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ABSTRACT

The Effects offranscutaneous Electrical NeurostimulatmnAnalgesia an®eripheral
Perfusion

Leah Schafer

Peripheral arterial occlusive disease (PAOD) affects 8 to 12 million Americans
over the age of 5As thedisease progressestaial occlusions arising from
atherosclerotic lesions inhibit normal metabolic vasodilation in the peripheries, resulting
in limb ischemia and claudication. Pharmacological and surgical treatments currently
used to treat both the hedynamic and pain symptoms associated with PAOD can
involve adverse and potentially lifareatening side effects. Thus, there is a need for
additional innovative therapies for PAOD.

Neurostimulation has a known analgesic effect on both acute and chaimic
Although the exact mechanisms remain under investigation, local vascular tone may be
modulated by neurostimulation in addition to pain modulation. The Gate Control Theory
proposes that electrical activation of mechanoreceptive afferent somatossrsers
specifically Ab fibers, inhibits pain sign
interneuron in the dorsal horn of the spinal cord which dampens signaling from afferent,

C typeperipheral nociceptornerves | nt er e st i n g Ingnay algobnhifiti ber ac
norepinephringelease from sympathetic nerve terminaletiarentneuronsy

act i v-aadremerpic tdceptors along the same dermatome, resulting in localized
vasodilationin both limbs Ultimately, electrical stimulation may decseamean blood

pressure and increase local blood flow.

The focus of this study was to optimize protocols and perform a small scale
clinical study to investigate hemodynamic and analgesic responses to neurostimulation
during acute ischemi@/e hypothesizethat ganglial transcutaneous electrical
neurostimulation (TENS) and interferential current (IFC) treatments would decrease pain
perception and vascular resistance in the periphery in young, healthy subjects. We further
hypothesized that IFC may have a geedyperemi@nd analgesieffecton acute
ischemiathan TENS as its current waveform may be more efficient at overcoming skin
impedance. Interestingly, we found trends suggesting that TENS and IFC may increase
vascular resistance (VR) and havenmbiceable analgesic effect, though TENS may have
a slightly lower increase in VR associated with an increase in pain. Further work
characterizing the hemodynanatfect of different stimulus waveforms is needed to
inform future research into possibleunemodulation therapies for ischemic disease

Keywords: Neurostimulation, ischemiblood flow, hyperemiayascular resistance,
analgesiaperipheral artery occlusive disease
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CHAPTER 1: INTRODUCTION

1.1PERIPHERAL ARTERY OCCLUSIVE DISEASE
1.1.1Prevalence and Etiology

Peripheral arterial occlusive disease (PA@D¢cts 10% of the American
population, rising to 20% in persons over 70 yedrage[1]. PAOD is more prevaleri
men than in womernthough norfatal events are more frequent in women with PAOD
than mer2]. Risk factors associated with PAOD also inclutiabetes, smoking,

hypertensionand dyslipidemid3], Figure 1.1

Odds ratio

1 2 3 4
| 1 1

Male gender (cf female) -
Age (per 10 years) -
Diabetes -
Smoking -
Hypertension -
Dyslipidemia -

Figure 1.1:Risk Factorsfor PAOD. Gender, age, smoking, and diabetffecttherisk

of developing PAOO3]. Males have 1{20% greater riskhan femalesincreased age
raisesiisk by 2030%for each 10 year age brackBiabetes andmoking increase risk

by 30-40%, while hypertension and dyslipidenmarease risk by 220%.

PAQOD is caused by atherosclerosis that leads to arterial stenpsisgheral

conduit arteriesFigure 1.2 Although resting blood flow in PAOD patients is similar to



that in a healthy personitarial occlusions inhibitnetabolic vasodilation in the
peripheries, resulting in limb ischenj#. Once metabolic demands rise above tissue
perfusion levelsmuscle fatigue andcute ischemic pairesult The pain, o known as
intermittentclaudication(IC), and fatigue often subsi@sdterthe cessation omuscle
contraction and a return to restimgtabolicdemandAlthough symptomatic stabilization
may occur due to the development of collateradsnand fatiguecanbecomechronicas

artaial stenosigprogresseg3].

Brachial
artery

Artery narrowed
by plaque

Figure 1.2: Atherosclerotic Arterial Stenosis The narrowing and hardening of

peripheral arteries in PAOD causes decreased blood flow acdlagsne[5].

1.12 Diagnoss

When claudicatiomnd fatiguesymptoms occuiseveral testareused tascreen
for PAOD. For artery diseasea the legsthemost widely used test is the anldeachial
systolic pressure index (ABWhich compareankleblood pressuré arm pressurat
rest A resting ABI of(0.90 used as a hemodynamic definitionegfPAOD [6]. A

2



similar comparative blood pressure reading is used for PAOD screening in the arms
whereareduced blood pressure in one arnt@spared to the other, as well as reduced
pressure distal to the suspected blockegadicative of peripheral arterial stenosis.

