically isolate the test subject from the internal piezo driver voltages.
The amount of protrusion for each probe is independently adjustable as are the positions of
the holes to accommodate the length of the subject’s fingers as he/she wraps their hand
around the stimulator head unit. The piezo bender motion is converted into linear
displacement by the four-bar compliant mechanism to drive the cylindrical plastic stimulator
probe tips linearly into and out of each 130mm diameter disk in the stimulator head unit,
according to prescribed sinusoidal waveforms. The moving components of the stimulator
tips are directly manufactured from ABS “plus” material by 3-D FDM as a single compliant
mechanism component integrating a mounting flange, a thin-beam four-bar linkage,
coupling lugs for attaching one piezo bender into each actuator mechanism, and the
extension to the mechanical stimulator tip. The compliant four-bar linkage mechanism
allows the stimulator tip to be displaced vertically along a straight line for a distance of £ 1
mm. The 4-bar compliant mechanism also provides a very low hysteresis linear restoring
force to center each tip vertically when no voltage is applied to the piezo benders. The
entire four-bar mechanism is 5.3 mm in thickness, and is positioned such that the
stimulator tips move along a radial line extending from the center of each 130mm disk,
perpendicular to the outer circumference of each disk. The resulting linearized piezo bender
mechanisms generate extremely linear force outputs as a function of drive voltage with very
low hysteresis due to the “frictionless” nature of the single piece bearing-less four bar
compliant mechanism. The position of the vibrating tips is not sensed for the CM3 units,
unlike the optical position sensors in the previously reported CM4 systems (Holden et al,
2011). Care was taken throughout the design of the CM3 stimulator head to exclude
magnetic and/or electrically conductive components that might interfere with or be
damaged by the presence of strong external magnetic fields associated with modern
magnet-based imaging systems.

The custom electronics were designed using free CAD software from ExpressPCB

(www.expresspcb.com). The printed circuit boards were manufactured using the resulting
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CAD files, also by ExpressPCB. The hybrid circuit is interfaced via four parallel pin
connectors (2 banks of 50 pins for digital signals and 2 banks of 34 pins for analog signals)
to an internal NI-USB-6259 data acquisition (DAQ) board. The DAQ board then interfaces
via a USB connection to any standard PC running Microsoft Windows XP or later.

Software. A custom line-of-business application was developed for the Microsoft .Net
platform using the C# programming language and Windows Presentation Foundation (WPF)
framework to control the stimulator and administer the data collection protocols. The
interface was designed to be intuitive, extensible, and aesthetically pleasing. The software
needed to be extensible to facilitate the development of future protocols for a device as
flexible as the CM-3. The core extensibility was achieved by using a “plugin” architecture
with a shell application whose function is to discover, load and execute small plugins. The
shell exposes a software contract (an inheritable C# class) that is consumed and extended
by each plugin. Each task described in this paper represents one such plugin. Most
traditional neuropsychological protocols using the standard X-alternative forced-choice (X-
AFC) tracking method (Cornsweet, 1962) can be created with only a couple of dozen lines of
C# code. While most plugins interact directly with the CM-3 stimulator, this is not a
requirement of the plugin contract. Plugins can, for example, be designed to collect arbitrary
subject information pertinent to the given study (e.g. participant demographics, relevant
medical history, various surveys, etc.). The net effect is not only a significant reduction in
the amount of clinical paperwork that needs to be completed by each participant, but also a
marked reduction in data-entry time for clinicians. All data collected by the application are
stored in an encrypted (128-bit RC4) SQLite database in a user-specified location. Each
database can be shared with multiple instances of the shell application, providing a
mechanism for seamless networking of CM-3 stations (Holden, et al, 2011). The software is
also capable of storing, as well as creating and customizing, all relevant initialization
information for each plugin, such that a given battery of protocols can be administered

repeatedly and in a consistent manner, while maintaining flexibility for future projects. The
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batteries allow for greater reuse of each plugin, resulting in shorter development times a
more efficient workflow throughout an experiment.

Protocols. In order to demonstrate exemplary use of the CM-3, 3 studies were
conducted. First, Temporal Order Judgment (TOJ), in the presence and absence of
conditioning stimuli, was collected and compared with data previously reported with a VCA
based stimulator (Tommerdahl et al, 2007b). Second, pilot studies with fMRI were
conducted in order to ascertain compatibility of the stimulator in an MRI environment.
Third, pilot studies in an MEG environment were conducted in order to determine whether or
not the CM3 introduced noise in that environment. Additionally, both MEG and MRI studies
compared the responses evoked by stimulating different finger tips.

Subjects. Thirty healthy subjects ranging from 22 to 26 years of age, were recruited
for the TOJ study. None of the subjects reported any neuropsychological impairment and all
were naive to both the study design and issue under investigation. The study was
performed in accordance with the Declaration of Helsinki, all subjects gave their informed
consent, and the experimental procedures were reviewed and approved in advance by an
institutional review board.

Experimental Procedure — TOJ with and without background noise. During an
experimental session, the subjects were seated comfortably in a chair with the right arm
resting on the device. Because the lengths of fingers typically vary among subjects, the
positions of the probe tips were individually adjusted to ensure that they contacted the
glabrous, padded tips of the fingers of each subject. These loci were chosen in order to
allow the convenience of access and comfort of participants as well as for the wealth of
neurophysiologic information that exists for the corresponding somatotopic regions of cortex
in primates (Chen et al., 2003, 2007, 2009; Francisco et al., 2008; Friedman et al., 2008;
LaMotte and Mountcastle, 1975; Mountcastle, 1969; Tommerdahl et al., 1993, 1998, 2002,
2005, 2006, 2010). As depicted in Figure 1, probe tip positioning was accomplished by

loosening a set screw and rotating each of the drums independently to conform to the
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natural hand shape of each subject. After proper positioning, if the probe tips still failed to
make proper contact with the digits, the tips themselves were either raised or lowered.
Once adjusted, the probe tips were locked in place prior to initiation of the battery so that
they would remain immobile during testing. At the start of each run, the four tips were
driven towards the tips of the fingers in order to ensure good contact with the skin.

During the assessment, the device delivered sinusoidal skin displacements
(vibrations) via flat Delrin probes (5-10 mm in diameter) positioned to make contact with
the tips of the index (D2), middle (D3), ring (D4), and little (D5) fingers of the right hand.
The independent probe tips were computer-controlled and capable of delivering a wide
range of vibrotactile stimuli of varying frequencies (Hz) and amplitudes (um). Stimulus
parameters were specified by test algorithms that were based on specific protocols as well
as subject responses during those protocols.

Subjects viewed a computer monitor that provided continuous visual cueing during
the experimental session. Specifically, an onscreen light panel indicated to the participant
when stimuli were being delivered and when subjects were to respond. Training trials were
included prior to testing, and the subjects were given performance feedback only prior to
trials during data acquisition. The sensory testing session was conducted by application of
low frequency (25 Hz) vibration to selected fingers. Each battery of testing lasted between
15 and 20 minutes depending on the protocols being run and on subject performance. Each
individual protocol typically lasted 2 to 3 minutes.

Temporal Order Judgement, without (TOJs) and with carrier (TOJc) stimulus. All
participants received the temporal order judgement tasks (n=30). In the temporal order
judgement task (TQOJ), two single vibrotactile pulses (40 ms, 25 Hz, 200 um) were delivered
on two digits (D2, D3, D4 or D5) separated temporally by a starting ISI of 150 ms (the first
pulse was assigned pseudo-randomly) within a 1 s interval. Participants were asked to
respond to the digit that received the first pulse. The ISI was modulated with 1 up/1 down

tracking for the first 10 trials and a 2 up/1 down tracking for the remainder of the task (ISI
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was decreased for correct answers and increased for incorrect answers). In one condition,
there was no concurrent stimulation (TOJs) and in the second condition (TOJc), a 25 Hz
concurrent carrier (20 um) stimulus was delivered throughout each 1 s trial-interval. The
tasks were performed for six digit combinations on each subject: D2-D2, D2-D4, D2-D5,
D3-D4, D3-D5 and D4-D6. Noise introduction in the MRI environment

The amount of noise introduced into the MRI environment by the CM3 was measured
by collecting MRI data, in the absence of a human subject, with the CM3 in four different
locations or situations: 1) The CM3 was not in in the scan room; 2) the CM3 was placed on
the scanner table but not connected to either power or computer; 3) the CM3 was placed on
the scanner table and connected to the driving hardware in the control room, without the
power turned on; and 4) the CM3 was connected to both computer and power, was turned
on and the stimulators were turned on.

The stability scans were acquired on a 3T GE Signa LX MR scanner (Waukesha, WI).
A GE structural phantom was scanned using a reverse spiral acquisition
(TR/TE/FA=1000/27.5/60, 200 cm FOV, 13 slices, 5/1 thickness/gap, 64x64 matrix, 180
frames collected).

Using a region of interest, temporal and spatial signal-to-noise ratio (SNR), the
temporal drift and normalized frequency magnitude were calculated. In addition, the
summed absolute temporal difference of the time course was calculated and plotted, as a
measure of frame-to-frame stability. Comparisons were made between the scans obtained
in the four different conditions.

Results

This study employed a TOJ protocol, in the presence and absence of conditioning
stimulation, on healthy subjects in order to demonstrate the capacity of the device for
delivering well-controlled vibrotactile stimuli at four independent sites. The study also
confirmed a previous finding (Tommerdahl et al, 2007b) that demonstrated that

performance on the TOJ task, in the presence of synchronized and periodic vibrotactile
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stimulation, is reduced. Additionally, DLs for the TOJ task with synchronized conditioning
stimuli were not significantly elevated when the task was performed across D2-D5. In other
words, when cortical distance was greatest between the stimulus sites, the impact of the
conditioning stimulus was smallest.

Studies were also conducted in the presence and absence of MEG and MRI
environments in order to ascertain whether or not the device introduced noise and was
magnet compatible. There was no detectable noise evoked by the CM3 stimulator in either
of these environments.

