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Abstract

The sense of touch is processed by the somatosensory system in which mechanorecep-
tors are the sensory neurons that translate mechanical stimuli into neural impulses by using
specialized mechanoreceptive end organs. Pacinian corpuscles (PCs), located primarily in
the hairless skin of the hands and feet, are the mechanoreceptor responsible for sensing
low—amplitude, high—frequency vibrations (80-1000 Hz). In this thesis, I explored how
vibrotactile perception is mediated by the PCs using a combination of computational mod-
eling, benchtop experiments on donor tissue, and psychophysical tests. There are several
mechanical models of the PC, and the first part of this thesis demonstrated that a multi-
physics model of a single PC contained enough details to recapitulate the trend of observed
discriminability of human subjects. We showed that discriminability of sinusoidal vibrations
increases as the frequency difference between the pairs increase, and we found that complex
waveforms with two frequency components were more difficult to discriminate and did not
follow a discernible trend. Next, we investigated the effect that Dupuytren disease (DD)
has on vibrotactile perception at frequencies within the PC’s range. Dupuytren disease is a
progressive hand disorder in which growth and densitification of fibrous tissue in the palms
eventually causes the affected fingers to bend irreversibly. DD usually presents clinically
after the age of 50, affects about 3 per 10,000 adults, and is associated with alterations to
the size and the internal structure of PCs. By measuring vibrotactile sensitivity in healthy
and DD subjects, we found that women are more sensitive to high—frequency vibrations
than men and that men with DD may exhibit reduced sensitivity compared to men without
DD. We also found that, for patients in which DD presents unilaterally, the finger with
DD is less sensitive than the corresponding finger on the unaffected hand. These data may
serve as a useful reference to future DD researchers and may facilitate development of novel
diagnostic or prognostic protocols. Finally, we designed a system to measure the viscoelas-
tic properties of the PC and tested isolated human cadaveric PCs from donors with and
without DD to better understand how the mechanoreceptor’s viscoelastic properties affect

vibrotactile perception.
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Chapter 1

Introduction

1.1 Mechanoreceptors

Touch is a critical, albeit often overlooked, sense. We constantly receive tactile information
about our surroundings. Right now, you can feel the force your body exerts on the chair
and floor, feel the fit of your shoes, feel the fabric of your clothes, and feel which fingers are
touching one another. Touch is processed by the somatosensory system, and mechanore-
ceptors are the sensory neurons that translate mechanical stimuli on the skin into neural
impulses for our brains to decipher.

There are four primary cutaneous mechanoreceptors, each associated with an afferent

neuron that uniquely responds to motion and deformation [4, 5]:

Mechanoreceptor Afferent neuron type Sensation
Merkel cells Slowly adapting type I (SAI) Pressure
Ruffini corpuscles Slowly adapting type II (SAII) Skin stretch

Meissner corpuscles | Rapidly adapting type I (RAI) | Light touch & Vibration

Pacinian corpuscles | Rapidly adapting type II (RAII) Vibration

The type of afferent nerve used to deliver information to the spinal column and brain
differ based on the sensation perceived of the mechanorecepto, e.g. Pacinian corpuscles are
associated with slowly adaptive neurons because they require high temporal resolution, un-
like Merkel cells that respond to constantly applied pressure. The specialized morphology
of the end organ of the mechanoreceptor, including its associated cells and surrounding tis-
sue, are crucial to proper function. Mechanoreceptors can function independently but often
work cooperatively to deliver detailed haptic information. A schematic of mechanoreceptors
in the skin is shown in Fig. 1.1.

Merkel cells respond to sustained indentation with a response that is proportional to

indentation depth. They are highly sensitive to edges, points, and curves with fine spatial



Free nerve & -
endings Epidermis

(pain, temp.) ‘
Merkel disc w ‘ ) :
(pressure) _ Sl S Dermis

Meissner
corpuscle
(light touch)

Hypodermis

Hair follicle ,
receptor ——
(hair movement) Pacinian corpuscle \Ruffini ending
(vibrations & pressure) (stretch)

Figure 1.1: Touch receptors in skin. This diagram is only for demonstration purposes as
Pacinian corpsucles and Meissner corpuscles are primarily located in glaborous (non-hairy)
skin. Figure modified from Biological Psychology textbook [1].

resolution (0.5 mm), making them responsible for sensing an object’s texture and form.
Merkel cells are 10 um in diameter and located at the base of the epidermis under the sweat
ducts. There are about 100 per cm? at the fingertip [4, 6, 5].

Ruffini corpuscles are sensitive to skin stretch, providing information on direction of
object motion or force. In tandem with proprioceptors, they also sense position of the
joints. They may also function as thermoreceptors. They are located in the deep dermis in
both glabrous and hairy skin. Structurally, Ruffini corpuscles are elongated with tapered
ends [4, 6, 5].

Meissner corpuscles are activated at the onset and offset of a stimulus but are insensitive
during the static deformation. They are responsible for detecting low-frequency (5-100
Hz) vibration and slip between the skin and a held object. They have low thresholds for
activation and can sense light touch but possess little spacial resolution. Structurally, they
are disk-like neurite endings located close to the surface of the epidermis, between sweat
ducts and adhesive ridges. Meissner corpuscles are 30-140 um in length and 40-60 pum in
diameter and densely packed (150 per cm?) at the fingertip [4, 6, 5].

Pacinian corpuscles are responsible for sensing high-frequency (50-1000 Hz) vibrations
and pressure changes. This thesis focuses on Pacinian corpuscles, discussed in

greater detail below.



1.2 Pacinian corpuscles

1.2.1 General

Pacinian corpuscles (PCs), like Meissner corpuscles, are only activated during changes in
deformation. In humans, PCs are most sensitive to vibrations around 250 Hz, which is
near middle C [7, 8, 9, 4, 6]. They are responsible for sensing object fine texture and can
provide dexterity for tool usage, such as controlling the tip of a pointing stick [4, 10, 11, 12].
They have low thresholds for activation (reporrted as low 10 nm deformation) [13] but large
receptive fields [14, 15, 16, 5]. PCs are primarily located in the subcutaneous fat pads of
glaborous skin in the hands, feet, face, and genitals, although they are also found in muscles
and internal organs. Some locations with lower densities of PCs, including hairy skin like
the forearm, contain single PCs whereas clusters are more common in regions of greater

sensitivity [7].

1.2.2 Structure and Function

Structurally, PCs are ellipsoidal with lengths of 3-4 mm and diameters of 1-2 mm, but the
shape and size varies with anatomical location and can even differ within the same cluster
[17, 18]. There are 30-60 layers of concentrically-aligned lamellae surrounding a central
core that contains the ending of a neurite. Inside the PC capsule, the neurite narrows
and loses its myelin sheath [19, 20]. The neurite ending near the center of the PC is 8-12
pm in diameter, and there are small filopodia [21]. Near the connections to the neurite,
the filopodia possess stretch-gated ion channels, which are responsible for translating the
mechanical stimuli to neural impulses [19, 22, 23]. Around the neurite is the inner core of
closely-packed lamellae comprised of tissue derived from Schwann cells. Growing outwards,
the inner core is surrounded by the outer core, where the lamellae of epithelial-type cells
spread with radially-increasing spacing [18, 7, 24, 17, 20]. The cells are flat (only 200 nm
width) and bound to collagen fibrils. The lamellae are separated by viscous fluid that is
prevented from entering or crossing the lamellae by tight junctions on the epithelial-like
cells. Due to this structure of several layers, PCs are often referred to as “onion-like.”
Figures 1.2 and 1.3 show the histology and schematics of PCs.

Mechanical displacements on the skin’s surface propagate to the dermis where the outer
layers respond. The wave is transduced through the lamellae to the central neurite where
the deformations cause the filopodia to move, thereby activating the strain-gated ion chan-
nels. The layered structure allows the PC to function as a bandpass filter; low—frequency
deformations are minimized as the waveforms cannot transduce through the layers, and

high—frequency components are filtered out by the limits of the neuron [25, 26, 5, 27].



Figure 1.2: Histology of the human PC. 1. Pacinian corpuscle, 2. Nerve, 3. Connective
tissue of the dermis, 4. Duct and secretory portion of sweat gland, 5. Fat cells, 6. Pacinian
corpuscle: Fibroblast, 7. Venules, 8. Pacinian corpuscle: Inner core, 9. Pacinian corpuscle:
Outer sheath, 10. Pacinian corpuscle: Inner and outer lamellae, 11. Nerve. Figure from di
Fiore’s Atlas of Histology [2].

1.3 Dupuytren disease

Chapters three and four of my thesis focus on Dupuytren disease and how the

disease may affect the Pacinian corpuscle.

1.3.1 Clinical features and incidence

Dupuytren disease (DD) is a progressive disorder of the palmar fascia [28, 29, 30, 31], which
are the fibers in the palm that anchor the skin. The disease is characterized by shortening
and thickening of fibrous bands in the hands and the fingers [28]. Elevated, hard regions of
fibrous tissue, called nodules, are often located in the palm; the fibrous bands may extend
into the fingers, where they are called cords. Severe contracture can restrict hand function
and diminish quality of life. DD is a benign fibromatosis, although the disease may be
confused with soft tumors of the palm. The progression of the disease is illustrated in Fig.
1.4.

The estimated prevalence in America is approximately 7% with an annual incidence at
3 cases per 10,000 adults [32]. The disease usually presents clinically after the age of 50.
The fingers most common affected are the ring and little fingers, and one or both hands can
be affected without regard to handedness [29, 33]. The cause and mechanism of progression
of DD are unknown, although there is a genetic disposition. It is more common in men,

although the gender difference becomes less prominent with age [34]. The disease is mostly
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Figure 1.3: Structure of the PC. a.) Several layers of lamellae separated by viscous fluid
surround an inner core and a terminal afferent nerve. The spacing between layers is exag-
gerated. b.) The central afferent nerve has a bulbous terminus with several filopodia with
stretch-gated channels at their bases.

limited to Caucasians [35], with the majority of conditions in people of Scandinavian and
British Isle descent [35]; about 20% of those over 65 in the UK have DD [29].

Histologically, the cords that characterize DD consist of a dense collagenenous matrix
of fibroblasts and myofibroblasts [36, 29]. The myofibroblasts produce “large amounts of
extracellular type I, III, and IV collagen depositions” [37]. The differentiation and prolif-
eration of myofilboblasts are stimulated by various cytokines, adhesion molecules, growth
factors, and and extracellular matrix compounds [37]. Many of these factors are growth—
and inflammatory-related. Compared to control fascia, in tissue from DD cords, there is
overexpression of genes for collagen of many types (I, III, IV, V, VI, VIII, XIV, and XV) [38].
Fibroblast proliferation and collagen deposition may create a feedback loop that progresses
the disease further [35].

1.3.2 Treatment and Recurrence

DD is irreversible with no known cure. There are, however, several treatments. The gold—
standard treatment for progressive DD is palmar fasciotomy. The diseased fascia is excised
while minimizing removal of non—involved palmar and digital fascia [39]. A less —invasive ap-
proach is needle aponeurotomy, which uses a needle as a substitute for a blade to physically
break apart the DD cords. Patients with clear cords in the palm with minimal extension into
the fingers are the best candidates for needle aponeurotomy to avoid possible complications
from intertwining nerves [40]. Nonsurgical intervention of collagenase enzymes were shown

as safe and effective treatments to chemically disrupt the cords. Collagenase clostridium
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Figure 1.4: The progression of Dupuytren disease. It usually begins with nodules in the
palm, followed by cords into the affected finger, and eventually contracture may occur.
Figure from Clifford Craig Foundation [3].

histolyticum, under the name Xiaflex, was approved for use in the US in 2010 [41]. Ra-
diotherapy was also tested on DD because proliferating fibroblasts and myofibroblasts are
radiosensitive and because radiation interferes with growth factors and inflammatory cy-
tokines. Radiotherapy may slow disease progression at early stages when surgery is not an
option [42], and research of its use is ongoing. There are other non—surgical treatments that
are ineffective or deemed unsafe for clinical use [41]. Some unsuccessful treatments include
include ultrasonic therapy, dimethyl sulfoxide (DMSO) injections, topical vitamin A and E,
physical therapy, corticosteroid injections, 5-fluorouracil treatment, and gamma interferon
injections [41].

Relapse after surgical excision is common. There are six factors that affect aggressiveness

of DD and likelihood of recurrence after treatment:

—

. Ethnicity

2. Family history of one or more affected siblings or parents
3. Bilateral DD

4. Ectopic lesions in the knuckle (Garrod pads)

5. Male gender

6. Age of onset younger than 50 years

It is estimated that there is a baseline risk of recurrence after surgery of 23% for patients



who have none of the above factors; the risk of recurrence increases to 71% for those with
all the above factors [43].

There are three extrapalmar lesions that are similar to DD and often occur in patients
with DD [44].

e Ledderhose disease: Fibrosis of the plantar fascia in the foot
e Peyronie disease: Fibrosis of the penile shaft causing anterior angulation

e Garrod pads: Fibrotic lesions of the dorsal digital fascia of the proximal interpha-

langeal joint in the knuckles

1.3.3 Relationship with Pacinian corpuscles

There have been several studies that reported structural changes in the PCs near Dupuytren
nodules and cords [18, 45, 46, 47, 48, 49]. These changes to PCs in Dupuytren—related tissue

compared to healthy patients include
e increased size [47, 46, 45, 49, 50, 51],
e more numerous lamellae [47], and
e more collagen [50].

Based on these changes, we predicted that patients with DD may have different sensitivities
to vibration and that the viscoelastic properties of the PCs from Dupuytren—related tissue
would also differ from healthy PCs. The relationship between PCs and DD was
studied in chapters 3 and 4.

1.4 Summary of internal chapters

The key research studies of my thesis are organized in the following three chapters. Each
chapter is summarized below.