Diagnosing PAOD in asymptomatic patients requires advance screEaidis
reasongcoronary artery disease (CADan bandicative of PAOD in asymptomatic
patiens asPAOD andCAD are both manifestations of atherosclerosis. In the primary
care setting, approximately half of patients diagnosed with PAOD also havedddD
PAOD patients are at a higher risk for heart attacidsstroke$3]. Other hemodynamic
imaging studies used to diageasr characterizBAOD include Doppler ultrasound,
magnetic resonance angiogram (MRA), aAgy arteriogram.
1.1.3 Current Treatment Options

Following diagnosisgcurrenttreatment options for PAOD include lifestyle
changespharmacologiénterventionsand/orsurgery Diet modificationis directed
towardlowering low density lipoprotein (LDL) consumption, as LDL cholesterol plays a
major role inendothé&al activation associated wititherosclerotic plaque formati§n).
Increasing exercise and smokicessatiorare also important lifestyle chandesownto
decrease LDL concentration amdproveoverallcardiovascular heali8]. However, diet
and exercise alone are often not sufficient to achieve recommended lipid levels;
therefore, pharmacological treatments are often necessary.

Statins are prescribed to lower LDL cholesterol levels in PAORipistiand are
associated with 20%reduction inmajor adverseardiovascular events such as
myocardial infarction and stroK8, 10]. Furthermore, the antiinflammatory,

antiproliferative, and antithrombogenic properties of statins imprlaelication and



atherosclerosiassociated with P@AD [11]. Antihypertensive drugs such druretics,b-
adrenergic inhibitorée.g.b-blockerg, angiotensirconvertingenzyme (ACE)
inhibitors/angiotensin receptor blockers, and calcium channel blockers are also
commonly prescribed to reduce blood pressure (&Rich in turn slows the progression
of atherosarosis by reducing sheandoxidativestress in the blood vessel lumens
Thiazide diuretics are safe and effective for reducing BP in the general patient
population while ACE inhibitorsare ofterused in patients with diabetic renal disease
congestive heart failurf@2]. Calcium channel blockers are used in caseghich
hypertension is more difficult to control, whielrenergic inhibitorare selectively used
for cardioprotection in PAOPatients who also va concomitant coronary dised8¢.

If drug therapies are insufficientyigical interventions alsoused to improve
blood flowin PAOD patientsPercutaneous translumiredgioplastyPTA) is a
minimally invasive procedure used to compress atherosclerotic plaque inside the arterial
wall, Figure 1.3 Longterm success rates for aortoiliac and femoropopliteal PTA are
between 5670% after 5 yearfl3]. However, lyperplasic restenosis dueda@ombination
of localized inflammation, atherosclerosis, thrombosis, scar tissue formation, and
proliferation[14, 15]occurs in up to 2530% of PAOD patients and is a major problem
limiting its longterm efficiency{11, 16] Thus, agioplastyis oftenfollowed by stenting

to preserve the structure of thessel wall and reducestenosis.



Deflated balloon Inflated balloon

catheter

Compreassed

A  Guidewire

Inflated Balloon/

Stent Catheter Stent

Expanded
stent prevents

a previously blocked
Inflated balloan SNt C | artery from re-closing

Figure 1.3: PercutaneousAngioplasty and Stenting A. Intravascular deflated balloon
catheter guidewire inserted into stenosed region. B-$temted balloon inflated; plaque
compressed against arterial wall. C. Stented balloon inflated; plaque compressed and

stent expanded. Diéht preserves vessel shape and delays rest¢hdpis

Other intervention option®r PAOD include atherectomy and bypass grafting.
Rather than being compressed, plaque is rembyexditting, pulverizing, and shaving
via a cathetazed endarterectomygevice Although initial success is greater than PTA,
restenosis and patency constramtsur inalmosthalf of the patientat 12 months post
atherectomy18]. Arterial bypass grafihg is a morenvasive surgical interventiomsed
as a last line of treatment for cagesvhich pharmacological opercutaneous
interventionsare not effectiveThis procedure involves redirecting blood flow around the

stenosed section @attaching a healthy autologoassynthetic blood vessat either end



of the blockagefigure 1.4 However, over the past 20 years, the use of bypass surgery

to treat PAOD has decreadeyl42%in clinical settingg19].

[ Popliteal
\’_‘x artery T
= |

Figure 1.4: Arterial Bypass Graft Blood flow is redirected around the stenosed region

by grafting a new vessel around the blockgzfa.