The TOJ task was evaluated in order to quantify the ability of subjects to recognize

and identify stimulated digits in the absence and in the presence of conditioning stimuli.
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Figure 3.2: Impact of Conditioning Stimulus on TOJ Performance
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MRI recording results. There were no significant differences observed in any of the
recordings that were obtained during scans in the four different conditions of CM3
placement and operation. No dominant noise spikes were observed in either the frequency
spectrum or difference time course, and with steady temporal and spatial SNR in each case
(1 - no CM3 present, 2- CM3 present, 3 - CM3 plugged in and 4- CM3 operating): 1)
117:180, 2) 148:190, 3) 135:177, 4) 140:178. Thus, the device induced no detectable MR
artifacts.

Discussion

The delivery of sinusoidal displacements to a single skin site via mechanical
transducer has been used extensively for the study of flutter vibration in both
psychophysical and neurophysiological settings for a number of decades. Exemplary uses of
such a device are described in Goble and Hollins, 1993; Juliano et al., 1989; LaMotte and
Mountcastle, 1975; Mountcastle et a., 1969; Tannan et al., 2006; Tommerdahl et al., 1993,
1998, 2002; and Vierck and Jones, 1970. Typically, stimuli that can be delivered through
mechanical transducers - vertical displacement stimulators such as the one originally
described by Chubbuck (1966) - were used for studies of somatosensation and are very
well equipped to deliver sinusoidal stimuli at a frequency range (1 to 250 Hz) with
amplitudes of sufficient size (between 0 and 1000 um) to activate a broad range of
mechanoreceptors. However, in order to stimulate more than one skin site — either during
the course of human psychophysical testing or animal experimentation - it is necessary to
position a second vertical displacement stimulator over the second skin site. Our previous
device (described in Tannan et al. 2007a) was designed to address this issue by allowing
dual site stimulation with automated two-dimensional probe positioning. Although the
device reported by Tannan and colleagues was successfully utilized in a number of studies
(Tannan et al., 2005b, 2006, 2007b, 2008; Tommerdahl et al., 2007a, 2007b, 2008), it was
cumbersome and not ideal for clinical and clinical research venues. The CM-4, described in

Holden et al, 2011, has the capacity to quickly and easily adjust to fit to most adult, and
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many juvenile, hand sizes and can deliver vibrotactile stimuli to the tips of four digits. The
ability to simultaneously deliver vibrotactile stimuli to a number of digits allows for a great
deal of protocol diversity. The ability to deliver these stimuli in an MRI and MEG
environments expands the functionality of the stimulator. Not only can behavioral tests be
performed, but neurophysiological correlates can be obtained as well.

In this report, we described the use of a relatively simple protocol — Temporal Order
Judgment (TOJ) in the presence and absence of conditioning stimuli. This protocol has been
previously described (Tommerdahl et al, 2007x, 2008x), and in those studies, stimulation
was provided to D2 and D3 in order to observe the impact that synchronized and periodic
stimuli had on TOJ performance. Performance on the TOJ task itself was relatively robust
across the digit combinations, although performance with D4-D5 appears to be worse than
other digit combinations, and this would be expected due to partial overlap between D4-D5
representations. Post-conditioning, there were significant differences with the task using
different digit combinations. As the separation between the test sites located between D2
and the other digits increased (D2 was paired with D3, D4 and D5 on separate tests), there
was a decrease in the impact of the conditioning stimulus. Specifically, there was little
impact of conditioning on the D2-D5 pair although there was impact on performance when
D2 was paired with D3 or D4. The interpretation of this finding is that there is a critical
distance between cortical representations that needs to occur before the conditioning
stimulus no longer has an effect. In the case of the D4-D5 pairing, the cortical distance is
already minimized and thus, the conditioning stimulus that normally impacts TOJ
performance with D2-D3 pairing by functionally linking those cortical representations, has
effectively already linked the D4-D5 sites.

The principle finding in the results of this study is that there is an increase in
inaccuracies with concurrent conditioning stimulation delivered during the TOJ task, and the
ability to perform the task accurately in the presence of that conditioning stimulation is

diminished more in digits D3 and D4 than in digits D2 and D5. The decrease in accuracy
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with synchronized sinusoidal stimulation is consistent with prior reports of increasing
inaccuracies in temporal order judgment (TOJ) in the presence of synchronized and periodic
conditioning stimuli. In a study by Tommerdahl and colleagues (Tommerdahl et al., 2007),
it was demonstrated that TOJ results obtained from a number of pairs of stimulus sites -
unilateral as well as bilateral - were comparable. However, in the presence of a 25Hz
conditioning sinusoidal stimulus which was delivered both before, concurrently and after the
TOJ task, there was a significant increase in the TOJ measured when the two stimuli were
located unilaterally on digits D2 and D3. In the presence of the same 25Hz conditioning
stimulus, the TOJ obtained when the two stimuli were delivered bilaterally was not
impacted. This led to the speculation that the impact that the conditioning stimuli - which
only had an impact if they were sinusoidal, periodic and synchronous - had on TOJ
measures was due to the synchronization of adjacent cortical ensembles in somatosensory
cortex, and that the synchronization of these cortical ensembles could have been
responsible for the degradation in temporal order judgment. The conditioning stimuli in this
study were also synchronized, periodic and simultaneous, and if the degradation in test
performance was due to synchronization of adjacent cortical ensembles similar to what was
speculated in the TOJ report, then inaccuracies due to this synchronization would be lower
on the digits on the perimeter of the cortical ensemble (i.e., D2 and D5), and the results
reflect this prediction. Future studies will consider whether or not subjects with neurological
disorders are not impacted by conditioning stimuli, as was found to be the case in
subsequent TOJ studies (e.g., TOJ metrics of subjects with autism were not impacted
significantly by conditioning stimuli; Tommerdahl et al., 2008).

The role of neural communication between adjacent and non-adjacent cortical
regions plays an important role in understanding the relationship between
neurophysiological mechanisms and sensory percept. The development of new, more
versatile devices and methodologies, such as presented in this report, could contribute to

bridging decades of neuroscientific research with human perceptual clinical and clinical
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research studies. One long term goal of our research is to develop sensory based
instrumentation and methodologies for the diagnosis and assessment of treatment efficacies
for a broad range of neurological disorders, and building this aforementioned bridge could
provide new insights into fundamental information processing mechanisms as well as
generating perceptual metrics that are more sensitive to alterations in central information

processing capacity.
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CHAPTER 4: VIBROTACTILE STIMULATOR SOFTWARE INTERFACE

Both the CM3 and CM4 vibrotactile stimulators were designed to leverage identical
data acquisition (DAQ) circuitry produced by National Instruments. Each DAQ board is
accompanied by a software license to a set of application development software libraries
developed by National Instruments for creating end-user applications that interface with
their DAQ hardware. The availability of application development tools from the hardware
vendor was a primary driving force in selecting the data acquisition board. Versions of the
application development libraries exist for several different programming languages and
operating systems, but the CM3 and CM4 devices only utilize the versions for Microsoft’'s
.NET Framework and National Instruments’ own LabVIEW integrated development
environment (IDE). A series of software applications had to be created to calibrate and
control the delivery of the aforementioned vibrotactile stimuli.

The first such application was developed in LabVIEW to calibrate each pair of voice
coil actuators and optical feedback mechanisms tips using the DAQ board’s analog-to-digital
(ADC) and digital-to-analog (DAC) capabilities. The USB-6259 DAQ board possesses 32 16-
bit analog input channels, capable of 1 million samples per second (SPS) in aggregate, and
4 16-bit digital output channels, capable of 2.8 million SPS. These capabilities were far
beyond the requirements of basic sinusoidal function generation of tactile flutter range
frequencies, and thus ensured that development of vibrotactile stimulation protocols would
not be hindered by data acquisition inadequacies. The first step to verify that the DAQ
system was capable of delivering controlled sinusoidal vibrations was to plot the analog

signal coming from the CM4 optical position sensor.
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Figure 4.1: Optical Sensor Readings Verify Sinusoid Generation
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Figure 4.2: FFT of Measured Sinusoid in Figure 1

As demonstrated above, the frequency response for the actuator was perfect, but the
pre-calibration amplitude of the sinusoid reached an error level that was unacceptable, and
thus software calibration of each actuator was necessary. A simple paradigm was used to
perform this calibration: For each frequency that the actuator could possibly deliver during a

behavioral protocol, a simple linear calibration was performed across the entire amplitude
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range. Nine desired amplitudes were chosen in the range of 50 to 700 microns. A sinusoid
lasting one second representing the un-calibrated command signal calculated for each
amplitude was administered and the position was recorded from the optical sensor at a
sample rate of 10kHz. The peak-to-peak amplitudes of the recorded optical waveforms
were calculated at 200ms intervals and averaged together as a measure of the average
peak-to-peak amplitude for the entire sinusoid. The difference of the commanded and
measured amplitude was calculated for each sinusoid and a simple linear regression
equation was then calculated for each frequency. The procedure was then replicated using
the calibrated command signal to verify that the measured and commanded amplitudes now
matched. The figures below show an example output from this calibration program and

demonstrate its effectiveness.
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Figure 4.4: VCA Calibration Application - Output from a completed calibration exercise. The coefficients of
determination for the VCAs are all > 0.999. The measured amplitudes are graphed for command amplitudes
ranging from 200 microns to 600 microns across frequencies from 10 to 50hz.