Chapter 2: Computational and psychophysical experiments of the Pacinian corpuscle’s
ability to discriminate complex stimuli [52]. This study concentrated on how well the PC can
differentiate stimuli of different frequencies. We compared a multiphysics model of a single
PC with psychophysical experiments on healthy volunteers. We measured discriminability of
two stimuli in two categories: simple and complex stimuli (i.e. chord waveforms with a higher
frequency and an underlying 100 Hz frequency component). To test subjects, we created a
device using a piezoelectric buzzer inside a clip that volunteers wore on the index finger of

their dominant hand, and subjects subjects felt two vibrations separated by a brief pause



then answered whether the stimuli were the same or different. Discriminability of the simple
stimuli increased as the frequency difference between the paired stimuli increased. Complex
stimuli were more difficult to discriminate in both the model and the psychophysical studies
and did not follow any discernible trend. From this experiment, we demonstrated that the
multiphysics model of a single PC contains enough details to recapitulate the trend of
the observed response of human subjects when discriminating vibrations. This study was
published in IEEE Transactions on Haptics [52].

Chapter 3: Vibrotactile perception in Dupuytren disease. This study investigated the
ability to sense vibrations with and without DD. Based on the enlarged size of PCs in
DD subjects, we expected that subjects with DD would present altered sensitivity to high-
frequency vibrations and that the changes would be most prominent around 250 Hz, where
healthy subjects are the most sensitive. We designed a device to deliver vibrations of specific
frequencies and amplitudes to the fingertip and palm. The minimal thresholds of sensitivity
were determined with in 36 subjects with DD and in 74 subjects without DD. We found that
sensitivity decreases with age, which agrees with findings by others. Women showed greater
sensitivity than men and men exhibited lower sensitivity in DD vs. healthy subjects, but the
latter results were not statistically significant. In subjects with DD presenting unilaterally,
the unaffected hand was more sensitive than the affected hand. These data on vibration
sensitivity present interesting trends that may serve as a useful reference to future DD
researchers.

Chapter 4: Viscoelastic parameters of the Pacinian corpuscle. This study concentrated
on the viscoelastic properties of the PC. Although mechanical models of the PC exist, the
viscoelastic properties, chiefly the Young’s modulus and the viscosity, are estimates. We
created a cantilever—based device and a corresponding COMSOL model to determine the
viscoelastic properties of PCs at physiologically-relevant timescales, i.e. 50-500 Hz range.
Based on the additional collagen and more lamellae in PCs from subjects with DD, we
expected a change in the size and the mechanical properties of the PCs from the DD
patient compared to the PCs from non—DD donors. The PCs from a human cadaveric donor
with DD were significantly larger than the PCs from two donors without DD, although it
would not be appropriate to draw conclusions about changes in DD based on only on three
donors. Preliminary values of a Young’s modulus of 86 Pa and a viscosity of 0.86 Pa-s
were determined from a representative PC, and recommendations to improve the ongoing

optimization were discussed.



Chapter 2

Computational and Psychophysical
Experiments on the Pacinian
Corpuscle’s Ability to Discriminate

Complex Stimuli

The content of this chapter has been published as a research article in IEEE Transactions
on Haptics by Tiffany L. Senkow, Nicholas D. Theis, Juliam C. Quindlen-Hotek, and Victor
H. Barocas [52].

2.1 Summary

This paper assesses whether the difference between responses of two stimuli predicted by a
multiphysics model of the Pacinian corpuscle correlated with the observed psychophysical
discrimination between them. The simulation’s response, estimated by the van Rossum
distance, was compared to psychophysical same-different experiments and studied with
simple sinusoidal stimuli and complex stimuli, i.e. waveforms with an underlying 100 Hz
frequency component. Estimated discriminability of the in silico experiments correlated
well with the psychophysical experiments, suggesting the multiphysics model of a single
receptor can be used to study PC behavior. Discriminability of the simple stimuli increased
as the frequency difference between the paired stimuli increased; complex stimuli were more
difficult to discriminate in both the model and in the psychophysical studies and did not

follow any discernible trend.
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Figure 2.1: The subjects’ ability to distinguish between the simple stimuli increased as the
frequency increased, a result consistent with the model predictions for the same stimuli. The
model also predicted correctly that subjects would find the complex stimuli more difficult
to distinguish than the simple ones and also that the discriminability of the complex stimuli
would show no trend with frequency difference.

2.2 Introduction

The Pacinian corpuscle (PC) is a dermal touch receptor responsible for transducing high—
frequency vibrations, making it a central biological component for haptic processing. PC
afferents primarily innervate the palm and fingers, but they can be found in other areas
of the body as well [53]. PCs have limited spatial resolution but are highly sensitive to
skin deformations, with amplitude sensitivity on the order of 10 nm [4, 13]. The PC, along
with related touch receptors, has seen a recent resurgence of interest driven in part by
the pursuit of better haptic technology and by efforts towards developing somatosensory
prosthetics [54, 55, 56, 57]. A deeper understanding of PC physiology also offers potential
biomedical applications of haptic technology.

In the adult human hand, each PC afferent neurite ends in a single ellipsoidal corpuscle,
with an average length of 1 mm and average width of 0.7 mm [23]. The outer core of
the corpuscle consists of several lamellar layers (approximately 30 in healthy adults) of
collagen—associated epithelial-like cells separated by fluid [17]. The structure has been the
subject of numerous modeling efforts [58, 59, 60, 61, 62, 63] since the seminal work of
Loewenstein and Skalak [27]. In the computational models cited above, the PC is modeled
as shells interspersed with thin layers of fluid. These fluid—spaced lamellae in concert with
the rapidly adaptive type II neuron act as a bandpass filter [25], removing low—frequency
vibrations that are sensed by other mechanoreceptors [26, 5].

The mechanistic models described above face a fundamental challenge in terms of valida-
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tion because of the ethical and practical challenges associated with performing a physically
invasive experiment on humans or non—human primates. Isolated PCs can be studied me-
chanically [27, 64, 18] or functionally [8, 65], but the experiment is difficult, especially for
the latter case, and isolated tissue studies are difficult to relate directly to somatosensation.
Thus, although the mechanistic models can provide broad understanding, their applicability
has been limited. A new approach is clearly needed, for which we can look to strategies
used in the analysis of simpler models.

Previous studies of the neural representation of touch stimuli have relied on behavioral
experiments combined with electrophysiological recordings [8, 65, 66, 67, 68, 69]. Some
work examined the PC’s ability to encode more complex vibrations, in particular poly-
harmonic stimuli [66, 70, 71, 30], and made efforts to draw inferences about the neural
code [72, 73, 11, 74]. Horch [66] studied discrimination of high-frequency complex stimuli,
investigating the effects of phase shift, concluding that discrimination of complex stimuli
was dependent neither on frequency nor on amplitude but on the peak acceleration. Con-
versely, the Bensmaia group conducted similar studies and found that PC afferents convey
frequency information of frequency and timing [11] and that pairs of the same frequencies
at different phases were hardly distinguishable from each other [72]; this observation led
them to contend that discriminability was influenced by power. In a follow-up study us-
ing both psychophysical and in silico experiments [74], it was concluded that individual
spectral components were conveyed through what the authors termed “quasi-independent
mini—channels,” suggesting that polyharmonic stimuli are distinguishable at the population
level even if they may not be distinguishable by a single PC, an idea that could also be
explored in more depth using the population models recently presented by Saal et al. [63].

Following this general experimental paradigm, it may be possible to combine psy-
chophysical data with simulated spike trains to evaluate the simulation’s relevance and
to explore neural encoding computationally in lieu of invasive experiments. Thus, the goal
of the present study was to assess this approach by comparing relevant psychophysical
measures of various stimuli with model predictions of the response to the same stimuli.
Employing this combined psychophysical-experimental approach, we explored the extent
to which stimuli perceived as different by experimental subjects were also measurably dif-
ferent in terms of the output generated by a previously—published multiphysics model of
the PC response [62]. The current work narrows the conditions of frequency discrimination
and operates under the assumption that van Rossum distance is an adequate measure of
difference between simulation outputs [75]. We performed parallel psychophysical experi-
ments on human subjects and in silico experiments with the computational model using two
sets of stimuli: 1) a single, pure sinusoidal waveform, which can be compared with previ-

ously reported studies, and 2) a waveform consisting of the same sinusoidal component and
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an underlying 100 Hz sinusoidal component, which investigates discrimination with more

complex stimuli.

2.3 Methods

2.3.1 Frequency Selection

For both the in silico and the psychophysical experiments, stimuli were drawn from two
stimulus sets: simple and complex. Simple stimuli consisted of single—frequency pure si-
nusoidal waves within the 100-500 Hz range. Complex stimuli were formed by adding an
equal-amplitude 100 Hz component to each waveform from the simple set. Henceforth, we
name a stimulus by its frequency, followed by an “S” for simple stimuli and a “C” for com-
plex stimuli. For example, 160C refers to a complex stimulus formed by combining a 100
Hz wave with a 160 Hz wave (both sinusoidal), and 160S refers to a pure 160 Hz sinusoid.
The frequencies selected for this study were 160, 230, 310, 400, and 500 Hz (Fig. 2.2); these
stimuli were assumed to excite mostly PCs because they all lie within the reported PC
sensitivity range (40-800 Hz) and largely out of the reported most sensitive range of Meiss-
ner corpuscle afferents (10-100 Hz) [5]. The difference between adjacent pairs of selected
frequencies increases linearly between 70 Hz and 100 Hz. Discriminabilities between pairs
were only assessed within sets; discrimination was not att empted between simpler stimuli

and their complex counterparts.

Simple Complex

100Hz/\/\/\

25 ms i 125 ms--

Figure 2.2: Stimuli used in psychophysical and in silico experiments. The 10 stimuli tested,
from two stimulus sets, are shown. The simple, sinusoidal waveforms (S) are shown on the
left, and the corresponding complex waveforms (C) are on the right. The stimuli are shown
on the same scale, however, the amplitude for the higher frequencies was slightly lower than
that of the lower frequencies.

Previous psychophysical experiments with 100 Hz - 300 Hz stimuli reported that the just-

noticeable difference (JND) follows Weber’s contrast, AF /Fiower, with an average constant
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across frequencies of approximately 0.2 [74, 76, 77, 78], whereas one study found the Weber
fraction for the JND to increase with frequency [79]. Because the frequency pairs selected
for this study have AF/Fjower values greater than the previously reported difference limens,
we expected all of the simple stimuli pairs to be discriminable and thus to constitute a good
basis for comparison with the discriminabilities of the complex stimuli.

Notably, complex waveforms of two components undergo phases of constructive and
destructive interference, resulting in an enveloped waveform where the frequency of con-
structive phases, that is the beat frequency, is equal to the magnitude of the difference
between the two components [80]. An earlier study on consonance and dissonance percep-
tion of vibrotactile chords [71] concluded that the dominant sensory cue for dissonance is
beat frequency (i.e. the smallest envelope between the two frequency components), regard-
less of the base frequency used. In this study, the stimuli had beat frequencies of 60 Hz,
130 Hz, 210 Hz, 300 Hz, and 400 Hz (Fig. 2.2). Selecting different beat frequencies ensured
there would be no bias toward similar pairs. We chose to select some but not all frequencies

that were divisible by the base frequency, 100 Hz, as that may influence discriminability.

2.3.2 Psychophysical Same—Different Experiments

Forty-three adult subjects (ages 18 - 44) participated in psychophysical testing; some partic-
ipated up to three times on different experimental days. There were a total of 74 individual
tests. Experiments were IRB-approved and carried out under IRB guidelines by a CITI-
trained investigator. Subjects were seated and placed the tip of their dominant index finger
on a pirzoelectric disc bender (APC International, Ltd. 20-1330) in a clip applying light
pressure. Vibrotactile stimuli were delivered to the subjects by a piezo wired directly a
digital-to—analog signal generator (Syscomp WGM-201, Ontario) that was controlled via
MATLAB. Analog signals to the actuator were amplified (Gemini XGA-3000, New Jersey)
to 30 V, the maximum input voltage of the vibrating piezo, and were not altered ebtween
expermients or subjects. The piezos were characterized under no load with a vibrometer
controller and fiber interferometer (Polytec, OFV-2600/0FV-352); we measured the cor-
recponding acceleration between 100 Hz and 500 Hz to be 130 dB - 150 dB (ref. 10~%m/s?),
which is greater than the vibrotactile perception thresholds for healthy persons.

A same-different test [81] was used to determine whether the subjects could significantly
discriminate between the stimuli. Subjects were presented with two 1.5-second stimuli
from the same stimulus set (simple or complex) separated by a 0.5 second pause. The
stimuli were either the same or different, and the order in which pairs were presented was
randomized. After being presented with a stimulus pair, the subjects were prompted by

the computer to answer whether the stimuli were the same or different. The subjects had
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at least two practice trials in which they were told that the stimuli were different; they
could repeat the practice trials as many times as desired. Subjects were not instructed to
base their decision on frequency or amplitude differences. During all testing procedures,
subjects wore headphones playing gentle rain sounds to mask the sound of the piezo and
other ambient sound that might distract them or provide unintended auditory cues. Each
separate stimulus set (simple or complex) consisted of 40 trials. For each subject, each same
pair was repeated 4 times and each different pair was repeated twice, maintaining a 50:50
balance of same and different stimuli. The subjects had the opportunity to rest for as long
as needed after every 20 trials — most subjects paused for 10 to 20 seconds. The duration
of the entire experiment, including consent and a brief explanation of the subject’s results,
was an average of 25-30 minutes. To improve subject alertness and to test a wide range
of frequencies, we concentrated only on the frequency discrimination and not amplitude
effects. The results were summarized by 10 discriminability values per stimulus set.

