
University of Nebraska - Lincoln
DigitalCommons@University of Nebraska - Lincoln
Public Access Theses and Dissertations from the
College of Education and Human Sciences Education and Human Sciences, College of (CEHS)

7-2016

ENCODING OF SALTATORY TACTILE
VELOCITY IN THE ADULT OROFACIAL
SOMATOSENSORY SYSTEM
Rebecca Custead
University of Nebraska-Lincoln, rcustead@huskers.unl.edu

Follow this and additional works at: http://digitalcommons.unl.edu/cehsdiss
Part of the Behavioral Neurobiology Commons, Biomechanics Commons, Digestive, Oral, and

Skin Physiology Commons, Medical Neurobiology Commons, Molecular and Cellular Neuroscience
Commons, Neurology Commons, Other Kinesiology Commons, Other Medicine and Health
Sciences Commons, Other Neuroscience and Neurobiology Commons, and the Rehabilitation and
Therapy Commons

This Article is brought to you for free and open access by the Education and Human Sciences, College of (CEHS) at DigitalCommons@University of
Nebraska - Lincoln. It has been accepted for inclusion in Public Access Theses and Dissertations from the College of Education and Human Sciences by
an authorized administrator of DigitalCommons@University of Nebraska - Lincoln.

Custead, Rebecca, "ENCODING OF SALTATORY TACTILE VELOCITY IN THE ADULT OROFACIAL SOMATOSENSORY
SYSTEM" (2016). Public Access Theses and Dissertations from the College of Education and Human Sciences. 273.
http://digitalcommons.unl.edu/cehsdiss/273

http://digitalcommons.unl.edu?utm_source=digitalcommons.unl.edu%2Fcehsdiss%2F273&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.unl.edu/cehsdiss?utm_source=digitalcommons.unl.edu%2Fcehsdiss%2F273&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.unl.edu/cehsdiss?utm_source=digitalcommons.unl.edu%2Fcehsdiss%2F273&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.unl.edu/college_educhumsci?utm_source=digitalcommons.unl.edu%2Fcehsdiss%2F273&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.unl.edu/cehsdiss?utm_source=digitalcommons.unl.edu%2Fcehsdiss%2F273&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/56?utm_source=digitalcommons.unl.edu%2Fcehsdiss%2F273&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/43?utm_source=digitalcommons.unl.edu%2Fcehsdiss%2F273&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/967?utm_source=digitalcommons.unl.edu%2Fcehsdiss%2F273&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/967?utm_source=digitalcommons.unl.edu%2Fcehsdiss%2F273&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/674?utm_source=digitalcommons.unl.edu%2Fcehsdiss%2F273&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/60?utm_source=digitalcommons.unl.edu%2Fcehsdiss%2F273&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/60?utm_source=digitalcommons.unl.edu%2Fcehsdiss%2F273&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/692?utm_source=digitalcommons.unl.edu%2Fcehsdiss%2F273&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/47?utm_source=digitalcommons.unl.edu%2Fcehsdiss%2F273&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/772?utm_source=digitalcommons.unl.edu%2Fcehsdiss%2F273&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/772?utm_source=digitalcommons.unl.edu%2Fcehsdiss%2F273&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/62?utm_source=digitalcommons.unl.edu%2Fcehsdiss%2F273&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/749?utm_source=digitalcommons.unl.edu%2Fcehsdiss%2F273&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/749?utm_source=digitalcommons.unl.edu%2Fcehsdiss%2F273&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.unl.edu/cehsdiss/273?utm_source=digitalcommons.unl.edu%2Fcehsdiss%2F273&utm_medium=PDF&utm_campaign=PDFCoverPages


 

ENCODING OF SALTATORY TACTILE VELOCITY IN THE ADULT 

 OROFACIAL SOMATOSENSORY SYSTEM 

 

by 

Rebecca Custead 

 

 

 

 

A DISSERTATION 

 

 

 

 

Presented to the Faculty of  

 

The Graduate College at the University of Nebraska  

 

 In Partial Fulfillment of Requirements  

 

For the degree of Doctor of Philosophy 

 

 

 

Major: Human Sciences 

 

 

 

 

Under the Supervision of Professor Steven M. Barlow PhD 

 

 

Lincoln, Nebraska 

 

 

July, 2016



 

 

 

 

ENCODING OF SALTATORY TACTILE VELOCITY IN THE ADULT OROFACIAL 

SOMATOSENSORY SYSTEM 

 

Rebecca Custead, Ph.D. 

 

University of Nebraska, 2016 

 

 

Advisor: Steven M. Barlow  

 

 

 Processing dynamic tactile inputs is a key function of somatosensory systems. 

Closely tied to skilled motor activity, neural velocity encoding mechanisms are crucial 

for both neurotypical movement production and recovery of function following 

neurological insult. To date, little is known about tactile velocity encoding in trigeminal 

networks that process complex cutaneous afferent information associated with facial 

sensation, proprioception, and oromotor feedback. 

 In this project, high resolution functional magnetic resonance imaging (fMRI) 

was used to investigate the neural substrates of velocity encoding in the human orofacial 

somatosensory system during saltatory (discontinuous, “jumping”) pneumotactile inputs 

to the unilateral orofacial skin in 20 healthy adults. A custom multichannel, scalable 

pneumotactile array was used to present 5 stimulus conditions: 5 cm/s, 25 cm/s, 65 cm/s, 

ALL-ON synchronous activation, and ALL-OFF. The spatiotemporal organization of 

cortical and subcortical blood oxygen level-dependent (BOLD) response as a function of 

stimulus velocity was analyzed using general linear modeling (GLM) of single-subject 

and pooled group fMRI signal data. 



 

 

 

 

 Results showed that unilateral, sequential saltatory inputs to the right lower face 

produced localized, predominantly contralateral BOLD responses in primary 

somatosensory (SI), secondary somatosensory (SII), posterior parietal cortex (PPC), 

primary motor (MI), supplemental motor area (SMA), and insula, whose spatial 

organization was dependent on velocity. Additionally, ipsilateral cortical and insular 

BOLD response was noted during slower velocity presentations (5cm/s, 25 cm/s).  In 

70% of the subjects (N=14), ipsilateral cerebellar BOLD response was seen during the 

slower velocities (5cm/s, 25cm/s) and the ALL-ON condition, in regions consistent with 

the dentate and interpositus nuclei.  

 These results indicate rapid neural adaptation via a scalability of networks 

processing temporal cues associated with velocity.  In addition to pure somatosensory 

response, activations of neural regions associated with motion production, perception, 

and planning may indicate close physiological ties with functional motor systems, and 

provide access to avenues for sensorimotor rehabilitation.  Based on these preliminary 

results, the current project has the potential to create a neurotypical hemodynamic 

response (HRF) model of cortical velocity processing networks following a novel 

velocity stimulation paradigm, which in turn could lead to new neurodiagnostic and 

neurotherapeutic applications.  
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CHAPTER ONE: INTRODUCTION 

 

 The processing of continuous tactile information is a key function of 

somatosensory systems. Closely tied to movement and skilled motor activity, accurate 

tactile percepts of direction and velocity are crucial mechanisms in both healthy 

movement production and recovery of function following neurological insult. To date, 

little is known about saltatory tactile velocity encoding in trigeminal somatosensory 

networks within the lower face of humans. 

 

Specific Aims 

To map the spatiotemporal organization of the cortical network which encodes the 

velocity of saltatory (discontinuous, ‘jumping’) pneumotactile stimuli (5 cm/s, 25 cm/s, 

65 cm/s) delivered through a 5-channel array of TAC-Cells positioned unilaterally over 

perioral and buccal skin surfaces in 20 neurotypical young adults (age 19-30 years).  

High resolution 3T fMRI was used to map the brain’s hemodynamic response to this new 

form of scalable pneumotactile stimulation, with saltatory velocity presentation order 

randomized along with two control conditions.  MRI signal processing and analysis  

focused on: (1) characterization of the overall neural response as a function of saltatory 

pneumatic stimulus velocity using whole brain, single-subject analysis, and (2) 

quantification of active neural networks for velocity processing (group-analysis) using 

general linear modeling (GLM) techniques. 
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Background, Significance, and Rationale 

Living organisms must move and interact continuously with the surrounding 

world. Accordingly, highly evolved plastic mechanisms within the nervous system allow 

for accurate interpretations of both incoming stimuli and internally-driven movement 

throughout the lifespan.  At any given time, the outside environment and somatosensory 

systems present a wealth of input to the cerebral cortex and subcortical structures which 

can be coded by various specialized networks. This coded information is crucial for 

successful motor planning and corresponding behavior.  Loss or impairment of sensory 

coding networks has a detrimental effect on motor function, while conversely, even 

partial recovery of sensory networks can have a profoundly beneficial effect on 

sensorimotor recovery in disease (Hamdy et al., 1998; Kaelin-Lang et al., 2002; Wu et 

al., 2006).   

The goal of the current study is to identify the neural networks responsible for 

encoding the saltatory traverse velocity of tactile stimulation presented to the perioral and 

buccal region of the human face. In many research paradigms, stimulation of the facial 

region in neuroimaging environments has proven to be technically challenging. Standard 

electromechanical- and piezoceramic/piezoelectric-based stimulating devices require feed 

wires and large source currents to function, both of which can interfere with MR signal 

acquisition, or become heated by radiofrequency pulses if not properly shielded 

(Harrington et al., 2000; Blankenburg et al, 2003; Antal et al., 2014; Lipworth et al., 

2015). Similarly, some pneumatic stimulators involve complex set-ups, and are not easily 

adapted to applications that include participants with neurological disease, or time-

restricted imaging paradigms (Servos et al., 1999; Briggs et al., 2004; Huang et al., 
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2007). The pneumotactile stimulator in the present study can be applied quickly to the 

skin of any population using double adhesive tape collars, and presents a form of 

saltatory tactile input that can be adjusted to fit unique study designs (Popescu et al., 

2013; Venkatesan et al., 2014; Custead et al., 2015; Rosner & Barlow, 2015). 

Characterization of the spatiotemporal organization of velocity networks in the 

facial somatosensory system of neurotypical participants is expected to lead to a long line 

of future projects, designed to unravel aspects of aberrant touch processing in brain 

disease and injury states.  Ultimately, the long-term research goal is to delve into the 

powerful link between sensory and motor systems in rehabilitation and functional 

recovery. This project represents a first step in a comprehensive line of research that will 

contribute to our understanding of somatosensory processing, neural circuit plasticity, 

and sensorimotor connectivity.  The following sections describe key elements of neural 

touch processing and current theories of velocity discrimination. Lastly, a method for 

comprehensive fMRI analysis of these processes is outlined, and applied to a cohort of 

neurotypical adults. 

 

Tactile Processing 

 

Mechanoreceptors and First Order Tactile Pathways 

 The reception of mechanical stimuli that is coded as tactile sensation 

(discriminative touch, pressure, vibration, temperature or injurious/noxious contact) 

occurs through a well-studied process of mechanotransduction.  For all mammals 
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including humans, the major region specified for mechanotransduction with the outside 

environment is the largest sensing organ in the body: the skin.  

 The volley of neural activity that result from contacting skin are mediated by 

different types of primary afferents and their specialized receptor terminals, each of 

which are tuned to encode select characteristics of incoming stimuli and are referred to as 

tactile units (Vallbo & Johansson, 1984). The cell bodies of the primary tactile afferent 

are located in the dorsal root (neck to feet) or the trigeminal ganglia (head and face), from 

which they extend fibers that are classified according to axon myelination and conduction 

velocity.  As such, Aα fibers are the largest myelinated afferent fibers with fast 

conduction times (120+ m/sec), and serve to innervate muscle spindle annulospiral 

endings.  Aβ fibers are the next largest with conduction velocities in the ~30-75m/s 

range, which innervate most light touch receptors in the skin including various corpuscle 

types (Ruffini, Pacinian, Meissner), Merkel complexes, a majority of hair follicles, and 

keratinocytes.  Aδ fibers are thinly myelinated (5-35 m/s), medium diameter fibers that 

serve sharp pain nociceptors, and lastly, C fibers are thin and unmyelinated (0.5-2 m/s), 

with distal processes that terminate as free nerve endings in peripheral tissue and are 

tuned to noxious thermal, chemical or mechanical stimuli through slow neuropeptide 

(substance P) or thermosensitive (TRP channels) mechanisms (Hursh, 1939; Johnson, 

2001; Christensen & Corey, 2007; Tsunozaki & Bautista, 2009). 

 At the receptor end of the tactile unit, many terminals have specialized endings 

that are incorporated into a matrix of surrounding, non-nervous tissue. This 

interconnection with skin layers allows receptors to be highly sensitive to mechanical 

distortion such as stretch, pressure, vibration, flutter, and location variability, all of which 
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contribute to direction and velocity information (Chouchkov, 1973; Valbo & Johansson, 

1984; Johnson, 2001).  

 Each mechanoreceptor’s membrane is endowed with stress-gated ion channels 

that respond to mechanical forces, resulting in a depolarization of the terminal ending.  In 

some instances, the frequency and extent of depolarizations are dictated by the duration 

and magnitude of the applied force (sustained force = sustained signaling), as in the case 

of slowly-adapting mechanoreceptors (SA) which tend to transmit low frequency, 

irregular or regular action potential signaling throughout sustained mechanical contact.  

In another population of mechanoreceptors, however, the generated potential is fast-

adapting (FA), and the responding afferent signals are transient bursts of action potentials 

that tend to fall silent between the initial onset and final offset of mechanical contact, and 

remain quiescent during sustained static load to the surface of the skin.  In addition to 

response pattern differences, both SA and FA receptors can be further subcategorized by 

the size and definition of their receptive fields. 

 For example, both SAI (Merkel complex) and FAI (Meissner’s corpuscle) 

mechanoreceptors are located near the skin surface and have small, distinct receptive 

fields.  In contrast, both SAII (Ruffini ending) and FAII (Pacinian and Golgi-Mazzoni 

corpuscle) receptors which lie deeper in the dermal layer have large, obscure receptive 

borders (Johansson et al., 1988; Johnson 2001; Mano et al., 2006; McGlone & Reilly, 

2010).  This arrangement and typing of receptors allows for a system of coding the 

all/none action potentials of tactile units into a much more complex and composite signal. 

 Touch processing therefore, begins with layers of coded information from finely 

tuned deformation- or stretch-sensitive units in the skin.  The percept of mechanical 
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intensity, direction and velocity starts with the sensitivity and range of individual 

mechanoreceptors (Essick et al., 1988; Edin et al., 1995; Essick, 1998; Bensmaia, 2008).  

Later, touch processing necessitates the integration of patterns of activity from regional 

groups of mechanoreceptors, and ultimately requires the temporal and spatial summation 

of those patterns by higher level, central divisions of the nervous system (Kohn & 

Whitsel, 2002; Tommerdahl et al., 2010).  

