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Abstract

Advances in flight technologies and the demand for long range flight have increased
mission lengths for United States Army UH-60 Black Hawk aviators. Prolonged mission times
have increased reports of pilots discomfort and symptoms of parathesia thought to be due to
Black Hawk seat design and areas of locally high pressure. Discomfort created by the seat
system decreases situational awareness putting our aviators and support crew at risk of injury.
Therefore, the purpose of this study was to examine the effects of prolonged restricted sitting and
local pressure application in a Black Hawk helicopter on discomfort, sensory function, vascular,
and neurological measures in the lower extremity. Project one tested the effects of four hours of
restricted sitting on discomfort, sensory, and vascular function in the lower extremity. The
results demonstrated that during four hours of restricted sitting, subjective discomfort increases,
lower extremity sensory function is diminished along the S1 dermatome, and skin temperature
decreases. This suggests that prolonged sitting in a Black Hawk helicopter aviator seat does
create increases in discomfort, potentially through a peripheral nervous or vascular system
mechanism. Project two examined the effects of local pressure application location on measures
of discomfort, sensory function, and vascular function in the lower extremity. The results
revealed that local pressure application increases discomfort regardless of location or magnitude.
Pressure applied to the posterior thigh at a magnitude of 44 kilopascals created the greatest
increases in discomfort. Skin temperature increased suggesting decreased venous return from
the extremity during the test period. Project three examined the effects pressure application to

the ischial tuberosity or posterior thigh on discomfort, sensory, vascular, and neurological



function in the lower extremity compared to a control condition. Mean peak-to-peak Hoffmann
reflex amplitude significantly decreased, discomfort increased, skin temperature increased, and
sensory function along the S1 dermatome decreased. The results suggest areas of locally high
pressure created during prolonged sitting in the Black Hawk helicopter may create the
discomfort and temporary parathesia by altered S1 nerve root function and decreased venous

return.
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Chapter I
Introduction

Aircraft seat discomfort has been an issue in military populations since World War I1.1
Pilots first reported this problem, termed “butt flutter,” during long reconnaissance missions.
Since World War Il millions of dollars have been invested to examine and improve persistent
problems with aircraft seating.>* Seat discomfort remains a top concern even in the most
advanced United States Military aircraft such as the B-2 Combat Bomber.»* Common
complaints during missions include buttock and lumbar soreness, numbness and tingling in the
extremities, and overall fatigue.> Rotary-winged aviators may be at a higher risk of injury or
discomfort due to the industrial vibration produced by the rotors.*® As many as 82% of aviators
report some sort of discomfort during flight;* with as much as 22% of these complaints

associated with buttock, pelvis, and leg pain.®

Rotary-winged aircraft such as the UH-60 Blackhawk have much shorter flight times (2.3
hours)’ compared to long range bombers like the B-2 Combat Bombers with in-air refueling (40
hours).®>  Highly modified variants of the UH-60 Blackhawk, known as the MH-60, have the
capability of in-air refueling.® These variants are only operated by members of the Army’s
Special Operations Aviation Regiment.® The typical mission length might explain why much of
the research involving prolonged restricted seating in aircraft has focused on fixed-wing
aircraft."*° However, in recent years increased operations and the utilization of “hot-refueling”
have increased flight times for U.S. Army rotary-winged aviators.'® Hot-refueling is refueling an

1



aircraft with the engines and rotors still operational.’® Since the engines are engaged, the aviator
must remain seated and secured in the cockpit of the aircraft. Hot-refueling has increased the
typical mission length to approximately 8 or more hours. Reports from soldiers include
symptoms of numbness, tingling, and pain in the buttocks and lower extremity. These symptoms
decrease focus on the mission and may increase mental fatigue and decrease mission success.
The prevalence of seat discomfort during prolonged restricted sitting in military aircraft has led
to investigations focused on decreasing seat discomfort.>****> Much of the aircraft specific

15 and vibration mitigation.”** Little

research focuses on measures of seat interface pressure
work has examined the physiological changes associated with prolonged restricted sitting and
local pressure application;® moreover physiological changes during recovery from local pressure

application remains uninvestigated.

The advances in flight technology and refueling options, paired with the limited
knowledgebase of the physiological changes associated with prolonged sitting warrant
investigation. Additionally, one hypothesis regarding the discomfort associated with prolonged
sitting suggests that this discomfort may be the result of localized areas of high pressure.
Therefore, the purpose of this project was three-fold: (1) to investigate the effects of prolonged
restricted sitting in a rotary-winged aircraft aviator seat (UH-60 Black Hawk) on perceived
discomfort, sensibility, superficial skin temperature, and limb oxygenation in the lower leg; (2)
to investigate the effects of local pressure application to the lower extremity on perceived
discomfort, sensibility, and physiological function in the lower leg; and (3) to investigate
perceived discomfort, sensibility, and physiological function in the lower extremity during
recovery from local compression. By addressing these questions, we were able to better

understand the changes associated with prolonged sitting in Black Hawk helicopters and offer



insight into the onset and recovery of the local pressure hypothesis during prolonged restricted

sitting.

Experimental and Statistical Hypotheses

Project 1

1. In project 1, we expected the data from the four subjective discomfort scales
(Category Partitioning Scale, McGill Pain Questionnaire, visual analog scale, and
present pain intensity score) to significantly increase across the entire 240 minute data
collection period.

2. We anticipated that the sensory measures utilized to measure pressure sensitivity in
this study (Semmes-Weinstein monofilament test) would increase (indicating poorer
pressure sensitivity) across the entire testing period. Additionally, we expected that
the measure of receptive field sensitivity (two-point discrimination test) would result
in increased inter-point distance across time, indicating decreases in receptive field
sensitivity.

3. We expected the measures of lower extremity arterial oxygen saturation (measured
with pulse oximetry) to remain unchanged throughout the 240 minute prolonged
restricted sitting protocol. Conversely we expected both lateral and anterior
superficial skin temperatures in the lower extremity to decrease significantly across

the 240 minute data collection.



Project 2

1.

In project 2, we expected a significant 3-way interaction with all subjective
questionnaire measures including: the Category Partitioning Scale, the McGill Pain
Questionnaire, the visual analog scale, and the present pain intensity scale. We
anticipated that follow-up tests would reveal that the Category Partitioning Scale
scores would increase following 10 minutes of local pressure application to the ischial
tuberosity and middle of the posterior thigh at both 36 and 44 kilopascals of pressure.
Follow-up tests for the McGill Pain Questionnaire, visual analog scale, and present
pain intensity scales would reveal that after 10 minutes of local pressure application
to the ischial tuberosity and middle of posterior thigh at both 36 and 44 kilopascals of
pressure.

The two sensory measures (Semmes-Weinstein monofilament test and two-point
discrimination test) would reveal significant 3-way time x location X pressure
magnitude interaction effect. Follow-up tests would reveal that the Semmes-
Weinstein monofilament test would increase at the great toe, third metatarsal, and
fifth metatarsal following 10 minutes of 44 kilopascals of pressure applied to the
posterior thigh, but no 36 kilopascals of pressure applied to the posterior thigh. We
expected no difference between 36 and 44 kilopascals of pressure at the ischial
tuberosity. Follow-up tests for the two-point discrimination test would reveal
increases in inter-point distances at the great toe when pressure was applied at 36 or
44 kilopascals to the posterior thigh, but not at the ischial tuberosity. We expected no
significant differences among any locations, time points, or magnitudes for two-point

discrimination tests scores taken from the medial or lateral malleoli.



3.

Project 3

For measures of lower extremity oxygen saturation and superficial skin temperature
we expected a significant 3-way interaction effect for superficial skin temperature,
but no significant interaction or main effects for lower extremity oxygen saturation.
We expected no significant change in lower extremity arterial oxygen saturation at
any time point, application location, or application magnitude. We expected both
lateral and anterior lower leg superficial skin temperature to decrease follow 10
minutes of local pressure application applied to the middle of the posterior thigh at
both 36 and 44 kilopascals of pressure, but no significant differences when pressures

were applied to the ischial tuberosity.

In project 3, we expected a significant 2-way location x time interaction effect for the
four subject discomfort questionnaires (Category Partitioning Scale, McGill Pain
Questionnaire, visual analog scale, and present pain intensity scale). Follow-up tests
were expected to reveal that all four questionnaire scores would significantly increase
during the 10 minutes of local pressure application and return near baseline levels
(non-significant difference) by the 10 minute follow-up measure.

We anticipated a significant 2-way interaction effect for the Semmes-Weinstein
monofilament test and the two-point discrimination test at the great toe with follow-
up tests revealing a significant increase in scores during the 10 minute local pressure
application period at the posterior thigh and returning to baseline levels during the 10
minute follow-up period. We did not expect any significant interaction or main

effects for the Semmes-Weinstein monofilament test at the third metatarsal or fifth
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metatarsal. Additionally, we did not expect significant interaction or main effects of
local pressure application in two-point discrimination scores at the medial and lateral
malleoli.