The discriminability measurement, d’, was determined using the same—different dif-
ferencing rule, which is preferred when multiple comparisons are made during the same
experiment [81, 82, 83] and does not make assumptions about the direction of difference
or the attribute responsible for the difference [84]. The probability of a correct response is
determined from the hit rate and false alarm rate for a given stimulus pair. The hit rate is
the probability that the subject responds “different” when the two stimuli are different, and
the false alarm rate is the probability that the subject responds “different” when stimuli are
the same. Rates from individual subjects were calculated separately because participants
may belong to different populations. For an overall perspective, the data were averaged to
calculate a single d’ value for each paired stimuli. The d’ value for each comparison was
determined by referring to the tables in the appendix of [81]. The bias parameter, k, was

calculated from the normal distribution and the false alarm rate [81]:
k=—V2071(A/2) (2.1)

where @1 is the inverse normal cumulative distribution function and A is the false alarm

rate.

2.3.3 Simulated Discriminability Measurements

The PC was simulated using a three—stage model as previously described [58]. In the first
stage, the fluid-spaced lamellae of the outer core are modeled as spherical shells. Simulated
mechanical stimuli were applied to the outermost lamella (shell) and propagated to deeper
shells through the fluid—filled spaces between lamellae using equations from shell theory and

lubrication theory. In the second stage, the deflection of the inner—-most shell from the first
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stage was applied to the inner core of the PC, modeled in COMSOL as an incompressible
solid sphere surrounding an isotropic, linearly elastic neurite with realistic geometry, in-
cluding filopodia extruding from the neurite surface, which are hypothesized to be the sites
of mechanically—gated ion channels [23, 19, 61, 7].

In the third stage, membrane currents were calculated based on strains at the base of
each of the five filopodia using a sigmoidal function of the directional strains as previously
described [10]. Strain waves were rectified by zeroing negative values under the assumption
that stretch—gated channels are opened by positive strains but remain closed under zero or
negative strains. Current injections were scaled with the minimal linear amplifier required
to produce a spiking rate equal to the stimulus frequency, i.e. to reach the tuning threshold,
for all simple frequencies. Scaling allowed for the modeled stimuli, like the stimuli in the
psychophysical setting, to be delivered at an intensity relative to a measurable threshold.
Stage-three simulations were run in NEURON with Hodgkin-Huxley channels [85]. Ac-
tion potentials from the resulting voltage traces were defined as peaks occurring above an
action potential threshold value, which was varied between -60 mV and 0 mV in 1 mV
intervals. Each simulation ran for 1 second of stimulated stimulus, and the entire duration
was analyzed.

The neurite membrane strains for complex stimuli were calculated directly by summing
results of the filopodial strains generated by the constituent single—frequency waves from
stage 2 of the model. This algebraic addition was possible because the first two model
stages are linear. For the third, electrophysical, stage of the model, the summed, complex
strains were converted to current injections and used to calculate voltage traces.

Spike trains were compared using the van Rossum distance (VRD) [75]. Discrete spike
trains X and Y were transformed into continuous functions by convolving each spike with

an exponential
t—t;

o(t) = S H(E — t)ewpl- ] (2.2)

where t. is a time constant, t; is the time of spike 7, n is the length of the signal, and H is
the Heaviside step function. The resulting signals, z and y, were then used to calculate the

van Rossum distance

VRM%MQ=U%AﬂMﬂ—Mm%t (2.3)

The resulting VRD were normalized with a maximum of 1. After an initial analysis of
VRDs using t. values between 25 ps and 2.5 ms, we chose to use a t. of 500 ps, which was
the most consistent with the psychophysical results and lies within estimates of the high

temporal precision of PCs [11].
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2.4 Results

2.4.1 Psychophysical Results

The mean discriminability values calculated for simple and complex stimuli comparisons
exhibit two salient features. The overall trends are most evident when the individual sub-
jects” d’ values are averaged, as shown in Fig. 2.3a and 2.3b. Firstly, the simple stimuli are
easier to distinguish than their complex counterparts. Secondly, the simple stimuli appear
to follow a trend where the discriminability, represented by the mean d’ values, increases as
the frequency difference, or AF, increases. For example, the 160/400S and 160/5008 pairs,
which have large AFs, have mean d’ values of 1.7 whereas the 310/400S and 400/500S pairs
have mean d’ values of only 0.9 and 1.0, respectively. However, the complex stimuli do not
appear to follow any trends.

With a limited number of trials of each comparison, there are only seven possible d’
values for each subject. The distribution of both the simple and complex pairs, as well as
the d’ values for each subject, are provided in the Appendix the end of this chapter. A
d’ value of zero indicates an inability to discriminate the pair (i.e. no improvement over
random guess) and is caused by the subject responding correctly for fewer than four of the
six stimuli. The complex comparisons contain a greater proportion of zero d’ values than
the corresponding simple pairs, indicating that the complex stimuli were more difficult to
discriminate. Following the trends of the averaged data, the simple stimuli pairs that have
frequencies with a greater AF contain a lower proportion of zeros, again suggesting greater
discriminability on an individual level. The individual data were plotted with AF/Fioyer
and fit using a linear regression that was free to have a nonzero intercept. The stimuli with
a greater AF /Flower were more discriminable for the simple stimuli (mean slope = 0.44, p =
0.0004), as shown in Fig. 2.3c, but that effect was less pronounced for the complex stimuli,
shown in Fig. 2.3d, where the mean slope did not significantly differ from zero (mean slope
= 0.06, p = 0.261). A negative slope for the best fit of the AF/F)oyer vs. d’ indicates that
the individual subject more accurately discriminated between pairs with lower AF than
pairs with higher AF — this effect may reflect an overall lack of discriminability or may be
due to the small number of trials.

In general, the mean hit rates were similar for both simple and complex stimuli (0.58
and 0.56). However, the false alarm rate increased for the complex data (from a mean of 0.4
for simple stimuli to 0.5 for complex stimuli), causing the bias parameter, k, to differ from
mean values of 1.34 for the simple stimuli to 1.02 for the complex stimuli. In other words,
subjects appeared to require weaker evidence for the complex signals before responding that

the signals were different.
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Figure 2.3: Psychophysical Experiment Results. (a,b) Discriminability (d’) for each fre-
quency comparison in the (a) simple (single frequency) and (b) complex (with 100 Hz base
frequency) cases. The colorbar shows the relevant d’ values for both cases. (c,d) Discrim-
inability of (c) simple and (d) complex stimuli pairs as a function of AF/Fioye fraction. The
colored lines show the linear fits for individual subjects; the thicker black line the average
linear fit.

2.4.2 In Silico Experiments

PC activity was simulated for the ten stimuli (five simple and five complex) examined
in the psychophysical setting. For simple stimuli, the normalized current traces of any
individual filopodium synchronized to the stimulus pattern, possibly with a phase shift.
The lower frequencies, however, experienced much greater strain amplification during stage
1 and 2 and, therefore, larger currents and final voltages, as shown in the black waveforms
in Fig. 2.4a. When the strains were summed in silico to create the complex waveforms,
the amplitude of the two components, although of equivalent intensity on the corpuscle
surface, differed by as much as a factor of nine at the filopodia surface due to frequency—
dependent transmission through the lamellae. Upon conversion from strain to current with
the sigmoidal function, the peaks that experienced destructive interference were drastically
attenuated or eliminated. The voltage traces shown in red in Fig. 2.4a illustrate that the

interference followed through phase 3 of the model.
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Figure 2.4: In Silico Experiment Results.(a) Normalized voltage traces of phase 3 output.
Simple waveforms (red lines), the 100 Hz waveform (dotted blue lines), and the complex
waveform (solid black lines) are shown on the same scale for each frequency. The lower
frequency, simple voltage traces have greater amplitudes due to strain amplification; because
of this effect, the 100 Hz component of the complex waveform is more prominent than the
higher frequency component and some interference patterns, such as those on 100/310C,
are visible. (b) The neural spike trains of the simple waveform with the -55 mV action
potential threshold (other action potential thresholds gave similar results) (black lines) and
the complex waveform with from the -55 mV action potential threshold (green, top half)
and from the -58 mV action potential threshold (red, bottom half). The same range is
shown for both voltage and spike trains.

The VRDs calculated for comparisons involving only simple waveforms followed the
same trend as the psychophysical results and were independent of the threshold potential,
that is the depolarization voltage at which the neuron initiates an action potential, within
the tested range. The VRDs for the complex waveforms, however, showed action potential—
dependent response. We anticipated that the PC stimulated with complex stimuli would
phase—lock with either the higher frequency or the beat frequency. Instead, the nerve
with complex stimuli fired at rates between those of the simple low and high frequency
components due to regions of destructive interference (Fig. 2.4b). Specifically, if the action
potential threshold was set at or below -58 mV (i.e. 7 mV above the resting potential), the
spike trains, especially those with higher frequency components, were distinct from each
other (Fig. 2.4b) and the model results for the complex waveforms (Fig. 2.5b) were very
similar to those for the simple waveforms. In contrast, for higher thresholds (e.g. -55 mV,
Fig. 2.5¢), the spike trains were more alike (Fig. 2.4b), and the predicted differences in
VRDs were well below those for simple stimuli. Furthermore, the VRDs for the complex
waveform pars were smaller than those for the corresponding simple waveform pairs (Fig.

2.5d), a result consistent with the psychophysical observations. If was also found that the
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higher (-55 mV) threshold led to less AF/Flower sensitivity (Fig. 2.5¢), again consistent
with the psychophysical results. Based on these observations, we concluded that the -55
mV action potential threshold was the appropriate choice, and we used only that value in

subsequent analysis.
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Figure 2.5: In Silico Experiment Results. (a-c) van Rossum distance (VRD) for each
frequency comparison for (a) simple stimuli at an action potential of -55 mV (other action
potential thresholds gave similar results), (b) for complex stimuli at an action potential of
-58 mV, and (c) for complex stimuli at an action potential of -55 mV. The colorbar shows
the relevant VRD values for all cases. (d) Discriminability of simple vs. complex stimuli
for each pair. Pairs are labeled on the plot. The dotted line is y=x; points below this line
are more discriminable in the simple case. (e) Discriminability of simple (black circle) and
complex (red square) pairs with the action potential of -55 mV as a function of AF/Fioyer
ratios. The black line shows the linear fit of the simple data; the red line the linear fit of
the complex data.

2.4.3 Comparison of Psychophysical and Simulation Experiments

For a given stimulus pair, it is possible to plot the psychophysical discriminability value,
d’, against the in silico VRD value for the same pair. A plot of this type, shown in Fig.
2.6, reveals that the discriminability calculations for the psychophysical and in silico exper-
iments for the simple stimuli are correlated with each other, as shown with the fitted line.
Conversely, both the d’ and VRD values for the complex data with the -55 mV threshold

are clustered together with neither the psychophysical nor the in silico experimental data
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following a clear trend apart from having lower values than their simple counterparts. A
linear fit of both the simple and complex data sets (¢’ = VRD/0.42, Raq;®> = 0.247, p =

3e-14) shows general consistency between the in silico and psychophysical results.

2.5 Discussion

2.5.1 Psychophysical Experiments

The primary purpose of this study was to evaluate the simulation’s ability to predict in vivo
discrimination of stimuli; to assess the model, we compared in silico results to psychophys-
ical experiments. Additionally, we wanted to confirm the psychophysical trends, especially
those with complex stimuli, with existing findings. To compare with previous literature, we
estimated discriminability with d’ values.

The psychophysical experiments suggest that discriminability of simple vibrating stimuli
in the range of PC activation (100-500 Hz) increases as the frequency differences between the
paired stimuli increase, which agrees with multiple previous studies [66, 70, 71, 72, 73, 74].
Since the majority of the frequency differences in the current study were near or above the
reported JND, the observed high discriminabilities for simple stimuli were expected and
were consistent with but not as large as those reported by Bensmaia et al. for a similar
simple—stimulus study [74]. The largest difference between the two studies studies is that
we had far more individual subjects with fewer trials for each stimuli comparison while
Bensmaia et al. [74] had fewer subjects with multiple trials. Other differences in d’ values
could be due to other factors such the training regimen, the frequencies tested, or the
vibrator used to deliver the stimulus, all of which varied slightly between the studies.

Complex stimuli with an underlying 100 Hz waveform were more difficult to discriminate
than their simple counterparts and did not follow any discernible trend in discrimination.
Many of the individual d’ values for the complex stimuli were zero, which caused the
mean d’ values to be lower than those for the simple stimuli. A d’ of zero was caused by
subjects responding incorrectly in at least half the trials, which by itself illustrates poor
discriminability. Several linear regressions of d” vs. AF /Foywer calculated negative slopes for
the complex stimuli, further indicating poor discriminability. While the specific complex
frequency components differed from previous studies [72], both studies found a lack of
discrimination for the complex pairs. This could be explained by nonlinear mechanical
amplifications through the skin or the PC, by the nerve being unable to reliably encode
both components, or by the somatosensory system being unable to recognize the neural
signals as different.

Stimuli were delivered at intensities several times larger than the detection threshold
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for the lower frequencies tested but closer to the detection thresholds of some subjects for
the higher frequencies. It is, therefore, possible that responses may have been influenced
by changes in perceived intensity. Some previous studies [74, 86, 87, 88, 89, 90] reported
that perceived intensity may influence frequency discrimination, whereas others [66, 72,
91, 92] concluded that frequency discrimination is not significantly affected by changes in
amplitude, provided the stimulus intensities are significantly higher than the perception
amplitude. Additionally, the clip on the fingertip may have applied more pressure to some
subjects than to others, which may have added variability.

An explanation for the greater bias in the simple vs. complex studies is not evident. The
subjects performed both the simple and complex studies during the same sitting, received
the same instructions and training, were exposed to no external changes in stimulus presen-
tation, had no feedback until both experiments were completed, and faced no consequences

for their responses.

2.5.2 Simulation Experiments

The model was evaluated in its ability to replicate the psychophysical trends, but some
additional parameters outside the initial model were needed for analysis, especially for the
complex data; these parameters include the time constant in the VRD calculation and the
action potential threshold. We will discuss the effects of these parameters.