 

 

Figure 1.1  Human cutaneous mechanoreceptors.  Illustration shows receptor subtypes (a-

g), their corresponding response characteristics, receptive field boundaries and perceptual 

functions (modified from Delmas et al., 2011). 
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Second Order Tactile Pathways 

 The patterns of touch information obtained by peripheral receptors are conveyed 

to the central nervous system along somatotopically segregated pathways.  For body 

regions below the neck, mechanoreceptive signals pass from the distal (receptor) process 

of the first order neuron to the proximal (axonal) process which extends directly into the 

dorsal region of the spinal cord.  These first order neurons ascend ipsilaterally in 

designated tracts of the dorsal columns of the spinal cord, and make synaptic links to 

second order neurons in the gracile (lower trunk and legs) or cuneate (upper trunk and 

arms) medullary nuclei.  From there, the second order neurons decussate and make 

synaptic connections with third order neurons in the thalamus (ventral posterolateral 

nucleus, VPL) before ascending to cortex (Brown, 1981; Hendelman, 2006).  

 

 

Figure 1.2  Basic pathways for discriminative touch and pressure in regions below the 

head. 
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 For skin regions of the face and head, the trigeminal cranial nerve serves to 

innervate the facial mask, jaw (teeth) and intraoral mucosa and anterior 2/3rds of the 

tongue surface.  Similar to the spinal afferents, the mechanoreceptor tactile units of the 

face have their cell bodies positioned outside the CNS in the trigeminal (semilunar or 

Gasserian) ganglion with their proximal processes entering the brainstem at the level of 

lateral mid-pons.  From there, first order fibers enter the ipsilateral main sensory 

trigeminal nucleus and make synaptic links to second order neurons, which then cross to 

synapse with third order neurons in the thalamic VPM (ventral posteromedial nucleus) 

(Capra & Dessam, 1992; Tomita, 2012). 

 

 

 

Figure 1.3  Basic pathways for discriminative touch and pressure in the face. 
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Thalamic Modulation 

 Before ascending to cortex, somatosensory information passes through a critical 

region of subcortex, the thalamus.  In much of the literature describing velocity and 

direction encoding in the central nervous system, a considerable portion is often reserved 

for discussions of relay, driving, and feedback associated with thalamic modulation.   

 The thalamus has extensive interconnectivity with deep layers 4 through 6 of 

cortex, where interneurons distribute afferent information to other cortical layers. This 

allows for signal spread throughout higher cortical sensory and motor regions 

(Mountcastle, 1978; Jones, 1981; DeFelipe, 1992, Ahmed et al., 1994).  Additionally, 

thalamic connections extend to motion regulating portions of the cerebellum and basal 

ganglia, as well as limbic regions including the hippocampus and amygdala (Parent & 

Parent, 2005; Kamishina et al., 2008).   

 Nearly all thalamic nuclei project to cerebral cortex to some extent, and in turn 

receive reciprocal inputs from cortex that modify thalamic output in a continuous 

feedback circuit (Guillery & Sherman, 2002; Lee & Imaizumi, 2013).  In this way, the 

thalamus serves as both a driver and modulator of most sensory processing. There is tight 

thalamic regulation of visual percepts of direction, object velocity, and head movement 

(LaCara & Ursino, 2007; Arleo et al., 2013). Several studies have shown plastic 

connections associated with thalamic gating of somatosensation (Wang et al., 2010; Diaz-

Qesada et al., 2014), both in the realms of touch (Staines et al., 2002; Yu et al., 2013; 

Cerkevich et al., 2013), and limb proprioception (Fasano et al., 2010; Lee et al., 2012). 

 In thalamic gating, extraction of key sensory information is done through 

selective mechanisms that both inhibit behavior-irrelevant, and facilitation behavior-
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relevant afferent signals (McCormick & Bal, 1994; Staines et al., 2000; Mayer et al., 

2006). Rather than solely relaying information to cortex, thalamic processing neurons 

shift coding properties of the incoming afferent signals to detect salient features of the 

sensory environment (Ahissar et al., 2002; Chung et al., 2002). High-frequency thalamic 

bursting in response to relevant changes in the environment can cause cortical neuronal 

targets to be more likely to become active in the downstream processing path (Pinto et 

al., 2000; Swadlow et al., 2000), while in quiet-alert states, steady-rhythmic thalamic 

activation can lead to an ‘adapted’ state in cortex characterized by low background firing, 

higher signal-to-noise ratio and sharpened receptive fields (Steriade et al., 1993; Castro-

Alamancos, 2002). 

 

Cerebellar Contributions to Tactile Processing 

 In addition to thalamic modulation, newer studies have described extensive 

cerebellar influence on sensory processing and tactile discrimination tasks (Habas, 2010; 

Valle et al., 2010; Kuber et al., 2011; Van Ede & Maris 2013; Bing et al., 2015). The 

cerebellum has been considered a predominately motor structure because cerebellar 

damage leads to overt impairments of motor and postural control, balance, and 

coordinated voluntary movement. The cerebellum is also a key structure in motor 

learning through cortical feedback processes and movement network adaptation.  

 Recent examination of sensorimotor feedback networks however, has unveiled 

mechanisms of pure somatosensory processing in cerebellar function. In addition to direct 

afferent pathways from limb and face to cerebellum, tactile information also ascends up 

through the dorsal column-medial lemniscal tract to somatosensory cortex. These 
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projections connect back to the cerebellum providing a tactile processing loop that acts 

primarily to enhance proprioceptive responses (Kennedy et al., 1966; Rowland & Jaeger, 

2008). In discriminative touch processing, the dentate nucleus, a main cerebellar output 

region, has been shown to respond preferentially to sensory discrimination tasks without 

movement (Gao et al., 1996; Parsons et al., 1997; Kuper et al, 2011), and has extensive 

connectivity to the midbrain red nucleus which has been hypothesized to play a key role 

in touch processing (Lui et la., 2000; Gruber & Gould, 2010. 

 The cerebellum in humans is activated in anticipation of somatosensory events, 

even when these events do not require overt motor responses. In a study by Tesche & 

Karhu (2000), a cerebellar sensory response was observed when a tactile stimuli failed to 

occur at expected points in time. This is consistent with the premise that the cerebellum is 

specialized for responding to the temporal relationships between events, whether motoric 

or sensory.  

 The plasticity of sensory and motor cortices has a well-described role in motor 

learning, and the cerebellum facilitates these functions using sensory feedback. 

Classically, the cerebellum is necessary for the execution of adaptively timed motor 

responses following repeated paired presentations of a stimulus (Hogri et al., 2014). In 

patients with cerebellar atrophy for example, there is a pronounced difference in 

cerebellar filtering of time-specific incoming sensory volleys, which negatively influence 

motor learning and sensorimotor adaptation (Dubbioso et al., 2015). 

 For the present study evaluating neural networks related to tactile velocity 

processing, one might hypothesize considerable cerebellar involvement, especially in the 

rapidly adapting stages of slower velocity presentations. Velocity coding of moving 
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sensory stimuli heavily incorporates adaptive mechanisms such as long-term potentiation 

(LTP) and long-term depression (LTD), both of which have been attributed to thalamic 

and cerebellar feedback control (Hamada et al., 2012). 

 

Integrated Cortical Networks 

 The complexity of incoming sensory signals to cortex, both from the periphery 

and subcortical modulatory-gating loops, denotes a need for an efficient, yet highly 

plastic central integrating system. For example, manual object exploration with touch 

requires the peripheral encoding of ‘stick-slip’ textural elements of a manipulated 

object’s surface. Vibratory and pressure information dispersed as an object passes over 

the dermal surface is coded as patterns of discharge intensities and spatial distributions of 

activated mechanoreceptors. Similarly, the perception of direction and velocity of a 

moving tactile stimulus across the skin requires that receptors are acutely sensitive to skin 

compression, indentation and stretch (Essick & Edin, 1995).   

 Interestingly, in a study by Edin et al. (1995), it was reported that both SA and FA 

receptors responded systematically to directional skin stimulation, even when the passing 

stimulus was not in direct contact with the receptive field.  This indicates that 

mechanoreceptors are so sensitive to neighboring distortions by tangential stretch, that 

true contact with the receptive field is not required for activation.  Additionally, many 

receptors, particularly SAII-type, discharge in a highly consistent manner to directional 

stimulation, and show replicable differences in discharge patterning even when the 

velocity of the stimulus is varied (Edin et al., 1995).  In imaging studies of central 

activations, the standard description of touch processing in primate cortex is that it first 
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occurs over several subdivided regions of interest: the primary somatosensory cortex (SI) 

and its major sub-areas 3a, 3b, 1, and 2; the secondary somatosensory cortex (SII) 

positioned along the superior ridge of the lateral sulcus; the deeper, insular 

somatosensory cortex; and the posterior parietal cortex (PPC), designated Brodmann’s 

areas 5 and 7b. The primary sensory cortical subdivisions (3a, 3b, 1, 2) constitute distinct 

architectonic and functional fields, and each contains discrete representations of body 

receptors (Merzenich et al., 1978; Kaas, 2004).  Area 3b corresponds to ‘classic’ primary 

sensory cortex, as it receives somatic-mechanoreceptive input from thalamic nuclei and 

relays signal to adjoining regions. Area 3a receives predominately 

kinesthetic/proprioceptive information from thalamus, and areas 1 and 2 receive most 

input from 3b and serve as second level discriminative touch processors of cutaneous, 

rapidly adapting reception (Krubitzer et al., 1990; Kaas et al., 2006). While each region is 

distinct, there is considerable interconnectivity between regions, as well as adjoining 

regions of ipsilateral and contralateral cortex (Petreanu et al., 2007; Aronoff et al., 2010), 

subcortex (Jacquin et al., 1990; Pereira et al., 2007; Cohen et al., 2008; Strick et al., 

2009) and thalamus (Diamond et al., 1992; Sherman & Guillery, 1998; Groh et al, 2008; 

Cruikshank et al., 2010). 
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Figure 1.4   Human somatosensory cortical arrangement.  Cartoon illustration (A) 

indicates cytoarchitechtonics; MI= primary motor cortex, PMC= premotor cortex, SI= 

primary somatosensory cortex, SMA= supplementary motor area, PPC= posterior parietal 

cortex (retrieved from http://what-when-how.com/neuroscience/the-upper-motor-

neurons-motor-systems-part-1/), (B) shows an overlay of the sensory regions on a 

photograph of a human brain (retrieved from http://www.opt.uab.edu-class2011/1st-

20year/NeuroAnatomyNBL120-VirtualLab.htm) and, (C) shows details of somatosensory 

cortical arrangement on post-central sulcus (retrieved from 

(https://www.studyblue.com/notes/note/n/somatic-sensory-system/deck/6227652).  

 

  

http://what-when-how.com/neuroscience/the-upper-motor-neurons-motor-systems-part-1/
http://what-when-how.com/neuroscience/the-upper-motor-neurons-motor-systems-part-1/
http://www.opt.uab.edu-class2011/1st-20year/NeuroAnatomyNBL120-VirtualLab.htm
http://www.opt.uab.edu-class2011/1st-20year/NeuroAnatomyNBL120-VirtualLab.htm
https://www.studyblue.com/notes/note/n/somatic-sensory-system/deck/6227652
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 To process trigeminal ‘facial’ touch, functional mapping studies of rodent 

whisker-barrel cortex have revealed a remarkable spread of signal across many 

integrating brain areas (Aronoff & Peterson, 2007). The earliest cortical response to 

tactile stimulation (~10 ms) arises in the somatotopic representation of the contacted 

region in the contralateral hemisphere. Depending upon behavioral state and strength of 

stimulus, the signal can spread rapidly across a large cortical region (Ferezou et al., 2006, 

2007; Berger et al., 2007). During quite-alert states, the highly consolidated evoked 

response in SI spreads to neighboring regions of SI, then to SII. Interestingly, within ~8 

ms of the first sensory cortical response, there is often a second localized response in 

primary motor cortex, which spreads to local motor regions. This may be due to recently 

described monosynaptic excitatory connections between SI and MI that run through 

deeper layers of pyramidal neurons (Farkas et al, 1999; Alloway et al., 2004; Chakrabarti 

et al., 2008; Johnson & Frostig, 2015). Later in the response, neural activity can 

propagate via long-range axons to cortex ipsilateral to the stimulus, often appearing first 

in regions of frontal cortex, then MI, SII and lastly bilateral PPC. A facial-trigeminal 

sensory stimulus therefore, results in propagating waves of activity which spread across 

many sensorimotor regions within a 100 ms timescale (Trulsson et al, 2000; McGlone et 

al., 2002; Aronoff et al., 2010, Lundblad et al., 2011). 
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Figure 1.5   Long-range connectivity of mouse somatosensory barrel cortex. Activation is 

shown (blood flow change) on a millisecond timescale following a single stimulation of a 

whisker on the right face (Aronoff et al., 2010). 

 

 

Direction and Velocity Discrimination 

 In the more detailed coding of direction and velocity of transitional touch, three 

dimensional information about motion is extrapolated from a spatiotemporal pattern of 

activation across an essentially two dimensional medium, the skin.  To elucidate this 

mechanism, several early studies of motion processing in SI cortex (areas 3b, 1, 2) have 

described a population of neurons whose responses are directionally sensitive (Whitsel et 

al., 1972; Costanzo & Gardner, 1980).  Many of the early single unit recordings from SI 

neurons in primates pinpointed motion- and direction-sensing neurons in all three major 

sensory cytoarchitectonic regions, with a predominance of motion-sensitive neurons in 

area 3b (Gardner & Costanzo, 1980; Warren et al., 1986).  

 Recent findings in non-human primate suggests that the orientation of a tactile 

stimulus was represented by a population of neurons in both areas 3b and 1, and that 

those neurons were mostly insensitive to amplitude and speed of stimulation (Bensmaia 
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et al., 2008).  Interestingly, the orientation-selective neurons responded more like slowly-

adapting rather than rapidly-adapting mechanisms, in that the strength of the orientation 

signal was greatest during sustained, static presentations of the stimulus. 

 For velocity scaling, a similar coding of peripheral afferent signals seems 

probable.  Early work by Essick & Whitsel et al. (1986, 1988) suggested that the central 

nervous system uses information about spatial periodicity and temporal features of 

contact to estimate skin traversing velocities, most likely by approximating a ratio of RA 

type I and RA type II (Pacinian-type) population responses as found by Goodwin and 

Morley (1987).  This notion is consistent with the observation that speed-sensitive SI 

neurons (primarily located in BA 1 and 2) appeared to process tactile motion using a 

mean rate code and not a direct spike count of mechanoreceptor discharge for estimation 

of stimulus velocity (Depeault et al., 2013). 