3. We predicted no statistically significant interaction or main effects for lower
extremity arterial oxygen saturation across any of the conditions or time points. We
expected a significant 2-way interaction effect for both lateral and anterior superficial
lower leg temperatures. Follow-up tests were anticipated to reveal a significant
decrease in lateral and anterior skin temperature during the 10 minutes of local
pressure application to the middle of the posterior thigh. Additionally, we expected
these levels to return to baseline and be non-significant at the 10 minute post-pressure
application time point.

4. The mean amplitudes of the soleus Hoffmann reflex were predicted to demonstrate a
significant 2-way interaction with follow-up tests revealing a statistically significant
increase in amplitude during the 10 minute pressure application period and
amplitudes returning near baseline during the 10 minute follow-up time period. For
mean sural sensory nerve conduction velocity, we expected no significant 2-way

interaction or main effects as a result of local pressure application.

Assumptions

1. United States Army UH-60 Black Hawk helicopter pilots experience symptoms of
parathesia as a result of prolonged flight. With improved flight technologies (e.g. fuel,
aircraft materials) and refueling options (e.g. in-air refueling), flight times have increased

and human factors are becoming the limiting factors for Black Hawk flight.
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2. All United States Black Hawk helicopters utilize a standard, rigid pilot’s cockpit seat.

3. Symptoms of parathesia in prolonged sitting may be created by compression soft tissue

structures within the human body (e.g. nervous tissue, vascular tissue).

4. Relief of the symptoms of parathesia in prolonged sitting may be relieved by removing

compression on soft tissue structures within the human body.

5. Men comprise the vast majority of the UH-60 Black Hawk pilots in the United States

Army.

Limitations

1. Participants were civilian volunteers at a large university in the Southeast United
States. This may not be representative of the aviators flying Black Hawk helicopters in

the United States Army.

2. Participants did not wear normal flight gear while collecting data.

3. Participants were not exposed to helicopter rotor vibration during the protocols.

4. Participants sat in an unpadded, Black Hawk helicopter seat. Black Hawk helicopter

aviators usually utilize some form of seat pad during flight.



Delimitations

1. Participants had similar demographic and anthropometric measures as United States

Army Black Hawk helicopter aviators.

2. Participants were wearing shorts and t-shirts in order to obtain access to necessary

anatomical areas for data collection.
3. Data were not collected in an environment with helicopter rotor vibration.

4. Participants sat in a standard, unpadded Black Hawk pilot’s seat to have a common
denominator regardless of pads used in flight. The United States Army has multiple

variations of Black Hawk helicopter seat padding.



Chapter 11
Review of Literature
Introduction

Approximately 82% of rotary-winged aviators report some pain as result of sitting during
missions.* Symptoms range from general fatigue to numbness and tingling in the extremity.’
The flight of rotary-winged aircraft such as the UH-60 Blackhawk is much lower (2.3 hours)’
compared to long range bombers like the B-2 Combat Bombers with in-air refueling (40 hours).®
Variants of the UH-60 do have the capability of in-air refueling, but these variants are only
utilized by the Army’s Special Operations Aviation Regiment. However, increased operations in
the past decade led to the utilization of “hot-refueling” (refueling the aircraft while the engine is
operational) across all Army rotary-winged aircraft. During hot refueling aviators must remain
seated and secured to the seat. This change increased mission times and total time seated in
aircraft for U.S. Army rotary-winged aviators.’® The prevalence of aviator discomfort during
prolonged sitting in military aircraft has led to investigations examining the cause of this
discomfort in military aircraft.>**™ While much of the aircraft specific research focuses on

31115 and vibration mitigation, ™ little work® examines

measures of seat interface pressure
physiological changes associated with prolonged restricted sitting and local pressure application.
Understanding the physiological changes connected to prolonged sitting may yield insight into
the potential mechanisms for the reported discomfort and temporary parathesia seen in military

aircraft. Therefore, this literature review examines the scope of the problems associated with
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prolonged restricted sitting; current literature examining prolonged restricted sitting and local
pressure application; relevant anatomy related to symptoms commonly reported with prolonged
sitting; current measures utilized to quantify discomfort; and potential physiological measures to
enhance the current understanding of the changes associated with prolonged restricted sitting and

local pressure application.

Scope of Problem

Problems with seat design and discomfort have been present in military aircraft since the
1940°s.' The first incidences of discomfort were reported by American aviators during
reconnaissance missions in Europe during World War I1.* Extensive time and money has been
invested into solving the problem,? however thus far investigations have yielded little in way of
solutions." Evidence of the lack of the continuing problem can be seen in the B-2 Combat
Bomber in which seat discomfort remains a top concern and is the limiting factor of flight
time."® Complaints related to seat discomfort range from buttock and lumbar soreness to
numbness and tingling in the extremities.* Rotary-winged aviators may be at a higher risk of
injury or discomfort due to the mechanical vibration produced by the helicopter rotors;**
however, research in this area yields conflicting results. An examination of diagnosed low back
complaints in fixed- and rotary-winged aircrew members found that rotary-winged aviators
below the age of forty had lower odds ratios for diagnosed low back pathology compared to
fixed-winged aircrew members (Odds Ratio: 1.36 and 3.69 compared to 2.96 and 3.81
respectfully).” The Odds Ratio is an effect size measure of the size of an effect between two

variables: the higher the odds ratio, the larger the effect between variables. In other words,
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rotary-winged pilots were diagnosed with low back pathologies over 100% more often than
fixed-winged aircrew members. However for aviators over the age of forty, rotary-winged
aviators had a much higher odds ratio for diagnosed low back problems compared to their fixed-
winged counterparts (8.73 compared to 1.18).° When these age groups were pooled, no
significant differences in odds ratios were present between the rotary-winged aircrew members
and the fixed-winged aircrew members.> This difference may be due to the cumulative effects of
flight time and mechanical vibration across the career of older rotary-winged aviators. Another
study of 732 rotary- and fixed-winged aircrew members found rotary-winged aviators had a
significantly higher risk for bony cervical spine injuries compared to fixed-winged aviators; this
difference was not present in the lumbar spine.'® Pain during prolonged sitting in military
aircraft is a significant problem. Between 12%” and 22%° of reported pain is localized to the
buttock, pelvis, and upper leg.*® Reducing seat discomfort is a critical component needed to

decrease injury and increase combat effectiveness in today’s rotary-winged aviators.

Relevant Neurovascular Anatomy and Physiology of the Lower Extremity

Structure of the Neuron and Synapse

The neuron is the smallest functional unit of the nervous system, exhibiting a wide
structural variety which is directly related to neuron function.'”*° Despite this variation, all
neurons share some distinct anatomical components (Figure 1): the dendrites, the cell body
(soma), and the axon.*”™® Each of these components is structurally and functionally unique. The
dendrites are a network of branches arising from the cell body® which serve as the target for

synaptic input from other neurons.’” The cell body houses the nucleus and other organelles vital
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to neuron function.™® The cell body also serves as the base for an extensive cytoskeletal network
which extends into the dendrites and axon of the neuron® through axoplasmic transport.?°
Axoplasmic transport is also the mechanism by which mitochondria, vesicles, lipids, and other

cellular products move from the soma to the axon terminal.?

The axon originates from a
specialized portion of the cell body known as axon hillock.™ It extends away from the cell body
and serves the primary function of transmitting electrical signals (action potentials) to the end of
the axon.”™® The axon terminates at the axon terminal where it creates a connection (synapse)

with another neuron or a muscle.r’*°

Y ~a J S &Y
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Figure 1. Structure of a neuron. A: Soma; B: Axon; C: Dendrites. Borrowed from Powers
and Howley.*
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The presynaptic terminal of an axon meets a postsynaptic terminal on any cell at the
synaptic cleft of a synapse.’®**?? The synaptic cleft is the space between the presynaptic and
postsynaptic terminal.*® The cleft is typically between 200-300 Angstroms wide.*® There are
two types of synapses: chemical and electrical. Chemical synapses are by far the most common
type of synapse®® with electrical synapses only occurring the central nervous system.*®* The
presynaptic terminal of a chemical synapse contains many vesicles filled with
neurotransmitter.**#*  The membrane of the presynaptic terminal contains voltage-sensitive
calcium channels which open when depolarized allowing calcium to diffuse into the cell.*®*
The postsynaptic terminal membrane is lined with ligand-gated neurotransmitter receptors.'®
The ligand-gated channels are composed of a binding component and an ionophore component.*®
The binding components of the receptor bind to the neurotransmitter released from the
presynaptic terminal into the synaptic cleft;*® the ionophore component is an ion channel that
allows specific ions to pass through the receptor.® The structure of the synapse plays an integral

role in its function as the primary mechanism for cell to cell communication in the nervous

system.