Cell-based therapies for PACde currently under investigatioAn ongoing
Stage 3 trial is investigatinge safety andfecacy of autologous bone marrow@rae
concentrate (BMAC) fotreating critical limb $schemiadue to peripheral arterial disease
[21]. It is postulated that intramusculajectionsof BMAC into ischemic tissues will
result inimproved angigenesis and blood flow. If successful, this treatment could
improve blood flowand reduce ischemic pain

Althoughtreatment optiondo exist folPAOD and its symptomdongterm
efficacy is limited.Lifestyle changes may slow the progression of the disease, but may
not be sufficient for disease management. Pharmacological and surgical complications
are also prevalent. Statins impair memory, damage the liver, and raise bloof228}gar
while diuretics and bethlockers mayalsocause insulin resistan{23]. Angioplasty and

stenting have high restenosis raaesincrease the thrombogenicity of the vessel wall,

6



while arterial grafts are veigpvasive and expensiand have a higher risk of major
adverse cardiac everj®]. To more safely and effectively address PA@ its
symptoms additionalapproacksareneededElectrical stimulation is onsuch

alternativeto drug treatments for painful conditioasd possibly ischemia

1.2 NEUROSTIMULATION
1.2.1 Modalitiesand Functions

Several modalities of neurostimulation exist, including transcutaneous stimulation
such as TENS and interferential current (IFC) as alimplanted technologies such as
spinal cord stimulation (SCS) and deep brain stimulatroplanted devices tend to be
more effective at alleviatingainbut carry a risk of device failure or surgical
complication and are therefore reserved for morergevases, whilganscutaneous
modalities have been proven to be safd effectivéfor the general patient population
with more moderate pain and are available both clinically and commeij@a]ly

Both implanted antranscutaneous forms of neurostimulati@e a known
analgesic effect on patients suffering from a¢@é& 27, 28Jand chronid29, 30, 31]
pain, and on healthgubjects in whom acute pain has been induced experimdi3|ly
33, 34, 35] Although clinical and experimental pain are not directly comparable,
experimental pain is used itovestigate pain pathdgsiology and to evaluate analgesic
effects under controlled conditiof86]. The onset and duration of analgesia may vary
considerably between patieffi8¥], and the same protocol may have different degrees of
antinociception in acute experimental pain compared with chronic clinica]3&jin

Neurostimulation may also have a hyperemic effé2i39]. While theexact molecular



pathways for hav neurostimulation achieves thesfgecis remain under investigation,
thereis likely more than onenechanism of action.

1.2.2Mechanisns of Action

1.2.21 Modulating Pain: Gate Control Theorand Endogenous Signaling

The most prevalent model for electricalhduced analgesia is the gate control
theory (GCT).The GCT postulates thadnalgesias achieved by electrical activation of
afferentA b ( lcatanegpasmyelinated) fibersvhich synageonto ascending neurons
in the central nervous system (CN#) the same level as afferéhismall,cutaneous,
unmyelinatedhociceptive fibersFigure 1.5 Nociceptivesignals travelinghroughC
fibers from peripheral nociceptors activate seeortkr neurons ithe substantia
gelatinosaon dorsal horns along the spinothalartrect(STT). STT neurons are
responsible for carrying the signal to the thalamus for agmition

Neuropeptidesubstance P is involved with modulating ascending nociceptive
information in the ST, as is nitric oxide (NONO activates guanyl cyclasgrotein
signaling cascadevhich in turn elevates intracellulayclic guanosine monophosphate
(cGMP)levels, furtler activatinga protein kinase Gascadend ultimately amplifying
the pain signal in the STneuron. NO may also react with superoxide and increase
central pain sensitization and hyperalg¢4.

Whenan electricalstimulus is applied, mechanoreceptidvéneuronsare
activatedandaccompani ed by a |l ocalized tingling,
paresthesiaAs A bsignalingincreasesthe ratio oflargefiber to smallfiber activity
increasesactivatinganinhibitory interneurorsynapsing to the ascendiJ neuron and

ultimatelyweakening thgain signal to the braij#1].



Strong signal Weak signal Dorsal

sent to thalamus I sent to thalamus columns
— Second-order —— Second-order
neuron neuron
L [
. = Inhibi Central ? = _Inhibito
+ v % sInhibito + ! ry
( inierneﬂon nervous _interneuron
=L system A
T T ——C fiber !
Af fiber—
——C fiber
Peripheral
From m?.-r:uus From From skin
nocicepters system nociceptors mechano-

receplors
Figure 15: Gate Control Theory for Modulating Pain. A. Unmodulatednormal)
pain Peripheral pain signatsavel up afferent C fibers to tli@&NSwhere they stimulate a
secondorder ST neuron and inhibit suppression by the inhibitory interne@ron
Modulated painNeurostimulatiorstimulates afferenAb fibersparallel to afferent pain
fibers in the CNStesulting inthe activation of an inhibitory interneuron aad

suppressed pain signal to the thalafdag.