After demonstrating the ability to successfully and accurately replicate arbitrary
sinusoidal waveforms, the design of a framework for the creation and execution of the
behavioral protocols described herein was the next logical step. The majority of the
behavioral protocols that allow for the quantitative assessment of a wide array of cortical
processes follow a similar pattern. Identifying this pattern allowed for the extraction and
encapsulation of common elements into independent software modules that could be more
easily combined and extended during the development of new behavioral protocols. Just
like for the stimulator itself, one of the design considerations for the protocol execution
framework was portability. The software package would need to be executed on dozens of
computers in such a way that did not end up requiring a particular computer to be manually

paired with a particular stimulator. Another important design consideration would be the
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user interface. In order for this system to be successful at a clinical level, the interface
would have to be intuitive and aesthetically pleasing enough for an experimenter without
intimate knowledge of the entire system to navigate. These requirements would ultimately
result in a shift from the laboratory-centric LabVIEW programming language to the more
widespread C#.

C# is an object-oriented programming language (OOP) built on Microsoft's .NET
Framework. Its syntax is similar to both of its predecessors, Java and C++. Like Java, C#
applications are not compiled directly into machine language, but to an intermediate
language (Microsoft Intermediate Language (MSIL)) that gets executed in a virtual runtime
environment. This gives developers lots of conveniences not afforded by other languages
like C/C++. For example, memory management in both C# and Java is handled by the
runtime unless explicitly overridden by the developer leading to fewer software memory
leaks and thus greater application stability. With all of the similarities between Java and
C#, choosing between the two came down to their ability to create modern graphical user
interfaces (GUIs).

In 2006, Microsoft released the Windows Presentation Framework (WPF), a
framework for facilitating the creation rich user interfaces. It introduced a markup language
called the Extensible Application Markup Language (XAML), based on the Extensible Markup
Language (XML), which separates the ‘view’ logic used to control a user interface from the
underlying ‘model’ logic. This concept is not new in software development, and it is
generally accepted as best practice to decouple the logic specific to the user interface from
the underlying business logic when attempting to create an extensible, maintainable and
long lasting application. To facilitate this separation of logic, WPF included an efficient and
robust implementation of GUI data binding. Data binding in this context refers to the
coupling of a simple object (in the OOP sense) with its visual representation in the GUI.
This enables the developer to manipulate simple data objects and have changes to those

objects automatically synchronized with their visual representations within the user
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interface. By leveraging this data binding capability, WPF was also able to provide a flexible
animation framework that significantly reduced the amount of development time required to
create aesthetically pleasing transitions within the GUI. Those key features ultimately led to
the selection of C# as the language of choice for developing the first clinical GUI for our
behavioral protocols. It should be noted that the only majorly obvious flaw of C# (and
WPF) was that it was limited to running on the Windows® operating system. However, this
was not a significant concern since the hardware drivers for the DAQ board also shared this
limitation.
Device Driver Library

After choosing C#, the first iteration of the application was divided into three
separate parts. The first task was to create a relatively low level interface to the embedded
DAQ board. Although the DAQ system was capable of streaming arbitrary waveforms to the
actuators, sinusoidal waveforms would be used exclusively in the behavioral protocols.
Thus, the main job of this low level interface library was to create an abstraction for the
generation of sinusoids that could be utilized by the upper layers of the software package.
A simplification of the class diagram below displays the functional relationship between

classes.
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Figure 4.5: Abbreviated Driver Library Class Diagram

The main Stimulator class served to encapsulate all of the functionality available to
the upper layers. It is important to note that the Stimulator classes utilizes the Factory
pattern (Gamma et al 1994) and does not expose a public constructor function. This
prevents the upper software layers from attempting to create an instance of a Stimulator
object when there is no physical hardware connected to the computer, and allows the
Stimulator class to manage multiple devices plugged in to the same machine
simultaneously. The Stimulator class is responsible for managing the state of position
control mechanisms as well as using an embedded calibration database to generate
amplitude and frequency accurate sinusoids for any CM vibrotactile stimulator. It also
contains the mappings for hardware actuator channels to human digit tips. If a person
places his or her right hand on the head unit of a stimulator, the channel mappings would
be the opposite of those used for a left hand. This allows the upper layer to make function

calls referencing a person’s digit tips (e.g. D2,D3) instead of hardware channels (e.g. 0,1),
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which is significantly more intuitive when developing behavioral protocols. Complex
sinusoidal vibrations are pieced together by using a chain of simple sinusoids. The most
basic Stimulus class represents a single sinusoidal waveform with a given amplitude,
frequency, and duration. An instance of the StimulusLink class represents a single base
Stimulus with an optional second Stimulus that will be superimposed. The duration of the
superimposed stimulus is ignored, as it must be the same as the base sinusoid. One or
more StimulusLinks can be sequenced to form a StimulusChain. The StimulusChain class
includes helper functions to pad a chain to a given duration or to introduce delays without
having to manually create 0 amplitude sinusoids. A set of StimulusChain objects is passed
to the ‘vibrate’ method of a Stimulator instance to where each chain is converted to the
appropriately calibrated driving voltages for a given DAQ hardware channel and ultimately
passed to the stimulator via the USB connection. It should be noted that the upper
software layers can subscribe to a software event that will be fired just before the USB
transfer begins to enable synchronization with user interface elements to which this low
layer is completely naive. This library is used in every software application that controls a
CM3 or CM4 stimulator, regardless of the GUI.
Common Plugin Library

The next software layer was also a software library that cannot be executed as a
standalone application. The broad scope of possible behavioral protocols that could be
realized using a portable vibrotactile stimulator made it clear that our lab could not possibly
perform all of the research tasks alone. In order to facilitate collaboration with other
research labs, it was decided that the upper software layers should implement a *plugin’

architecture that could be extended by developers from other laboratories.
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Figure 4.6: Abbreviated Class Diagram of Common Plugin Interface Library

The plugin architecture is centered around the implementation of a single base
Protocol class. Implementation of this class is the bare minimum required to be recognized
by the top software layer. In a nutshell, the Protocol class merely provides a small set of
virtual public functions to initialize, start, stop and pause the Protocol that can be called
from the top layer. The initialization function depends on the Subject class, which
encapsulates the necessary demographic data to represent the person on whom the
Protocol is being executed, and the return value is the GUI to be displayed to the Subject by

the top software layer.
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The simplest provided implementation of a Protocol is the derived class, Survey. The
Survey class represents a Protocol that can be executed without a stimulator. Many
clinicians had legacy demographical surveys that were administered on paper during each
clinical visit by a particular subject, so the Survey class provided a simple way to collect that
data electronically. An example of one such implementation of the Survey class is an
electronic version of the Autism Quotient survey (Baron-Cohen et al 2001).

The other major subclass of the Protocol class is the StandardProtocol class. Classes
that inherit from the StandardProtocol class require the presence of a CM stimulator and
have a common execution flow directed by an overridden ‘start’ function of the Protocol
class. All behavioral protocols that have been designed so far execute a sequence of trials
with various methods of transitioning from one trial to the next. Instances of the
StandardProtocols do this through the implementation of the ParallelStaircase class. A
bottom-up approach is best to understand how this works.

At the lowest level, the Staircase class represents a simple list of trials and
associated metadata. This metadata includes all of the information needed to execute and
record data from a particular trial e.g. stimulus amplitude, user response, inter-stimulus
interval etc. The Staircase class also contains an instance of a TrackingBehavior that
describes the orderly transition from one trial to the next. An example of a
TrackingBehavior is an implementation of a modified von Békésy tracking algorithm
(Tannan et al 2005b). Each instance of the LinearStaircase class contains a list of Staircase
instances that are to be executed sequentially. This allows the developer to build a series of
trials using identical TrackingBehaviors while still maintain the ability to modify secondary
parameters throughout the protocol. The most common example of this function is the
modification of the bias parameter at the midway point of a tracking algorithm as described
in Tannan 2005b. Since all Staircases encompassed by a LinearStaircase are executed
sequentially, it is assumed that the trials exhibit linear dependence as well. This implies

that the LinearStaircase should be responsible for recording the starting parameters for the
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first trial in that dependence hierarchy, and thus is the logical place for an instance of the
DataOutput class.

The DataOutput class is responsible for recording the aforementioned starting
parameters as well as the raw data collected during execution of its parent LinearStaircase.
After the last trial in a LinearStaircase is completed (according to the TrackingBehavior), the
‘save’ method of the DataOutput class is called to store the data to the computer’s hard
disk. The data can be stored either to a pair of plain-text files or an encrypted SQLite
database depending on the security requirements of the environment in which the data was
collected.

Finally, the ParallelStaircase class can encompass one or more instances of the
LinearStaircase class that are executed simultaneously. Since data saving is controlled
independently in each LinearStaircase, multiple sets of data can be generated for a single
StandardProtocol if it happens to contain multiple LinearStaircases. The primary use for the
ParallelStaircase class is during protocols that leverage tactile illusions that could also be a
cue to the subject who understands the task. For example, a conditioning vibration that is
always delivered at the same site as the ‘test’ stimulus of a 2AFC protocol could be
considered a cue to the correct answer. In order to remove this confound, a second
LinearStaircase with the conditioning vibration at the opposite site can be executed
simultaneously with trials from each LinearStaircase randomly interleaved together.

The plugin library also exposes a few helper classes in order to facilitate the creation
of custom rich user interfaces. Examples of such are the Feedback and DigitSelector
classes. Some subclasses of the StandardProtocol class give the user various types of
feedback after each response to a trial. The feedback can either be positive, negative, or
neutral. Positive and negative feedback is generally reserved for training portions of a
StandardProtocol where the subject must demonstrate an understanding of the proposed
task by responding correctly several times in a row. Neutral feedback has been used in

interfaces designed for children to keep them motivated to pay attention to the behavioral
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task. In one such instance, a series of images similar to a short comic are presented after
the completion of each trial, but they are unrelated to the correctness of the preceding
response. The Feedback class is able to deliver all three types of feedback while remaining

protocol agnostic and thus reusable across multiple behavioral tasks.
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Decide which vibration felt more INTENSE! /

CHOOSE!