First, the van Rossum distance provided an estimate of the difference between the in
stlico voltage outputs. For the simple stimuli, the VRD was consistent with a rate code or
interspike interval because the stimuli are synced at the start of the simulation, that is they
can be referenced to the same absolute starting point. The analyzed ¢, values were selected
such that the higher—frequency stimuli did not produce significantly larger VRDs compared
to the lower—frequency stimuli merely due to the higher—frequency stimuli creating more
voltage spikes. The final selection of 500 ps is on the same order of magnitude as that found
previously [11].

Second, the selection of action potential threshold was critical. If a threshold value
were too close to the resting potential, then small increases in the voltage would trigger
spurious action potentials in the simulation. Small-amplitude artifacts interpreted as action
potentials could result in greater apparent differences between the frequencies, i.e. greater
discriminabilities, up to a point at which the artifacts would drown out the signal and
make all frequencies indiscriminable. Conversely, if an action potential threshold value
were too high, then the voltage would never exceed the threshold, and no action potentials
would be registered, also presenting all frequencies as indiscriminable. Whereas the exact

threshold for human PCs is unknown, thresholds of rapidly adapting neurons from spider
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mechanoreceptors have been measured at —41.6+13.9 mV (26.5 above resting potential) [64]
and —53.64+6.91 mV (8.53 mV above resting potential) [93, 94]. Additionally, investigations
in threshold voltages found that the occurrence of previous action potentials can influence
neuron excitability [95]. In this study, there were large differences between the complex
waveforms for thresholds at -58 and -55 mV (7 and 10 mV above the resting potential,
respectively) (Fig. 2.4b and Fig. 2.5b,c). Considering that both action potential thresholds
appear to be reasonable estimates, and accepting that the selected Pacinian corpuscle and
neuron model parameters surely introduced error, we cannot exclude the possibility of either
result. However, the slightly higher thresholds produced VRDs in better agreement with
the psychophysical discriminabilities. For the complex stimuli, there were sudden changes
in the VRD values as the action potential threshold was further raised (e.g. at -35 mV,
data not shown) — these correspond to the smaller peaks in the interference pattern not
registering as nerve spikes. The simulated response to simple stimuli was not affected by
the selection of action threshold potential in the range analyzed.

Earlier studies have suggested that the PC has a strong tendency to phase—lock its spike
rate with simple stimulus frequencies at supra—threshold levels, suggesting a rate code in
which the firing rate of the nerve indicates the stimulus frequency [4, 61, 8, 65, 68]. Other
studies, primarily focusing on other mechanoreceptors, have concluded that stimulus in
formation is derived from the mean interspike interval of afferent cells [8, 96, 97, 98], a
finding that is not at odds with the rate code hypothesis. Rather than rely on the rate code
or interspike interval as outputs, we used VRD as an estimate of discrimination. However,
VRDs still consider individual spikes, and the spike trains were dependent on the action

potential threshold, as shown in Fig. 2.4b.

2.5.3 Comparison of Psychophysical and Simulation Experiments

In this study, we explored the ability of the single afferent model to recapitulate psychophys-
ical results with both simple and, as a more demanding challenge, complex stimuli. For
a given stimulus pair, it is possible to plot the psychophysical discriminability value, d’,
against the in silico VRD value for the same pair. A plot of this type, shown in Fig. 2.6, re-
veals that the discriminability calculations for the psychophysical and in silico experiments
with the -55 mV action potential threshold correlated well with each other. Although there
are some nonlinearities where the d’ is different from the expected discriminability from
the van Rossum distance that reduce the goodness of fit, the trend between the in silico
and psychophysical experiments is clear in Fig. 2.6. The inverse slope of the line, 0.42, may
be compared to the standard deviation of the signal value in the classical derivation of d’.

That is, if one imagines that the responses to two stimuli can be plotted on some linear
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scale and have means separated by the van Rossum distance when so plotted, then one can

postulate an apparent signal standard deviation, cygrp of 0.42, making
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in the imagined space. Such a space does not actually exist, and this construct has no
physical meaning per se, but rather serves as a useful conceptual tool when comparing the

i silico and in vivo results.
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Figure 2.6: Comparison of Psychophysical and In Silico Experiment Results. The x-axis
denotes the van Rossum distance from the in silico experiments with the action potential
thresholds of -55 mV; the y-axis corresponds to the d’ measured in the psychophysical
experiments. Discriminability of simple stimuli (black circles) and complex stimuli (red
squares) shown as the mean of the individual d’ values. The black solid line denotes the
linear relationship for the simple waveforms forced through the origin (d’ = VRD/0.42,
Ragi? = 0.247, p = 0.3e-14).

To realize that promise, numerous challenges and shortcomings with the current study
would need to be overcome. Perhaps most important is that in the finger, multiple PCs
would be engaged, particularly considering our fairly large (10 mm diameter) vibrator,
whereas the model simulated a single PC. Also, all the experiments were done at the same
amplitude, which meant that at high frequencies, the amplitude may not have been far
above the detection threshold for some subjects, which could introduce considerable er-
ror in limiting analysis to frequency discrimination. Furthermore, the simulations were
all noise—free, whereas some imperfections must have occurred in the psychophysical pro-
cessing of the vibratory information. The van Rossum distance, moreover, serves as an

estimate of synchrony between afferent spike trains, and, although it correlated well with
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the psychophysical discriminability, VRD does not directly measure discriminability.
These results can be considered in light of Bensmaia’s contention that the more complex
the signal, the more important the population encoding becomes [72]. In the current study,
a single PC afferent, not a population, was modeled. Although there is a large population
of PCs with large receptive range in the fingertip [53], our in silico simulation of a single
PC correlated with the psychophysical response, suggesting that a single PC could encode
sufficient information to distinguish signals of the type studied. It is likely that, although the
complex stimuli in the current study were more sophisticated than pure tones, they were still
straightforward enough to be identified by a single detector, but more complex waveforms,
e.g. stimuli with more than two components or harmonics, may require population coding,
perhaps via the 'mini-channels’ suggested by Bensmaia et al., through cooperation of PCs
tuned to different frequencies, or by involvement of other mechanoreceptors. It is also likely
that although a single-PC model can predict trends in discriminability, the population of
PCs in the hand provides much higher sensitivity levels than a single PC could. Finally,
although stimulus location was not examined in the current work, a population code may

play an important role in localization, as suggested by theoretical studies [99].

2.6 Conclusion

Discriminability as predicted by VRDs in the in silico experiments correlated well with the
discriminability observed in the psychophysical experiments, demonstrating that a multi-
physics model of a single receptor can be used in conjunction with psychophysical exper-
iments to study the behavior of the PC. These psychophysical experiments suggest that
discriminability of simple (i.e. pure sinusoid) vibrating stimuli in the range of PC activa-
tion (100-500 Hz) increases as the frequency differences between the paired stimuli increase,
agreeing with previous studies [66, 70, 71, 30, 72, 73, 74]. Complex stimuli with an underly-
ing 100 Hz waveform were more difficult to discriminate and did not follow any discernible
trend, also similar to reported findings [74]. The discriminability of simulated spike trains,
estimated by the van Rossum distance, for the complex stimuli was dependent on the time
constant and the action potential threshold, but agreed with the psychophysical results
when appropriate parameter values were used. We calculated the oygrp, the VRD value
where one would expect the in silico model to be discriminable. Further, we note that,
although we used a model developed by our group, other mechanical models of PC function
[59, 60, 63, 27] could also be used; we would expect them to require different tuning but to
demonstrate similar predictive capacity.

Further investigations should explore alternative encoding/discrimination schemes as

well as the possibility of a population code. This study of PC encoding raises more ad-

24



vanced questions of PC population behavior, e.g. how PC activity is integrated to produce
meaningful sensations, which our single-PC model is unable to address. Understanding
somatosensation poses a greater challenge still, as touch information is encoded by multiple
specialized afferents and is processed centrally. In principle, all of these components could
be modeled. The tuning of such a multiscale model and the re-tuning for changes due to,
e.g. aging or disease, will surely require a validation approach beyond threshold or discrim-
inability measurements. What the current study suggests, however, is that the multiphysics
model is also a behavioral model. That is, a single PC modeled in sufficient detail is able
to recapitulate some of the observed response of the whole organism to a simple behavioral
assay. This ability may provide opportunities to evaluate the structural changes or variation
in PC physiology, as well as a more systematic investigation of the PC’s role in the neural

representation of more haptic sensations across populations of receptors.
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2.7 Appendix: Distribution of d’ values for each frequency

comparison
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Figure 2.8: Psychophysical experiment results. Distribution of d’ values for each frequency
comparison for complex stimuli is shown.
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Chapter 3

Vibrotactile perception in

Dupuytren disease

The content of this chapter has been submitted as a research article to the Journal of Plastic
Surgery and Hand Surgery by Tiffany L. Senkow, Mahdi Ahmadi, Rajesh Rajamani, Victor
H. Barocas, and Amy T. Moeller and is under review [100]. The dataset is available on
Mendeley [101].

3.1 Summary

Dupuytren disease (DD) has been associated with enlarged Pacinian corpuscles (PCs) and
with PCs having a greater number of lamellae. Based on these associations, we hypothe-
sized that subjects with DD would have altered sensitivity to high—frequency vibrations and
that the changes would be more prominent at 250 Hz, where healthy subjects demonstrate
the highest sensitivity. A novel device was created to deliver vibrations of specific frequen-
cies and amplitudes to the fingers and palm. Using a Psi-marginal adaptive algorithm,
vibrotactile perception thresholds (VPT) were determined in 36 subjects with DD and 74
subjects without DD. Experiments were performed at 250 Hz and 500 Hz at the fingertip
and palm. The VPTs were statistically analyzed with respect to disease status, age, gen-
der, location tested, and frequency tested. We found that VPT increase with age, which
agrees with findings by others. Women showed greater sensitivity (i.e. lower VPT) than
men. Men exhibited lower sensitivity in DD vs. healthy subjects, but the results were not
statistically significant. In subjects with DD presenting unilaterally, the unaffected hand
was more sensitive than the affected hand, in particular for a 250 Hz stimulus applied to
the finger. The data on vibration sensitivity obtained from a large group of subjects with

and without DD presents interesting trends that may serve as a useful reference to future
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DD researchers. Understanding additional symptoms of DD may facilitate development of

novel diagnostic or prognostic protocols.

3.2 Introduction

Dupuytren disease (DD) is a progressive fibroproliferative disorder of the palmar fascia with
characteristic nodules and cords [30]. Its incidence has been estimated at approximately 3
cases per 10,000 adults [32], with higher prevalence in individuals of Scandinavian descent
[102]. Fibrobasts proliferate and differentiate into myofibroblasts, which produce collagen
and exhibit higher contractility, leading to progressive shortening and contraction of the
cords [103]. The disease usually presents clinically after age 50, and the ring finger is most
commonly affected [29]. Progression of DD is divided into three grades: Grade 1 has a
thickened nodule and/or band in the palmar aponeurosis but no discernable contracture,
Grade 2 presents as permanent contracture with flexion angle less than 60 degrees, and
Grade 3 is flexion greater than 60 degrees [104, 28]. The progression is highly variable
and unpredictable [105]. The etiology is unknown, and, although there is a strong genetic
component, there is currently no genetic test for DD [103]. Available treatments include fa-
sciectomy [106], needle aponeurotomy [107, 108], collagenase injections [109], and radiation
[110).

Patients with DD have been found to exhibit structural changes in the Pacinian cor-
puscles (PCs) of the affected tissue [18, 45, 46, 47, 48, 49]. As cutaneous mechanoreceptors
in the deep dermis and subcutaneous tissue, PCs are sensitive to pressure changes and vi-
bration in the frequency range of 20-1000 Hz [7, 8, 111, 4, 6]. Structurally, PCs consist
of concentric lamellae surrounding an RA II nerve ending [17, 18]; this structure acts as a
high—pass filter and enables high sensitivity to vibrational stimuli via interconnected colla-
gen fibers [6, 18]. Ehremantant et al. reported that PCs from subjects with DD exhibited
larger size and more numerous lamellae. The mean area of PCs from non-DD subjects was
1.0 £ 0.5 mm?, whereas the mean area of the PCs from subjects with DD was 2.6 + 0.4 mm?
(p < 0.001); the number of layers increased from 40 + 9 in subjects without DD to 64 + 14
(p < 0.01) [47]. Given the PC’s role in vibrotactile sensing, one may ask whether the
structural changes associate with perception changes.

To estimate the effect of the more lammellated and larger PCs, the frequency of peak
sensitivity was calculated based on our previous theoretical analysis [112]. Using a lamellar
modulus of 1 kPa [27, 59, 58, 113], interlamellar fluid viscosity of 1.4 mPa-s [59, 58|, lamellar
thickness of 0.35 um, outer radii of 0.56 mm and 0.91 mm [47], and number of lamellae
of 40 and 64 for healthy PCs and DD-associated PCs, respectively [47], we calculated a
peak frequency of 264 Hz for healthy PCs and of 833 Hz for those with DD. In the same
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model, increasing the number of lamellae causes a decrease in overall threshold amplitude
[112]. Based on those estimates, we hypothesized that subjects with DD would have reduced
sensitivity, or higher VPT, at the affected fingers/palms compared to healthy controls and
that the reduced vibrosensitivity in the subjects with DD to be more prominent at 250
Hz, where the healthy subjects are the most sensitive. Vibrotactile perception thresholds
(VPT) have been studied in the healthy population [114, 115, 116, 117, 118, 119, 120, 121]
and have been used to evaluate clinical neurology [122, 123, 124, 125], but the vibrotactile
sensitivity of people with DD has not yet been investigated. Therefore, we conducted a study
comparing VPT in healthy subjects vs. DD patients under different stimulus frequencies

and locations.