Simultaneouso the reduction in pain sensation, the effect of the meteftex
may be reduced. Normally, the metaboreflex is triggered by ischergoooycts such as
adenosine and potassium which stimulate intramuscular chemoreceptgenthatgnals
to type C fibersinhibition of type Csmalft i ber af ferent signals by
activation woulddecrease the strength of the metaboreflesulting ina systemic

decrease inascular resistandd3]. Interestingly, the vasodilatory effieaf



neurostimulation is likely stronger in PAOD patients than in healthy individuals. PAOD

increases sympathetic activation as evidenced by increased concentrations of ischemic

by-products and mean blood pressure (MBP) in response to eXddjise
Endogenouspiatereleasemay also be effected by neurostimulatidrendorphin

levels increasen thelumbar cerebrospinal fluid (CSH)ith low-frequencystimuli,

resulting in arantinociceptive effedqé5]. These effects were reversed by naloxone,

indicating that lowfrequency analgesia is mediated by miopoid receptor activity

[46]. Interestingly high-frequency TENSesults in increased dynorphin A levels in the

CSF wth analgesic effects that anet reversed by naloxonepplicatingdynorphin

binding receptoactivity [45]. Theseresults indicate a frequenciependent endogenous

response to neurostimulation.

1.222Modul ati ng Bl ood FI| e€&wReaeptdr Adtiatoh e mi ¢ Pai n
It is also postulated that neurostimulation increases blooddimivdecreases pain

in the periphey via asecondAb fiber pathway. Although the mechanism is unclear,

ganglial stimulatooo f ADb fi bers initiates an efferent

down toU-2 adrenergic receptofs{3A-Rs) in vascular sympathetic neuron terminals

Thesereceptorsare responsible fgresynaptic inhibition ofmooth muscle contraction

by inhibiting norepinephrin€NE) releasdrom sympatheticerve terminalsFigure 1.6,

U-2A-Rsare coupled to Nype calcium (C#&) channels in SNS neuron terminals, and

activation reduces Gainflux and subsequently decreased SNARE complex activity.

Less norepinephme (NE) is released into the synaptic cleft, andnberruped

sympathetimeuron signalinglecreasesasoconstrictionn the affected tissuesnd

ultimately increases blood flow and reduces ischemic[daih
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Negative
Feedback

Alphaz
receptor

Alpha; receptor

Fi gur e2AlReceptor Adtivation.Ac t i v a t2iadranergicfreceptors causes
presynaptic inhibition of signal transmission due to suppressed neurotransmitter (i.e.

norepinephrine, NE) releaf&’].

Interestingly, neurostimulation mdnave a timesensitiveeffectthatdoesnot
immediately present baixtends beyond the period of stimulation itself, termed the
fi ¢ a-0 v eeffeat Evidence suggests that whil&NS does not improve time to onset
of ischemic pain, prreatment with TENS increases local blood flow and improves
exercise tolerance at later time poif8]. Although the mechanism is unclear, it is
possible that the carover effect may be associated with latencies in cellular activation.
In the context of PAOD, increased blood flow to ischemic peripheral tissues

resul t i-2Agecdporactivatibwould also reduce ischermpain. In this way,

11



neurostimulatioomay have amdditive analgesic effeat occluded tissues by

simultaneously closing the pain gate afidviating peripheral ischemig&igure 1.7.

({ TENS/IFC )

stimulates
A

Ab fibers

activates

Inhibitory
Interneuron

activates

U-2A

Receptors

suppresses decreases
A
ST neurons NE Release)
decreases decreases
i A A
Thalgmus Metaborefle
Activity
decreases
decre'ases i) decreases
Pain Sympathetic Vascular
Control Resistance
decreases
¢ ] ¢ decrdases  increases
Functional Vascular
ympatholy%(’wean B%esistancg Q/Iean BPXBIood FI@

decreases
Ischemic
Pain

Figure 1.7: Effects of Neurostimulation on Pain and Blood Flow Stimulation of /A

fibers has two effects: closing the pain gatéhe central afferent pathway and activating
U-2A receptors in the peripheral efferent pathway. Both pathways result in decreased pain

and sympathetic control and ultimately increased blood flow.
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1.2.3 Justification for the Use of TENS and IFC

A combiration TENS/IFC transcutaneous neurostimulation device was chosen for
the study because of its low cost and-morasiveness, though the methodologies for
investigating changes in peripheral perfusion associated with neurostimulation proposed
by our study ray translate to future research associated with implantable technology such
asSCS To our knowledge, there have been no previous studies directly comparing the
hemodynamic effects of TENS and IFC, although studies with similar protocols have
investigated each individual[34, 49, 50, 32, 51, 52Although both types of stimulation
are known to effegpbain andblood flow,thewaveform and frequency settingave not
yet been optimized for all possible indications
1.2.4Waveform Characteristics

The two current waverms most often used to study the analgesic effects of
transcutaneous neurostimulation are biphasic pulsed cuciearacteristic of
transcutaneous electrical nerve stimulation (TENS)bamdtmodulatedsinusoidal
alternating curresticharacteristic of interferential current (IF(58, 54] More
specifically,two outof-phase sine waves combine to producé&,) Figure 1.8 [55].
These two waveforms are also used in emphble SCS therapies, with conventional SCS
utilizing a symmetric pulsatile current similar to TENS while more contemporary

therapies utilize burghode currents similar to IF[56].
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—
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\4

Figure 1.8: TENS and IFC Stimulus Waveforms A. Biphasic pulsed current
characteristic of conventional TENS. B. Sinusolgaistmodulatedalternating current

characteristic ofFC [29].