4 @ect: 1of3

Figure 4.7: Example Plugin. Developed using the plugin library, this behavioral task is executed from the ‘shell’
layer
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Figure 4.8: Abbreviated Class Diagram of Shell Application

The top software layer is the ‘shell’ layer. Its primary job is to locate, load, and
execute plugins built using the common plugin library. In order to do this, it needs to
provide two things to the plugins it executes: an instance of the Stimulator class and an
instance of the Subject class. Therefore, it is also responsible for enumerating the attached
stimulators and collecting the required information from the user to create a Subject. The
shell also includes an interface to create batteries (XML representations of Protocol classes,
appendix 4.3) of behavioral protocols with customized starting parameters that are
executed sequentially without interference from the experimenter. In a clinical setting, this

eliminates possible human error that could be introduced by manually loading each
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behavioral task and modifying the appropriate starting parameters on-the-fly. Finally, the
shell provides mechanisms for securely uploading collected behavioral data to a centralized
database (where it will eventually be analyzed) as well as for automatically updating plugins
for remote installations of the software package.

Database

Currently, there are ongoing academic and clinical collaborations in six countries
worldwide, who have collectively performed tens of thousands of experimental runs on
roughly 3000 participants. As this data began to accrue, storing it in an efficient and easily
accessible format became a top priority. Most of the research data had previously been
stored and analyzed using traditional tools like Microsoft Excel®. Excel was perfect for
analyzing small datasets with an isolated set of conditions, but woefully inadequate for
querying and analyzing the amount of data that is currently being collected. A relational
database management system (RDBMS) (Codd et al 1970) was selected as the solution to
this growing problem.

A RDBMS organizes data into two-dimensional tables with rows and columns. The
tables are then mapped to each other through the concept of a ‘relation’. In practice,
relations are merely sets of rules that are applied to special columns (usually called a ‘key’
or ‘index’) within each table that facilitate fast and efficient access to data contained within
the related tables. In each table, all rows must be unique. This is enforced through the
concept of a ‘primary key’, which is defined as the minimum collection of columns used to
uniquely identify each row. Often, the primary key will be an automatically generated and
incremented integer that is Unrelated to the data in the table and only serves to satisfy the

primary key requirement of the RDBMS.
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Accessing data contained in a RDBMS is usually done using some variation of the

Structured Query Language (SQL), but this can vary according to the database

implementation. The RDBMS implementation chosen to store data collected using the

previously described software package was MySQL®. The database itself leveraged a few

non-normalized (Codd et al 1971) optimizations to reduce the number of SQL JOIN

commands issued for the queries most often executed on this particular database. Namely,

in the conditions table, the stimulusID columns are, in practice, foreign keys to the

start_stim table, but are not labeled as such in order to avoid creating the extra association

table required for a many-to-many relationship.

The database is primarily accessed and queried through a web application hosted on

the same server. The web application is powered by the open-source web2py (Di Pierro et
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al. 2011) framework. Web2py is a python MVC full-stack web framework that provides

mechanisms for handling sessions, authentication, cookies, database access, and of course

web requests. Web2py uses a Database Abstraction Layer (DAL) that provides a consistent

set of subroutines to interface with many different types of databases, both relational and

otherwise. The diagram below explains the flow of data from the shell application, through

the web application, into the database, back through the web application, and finally into

the user’s selected data analysis tool.
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Handles Upload
Request

Shell Application
Uploads Data

Experimenter

Queries Data Experimenter Logs

On to Web
Application

Through Web
Application

Web2py Application
Returns CSV of
Requested Data

Web2py DAL
Queries RDBMS

Figure 4.10 Data Flow Diagram
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CHAPTER 5: APPLICATIONS

Utilizing the aforementioned software platform to control a CM vibrotactile
stimulator, we have developed biologically based metrics for assessing brain health. The
platform as a whole is able to non-invasively, quantifiably and inexpensively: 1.) Evaluate
general brain health 2.) Detect certain disease states such as concussion, alcoholism,
chronic pain, and age related deficits 3.) Measure treatment efficacy in a fraction of the time
of traditional approaches, and 4.) Evaluate the efficacy of neurological drugs more quickly
and accurately than current methodologies. No other existing system is able to non-
invasively obtain quantitative and biologically based metrics about systemic changes in
brain health at a resolution that effectively bridges decades of neuroscience research into a
clinical environment.
Using Illusions to Quantify CNS Information Processing Capacity

In the Figure 5.1, pictured below, the center circles of each cluster appear to healthy
individuals to be different sizes even though they are not. This context-dependent illusion is
the result of a number of neural mechanisms being intact. In other words, if there was
something wrong with an individual’s CNS health, then he/she would not observe the
illusion. His or her assessment, via visual percept of these 2 spheres, would be more
accurate than that of someone who was not impaired. Thus, this would be a condition in
which a CNS-impaired individual could outperform a healthy individual. This phenomenon is
embedded in the CM system, which, in part, uses illusions of touch to quantitatively assess

the degree to which CNS health impacts an individual’s perception.
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Figure 5.1: Example of Visual Illusion

The somatosensory system is ideally suited for the design of a CNS diagnostic
system for a number of reasons. First, the organization of the somatosensory system is
such that adjacent skin regions project to specific and unique adjacent cortical regions (i.e.,
it is somatotopic), and stimuli can be precisely controlled and delivered to these regions.
Second, decades of neuroscience research have yielded a great deal of information about
the nature of the interactions within and between the adjacent cortical regions that are
being activated by tactile stimuli. Third, ambient environmental noise in the system can be
easily controlled (i.e., it is less likely that a patient will be exposed to distracting tactile
input than auditory or visual input). Fourth, the somatosensory system is the only sensory
system that is highly integrated with the pain system, and this is often an important aspect
of a patient’s profile — particularly if they are suffering from chronic pain.

Percepts of Tactile Stimuli Can Be Measured Quantitatively.

We have developed several tests, made possible by our state-of-the-art tactile
stimulator system, that differentiate healthy from impaired individuals by demonstrating
that impaired individuals actually outperform healthy controls, making it difficult to cheat
the system. This is accomplished by delivering stimuli to adjacent digit tips with the
aforementioned portable stimulator and tracking subject responses. This methodology is
analogous to a common eye exam. With an eye chart, a subject is queried with
progressively more difficult or demanding questions — when the subject can no longer
accurately determine what is on the chart, a very accurate assessment of their visual acuity

has been obtained.
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Impacts of Illusory Conditioning on Sensory Percepts Are Baseline Independent.

One of the biggest problems with using any type of measure — whether it be via
modern medical imaging technologies, sensory perceptual metrics or some type of
psychosocial questionnaire, is that it requires a baseline measure to be obtained before
whatever CNS systemic alteration occurs. Not only is this impractical - the majority of
patients seeking health care do not have baseline tests performed - but it is often
inaccurate because of neurological shifts that occur naturally with aging, training, and/or
experience. Importantly, a measure can be derived that is independent of a baseline shift.
For example, consider following hypothetical situation. Healthy subjects are found to have
“baseline” vision of 20/20, but when an illusory confound is introduced, they get much
worse (20/60). Impaired subjects — whose vision might have gotten worse for a number of
reasons (baseline of 20/30) do not get significantly worse with the introduction of an illusory
confound. Thus, the critical measure is how much the illusory confound impacts the
baseline measure. Several tactile illusory confounds have been developed and found to be
sensitive to CNS health. Although all of these tests undoubtedly utilize multiple CNS
mechanisms involved in interactions between adjacent and near-adjacent cortical regions,
some play a more prominent role than others in each of the tests. This allows for a more
powerful multi-parametric approach to be used in the analysis stage of profiling the CNS
status of each individual. Each of these sets of tests takes approximately 2-3 minutes to
complete.
Sensory Metric Category #1: Neuro-adaptation

Baseline Amplitude Discrimination. Stimuli are delivered to the two fingertips, D2 and
D3, of different magnitudes, and the subject is asked which stimulus is larger. Among
healthy subjects, this is a fairly robust measure across the age spectrum (Zhang et al,
2011b). However, the perception of which is larger is significantly impacted when the test
stimulus is preceded by an illusory conditioning stimulus delivered to one of the two digits

before the test (Tannan et al., 2006, 2007a, 2008; Tommerdahl et al., 2007, 2010b; Folger
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et al., 2008; Francisco et al., 2011; Zhang et al., 2008, 2009, 2011a, 2011b). For example,
stimulating D3 in the image above before performing the test has the effect of making the
larger stimulus feel smaller than it really is because the fingertip adapts to the conditioning
stimuli. This results in healthy subjects performing worse on the task because it is how
more difficult to perceive that the larger stimulus is indeed greater in intensity than the

smaller stimulus (compare baseline to confound for healthy controls in Figure 5.3).
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Figure 5.2: Diagram of Amplitude Discrimination
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Figure 5.3: Task improvement for impaired populations

This metric is robustly consistent across the age spectrum for healthy controls
(Zhang et al, 2011b). The telling metric is the percent difference between the baseline and
confound measures, and is referred to as the adaptation metric. Note that in the migraine
and concussion subject populations, the baseline metric is slightly elevated, but more

significantly, the impact of the confound on the perceptual task is materially reduced. The
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larger values for the confound in the healthy controls indicate that those subjects adapted -
or habituated - normally, while the other two subject populations did not. This
phenomenon is why, for example, someone with a migraine is more annoyed by a loud
noise or bright light than a healthy patient—their brain cannot habituate normally.