3.3 Materials and Method

3.3.1 Patient selection

All the patients gave informed consent before the experiment and gave consent to publish the
data. Vibration sensitivity was measured in 74 healthy volunteers and 36 subjects diagnosed
with DD. Most of the healthy subjects were tested at the Driven To Discover Research
Facility at the 2018 Minnesota State Fair. With assistance from the Fairview Research
Administration, the majority of the subjects with DD were identified as recent patients (seen
within 3 years) of the University of Minnesota or Fairview Clinics, aged between 60 and
70 years old and having a diagnosis of DD at any stage. Subjects with Raynauld’s disease,
peripheral neuropathy, or diabetic neuropathy were eliminated because they were expected
to have non—Dupuytren—related lack of sensitivity. Subjects were recruited via letters and
tested at the University of Minnesota in a private conference room. The experiments were
IRB-approved (IDs: 1605M87741 and STUDY00002660) and were performed under IRB
guidelines by a CITI-trained investigator.

3.3.2 Experimental device

The oscillating force probe used to measure palm/finger sensitivity at various frequencies
is shown in Fig. 3.1. Vibrotactile stimuli were delivered with an 8.9 mm diameter piezo-
electric disk bender (AmericanPiezo 20-1330) wired to a digital-to—analog signal generator
(Syscomp WGM-201 or CGR-201, Ontario) and amplification system (Gemini XGA-3000,
New Jersey). The normal force applied to the palm/finger needed to be normalized for all
subjects because the sensitivity depends not only on the oscillation frequency and ampli-
tude but also on the static normal force used during the application. The normal force was

therefore measured and displayed during the device operation so that it could be maintained
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at a desired value by the experimenter manually adjusting the stand. The normal force was
measured via the pressure inside a chamber whose volume changes with applied force. As
seen in Fig. 3.1c, the deformable portion of the device compresses the deformable area,
resulting in a change in the pressure in the chamber. The pressure inside the chamber was
measured in real-time using the barometer chip LPS25HB. The barometer chip has a sen-
sitivity of 0.01 mbar, leading to the overall device having a sensitivity of 0.0154 (N/mbar)
and a high resolution of 1.5x10-4 N in terms of force measurement. The pressure sensor and
the vibrating piezo were both controlled via an in—house code. The device was designed
in Autodesk Inventor and fabricated using the Stratasys J750 PolyJet 3D printer (14 pm
layer accuracy). The flexible part of the probe that deforms to compress the entrapped air
inside is made of Agilius Clear (Shore 60A), and the hard body of the probe is made of
Vero White.

Figure 3.1: The probe used to measure vibrosensitivity. (A) Schematic design of the pneu-
matic force sensor: a the front cover, b the back cover, ¢ the adjustable boom, d electronics,
e pneumatic force sensor, f piezo holder. (B) Testing the fabricated device on a palm. (C)
The force sensor’s structure: a the location of the barometer, b the solid body, ¢ compressed
air in empty chamber, d deformable area, e piezo holder, f piezo.

3.3.3 Experimental study design

The subject was seated and placed his or her hand/finger in the device under the vibrating
probe with his or her arm comfortably supported. The hand was tested at the distal palmar
flexion crease and the center volar pulp (Fig. 3.2). The vibrating probe was lowered on the
adjustable boom until the force sensor reached 0.5 N. After the device was in place, the
subject received instructions through a graphical user interface (GUI) on a tablet computer
and gave all responses via the computer’s touchscreen, with the examiner remaining present
to adjust the sensor as needed and to aid in transitioning between the locations tested. There
were two locations tested—fingertip and palm—and two frequencies tested—250 Hz and 500
Hz. The order of locations was the subject’s choice, and the order of the frequencies was

selected randomly. At each frequency, the subject was presented with a continuous stimulus
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and asked whether s/he felt the vibration. Amplitudes were adjusted according to a psi—
marginal adaptive algorithm [126], in which the amplitude of each stimulus was increased
or decreased based on the responses already received to produce a rapid estimate of the
VPT. Each frequency was tested with 30 individual trials (Fig. 3.3). Before recording the
responses, there were four practice trials where the stimulus was either at the maximum
vibration amplitude (10 pm) or not vibrating; during this practice phase, the subject was
told of the stimuli on the GUI and, in most cases, verbally by the examiner to confirm
that the subject understood the experiment. The subject could redo the four practice trials
if desired. Including completing the consent form and a brief explanation of their results
by the examiner, the entire procedure took 15 minutes for healthy subjects, who were only
tested on their dominant hand. Subjects with DD who came to the University of Minnesota
were tested on both hands and, in many cases, multiple fingers; the experiment took an
average of one hour with several breaks to rest and to discuss their medical history with

respect to DD.

Figure 3.2: The hand was tested at the distal palmar flexion crease and the center volar
pulp.

The amplitudes and responses for each trial were recorded, and the psi-marginal adaptive
algorithm calculated a final threshold and standard error value. The majority of the data
gave a clear threshold value as in Fig. 3.3A and were used for analysis without adjustment;
there were, however, three scenarios that were deemed failures and eliminated or required
additional analysis. The first failure case occurred when the subject selected that they could
feel the vibration for two or more trials when the amplitude was zero, i.e. no vibration was
present (Fig. 3.4A); this was likely due to the subject misunderstanding the experimental
question or due to the subject misreading the response buttons. The second failure case
occurred when the final standard error of the threshold was greater than 4 um (Fig. 3.4B);
this was likely due to the subject moving during the experiment and re—positioning the
probe at a different location, due to the subject becoming distracted during the course of
the experiment, or due to the subject not selecting the true response. The third failure

was the inability to sense the vibrations at the maximum amplitude (Fig. 3.4c). Data
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Figure 3.3: Examples of responses with the Psi-marginal adaptive method. (A) Example
stimulus and responses. The open circles show where the subject selected that he or she
could feel the vibration for each of the 30 trials. The filled circles indicate where the subject
selected that they could not feel the vibration. The dotted line in the final threshold value
calculated with the Psi-marginal adaptive method. (B) The dots indicate the likelihood of
the same subject’s response. A value of 1 corresponds to “Yes, I can feel the vibration”
while 0 corresponds to “No.” The size of the dot correlates to the number of individual
trials at that amplitude. The line is the best—fitting Weibull probability function.

associated with the first and second cases of failure were eliminated from further analysis;
data associated with the subject’s inability to sense the vibration at maximum amplitude

were treated as right—censored data and recorded as an amplitude of 10 pm.
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Figure 3.4: Examples of failed and censored experiments. (A) The subject selected that he
or she could feel the vibration when the device was off and not vibrating. (B) The calculated
error in the threshold is greater than 4 um. (C) The subject could not feel the vibration.

3.3.4 Statistical analysis

The data were manually sorted to eliminate the tests that were deemed failures. There
were some data from subjects with DD on their non—clinically—presenting hands (e.g. they
have a cord on their right ring finger but their left hand appears unaffected by DD); these
data were temporarily removed from the larger analysis and analyzed separately. The

remaining data were grouped by gender and DD status (data provided in the repository).
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The mean VPT was calculated on a log—normal scale with an in—house code applying a
tobit model that accounted for the censored thresholds. The model calculated a linear
regression of the log of the VPT with respect to age for the healthy subjects. Additionally,
the mean VPT from subjects over 50 years old was calculated for data from subjects with
and without DD. An ANOVA was performed to determine the effects of the four groups:
location (fingertip vs. palm), frequency (250 Hz vs. 500 Hz), gender (male vs. female), and
DD status (non-DD vs. clinically presenting DD). Ad-hoc T—tests were performed for each
comparison with an in—house code. For the subjects who had DD and were tested on their
non—clinically—presenting hands, a one-way repeated measures ANOVA was calculated [127]
and the difference in VPT was calculated with paired T—tests using the standard deviation
from the Psi—marginal algorithm. All statistical comparisons were made with two—tailed

tests.

3.4 Results

The dataset included 36 cases (14 male and 22 female) of DD and 74 cases (31 male and 43
female) of controls. The age distribution for the different groups are is provided in Fig. 3.5.
The thresholds fits for the data from healthy subjects are shown in Fig. 3.6. The slope of
the tobit fits for healthy subjects are similar for both frequencies and both locations, and

the VPT increases with age.
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Figure 3.5: Histograms of the age distribution of all subjects.

The individual VPTs and fits are provided in Fig. 3.7. The mean and standard error
of the data for subjects above age 50 separated by gender and DD status are shown in

Fig. 3.8. When the data were analyzed by ANOVA, no effect (disease status, frequency,
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Figure 3.6: Threshold data for healthy subjects at (A) all ages at 250 Hz at the fingertip,
(B) 250 Hz at the palm, (C) 500 Hz at the fingertip, and (D) 500 Hz at the palm. The lines
were calculated by tobit analysis.

locations, or gender) had a significant influence on VPT for either the ring finger only
(F(15,247) = 0.81,p = 0.67) or for all the fingers combined (F'(15,344) = 1.09, p =
0.36). When each effect was investigated separately in a multi-way ANOVA, gender affected
the VPT (psex,ring = 0.02, psez auu = 0.01), but no other group had a significant effect
(all otherp > 0.1). The differences in gender are visible in Fig. 3.8 and appear to be
exaggerated in the DD subjects.

The paired VPT of subjects with unilaterally clinically—presenting DD are shown in
Fig. 3.9. The hand with DD is less sensitive than the unaffected hand for 250 Hz on
the fingertip (F'(1,16) = 6.29, paso a2 fingertip = 0.037), but the trend is less consistent
for the other frequencies and locations (H(1,16) = 0.35,p250 Hzpatm = 0.35, F(1,14) =
0.56, P500 Hz fingertip = 0-48, F(1,16) = 0.028, p5o0 i patm = 0.87).
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Figure 3.7: Thresholds of subjects over 50 years old for the ring finger only at 250 Hz at
the fingertip, (B) 250 Hz at the palm, (C) 500 Hz at the fingertip, and (D) 500 Hz at the
palm, and (E) for all the fingers combined at 250 Hz at the fingertip, (F) 250 Hz at the
palm, (G) 500 Hz at the fingertip, and (H) 500 Hz at the palm.
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finger.

3.5 Discussion and Conclusion

In this study, we tested whether subjects with DD have reduced and/or shifted vibrosensi-

tivity at the location of the affected fingers and palms compared to healthy controls. We

also investigated the effects of age and gender. Our key findings are as follows:

e As found previously by others [111, 128, 129, 130, 131, 132, 133, 134], VPT increased

with age

e Women showed greater sensitivity (i.e. lower VPT) than men ((psex, ring = 0.02, Psex, all =

0.01))

e Men exhibited lower sensitivity (i.e. higher VPT) in DD vs. healthy subjects, but the

results were not statistically significant (pmaie, ring > 0.4, Pmate, at > 0.15)

e In subjects with DD presenting unilaterally, the unaffected hand was more sensitive

than the affected hand, in particular for a 250 Hz stimulus applied to the fingertip

(p250 Hz fingertip — 0037))
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Figure 3.9: Paired data for each subject with the ratio of the VPT of the Dupuytren hand
against the hand that does not have clinically—presenting DD. The threshold and relative
standard deviations for separate subjects A-I are shown for (A) 250 Hz fingertip, (B) 250
Hz palm, (C) 500 Hz fingertip, and (D) 500 Hz palm. A value greater than 1 indicates a
relative lack of sensitivity in the affected hand.

These results are discussed in further detail below.

The VPT of healthy subjects decreased with age at all frequencies and locations tested
(Fig. 3.6). This result is consistent with previous studies [111, 128, 129, 130, 131, 132, 133,
134]. The reduced sensitivity is believed to be caused by degenerative changes in PCs (e.g.
demyelination) as well as changes in the central nervous system.

The measured VPTs were different between men and women with women in the same
age range showing greater sensitivity to vibration (Figs. 3.7 and 3.8). A sensitivity dif-
ference with gender was reported by Peters et al. [135] and explained by women having
smaller fingers and, therefore, a higher density of a related mechanoreceptor, the Meiss-
ner corpuscle, although Peters et al. tested passive spatial tactile acuity and not vibration
sensing. As shown in Figs. 3.7 and 3.8, the male subjects with DD exhibited slightly lower
vibrosensitivity than the healthy controls under all conditions except 500 Hz at the palm,
yet this effect fell within acceptable error.

A notable feature of all our experiments was the very wide scatter of the data. Indi-
vidual experiments were reproducible and gave small error estimates, but the population
showed considerable variability. This variation is not surprising given the many factors

that could confound the experiment, discussed in the following paragraph, but it presents
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a considerable challenge. The observable trend in the paired study vs. the cross—sectional
study emphasizes the importance of individual variability and suggests that a longitudinal
study could be more informative.

First, we consider variability arising from our testing system. The force applied to the
finger/hand by the probe was maintained at 0.5 N, but variations in individual finger di-
mensions, fat vs. muscle content, and tissue stiffness could all affect that force and vibration
sensing differently, leading to variation in the measured result. Also, although our probe
is fairly large (8.9 mm diameter) and thus is expected to fall within the receptive fields of
many PCs [14, 15, 16, 5], the vibrational signal attenuates through the skin [99, 136, 63],
so the exact location of the PCs within the finger or hand being tested—which is obvi-
ously unknowable—would affect the measured sensitivity. Finally, it is noted that within
an individual, there is wide variation in PC properties [53], which would also lead to more
variability in our measurements.

The individual subjects who had clinically—presenting unilaterally DD exhibited higher
VPTs at 250 Hz on the fingertip. However, the trend did not continue at the other fre-
quencies and locations (Fig. 3.9); a few subjects showed VPT trends opposite from what
was expected (e.g. 3 of the 9 had lower VPTs in their DD hand at 250 Hz on the palm),
and there were some large discrepancies (e.g. several of the subjects could not feel the 500
Hz vibration on their palm with either hand). It is possible that the PCs on the subjects’
affected hand are not different from the other hand, or, conversely, it is possible that the
subjects have enlarged PCs on both hands but have not yet developed nodules or cords
on their non—clinically—presenting hand. A longitudinal study is needed for more definite
conclusions.