Since membrane propertissch as/oltagegated ion channelensity input
resistancegapacitance, and synaptic conta@sy considerably between different neuron
types and substructures ( e,itgslikelgthdtai ber v s.
waveformdependent responseists[57, 58] Convenional pulsatile current, such as in
TENS, contains broad spectral energy that may limit the ability to preferentially activate
neuronal targets, while narrow band sinusoidal waveforms, such as im#éfyQarovide
greaterselective contrgl59]. Indeed, symmetrical chardgmlancing stimuli greatly
diminish selectivity in stimulating targeted neurons within the CNS, while asymmetrical
biphasic stimuli enable selective activation of cl3]. What is more, sinusoidal IFC
waveforms may more readily overcome skin impedance and stimulate debfilezrs
thanpulsedTENS and therefore have greater analgesic and hyperemic ¢4@céd,

62]. It is also possible thdurstmodulated currents have a different effect than
symmetrically pulsed currents, as well as high versus low frequgb8jesndeed,
different endogenous signaling mechanisms occur d@@®with burst mode versus
tonic mode stimul[56] as well as with high (100 Hz) versus low (20 Hz) stimulus

frequencie$46].
14



Although there is significant evidence that both THR& 62, 64, 65, 66, 64nd
IFC [68, 69, 49]effectively reduce experimentally induced pain, there is limited research
comparing high and low frequency TENS and IFC treatments in their efficacy in
increasing blood flowtHowever, there is little consensus in studies attempting to
characterize chang@s pain or blood flow bystimulus frequencgr waveform[50].
Rather,optimal settings of stimulus parameters are subjective and are determined by trial
and errof70].
1.30VERVIEW AND SPECIFIC AIMS
1.3.10verview
Neurostimulation may offer an innovative treatment option for patients suffering
from PAOD. To date, there is no consensus on the effectiveness of different types of
neurostimulation on modulating blood flow and pain in ischemic tissues, though it is
believed that electrical stimulation decreases thalamus activity and sympathetic control of
vasculartond y act i v at Thefacuséf bur studys to ingestigate
hemodynamic and analgesic responsegattscutaneouseurostimulation during
ischemiaby performing a small scale clinical study and optimizing methodologies and
protocols
1.3.2Specific Aims
The specific aims of this thesis are as follows:
1 Aim 1: Developand optimizea protocol for investigating hemodynamic and
analgesiaesponses to transcutaneous neurostimulation during acute ischemia in
young, healthy Cal Poly studentsoughexploring stimulus waveforms and

frequencies duringilot studies
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1 Aim 2: Test the hypothesis that transcutaneous electrical neurostimulation
(TENS) and interferential current (IFC) treatments at the ganglia would result in
decreased pain and vascular resistance in the periphery in young, healthy subjects.
1 Aim 3: Test the hypothesis thi&C has a greater hyperemic and analgesic effect

on acuteschemia than TEN8ue to differences in stimulus current waveforms.
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CHAPTER 2: PILOT WORK

2.1 INTRODUCTION

The overall goal of the pilot work was develop and optimize a protocol for
investigating hemodynamic and analgesic responses to transcutaraoostimulation
during acute ischemia in young, healthy subjetiierefore, the goals of the first pilot
study were to ensure that our blood flow measurement instrumentation was functioning
as expected, i.e. reporting zero perfusion during occlusiohygmetemia during
recovery, and to optimize the neurostimulation frequency to elicit elevated perfusion and
decreased pain during occlusi@ndogenous pain control mechanismay be affected
differently byhigh versus lovstimulus frequenciegl5, 46]and therefore we
hypothesized that high (100 Hz) TENS and IFC stimulation frequencies \waosdse
blood flow and analgesiduring acute experimental pain in healthy subjects compared to
low frequencies (261z).

After determining optimal instrumentation settings and neurostimulation
frequency parameters in pilot study I, pilot studies Il, 1ll, and 1V tested the hypothesis
that neurostimulation has analgesic and hyperemic effects, possibly elevated with IFC a
compared to TENS due to different effects of biphasic and sinusoidal stimulus
wavefor ms [b6]. Alfebobserving ea nsticeable differencesaimalgesic
trends associated with TENS and IFC during pilot studyilbt studies Il and IV
utilized multiple pain scales to better quantify sensations of pain experienced as a result
of arterial occlusion. The additional pain scales gave insight that neurostimulation

paresthesia was being perceived as a painful stimulusehytiherwise healthy subjects.
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For this reason, pilot study IV accounted for sensations of paresthesia by including
paresthesia descriptors in the general pain assessments. In this way, each consecutive
pilot study served to refine our hypotheses and naetlogies for the main investigative
study.