The Action Potential

The nervous system transmits and receives information in the form of electrical signals
called action potentials.® Hodgkin and Huxley determined that these potentials are a result of
sodium ion influx and potassium ion efflux across a nerve membrane.?* The flow of these ions
are spontaneously reversed, restoring the resting membrane potential and preparing the

membrane for the next action potential.”® Sodium and potassium leak channels and voltage-
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gated channels are located on the nerve fiber membrane.’® The leak channels are responsible for
the resting membrane potential. The voltage-gated sodium and potassium channels are primarily
responsible for the influx of sodium and the efflux of potassium via diffusion down their

concentration gradients, producing membrane depolarization.®

An action potential is composed of three stages: the resting stage, the depolarization
stage, and the repolarization stage. In the resting stage the electrical potential across the
membrane is stable at approximately -90 millivolts.***°*? Depolarization occurs when the
membrane becomes permeable to sodium ions.***® The membrane is quickly depolarized,

|.18

neutralizing the membrane potential.™ Voltage-gated sodium channels then open, permitting

sodium ions to diffuse down its concentration gradient into the cell,*’

while voltage-gated
potassium channels begin to open allowing some potassium ions to diffuse down its
concentration gradient and out of the cell.**?® The third stage of an action potential is the
repolarization phase. Beginning soon after the membrane becomes highly permeable to sodium
ions, the voltage-gated sodium channels close, stopping the diffusion of sodium into the cell.*®
The potassium channels open fully and potassium diffuses to the outside which re-establishes the

|'18

normal negative membrane potential.”™ This cycle occurs anytime a stimulus is applied to a

nervous tissue membrane as long as the stimulus is sufficient to reach threshold.™®

Action potentials are initiated when a stimulus excites the membrane.'® An action
potential will not occur unless this initial stimulus is of great enough magnitude to initiate the
positive feedback cycle.?® The initial stimulus needs to be sufficient to create a sudden rise in
membrane potential of approximately 25 millivolts to cause the sudden development of an action
potential. If any event causes the resting membrane potential to rise above -90 millivolts, the

rising voltage from the disturbance itself causes more voltage-gated sodium channels to open.*®
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This causes additional voltage-gated sodium channels to open. Once the feedback is strong
enough, all of the voltage-gated sodium channels will become activated, allowing sodium to
diffuse into the membrane. The threshold for action potential generation is approximately -65

millivolts.8

Action potentials spread or propagate in all directions away from the stimuli'® when local
depolarization at the origin of the stimulus begins to depolarize the segment of membrane
directly adjacent to the area local depolarization.*® The local depolarization opens adjacent
voltage-gated sodium channels which allow sodium ions to diffuse into the membrane,
propagating the action potential to the next segment of the membrane.*® This cycle continues

along the entire length of the membrane.

Svynaptic Transmission

Neurons must communicate with one another in order to function as a system. This
communication occurs through synaptic transmission.?> In chemical synapses, electrical nerve
impulses cause neurotransmitters to be released across the synaptic cleft onto postsynaptic

receptors. The process of synaptic transmission is summarized below:**%

1. An action potential travels down the axon to depolarize the axon terminal
2. The depolarization of the membrane causes voltage-gated calcium channel to open
3. Aninflux of calcium ions occurs through the opening of calcium channels

4. Calcium triggers the vesicles containing the neurotransmitter to bind with the

presynaptic membrane, releasing the contents into the synaptic cleft via exocytosis
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5. The neurotransmitter crosses the synaptic cleft and is bound to receptors on the

postsynaptic membrane

6. The binding of the neurotransmitter to receptor causes ion channels to open, allowing

ions to diffuse in or out of the postsynaptic membrane

7. The diffusion of ions across the membrane causes excitatory or inhibitory postsynaptic

potentials which change the excitability of the postsynaptic membrane

8. The vesicle containing the neurotransmitter is reabsorbed by the presynaptic terminal

and some neurotransmitter is recycled

Gross Anatomy of Lower Extremity Nerves

The sciatic nerve is the major nerve of interest in the lower extremity (Figure 2). It arises
from the terminal branch of the sacral plexus and exits the pelvis at the sciatic notch, below the
piriformis muscle.®* Branches of the sciatic nerve innervate nearly all of the skin of the lower
extremity and the muscles of the posterior thigh and lower leg.®* The sciatic nerve innervates the
biceps femoris, semitendinosus, semimembranosus, and the adductor magnus muscles before it
splits into two divisions in the lower third of the posterior thigh known as the internal and
external popliteal nerves.*! The internal popliteal nerve continues along the posterior aspect of
the thigh through the popliteal space where it supplies sensory function to the knee joint and
innervates the medial and lateral heads of the gastrocnemius, the plantaris, the soleus, and the
popliteus muscles prior to becoming the posterior tibial nerve.*! The external popliteal nerve or

peroneal nerve branches laterally and distally to the sciatic nerve to the fibular head.** The
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external popliteal nerve primarily supplies sensory innervations to the posterior lateral aspect of
the lower leg and some sensory innervation to the lateral aspect of the knee.*! Divisions of the
external popliteal nerve includes the anterior tibial nerve and the musculocutaneous nerve, which
supplies sensory and motor function to the anterior and lateral aspects of the lower leg and foot
respectively.®" Disruption of the sciatic nerve can impact the function of all divisions and

branches of the nerve distal to the area of insult.
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Figure 2. Lower extremity nerve distribution. Anterior structures are presented on the left
and posterior structures are presented on the right. Borrowed from Martini and
Bartholomew.*
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Blood Vessels

Blood vessels enable the flow of blood and other nutrients from one area of the body to
another.®*3* Blood vessel walls are composed of several layers of smooth muscle, elastic
connective tissue, and fibrous connective tissue.>** The inner most lining of the blood vessel is
a thin layer of endothelial cells.** Surrounding the endothelium are several layers of connective
tissue and smooth muscle.** The composition of the layers of the blood vessels depend on its
function.®> Arteries, which function is to transport blood and nutrients away from the heart, have
a high composition of smooth muscle and elastic tissue, while capillaries which function to
diffuse oxygen and nutrients are composed of a thin layer (0.5 micrometers) of endothelial
cells.®> Veins which act to return blood to the heart from the periphery have nearly equal
compositions of elastic tissue, smooth muscle, and fibrous tissue.*® These structural differences
contribute to the function of specific vessels. For example, vessels in the venous system are
highly distensible and therefore able to store large quantities of blood, making it available when

it is required.®

Requlation of Blood Flow

Blood flow in the vessels determines flow to tissues and ensures adequate perfusion
based on the tissues needs.*® Blood flow can be regulated locally, with humoral input, and with
nervous system input.®**" Local regulation of blood flow can be explained by the vasodilator
theory:*® The greater the metabolic rate or the lower the availability of oxygen or other nutrient,
the greater the formation and release of vasodilator substances from the tissue cells which

increase blood flow.*® The vasodilator theory is supported by a body of research which suggests
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one of several vasodilator substances such as nitric oxide™ ™ or adenosine are released
during conditions of hypoxia or periods of increased metabolic demand.®® Humoral control of
blood flow is regulated by substances secreted or absorbed into the body fluids.*® Humoral
agents acting on the vascular tissue are typically divided into two groups: vasoconstrictor agents
and vasodilator agents.®® Vasoconstrictor agents reduce the diameter of the blood vessel and
decrease local blood flow to tissues.®* Examples of these agents include norepinephrine,*

,>° and antidiuretic hormone.>® Vasodilator agents such as bradykinin®* and

angiotensin |
histamine®® increase the diameter of the blood vessels and increase the local blood flow to
tissue.*® Neuronal regulation of blood flow produces more global effects such as the
redistribution of blood flow throughout the body.®” The autonomic nervous system primarily
controls blood flow with sympathetic output of norepinephrine onto a-adrenergic receptors.> In
periods of high sympathetic output such as exercise, vasoconstriction occurs in the non-
exercising muscle;*” while vasodilation stimuli produce vasodilation in exercising muscle.>*
This example highlights one of the many interactions among the three control mechanisms of

blood flow regulation in the blood vessels, and it underscores the importance of these

interactions.