 Mounting evidence suggests that the central coding of moving tactile stimulation 

involves a decomposition of the mostly isomorphic representation of the stimulus at the 

periphery, into a complex signal of direction and velocity contours that are managed by 

neurons throughout progressive circuits of cortex.  This process occurs through a relay of 

increasingly refined and filtered neuronal signals throughout select somatosensory 

regions. As such, regions of interest (ROI) for this study will include the major cortical 

regions of the somatosensory network; SI cortex (sub-areas 2, 1, 3a, 3b); SII cortex, 

insular somatosensory cortex; PPC, and cerebellum. 
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Somatosensory Network Plasticity  

 Apart from its impressive algorithmic processing of vastly multifarious signals, 

the nervous system is composed of living tissue, which makes it capable of equally 

impressive plasticity.  In fact in touch processing, both cortical representations of stimuli 

and the functional connections required to process stimulation are not ‘hard-wired’, but 

fluctuate through competitive interactions at multiple levels of the nervous networks 

(Tommerdahl et al., 2010).  

 To manage the continuous flow of incoming signals, the 6-layered somatosensory 

neocortex is organized into a vertical minicolumnar/macrocolumnar architecture. Each 

minicolumn contains a radial clustering of the apical dendrites of pyramidal cells and 

accompanying spiny-stellate and GABAergic double-bouquet interneurons.  In 

somatosensory processing, it is the excitatory spiny stellate cells that are abundant in 

deep cortex, and receive a bulk of thalamic signals which they then distribute radially to 

cells in other layers. Alternately, the double-bouquet interneurons tend to inhibit cells in 

adjacent minicolumns.   
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Figure 1.6   Arrangement of the (A) somatosensory cortical minicolumn and (B, C) 

macrocolumn. P=pyramidal neuron, DB= double-bouquet neuron, SS= spiny stellate 

neuron (A, from Whitsel et al., 1999; B from Dileep & Hawkins, 2009; C retrieved from 

http://imgbuddy.com/cerebral-cortex-layers.asp).  

 

 

 This unique arrangement allows for a spatially complex pattern of radial activity 

through several layers of cortex, but keeps signal propagation fairly modular from a 

horizontal, macrocolumnar aspect. This presents a further potential mechanism for 

somatosensory coding and stimulus feature extraction via signal propagation and signal 

constraint, in that cells which occupy the same radially oriented minicolumn have similar 

receptive properties, while cells in neighboring minicolumns (in essentially the same 

somatotopic brain area) do not (Mountcastle, 1978; Favorov & Diamond, 1990).    

 Similar touch signal refining interactions also appear to take place in high 

processing circuits between SI, SII and PPC (Rowe et al., 1985; Popescu et al., 2012; Hu 

et al., 2012).  In a series of Optical Intrinsic Imaging (OIS) studies in cat cortex, evoked 

http://imgbuddy.com/cerebral-cortex-layers.asp
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responses of contralateral SI and SII were monitored during forepaw pad stimulation with 

either a flutter (25 Hz) or vibratory (200 Hz) touch stimulus. They found that although 

the same region of forepaw pad was stimulated, the 25 Hz stimulation evoked vigorous 

and spatially localized activation in both contralateral SI and SII, but the 200 Hz 

stimulation evoked robust activation in contralateral SII only, and had a primarily 

inhibitory effect on SI. 

 

Figure 1.7  Optical intrinsic imaging of cat somatosensory cortex (SI and SII) during 25 

Hz (flutter) versus 200 Hz (vibration) stimulation of the forepaw pad (Tommerdahl et al., 

2010).  
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 Additionally, simultaneous bilateral peripheral stimulation OIS studies have 

shown that ipsilateral influences effect cortical responses, often changing SI light 

absorbance through short-latency activations.  This frequently results in a muting of SI 

response when compared to contralateral stimulation alone (Iwamura et al, 2002; 

Tommerdahl et al., 2005, 2006).  

 Taken together, this indicates that suprathreshold mechanical touch signals start 

as widespread, relatively diffuse activity across SI macrocolumns that are driven by the 

characteristics of the stimulus.  Over a time scale of milliseconds, macrocolumn activity 

fractionates into refined stimulus-specific patterns of distinctly active minicolumns. This 

allows for a dynamic representation of tactile stimulus through a type of competitive 

selection of neuron subsets whose feature-tuning properties most closely match those of 

the stimulus.  

 Perhaps most importantly, dynamic properties such as those discussed above 

permit rapid and accurate optimization of touch processing networks.  Coding 

redundancy is lessened by taking into account recent sensory history, since it enables a 

reduction of neurons that must be recruited to code a recurrent sensory signal.  Stimulus-

driven dynamics can thusly allow cortical processing networks to be both broadly- and 

finely-tuned to novel or redundant signal, temporally sensitive, and able to dedicate 

specific circuits to the management of input which the network has recently experienced 

(Greenlee & Heitger, 1988; Kohn & Whitsel, 2002; Tommerdahl et al., 2010: Peron et 

al., 2015).  

 



22 

 

 

 

Adaptation 

 In sensorimotor physiology, adaptation to repetitive stimulation is another 

mechanism that allows response tuning throughout changing environmental and internal 

conditions. Studies across the lifecycle of both animal and human subjects have shown 

that somatosensory cortex maintains the capacity to apportion neural area in response to 

redundant stimulation, amputation, and behaviorally relevant experience.  Adaptation is 

also a key mechanism in functional recovery after injury, since it enables the 

reorganization of spared neural circuitry to accommodate regions of damage.   

 At a cellular level, repeating tactile stimulation transiently alters the response 

properties of somatosensory cortical neurons (Lee & Whitsel, 1992; Kelly & Folger, 

1999; Whitsel & Kelly, 2000; Kohn & Whitsel, 2002).  Even in ex vivo conditions, the 

response of an isolated neuron is dictated by its recent activity.  Because of Ca++-

activated ion channels along the soma, a stimulated pyramidal neuron that has just 

undergone a series of stimulus related depolarizations will tend to show a higher spike 

firing rate upon identical subsequent stimulation.  Similarly, recent auto-activity can alter 

the conductance of dendrites, modifying the process by which patterns of input are 

converted to somal-generated action potentials (Magee, 1999).  This indicates that in 

individual neurons, the firing capacity and the ability to propagate signal to other neurons 

is highly dependent upon its preceding history of activation.   

 In groups of neurons, adaptation results from an overall shift in both excitatory 

(glutamate-gated NMDA, AMPA and Ca++-dependent) and inhibitory (GABAergic) 

neurotransmission (Kim, 1995; Kohn & Whitsel, 2002; Rao & Finkbeiner, 2007; Malina 

et al., 2013), which leads to rapid changes in larger somatosensory processing networks.  
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Relevant to this study, anatomical tract tracing research has shown an intricate 

convergence and divergence of somatosensory thalamocortical connections, making 

vertical tactile pathways in particular, highly plastic and susceptible to associative 

learning and adaptive reorganization (Jenkins & Merzenich, 1990; Xerri et al., 1998; 

Aronoff et al., 2010; Zembrzycki et al., 2013; Hubener & Bonhoeffer, 2014).  

Additionally, there is substantial horizontal connectivity that integrates information 

across corticocortical zones, and likely plays a pivotal role in short-term somatosensory 

cortical adaptation either through changes in direct inhibitory transmission or unmasking 

of previously inhibited excitatory circuitry (Merzenich et al., 1983a, 1983b, 1984; Jacobs 

& Donoghue, 1991; Heiss, 2008; Carsea & Froemke, 2013; Schnepel et al., 2014).   

 This phenomenon provides an ideal focus for research looking to evaluate short-

term cortical processing changes. Experimental presentations of tactile stimulation varied 

by velocity, direction, inter-stimulus interval (ISI), or intensity, could capitalize on the 

nervous systems extraordinary ability to detect change, monitor co-incidence, and adjust 

networks adaptively.  

 

Orofacial Anatomy and Sensory Function 

 Although tactile sensory processing anywhere in the body occurs through well-

defined pathways, there are some fundamental differences in anatomical layout and 

function between the processing of inputs that occur in the face, versus those that occur in 

regions below the neck. 
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Muscles 

 Muscles of the facial mask and perioral area responsible for speech, facial 

expression, and are involved in deglutition, swallowing, sucking and airway protection 

and are arranged differently than muscles found in limbs. While most perioral muscles 

originate from the bony structures of the skull or deep fascia, nearly all make insertion 

into the skin of the facial mask rather than terminating on an adjoining bony structure. 

These muscles, including the zygomaticus major and orbicularis oris around the mouth, 

pull on the skin to produce movements required for lip and cheek coordination during 

speech, infant suck, and food intake. 

 

Sensory Receptors 

 The afferent processes in the soft tissue of the face are functionally comparable to 

limb mechanoreceptors (slowly adapting, SA type I and type II, and fast adapting, FA), 

but there is also some noteworthy specialization in facial receptor type and distribution. 

For instance, a group of fast adapting receptors that respond best to vibratory stimulation 

at 250 Hz, the Pacinian corpuscles, are prevalent in both the hairy and glabrous (palmar 

surface) regions of the hand, but are virtually absent in the face (Barlow, 1987; Johansson 

et al., 1988, Nordin et al., 1989).  

 Additionally, because of the variable modes of muscle origins and insertions 

(bone, semitendonous nodes, integument, skin), there are no muscle spindle receptors and 

Golgi tendon organs in the face (Stal et al., 1990; Conner et al., 1998). Muscle movement 

and position sensing is accomplished by specialized Ruffini-type receptors that are highly 

sensitive to stretch and skin deformation (Nordin et al., 1989; Andreatta et al., 1996; 
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Barlow, 1998). Afferents in the facial skin, lips and mucosa therefore respond not only to 

contact with environmental objects, but are exquisitely tuned for facial proprioception 

such as lip-to-lip contact, changes in intraoral air pressure, jaw motion and perioral 

stretch (Trulsson & Johansson, 2002). 

 

Perspectives from Orofacial Pneumotactile Research  

 Much of the neurophysiological information about neural networks involved in 

sustained tactile stimulation in humans comes from research using electrical stimulation, 

usually applied to a limb with either biphasic or monophasic current pulses delivered at 

select frequency and intensity settings (Hamada et al., 2002; Peurala et al., 2002; Wu et 

al., 2006; Celnik et al., 2007; Conforto et al., 2010). Comparatively little is known about 

the trigeminal somatosensory networks responsible for processing cutaneous afferent 

information associated with facial sensation and proprioception.  Similarly, research 

evaluating non-electrical tactile stimulation as a potential neurotherapeutic application is 

rare, except in preterm infants in the neonatal intensive care setting learning to orally feed 

(Barlow et al., 2008; Barlow et al., 2014a, 2014b, 2014c; Fucile et al., 2010, 2012). 

 Recently, research utilizing pneumotactile prototypes of the device described in 

this project have shown there are distinctly different response adaptation patterns to 

repetitive stimulation between the face and limb (Popescu et al., 2010).  In regions of the 

perioral area, there are characteristically different cortical short-term recovery functions 

with different timescales of tactile information integration.  

 Early MEG studies comparing responses of the face (trigeminal) and hand 

(median nerve) to repeating trains of pneumotactile stimuli revealed not only differences 
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in peak latencies of cortical responses due to variations in axon length and conduction 

time, but also significantly different patterns of evoked neuromagnetic amplitude 

modulation during short-term cortical adaptation. In that case, results showed that 

primary somatosensory cortex (SI) adaptation was greater for the face when compared to 

the hand (Venkatesan et al., 2010).   

 Related pneumotactile-MEG studies have shown that long-term adaption 

(reflected as changes in the SI response amplitude to the first pulse in repeating trains as a 

function of stimulus rate/frequency) is present only for finger stimulation, and there are 

overall shorter recovery lifetimes for the fingers following repeating stimulation in 

comparison to the face (Popescu et al., 2010).  Similar variable responses in cortical 

processing networks (SI, S2, and PPC) associated with face and upper extremity 

stimulation were shown in the most recent adaptation paradigms, reiterating significant 

differences between face and limb structure and function.  

 These differences likely due to variations in mechanoreceptor receptive field size, 

signal integration, central-hierarchical processing, and role in motion sense and 

proprioception (Popescu et al., 2013; Venkatesan et al., 2014). Overall, it follows that 

studies evaluating trigeminal network tactile processing will show profoundly different 

response profiles than those evaluating tactile processing in the limbs.  

 

Rationale for Perioral Stimulator Placement 

 Historically for sensory stimulation studies, tactile discrimination of the physical 

attributes (size, force, direction and velocity) of a moving stimulus has been found to 

improve as more receptive fields are activated by the stimulus (Essick, 1998).  Also in 
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most cases, stimulation of areas with denser innervation results in a more intense 

electrophysiological or hemodynamic response in cortical networks, which fits agreeably 

with the somatotopic arrangement of the central nervous system, including the brain.  In 

humans, areas dense with mechanoreceptors such as the face, tongue, larynx, hand and 

fingers, are represented with disproportionately large areas in both the sensory and motor 

cortices, and are acutely sensitive to touch, stretch and pressure stimuli. 

 

 

Figure 1.8  Homuncular arrangement of the human somatosensory cortex. Note the large 

region dedicated to face and perioral mechanisms (retrieved from 

http://imgarcade.com/1/cortical-homunculus/). 

 

http://imgarcade.com/1/cortical-homunculus/
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 As described in the previous sections, the perioral region contains a dense array of 

highly specialized mechanoreceptors that are somatotopically mapped to a 

disproportionately large region of cortex.  The trigeminal nerve, which innervates the 

lower two-thirds of the face, serves as the major pathway for transduction of sensory 

inputs associated with all realms of touch, pain and temperature, and plays an integrative 

role in oromotor control in the perioral region (Capra & Dessem, 1992; Tomita et al., 

2012).  

 

Figure 1.9  The human trigeminal nerve with its three subdivisions. (B) Receptive fields 

of nerve fascicles (top) and single tactile fast-adapting and slowly-adapting afferents 

(middle and bottom) established using microneurography [(A) retrieved from 

http://www.ninds.nih.gov/disorders/trigeminal-neuralgia/detail-trigeminal-neuralgia.htm, 

(B) from Trulsson & Johansson, 2002). 

http://www.ninds.nih.gov/disorders/trigeminal-neuralgia/detail-trigeminal-neuralgia.htm
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 The trigeminal-sensory system is also ideally suited for study when considering 

future directions for diagnostic and therapeutic applications of pneumotactile stimulus 

arrays. The predominantly crossed representation of efferents and afferents for the lower 

2/3rds of the face often manifests with contralateral loss in motor and sensory function 

following a unilateral MCA stroke that infarcts sensorimotor cortex. More than half of 

human strokes occur in a unilateral middle cerebral artery (MCA) that supplies blood to 

the trigeminal-sensorimotor integrating and control portions of the brain (Bogousslavsky 

et al., 1988; Eastwood et al., 2002). Moreover, the corticobulbar tract which connects 

motor cortex to the facial motor nucleus controlling movement of the face, is usually 

disrupted in MCA lesions.  The neurons in the dorsal region of the facial nucleus 

(controlling upper face) receive cortical input from both right and left cortices, while 

ventral regions of the facial nucleus (controlling lower face) receive input from only the 

contralateral cortex (Jenny & Saper, 1987; Morecraft et al., 2004; Yildiz et al., 2007).  