All participants completed an Informed Consent form and a confidential Medical
History Questionnaire that was reviewed by the primary researcher prior to treatment.
Any contraindications for transcutaneous neunagation, i.e. pregnancy or history of
epilepsy, cardiovascular disease, dermatitis, syncope, or chronic pain, were grounds for
exclusion though no participants weexcludedduring any pilot work. All recruitment
and experiments were performed in accordan
Human Subjects Committee.

2.2 PILOT STUDY |
2.2.1 Methods

Pilot study | was performed on 12 healthy Cal Poly students aged 18 ¢a33 y
assigned to one of two treatment groups: TENS (n=6) and IFC (n=6). Each group
received three treatments: high frequency (100 Hz), low frequency (20 Hz), and sham (0
Hz) neurostimulation, all involving 50 ps pulses8anA pulse amplitude
Neurostimula i on | eads were al ways applied to the
treatment to maintain a singtdinded study. The participant was never notified of the
treatment that was being applied, and all sensors and cuffs were applied in the same
manner for eery treatment. Treatment order was randomized and treatments were
performed consecutively with a 4finute rest period allotted between trials to minimize

fatigue.
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The cellbodiesoAb f i ber s t hat i nnfermgaaglioa t he
parallel tothe 7" cervical and % thoracic vertebrae (C7 and T4, respectively). The
modulatory effects of TENS and IFC on pain and blood flow are substantiated when the
electrodes are placed over the C7 and T4 ganglion rather than over the active muscles of
the handand forearm [unpublished observations]. Therefore, two pairs of
neurostimulation electrodes (INTENSity TENS/IFC Combination Stimulator, Current
Solutions LLG Austin, TX, USA were aligned with the C7 and T4 vertebrae on either
side of the spinal columm iaquadripolar formatiomsing reusable carbon electrode
pads (Tyco Gel Pads, Santamedidaistin, CA, USA. Participants wore a loose shirt or

tank top to allow access to the upper b&egure 2.1

CHANNEL 1

Acromion

i
CHANNEL 2

Figure 2.1: Electrode PlacementA. Topical electrodes were aligned with the C7 and
T4 vertebrae for ganglial stimulati¢82]. B. Participants wore loose clothing to allow

access for electrode placement in a quadripolar formation.
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Two of the most prevalent tfeds for experimentally inducing pain are the
submaximatourniquettechnique and the cold pressor test, both of which cause
decreased blood flow to the effected tissues. We chose to use the tourniquet technique as
it takes effect quicker and had a maapid reperfusion rate after releasing the occlusion
[71, 65, 68, 69]allowing for a more efficient protocol. Thereforegchemic conditions
similar toPAOD were modeled in otherwise healthy subjects uaing
submaximatourniquettechnique wherebg manual blood pressure cufés inflated to
180 mmHg for 3 minutesn the dominant forearnio test the hypothesis that
neurostimulation increases perfusion associated with acute ischemia, we measured
changes in locddlood flow (BF)distal to the occlusion and mean arterial pressure (MBP)
on the contralateral arm

At the start of each treatment session, participants sat in a relaxed position with
their arms resting on a tra&n automated blood pressure c(@mron 7 Series Wireless
Upper Arm Blood Pressure Monitor, BP761, Hoffman Estates, IL, W&&)applied to
the contralateral upper arm to measure MBP and HR every 3 minutes as specified in the
moni tor 6s i nst r u cAftar atacking the electrodes to thenupperiback, n g .
anoptic Laser Doppler Flowmetry (LDF) skin probéR1 probeMoor Instruments
Wilmington, DE, USA was adhered to each palm using double sided adhesive (PADs,
Moor Instruments). Aand grip dynamometer (ADInstrumen®olorado Springs, CO,
USA) was gripped in the dominant hafthe probe cablesoupled to a LDF data
acquisition unifmoorVMS-LDF, Moor Instruments which output to #owerLabDAQ
(PowerLab, ADhstruments) and digital chart recording software (LabChast 8.0

ADInstrument} Figure 2.2
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The hyperemic and analgesic effects of each treatmentvgyeevaluated during
the pressor responge static handgrip exercise at 30% maximal voluntary contraction for
3 minutes followed by a 3 minute occlusion. Change in distal blood flow and pain from
resting baseline values were evaluated before, during, and after ezectiseclumn.
This temporarirculatory occlusion in young healthy subjects was an imperfect
approximation to PAOD as chronically ischemic tissues have depleted adenosine
triphosphate (ATP) and glycogen stqras well aslevated levels of metabolic
byproducts such as lactatehich hinder rapid reperfusigne. reactive hyperemiance
the occlusion is removgd?2]. PAOD patients will also have tremendous endothelial
dysfunction as comparagdo heal t hy young subjects, hinde
capability to respond to stimulLhereforewe would expect the reperfusion rates
observed in response to our experimentally induced ischemia to be faster than in PAOD

patients.
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Figure 2.2: Experimental Setup A. Participants sat in a relaxed position with arms

resting on the tray in a prone position. Optic Laser Doppler Flowmetry (LDF) skin probes