Gross Anatomy of Lower Extremity Vasculature

Understanding the function and distribution of the vascular tissues through the lower
extremity is important in understanding how the structures could be influenced during local
pressure application or prolonged restricted sitting. The femoral artery and its branches supply

most of the arterial blood to the lower extremity.®* The femoral artery originates (Figure 3) just
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distal to the inguinal ligament as a direct continuation of the external iliac artery.®* The artery
continues as a single trunk from the inguinal ligament to the distal border of the popliteus muscle
while changing its overall orientation from the anterior-medial aspect of the upper leg to the
posterior aspect of the upper leg near the adductor magnus muscle.®* The proximal half of the
vessel is called the femoral artery, while the distal end of the vessel is known as the popliteal
artery.®" The vessel divides into the anterior and posterior tibial arteries at the popliteal space.™
The anterior tibial artery bifurcates from the popliteal artery and continues to the anterior portion
of the lower leg extending just distal to the anterior of the ankle mortis where it becomes the
dorsalis pedis artery.®" The posterior tibial artery extends distally and posterior-medially to the
medial aspect of the tibia.** The artery continues distally and runs posterior to medial malleolus
and branches to the internal and external plantar arteries.* These vascular structures supply the
lower extremity with nutrient-rich blood and any obstruction will affect the flow of blood and

nutrients to points distal.
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Figure 3. Anterior view of the femoral artery Borrowed from Uflacker.>

A system of veins returns blood to the heart from the periphery (Figure 4). Two major
veins serve as the main conduits for blood to travel from the lower extremity to the heart.> The
internal saphenous vein starts on the dorsal aspect of the foot and travels medially in front of the
medial malleolus.®* The internal saphenous continues to travel proximally, along the medial
aspect of the lower and upper leg until it terminates and converges with the femoral vein.®* The
external saphenous vein originates on the lateral dorsal surface of the foot and continues

posteriorly behind the lateral malleolus.®* The external saphenous vein continues proximally
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along the posterior lower leg before traveling deep near the inferior aspect of the popliteal
space.®® The external saphenous vein terminates with its convergence to the internal saphenous
vein in the proximal third of the upper leg.®> While the external and internal saphenous veins
are the major tributaries by which blood returns from the periphery, many collaterals converge

into the internal and external saphenous veins to return blood back to the heart.®*
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Figure 4. Lower extremity venous system. Superficial branches shown on the left and deep
branches shown on the right. Borrowed from Uflacker.*

Aircrew Focused Research

Investigations into the physiological and reported discomfort changes which occur as a
result of prolonged restricted sitting are limited despite decades of reported issues. The
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approach investigations have taken is summarized by Cohen, “...the method for ascertaining
seating pressure issues has remained, unfortunately, the same: simply ask aircrew where it hurts
and hope some cushion changes work.” Most of the current seating research in rotary-winged
aircraft focuses on vibration attenuation.*****® Alterations to seat design and cushion materials
have demonstrated an ability to attenuate the vibration experienced by pilots.*****® Cushions
constructed of enhanced foam or air bladders significantly dampened the vibration signatures of

AH-64 Apache aircraft and increased comfort on a thirteen point questionnaire in aviators.™

Pressure mapping systems have been used extensively in populations, such as individuals
restricted to wheelchairs;>"®* however, few studies have examined pressure changes in aircraft
seating.»*® An introductory study utilizing United States Air Force B-2 pilots found that a high
density foam cushion decreased peak pressure and increased pressure distribution area when
compared to a traditional seat cushion.> The small sample size likely limited the application of
these findings to the broader Military.! Other findings examining prolonged sitting in gliders
found that participants began fidgeting (often a sign of discomfort) approximately 40 minutes
into a 90 minute flight simulation. A strong correlation (r = 0.954) between pressure-lowering
fidgeting amplitude and mean peak pressure was found.”® Fidgeting was determined to be any
pressure reducing maneuver (i.e., shifting weight). No association was found between mean
peak pressure measurements and body mass index, however the participants were considered to
be slightly overweight (body mass index = 26.7 kg-m™).2> Previous research indicates that
individuals with lower body mass indices experience higher sitting interface pressures due to
smaller contact areas.** No significant association between peak pressure amplitudes and
discomfort scores has been identified in research using sitting times of up to 8 hours.®> The

authors did identify a trend between peak pressure and subject discomfort in an evaluation of
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four seat cushions for ejection seats, however this trend was not significant and further
interpretation of the data is not warranted.®> Dynamic seat cushions (i.e., those with inflating and
deflating air bladders) elicited the highest peak pressures, but were not rated the most
uncomfortable.®> These conflicting seat interface research in aircraft suggest that there may be
other parameters beyond interface pressure which contributes to the reported parathesia and
discomfort in Black Hawk pilots. Other possible parameters could include blood flow and

muscle oxygenation.

Measures of lower extremity oxygen saturation changes as a result of prolonged sitting
have produced interesting results. During an eight hour bout of prolonged sitting, oxygen
saturation in the lateral gastrocnemius muscle decreased by 4%-12% from baseline. However,
this decrease was not statistically significant suggesting that prolonged sitting does not alter
lower extremity muscle oxygenation.®> A significant decrease in tissue oxygenation of 5%-18%
below baseline measures was found in males.® No significant difference was present in females,
with mean oxygen saturation increasing four hours into testing of one passive foam cushion.?
Anthropometric differences between males and females appear to contribute to observed sex
specific differences. Male volunteers, on average, were 41.4 pounds heavier and 3.87 inches
taller than the female volunteers in the study.®> Male volunteers also experience higher average
interface pressures than female volunteers regardless of seat cushion time and greater contact
area with the seat cushions.® Another contributor may be in the methodology used to measure
oxygen saturation. Muscle oxygenation was measured with near-infrared spectroscopy measured
at the lateral gasctrocnemius muscle. Total hemoglobin levels and tissue deoxyhemoglobin
levels were not assessed in this investigation nor were the data normalized through an arterial

occlusion protocol. Without normalization of the data, interpretation of the results is very
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difficult. Additionally, total hemoglobin, tissue oxyhemoglobin, and tissue deoxyhemoglobin
levels interact closely with one another and are typically recorded and interpreted together.®®
Further investigations into the changes in blood flow as a result of prolong sitting need to be

completed.

The use of subjective questionnaires is another method which has commonly been
utilized for the qualitative assessment of seat discomfort. In a series of investigations examining
seat discomfort across four® and eight>® hour sitting periods, results revealed a significant
increase in buttocks discomfort.>® Means of buttocks discomfort ranged from 0-3.5 on a 10
point scale. The discomfort scale ranged from 0-10 with zero indicating “no discomfort” and ten
indicating “unbearable discomfort.” Scores in the range of 3-4 indicated “moderate discomfort.”
Subjective scores of overall physical condition were also collected and ranged from 10 (Great) to
0 (Bad).>° Ratings for both men and women decreased significantly from scores of 9.5-8.25 to
8-7.5 across the 8 hour prolonged sitting bout suggesting that prolonged sitting not only
increases local discomfort, but also decreases overall physical condition. Overall physical
condition refers to a portion of the subjective discomfort questionnaire which asked questions
regarding the participant’s whole body discomfort.® The ratings were collected from both
military and civilian populations,®® which suggest that ratings of perceived comfort do not differ
between civilian and military populations. However, further investigation is necessary to
understand if the similarity in discomfort ratings hold true under other circumstances such as in

rotary-winged aircraft or during military training exercises.
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Wheelchair Focused Research

Research involving the effects of prolonged sitting in individuals confined to a
wheelchair focuses primarily on pressure ulcers. Excessive pressure applied to the skin over a
bony prominence for a prolonged period of time is the most important extrinsic factor in the
development of pressure ulcers.®” As a result, most investigations have focused on interface

pressure levels,>’ 960636467

and cushions designed to mitigate the high levels of interface
pressures.’®®1%268 A randomized, multicenter clinical trial found that patients who developed
sitting induced pressure ulcers had significantly higher peak interface pressures (115 + 45
mmHg; mean £ SD) compared to patients who did not develop these pressure sores (78 + 22
mmHg; mean + SD).*” The areas in which pressure ulcers are likely to develop are under bony
prominences in the lower extremity such as the ischial tuberosities, sacrum, trochanters, popliteal
fossae, and heels.”® Previous research indicates that the ischial tuberosities and sacrum also
experience higher interface pressures in aviators.> Other possible influences on seat interface
pressure in wheelchair sitting includes body composition® and wheelchair propulsion.® Body
composition is inversely related peak interface pressure.®* Individuals with higher body
composition have a greater contact area with the wheelchair and according to the formula for
pressure (pressure = force / contact area); a greater contact area will decrease the mean peak-
pressure experienced on the sitting surface of the buttocks.®* A study of seat interface pressure
during propulsion found that interface pressure did not differ among five levels of propulsion
speed. The authors indicate this outcome may be due to limitations in the pressure mapping
device and suggest the system was not sensitive enough to measure changes in total pressure

magnitude during propulsion.®* Understanding how interface pressures contribute to pressure

sores is critical in wheelchair bound populations. Understanding how physiologic function is

26



modified as a result of prolonged sitting and local pressure application is equally important in

understanding the mechanism by which prolonged sitting induces symptoms of parathesia.