Neuro-adaptation. Repetitive stimulation, such as occurs with the conditioning
stimulus described above, normally results in an overall decrease in cortical response. In
Figure 5.4, extracellular recordings are plotted in spikes/second (how frequently neurons
fired) in response to a 25Hz sinusoidal mechanical stimulus that is delivered to the skin for
3 seconds. Note that initially, the response is on the order of 60-75 spikes/second, but as
the stimulus continues, the response rate of the neurons decreases — down to

approximately 25 spikes/second (Whitsel et al, 2002).
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Figure 5.4: Extracellular response for 3s stimulation

Whenever there is a systemic cortical alteration, such as might occur with a
neurological deficit, it usually results in an imbalance in excitation and inhibition, and the
individual will not adapt normally. For this reason, they adapt less, and then outperform
healthy controls because the conditioning stimulus does not alter their perception: thus,

they perform better on a relative basis at the amplitude discrimination task post-illusory
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conditioning. A number of studies have been performed to examine changes in responsivity
of SI cortex to altered excitation. One early example is demonstrated in the figure at the
left (from our early work - see Juliano et al, 1989). Note the difference in the
extracellularly recorded response in the pre-drug (left side) vs. the post-drug (right side)
topical application of a very small amount of a GABA agonist, which produces hyper-
excitability to stimulation. The solid white bar at the top of the figure indicates when a
tactile stimulus was applied to the central pad of the cat’s forepaw. Increasing the
excitation level of the cortex leads to less of a decrease in responsivity to repetitive
stimulation (for review of dynamics involved, see Tommerdahl et al, 2010a) and will lead to
changes in adaptation (for recent discussions, see Tommerdahl et al, 2010b; Zhang et al,

2011a).
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Figure 5.5: Pre/Post application of topical GABA agonist

Adaptation metrics will quantitatively assess the degree to which an individual’s CNS
is impacted by their condition, and the more that an individual is impacted by the
neurological alteration, the less that performance will be impacted by adaptation. A
degradation in performance will not be observed in healthy individuals.

Sensory Metric Category #2: Functional Connectivity
Temporal Order Judgement. Determination of which stimulus came first, as depicted

at the left, describes an individual’s temporal order judgment (TOJ) capacity. Typically,
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healthy individuals have a TOJ capacity on the order of 30-40 msec. However, in the
presence of an illusory conditioning stimulus, healthy controls perform significantly worse

(Tommerdahl et al, 2007b).

Baseline llusory condition

Figure 5.6: Diagram of Temporal Order Judgement Task
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Figure 5.7: TOJ performance in impaired populations

Note that in each of the non-control subject populations in the graph above,
individuals perform approximately the same in the presence of the confound (see

Tommerdahl et al, 2007b and 2008 for more complete description). Functional connectivity
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between adjacent cortical regions normally leads to a reduction in TOJ performance in

healthy controls with the introduction of the confound, but not in CNS impaired individuals.
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Figure 5.8: Synchronization via sub-threshold stimuli

Functional Connectivity. Consider the results displayed above. Extracellular
recordings were obtained from SI cortical regions corresponding to D2 and D3 in a squirrel
monkey. The figure at the top indicates relative positions (on-RF vs off-RF) of electrodes in
somatosensory cortex (SI). When a vibrotactile pulse was delivered at D2 (note stimuli
pictured at left), a significant above-background response was evoked at D2 (top left
quadrant) but not at D3 (top right quadrant). When sub-threshold synchronized sinusoidal
stimuli were delivered to both digits prior to the pulse (bottom half of figure), the pulse at
D2 evokes a response in SI cortex at both the D2 and D3 representation. From this type of
data, we hypothesized that this response was the result of functional connectivity between
adjacent and/or near adjacent cortical ensembles, and that delivery of synchronized
conditioning stimuli would impact the topography of temporal perception, unless there was
a neurological deficit. Thus, this impact on temporal perception by illusory conditioning

makes healthy brains perform worse at the TOJ task.
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The degree to which a subject is impaired will be negatively correlated to the degree
with which TOJ is impacted by the illusory confound. Individuals who are not impaired will
perform worse at the TOJ task in the presence of the confound. Individuals without a
neurological impairment will not be able to perform as well as on the confounded task as on
the simple TOJ task.

Sensory Metric Category #3: Duration-Intensity Interactions.

Duration Discrimination. Typically, healthy individuals can accurately discern which of
two stimuli last longer (delivered sequentially) when there is approximately a 10%
difference (e.g., 500 vs. 550 msec). However, when the intensity of the shorter stimulus
duration is increased, an illusion that the stimulus is longer is created, and duration
discrimination capacity degrades (this is proportional to the increase in intensity; Francisco
et al, 2012). Note that in the graph below, the difference limen (DL) gets worse with the
introduction of the intensity confound for healthy controls. However, concussed and

migraine subjects do not get worse with the introduction of the intensity confound.
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Figure 5.9: Diagram of Duration Discrimination
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Figure 5.10: Duration Discrimination in impaired populations

Duration Intensity Interactions. We conducted several series of experiments in non-
human primates using high resolution optical imaging methods (Simons et al, 2005, 2007).
Observations from those experiments demonstrate that increasing the stimulus amplitude
results in an increasing duration of the optical response (see figure to left); note the

different durations of response for different magnitudes of stimulation).
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Figure 5.11: Effects of Amplitude modulation on OIS time-course.

Additional experiments examining the source of the optical signal (Lee et al, 2005)
led us to hypothesize that if neuron-glial interactions were significantly impacted, such as

they would be with neuro-inflammation, the response duration of the optical signal would
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not be different with an increase in amplitude. Thus, we hypothesized that neuro-
inflammation would lead to a reduction in the impact of the intensity confound on an
individual’s duration discrimination capacity.

The impact that an intensity confound has on duration discrimination capacity will be
reduced with an increase in neurological impairment. Thus, subjects without impairment
will not be able to outperform their baseline test.

Sensory Metric Category #4: Feed Forward Inhibition.

Stimulus Detection Threshold. The purpose of this metric is to determine the
minimum stimulus that an individual can detect. This is accomplished by asking the subject
to compare two stimuli — with one of them being zero - and tracking to their “static”
detection threshold value. “Static” means that the stimulus (the larger one pictured to the
left) does not change size during a test trial. The perceptual task that utilizes the illusory
confound implements a “"dynamic” or modulated stimulus. It starts out at a null value and
increases in amplitude at a pre-determined rate (figurine at right). Even though the
stimulus is not initially perceived by the subject, it has the effect of raising the subject’s
threshold. In other words, sub-threshold, or non-detectable, stimuli have an effect on
perception, and the cortex tends to ignore the stimulus until it is much larger.

Dynamic thresholds have been demonstrated to be significantly elevated in healthy
controls across the age spectrum (Zhang et al, 2011b). The significance of this is that
although static threshold changes with age (due to skin physiology), the ratio between the
two measures remains relatively constant. However, individuals with various types of CNS
impairments (e.g. vulvodynia) demonstrate a reduction in that ratio, even though static
thresholds remain the same (Tommerdahl et al, 2010; Zhang et al, 2011a). Thus, these
impaired individuals outperform healthy controls in terms of ratio of dynamic to static
thresholds. The graphs below summarize the results that we have obtained from several

such populations.
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Figure 5.12: Diagram of Detection Threshold
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Figure 5.13: Static vs Dynamic Detection Thresholds across age groups
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Figure 5.14: Static vs Dynamic Ratio in impaired populations

Feed Forward Inhibition. The role of sub-threshold stimulus-evoked inhibition - feed-
forward inhibition and the role of within-column connectivity. A major well-documented

feature of cortical functional organization is the presence of prominent feed-forward
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inhibition in the input layer 4, in which local layer 4 inhibitory cells receive direct
thalamocortical input and in turn suppress responses of neighboring layer 4 excitatory cells
to their thalamocortical drive, thereby sharpening their RF properties (e.g., Douglas et al.
1995; Miller et al. 2001; Bruno and Simons 2002; Alonso and Swadlow 2005; Sun et al.
2006; Cruikshank et al. 2007). These inhibitory cells are more responsive to weak (near-
threshold) afferent drive than are the excitatory layer 4 cells, and thus, sub-threshold or
weak stimulus inputs will have the effect of raising the threshold at which excitatory layer 4
cells begin to respond to peripheral stimuli. In terms of sensory testing, this means that
utilization of two different types of threshold tests — one with and one without subthreshold
stimulus conditioning - should yield very different outcomes.

Deficiencies in the underlying mechanisms that support feed forward inhibition will
result in significant reductions in the differences observed between static and dynamic
thresholds of neurologically impaired subjects.

Enhancing Sensory Performance to Derive Measures of CNS Performance.

It has long been established that there are numerous conditions that will enhance
performance on sensory perceptual tasks (for review, see Tommerdahl et al, 2010a). Just
as specific illusory conditioning stimuli can be used to make performance worse for healthy
individuals, but not for impaired individuals, some types of conditioning can enhance
performance on a sensory task. This would be somewhat analogous to having someone

read an eye chart before and after putting on the correct pair of eye-glasses.
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Figure 5.15: Applications Can Also Enhance Healthy Performance

The graph above summarizes this concept, which has been demonstrated in a
number of studies (Tannan et al, 2005a, 2005b, 2006; Tommerdahl et al, 2005, 2006,
2010a, 2010b; Zhang et al, 2008, 2009; 2011a; Francisco et al, 2011, 2012). The key
metric with this type of paired test would be the improvement in performance between the
baseline and enhanced condition. For example, adaptation metrics - previously described
as being derived from the use of an illusory conditioning stimulus — can be derived by
obtaining measures reflecting the improvement in performance in certain tasks.
Optimization of performance can be achieved with optimal conditions for a number of
hypothesis driven tests, such as were described above for the illusory conditioning stimuli in
Part I, and this parametric approach has been used to demonstrate heterogeneity across

the autism spectrum (Francisco et al, 2011, 2012).