(a) were adhered to each palm using double sided adhasivanual BP cuff (b) was
affixed to the participantdéds dominant fore
dynamometer (c) was gripped in the dominant hand. An automated BP monitor was

affixed to the upper contralateral arm (d) and the TENS/IRC(@helectrodes were

placed on the upper badB. The probe cablesoupled to anoorVMS-LDF data

acquisition unit (f) which connected tdPawerLabDAQ (g) via two analog inputs. The

LDF signals were transmitted to a laptop via USB cable and recordeal itime using

LabChart v.8 software.

The Numeric Rating Scale (NRS) was used to assess pain on a scal&0f 0
every 60 second$® being no pain and 10 being the worst pain imagindlie maximum

pain was reported for each 60 second interval ancheamodynamic data was averaged
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for 60 second intervals during each phagéough both bsolute changand percent
change models were run for both responses, absolute dhatgeore statistical power
(higher R) for analyzing this pain and blood flow dataset and therefore all results are
reported in terms adbsolutechange from baseline. Blood flow and pain responses were
comparedo phase, ischemic conditions, and treatment bypevo-way ANOVA for
repeated masures using Minitab statistical software. Post hoc comparisons were made
using TukeyKr amer 6s i nterval s.
2.2.2 Results
2.2.2.1 Pain

As expected, pain trended to increase during occlusion. However,
neurostimulation did not appear to have an analgesic effect as predicted; to the contrary,
pain trended to be greater with both high and low frequency TENS and IFC treatments at

each phase #ém the sham treatmeffigure 2.3

4

5

i
n

A Pain + SE

—@—Sham

—@—TENS, 100 Hz

TENS, 20 Hz

Exercise

—&—Sham
3.5 —&— IFC, 100 Hz

3 IFC, 20 Hz

A Pain + SE

Exercise Occlusion Recovery

Figure 2.3: Change in Pain for Pilot Study | Change in pain from baseline during A.

High (100 Hz) and low (20 Hz) frequency TENS and B. High (100 Hz) and low (20 Hz)

frequency IFC (n=6). Values are shown as me&fE.* p O Ofor 8pAinvs. phase
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2.2.2.2 Blood Flow

As expected, blood flow increased in the palm during exercise and during the
recovery phase following an acute forearm occlusion. There were no differences in blood
flow between high and low frequenc¥NS treatments, though perfusion was lower

during the recovery phase of the high frequency IFC treatifgnire 2.4.
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Figure 2.4: Change in Blood Flow for Pilot Studyl. Change in blood flow from
baseline during A. High (100 Hz) and low (20 Hiaquency TENS and B. High (100
Hz) and low (20 Hz) frequency IFC (n=6). Values are shown as mean* S Ofor 0 5

ablood flowvs. phase.

2.2.3 Discussion

To test the hypothesikat high (100 Hz) TENS and IFC stimulation frequencies
increaseblood flow and analgesiaore so thatow frequencies (20 Hz), pilot study |
compared changes in blood flow and pain elicited by both modalities before, during, and
after acute ischemia. Both TENS and IFC had a hyperalgesic effect during exercise,

occlusbn, and recovernygigure 2.3 This result is not substantiated by the main body of

24



research emphasizing the analgesic effects of transcutaneous neurostimtiation

possible that paresthesia associated with the vibrational mechanoreception of

neurostimiation near the ganglia was interpreted by finste neurostimulation users as
Apain, 0 creating arbitrarily high Ipain mea
subsequent studiesanpicipantswill be instructedo concentrate opain originating

exclusively in their treatment arto promotespecificity.

The increase in local blood flow during exercise and immediately following the
release of an upstream occlusibigure 2.4, may be explained by metabolic
vasodilation and reactive hyperemia, respetyivMetabolic byproducts released during
exercise cause vascular smooth muscle cells to relax, resulting in vasodilation and
increased blood flow. These byproducts also activate the metaboreflex, which in turn
selectively inhibitssympathetic vasoconsttion in active tissues in a process known as
functional sympatholysiskeactive hyperemia, or the rapid increase in perfusion
following ischemia s attributed to the release of local vasodilator metabolites in hypoxic
tissues.