Blood flow has been used to evaluate the physiological effects of prolonged sitting in
wheelchair populations. Examination of skin blood flow on the sitting surface of the buttocks
can be examined with Photoplethysmography:’®"* An optical measurement device used to non-
invasively measure mircovascular blood flow.”” The investigators report decreased skin blood
flow in a geriatric population compared to a control group of young, healthy men during a five
minute protocol.”™ However, no inferential statistics were presented and the descriptive
statistics were insufficient to perform a secondary analysis of effect size. Other investigations
examined blood flow on the sitting surfaces of the buttocks by measuring oxygen tension.”"
Oxygen tension is a non-invasive measure of oxygen saturation which provides insight into the
oxygen levels within capillary beds.” The results indicate that a shear force applied to the skin
decreased oxygen tension significantly more than in application of a normal (perpendicular)
force alone. In a military aircraft, shear stresses likely result from body movement during

combat operations or combat drills. This additional shear stress could contribute to the

frequency and severity of symptoms reported by military aviators.

Physiologic Approaches

Examining the physiologic approaches to the effects of local pressure on various tissues
can be beneficial to understanding the mechanisms by which seat discomfort arises. Studies
examining the effects of local pressure application on nervous tissue function is an example of

how understanding changes to isolated tissues aids in our understanding during applied
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situations, such as prolonged sitting. Both acute and chronic compression have negative
impacts on nerve function. Nerve conduction velocity appears to be the most commonly utilized
tool when testing changes due to nerve compression.”®™® Nerve conduction velocity measures
the speed at which segments of nervous tissue propagate electrical signals.®* As little as 11
minutes of local compression decreases nerve conduction velocity.”® The decrease in nerve
conduction velocity alters the rate at which tissues receive signals from the central nervous
system (brain and spinal cord) potentially resulting in decreased control and performance. Other
studies also found that skin sensibility is decreased 15 minutes into a compression protocol, and
nerve conduction velocity begins to significantly decrease 45 minutes after the onset of local
compression.”® Research examining isolated nerve samples suggest that unmylenated fibers are
more resistive to focal compression than mylenated nerves.”® This is of note because the
composition of large mixed nerves, such as the sciatic nerve, are highly mylenated.** During
recovery unmylenated nerves regain normal conduction velocity faster than mylenated nerves,”
and the rate of recovery in mylenated nerves may depend on the duration of local pressure
application.? \Von Frey response latency (a measure associated with sensory responses in
mylenated nerves) was greater following 6 months of compression compared to 1 month of
compression during an examination of prolonged compression to the sciatic nerve.?? This
response latency remained increased for the 6 month compression whereas the 1 month
compression demonstrated evidence of partial recovery.® Interestingly, histological
examinations indicate that prolonged compression to the sciatic nerve does not affect the
downstream neuromuscular junctions on the soleus muscle.* Schwann cell production was

increased at the site of compression, possibly as an adaptation to the mechanical stimuli.°

Studies examining local compression on nerve function in humans are limited,”®*# but support
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that local compression alters nerve function. Investigations in the lower’® and upper® extremity
demonstrate that nerve compression increases nerve latency, indicating that action potentials
travel at a slower rate when compression is applied between the stimulation site and the
recording site. Others have examined the neurological effects of local compression using the
soleus Hoffmann reflex. The Hoffmann reflex is an electrically induced reflex analogous to the
stretch reflex and is a measure of a-motoneuron pool excitability.*® An examination of soleus
Hoffmann reflex suggests that during local compression, Hoffmann reflex amplitudes
significantly increase compared to baseline.® Interpretation of the Hoffmann reflex data must be
done in context, as an increase in amplitude may be beneficial or deleterious.?® The literature
suggests that local nerve compression impairs nerve function both in isolated nerve specimens
and in intact humans; however, little research has investigated the effects of nerve compression
on the downstream function on nervous tissue. Future work should examine function distal to

the compression site to examine if local compression has whole limb effects.

Current Methods of Assessing Seating

Seat comfort and reported discomfort occurring as a result of prolonged sitting are well

studied. Current methods utilized to measure seat comfort and seat pressure distributions include

1,57,59-62,64,67,87-91

examining: seat interface pressures, changes in skin blood flow at the site of

70,71,73,92 68,93

compression, magnitudes of shear stress present during sitting,”" " subjective perception

89,94,95 96,97 95,98

of comfort, electromyography,™~" and other biomechanical assessments.
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Seat Interface Pressure

Measurements of seat interface pressure are the most common of all the methods found in
the current literature. The systems utilized to measure seat interface pressures range from

58,70,71,87,99

purpose built sitting surfaces to commercially available seat pressure mapping

1,59.6467.89.100 1 commercially available systems, the measurement pad consists of a

systems.
flexible array of capacitance sensors™®* which are sensitive to changes in electrical capacitance.®*
When a force is applied to an individual sensor the capacitance changes in proportion to the
magnitude of the force." Pressure data is the typical output for these systems and is calculated by
dividing the force measured by the known area of the individual sensor.!® The frequent use of
pressure mapping systems in seating research may be due to their portability and ease of use;
however, several limitations should be considered. Seat interface pressure measurement systems
which utilize the array of electronic matrices can yield inaccurate results if any part of the
flexible array is not directly in contact with the seating surface.'® In first generation seat
pressure monitoring systems this was a significant problem, especially if the seat surface was not
flat, because measurement systems were relatively thick (larger than 2 millimeters) and
inflexible.’® Improvements in sensor technology have decreased this limitation,"® however,
care should still be taken to ensure proper contact between the pad and the sitting surface. Other
limitations such as an inability to measure shear forces and diminished performance during
prolong sitting make quantitative assessments of seat interface pressure difficult. Future research

should examine if pressure mapping systems are a reliable quantitative measure of seat pressure

and if sitting time influences the data.
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Shear Stress Measures

Shear stress measurements are less common in the literature, likely because shear forces
are more difficult to measure.®® Shear stress sensors utilize changes in capacitance to quantify
shear stresses similar to pressure mapping systems.*® Previous research utilizing shear stress
sensors have yielded conflicting results. A series of studies examining the influence of shear
stress on skin blood flow suggests shearing forces were less likely to reduce blood flow
compared to increased pressure.”®™% Others’ found that shear stress decreased skin blood flow
under the sacrum in a sitting condition. Animal work supports the hypothesis that shear stress is
a contributing factor in the development decubitus ulcers, thought to be a result of local
ischemia.'™*%? Improved methods of assessing shear stress in prolonged sitting and local
pressure application conditions needs further examination to help understand the role of shear

stress in seating discomfort and ulcer formation.

Blood Flow Measures

Changes to local blood flow at locations of high interface pressure and shear stress has

7071 and transcutaneous oxygen sensors.”

been examined using photoplethsmography
Photoplethsmography functions by emitting a specific wavelength of light through the surface of
the skin. A photoreceptor receives the incoming light after the light reflects off red blood cells.
The reflection and refraction of the light is used to calculate blood flow volume in arterial
capillaries.”® Transcutaneous oxygen sensors measure the partial pressure of oxygen under the

transcutaneous oxygen electrode.”* Both methods provide insight into the changes in skin blood

flow and oxygenation. In order to measure changes during prolonged sitting purpose built
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sensors are required to measure the changes under the ischial tuberosities and participants must
wear minimal clothing on the buttocks during testing.”>’*"® These techniques that accurately
provide insight on the influence of prolonged sitting and local pressure application on blood flow

changes in the lower extremity are expensive and invasive.

Other Assessment Methods

Other methods have been used to investigate the changes associated with prolonged

96,97 89,94,95

sitting include electromyography,™”" subjective discomfort scales, and biomechanical
assessments.™ Electromyography measures the electrical activity of a skeletal muscle which is
linked with the mechanical activity of the muscle.®® Electromyography has been used to
investigate erector spinae muscle fatigue in civilian helicopter pilot seats® and in office chairs
with and without lumbar support.”” Results have added insight to seating discomfort associated
with low back pain, but has not been utilized to examine the electrical activity of the lumbar
musculature during prolonged sitting situations. Examination of the lumbar spine muscles
during prolonged sitting may improve understanding of the postural changes which may occur
during prolonged restricted sitting. Future research could utilize electromyography to examine

the relationship between lumbar spine muscle activity and perceived discomfort during

prolonged sitting conditions.

Perceived discomfort scales have been used to assess seating comfort in wheelchairs™
and automobiles.®® These scales are varied and range from asking general questions about the
overall comfort of the seat™ to specific questionnaires which divide the body into several regions

and asked participants to rate discomfort at each location independently.®*% Perceived
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discomfort data is often combined with other methods such as interface pressure® or motion
analysis.” Utilizing subject discomfort scales adds valuable insight into the participants’
perceptions of discomfort since much of the research within prolonged sitting aims to decrease

the perception of discomfort.