66



=8 8 8 & &

Figure 5.16: Cortical Contrast Enhancement Aids Perceptual Differentiation

With specific times of stimulation, particularly those that are repetitive, contrast
enhancement is improved in the cortex and differentiation of sensory percepts is enabled.
The two plots below were obtained from observations of somatosensory cortex (via optical
imaging) and demonstrate that with time, the response becomes much more distinct (for
full description and discussion, see Tommerdahl et al, 2002, 2010a). This improvement in
contrast has been demonstrated to rely on both GABAergic and NMDA receptor mediated
mechanisms, (Tommerdahl et al, 2010), and thus would be sensitive to changes in the

status of those mechanisms, which play key roles in many neurological deficits/disorders.
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Figure 5.17: Cortical Metrics are Make it Difficult to Feign Impairment
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Why bother with non-illusory conditioning tests? First, there are many such tests
that have been performed on many different neurologically impaired subjects, both by our
group and by others, and this foundation of research greatly facilitates interpretation of
data. Second, these measures provide a baseline for subjects who may attempt to feign
impairment. For example, we often obtain two metrics of adaptation from a subject - one
with an illusory conditioning stimulus, and one with a non-illusory conditioning stimulus, and
the metrics correlate extremely well. If a subject attempts to feign impairment, they will do
poorly on the non-illusory test, but they will not outperform healthy controls on the illusory

condition. The graph above summarizes this discrepancy in subject profiles.

~ feed-forward inhibition

adaptation

05
80
40 &0

20
synchronization

® - control
® - concussed

Figure 5.18: 3D Plot Demonstrating Separation Between Control and Impaired Populations

Analysis and Application

Just as a clinician would not base a full diagnosis of a patient by how they respond to
only one question, we query subjects with multiple tests. A typical battery lasts 20-30
minutes, and this yields between 5 and 8 parameters (i.e., answers to different questions)
that can be used to build a profile of a patient or subject. A 3-dimensional plot of two
subject populations (controls vs. concussed) demonstrates how these populations can be
differentiated. However, to fully appreciate the differences between subject populations, we

utilize mathematical approaches that allow for the utility of more than 3 parameters. The
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plot below was generated via PCA analysis with 5 parameters and differentiates concussed
(orange) vs. non-concussed individuals with a 95% confidence level (via Hotelling's t-square
statistic). With optimization of protocols and better parameter selection, we expect this to

get much more precise.

Figure 5.19: PCA Plot with 5 Paramters Differentiates Subject Populations

SVM (support vector machine; a machine learning algorithm) can be trained via
clinical assessments to identify the markers that are most sensitive to different neurological
categories as well as the sub-categories that might emerge. SVM utilizes all parameters in
addition to clinical diagnostics to learn where segregation of data and/or categorization of
groups occur. Data mining of the generated database will be utilized to optimize

parameters for determination of degree of neurological impairment.
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CHAPTER 6: FUTURE DIRECTIONS
Reduce Reliance on 3rd Party Data Acquisition

One of the biggest challenges we have faced since the initial publication of the CM4
vibrotactile stimulator was due to its reliance on the National Instruments DAQ board.

When the CM4 was being designed, there were few commercial options available that met
the standards necessary for the first prototype. The most important feature was a USB
connection. Most traditional DAQ boards are integrated directly into a desktop PC through a
PCI expansion slot, thus making them essentially unusable in a portable environment. At
the time, there were other options for USB DAQ systems, but none of them provided four
independent but synchronizable output (DAC) channels with the necessary precision (both
ADC and DAC) to ensure +/- 1 micron accuracy. The USB-6259 far exceeded all of these
requisites, but came at a cost. The DAQ portion was contributing almost 50% to the final
materials cost of each stimulator. For the initial prototype, however, it was not worth the
time investment required to create and test a custom DAQ solution.

After moving beyond the prototypal stage, the drawbacks of being tied to an
expensive and vastly overpowered DAQ system started to outweigh the research time
investment necessary to replace it. A complete redesign of the CM4 electronics took place.
We decided to embed a generic 32-bit microprocessor (PIC32MX family) that would handle
USB communication to the PC-based GUI as well as communication with discrete 16-bit ADC
and DAC integrated circuits (ICs). Communication between the ADC, DAC and PIC32 was
accomplished through the high-speed serial-peripheral interface (SPI) at rates up 40MHz.
Simultaneously, the analog position control circuitry was eliminated and replaced by a
digital PID algorithm. In addition to these changes, a custom H-bridge driving amplifier was

designed to replace the high-cost solution in place in the CM4. Accomplishing this allowed
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us to then replace the expensive dual-sided power supply that powered all of the analog
amplifiers. The total cost of materials for the new stimulator, the CM5, was reduced by
96%. This is even more noteworthy considering that the CM4 was already an order of
magnitude cheaper to produce than competing vibrotactile stimulators that are not even
close to being portable. This cost reduction is crucial for clinical applications of cortical
metrics.

The past six months has been a period of rapid development for the entire CM
ecosystem. All new hardware has been prototyped while the previous version is maintained
for distribution to our collaborators. This has led us to implement a more controlled
development pipeline. Most of the new hardware research and development is focused on
expanding the demonstrative capabilities. This is almost entirely an engineering task at this
point, as the basic science has already started to be replicated and validated by researchers
in six countries across the globe. At the same time, we are supporting and maintaining
legacy systems for our ongoing clinical collaborations. We simply do not have the resources
available to build and distribute CM devices to meet the demand. Streamlining the
hardware development pipeline will be the first step to continued success over the next 6-12
months.

Hardware-wise we have transitioned from a Microchip PIC32 microcontroller to an
ARM based STM32F4 microcontroller. This transition gave us a boost to several key aspects
of future development. First, the raw computational power of the STM32F4 is significantly
higher than that of the PIC32. This frees up more clock cycles to allow for implementation
of additional sensors, such as for monitoring heart rate. Additional speed improvements are
provided by the STM32’s hardware digital signal processor (DSP) and floating-point unit
(FPU). Currently, the implementation of the discrete position control algorithm on the
PIC32 requires several dozen CPU cycles. This same algorithm leverages the hardware DSP
of the STM32, reducing the number of required cycles by nearly 75%. Another advantage

of the STM32 is its integrated 12-bit analog to digital converter (ADC), capable of 2.4 million
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samples per second. This allows enough accuracy for a consumer level CM device to be
developed without the need for an external high-precision ADC. Finally, the new hardware
will hopefully address the long-term reliability issues we have experienced with previous
revisions of the CM device. Research tools are notoriously fragile, so increasing the
ruggedness of the device will be essential when moving to a primarily clinical environment.

The software development has at the very least kept pace with the hardware. A key
component to future success of the CM platform is the generation of a comprehensive
ontological database of sensory assessment data. A large database will allow for improved
analysis techniques leveraging advanced mathematical models (e.g. principal component
analysis (PCA)) for more effective differential diagnostic power. These mathematical tools
can in turn accelerate the optimization of our assessment protocols, hopefully leading to
shorter testing times that are thus less susceptible to problems like subject fatigue. The
most recent revision of the software interface is the first step in that direction. Switching to
an open-source web based software model allows for synchronization of client software with
a secure online database and simultaneously streamlines the entire collaborative process for
both researchers and clinicians. Also, the transition of programming languages from C# to
Javascript provides a larger portion of the general public with a way to enhance the CM
platform through 3rd party addons.
Therapeutic Potential

Up until now, we have primarily focused on using the vibrotactile capabilities of the
CM system (hardware and software together) as a diagnostic tool for neurological disorders.
Our overarching mission is to improve the standard of care for patients with neurological
disorders, so facilitating a differential diagnosis of these disorders is only one half of the
puzzle. One possible future direction that we could take would be to explore the capacity
for vibrotactile stimulation to be used as a therapeutic treatment. Given the well
documented existence of a perceptual relationship between innocuous touch and pain

pathways (e.g. touch-gating of pain (Apkarian 1994), vibrotactile analgesia (Wall 1960)) as
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well as experimental evidence that at least some portion of this interaction, at least for
chronic pain, takes place in the primary somatosensory cortex (SI) (Vierck 2012), it seems
likely that vibrotactile stimulation could be used therapeutically to treat certain types of
pain.

Our understanding of the neural encoding of pain signals in both the peripheral and
subcortical central nervous systems exceeds our understanding of how this information is
processed cortically. Several studies by Willis et al circa 1978 demonstrated that dorsal
horn neurons with thalamic projections maintain or combine response characteristics of
various classes of peripheral nociceptors. They also demonstrated that the response of SI
neurons was sufficiently similar to those in the dorsal horn and thus suggested that SI
merely preserves a painful response, but does not transform it. At first glance, this would
suggest that if mechanisms such as innocuous touch modified our perception of pain, it
would have to be done either at the peripheral level, or in higher-order processing cortical
levels receiving pain signals from SI. It has since been shown that experimental conditions
play a significant role in the response of SI simultaneous nociceptive and vibratory inputs
(Vierck 2012). One such condition was noted to be the level of anesthesia. Studies that
have shown little variation in SI and dorsal horn responses to nociceptive inputs have relied
on deep sedation techniques that have also been shown to both reduce and fundamentally
alter neuronal responses (Favorov 1987). Vierck and colleagues went on to show that long
lasting nociceptive input shifts the cortical response from the more posterior areas 3b and 1
to the anterior 3a. This suggests that chronic pain signals could be functionally

transformed in the primary somatosensory cortex and are therefore susceptible to
cortical modifications known to target SI. While a CM device could be easily modified into a
system capable of treating forms of minor to moderate acute pain by exploiting the
aforementioned ‘touch-gate’, this type of pain is easily treatable pharmacologically with few
noticeable side effects, so it would probably not be worth pursuing for possible clinical

applications.
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The form of chronic pain for which a vibrotactile system would have the greatest
chance of being used as a successful beneficial therapy would be carpal tunnel syndrome.
Carpal tunnel syndrome (CTS) is a form of neuropathy characterized by paresthesias and
pain in digits 1, 2 and 3. These digits are all innervated by the median nerve and repetitive
and long term compression of the median nerve is thought to be the underlying cause of
CTS. Recently, a cortical complication of CTS was observed by Napadow and colleagues in
2006. Using Functional magnetic resonance imaging (fMRI), they found that the cortical
distance between areas of SI somatotopically mapped to the affected digits was significantly
less than that of healthy controls. This shift was concluded to be consistent with Hebian
plasticity due to the correlated changes in median nerve afferent drive associated with

paresthesias.
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Figure 6.1: Functional MRI Activation in Patients with CTS