We hypothesized that neurostimulation activates periph2aidrenergic
receptorsinhibiting norepinephrine release and decreasing local sympatheti@8ne
This results in an increase in blood flow independent of fumakisympatholysis or
reactive hyperemia. However, at this sample size (n=6), we did not see sufficient
evidence that neurostimulation has a hyperemic or an analgesic ié@atg forward, a
larger sample size would allow us to improve our predictive pdWe must also control

for vasodilation mediated by local metabdifellowing ischemia. @ isolate TENS or
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IFC-induced hyperemia from metabolicallyduced hyperemia, pilot study Il will
incorporate a control treatment without pegercise occlusion CO.).

Since there were no significant differences in pain or blood flow between 100 Hz
and 20 Hz frequencies for either TENS or IFC treatment, future work will use a standard
100 Hz frequency to control f oactivgianssi bl e e
similar to frequency settings useddomparator studigs1, 32}

2.3 PILOT STUDY Il
2.3.1 Methods

Pilot study Il was conducted on 9 healthy Cal Poly students ag8.18
Treatments were blindechndomized, and followed by dfiinute rest periods. TENS
and IFC settings were standardized for every treatment at 100 Hz frequencies, though the
main protocol for pilot study Il closely followed pilot study I.

Study Il controlled for the metaboreflex bglactively applying the occlusion and
comparing trends in blood flow with (PECO+) and without (PEG§zhemia. A blocked
experimental design was used to evaluate both TENS and IFC treatments in relation to a
placebo (sham) treatment. Each participantivecea total of six treatment combinations:
TENS, PECO+; TENS, PEGOIFC, PECO+; IFC, PECOplacebo, PECO+; and
placebo, PECO Completing all six treatment types on the same individual allowed us to
control for differences in neural and cardiovasculaysplogy between subjects.

Furthermore, pilot study Il individualized the intensity of the neurostimulation for
every treatment session to account for differences in pain tolerances between participants.
At the beginning of each treatment, the stimulmparage was increased from 0 mA to

the subjectds personal pain tolerance thre
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throughout the rest of the session. If the motor threshold was reached before the pain
threshold such that involuntary muscle twitchoggurredas seen in 2 of the 9 subjects,
the intensity was dropped to 1 mA below motor threshold.

Hemodynamic and pain responses were measured arydeshalmilarly to pilot
study I. Absolute change and percent change models were run for both regpohses
percent changkad more statistical powénigher R) for change in blood flow with the
pilot study Il datasefTherefore, pain data was analyzed in terms of absolute change
while blood flow data was analyzed in terms of percent chamvge-way ANOVA for
repeated measures and Tulkayamer post hoc analysis were completed in Minitab.
2.3.2 Results
2.3.2.1 Pain

Similarto thetrends in pilot study INRS pain trended to increase during exercise
and when occlusion was applied (Placebo+, TENS+, IFC+elthdpain increased each
successive minute during occlusion {&énin), Figure 2.5. In contrast to pilot study I,
both TENS and IFC treatments trended to lower ischemic pain during occlusion in pilot

study Il, Figure 2.6
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Figure 2.5: Absolute Painacross Time during Pilot Study Il. Absolute pain every
minute during baseline, exercise, occlusion, and recovery phases for each treatment

combination (n=9). Values are shown as mean # Sfg.O Ofor 8p&invs. time.
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Figure 2.6: Change in Pain duringPilot Study Il. Change in mean pain (n=9) from
baseline over A. Time (Baseline, Exercise, Occlusion, and Recovery phases), B.
Neurostimulation type (IFC, Placebo, TENS), and C. Ischemia (PERELO+).

* p O Ofor 8p@invs. time, neurostimulation treatmeng ischemia.
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2.3.2.2 Blood Flow

As expected, blood flow increasddring exercisedecreaseduring occlusion
(+), and increased during recovery following occluskigure 2.7A. When occlusion is
not applied, blood flow increases during exercise and remains above baseline for the
following 9 minutesFigure 2.7C. Interestingly, blood flow increased in the contralateral
arm with IFC treatment during occlusion and remained eléwdieing recoveryfigure
2.7B, while without occlusion there was no difference in blood flow with IFC treatment,
Figure 2.7D. Another interesting trend was seen in contralateral blood flow with TENS
treatment, as TENS increased blood flow during exeweske IFC and placebo

treatments did not ( conFigure2/B,be i nterval
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LOCAL CONTRALATERAL

Figure 2.7: %Change in Blood Flow during Pilot Study Il. Percent change in blood

flow from baseline duringxercise, occlusion, and recovery phases with TENS (n=9) and
IFC (n=9) with occlusion (PECO+) in the A. treatment (dominant) and B. contralateral
hands, and without occlusion (PE€§@n the C. treatment and D. contralateral hands.

Values are shown as mearSE.* p O Ofor %&b | o o ds. phaseo w

2.3.3 Discussion
To test the hypothesikat TENS and IFC stimulation have different effects on
perfusion and analgesia, pilot study Il compared changes in blood flow and pain elicited

by both modalities before, during, and after acute ischdm@ntrast to hyperanalgesic
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