Research has also attempted to provide solutions to the problem of discomfort associated
with seating by performing various biomechanical assessments of the seat® and the seat-subject
system.*® Researchers found that pilot seating in five different civil aircraft did not meet the
minimum aviation requirements when pilot anthropometry (i.e. height, weight, and body length
measures) was considered.®® The work examining the biomechanical variables associated with
seat design highlights the importance between seat design and user anthropometry. Previous
work in the wheelchair population has demonstrated the relationship between participant
anthropometry and seat interface pressure,®*° but has yet to be thoroughly investigated in the

military population.

Potential Methods of Assessing Seating

Previous methods used to examine factors influencing seat discomfort have yielded
valuable insights into the onset, duration, and intensity of prolonged sitting and local pressure
application. There are also many additional techniques that may assist in our understanding of
the changes which occur during and as a result of prolonged restricted sitting and local pressure
application. Some of these potential measures include the Hoffmann reflex, nerve conduction

velocity, dynamic infrared thermography, pulse oximetry, two-point discrimination, the
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Semmes-Weinstein Monofilament test, the Category Partitioning Scale, and the Short-Form

McGill Pain Questionnaire.

Neurological Measures

Hoffmann Reflex

The Hoffmann reflex (H-reflex) is an electrically induced reflex analogous to the stretch
reflex.® The H-reflex is a non-invasive measure of a-motoneuron pool excitability used in

applied human physiology, human movement, and sports medicine research. The H-reflex is

103-114

useful in examining a-motoneuron pool excitability in musculoskeletal injury, pain

118-125

conditions,™ fatigued conditions,™****’ during therapeutic modality and exercise, and

exercise training conditions."*****

In theory every muscle is capable of producing an H-reflex. However, in order to elicit

the reflex the mixed nerve and muscle of interest must be accessible.’*?> H-reflex measures are

Commonly recorded in the SOIeus’104,105,109,112,113,120,133 peroneal’103,106,108,134,135

107,110,114,115 136-142

quadriceps, and flexor carpi radialis muscles. Nerve stimulation and

electromyography (EMG) are required in order to collection H-reflex data.*** The electrical

144 at a stimulation

nerve stimulation is applied percutaneously to a peripheral mixed nerve
duration of approximately one millisecond.**® The stimulation initiates a nerve impulse along
the afferent and efferent portions of the mixed nerve.'*® The efferent signal travels directly to the
muscle, eliciting a muscle contraction recorded by the EMG.*® This contraction is known as the
muscle response or M-wave.?® The afferent nerve impulse travels towards the spinal cord and

synapses at the a-motoneuron.** If the nerve impulse is of sufficient strength, neurotransmitters
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will be released from the pre-synaptic neuron, travel across the synaptic cleft, and cause local
depolarization of the post-synaptic terminal.®® If the local depolarization is large enough, the
depolarization will spread, creating an action potential along the efferent a-motoneuron.®® The
nerve impulse will continue to travel away from the spinal cord along an efferent pathway to the
neuromuscular junction where it will synapse with the motor end plate.**® This creates a muscle

response which is recorded by EMG. This muscle response is the H-reflex.'*

The H-reflex is a useful, non-invasive measure of segmental spinal reflex activity and has

147-153 141,151,152

shown high intersession and intrasession reliability in both weight-bearing'*® and

non-weight bearing positions.™®* Although the H-reflex is an objective, reliable measure of a-

motoneuron pool excitability™*®

there are limitations which must be considered during planning
and interpretation of the H-reflex results. Since the H-reflex is electrically induced above the
muscle spindle, the input from the muscle spindle is neglected.?® Additionally, although there is

a monosynaptic connection between the Ib-afferent neuron and a-motoneuron in the spinal cord

148 |154

there are also many inputs which influence motor output,”™ such as supraspinal™" and pre-
synaptic inputs.'*® Despite its limitations, the H-reflex provides a non-invasive, feasible,
objective, and reliable measure of a-motoneuron pool excitability and spinal reflex modulation
which can be used to monitor the influence of external perturbations on the body and track

changes associated with prolong sitting and local pressure application.

Nerve Conduction Velocity

Nerve conduction velocity (NCV) is a common clinical method for detecting changes in

the neurological function of a nervous system segment.*> There are three common types of
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nerve conduction velocity tests: motor nerve,**® sensory nerve,*?° and mixed nerve conduction
velocities.*®* NCV is determined from the amount of time required for an electrical impulse to
travel the length of nervous tissue (latency) and the length of the nerve segment of interest.'’

NCV is calculated by dividing the length of the nerve segment of interest by latency.™® Clinical

159-170

NCV tests are commonly completed on the major nerves of both the upper and lower

171176 and are used to identify pathological conditions such as radiculopathies,*”’

extremities
neuropathies,'’® and compression injuries.*”® Normative values have been established for many
nerves in healthy individuals and are dependent on age and height.*® Axon diameter, axon
myelination, and axon temperature are also important in determining NCV.***# The larger the
axon diameter, or more myelinated the axon, the faster the action potential can be

propagated.'®®*#? Higher temperatures result in faster nerve conduction velocities and lower

temperatures result in slower nerve conduction velocities.'®

184,185

Nerve conduction velocity studies at the superficial peroneal nerve, sural

184185 and medial plantar nerve® are reliable measures of nerve conduction velocity in the

nerve,
lower extremity when performed correctly. Many of the limitations with nerve conduction
velocity studies are due to inconsistencies in testing conditions.*®* Inconsistencies in skin
temperature, stimulus intensity, surface distance, and electrode placement lead to variability in
nerve conduction velocities and amplitudes.'®**# A specific concern in the examination of local
compression is the potential that the compression itself could increase the variability of the
measure. Research examining pathological conditions which may disrupt nerve conduction
studies found that NCV demonstrated good reproducibility, although no studies have examined
189-191

the effects of compression on the reliability and variability of nerve conduction studies.

Nerve conduction velocity studies could provide insight regarding peripheral nerve function
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distal to external pressure application as they have been used to examine intrinsic sources of
compression on nerve conduction parameters in the past. Many of the limitations associated
with nerve conduction velocity studies can be overcome with controlled, consistent procedures

designed to diminish intersession variability in recording parameters.

Two-Point Discrimination

The two-point discrimination test is a clinical tool utilized to examine the sensibility and
the innervation density within a receptive field on the skin.****** Two-point discrimination
measures the ability to distinguish static or dynamic dull pressure application from two sources
at multiple inter-source distances.’®***> The smaller the inter-source distance, the smaller the
receptive field on the patch of skin of interest.®? The inability to discriminate between two
pressure sources indicates that the points are within the same receptive field or that the receptive
field sensibility has been diminished.*******% Two-point discrimination is used extensively to

examine the post-operative sensation redevelopment progress.**"**® The measure has also been

199,200

utilized to examine changes in sensibility as a result of cryotherapy, thermotherapy,*®°

201

vibration stimuli,?®* and orthopedic injury.?®* Typically, two-point discrimination data are

collected from the hands!%3196:200.203-205 51 fagt-199.201,202204,206 1y \+ has also been collected at the

199,202 Kk 192
)

ankle, trun and forearm.””” Research suggests that the two-point discrimination test
may not be a reliable measure in asymptomatic individuals.****%*?% The decreased reliability of
the measure is most prevalent with between-subject testing.?>>?°® It does provide an opportunity
to non-invasively examine the receptive field and is still considered a useful clinical tool to

monitor sensibility changes if caution is used in interpreting findings across subjects.?%>2%
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Measuring changes to the receptive field non-invasively and quickly is important because
it adds insight to the clinical manifestations of compression induced parathesia under extrinsic
nerve compression conditions. The two-point discrimination test is compact, portable, and easy
to use without access to an external power source. These characteristics are valuable when one
considers that challenges of collecting field data in rotary-winged aircraft in remote testing
locations, lacking external power sources, under dusty, wet, or cold conditions. The two-point

discrimination test may be preferred over more sophisticated techniques in these circumstances.

Semmes-Weinstein Monofilaments

The Semmes-Weinstein Monofilament test is a clinical evaluation tool used to examine a
patient’s sensitivity to a point pressure stimulus.?®® In other words; it measures the skin’s
sensitivity to low level pressure application. The monofilament test typically comprised of

299 of varying thickness.?® The thickness of the Nylon fiber depends

several single Nylon fibers
on the “buckling force” desired.?** Each monofilament thickness is designed to buckle when a
specific level of force is applied.?* The levels of force before buckling range from 0.4 grams to

300 grams.?*?