For this reason, many stroke survivors are left with pyramidal-facial paresis or ‘droop’ on 

the side of the lower face effected by cortical damage. This can lead to profound and 

long-lasting changes in speech intelligibility, expression and facial gesture, feeding-oral 

intake management and even airway protection.  

 

Rationale for Stimulus Velocity Selection 

 For velocity selection, an extensive review of tactile psychophysical literature led 

to the three velocities used in this experimental paradigm. In a series of early 
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psychophysical studies using continuous brushing along a linear path of skin, it was 

determined that in the forearm, the human capacity to identify the direction of a moving 

tactile stimulus was directly related to the traverse length of the stimulus (Whitsel et al., 

1986).  Judgements about the velocity and speed of the stimulus were most accurate 

when the traverse length was long, likely because more mechanoreceptors were activated 

and provided greater perceptual information to higher processing networks.  

 Similarly it has been shown that for tactile acuity, the optimal range for skin 

traverse velocity is between 3 and 30 cm/s (Dreyer et al., 1978; Whitsel et al., 1979, 

Lamb 1983; 1986; Essick et al., 1988a, 1991; Luken et al., 2011; Ackerley et al, 2014).  

Although subjects are still able to discern characteristics of moving stimuli presented at 

higher velocities, performance on velocity discrimination tasks falls off rapidly at 

presentation speeds exceeding 50 cm/s. From a central processing standpoint, this may 

indicate that for stimulus velocities greater than 50cm/s, neural circuits are processing 

inputs through different, perhaps “periodicity consolidating” networks in higher levels of 

cortex (Darrian-Smith et al., 1984). Conversely, it could be that as stimulus velocity 

increases, there is enough loss of temporal and spatial detail that discrimination accuracy 

is reduced (Johnson & Lamb, 1981).  

 Research has shown that perioral skin regions on the face are equally well-tuned 

for tactile velocity discrimination (Essick et al., 1988b, 1992; Szaniszlo et al., 1998; Todd 

2012). Because of previously described differences in mechanoreceptor type and 

distribution, the face is in fact, highly sensitive to moving tactile stimulation, particularly 

around the lips and oral interangle (Nordin & Thomander, 1989; Barlow et al., 1996, 

1998; Ito & Gomi, 2007). Psychophysical methods designed to assess a patient’s ability 
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to distinguish onset, direction, and velocity of continuous stimulation applied to the face 

have shown to be more reliable and sensitive to mild sensory impairment than many 

standardized neurological assessments of orofacial sensory competence. Like the 

forearm, discriminative sensitivity to brushing or linear contactor stimulation seems to be 

most acute in the 3 cm/s to 30cm/s range (Essick et al., 1988b, 1992). 

 

 

Figure 1.10   Mean directional sensitivity (d2) of the perioral region as a function of tactile 

(brushing) stimulus velocity (Essick et al., 1988b). 

 

 

 Interestingly, in both limb and face studies of continuous motion (either brushing 

or linear rolling) discrimination, moving tactile stimulation presented slower than 3-

5cm/s appeared to be processed in cortical networks as discrete stimuli, rather than a 

constant motion across the skin. It seems probable that at some velocity threshold, 

networks of somatosensory cortical neurons switch from processing individual stimuli to 
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processing temporal cues corresponding to consecutive, directional stimulation (Phillips 

& Johnson, 1985; Wacker et al., 2011; Depeault et al., 2013; Pei & Bensmaia, 2014).  

 It has also been reported that in instances of discontinuous, punctate stimulation, 

perception of the stimulus can be affected by differing inter-stimulus timing intervals. In 

some cases, tactile input, stimulus timing and spatial position are integrated in a process 

known as ‘fusion,’ or tactile ‘funneling’ (Chen et al., 2003; Warren et al., 2011; 

Kitazawa, 2013). When humans are asked to judge the distance between two punctate 

taps delivered in rapid succession to the skin, they consistently underestimate the distance 

of the taps (Goldreich et al., 2007).  Oddly, the perceived distance between taps shortens 

as the time interval between taps is reduced.  In a stimulus involving multiple punctate 

taps in rapid succession to neighboring skin sites, perceived locations are shifted toward 

the subsequent stimuli (Geldard & Sherrick, 1983; Goldreich & Tong, 2013).  As an 

example, in the  ‘cutaneous rabbit’ response, when several taps are presented close to the 

wrist, followed by several taps to mid-forearm, then several taps close to the elbow, they 

are perceived to be uniformly distributed, as if a ‘rabbit’ were hopping along the arm 

(Geldard & Sherrick, 1972; Eimer et al., 2005; Miyazaki et al., 2010). Optical imaging of 

somatosensory cortex has shown that similar fusion of topographic representation is 

occurring during tactile funneling. Simultaneous stimulation of two skin sites results in 

activation of a single focal region of cortex between the two topographic representations 

(Chen et al., 2003). 

 Because of these unique perceptual phenomenon, in this study it is hypothesized 

that the spatial organization and centroid of neural activation will vary as a function of 

tactile saltatory velocity.  Specifically, there may be an inverse relation between velocity 
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and activation, with lower velocities of tactile saltatory stimulation showing greater 

regions of BOLD activation and higher velocities producing reduced regions of BOLD 

activation. Also, based on recent somatosensory integration and adaptation literature, it 

seems likely that our stimulus at the lowest velocity (5 cm/s) will result in substantially 

different processing and adaptation characteristics over time than network responses to 

stimuli presented at the two higher velocities; 25cm/s and 65 cm/s (Spackman et al., 

2006; Pita-Almenar et al., 2011; Yamashiro et al., 2011; Johnson & Frostig, 2015). 

 

Impact of Stroke and Neurological Disease on Sensorimotor Function 

 In neurological disease, particularly in stroke, vascular pathology associated with 

trauma, and hypoxic ischemia, cerebrovascular disruption has enormous impact on brain 

function and sensory processing circuits.  During acute injury, some regions of brain 

sustain immediate hypovolemic damage, while other areas remain viable and capable of 

plastic reorganization due to collateral blood flow through pre-existing microcirculation 

anastomoses.  It is this collateral microcirculation that seems to be key to minimizing 

damage and offset adverse outcomes throughout the prolonged period of recovery 

(Shuaib et al., 2011; Lay et al., 2011, 2012; Liebeskind, 2012; Lay & Frostig, 2014). 

 Interestingly, after abrupt hypoxic events such as focal, single hemisphere stroke, 

restorative plasticity mechanisms have been shown to occur immediately in many regions 

of the brain.  Even before inflammation resolution, the peri-infarct regions (penumbra) of 

the affected hemisphere exhibit early gene expression changes which can lead to axonal 

re-sprouting, dendritic spine plasticity, and ultimately regional map shifts associated with 

functional improvement (Luhmann et al., 1995; Carmicheal et al., 2005). Plasticity also 
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occurs in the spared hemisphere, in both sensory and motor cortices, and in the brain 

stem and spinal cord (Lapash-Daniels et al., 2009; Brown et al., 2009). These findings 

suggest that the very processes involved in acute damage may trigger neural circuit 

reorganization, making the damaged brain ‘primed’ for regenerating new processing 

pathways in response to post-damage stimulation. 

 As with other aspects of central nervous system rescue after injury, 

somatosensory recovery is highly dependent on both the activation of existing 

connections, and the development of new connections (Moskowitz et al., 2010, Nudo & 

McNeal, 2013).  Physiologically, reorganization into adjacent, undamaged cortex allows 

for expansion into alternate representation sites.  For somatosensory cortex, this possibly 

occurs due to an overlap of somatotopy between SI and SII, structural links to PPC, and 

thalamic connections to supplemental motor regions which are key elements in the tactile 

processing stream, and likely highly responsive to post-injury stimulation (Blatow et al., 

2007; Frostig et al., 2009, 2012).   

 

Functional Neuroimaging of Tactile Networks 

 

fMRI 

 Functional magnetic resonance imaging (fMRI) is a non-invasive neuroimaging 

technique that can be used to evaluate neural substrates of somatosensory networks in the 

brain. FMRI measures BOLD (Blood Oxygenation Level Dependent) signal change that 

is due to the hemodynamic sequelae of neuronal activity (Kwong et al., 1992; Fox et al., 

2007).  
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 During neurovascular gas exchange, hemoglobin (Hb) transfers its oxygen load at 

the capillary level to supply active neurons. Once unbound from oxygen molecules, 

deoxyhemoglobin (deoxyHb) becomes paramagnetic due to the higher spin rate of the 

remaining heme iron. Under the large, mostly homogenous magnetic fields generated by 

the MRI scanner, the change in the magnetic susceptibility of the deoxyHb causes small, 

local field distortions that ultimately allow for image differentiation of blood, 

surrounding tissue and cerebral spinal fluid (CSF) (Pauling & Coryell, 1936; Ogawa et 

al., 1990, 1992).  

 During imaging, the local extravascular water protons (hydrogen) are sensitive to 

magnetic field distortions caused by radio frequency (RF) pulses from the MR scanner. 

With each RF pulse, the hydrogen atoms align with the induced magnetic field (flip 

angle), then relax back to a low energy state releasing energy into the surrounding 

environment. A receiving head coil detects this energy (signal decay) which is 

characterized as T2 (spin echo) or T2*(gradient echo) relaxation depending on the phase 

of atom spin disruption (Thulborn et al., 1982). Thus, when the blood content of 

deoxyhemoglobin changes, the relaxation process of water protons is altered and can be 

seen as changes in resultant MR image. 

 

BOLD and HRF 

 The tight coupling between the neurovascular system and active neurons allows 

for a predictable hemodynamic response function (HRF) utilized in fMRI BOLD 

research.  Although less temporally acute than EEG or MEG due to the delay between 
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neuronal demand and vascular supply, the HRF can give excellent spatial information 

about regions of activity associated with stimulus responses. 

 In a stimulus response curve, there is an initial dip in the HRF due to a lag 

between oxygen consumption and cerebral blood flow (CBF) increase, which is small, 

comprising only about 0.1% of signal change (Hu et al., 1997). This is followed by a 

steep rise (main response, hyperoxic phase) resulting from incoming CBF and local 

vasodilation of feeding arterioles. In this main response phase, the HRF peak will saturate 

after ~10s in single stimulus conditions, but can be sustained at a steady intensity during 

repeating stimulus block designs. Finally, there is an undershoot in the HRF associated 

with the increased blood flow in excess of neuronal demand, which is also longer and 

more pronounced in stimulus block designs. 

 

 

Figure 1. 11  The hemodynamic response function curve for single stimulus response and 

repeating stimulus presentations in a block design (Retrieved from 

https://theclevermachine.wordpress.com). 

https://theclevermachine.wordpress.com/


37 

 

 

 

 

 

BOLD and Adaptive Networks 

 The neuronal processes causing BOLD signal changes is most directly associated 

with synaptic exchange at the site of activation, not with the firing level of the neurons 

receiving synaptic inputs (Logothetis et al., 2001). This means that fMRI reflects the 

synaptic activity driving neuronal assemblies, but does not provide information about the 

content of the neuronal firing patterns produced by the neurons.  

 As such, the BOLD signal change corresponds to local populations of neuronal 

activation, but the activated neurons can be either excitatory (EPSP) or inhibitory in 

nature (EPSP). For evaluations of neural networks in tactile processing, particularly 

involving changes related to connectivity restructuring or adaptation, it is important to 

consider which active mechanism is occurring. It may that during adaptive phenomena 

associated with velocity changes, local inhibitory or masking networks become 

increasingly active. 

 

Summary 

 This project was designed to delineate the neural networks involved in the 

processing of saltatory tactile impulses at three different velocities presented through a 

spatial array of TAC-Cells placed over perioral and buccal hairy skin.   A key feature for 

orofacial motor control (speech, gesture, safe oral intake, and airway protection), the 

encoding of afferent information associated with facial sensation using high resolution 

neuroimaging methods is expected to contribute new knowledge on the neural 
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representation and modulation of such activity in response to highly controlled dynamic 

somatosensory fields.   Research studies often cite orofacial dysfunction due to 

diminished sensory feedback as a major issue that may hinder motor recovery in many 

disease states. Additionally, there is significant interconnectivity between sensory and 

motor systems that may provide avenues for neurotherapeutic intervention, particularly in 

individuals who cannot participate in standard motor rehabilitation. The knowledge 

gained in this study of neurotypical responses could be readily adapted to research 

projects that investigate disrupted sensorimotor processing occurring in brain injury, 

cerebrovascular accident or congenital anomaly.   
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CHAPTER TWO: METHODS 

Hypotheses 

 

Hypothesis 1: 

H0:  The spatiotemporal organization of the cortical and subcortical network of BOLD 

responses to saltatory pneumotactile inputs presented to the lower face will manifest an 

underlying, shared neural substrate dedicated to processing moving sensory stimuli. 

HA:  The spatiotemporal organization of the cortical and subcortical network of BOLD 

responses to saltatory pneumotactile inputs presented to the lower face will not manifest 

an underlying, shared neural substrate dedicated to processing sensory moving stimuli. 

 

Hypothesis 2: 

H0:  The spatiotemporal organization of the cortical and subcortical network response to 

saltatory pneumotactile inputs to the lower face will manifest a differential pattern of 

BOLD responses as a main effect of velocity. 

HA:  The spatiotemporal organization of the cortical and subcortical network response to 

saltatory pneumotactile inputs to the lower face will not manifest a differential pattern of 

BOLD responses as a main effect of velocity. 

 

Hypothesis 3: 

H0:  The spatiotemporal organization of the cortical and subcortical network response to 

saltatory pneumotactile inputs to the lower face will manifest  a differential pattern of 

BOLD responses as a function of individual velocities (5cm/s vs. 25cm/s vs. 65cm/s). 
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 HA:  The spatiotemporal organization of cortical and subcortical network response to 

saltatory pneumotactile inputs to the lower face will not manifest a differential pattern of 

BOLD responses as a function of individual velocities (5cm/s vs. 25cm/s vs. 65cm/s). 

 

Hypothesis 4: 

H0:  The spatiotemporal organization of the cortical and subcortical network of BOLD 

responses to saltatory pneumotactile inputs presented to the lower face will include 

activations of neural regions associated with motion perception, processing and planning. 

HA:  The spatiotemporal organization of the cortical and subcortical network of BOLD 

responses to saltatory pneumotactile inputs presented to the lower face will not include 

activations of neural regions associated with motion perception, processing and planning. 
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Study Design 

 

Salient Measures 

 Cortical and subcortical neural activation was quantified by BOLD signal 

intensity changes based on the HRF function over time.  Specifically, regional differences 

in brain activity (size and distribution) between saltatory pneumotactile velocity 

presentations were assessed. Regions of shared BOLD activation across velocities (5, 25 

and 65 cm/s), and velocity-specific differences in temporal correlation of activation were 

measured. 

 

Power Analysis 

 The sample size for this study was based on an a priori power analysis using 

G*Power statistical software (Erdfelder et al., 1996). A sample size of 20 will yield 

statistical power greater than 0.80 and a medium-large effects size (T-test estimates of 

voxel BOLD intensity, p < .05). 