There are several factors for which this study does not account but which may affect the
vibrosensitivity. Firstly, the subjects had different stages of DD; some subjects had minor
nodules on a single finger (stage I) whereas others had contracture greater than 90 degrees
on several fingers (grade IIT). Secondly, the subjects had different treatments; some subjects
had surgery or collagenase injections to one or multiple fingers. Thirdly, some subjects had
particularly aggressive forms of DD; there is currently no measurement of aggressiveness
in DD, yet some subjects claimed that they had surgery and the cords and contracture
returned within months whereas other subjects stated they have not noticed a change
since diagnosis. Finally, although any volunteers who stated that they have peripheral
nerve disorders were eliminated from the study, it is possible that there were subjects
with undiagnosed neuropathy. It is possible that the PC growth, and therefore subsequent
changes in vibrosensitivity, may be related to the stage, treatment, or aggressiveness of DD.

A longitudinal study would be required to investigate these effects.
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Chapter 4

Viscoelastic properties of the

Pacinian corpuscle

The content of this chapter is still in preparation. Only preliminary findings are reported.
The current author list is: Tiffany L. Senkow, Emily A. Chandler, Amy T. Moeller, and

Victor H. Barocas.

4.1 Summary

Although Pacinian corpuscles (PCs) respond to high—frequency vibratory stimuli in the
range of 50-1000 Hz, the viscoelasticity of the PC has not been studied under dynamic
stimulation. In this chapter, we studied the viscoelastic properties, chiefly the Young’s
modulus and the viscosity, of the PC at physiologically-relevant timescales. We created a
cantilever-based device and an equivalent computational model that stimulated the sample
and measured the resulting waveform that passed through the sample and the cantilever.
By calculating i) the displacement at the cantilever above the sample and ii) the phase shift
between the cantilever’s motion and the input vibrations at a range of frequencies for both
the device and the simulation, we could optimize the parameters for Young’s modulus and
viscosity. Analysis of ~100 PCs from three donors are current ongoing, but preliminary
findings on a representative isolated human cadaveric PC had a Young’s modulus of 84 Pa
and viscosity of 0.84 Pa-s. Using donors with and without Dupuytren disease (DD), we
could investigate whether there were differences in the size or viscoelastic properties of the
PCs. The PCs from a human cadaveric donor with DD were significantly larger than the
PCs from two donors without DD, although it would not be appropriate to draw conclusions

about PC changes in DD based on only on three donors.
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4.2 Introduction

4.2.1 Pacinian corpuscle

Pacinian corpuscles (PC) are cutaneous mechanoreceptors primarily located in the glaborous
(i.e. non-hairy) skin [7]. There are approximately 300 PCs in the human hand [53]. They
are sensitive to pressure changes and vibrations in the high—frequency range (approx. 40-
1000 Hz) [7, 8, 9, 4, 6]. In the human hand, PCs can detect objects’ texture [10, 11, 12]
and are responsible for fine control of tools [4]. PCs are most sensitive to stimuli around
250 Hz [9, 137].

PCs are ellipsoidal in shape with dimensions on the millimeter scale [18]. Structurally,
they have a central type II rapidly—adapting (RAII) terminus with an inner layer of tightly—
packed lamellae [7, 18, 138, 17]. Lamella, especially in the inner core, are composed of
non-neuronal squamous epithelial cells [24, 139]. Moving radially outward, the lamellae,
comprising about 30 layers of modified perineural epithelial cells, become more spaced
apart [18, 7, 24, 17]. The layers are separated by fluid [20] and contain collagen fibrils
and bundles that have dominant circular organization around the central neurite [17, 7].
Collagen is proposed to serve as a support mechanism, and it is believed that the density
of collagen within the PC increases with age [18]. Due to the unique structure and the
interaction between fluid and lamellae, PCs act as bandpass filters, transducing vibratory

stimuli from the outer shell to activate the central afferent nerve [4, 25, 8].

4.2.2 Viscoelasticity

There have been several in silico biomechanical models of the PC since the initial work
of Loewenstein and Skalak [27, 59, 113, 63, 58, 62]. The models include estimates for the
viscoelastic parameters with Young’s modulus ranging from 1 kPa [59] to 500 kPa [27] and
viscosities similar to those of water, ~1 mPa-s [27, 59, 113, 63, 58, 62]. Quindlen et al. began
to address the lack of measured parameters by using micropipette aspiration on isolated,
cadaveric human PCs [64]. They calculated an apparent Young’s modulus of 1.4 £+ 0.86
kPa under steady—state conditions [64]. To date, no study has investigated the viscoelastic
mechanical parameters of the PC at physiologically relevant timescales where the PC is

responsive.

4.2.3 Dupuytren disease

Dupuytren disease (DD) is a progressive fibroproliferative disorder of the palmar fascia
[30]. The disease is characterized by shortening and thickening of fibrous bands in the

hands in the fingers. Elevated, hard regions of fibrous tissue are called nodules are often

41



located in the palm. Fibrous bands, called cords, may extend into the fingers [33]. In
many cases, the nodules occur first followed by cords, which can cause permanent flexion
contracture of the affected fingers [140, 28]. Contracture of the metacarpophalengeal and
proximal interphalangeal joints occurs over months to years, with the progress being highly
unpredictable [105]. Severe contracture can restrict hand function and diminish quality of
life. In the United States, the estimated incidence, including both physician diagnosis and
self-reported symptoms, is 7.3% [32], and the majority of people with the disease are over
the age of 50 and of Northern European descent [102, 140]. The cause and mechanism of
progression are unknown [33, 140}, although there is a genetic disposition [141].

The formation of the Dupuytren nodules and cords is likened to connective tissue wound
repair [142]. In DD, fibroblasts proliferate and, as in wound healing, differentiate into
myofibroblasts, subsequently forming the cords. These myofibroblasts produce collagen I
and III, leading to higher contractility that is responsible for the contracture [103, 142, 103].
Genes for the production of collagen I, V, and VIII were found to be upregulated in tissue

with DD compared to control palmar fascia [38].

4.2.4 Study Objectives

Values for the elasticity and viscosity of the PC determined by mechanical stimulation
would improve the accuracy of computational models of the PC. The first goal of this study
is to determine the viscoelastic properties of the PC by testing at physiologically relevant
timescales, i.e. in the 50-500 Hz range. Secondly, compared to PCs from healthy subjects,
PCs extracted near the nodules and cords of subjects with DD have been reported to be
larger [47, 46, 45, 49, 50, 51], to have more numerous lamellae [47], and to have more
collagen [50]. Based on these changes, one would predict a change in the viscoelasticity of
PCs near Dupuytren nodules and cords. The second goal of this study is to compare the

size and viscoelastic properties of the PCs from healthy donors to PCs from donors with
DD.

4.3 Methods

4.3.1 Device

We designed a system (Fig. 4.1) to stimulate an isolated mechanoreceptor mechanically
from beneath and to measure the displacement of the PC on the opposite (i.e., top) surface.
The base of the apparatus consisted of a flat piezoelectric disc bender (APC International,
Ltd. 20-1330). Vibrational stimuli were delivered to the piezo via the waveform generator

function of a multifunction oscilloscope (CGR-201 with Unified CircuitGear Software, On-
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tario) and amplified (Genimi XGA-3000, New Jersey) to 30 V, the maximum input voltage
of the vibrating piezos. At 30 V input voltage, the pieozos vibrated with a displacement
amplitude of 10 um. The sample was placed directly on top of the piezo. A polystyrene
cantilever was mounted on an adjustable holder and lowered until it contacted the top of
the sample. Upon sample stimulation, the response motion of the cantilever was recorded
via a laser vibrometer with an interferometer (Polytec, OFV-2600/0OFV-352). The input
waveform to the piezo and the vibration recordings from the interferometer were recorded
simultaneously with the oscilloscope. We tested frequencies from 30 Hz to 500 Hz in incre-
ments of 5 Hz. Approximately 30 periods were recorded at each frequency with a minimum
sampling frequency of 10,000 Hz.

The input waveform to the piezo and the simultaneous output waveform from the laser
vibrometer were were characterized with Fourier analysis and fit to sinusoids with the

frequency of the input stimulus, w:
Asin(wt + ¢) (4.1)

The displacement was determined from the amplitude, A, of the cantilever. At each fre-
quency, the overall phase shift was calculated as ¢cantitever —Ppiczo- Because some frequencies
did not produce clear response waveforms, any sinusoidal fit with an R-square value less
than 0.9 was eliminated from further analysis. The device was characterized with poly-

dimethylsiloxane (PDMS, nearly elastic) and silicone oil (viscous).

Polystyrene cantilever Piezoelectric disc bender

Laser velocimeter

As

Sample Base for piezo

Figure 4.1: Measurement device. The sample lies between the vibrating piezo and the
cantilever. The cantilever length, L., cantilever thickness, t., sample height, hg, and cross
sectional area of the sample, Ag, are shown on the schematic on the left. Cantilever deflection
at the center of the sample was measured with a laser interferometer. The right shows a
photo of the device with silicone oil as the sample.

4.3.2 Specimen preparation and testing

The University of Minnesota Anatomy Bequest program provided human cadaveric hand

specimens for PC collection. There were three donors: non—Dupuytren female aged 92 left
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hand, non-Dupuytren male aged 86 left hand, and Dupuytren male aged 93 right and left
hands. PCs were identified and isolated from the proximal phalanx and the metacarpal
head as described previously [64]. Samples were placed in 100 IU/mL penicillin and 100
pug/mL streptomycin in PBS and temporarily stored at 4 °C after isolation and between
tests. The length of the long and short axes of the PCs were measured before testing. Some
of the heights of the PCs were measured while in the device with the cantilever in place; the
ratios of the height compared to the long and short axes were calculated, and these ratios
were used to calculate the height of the remainder of the PCs. We were unable to collect
data for the four smallest PCs because they could not be reliably placed in the device.
Individual PCs were tested at room temperature, and a small volume of PBS was applied
to the PC’s surface with a needle syringe as needed to maintain sample hydration. Each

experiment took 15-20 minutes. All the tests were completed within 3 days of dissection.

4.3.3 Finite—element model

We created a finite—element model of the measurement device in COMSOL Multiphysics to
optimize the viscoelastic parameters using the displacement and phase shift measurements
calculated from the vibrating device (Fig. 4.2). The cantilever was modeled as a long,
thin, flat cuboid with the same physical parameters as the cantilevers used in the physical
system. The sample was modeled as a Kelvin—Voigt solid with a single spring and dashpot.
The sample, modeled as a cylinder, with the individual diameter from the long axis and
the height from the measured or the calculated height. The 10 pym amplitude sinusoidal
displacement in the z—direction was applied directly to the base of the sample, thereby
eliminating the need to include the piezoelectric disk in the finite—element model. The
displacement in the z—direction and the phase were measured on the cantilever directly
above the center of the sample, i.e. at the location of the laser on the physical device, and

the base of the sample was used a reference for the phase shift.

Figure 4.2: Harmonic displacement of the model. The thin rod is the polystyrene cantilever
and the cylinder is the model. The sinusoidal stimulus is applied directly to the base of the
sample.
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4.3.4 Model optimization

The MATLAB fminsearch routine was used to identify the two parameters (Young’s mod-
ulus, E, and viscosity, 1) using the Nelder—-Mead simplex method. The objective function

for the optimizer was the sum square error (SSE):
S = W[xszm(w) - xdevice(w)]z + [¢szm - ¢device(w)]2 (42)

where X, and Tgepice are the displacement of the simulation and experimental device at
each frequency, ¢ is the phase shift, and W is a weighing factor to reduce optimization bias
from the different scales used for displacement and phase shift.

The fitting process involved choosing two parameter values (modulus, E, and viscosity,
n) so that a finite-element simulation of the experiment matched the experiment as closely
as possible based on the measured phase shift and vibration amplitude vs. forcing frequency
plots. The challenge was that the finite—element model took considerable time to run (~ 10-
15 minutes) and needed to be run multiple times for each fit, and, additionally, because of
limits of the University’s license, the simulations could not be run in parallel or for very
long times (lest other users revolt!). We had to fit ~100 samples, so an accurate initial
guess was important to minimize run time. The method for selecting the initial guess is

provided in the Appendix at the end of this chapter.

4.3.5 Statistical Analysis

The data on the sizes of the PCs were tested with two—sample T-tests at the 5% significance
level using the Bonferroni-Holm correction for multiple comparisons [143]. All statistical

comparisons were made with two—tailed tests.

4.4 Results

4.4.1 PC Sizes

The mean and 95% confidence intervals of the PC lengths along the long—axis are shown
in Fig. 4.3. The PCs from the donor with DD was separated into four groups based on its
location in the hand: i) unaffected index finger from the right hand, ii) unaffected index
finger from the left hand, iii) left ring finger with visible contracture), and iv) right ring
finger that underwent surgery to remove the Dupuytren—associated cord. The two donors
without DD had similar sizes with mean lengths of 2.8 £ 0.2 mm and 3.0 & 0.2 mm along
the long axis and 1.8 &+ 0.2 mm and 2.1 & 0.2 mm for the short axis. The PCs from the
donor with DD were significantly larger (p = 0.0132) than the PCs from the donors without
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Figure 4.3: PC sizes. Mean and 95% confidence interval for the PC lengths measured along
the long axis with the Bonferroni-Holm corrected p—values shown. The mean value is on
above the bar to the left side with the the 95% confidence above the bar to the right side.
The number of samples are listed at the base of the bars. p—values less than 0.05 are not
shown.

DD. The PCs from the non—DD donors were smaller than the unaffected index fingers from
the donor with DD (p = 5.3 x 107?), although there are fewer samples from the index
fingers of the DD donor. The size effects were more pronounced along the long—axis, with

no statistically—significant difference observed in the shorter direction.