The Semmes-Weinstein Monofilament test is a common, non-invasive clinical tool used

208,213,214 208-210,215-218 The

during a neurological exam in the upper and lower extremities.

monofilament test is typically conducted on the hands and feet to monitor conditions such as

218 and following nerve repair

diabetic peripheral neuropathy,?®® lumbosacral radiculopathy,
surgeries.”*#* In the lower extremity the best locations for testing are the plantar aspect of the

great toe, the plantar aspect of the third metatarsal, and the plantar aspect of the fifth
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metatarsal.?®® The test is conducted by touching the desired location with the monofilament tip
until the monofilament begins to buckle.”** The monofilament is held in place for 1.5 seconds
and the examiner instructs the participant to respond “Yes” if he/she feels the monofilament

against the skin.??

The Semmes-Weinstein Monofilament test demonstrates good intra-rater reliability at
five locations on the feet,?!° but poor inter-rater reliability over the same five locations.?® Along
with the limitation of poor inter-rater reliability, calibration of the device is difficult.”** The
manufacturer calibrates the monofilaments during the manufacturing process,*** however no
work has examined if bends or kinks in the Nylon fiber affect the performance of the device.
These limitations can be overcome by utilizing a single Semmes-Weinstein Monofilament rater
during the entire data collection and by ensuring that the monofilament is protected when not in
use to reduce the likelihood of damaging the equipment. In summary, the Semmes-Weinstein
Monofilament test is an easy to obtain and non-invasive measure that has reasonable reliability
when used properly. It has the potential to provide insight into the sensory changes which may

occur during local compression application.

Vascular Measures

Dynamic Infrared Thermography

Dynamic infrared thermography (DIRT) is a tool that first became available for non-
military use in 1958.2*° It uses specialized sensors to measure the electromagnetic radiation
emitted from the body?? to create a map of temperature distribution across a surface
(thermogram).”*® Recent developments in high resolution thermal imaging have increased the
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thermal and spatial resolution of thermograms.??* Improvements in device design have decreased
the size of most thermal imagers, increasing unit mobility.””? These advances have increased the
utility of infrared thermography as an emerging medical imaging device to detect injuries and

illnesses.

The human body is homeothermic, meaning that it can generate and self-regulate

temperatures essential for survival®*® by radiating heat from the skin’s surface. Infrared

220

thermography systems detect the radiate heat leaving the surface of the body~= and create a

color-coded image of the temperatures across the surface of the target.?° These images are then

analyzed to provide insight on physiological events influencing the surface temperature.

DIRT is currently used to examine changes in surface temperature in a variety of disease
and injury states including: inflammatory arthritis,*® osteoarthritis,”** and pneuomthorax.”*®

DIRT has also been used to examine peripheral circulation changes as a result of industrial

exposure to vibration in the hands;??® changes in physiological function as a result of non-

227-230

pharmacological treatments such as massage; and to assess physiological changes in

231-233 120,234,235

exercise and therapeutic intervention studies.

DIRT has good inter-examiner and inter-session reliability in measuring temperatures in

2% and high reproducibility in the upper extremity.”®” Recent work®*®

the lower extremity,
demonstrates that skin temperature changes measured by infrared thermography compares well
with radiography in the evaluation of the severity of knee osteoarthritis. An important difference
between radiography and DIRT is that radiography evaluates structural changes of tissue while

infrared thermography measures physiological changes. Normative infrared thermography data

for various body regions is unavailable, however, research to create normative data at several
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body locations is currently underway.?*® Current protocols suggest that the use of medical
thermography should compare the affected side of the body to the unaffected side.*® In

intervention studies, pre- and post-measures of the same region are typically collected.?*??82%

Limitations in this technique include the lack of normative data which makes between
subject analysis difficult.”® Another limitation of DIRT is that the thermal environment which
data is collected must be controlled, both intra-session and inter-session.”*® Recommendations
suggest the temperature not vary more than 1 °C during a single session and remain between 19
°C and 23 °C for all data collection.*®® Additionally, the wide variety and quality of infrared
thermography detection systems creates difficulties for standard assessment of thermograms or
comparisons between units.** Finally, in order to accurately measure superficial skin
temperature requires the skin to remain uncovered throughout testing. For military seating
studies, this means that pilots or participants would not be able to wear the traditional Army

Combat Uniform or ACU.

DIRT can use temperature to evaluate the skin’s surface circulation. The portability of
DIRT and non-invasive data collection makes it ideal to monitor surface temperature changes
which may be difficult to access with other methods. In the evaluation of prolonged sitting and
local pressure application, DIRT is well-suited to evaluate temperature if access to the lower

extremity is limited due to the physical structure of the chair.

Pulse Oximetry

Pulse oximetry is a non-invasive tool used to measure arterial blood oxygenation.?*#2

Although the components of the equipment were available and tested in the late 1940’s, it was
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not until the 1980’s that pulse oximetry became widely available for clinical use.** Pulse

242 the examination of the components of a solution

oximetry works by utilizing spectral analysis,
based on the solution’s light absorption properties.?*"*** The pulse oximeter unit emits two
wavelengths of light, one red and one infrared.?*>%*2% The light travels through the capillary
bed of a finger, toe, or earlobe and then is recorded by a photo detector on the other side of the
tissue of interest.?*®> Oxygenated hemoglobin absorbs more infrared light and is more transparent
to red light than deoxygenated hemoglobin.?*> The unit then utilizes the data to calculate the
percentage of oxygenated hemoglobin present in the capillary bed.?*® The unit typically displays

results in percent oxygen saturation (SpO.).%*

Pulse oximetry is regularly used in hospital and athletic health care settings to assess
blood oxygen saturation.?*>**’ In human movement studies, pulse oximetry has been utilized to
track oxygen desaturation in participants following sprint activities,?*® maximal cycling
activities,?* and swimming.?®® Pulse oximetry is a reliable measure of blood oxygen saturation
for oxygen saturations between 70 and 100%,%** below 70% the reliability of pulse oximetry is
significantly decreased.”®* Therefore, its use in intensive exercise studies or other hypoxic
conditions is not recommended.?** In addition to its limitation for use in hypoxic conditions,
pulse oximetry may be limited in situations in which relatively high levels of carbon monoxide

22 intravenous administration of drugs containing dyes occurs,?* when nail polish is

are present,
covering the fingernail of the digit used for investigation,®** or in conditions in which motion
artifact may be present.”® An additional limitation for seating studies is that the feet are required
to be exposed during testing. This requires that participants not wear flight approved boots or

shoes during testing which could alter the overall seating experience. In an examination of

prolonged restricted sitting and local pressure application these limitations can be mitigated with
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proper design. Pulse oximetry provides the opportunity to investigate whole-limb changes in
oxygen saturation to local pressure application and prolonged restricted sitting. The compact
size, portability, and ease of use make it an ideal measure to investigate oxygen saturation

changes occurring in the lower extremity.

Subjective Discomfort Scales

Category Partitioning Scale

The Category-Partitioning Scale is utilized to examine the perception of local pressure

256,257

intensity levels and discomfort, a logical choice to examine seat comfort in human factors

research.?®® It consists of a vertical scale starting at zero and is divided into five categories:

“very slight,” “slight,” “medium,” “severe,” and “very severe.”*>"?*® Each category is further
divided into 10 scale points for a total range of 0 — 50, with numbers above fifty provided to
avoid the ceiling effect in the case of extreme pain or discomfort.?®” Participants are given
instructions to rate their discomfort in one of the five categories, they then “fine tune” their

discomfort rating using the numerical scale points.?” Only the numerical value is reported.

The Category-Partitioning Scale demonstrates high test-retest reliability, low intersession
change, and high intra- and inter-individual reliability.?®” In an examination of six seat pressure
and discomfort rating scales, the Category-Partitioning Scale demonstrated the highest validity
and reliability of the six scales.®®” This suggests that the measure is appropriate in the
examination of the local pressure application and prolonged sitting. A potential limitation to this
scale is that participants may have difficulty distinguishing discomfort near the edges of each
category. For example, the differences between a score of 10 in the slight discomfort category
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and a score of 1 in the discomfort category. The Category-Partitioning Scale is a measure that is
currently being utilized to report seating pressure and discomfort perception in consumer vehicle
studies (i.e., passenger cars). Applying this measure to military aircraft seating provides the
opportunity to compare ratings of discomfort and pressure across both the military and civilian

settings.