 

Participants 

 Participants selected for study were 20 neurotypical adults (15 females), aged 18–

30 (mean age=22.3, SD= 1.67), and right-hand dominant per self-report. All participants 

had no history of chronic illness or scheduled medications, and each was consented in 

accordance with the University of Nebraska human subjects’ institutional review board 

approval.  
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Table 2.1  Subject Information 

 

 

Design Overview 

 In this study, five stimulus conditions (5cm/s, 25cm/s, 65cm/s, ‘All-ON,’ and 

‘All-OFF’) were presented in a randomized block design. The three velocity settings 

were randomly combined with an ‘All-ON’ condition (tactile stimulator cells activated 

simultaneously at 1 Hz, without the velocity variable) and an ‘All-OFF’ condition 

(stimulator cells in place on the skin without pneumotactile input) to allow for statistical 

comparison of the effect of each velocity, and the main effect of velocity alone. Stimulus 
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conditions were presented over 20 seconds continuously, and followed by 20 seconds of 

rest to allow for HRF decay and neurocapillary recovery.  

 Neuroimaging was performed using a 3T Siemens Skyra MRI scanner fitted with 

a 32-channel receiving head coil. A single imaging session consisted of an anatomical 

scan (T1-weighted MPRAGE, 0.9mm isotropic, TE=3.37ms, TR=2400ms) lasting 

approximately 6 minutes, followed by three functional (BOLD) data sets lasting 13.3 

minutes each. The functional image (T2*-weighted EPI) brain volumes consisted of 41 

interleaved slices (2.5x2.5x2.5 mm3, TE=30ms, TR=2500ms) with a 220mm field of 

view oriented to include orofacial sensorimotor cortex and cerebellum. 

 

 

Figure 2.1  MRI field of view orientation 

 

 

 In each BOLD acquisition, 8 brain volumes were recorded every 20 seconds (8 

volumes during the 20s block of velocity stimulation, 8 volumes during the following 20s 

recovery block of no stimulation), for a total of 330 volumes collected per BOLD [8 

volumes x 2.5s (TR) x 40s (20s stimulation/20s no stimulation) blocks = 800 seconds, or 
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13.3 minutes]. Thus the full scan time averaged about 46 minutes (MPRAGE + 3 

BOLDs). During scanning, participants were asked to lie quietly without motion, and 

watch for the E-Prime coded visual stimulus (numeric countdown) described in following 

sections. 
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Figure 2.2   Randomized block design for stimulus presentation and scan acquisition. 
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 The somatosensory stimulation array used for this protocol consisted of 7 small, 

pneumatic capsules that were adhered to the hairy skin of the right lower face. Each 

capsule (TAC-Cell) was machined from Delrin® acetal thermoplastic [6 mm inside 

diameter, 15 mm outside diameter, 6 mm height. The top of each cell was ported to a 

barb-fitting which was connected to a 5.18 meter, (1.6 mm internal diameter) 

polyurethane and silicone rubber pneumatic line attached to the Galileo tactile 

stimulation generator.  The flanged surface of each cell was secured to the skin using 

double adhesive tape collars following skin preparation with tincture of benzoin to 

improve adhesion. 

 

 

Figure 2.3  Pneumatic cells and array configuration 
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 The first two pairs of cells in the array [channel 1 (red) = the top cell placed at the 

philtral column, and the cell directly inferior to it below the lower lip; channel 2 (orange) 

= the next lateral cell over, and the cell directly inferior to it below the lower lip] were 

adjoined with bifurcated tubing to allow for synchronous activation. 

 

 

Figure 2.4  Arrangement of pneumatic cells and feed lines. Note channels 1 and 2 are 

configured as paired TAC-Cells, using a bifurcated Y-manifold to achieve synchronous 

activation. 

 

 

 Pneumotactile velocity stimuli were delivered to the facial skin by a multichannel 

pneumatic amplifier (the Galileo SomatosensoryTM, Epic Medical Concepts & 
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Innovations, Shawnee Mission, KS), which was programmed to generate saltatory 

biphasic pulses [duration=60 ms, 10 ms rise-fall time (10 -90% intercepts), biphasic 

amplitude from -50 to 140 cmH2O].   

 

 

 

Figure 2.5  The Galileo Somatosensory stimulator with magnified view of hardware 

interface panel. 

 

Pneumotactile Velocity Stimulus Control and Software 

 A laptop (MS WIN8.1) ran the graphical user interface to control the Galileo via a 

USB port for sequential activation of output channels 1 through 5 with a custom-written 

saltatory velocity program coded in *.xml (Appendix A) individualized to each 
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participant based on perioral morphometrics.  After consent and a verbal description of 

the paradigm, pneumatic cells were aligned on the participant from the right philtral 

column to the right (buccal) face. Once in place, the array length was calculated based on 

the distance between cells (each length measured from the center of one cell to center of 

the next). Because of bifurcation of the first two channels, both the upper and lower cells 

of those channels were considered ‘first’ and ‘second’ in the array.  The measurement 

values of array length were used to designate on/off times for velocity sequences 

(traverse speed in cm/s).  Thus, velocity protocols were consistent across all participants, 

regardless of orofacial size (Appendix B).   

 The programmed on/off times produced a pneumotactile ‘saltatory’ (jumping) 

stimulation that traversed the skin in a repeating medial-to-lateral direction at three 

velocities (5cm/s, 25 cm/s, 65 cm/s) and also provided the ‘All-ON’ and ‘All-OFF’ 

conditions.  
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Figure 2.6  Sequential activation pattern of pneumatic stimulator cells. Blue arrow 

indicates direction of saltatory pneumatic activation. 
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Figure 2.7   Stimulus velocity pressure waveforms. Programmed time delays between pressure pulses at each cell resulted in 5 

stimulus conditions: 5 cm/s, 25cm/s, 65 cm/s, and All-ON synchronous activation.  The All-OFF condition is not shown as pressure 

waveforms would be at baseline.    
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Neuroimaging Data Acquisition and Stimulus Co-Registration 

 A single imaging session started with the 6-minute anatomical MPRAGE scan, 

during which participants lay quietly with the TAC-Cell array on the facial skin, but no 

active stimulus was provided.  

 

 

 

Figure 2.8   Participant preparation for data acquisition. The TAC-Cell array is 

positioned on the lower face prior to placement of the 32-channel head coil. 
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 During functional image acquisition, the program of saltatory pneumotactile 

stimulus generation was synchronized to the Siemens scanner using the first optical TR 

TTL pulse from the NetStation control box. The first TR pulse at the onset of each BOLD 

acquisition was input to a Berkeley Nucleonics (Model 645) programmable pulse 

generator connected to the Galileo stimulator, and also simultaneously activated the 

visual countdown of the E-Prime paradigm described in the next section. In order for the 

Galileo to initiate the velocity sequence, the TR signal was inverted to change the TTL 

logic (5V to 0V) by the pulse generator into signal that could be recognized by the 

Galileo software. The BNC pulse generator also served as a timing mechanism via 

external trigger for the velocity sequences, providing a single pulse to the Galileo 

stimulator every 40 seconds. Thus, the Galileo would present a velocity condition for 20 

seconds, then wait for the external trigger to initiate the next random velocity sequence at 

40s, providing a 20s ‘off’ condition between velocity blocks to permit HRF decay.  Each 

velocity protocol (5 cm/s, 25 cm/s 65 cm/s, All-ON, All-OFF) was randomly presented 

and repeated 4 times (5 conditions (20s on/20s off) x 4 = 800s = 13.3 minutes).  

 Three 13.3 minute BOLD acquisitions were obtained in succession, allowing 

participants 1-2 minutes between acquisitions to move about as needed and allow for a 

quick check of the integrity and adherence of the TAC-Cell array. For each BOLD 

acquisition, only the initial TR pulse was used to start E-Prime, and trigger the full 13.3 

minute stimulus sequence that was preprogrammed into the Berkeley Nucleonics 

arbitrary function generator to time the 20 blocks of saltatory cutaneous stimulation 

produced by the Galileo. 
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Figure 2.9   Software screenshot for Galileo control of velocity stimulus. Loaded velocity 

.xml files of 5 conditions (20s each) were presented randomly, repeated 4 times, and set 

to wait for external hardware trigger.
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 Figure 2.10  Data acquisition and stimulus configuration 
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E-Prime 

 To help maintain participant vigilance, during saltatory facial cutaneous stimulus 

presentation, a visual countdown image was projected briefly in the participants’ field of 

view using E-Prime® (v2.0 Professional, Science Plus Group, Netherlands) software. 

The countdown also provided the participant with a means of knowing approximately 

how much time remained in each BOLD acquisition. 

 The visual countdown ran through the numbers 1-20 serially, with each number 

cue presented every 40 seconds, corresponding to the completion of each 20s 

stimulation/20s no stimulation block.  To avoid fixation on the screen that might cause 

visual stimulation and activity in visual processing areas, number presentations were 

brief, lasting 500ms.  As an additional incentive to promote vigilance, ‘$$’ symbols were 

inserted randomly into the countdown, and participants were asked to keep track of how 

many dollar symbols they saw, and report that amount to the researcher at the end of each 

BOLD acquisition.  

 

 

 

 

 



 

 

 

 

                                      

                                                   5
7
 

 

Figure 2.11  E-Prime screen shots. Image shows initiation screen waiting for the Siemens scanner first optical TR TTL pulse, and the 

visual countdown seen by participants. 
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Neuroimaging Data Analysis: Primary Matrix Build 

 Analysis of the fMRI data was conducted using a general linear model (GLM) to 

examine regions of cortical and subcortical activation associated with the main effect of 

velocity. In standard GLM fMRI analysis, signal from the contrast (predictor) condition 

and signal from a baseline condition are averaged independently, then compared to 

determine significant differences. The amount of difference between conditions is 

computed per voxel, and the full image volume is presented as a statistical parametric 

map (SPM) which is colored according to pre-set threshold criterion. For this 

experimental paradigm, one-sample t-tests (Punc < 0.001) of contrast parameter estimates 

per voxel (dependent variable) were used to determine the overall pattern and spatial 

extent of BOLD activation in the presence of moving tactile stimulation presented over 

five conditions.   

 A priori ROI of putative facial sensorimotor regions [cortex (SI, SII, MI, SMA, 

PPC, insula), and cerebellum] were selected based on findings from recent literature (Lin 

et al., 2010; Grabski et al., 2012; Kedarnath & Shruthi, 2015; Rocchi et al., 2016; Jiang et 

al., 2016).   

 Raw (DICOM) files from the Siemens scanner were imported into SPM12 

(Statistical Parametric Mapping, v12, FIL Methods Group, 1991) fMRI image processing 

software. Images were pre-processed [motion corrected, co-registered with the 

anatomical MPRAGE, segmented by tissue type, normalized to Montreal Neurological 

Institute (MNI) space, and smoothed using an isotropic Gaussian kernel (FWHM = 

8mm)]. Once pre-processed, a design matrix was created for assessment with GLM.
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Figure 2.12   SPM12 GLM data pre-processing stream and parametric map      
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 In matrix construction for general linear modeling of BOLD/HRF data, the time 

course of an individual voxel can be represented by the equation: Y=Xβ+E, where Y is 

the time dependent data per voxel, X is the design matrix that defines experimental 

contrast, β represents the unknown weights of independent variable(s) in the matrix and 

their statistical association with Y, and E is residual variance or error (Friston et al., 1994; 

Beckmann et al., 2003; Monti, 2011). In our paradigm, the set of specified explanatory 

conditions (5cm/s, 25cm/s, 65cm/s, ‘All-ON,’ and ‘All-OFF’) formed the design matrix 

for the experimental model.  First-level specification in SPM (single-subject) was used to 

build each velocity condition, then the three BOLD data acquisition sessions for each 

participant were pooled using the FFX (fixed effects, group modeling) estimate function. 

 A standard box-car method was used to create the analysis matrix for the initial 

single-subject processing stream, where a value of ‘1’ at a set time point modeled a 

condition of ‘on,’ with ‘0’ at all other time points. Time points for the velocity ‘on’ 

conditions were obtained from the Galileo output files (Appendix C), and entered into the 

SPM matrix for each BOLD data set prior to collapse.   
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Figure 2.13  GLM model equation with first-level box-car matrix used to set velocity conditions
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Neuroimaging Data Analysis: Single Subject by Condition 

 As a first step to assess individual subjects’ BOLD response as function of each 

condition (5 cm/s. 25 cm/s, 65 cm/s, ALL-ON, ALL-OFF), one-sample t-tests (Punc < 

0.001) of contrast parameter estimates per voxel permitted an overview of the pattern and 

spatial extent of BOLD activation. The statistical aim of this first-level analysis was to 

determine the degree of contribution each predictor condition had on the observed values 

of the dependent variable (Y), and if each scaling parameter (β) was significantly 

different from zero. The ALL-ON and ALL-OFF conditions were then used in 

subsequent group analyses (following sections) as comparative baseline conditions for 

velocity (5, 25, 65 cm/s) estimates.   

 

 

Figure 2.14  Contrast parameter estimates for a single representative subject (01) by 

condition (first-level) 
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Neuroimaging Data Analysis: Group Main Effect of Velocity 

 Group (second-level) analysis, was first performed using a multi-subject matrix 

constructed using a One-Way ANOVA within-subjects design (F statistic, Punc < 0.0001), 

to estimate the main effect of velocity. The matrix incorporated pooled BOLD data from 

all 20 subjects, where each velocity (5, 25, or 65 cm/s) was contrasted against a control 

condition (ALL-OFF or ALL-ON).  All ‘velocity vs. control’ conditions were then 

combined into a single ANOVA matrix to show an overall main effect.  

 In the case of this omnibus test, a box-car matrix was built in which a value of ‘1’ 

indicated each velocity versus control (5cm/s > ALL-OFF or ALL-ON, 25cm/s > ALL-

OFF or ALL-ON, 65 cm/s > ALL-OFF or ALL-ON), and a value of ‘-1’ or ‘0’ was used 

for other conditions.  The resultant BOLD signal transformation resulted in contrast maps 

representing the individual β weights of all participants against the control condition. 

 

 

Figure 2.15  Design matrix for group main effect of velocity (second-level). 
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Neuroimaging Data Analysis: Group Velocities Compared to Control Conditions 

 For the second step in group analysis, one-sample t-tests (Punc < 0.001) were 

constructed to evaluate the change in BOLD signal associated with individual velocities 

(5, 25, 65 cm/s) when compared to the two control (ALL-OFF, ALL-ON) conditions.  

 

 

Figure 2.16  Design matrix for group; velocities compared to baseline (second-level t-

test). 