4.4.2 Characterization

The device was tested with PDMS, a nearly elastic sample. The displacement and corre-
sponding phase shift observed for a the elastic sample with a cantilever of length 4 cm and
width of 0.75 mm is shown in Fig. 4.4. According to the simulation, the peak displacement
of the simulation results was 140 pm, located at 355 Hz (point C, out of bounds of the
figure). Including the large displacement values, the SSE of the displacement was 6.9 x 10%;
when a cutoff displacement of 40 ym was enabled, the SSE displacement was 8.1 x 103. The
right side of 4.4 shows the modal shifts that occur for select frequencies of interest.

The device was further characterized with viscous samples. Fig. 4.5 shows the resulting
phase shifts and displacements with silicon oil of 200 mPa-s with two cantilevers: a length
of 4 cm and thickness of 0.50 mm and a length and 8 cm and thickness of 1.0 mm. Mea-
surements on the device were taken in triplicate. The displacements of the cantilever in

Fig. 4.5 illustrate the resonance modes of the system.
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Figure 4.4: Characterization of the buzzing device with a nearly elastic sample. The dis-
placement and phase shift of the device (black circles) compared to the simulation (red
squares). The displacement of the cantilever for the five noted frequencies are shown to
the right with cool colors denoting minimal overall displacement and warm colors denot-
ing high displacements. The side view and the top vie of the cantilever are provided for
each frequency. The side-view displacements are exaggerated by different scaling factors to
visualize the overall displacement profiles and the resonance nodes.
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Figure 4.5: Characterization of the buzzing device with a viscous sample. Top) Displace-
ment and phase shifts of a viscous sample (200 mPa-s) with cantilever length 4 cm and
thickness of 0.5 mm from the device (black circles) and the simulation (red squares). Dis-
placements at the noted frequencies from the simulation are to the right. Cool colors denote
minimal overall displacement; hot colors denote higher displacements. The side and top
views of the cantilever are provided for each noted frequency. The side—view displacements
are exaggerated by a factor of 300. Bottom) The viscous sample with cantilever length 8.5
cm and thickness of 0.75 mm.
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4.4.3 Viscoelasticity

A PC sample extracted from the donor with DD that was the average size from that donor
was selected as preliminary PC data to further explore the system. All the PC data provided
below are from this individual sample.

Waveforms of the piezo and cantilever were collected for 20 Hz through 500 Hz in
increments of 5 Hz. Examples of the waveforms are provided in Fig. 4.6. The data were fit
to sinusoidal waveforms with the known frequencies, and only the data with B2 > 0.9 were
analyzed further. The 330 Hz waveform in Fig. 4.6 is an example of a poor fit that was

eliminated from analysis.
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Figure 4.6: Representative experimental data. Left) The normalized piezo (black doted
lines) and the normalized output from the cantilever (red solid lines). Right) The data
from the cantilever (red dots) were fit to sinuoidal waveforms (blue solid lines). The R?
values of the sinusoidal fit are shown; the 330 Hz waveform is an example of data that were
eliminated from analysis due to poor fit.

The parameters for Young’s modulus and viscosity were optimized by minimizing the
SSE of the experimental and simulation data. For a better understanding of the acceptable
bounds on the optimization, simulations were run for the representative PC with the same
physical characteristics as the device (cantilever with length 3 cm and height 0.25 mm and
the sample dimensions as measured) and with a variety of viscoelastic parameters. The plots
of the SSE of the displacement and phase shift calculated independently and calculated with
the weighted combination are shown in Fig. 4.7. The weighted combination was a multiplier
factor of 100 applied to the SSE of the displacement. There was a band of lower error in the
displacement around a Young’s modulus of 100 - 500 Pa (Fig. 4.7A and 4.7D), and there

was a band of lower error in the phase shift around a viscosity of 0.5 - 1 Pa-s (Fig. 4.7B
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E(Pa)

Figure 4.7: Example sum square errors of the simulation data compared to the experimental
results of a) the displacement data, b) the phase shift data, and ¢) a weighted combination
of displacement and phase shift. Zoomed contour plots of the SSE denoted in the white
rectangles are provided in further detail in the bottom row in d, e, and f. The white x
denotes the location of the best fit according to the optimization. Note the log plots in the
top row and linear plots in the bottom row. The colorbar is re—scaled in each image for
ease of visual analysis.

A representative example of data from the buzzing experiment and the simulation is
provided in Fig. 4.8. The displacement vs. frequency plots all have two peaks around
approximately 100 and 400 Hz and have some datapoints centered at ~330 Hz that were
eliminated from analysis due high errors of the sinusoidal fits.

Based on the data of the representative PC, the optimized parameter for the Young’s
modulus was 84 Pa and the viscosity was 0.84 Pa-s. The resulting displacement and phase

shift curves are shown in Fig. 4.8.

4.5 Discussion

4.5.1 PC Sizes

Adult PCs are 3-4 mm in length [18]. It is believed that PC size increase gradually with
age until approximately age 70, at which point the corpuscles become smaller [18, 7]. The
age of the human donors were 86, 92, and 93, and, due to donor availability, only one donor
had DD. The mean length of the healthy PCs was 2.9 mm, and the PC sizes ranged from
1.64 mm to 4.54 mm along the long axis, which agrees well with previous findings [53]. As
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Figure 4.8: Representative best fit. The displacement (top) and phase shift (bottom) of the
experimental (black circles) and simulation (red squares).

shown in Fig. 4.3, the PCs from the donor with DD were larger than the PCs from either
subject without DD. This finding agrees with previous reports that PCs extracted near the
cords of DD subjects are larger [47, 46, 45, 49, 50, 51]. There are other variables that may
be partially responsible for the differences in PC sizes between donors including age, gender,

body-size, occupation, and other diseases.

4.5.2 Characterization

The device was characterized with elastic and viscous samples. For the purely elastic sample,
the simulation yielded no phase shift at most frequencies, which was expected; however, as
shown in Fig. 4.4, there was a 180° phase shift in the simulation at the location where the
slope of the frequency vs. displacement line was negative (i.e. 335-395 Hz). The maximum
displacement of 140 um at 335 Hz was well out—of-range of the laser velocimeter and
represents an ideal theoretical scenario. In the simulation, the elastic sample and the
polystyrene cantilever form a perfect union and could not break contact. If the device was
placed with the solid, elastic sample directly against the beam, then there was contact
loss at the resonance frequencies, which disrupted the system. To prevent the system from
separating, the top of the elastic sample was coated with water or PBS to form a seal with
the cantilever. The water introduced surface tension and some viscous components into the

system that are not modeled, which may also partially explain the phase shift in the device
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data seen around 300 Hz in Fig. 4.4.

A sample of silicon oil with known viscosity 200 mPa-s was tested. In a viscous sample
(i.e. a Newtonian liquid), one would expect the phase shift to be 90°, however, as shown
in Fig. 4.5, both the device and the simulation varied significantly from 90°. Each change
in phase shift was accompanied by a peak in the displacement. The locations of these
features differed with the length of the cantilever, the thickness of the cantilever, and the
viscosity of the sample (the different cantilever widths were not tested). When the system
was simulated with the same characteristics as the device, including a sample with viscosity
of 200 mPa-s, the resulting displacement and phase shifts at each frequency followed the
same trends as the device (left panels of Fig. 4.5).

The displacement profiles of the cantilever in the right panels of Fig. 4.4 and Fig. 4.5
illustrate the nonlinear, dynamic response of the system and the effects of the system’s
resonance. In an ideal scenario, the following events would occur to the system as the fre-
quency is increased: At low frequencies, the system is below the first fundamental frequency
and the entirely of the beam bends upwards with a maximum displacement at the free end
(shown in 20 Hz in Fig. 4.4 and 25 and 60 Hz in Fig. 4.5). As the frequency increases, the
natural frequency of the system is reached and the first resonance flexural node is formed.
The second resonance frequency can be attained, producing a second node, as the frequency
is increased. Continuing with increasing frequencies, more nodes occur in the system and
the maximum displacement between the nodes is reduced. The progression of the resonance
and the flexural nodes with respect to increasing frequency are visible in the right panel of
Fig. 4.4 — with increasing frequencies, the location of the deep red indicating maximum
displacement moves from the edge near the sample towards the bounded edge, and the deep
blue stripe indicating the first flexural node shifts the same direction. The system with the
8.5 cm cantilever in Fig. 4.5 experienced three nodes.

At regions away from the flexural nodes, the phase shift of the viscous sample was linear
with minor changes between frequencies (see Fig. 4.5), although the phase shift was not £90°
as anticipated. The consistent phase shift in combination with the minimal displacement
suggests that all the energy is being dissipated as heat, which is expected for purely viscous
liquids, instead of being stored in the material, which is characteristic of elastic samples.
The negative slopes of the frequency vs. phase shift were present only in the model, and
the effect warrants further investigation. The maximum displacement occurred at the same
frequency as the midpoint of the change in phase shift. For example, the displacement peak
at 155 Hz in the viscous sample with the 8.5 cm cantilever in Fig. 4.5 corresponded to a
phase shift of —35°, which lies halfway between the plateaus at 65° and —115° at 140 Hz
and 170 Hz, respectively. That change in phase shift is about 180°, which is consistent with

effects of harmonic resonance. A study on the dependence of phase in resonating systems in
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atomic force microscopy found that the phase transforms more quickly at higher resonance
modes, which agrees with our results for the changes in phase shift (Fig. 4.5) [144].
Because the trends between the device and the model are similar for the elastic and

viscous standards, the device was used to determine the viscoelastic properties of PC tissue.

4.5.3 Viscoelasticity of PC Samples

If the flexural node occurred above the sample where the cantilever’s response was recorded,
then the tiny amplitudes would be impossible for the laser velocimeter to distinguish from
noise. Because the displacement and phase shift data were optimized, it was important to
consider only the data that agreed well with its sinusoidal fit. As shown in Fig. 4.6, the
waveforms near 330 Hz were not clear sinusoids; the data were also fitted to small amplitudes
(0.05 pm). Data from PC samples that were eliminated based on poor goodness—of-fit
(R? < 0.9) to the sinusoidal waveform were surrounded by regions of low displacements,
which supports the existence of a flexural node at the measured location along the beam.
The resulting sum square errors between the data from representative PC and the system
in the simulation, provided in Fig. 4.7, illustrate the sensitivity of the parameters. The
displacement—only SSE plot had a band of low error in the Young’s modulus centered around
~150 Pa. This pattern suggests that the Young’s modulus is responsible for the height or
shape of the frequency vs. displacement curve. Because a wide range of viscosities could
produce similar SSE displacements, this data also suggests that the dynamic motion is more
dependent on Young’s modulus, which does not contain a time—-dependent term. Similar
effects on frequency dependence of the moduli were shown for soft materials measured by
atomic force microscopy [145]. The phase-only SSE contour plot was opposite; it had a
band of low error along the viscosity axis with a local minimization around 0.5 Pa-s with
a steep increase, especially at low values of Young’s modulus. This band suggests that the
viscosity term is responsible for a rapid change in phase shift at certain frequencies, or in
other words, the viscosity term is more responsible for the location of the peak frequencies.
It is worth noting that displacement and phase shifts were measured on different scales.
Although the phase shifts are bound between 0° and 360°, the amplitude of the oscillations
are effectively unbounded (none of the largest displacements had poor fits to the sine wave
that would indicate nearing the limit of the laser velocimeter). Because the amplitude of
the resonance peak is dependent on the viscoelastic parameters, we could not determine
a method to normalize the displacement data. The use of two different scales caused dif-
ficulties in calculating a combined value of the SSE for optimization. We used a simple
multiplier method to weigh the displacement and phase shifts so each would contribute

errors of the same order—of-magnitude, yet they remained unequally weighted.
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The optimization for the representative PC provided a Young’s modulus of 84 Pa and
a viscosity of 0.84 Pa-s. At the frequencies tested, both values are on the same order—
of-magnitude (0.84 Pa-s x 100 Hz = 84 Pa), suggesting that both elastic and viscous
forces are relatively equally responsible for the resulting dynamic mechanics of the tissue
at the frequencies of interest. The Young’s modulus of 84 Pa for the representative PC
was significantly lower than of 1.4 4+ 0.86 kPa calculated by Quindlen et al. [64], which
is not surprising considering the differences in the methods and the inclusion of dynamic
measurements.

In the plots for the resulting displacement and phase shift in Fig. 4.8, it appears that
there is better agreement between the device and the model at low frequencies around the
location of the first fundamental resonance. A study on the dependence of phase in res-
onating systems in atomic force microscopy found increased sensitivity to viscosity at higher
flexural modes [144], an effect that agrees with our findings from the contour plots that the
viscosity has a greater effect on the resonant frequency. Viscosity is highly dependent on
temperature. We did not employ any means of controlling or recording the temperature
of the samples, and it was possible that the temperature of the sample changed as each
experiment progressed. To more accurately capture the temperature effect with the col-
lected data, future optimizations could employ a frequency—dependent temperature term as
an estimate as the viscous heating rate. Furthermore, the simplifications discussed below
involving treating the sample as a cylinder in the model and not accounting for surface
tension between the sample and the cantilever may have served as larger potential sources

or error.

4.5.4 Limitations and Future Work

This project attempted to obtain estimates of the viscoelastic parameters of human ca-
daveric PCs at physiologically-relevant timescales. The cantilever-based device was tested
because it allowed the PC to have oscillatory responses in the 100-500 Hz range. Methods
like atomic force microscopy (AFM) are commonly limited to 500 Hz minimum driving
frequencies [145], and on the other end, the NanoIndentor in the Tissue Mechanics Labora-
tory is limited to maximum frequencies of about 200 Hz. The size of the tissue was another
problem. Tissues of 3 mm diameter are too large for conventional AFMs but too small for
indentors. Our system used modular components, such as cantilevers that were available in
a variety of thicknesses and could be cut to any size, which enabled us to change the system
based on the response of the samples. The use of the laser velocimeter with a dual-input
oscilloscope allowed us to simultaneously collect the input and output waveforms, which

was required to calculate the phase shift accurately. Although the resulting system was
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too complicated to mathematically solve, we were able to create a finite—element model to
compare the simulation’s outputs with the device’s calculated values of displacement and
phase shift to optimize the specific viscoelastic components. The method that we developed
appeared to solve some major complications unique to PCs while applying methods like op-
timization that were successfully implemented on other biological projects in the Barocas
lab.