Traditionally, CTS is treated either with short term injections of corticosteroids or via
surgery to sever the carpal ligament and thus widen the carpal tunnel, both of which have
obvious negative side effects. Napadow et al explored acupuncture (effectively a long term
conditioning stimulus) as a possible alternative treatment for CTS based on their earlier
findings of altered cortical organization. They published in 2007 that they were able to use
acupuncture induced plasticity to laterally shift the cortical representation of D2 (thereby
increasing cortical separation between D2/D3). This shift was also significantly correlated to
a reduction in paresthesias. Based on these, I believe the same results could be
accomplished using a vibrotactile stimulator. I would also anticipate that passive
vibrotactile protocols could be developed that would be even more effective in inducing
cortical plasticity due to the ability of the CM device to easily and continually produce novel

stimuili.
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Figure 6.2: Cortical Digit Separation in SI for Patients with CTS

Outside of the realm of pain, the CM system as a whole could be used to provide

therapeutic biofeedback to a wide range of neurologically impaired populations. There are
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many complex sensory tasks that invoke higher-order cortical processing that could be
developed to improve brain functions such as working memory (WM). We have already
developed a form of the ‘Simple Simon’ game that can measure working memory. Using
this task as a WM training exercise would just be a matter of repetition, and improvements
in WM resulting from repetitive training has been shown to translate to other tasks
(Klingberg 2010), thus demonstrating an improvement in brain function. Additionally and
more interestingly, we are currently integrating extra biological sensors to measure things
such as heart rate during our behavioral protocols. Since heart rate has been shown to
correlate with stress, this information could be utilized in the creation of new tasks to
promote stress reduction therapies. We have also just recently demonstrated a
sensorimotor feedback protocol leveraging the raw power of the CM device’s voice coil
actuators (VCAs). The task requires the subject to deliver a fixed amount of force to the
probe tips simultaneously. We provide a graphical interface with a couple of vertical
progress bars to display the amount of force currently being exerted on the probes. We can
then set a target position on these progress bars and measure how effectively a subject can
control his/her gripping force. This type of protocol could be used in rehabilitation programs
for many types of injuries that result in degradation of fine motor control.
Possibilities for Use with Large Non-Primate Mammals

A large portion of the fundamental biological basis for the aforementioned portable
CNS diagnostic platform comes from in-vivo electrophysiological recordings and cortical
optical imaging in non-human primates, specifically squirrel monkeys. Non-human primates
were a natural first choice for correlating the results of invasive cortical observations due to
their genetic similarities with humans. Primate research however has become more
expensive and more restrictive in the U.S. in recent years, allowing for the exploration into
non-primate animal models. An advantage of a large non-primate mammal model with a
physiology similar to that of humans lies in the realm of trauma. CNS impairments, such as

traumatic brain injury (TBI) from high force trauma, are best explored on mammals with a
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mass and tissue density more similar to humans than small primates. A porcine TBI model
has been gaining traction in the scientific community in the past several decades, so
adapting the diagnostic platform to allow for correlation to these models could provide
significant advancements in treatment methodology.

Optimal Location for Stimulation

Porcine models have become more popular in the past several decades primarily due
to their biology being more similar to that of humans than more traditional mammal models
such as rats or cats. The body surface areas of pigs and humans are more similar than
other animal models, and some of their vascular structures are similar enough to be
transplanted into humans (Swindle 2008).

Somatosensation relies on input from receptors in the skin, so the first design
consideration would be to figure out how similar the dermis/epidermis of a pig is to that of a
human. Luckily, that has already been done, and the porcine model has been popular in the
field of dermatology for many years now (Swindle 2008). One thing to note here is that
skin thickness does depend on the breed of the pig, so most dermatological studies have
focused on miniature pigs of the Yucatan, Sinclair, and Hanford breeds. Humans have an
average epidermal thickness ranging from 50-120um (Sauleau 2009), while mature Yucatan
pigs average 40-100um depending on the location. The dorsum of the neck and back are
thickest on pigs, so transmitting vibrations to receptors in the dermal layer could prove

more difficult in those locations.
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Figure 6.3: Porcine Rostral Receptive Field Mapping

Since the porcine periphery is similar enough to that of a human, the next step is to
factor in cortical representations of each possible mounting location. The primary

somatosensory cortex of the neonatal pig was mapped using electrophysiological recordings
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by Craner and Ray in 1991 (Craner et al 1991, Figure 6.4). Somatotopy was found as
expected, with the largest area of SI being devoted to the rostrum (snout). This makes
sense since the snout is the pig’s primary tool for exploring its environment, much like
hands for humans. Thus, from a cortical standpoint, the snout would be the best location for
delivering controlled somatosensory input.

One of the most important nuances of our somatosensory testing in humans is the
reliance on an orderly cortical organization for generating interactions between adjacent
cortical regions. In the healthy human somatosensory cortex, regions somatotopically
mapped to the fingertips are lined up with essentially no overlap between digits 2, 3 and 4.
Digit 5 does have some overlap with digit 4 though, which makes performing independent
motor tasks with those fingers difficult for most people, and also leads to performance
reductions in sensory discrimination tasks using those digits. If we are to replicate our

findings in pigs, we’ll need a solution that can effectively stimulate adjacent cortical areas.
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Figure 6.4: Porcine Forelimb Receptive Field Mapping
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Practically speaking, mounting a vibrotactile probe in such a way that it could
stimulate the snout could prove to be extremely challenging, especially without impeding
the pig’s ability to navigate its environment effectively. In behavioral tasks, the snout is
most often the tool used to access the reward, for example by pushing a lever (4). A
mounted probe tip could impede this ability and thus add additional confounds to a
behavioral study unintentionally. Looking at the receptive field mappings in the Craner and
Ray paper (Fig. 2), it seems like the next-best spot would be the forelimbs. The downside
of the forelimbs is that the receptive fields are rather large, so simultaneous stimulation of
two or more points runs the risk of being perceived by the animal as single-site stimulation,
thus making comparisons of multiple simultaneous stimuli significantly more difficult.
Despite that risk, mounting a pair of vibrotactile probes to the forelimbs could potentially be
much easier, and thus worth exploring as a possible ‘Plan B’.

Necessary Device Modifications

While the choice of actuator design would be dictated by the location chosen, the
control board for the CM-6/BG-1 could be used as-is. A few additions would have to be
made for convenience. First, the BG-1 is designed to both communicate with and draw
power from a PC via a USB cable. A wearable solution, for pigs (or otherwise), would
require a Li-ion battery (or two) and a wireless communication module, which would be
fairly trivial as the BG-1 board already exposes a both high-speed SPI and medium speed
USART interface for future expansion. I would probably select the Roving Networks RN-
42® Bluetooth® module as it has a UART port and comes with a Bluetooth® HID profile
already built-in. A software migration would be trivial at that point as the data packets
would be identical to their current form. The whole package only weighs a few ounces and
could be easily strapped to even the smallest of pigs with some nylon fabric and Velcro in a
fashion similar to a service animal’s harness.

The actuators might have to be modified based on the desired stimulus location. To

stimulate the rostrum, they would have to be much smaller than the current version. One
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possibility for that would be to use a CM3 piezo actuator with a smaller arm bar linkage and
probe tip. The downside is that a new position sensor mounting would have to be
developed as well. A smaller position controlled VCA would be ideal, possibly with a fixed
coil instead of fixed magnet. I would suggest targeting either receptive fields 3+4 or 4+5
(Fig. 1) on the dorsolateral edges of each nostril for a total of 4 actuators. This would
hopefully leave enough of the rostrum exposed for the pig to navigate its environment
effectively.

If ‘Plan A’ fails and we were forced to stimulate the forelimbs instead of the rostrum,
we could probably get away with the current VCA in a package similar to the primate
version of the probes. Unlike the primate version, we wouldn’t want to expose too much of
the probe tip to the elements in order to protect it from damage as the pig moves around.
Mounting two primate tips side by side in opposing directions should give enough separation
along the upper forelimb to stimulate receptive fields 7 and 8 as shown in Figure 2. This
setup would be mirrored for the other forelimb, for a total of 4 actuators.

The mounting configurations would also be slightly different depending stimulation
site, but both could be relatively simple modifications of existing designs. The rostrum
actuators could be affixed to a muzzle, while the forelimbs could be affixed to the same
harness that would hold the control circuitry. In both cases, I would most likely choose to
design a housing with a strap tunnel adjacent to the probe tip so that it could be placed
anywhere along a harness or muzzle strap. Most animal body harnesses are designed with
adjustable straps anterior and posterior to the limbs, leaving the upper forelimb exposed
almost perfectly above the targeted forelimb receptive field areas. The forelimb mounting
strap would run from the anterior to the posterior harness straps while passing through the
tunnels of both actuators. The strap could be loosened or tightened to adjust the amount of
contact force from each actuator, and strap stops on either side of the assembly would allow
the pair of actuators to be repositioned in multiple configurations along the strap to adjust

for the shape of each animal.
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Preventing damage to the actuators will probably be the biggest consideration for a
successful mounting setup. Pigs like to roll around in the mud, and even the more
manageably sized miniature pigs still clock in around 60Ibs, therefore ruggedization will be
unavoidable to ensure they can take a few bumps during the cognitive task training. The
most likely damage to rostrum mounted stimulators would come from the animal’s natural
tendency to explore the ground with its snout. Thus, if the actuators are not sufficiently
dorsal, they could easily end up being dragged through the mud. Damage to a forelimb
mounted assembly would post likely be from inadvertent boundary collisions as they would
most likely protrude farther laterally than the belly of the pig. That could be minimized by
using smaller actuators like those proposed for rostral stimulation.