 

The statistical aim of this second-level analysis was to determine the degree of 

contribution each predictor condition had on the observed values of the dependent 

variable (Y), and if each scaling parameter (β) was significantly different from the 

control condition (ALL-OFF, ALL-ON).  In these velocity comparisons, map-wise level 

of significance was set at an uncorrected value (p< 0.001) which was equivalent to t > 

3.10, with a minimum cluster size (k) of 10 voxels. 
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CHAPTER THREE: RESULTS 

 

 A total of N=20 individuals participated in this preliminary study and were 

included in the data sample. Three BOLD acquisitions were used in analysis for each 

participant with the exception of participants 06 and 13 who had only two complete 

BOLD acquisitions recorded (06 became claustrophobic, and 13 scanning was stopped 

due to a temporary software glitch). 

 

Neuroimaging Results: Single Subject 

 

Single Subject by Condition: Cortical Activation 

 The GLM single subject findings pooled across three BOLD acquisitions (first-

level analysis) is depicted below in the SPM parametric brain maps in Figures 3.1 

(coronal view) and 3.2 (axial view). The BOLD/HRF response shown in the colored 

regions represents areas that were active above the Punc < 0.001  threshold during the five 

stimulus conditions (5 cm/s, 25cm/s, 65 cm/s, ALL-ON, ALL-OFF).  

 The overall analysis of activity in these images showed consistent regions of 

activation across subjects which included a priori ROI of facial sensorimotor regions 

[cortex (SI, SII, MI, SMA, PPC, insula), and cerebellum], with the greatest extent of 

regional HRF activation seen at the lowest, 5 cm/s velocity.  Interestingly, the spatial 

extent and location of activation varied consistently by velocity in all subjects, with a 

notable decrease in activation extent as stimulus velocity increased. 
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 In nineteen of the participants, bilateral S1 and insular BOLD response was 

noted, especially during the two slower velocity presentations (5, 25 cm/s). The spatial 

extent and organization of BOLD signal ipsilateral to the stimulus was also appreciably 

modulated by condition, with changes in HRF associated closely with changes in 

velocity.  

 

 

Subject 01

Subject 02

Subject 03

Subject 04

Subject 05

Subject 06

5 cm/s 25 cm/s 65 cm/s ALL-OFFALL-ON
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Figure 3.1  Single subject (first-level) cortical BOLD activations by condition (coronal 

view). 
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Figure 3.2  Single subject (first-level) cortical BOLD activations by condition (axial 

view). 
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Single Subject by Condition: Subcortical Activation 

In 70% (14/20) of our participants, a cerebellar BOLD response was observed  

during the lowest velocity condition (5 cm/s), and also manifest during the 25cm/s, 65 

cm/s and ALL-ON conditions in half (10/20) of the participants. Cerebellar activation 

was predominately ipsilateral to the stimulus side, and consistent with anatomical regions 

of hilar and capsular (declive) cerebellar dentate nucleus (Dimitrova et al., 2002; Ohmae 

et al., 2013; Wardman et al., 2014). 
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Figure 3.3  Single subject (first-level) cerebellar BOLD activations by condition. 
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Neuroimaging Results: Group 

 

Main Effect of Velocity 

 Results from the One-Way ANOVA within-subjects design evaluating the main 

effect of velocity, showed BOLD responses in predicted a priori sensorimotor ROIs 

including contralateral S1, bilateral cortical S1, S2, M1, and insular regions, and regions 

of ipsilateral (to the stimulus) deep cerebellum proximal to the dentate nucleus. Voxel 

maximas associated with major clusters of activation (k=10, mm³; voxel-wise threshold 

of Punc < 0.0001) and their associated MNI coordinates and brain regions were identified 

using the SPM12 tool xjView [Neuroimaging Informatics Tools and Resources 

Clearinghouse (NITRC)], and are listed in Table 3.1.  The overall main effect of 

unilateral, sequential saltatory inputs to the lower right face produced highly localized 

BOLD responses in facial sensorimotor regions as noted in Figure 3.4. 

 

Table 3.1 Main effect of velocity (second-level) per cluster analysis of BOLD activation 

 



77 

 

 

 

                                               

                                                   

 

 

Figure 3.4  Main effect (second-level) of velocity BOLD activation. 

 

   

Single Subject Compared to Group: ROI 

 To monitor spatial variability in regional BOLD/HRF activation that might be 

associated with differences in anatomy and physiological structure across participants, 

individual (single subject) MNI coordinates of cluster maximas were plotted with the 

main effect (group) cluster maxima using the SPM12 tool BrainNet [Neuroimaging 

Informatics Tools and Resources Clearinghouse (NITRC)]  by region of interest (Figures 

3.5-3.7).   

Main Effect of Velocity
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Figure 3.5  Single subject MNI coordinates of cluster maximas (yellow spheres) during 5 cm/s saltatory pneumotactile stimulation 

plotted with the main effect (group, red sphere) cluster maxima. Blue coloration indicates group BOLD/HRF. 

5cm/s > All-OFF
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Figure 3.6  Single subject MNI coordinates of cluster maximas (yellow spheres) during 25 cm/s saltatory pneumotactile stimulation 

plotted with the main effect (group, red sphere) cluster maxima. Blue coloration indicates group BOLD/HRF.  

25cm/s > All-OFF
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Figure 3.7  Single subject MNI coordinates of cluster maximas (yellow spheres) during 65 cm/s saltatory pneumotactile stimulation 

plotted with the main effect (group, red sphere) cluster maxima. Blue coloration indicates group BOLD/HRF. 

65cm/s > All-OFF
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 Results indicated that single subject data was distributed closely to the main effect 

maxima, with MNI coordinates relatively well-aligned to the main effect ROI. Single-

subject maximas became more tightly clustered (closer to each other and the main effect 

maxima) as velocity of the saltatory stimulus increased, likely due to the reduction in 

spatial extent of BOLD/HRF signal as stimulus velocity increased. 

 

Velocities Compared to Control Conditions 

 Results of one-sample t-tests (Punc < 0.001) used to monitor the change in BOLD 

signal associated with individual velocities (5, 25, 65 cm/s) compared to the two control 

conditions (ALL-OFF, ALL-ON), showed that HRF was modulated by corresponding 

changes in saltatory stimulus velocity. As seen in Figures 3.8 - 3.10, when compared to 

the ALL-OFF (no stimulation) control condition, sensorimotor cortical HRF was seen at 

all three velocity presentations, with the largest spatial extent of activation seen in the ‘5 

cm/s > ALL-OFF’ condition. The transformation of size, shape and region of HRF 

activation associated with changing stimulus conditions may reflect underlying changes 

active neural networks.  At the ‘5cm/s > ALL-OFF’ condition, activation in bilateral 

sensorimotor and insular cortices was recorded, in addition to right (ipsilateral to the 

stimulus) cerebellum. The largest and most statistically significant cluster of activation 

was recorded in primary somatosensory cortex (BA 1, BA 3, insula) contralateral to the 

stimulus (Figure 3.8).  Clusters of activation consistent with a priori ROIs are listed in 

Table 3.2.  In the ‘25 cm/s > ALL-OFF’ condition (Figure 3.9), bilateral sensorimotor 

activation was again present, but reduced in spatial extent, with no cerebellar response 
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recorded (Table 3.3).  In the ‘65cm/s > ALL-OFF’ condition (Figure 3.10), the spatial 

extent of bilateral activation was further reduced, with only a single cluster recorded in 

ipsilateral cortex (Table 3.4). 

 

 

Figure 3.8  BOLD response for 5 cm/s > ALL-OFF (second-level t-test, Punc < 0.001) 

 

5 cm/s > ALL OFF
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Table 3.2  Velocity vs. control (5 cm/s > ALL-OFF, second-level) per cluster analysis of 

BOLD activation 
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Figure 3.9  BOLD response for 25 cm/s > ALL-OFF (second-level t-test, Punc < 0.001) 

 

 

 

25 cm/s > ALL OFF
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Table 3.3 Velocity vs. control (25 cm/s > ALL-OFF, second-level) per cluster analysis of 

BOLD activation 
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Figure 3.10  BOLD response for 65 cm/s > ALL-OFF (second-level t-test, Punc < 0.001) 

 

 

 

65 cm/s > ALL OFF
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Table 3.4  Velocity vs. control (65 cm/s > ALL-OFF, second-level) per cluster analysis of 

BOLD activation 

 

 

 

 

 As shown in Figures 3.11- 3.13, when each velocity was compared to the ALL-

ON (stimulator cells activated simultaneously at 1 Hz) control condition, sensorimotor 

cortical HRF at the uncorrected threshold (p <0.001) was again observed at all three 

velocity presentations (5, 25, 65 cm/s), but with bilateral cortical activation noted only at 

the ‘5cm/s > ALL-ON’ condition (Table 3.5).  In the ‘25 cm/s > ALL-ON’ condition, two 

significant clusters emerged that were consistant with cortical a priori ROI left primary 

somatosensory (SI) cortex (Table 3.6).  In the  ‘65 cm/s > ALL-ON’ condition (Table 

3.7), only a single, small cluster was recorded in left somatosensory cortex (BA 3). 
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Figure 3.11   BOLD response for 5 cm/s > ALL-ON (second-level t-test, Punc < 0.001) 

 

5 cm/s > ALL ON
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Table 3.5 Velocity vs. control (5 cm/s > ALL-ON, second-level) per cluster analysis of 

BOLD activation 
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Figure 3.12  BOLD response for 25cm/s > ALL-ON (second-level t-test, Punc < 0.001) 

 

 

 

25 cm/s > ALL ON
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Table 3.6  Velocity vs. control (25 cm/s > ALL-OFF, second-level) per cluster analysis of 

BOLD activation 
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Figure 3.13  BOLD response for 65cm/s > ALL-ON (second-level t-test, Punc < 0.001) 

 

65 cm/s > ALL ON
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Table 3. 7   Velocity vs. control (65 cm/s > ALL-ON, second-level) per cluster analysis of 

BOLD activation 
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CHAPTER 4: DISCUSSION 

 

Overview of Current Findings 

 In this study, BOLD responses from 20 healthy, adult subjects revealed a unique 

transformation of the HRF signal as a function of punctate, saltatory stimulation varied 

by velocity.  In addition to activation in a priori contralateral facial somatosensory 

regions (SI, SII, MI, SMA, PPC, insula), 95% (19/20) of our participants showed regions 

of activation in the hemisphere ipsilateral to the stimulus, particularly in deeper insular 

regions of cortex, and in the cerebellum.  The extent and region of BOLD/HRF signal 

was appreciably modulated by changes in the velocity of pneumotactile stimuli, and may 

represent key dynamic neural networks underlying moving tactile stimulus processing, 

motion perception and neural organization. 

 

Outcomes of Specific Aims and Hypotheses 

 

Distributed Neural Networks for Velocity Encoding 

The overarching specific aim of this study was to map the spatiotemporal 

organization of the cortical and subcortical networks that encode velocity during 

discontinuous pneumotactile stimulation of the lower, right face.  Using the described 

paradigm, evaluation of both single subject and group fMRI data showed tight coupling 

of BOLD activations with changes in stimulus velocity, which matched well with our 

predominant hypothetical question regarding underlying neural networks involved in the 

processing of moving sensory stimuli.   
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We found not only a significant main effect of velocity, but also a markedly 

different pattern of BOLD response as a function of individual velocities (5 cm/s, 25 

cm/s, 65 cm/s) when compared to control (ALL-OFF, ALL-ON) conditions.  In nearly all 

participants (with the exception of participant 06 who showed overall reduced BOLD 

signal), the spatial extent of the BOLD response was inversely related to stimulus 

velocity.  

 These findings strongly support an underlying, adapting neural network, capable 

of encoding tactile stimulus velocity (Hypotheses 1, 2, 3). Additionally, activations of 

neural regions associated with motion perception, processing and planning were observed 

(Hypothesis 4), which included bilateral cortical, insular and cerebellar circuits. 

 

Lateralization vs. Bilateral Cortical Activation 

In ‘main effect of velocity’ data, we found that the largest area of activation 

(cluster size 1540 mm3) occurred in the contralateral hemisphere in left precentral, 

postcentral and insular regions. The second largest area of activation, however, occurred 

in the ipsilateral hemisphere in right inferior temporal, precentral, postcentral and insular 

regions.  Similarly, in ‘velocity vs. control’ data, at the lowest velocity (5 cm/s > ALL-

OFF, ALL-ON), there was bilateral BOLD response with the largest and most 

statistically significant cluster of activity seen on the contralateral side.  As stimulus 

velocity increased, the smaller, ipsilateral (right-sided) activation was reduced until at the 

highest stimulus velocity (65 cm/s > ALL-OFF), there was only a single small cluster of 
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right-sided activation, and in the higher ’25 cm/s > ALL-ON’ and ‘65 cm/s > ALL-ON’ 

conditions, ipsilateral activation was absent.  

 This type of bilateral activation during repeating stimulus trains to the face are 

likely due to transcallosal intra-cortical fibers extending between SII and SI regions 

during touch processing.  As discussed in previous sections, neural activity can propagate 

via these long-range axons to cortex ipsilateral to the stimulus, often appearing in regions 

of frontal cortex, MI, SII, insula and PPC (Trulsson et al., 2000; Aronoff et al., 2010).   

 In perioral regions however, studies have shown that there is also some 

anatomical bilateral projection through thalamus to right and left cortical face 

representation in primates (Rausell & Jones, 1991; Lin et al., 1994).  In some cases, 

strong bilateral activation of the trigeminothalamic tract may occur during noxious or 

nociceptive stimulus processing (Jantsch et al., 2005; Nash et al., 2010).  It may be that 

repeated stimulation of the sensitive perioral area in our paradigm not only produced 

signal propagation along some uncrossed trigeminolemniscal (discriminative touch) 

pathways, but also activated the anterior trigeminothalamic (nociception) tract as well, 

contributing to the pronounced bilateral effect. 

 

Insular Activation 

Results of this study indicated unpredicted, significant activation in deeper, 

mostly posterior insular regions during facial stimulation, particularly at the lower 

velocities (5 cm/s, 25 cm/s).  This is an interesting finding as research has implicated 

deeper layers of cortex and insula in higher processing circuit connectivity, beyond 
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cortical columnar-unit topography.  It is these deeper layers of cortex that likely allow 

stimulus feature selectivity through hierarchical ‘gain’ and inhibition via ancillary regions 

of cortex and thalamus (Carandini & Heeger, 2012; Miller, 2016). Insular cortex has also 

been identified as a key structure in the modulation of trigeminal nocioception (Wang et 

al., 2015; Schulte & Sprenger, 2016), and its activation has been correlated with the 

perceived  intensity of noxious sensory input (Derbyshire et al., 1997). This may indicate 

another layer of neural coding occurring during stimulation of the sensitive perioral area 

that contribute to complex sensory activation in our paradigm (Coghill et al., 1999; Starr 

et al., 2009; Lotsch et al., 2012). 

Relevant to future directions for study, deep cortical regions appear to make 

strong excitatory and inhibitory links between primary sensory, frontal integrating, and 

motor processing areas (Elston, 2003; Murphy & Miller, 2009; Chaudhuri et al., 2015).  