The small timescale required very high precision that was difficult to obtain largely
from the inability to accurately measure all the physical parts. Firstly, obtaining accurate
dimensions of the PC, primarily the height when it was in the system, was difficult because
the cantilever was placed on the tissue manually for each sample, and it was inherently
imprecise to take a measurement between the piezo and the cantilever. For that reason, the
length:height and width:height ratios were determined for about 15 samples and used to
calculate the height of the remaining samples. Also, because the beam was manually placed,
the force it exerted with no stimuli could differ between samples and between duplicate trials
of the same sample. To avoid the repositioning of the cantilever, we attempted to collect
the data for the entire frequency sweep as rapidly as possible to prevent the need to disturb
the system to rehydrate the sample. We also aimed to avoid excessive PBS around the
sample in order to minimize the contribution of the viscosity of water. The hydration of the
sample also contributed significant surface tension as evidenced by the large displacement
differences due to the inclusion of water between the elastic sample and the beam in Fig. 4.4.
Inconsistency in the precise placement (£1 mm) of the samples contributed unexpectedly
significant uncertainty to the amplitude and phase shift data due to variance in the lengths
between the sample and the beam ends. The length of the cantilever is one of the most
sensitive parameters, and small discrepancies (£1 mm) had a large impact. Further testing
is needed to measure the tolerance of the effect of cantilever length with respect to PC
position.

Other complications included gravity because a large beam would naturally bend with-
out any applied stimuli. Great care was needed to properly align the longer cantilevers so
both ends were at the same height. Furthermore, the geography of the sample was simplified
in the model from an irregular ovoid of the extracted PCs to a perfect cylinder. This sim-
plification would naturally affect the samples with higher aspect ratios. More tests on the
sensitivity of the sample size are needed to determine the range of error. In preliminary test-
ing, small alterations (£1 mm) in sample height and diameter caused a noticeable change

in the displacement (~10%) but negligible changes in the phase or resonant frequencies.
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4.6 Preliminary Conclusions

We found that the mean lengths of the PCs from donors (aged 86 and 92) without DD were
2.9 £+ 0.2 mm along the long axis and 2.0 = 0.2 mm for the short axis. The PCs from the
donor with DD (93 y.o.) were significantly larger (p = 0.0132) than the PCs from the donors
without DD. Although there was significant differences between the PCs from the DD donor
and those from the non—DD donors, it would be inappropriate to draw conclusions about
the role of the disease based only on three donors.

We created a cantilever—based device and a corresponding COMSOL model to deter-
mine the viscoelastic properties of extracted human cadaveric PCs and characterized our
approach with elastic and viscous samples. We presented preliminary data for a represen-
tative extracted human cadaveric PC. For that sample, the Young’s modulus was 84 Pa
and the viscosity was 0.84 Pa-s. Additional testing to determine tolerances of the physical
parameters of the device is recommended before optimizing data from the remaining 106
PCs.

Finally, it is critical to note that this data, even when all the samples have been properly
analyzed, represent the viscoelastic properties of a small subset of PCs from three individual
donors. Thus, the data do not represent a population distribution, and the data from the
subjects may not represent healthy PCs because the donors may have had underlying med-
ical conditions that affected the structure or mechanics of the PCs. We plan on presenting
the mean values for Young’s modulus and viscosity for each donor similar to the size data in

Fig. 4.3, but we must be vigilant in avoiding overstating or over—extrapolating the findings.
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4.7 Appendix: Methods for estimating initial conditions

The key factor to consider is that, although the simulations took minutes to run, the error
calculation for a given simulation with a new experimental data set could be done nearly
instantaneously. By comparing results from a simulation done previously with a new data
set, one can quickly determine how well the existing simulation matched the new data,
constructing an ordered quintuple (h, R, E, n, ) — that is, if a samples with height h and
radius R had modulus E and viscosity 7, it could produce simulation results that had a
sum of squared error e when compared to the new data set. By making this calculation
for every past simulation run, a point cloud in 4-D space can be generated for all previous
(h, R, E, eta). For the new experiment, the height and radius of the sample are known,
hereafter called h, and R,.

Once the point cloud has been built for a given set of experiments, the next step is
to construct the Delaunay triangulation of the points (delaunayn function in MATLAB).
The Delaunay triangluation produces a set of pentatopes (4-D simplexes) filling the space.
Under the assumption that a function is linear over each pentatope, the minimum value
of the function must be a vertex. Because, however, we are concerned only with points in
the (hy, Ro) plane, we seek the minimum within that plane. Therefore, the minimum must
occur at the point where one of the trianular faces of one of the pentatopes intersects with
the (ho, Ro) place.

Each pentatope has ten triangular faces (forced by choosing any three of the five pen-
tatope vertices). Because the vertices are defined by points, the triangular surface can be

defined by two parameters, s and t, such that

(h7 R) E) 77) :(hly R17 El; 771)
+ s% (ha —h1, Ro — Ry, E2 — E1, 2 —m)
+tx (hg —hi, Rs — Ry, E3 — E1, n3 —m) (4.3)

where s and t must be positive and (s + t) must be less than or equal to one. Because we
seek the intersection of this surface with the (h,, Ro) plane, equation 4.3 can be solved for

sand t as a 2 x 2 linear problem,

ha —h1  hy— Ny
Ro— Ry Rs— R

ho_hl
R, — Ry

S

t

(4.4)

Equation 4.4 can then be used to calculate E and 7, and the corresponding linear
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interpolation of the error,
e=e1 + skx(ea—e1) + tx(e3—eq) (4.5)

can be obtained. Thus, once the Delaunay triangulation has been generated, the algorithm
loops through each triangular face of each pentatope, computes its intersection with the
(ho, Ro) place, and checks to confirm that the intersection lies within the triangle (i.e. s
and t are within the above-stated bounds). If so, the interpolated error is calculated. If it
is smaller than the previous minimum error, it is set as the new minimum. Once the full
loop has been calculated, the estimated optimal value is used as an initial guess for fitting

the new data set.
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Chapter 5

Conclusion and Future Work

5.1 Major Findings

The Pacinian corpuscle presents an interesting structure to investigate as so much remains
unknown. The research presented in this dissertation helps to provide more information on
how PCs function in healthy skin as well as investigating PCs in patients with Dupuytren
disease. The studies used psychophysical studies of how people sense high-frequency vibra-
tions in the PC range with respect to both discrimination and sensitivity and employed
computational and experimental characterization of the mechanical behavior of PCs.

In Chapter 2, we demonstrated that the multiphysics model of a single PC contains
enough details to recapitulate the trend of the observed discriminability of human subjects.
Discriminatbility as predicted by van Rossum distances in the in silico experiments corre-
lated well with the discriminability observed in the psychophysical experiments measured
by d’ values. We showed that discriminability of pure sinusoidal vibrational stimuli in the
range of PC activation increase as the frequency different between the pairs increase. We
found that complex stimuli, i.e. waveforms with two frequency components, were more
difficult to discriminate and that neither the psychophysical model nor the model of a PC
followed any discernible trend in discrimination of the complex stimuli. Our results suggest
that the mulitphysics model is also a behavorial model in that it can recapitulate some of the
observed response of the whole organism. The data were published in IEFEE Transactions
on Haptics [52].

In Chapter 3, we continued with psychophysical studies on the ability to sense vibrations
and expanded out tests to include subjects with DD in addition to healthy contols. This
study was very exciting in its novelty; to the best of our knowledge, no one had previously
studied the response to vibrational stimuli in DD patients. We used a Psi-marginal adaptive

algorithm to determine vibrotactile perception thresholds in 74 subjects without DD and
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36 subjects with DD, and we measured VPT at two locations — fingertip and palm —
and two frequencies — 250 and 500 Hz. We formed four main conclusions: i) sensitivity
decreases with age, ii) women are more sensitive to frequencies within the PC band, iii) men
with DD were less sensitive than men without DD, and iV) the unaffected hand was more
sensitive than the affected hand in unilaterally—presenting DD patients. This data presents
interesting trends that may serve as a useful reference to future researchers interested in
PCs of DD. The data are under review at The Journal of Plastic Surgery and Hand Surgery
[100], and the full dataset is available online [101].

In Chapter 4, we studied the dynamic viscoelastic properties of the PC with isolated hu-
man cadaveric PCs from donors with and without DD at physiologically-relevant timescales.
We created a cantilever-based device and an equivalent computational model that stimu-
lated the sample and measured the resulting waveform that passed through the sample and
the cantilever. By calculating the displacement at the cantilever above the sample and the
phase shift between the cantilever’s motion and the input vibrations for both the device
and the simulation, we could optimize the parameters for Young’s modulus and viscosity.
Our preliminary findings on a representative isolated human cadaveric PC had a Young’s
modulus of 84 Pa and viscosity of 0.84 Pa-s. The mean length of PCs from a donor with
DD was significantly larger than the PC length from two donors without DD, which agrees
with previous findings. We discussed the complications and recommendations to improve

the optimization process for the ongoing analysis.

5.2 Limitations and Future Directions

The majority of the work presented in this thesis used human volunteers or human tissue,
both of which have striking limitations. The data from human volunteers are inherently
variable, and the physical time and resources that the volunteers are willing to give is often
the greatest barrier to overcome. Because this work was not funded, the volunteers donated
their time for minimal compensation (in addition to my profound gratitude!), and, conse-
quently, we needed to ensure that the psychophysical experiments could be completed in
reasonable amounts of time. Subjects had a wide variety of backgrounds and may have ap-
proached the study differently, which only propagated the variabilities and inconsistencies.
The cadaveric tissue used in Chapter 4 was a limited resource, and the tissue studied may
not accurately represent the general population, especially due to the age of the donors.
Nonetheless, we worked to obtain obtain sufficient data to advance the scientific under-
standing of Pacinian corpuscles and its relationship with Dupuytren disease. This section
explains some of the major limitations of each study and suggests aspects upon which our

studies can be expanded in the future.
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Chapter 2 was limited to a single 30—minute study session, so we selected five frequencies
that represented unique features of pairings for both the simple and complex waveforms. It
would be interesting to test more frequencies of a greater range. With additional frequencies,
especially more base frequencies, trends may appear in pairs with similar or dissimilar
compositions, e.g. interference patterns. Additionally, further investigation into frequency
discrimination with varying amplitudes and accelerations may provide additional insight
into how information is processed by the PC. We used a model of a single PC, whereas
expanding the model to include clusters or populations of PCs with different orientations
and slightly different sizes and shapes would more accurately predict response to vibrational
stimuli. Our model was unable to address population behavior, so we did not study advanced
stimuli (e.g. the creation of complex stimuli as two different frequencies from separate initial
locations directed the same way).

Limitations for chapter 3 falls into three categories: time constraints, disease variability,
and technical complications. Firstly, we collected data at the 2018 Minnesota State Fair,
which granted us access to a wide population of people but limited our study to tests that
could be completed within a single 10 or 15-minute session. To ensure we tested two loca-
tions, we limited the study to two frequencies, which we believed would provide sufficient
data to learn more about how the PC functions. After the fair, we were dependent on
volunteers willing to travel to the university campus for private tests for minimal compen-
sation, so we expanded the time of the study to 30-60 minutes by testing multiple hands
and possibly multiple affected fingers. Expanding this study to more frequencies could pro-
vide more detailed information. Secondly, our study contained subjects at many stages of
DD progression and who had undergone different treatments. Whereas we did not have
a large enough population to test the effects of a specific treatment option on vibrational
response, a future study could enroll patients at the time of treatment. Most relevant,
however, would be a longitudinal study of if/how the PC’s response is altered in subjects
with DD and if/how its sensitivity or discriminability is changed after treatment methods;
the benefits of a longitudinal study are explained in detail within chapter3. Lastly, we
created improved devices (compared to that in chapter 2), yet they contained some very
delicate pieces. People are not always very delicate, especially at the State Fair. We faced
some technical challenges during data collection which were not discussed in the chapter
but which ultimately decreased the number of subjects tested. However, we recognized and
learned from the technical challenges and created a more robust device for individual testing
after the fair that we could use in future studies.

Chapter 4 shows preliminary work, so naturally, it has the most room for improvement
and continued studies. Many details about the future plans to improve and further test

the optimization methods are provided in the chapter. Because we only tested PCs from
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three donors, all of whom were elderly (86, 92, and 93 years old), it would be useful to test
additional PCs from younger patients and from patients with other diseases (e.g. diabetes
or connective tissue diseases). Although we tried to obtain PCs from DD patients who
were undergoing surgery to remove the Dupuytren cords, there were complications with the

specimens, and, unfortunately, we were ultimately unable to test those PCs.

5.3 Significance and Applications

The work presented here contributes to a deeper understanding of the PC, providing novel
data on frequency discrimination and vibrational sensitivity and preliminary data on the
PC’s visceoelastic properties. We investigated whether PCs are altered in DD and provided
the first dataset of vibrotactile perception thresholds for patients with DD.

The work can and may be applied to future models of PCs and may be used to better
diagnose or prognose Dupuytren disease. Applying the multiphysics model, even with
complex stimuli, to haptics applications may be a viable substitute for recruiting volunteers
to more rapidly test devices ranging from improved button-click mechanisms for the blind
and deaf communities to more stimulating video game controllers. If future studies confirm
that men with DD are, indeed, less sensitive to vibrations than healthy controls, then the
device that we built for chapter 3 could be expanded as a clinical tool to test or monitor DD
patients. Increased knowledge about the fundamental mechanics of PCs can aid in future
models, and the device that we created to measure the viscoelastic properties of the PC

can be extended to dynamically estimate the viscoelasticity of other soft biological tissues.
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