Test and Training Paradigms

Once the hardware is mounted and vibrotactile stimulation is delivered, we have to
ask: Is the pig capable of performing a simple cognitive task with the presented sensory
information? The literature seems to suggest, yes. A 2011 article by Gieling et al. serves as
a review of the porcine cognitive ability and affirms that pigs can perform basic cognitive
tasks with rapid learning when the task is properly designed. Most of the studies reviewed in
the Gieling paper talk about gauging learning and memory functions using mazes with
either positive or negative (stress-inducing) reinforcements. Positive rewards are usually
either a sweet treat like an apple, or a social reinforcement such as access to its siblings
and/or mother. To make the gustatory rewards even more appealing, food deprivation is
commonly utilized prior to task training.

Based on those studies, I would propose a very simple task to test a pig’s ability to
differentiate various properties of simultaneous vibrations such as amplitude or frequency.
A bilateral task would be easiest, as it would avoid the possibility of overlapping peripheral
receptive fields. The pig would be placed in front of a gate. In front of the gate would be
two identical paths, one of which leads to a positive reinforcement reward. At the start of

the task, two simultaneous supra-threshold vibrations of sufficiently differing amplitude
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would be delivered to both of the upper forelimbs. The limb that receives the higher
amplitude vibration will indicate the correct path to the reward. As soon as the vibrations
complete, the gate is opened and the pig is able to choose a path. The experiment could
easily be modified to coerce the pig to activate a lever with its snout to dispense the reward
instead. During the training, the vibrations would leverage Weber’s Law and use a scaled
difference limen so that the animal doesn't just learn to differentiate from a single fixed
stimulus and actually selects based on proportional amplitude. Once (if) the pig has been
trained to perform this task with high accuracy, the amplitude of the stimuli can be
modulated such that the difference between the two amplitudes becomes progressively
smaller. When the pig starts to select the wrong path (or lever), we can assume that its
ability to differentiate the amplitudes has been sufficiently impaired, and the difference
limen is calculated just as it is for humans. Additional layers of complexity could be added
to this task rather easily. For example, the maze could be free roaming, using positional
triggers to start a vibration as a big approaches either a fork in the maze or pair of snout
levers.
Possible Experimental Pitfalls

Most of the possible pitfalls will lie in possible cues unrelated to the tactile vibrations.
The most likely of which is an auditory cue. This would definitely be the case if using a
piezo actuated probe. The current version of the CM stimulator uses a 20kHz
sampling/update rate so that noise generated by the switching of the transistors in the
driver circuit is beyond the audible range of human hearing. Pigs have been found to
respond to a wider range of auditory frequencies, up to 41kHz (Gieling 2011). To test for
this confound, we could simply offset the probes from their mounting points on the skin and
see if the pig is still able to select the proper path with above-chance accuracy. In that
case, a possible solution would be to raise the sampling rate to the 50kHz range.

Consequently though, we would end up losing accuracy in the PWM signal generation. Other
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alternatives could simply be to use ear plugs/muffs as is common in human studies, or add
a white noise generator of sufficient volume to mask the transistor switching.

The second most likely cue would be olfactory. If the pig is able to smell the reward,
we would know right away as accuracy would be higher than chance from the beginning of
the task training session. The type of reward could simply be changed to be odorless, or if

necessary, a more extreme bulbectomy could be performed (Gieling 2011).
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APPENDIX 4.3: SAMPLE XML PROTOCOL BATTERY

<Battery>
<Protocol Name="Simple" Namespace="CorticalMetrics.Protocols.RT"
AssemblyLocation="RT.dl11l" Comments="">
<ProtocolStandardvVariables xmlns:xsi="http://www.w3.0rg/2001/XMLSchema-
instance" xmlns:xsd="http://www.w3.0rg/2001/XMLSchema" id="vars">
<Comments />
<LeadLagTime>0</LeadLagTime>
<IntervalBetweenAdaptAndTest>0</IntervalBetweenAdaptAndTest>
<ITI>3000</ITI>
<NumTrials>20</NumTrials>
<Bias>-1</Bias>
<StepSize>0</StepSize>
<MinVal>0</MinVal>
<MaxVal>800</MaxVal>
<StartInterprobeDistance>0</StartInterprobeDistance>
<HeatPadTemp>0</HeatPadTemp>
<TrainingTrials>1</TrainingTrials>
<StimControlMode>Position</StimControlMode>
<StimulusLocation>UL-D2,D3</StimulusLocation>
<HandUsed>L</HandUsed>
<MalingeringTrials>0</MalingeringTrials>
</ProtocolStandardvVariables>
<Stimulus xmlns:xsi="http://www.w3.0rg/2001/XMLSchema-instance"
xmlns:xsd="http://www.w3.0rg/2001/XMLSchema" id="Stiml">
<Amplitude>300</Amplitude>
<Frequency>25</Frequency>
<Duration>40</Duration>
<Phase>0</Phase>
<Indent>500</Indent>
<IndentToStim>0</IndentToStim>
<StartTemp>0</StartTemp>
<Diameter>3</Diameter>
<Shape>Circular</Shape>
</Stimulus>
<Stimulus xmlns:xsi="http://www.w3.0rg/2001/XMLSchema-instance"
xmlns:xsd="http://www.w3.0rg/2001/XMLSchema" id="Stim2">
<Amplitude>0</Amplitude>
<Frequency>25</Frequency>
<Duration>40</Duration>
<Phase>0</Phase>
<Indent>500</Indent>
<IndentToStim>0</IndentToStim>
<StartTemp>0</StartTemp>
<Diameter>3</Diameter>
<Shape>Circular</Shape>
</Stimulus>
</Protocol>
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<Protocol Name="Dual Site" Namespace="Amplitude"
AssemblylLocation="Amplitude.dl1l" Comments="">
<ProtocolStandardVariables xmlns:xsi="http://www.w3.0rg/2001/XMLSchema-
instance" xmlns:xsd="http://www.w3.0rg/2001/XMLSchema" id="vars">
<Comments />
<LeadLagTime>0</LeadLagTime>
<IntervalBetweenAdaptAndTest>0</IntervalBetweenAdaptAndTest>
<ITI>5000</ITI>
<NumTrials>24</NumTrials>
<Bias>2</Bias>
<StepSize>1</StepSize>
<Minval>1</MinVal>
<MaxVal>2000</MaxVal>
<StartInterprobeDistance>32</StartInterprobeDistance>
<HeatPadTemp>0</HeatPadTemp>
<TrainingTrials>3</TrainingTrials>
<StimControlMode>Position</StimControlMode>
<StimulusLocation>UL-D2,D3</StimulusLocation>
<HandUsed>L</HandUsed>
</ProtocolStandardvVariables>
<Stimulus xmlns:xsi="http://www.w3.0rg/2001/XMLSchema-instance"
xmlns:xsd="http://www.w3.0rg/2001/XMLSchema" id="Stiml">
<Amplitude>0</Amplitude>
<Frequency>33</Frequency>
<Duration>1000</Duration>
<Phase>0</Phase>
<Indent>500</Indent>
<IndentToStim>0</IndentToStim>
<StartTemp>0</StartTemp>
<Diameter>3</Diameter>
<Shape>Circular</Shape>
</Stimulus>
<Stimulus xmlns:xsi="http://www.w3.0rg/2001/XMLSchema-instance"
xmlns:xsd="http://www.w3.0rg/2001/XMLSchema" id="Stim2">
<Amplitude>20</Amplitude>
<Frequency>33</Frequency>
<Duration>1000</Duration>
<Phase>0</Phase>
<Indent>500</Indent>
<IndentToStim>0</IndentToStim>
<StartTemp>0</StartTemp>
<Diameter>3</Diameter>
<Shape>Circular</Shape>
</Stimulus>
</Protocol>
<Protocol Name="Dual Site Sequential DS"
Namespace="CorticalMetrics.Protocols.Duration"
AssemblyLocation="Duration.dll" Comments="">
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<ProtocolStandardVariables xmlns:xsi="http://www.w3.0rg/2001/XMLSchema-
instance" xmlns:xsd="http://www.w3.0rg/2001/XMLSchema" id="vars">
<Comments />
<LeadLagTime>500</LeadLagTime>
<IntervalBetweenAdaptAndTest>0</IntervalBetweenAdaptAndTest>
<ITI>5000</ITI>
<NumTrials>20</NumTrials>
<Bias>2</Bias>
<StepSize>25</StepSize>
<Minval>525</MinVal>
<MaxVal>1000</MaxVal>
<StartInterprobeDistance>32</StartInterprobeDistance>
<HeatPadTemp>0</HeatPadTemp>
<TrainingTrials>3</TrainingTrials>
<StimControlMode>Position</StimControlMode>
<StimulusLocation>UL-D2,D3</StimulusLocation>
<HandUsed>L</HandUsed>
<MalingeringTrials>0</MalingeringTrials>
</ProtocolStandardvVariables>
<Stimulus xmlns:xsi="http://www.w3.0rg/2001/XMLSchema-instance"
xmlns:xsd="http://www.w3.0rg/2001/XMLSchema" id="Stiml">
<Amplitude>400</Amplitude>
<Frequency>40</Frequency>
<Duration>500</Duration>
<Phase>0</Phase>
<Indent>500</Indent>
<IndentToStim>0</IndentToStim>
<StartTemp>0</StartTemp>
<Diameter>3</Diameter>
<Shape>Circular</Shape>
</Stimulus>
<Stimulus xmlns:xsi="http://www.w3.0rg/2001/XMLSchema-instance"
xmlns:xsd="http://www.w3.0rg/2001/XMLSchema" id="Stim2">
<Amplitude>300</Amplitude>
<Frequency>40</Frequency>
<Duration>750</Duration>
<Phase>0</Phase>
<Indent>500</Indent>
<IndentToStim>0</IndentToStim>
<StartTemp>0</StartTemp>
<Diameter>3</Diameter>
<Shape>Circular</Shape>
</Stimulus>
</Protocol>
<Protocol Name="Data Report" Namespace="CorticalMetrics.Protocols.Surveys"
AssemblyLocation="Surveys.dl1l" Comments="">
</Protocol>
</Battery>
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