In both animal study of ingestive behavior (Schneider et al., 1993; Jezzini et al., 2012) 

and human study of speech production (Eckers et al., 2013; Poeppel, 2014; Simonyan & 

Fuertinger, 2015), insular regions are functionally connected to sensorimotor and 

orofacial motor networks, and comprise a majority of neural ‘communities’ which 

include prefrontal cortex, basal ganglia and thalamus (Eickhoff et al., 2009; Fuertinger et 

al., 2015). Stimulation of these complex communities may prove highly beneficial for 

encouraging sensorimotor connectivity and plastic reorganization after neurological 

disruption. 
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Cerebellar Activation 

The finding of cerebellar activation proximal to the dentate and interpositus 

nuclear regions provide further evidence for refined signal integration during sensory 

movement discrimination. The dentato-rubro-olivary loop (Guillain-Mollaret triangle), 

has long been associated with precision fine motor control, but also holds a key 

component in sensory processing, proprioceptive tuning, and sensory discrimination 

(Habas et al., 2009, 2010; Cullen & Brooks, 2015). Damage to cortico-ponto-cerebellar 

or dento-thalamic-cortical feedback pathways results in characteristic ataxic hemiparesis, 

or dysmetria, where patients exhibit a lack of limb coordination and undershoot or 

overshoot intended limb position (Schmahmann et al., 2004; Manto 2009; Caplan, 2012).    

Similarly, the interpositus cerebellar region (globose and emboliform nuclei) is heavily 

innervated by climbing fibers originating in the inferior olivary complex, and appears to 

modulate excitability changes in motor cortex.  Activity in these regions is associated 

with healthy motor learning (Small et al., 2005; Luft et al., 2005; Farias da Guarda & 

Conforto, 2014), and may play a substantial role in early recovery after infarct (Bannister 

et al., 2015; Ishida et al., 2016). 

 In this study, we observed that 70% (14/20) of the participants manifest ipsilateral 

cerebellar activation. Close examination of single subject vs. group BOLD cluster 

maxima distribution showed that single subject data was well-aligned to the main effect 

(group) cerebellar ROI which matches dentate and interpositus regions (Figure 4.1). 
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Figure 4.1   Distribution of cerebellar activation. Cartoons (A, B) illustrate human 

cerebellar arrangement and positions of cerebellar nuclei (retrieved from http://what-

when-how.com/neuroscience/brainstem-ii-pons-and-cerebellum-part-2/). Images (C) and 

(D) show single subject (yellow) and group (red) BOLD cluster maximas aligned with 

cerebellar ROI. 

 

New research on the role of cerebellum in healthy sensory processing suggests 

that cerebellar circuits act as the ‘predictive’ brain, continuously generating internal 

models of temporally and spatially structured events that can be used to make 

sensorimotor predictions (Leggio & Molinari, 2015; Fujita, 2016).  In neurological 

disease states, direct damage to the cerebellum can lead to deficits in somatosensory 

mismatch negativity (Restuccia at al., 2007; Spencer & Ivry, 2013), while cerebellar 

activation has been has been closely linked to improvement in stroke limb paresis, likely 



100 

 

 

 

                                                           
due hemodynamic shifts associated with post-lesion diaschisis (Pantano et al., 1986; 

Small et al, 2015).  It follows that the significant cerebellar activity seen in our paradigm 

is prospectively a key component of stimulus velocity coding during these repeating 

pneumotactile trains, particularly during the slower presentations when individual stimuli 

(single pulses) are discernable. 

 

Study Limitations and Future Directions 

 

Neurotypical Population 

In our study, the participant pool comprised only healthy, neurotypical adults 

without any known aberrancies of somatosensory processing.  The ultimate goal of any 

human research, however, is to explore the realms of disorder and develop potential 

therapeutics that can improve the quality of life for individuals with disability.  This 

study presents a first step in mapping somatosensory networks that discriminate changes 

in tactile velocity, and holds the potential to serve as a neurotypical map for future 

research that may be applied to cerebrovascular stroke, traumatic brain injury, 

Parkinson’s disease and even developmental disorders such as cerebral palsy, Down 

syndrome and Autism Spectrum Disorder. 

 

Temporal Assessment 

The use of high resolution fMRI to elucidate neural networks that encode velocity 

during discontinuous stimulation worked well for this preliminary study, and there are 
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several ways this project could be expanded.  A primary assumption of this general linear 

model was that the BOLD response was relatively linear, and noise associated with the 

hemodynamic changes followed a Gaussian distribution and was stable over time.  In 

fact, because of the known nonlinearity of BOLD signal in short inter-stimulus intervals 

(less than 6-10 seconds), acquisition sequences must allow for adequate HRF decay.  In 

our experiment, we provided a 20 second ‘off’ interval between velocity blocks to allow 

for HRF decay, but that interval may be reduced in future paradigms to shorten the 

amount of time participants are in the scanner.  Additionally, more temporally sensitive 

fMRI protocols could be employed in next-step research, such as multiband EPI, which 

permits full-brain coverage through the acquisition of multiple slices simultaneously in 

the amount of time it takes to acquire a single slice image in standard EPI (Smith et la., 

2012; Xu et al., 2013; Todd et al., 2016).  This would allow access to important timing 

characteristics of the BOLD signal and its evolution across processing networks, maintain 

high spatial resolution, and decrease the amount of scan time for less tolerant, neuro-

diverse populations. 

 For truly effective response network mapping, a further examination of the 

cortical and subcortical signal should be performed.  Following peripheral stimulation, 

neural activity occurs not only on the order of seconds (hemodynamic, BOLD response), 

but also on the order of milliseconds (neuronal activity, network fluctuation).  By 

assessing BOLD voxel maximas over an entire scan sequence as we did in this initial 

study, much of the intricacies of temporal resolution are overlooked.  To address this 

issue, imaging techniques offering millisecond temporal resolution, such as 

electroencephalography (EEG) or magnetoencephalography (MEG) could be combined 
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with the excellent spatial resolution of fMRI.  Both combinations have been used 

successfully to monitor neural changes in health (Chun et al., 2016; McWhinney et al., 

2016) and disease (Irimia & Van Horn, 2015; Kieler et al., 2016), and can improve 

detection of subtle differences in perfusion associated with neuronal activity.  

 Lastly, from an algorithmic standpoint, the data from this fMRI scan analysis 

could be subdivided into shorter time windows that are either overlapping (Hutchison et 

al., 2013) or non-overlapping (Bassett et al., 2011; Siebenhuhner et al., 2013), depending 

on the desired temporal resolution of the HRF data.  In some cases, algorithms with 

‘sliding’ time windows can be used in independent component analysis (ICA) of response 

signals, and can identify transient characteristics of BOLD signals over much shorter 

timescales (Telesford et al., 2016).  These techniques could greatly improve assessment 

of moving tactile stimulation processing networks across different disordered 

populations, or across a broad expanse of age ranges in healthy populations. 

 

Connectivity and Advanced Network Mapping 

Another approach that could be incorporated in to future study would be structural 

connectivity assessment with diffusion tensor imaging (DTI), particularly for the 

evaluation of higher processing and integrative brain regions that showed significant 

activation in the main effect and low velocity data. Tractography studies of both insular 

(Cloutman et al., 2012) and posterior parietal (PPC) cortices (Caspers et al., 2011) during 

somatosensory processing have described intricate parcellation of sensory signals, and 

that these regions can show dynamic, plastic changes in structural connectivity during 
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neurological disruption and repair (Yamada et al., 2004; Jang, 2011; Kou & Iraji, 2014).  

Similarly, alterations in white matter integrity associated with deficits in resting state and 

active functional connectivity have been reported in cerebral ischemia (Meyer et al., 

2015; Cha et al., 2016) and TBI (Chong & Schwedt, 2015; Harris et al, 2016).  A future 

hypothesis would be that there are definable differences in higher level sensory signal 

management in many disease states, and these differences play a key role sensorimotor 

and functional recovery. 

 

Sensory Links to Motor Function in Brain Injured Populations 

The mapping of trigeminal somatosensory processing networks such as those 

described in this project can provide a template that can be used in a comparative manner 

when evaluating network dysfunction in disordered populations. In disease states, motor 

deficits associated with sensory damage can profoundly impact subsequent recovery, risk 

for re-injury and overall quality of life. Sensorimotor damage to orofacial regions can 

inhibit speech, safe and comfortable oral intake, and human interaction.  

 In all instances of motor rehabilitation after injury, sensory integration plays a 

critical role in recovery as injured networks remap sensorimotor interactions through 

recruitment of primary sensory, secondary motor and higher-order association areas 

involved in touch and movement processing ( Nudo, 2013; Bolognini et al., 2016).  In our 

study, we found rapid dynamic changes occurring in not only distinct regional, but also 

distant bilateral, insular and cerebellar neural networks during the processing of moving 

tactile stimulation varied by velocity.   
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 In stroke research, lesion studies have shown that these intra- and 

interhemispheric changes in sensorimotor coupling can greatly effect motor outcomes.  

Infarct to sensorimotor integration ‘hubs’ that link anatomically distant processing 

regions, produces more severe motor deficit than infarcts to local motor regions alone 

(Grefkes & Fink, 2011; Cheng et al., 2015). Conversely, it may be that activation of 

integration hubs such as those putatively reported in our study, could be ideal 

mechanisms to adjunct functional improvement. An immediate future direction for this 

study will be to establish a ‘dose’ specific regimen in disordered populations that 

promotes optimal network activity and plasticity during a stimulation schedule. As an 

example, velocity varied pneumotactile stimulation might be applied once or twice daily 

for 5-20 days in individuals who have hemiparesis related to stroke. Standardized 

behavioral testing combined with functional neuroimaging could be conducted before and 

after therapeutic application to monitor physiological and performance change.  

 In addition to passive sensory stimulation, participants could be asked to perform 

purposeful, task-oriented motor movements (such as reaching, grasping, or orofacial 

movement) while undergoing pneumotactile stimulation.  Asking participants to match 

their motor tasks with the perceived stimulus velocity or direction may produce the most 

robust rehabilitative changes.  Many studies have shown that purposeful movement 

combined with sensory training have the most beneficial and lasting effect (Dinse et al., 

2011; Kattenstroth et al., 2012; Kato & Izumiyama, 2013). 
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Conclusion 

The research presented here illustrates a method for assessing the neural networks 

associated with velocity encoding during tactile stimulation to the human orofacial 

somatosensory system. We found statistically significant neural adaptive responses and 

network scalability associated with tactile inputs varied by velocity.  These findings also 

indicate that the networks involved in proprioception and motor planning become active 

during tactile velocity processing, which should lead to further experimental paradigms in 

sensorimotor disordered populations such as stroke and traumatic brain injury. The 

described project has the potential to create not only a neurotypical HRF model of 

cortical velocity processing networks following a novel stimulation paradigm, but should 

also lead to a long line of new neurodiagnostic and neurotherapeutic applications.   
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APPENDICES 

Appendix A: Sample Velocity Program (.xml) 

<Series> 

  <Date>7/28/2015 10:00 AM</Date> 

  <File>D:\USERS\Rebecca\fMRI_sequence\FACE_09 

velocity.xml</File> 

  <Description>Velocity Set</Description> 

  <Continuous>False</Continuous> 

  <Sequence Num="1"> 

    <On>True</On> 

    <Runs>10</Runs> 

    <CycleTime>2000</CycleTime> 

    <Description>All 60ms pulses 5 cm/sec</Description> 

    <Channel Num="1"> 

      <OnTime>0</OnTime> 

      <OffTime>60</OffTime> 

    </Channel> 

    <Channel Num="2"> 

      <OnTime>500</OnTime> 

      <OffTime>560</OffTime> 

    </Channel> 

    <Channel Num="3"> 

      <OnTime>1000</OnTime> 

      <OffTime>1060</OffTime> 

    </Channel> 

    <Channel Num="4"> 

      <OnTime>1400</OnTime> 

      <OffTime>1460</OffTime> 

    </Channel> 

    <Channel Num="5"> 

      <OnTime>1800</OnTime> 

      <OffTime>1860</OffTime> 

    </Channel> 

    <Channel Num="6"> 

      <OnTime>0</OnTime> 

      <OffTime>0</OffTime> 

    </Channel> 

    <Channel Num="7"> 

      <OnTime>0</OnTime> 

      <OffTime>0</OffTime> 

    </Channel> 

    <Channel Num="8"> 

      <OnTime>0</OnTime> 
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      <OffTime>0</OffTime> 

    </Channel> 

  </Sequence> 

  <Sequence Num="2"> 

    <On>True</On> 

    <Runs>40</Runs> 

    <CycleTime>500</CycleTime> 

    <Description>All 60ms pulses, 25 cm/sec</Description> 

    <Channel Num="1"> 

      <OnTime>0</OnTime> 

      <OffTime>60</OffTime> 

    </Channel> 

    <Channel Num="2"> 

      <OnTime>100</OnTime> 

      <OffTime>160</OffTime> 

    </Channel> 

    <Channel Num="3"> 

      <OnTime>200</OnTime> 

      <OffTime>260</OffTime> 

    </Channel> 

    <Channel Num="4"> 

      <OnTime>280</OnTime> 

      <OffTime>340</OffTime> 

    </Channel> 

    <Channel Num="5"> 

      <OnTime>360</OnTime> 

      <OffTime>420</OffTime> 

    </Channel> 

    <Channel Num="6"> 

      <OnTime>0</OnTime> 

      <OffTime>0</OffTime> 

    </Channel> 

    <Channel Num="7"> 

      <OnTime>0</OnTime> 

      <OffTime>0</OffTime> 

    </Channel> 

    <Channel Num="8"> 

      <OnTime>0</OnTime> 

      <OffTime>0</OffTime> 

    </Channel> 

  </Sequence> 

  <Sequence Num="3"> 

    <On>True</On> 

    <Runs>80</Runs> 

    <CycleTime>250</CycleTime> 

    <Description>All 60ms pulses, 65 cm/sec</Description> 
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    <Channel Num="1"> 

      <OnTime>0</OnTime> 

      <OffTime>60</OffTime> 

    </Channel> 

    <Channel Num="2"> 

      <OnTime>38</OnTime> 

      <OffTime>98</OffTime> 

    </Channel> 

    <Channel Num="3"> 

      <OnTime>76</OnTime> 

      <OffTime>136</OffTime> 

    </Channel> 

    <Channel Num="4"> 

      <OnTime>107</OnTime> 

      <OffTime>167</OffTime> 

    </Channel> 

    <Channel Num="5"> 

      <OnTime>138</OnTime> 

      <OffTime>198</OffTime> 

    </Channel> 

    <Channel Num="6"> 

      <OnTime>0</OnTime> 

      <OffTime>0</OffTime> 

    </Channel> 

    <Channel Num="7"> 

      <OnTime>0</OnTime> 

      <OffTime>0</OffTime> 

    </Channel> 

    <Channel Num="8"> 

      <OnTime>0</OnTime> 

      <OffTime>0</OffTime> 

    </Channel> 

  </Sequence> 

  <Sequence Num="4"> 

    <On>True</On> 

    <Runs>20</Runs> 

    <CycleTime>1000</CycleTime> 

    <Description>All 60ms pulses, non-stim</Description> 

    <Channel Num="1"> 

      <OnTime>0</OnTime> 

      <OffTime>0</OffTime> 

    </Channel> 

    <Channel Num="2"> 

      <OnTime>0</OnTime> 

      <OffTime>0</OffTime> 

    </Channel> 
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    <Channel Num="3"> 

      <OnTime>0</OnTime> 

      <OffTime>0</OffTime> 

    </Channel> 

    <Channel Num="4"> 

      <OnTime>0</OnTime> 

      <OffTime>0</OffTime> 

    </Channel> 

    <Channel Num="5"> 

      <OnTime>0</OnTime> 

      <OffTime>0</OffTime> 

    </Channel> 

    <Channel Num="6"> 

      <OnTime>0</OnTime> 

      <OffTime>0</OffTime> 

    </Channel> 

    <Channel Num="7"> 

      <OnTime>0</OnTime> 

      <OffTime>0</OffTime> 

    </Channel> 

    <Channel Num="8"> 

      <OnTime>0</OnTime> 

      <OffTime>0</OffTime> 

    </Channel> 

  </Sequence> 

<Sequence Num="5"> 

    <On>True</On> 

    <Runs>20</Runs> 

    <CycleTime>1000</CycleTime> 

    <Description>All 60ms pulses, same OnTime</Description> 

    <Channel Num="1"> 

      <OnTime>0</OnTime> 

      <OffTime>60</OffTime> 

    </Channel> 

    <Channel Num="2"> 

      <OnTime>0</OnTime> 

      <OffTime>60</OffTime> 

    </Channel> 

    <Channel Num="3"> 

      <OnTime>0</OnTime> 

      <OffTime>60</OffTime> 

    </Channel> 

    <Channel Num="4"> 

      <OnTime>0</OnTime> 

      <OffTime>60</OffTime> 

    </Channel> 
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    <Channel Num="5"> 

      <OnTime>0</OnTime> 

      <OffTime>60</OffTime> 

    </Channel> 

    <Channel Num="6"> 

      <OnTime>0</OnTime> 

      <OffTime>0</OffTime> 

    </Channel> 

    <Channel Num="7"> 

      <OnTime>0</OnTime> 

      <OffTime>0</OffTime> 

    </Channel> 

    <Channel Num="8"> 

      <OnTime>0</OnTime> 

      <OffTime>0</OffTime> 

    </Channel> 

  </Sequence> 

</Series> 



 

 

 

 

                                                       1
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Appendix C: Sample Galileo Output 

Series - START 

Date: 7/28/2015 4:31:31 PM 

File:D:\USERS\Rebecca\fMRI_Velocity\LastDownloadedSeries.xml 

Description: Velocity Set 

Continuous: False 

Hardware Trigger: 2 

Runs: 1 

CB Runs: 4 

Random Runs: 1 

----------- 

SEQ: 1 True 

Runs: 10 

Cycle Time: 2000 

Description: All 60ms pulses 5 cm/sec 

VALID: True 

1: 0-60 

2: 500-560 

3: 1000-1060 

4: 1400-1460 

5: 1800-1860 

----------- 

SEQ: 2 True 

Runs: 40 

Cycle Time: 500 

Description: All 60ms pulses, 25 cm/sec 

VALID: True 

1: 0-60 

2: 100-160 

3: 200-260 

4: 280-340 

5: 360-420 

----------- 

SEQ: 3 True 

Runs: 80 

Cycle Time: 250 

Description: All 60ms pulses, 65 cm/sec 

VALID: True 

1: 0-60 

2: 38-98 

3: 76-136 

4: 107-167 

5: 138-198 

----------- 

SEQ: 4 True 
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Runs: 20 

Cycle Time: 1000 

Description: All 60ms pulses, non-stim 

VALID: True 

----------- 

SEQ: 5 True 

Runs: 20 

Cycle Time: 1000 

Description: All 60ms pulses, same On Time 

VALID: True 

1: 0-60 

2: 0-60 

3: 0-60 

4: 0-60 

5: 0-60 

 

SEQ: 6 OFF 

SEQ: 7 OFF 

SEQ: 8 OFF 

SEQ: 9 OFF 

SEQ: 10 OFF 

SEQ: 11 OFF 

SEQ: 12 OFF 

SEQ: 13 OFF 

SEQ: 14 OFF 

SEQ: 15 OFF 

SEQ: 16 OFF 

SEQ: 17 OFF 

SEQ: 18 OFF 

SEQ: 19 OFF 

SEQ: 20 OFF 

SEQ: 21 OFF 

SEQ: 22 OFF 

SEQ: 23 OFF 

SEQ: 24 OFF 

SEQ: 25 OFF 

Series - END 

 

OPENED: 7/28/2015 4:32:12 PM 

DESCRIPTION: RANDOM BALANCED 

------------------------------------------------- 

Seq, Repeat 

1, 1 

1, 1 

1, 2 

1, 3 
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1, 4 

1, 5 

1, 6 

1, 7 

1, 8 

1, 9 

1, 10 

3, 1 

3, 2 

3, 3 

3, 4 

3, 5 

3, 6 

3, 7 

3, 8 

3, 9 

3, 10 

3, 11 

3, 12 

3, 13 

3, 14 

3, 15 

3, 16 

3, 17 

3, 18 

3, 19 

3, 20 

3, 21 

3, 22 

3, 23 

3, 24 

3, 25 

3, 26 

3, 27 

3, 28 

3, 29 

3, 30 

3, 31 

3, 32 

3, 33 

3, 34 

3, 35 

3, 36 

3, 37 

3, 38 

3, 39 
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3, 40 

3, 41 

3, 42 

3, 43 

3, 44 

3, 45 

3, 46 

3, 47 

3, 48 

3, 49 

3, 50 

3, 51 

3, 52 

3, 53 

3, 54 

3, 55 

3, 56 

3, 57 

3, 58 

3, 59 

3, 60 

3, 61 

3, 62 

3, 63 

3, 64 

3, 65 

3, 66 

3, 67 

3, 68 

3, 69 

3, 70 

3, 71 

3, 72 

3, 73 

3, 74 

3, 75 

3, 76 

3, 77 

3, 78 

3, 79 

3, 80 

1, 1 

1, 2 

1, 3 

1, 4 

1, 5 
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1, 6 

1, 7 

1, 8 

1, 9 

1, 10 

5, 1 

5, 2 

5, 3 

5, 4 

5, 5 

5, 6 

5, 7 

5, 8 

5, 9 

5, 10 

5, 11 

5, 12 

5, 13 

5, 14 

5, 15 

5, 16 

5, 17 

5, 18 

5, 19 

5, 20 

4, 1 

4, 2 

4, 3 

4, 4 

4, 5 

4, 6 

4, 7 

4, 8 

4, 9 

4, 10 

4, 11 

4, 12 

4, 13 

4, 14 

4, 15 

4, 16 

4, 17 

4, 18 

4, 19 

4, 20 

2, 1 
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2, 2 

2, 3 

2, 4 

2, 5 

2, 6 

2, 7 

2, 8 

2, 9 

2, 10 

2, 11 

2, 12 

2, 13 

2, 14 

2, 15 

2, 16 

2, 17 

2, 18 

2, 19 

2, 20 

2, 21 

2, 22 

2, 23 

2, 24 

2, 25 

2, 26 

2, 27 

2, 28 

2, 29 

2, 30 

2, 31 

2, 32 

2, 33 

2, 34 

2, 35 

2, 36 

2, 37 

2, 38 

2, 39 

2, 40 

5, 1 

5, 2 

5, 3 

5, 4 

5, 5 

5, 6 

5, 7 
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5, 8 

5, 9 

5, 10 

5, 11 

5, 12 

5, 13 

5, 14 

5, 15 

5, 16 

5, 17 

5, 18 

5, 19 

5, 20 

4, 1 

4, 2 

4, 3 

4, 4 

4, 5 

4, 6 

4, 7 

4, 8 

4, 9 

4, 10 

4, 11 

4, 12 

4, 13 

4, 14 

4, 15 

4, 16 

4, 17 

4, 18 

4, 19 

4, 20 

2, 1 

2, 2 

2, 3 

2, 4 

2, 5 

2, 6 

2, 7 

2, 8 

2, 9 

2, 10 

2, 11 

2, 12 

2, 13 
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2, 14 

2, 15 

2, 16 

2, 17 

2, 18 

2, 19 

2, 20 

2, 21 

2, 22 

2, 23 

2, 24 

2, 25 

2, 26 

2, 27 

2, 28 

2, 29 

2, 30 

2, 31 

2, 32 

2, 33 

2, 34 

2, 35 

2, 36 

2, 37 

2, 38 

2, 39 

2, 40 

2, 1 

2, 2 

2, 3 

2, 4 

2, 5 

2, 6 

2, 7 

2, 8 

2, 9 

2, 10 

2, 11 

2, 12 

2, 13 

2, 14 

2, 15 

2, 16 

2, 17 

2, 18 

2, 19 
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2, 20 

2, 21 

2, 22 

2, 23 

2, 24 

2, 25 

2, 26 

2, 27 

2, 28 

2, 29 

2, 30 

2, 31 

2, 32 

2, 33 

2, 34 

2, 35 

2, 36 

2, 37 

2, 38 

2, 39 

2, 40 

4, 1 

4, 2 

4, 3 

4, 4 

4, 5 

4, 6 

4, 7 

4, 8 

4, 9 

4, 10 

4, 11 

4, 12 

4, 13 

4, 14 

4, 15 

4, 16 

4, 17 

4, 18 

4, 19 

4, 20 

2, 1 

2, 2 

2, 3 

2, 4 

2, 5 
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2, 6 

2, 7 

2, 8 

2, 9 

2, 10 

2, 11 

2, 12 

2, 13 

2, 14 

2, 15 

2, 16 

2, 17 

2, 18 

2, 19 

2, 20 

2, 21 

2, 22 

2, 23 

2, 24 

2, 25 

2, 26 

2, 27 

2, 28 

2, 29 

2, 30 

2, 31 

2, 32 

2, 33 

2, 34 

2, 35 

2, 36 

2, 37 

2, 38 

2, 39 

2, 40 

5, 1 

5, 2 

5, 3 

5, 4 

5, 5 

5, 6 

5, 7 

5, 8 

5, 9 

5, 10 

5, 11 
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5, 12 

5, 13 

5, 14 

5, 15 

5, 16 

5, 17 

5, 18 

5, 19 

5, 20 

5, 1 

5, 2 

5, 3 

5, 4 

5, 5 

5, 6 

5, 7 

5, 8 

5, 9 

5, 10 

5, 11 

5, 12 

5, 13 

5, 14 

5, 15 

5, 16 

5, 17 

5, 18 

5, 19 

5, 20 

4, 1 

4, 2 

4, 3 

4, 4 

4, 5 

4, 6 

4, 7 

4, 8 

4, 9 

4, 10 

4, 11 

4, 12 

4, 13 

4, 14 

4, 15 

4, 16 

4, 17 



142 

 

 

 

4, 18 

4, 19 

4, 20 

3, 1 

3, 2 

3, 3 

3, 4 

3, 5 

3, 6 

3, 7 

3, 8 

3, 9 

3, 10 

3, 11 

3, 12 

3, 13 

3, 14 

3, 15 

3, 16 

3, 17 

3, 18 

3, 19 

3, 20 

3, 21 

3, 22 

3, 23 

3, 24 

3, 25 

3, 26 

3, 27 

3, 28 

3, 29 

3, 30 

3, 31 

3, 32 

3, 33 

3, 34 

3, 35 

3, 36 

3, 37 

3, 38 

3, 39 

3, 40 

3, 41 

3, 42 

3, 43 
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3, 44 

3, 45 

3, 46 

3, 47 

3, 48 

3, 49 

3, 50 

3, 51 

3, 52 

3, 53 

3, 54 

3, 55 

3, 56 

3, 57 

3, 58 

3, 59 

3, 60 

3, 61 

3, 62 

3, 63 

3, 64 

3, 65 

3, 66 

3, 67 

3, 68 

3, 69 

3, 70 

3, 71 

3, 72 

3, 73 

3, 74 

3, 75 

3, 76 

3, 77 

3, 78 

3, 79 

3, 80 

1, 1 

1, 2 

1, 3 

1, 4 

1, 5 

1, 6 

1, 7 

1, 8 

1, 9 
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1, 10 

3, 1 

3, 2 

3, 3 

3, 4 

3, 5 

3, 6 

3, 7 

3, 8 

3, 9 

3, 10 

3, 11 

3, 12 

3, 13 

3, 14 

3, 15 

3, 16 

3, 17 

3, 18 

3, 19 

3, 20 

3, 21 

3, 22 

3, 23 

3, 24 

3, 25 

3, 26 

3, 27 

3, 28 

3, 29 

3, 30 

3, 31 

3, 32 

3, 33 

3, 34 

3, 35 

3, 36 

3, 37 

3, 38 

3, 39 

3, 40 

3, 41 

3, 42 

3, 43 

3, 44 

3, 45 
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3, 46 

3, 47 

3, 48 

3, 49 

3, 50 

3, 51 

3, 52 

3, 53 

3, 54 

3, 55 

3, 56 

3, 57 

3, 58 

3, 59 

3, 60 

3, 61 

3, 62 

3, 63 

3, 64 

3, 65 

3, 66 

3, 67 

3, 68 

3, 69 

3, 70 

3, 71 

3, 72 

3, 73 

3, 74 

3, 75 

3, 76 

3, 77 

3, 78 

3, 79 

3, 80 

3, 1 

3, 2 

3, 3 

3, 4 

3, 5 

3, 6 

3, 7 

3, 8 

3, 9 

3, 10 

3, 11 
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3, 12 

3, 13 

3, 14 

3, 15 

3, 16 

3, 17 

3, 18 

3, 19 

3, 20 

3, 21 

3, 22 

3, 23 

3, 24 

3, 25 

3, 26 

3, 27 

3, 28 

3, 29 

3, 30 

3, 31 

3, 32 

3, 33 

3, 34 

3, 35 

3, 36 

3, 37 

3, 38 

3, 39 

3, 40 

3, 41 

3, 42 

3, 43 

3, 44 

3, 45 

3, 46 

3, 47 

3, 48 

3, 49 

3, 50 

3, 51 

3, 52 

3, 53 

3, 54 

3, 55 

3, 56 

3, 57 
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3, 58 

3, 59 

3, 60 

3, 61 

3, 62 

3, 63 

3, 64 

3, 65 

3, 66 

3, 67 

3, 68 

3, 69 

3, 70 

3, 71 

3, 72 

3, 73 

3, 74 

3, 75 

3, 76 

3, 77 

3, 78 

3, 79 

3, 80 

1, 1 

1, 2 

1, 3 

1, 4 

1, 5 

1, 6 

1, 7 

1, 8 

1, 9 

1, 10 

------------------------------------------------- 
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