Short-Form McGill Pain Questionnaire

The McGill Pain Questionnaire is a widely utilized subjective pain questionnaire.” It

provides information on the sensory, affective, and evaluative aspects of pain.>*® However, this
questionnaire may not be useful in all situations because completion time is typically 5-10
minutes.?*?*® The Short-Form McGill Pain Questionnaire (MPQ) was developed in response to
the need to collect subject pain information in a shorter period of time.?®® The MPQ is a 17-point
questionnaire originally designed to evaluate labor, menstrual, headache, dental, cancer, arthritis,
and musculoskeletal pain.?®® Since its development it has also successfully been used to evaluate

261,262 herve pain,?® and therapeutic intervention effectiveness.”®**® The questionnaire

joint pain,
consists of eleven sensory dimension descriptors (throbbing, shooting, stabbing, sharp, cramping,
gnawing, hot-burning, aching, heavy, tender, and splitting) and four affective dimension
descriptors (tiring-exhausting, sickening, fearful, punishing-cruel).?® Each descriptor is ranked
on an intensity scale of 0 = none, 1 = mild, 2 = moderate, and 3 = severe.”®® Additionally one
visual analogue scale and one Present Pain Intensity question are presented to provide overall

intensity scores.?®® Scoring of the MPQ is completed by summing the reported scores of the

sensory and affective descriptors to obtain a composite score.?®® Sensory and affective
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descriptors can also be evaluated separately by summing only the descriptors in the respective
domains.”® The visual analogue scale and Present Pain Intensity questions are evaluated
separately. The total distance (in centimeters) from 0 is measured and recorded for the visual
analogue scale, the single Present Pain Intensity serves as the pain intensity score.”® In total,
five measurements are obtained from the SFMPQ: total score, sensory domain score, affective
domain score, visual analog scale distance, and Present Pain Intensity score.?®® The MPQ
correlates well with the scores reported in the Long-Form McGill Pain Questionnaire.?®® It has
high intraclass correlation for total, sensory, affective, and visual analogue scale measures (0.96,
0.95, 0.88, and 0.89, respectively), but a lower intra-class correlation for Present Pain Intensity
scores (0.75).2°® The MPQ demonstrates high overall reliability and should be considered an
appropriate measure of pain and discomfort during prolonged restricted sitting and local pressure

application.

Conclusion

Prolonged restricted sitting is a significant problem in military populations.
Investigations into prolonged restricted sitting have enhanced our understanding of reported
symptoms and interface pressures typically experienced. Despite these investigations, prolonged
restrict sitting still poses a problem to today’s aviators. Future investigations are needed to
examine physiological changes which occur as a result of prolonged restricted sitting and to
investigate potential aggravating factors such as tissue compression magnitude; tissue
compression duration; mechanical vibration; posture; and aviator anthropometry; on the

development of symptoms associated with prolonged sitting. Through physiological
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examinations of the symptoms associated with prolonged sitting and local compression, metrics
could be developed to serve as a method of evaluating seat comfort beyond subjective
questionnaires and seat interface pressures. Additionally, these physiologic examinations could
be utilized to guide the development of new seat designs to better serve the aviators and other

military personnel who are regularly exposed to long durations of restricted sitting.
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Chapter 111

Methods

This project was composed of three projects. Project 1 (Figure 5) had the aim of
determining the effects of prolonged restricted sitting on perceived discomfort, lower extremity
sensibility, and lower extremity total limb blood oxygen saturation. Project 2’s (Figure 6) aim
was to determine the effects of two local pressure application magnitudes on perceived
discomfort, lower extremity sensibility, and lower extremity total limb oxygen saturation at two
lower extremity application sites. Project 3 (Figure 7) had the aim of determining the effects of
one local pressure application magnitude at two lower extremity application sites on perceived
discomfort, lower extremity sensibility, soleus a-motoneuron pool excitability, sural sensory
nerve conduction velocity, superficial skin temperature, and lower extremity total limb oxygen

saturation.
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Project1

|
N=15
I

Informed Consent

Anthropometric
Measures

Leg Dominance
Hip Flexibility
Design Eye Point

Baseline Measures

Measures: CP-50, MPQ,
MFT, TPDT, & Percent
Oxygen Saturation

Follow-up measures
every 30 minutes for
240 minutes

Figure 5. Project one summary.
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Project 2

1
N=15
I

Informed Consent

Session Randomization

Anthropometric
Measures

Leg Dominance
Hip Flexibility

Design Eye Point

R e

Day A |
|

Anatomical Location
Determination

I Day B
|

Baseline measures

Anatomical Location
Determination

recorded

Pressure Application
Protocol: 36 kPa
application for 10
minutes

Follow-up measures

Pressure Application
Protocol: 44 kPa
application for 10
minutes

recorded minutes 7-

15 Minutes Rest

10

15 Minutes Rest

Protocol repeated on
reciprocal location

Protocol repeated on
reciprocal location

Figure 6. Project two summary.
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Project3

N=30

Condition Randomization

Condition A

Condition B

Condition C

Informed Consent

Anthropometric Measures + DXA

Leg Dominance
Hip Flexibility
Design Eye Point

Anatomical Location
Determination

Anatomical Location
Determination

Anatomical Location
Determination

Baseline Measures

Baseline Measures

Baseline Measures

Posterior Thigh Pressure
Application Protocol

Ischial Tuberosity Pressure
Application Protocol

Control Pressure
Application Protocol

Follow-up measures every 5
minutes for 20 minutes

Follow-up measures every 5 minutes
for 20 minutes

Follow-up measures every 5 minutes
for 20 minutes

Measures: CP-50 Scores, MPQ Scores, MFT Scores, TPDT Scores, Percent Oxygen Saturation, Soleus H-reflex
Amplitudes, Sural Nerve Conduction Velocity, DIRT Skin Temperatures

Measures

Perceived Discomfort

Figure 7. Project three summary.

Category Partitioning Scale (CP-50)

Perceived discomfort during prolonged restricted sitting and local pressure application was

measured using the Category Partitioning Scale (CP-50).>" The CP-50 scale is a reliable

measure of perceived pressure intensity and discomfort ratings®>’ and is used as a standard for

measuring discomfort while sitting.?® The scale (Figure 8) is arranged vertically, has a starting
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point of zero, and has 5 categories: very slight, slight, medium, severe, and very severe
discomfort. Each of the 5 categories is further divided into 10 scale points. Points above 50 are
provided to avoid the ceiling effect on ratings of extreme intensity. The scale achieves this
through a two-step method in which participants first verbally name a category to which the
stimulus “belongs” and then they fine tune the category using the numerical subdivisions. For
example, if a participant feels a discomfort or pressure level is high and almost very high, the
category high pressure comprises numbers 31-40. Due to the tendency towards very high
pressure, fine tuning may result in choosing a number close to the upper category boundary such

as 38 or 39.
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Very High Pressure / Severe Discomfort 45

High Pressure [ Severe Discomfort 35

Medium Pressure / Discomfort 25

Low Pressure [ Slight Discomfort 15

-
=]

Very Low Pressure / Slight Discomfort

HENWABONONO®Y

o

Figure 8. Category Partitioning Scale

Short-Form McGill Pain Questionnaire (MPQ)

The Short-Form McGill Pain Questionnaire (MPQ) is a 17-point questionnaire which

evaluates sensory, affective, and current pain intensities.?®* The MPQ demonstrates high overall
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261,22 narve pain,?® and therapeutic

reliability?®*?®® and has been used to evaluate joint pain,
intervention effectiveness.?**** The questionnaire (Figure 9) consists of eleven sensory
dimension descriptors (throbbing, shooting, stabbing, sharp, cramping, gnawing, hot-burning,
aching, heavy, tender, and splitting) and four affective dimension descriptors (tiring-exhausting,
sickening, fearful, punishing-cruel).?®® Each descriptor is ranked on an intensity scale of 0 =
none, 1 = mild, 2 = moderate, and 3 = severe.?®® One visual analogue scale and one present pain

intensity question are presented to indicate overall discomfort intensity.?*
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None Mild Moderate Severe
Throbbing 0) 1) 2) 3)
Shooting 0) 1) 2) 3)
Stabbing 0), 1) 2) 3)
Sharp Q) 1) 2) 3)
Cramping 0) 1) 2) 3)
Gnawing 0) 1) 2) 3)
Hot-Burning o) 1) 2) 3)
Aching Q). 1) 2) 3)
Heavy 0) 1) 2) 3)
Tender 0) 1) 2) 3)
Splitting 0) 1) 2) 3)
Tiring-Exhausting Q) 1) 2) 3)
Sickening 0) 1) 2) 3)
Fearful 0), 1) 2) 3)
Punishing-Cruel 0) 1) 2), 3)
o | o
Faln : ‘ Pain
PPI
0 No Pain P
1 Mild —
2 Discomforting =
3 Distressing —
4 Horrible -
5 Excruciating -

Figure 9. Short-Form McGill Pain Questionnaire. Adapted from Melzack.?®

Lower Extremity Sensibility

Semmes-Weinstein Monofilament Test (MFT)

The Semmes-Weinstein Monofilament Test (MFT) (Touch-Test Sensory Evaluator,
North Coast Medical Inc., Morgan Hill, CA, USA) is a clinical evaluation tool used to examine a

patients sensitivity to a point pressure stimulus.?®® The MFT is comprised of several single
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299 of varying thickness.”* Each monofilament thickness is designed to buckle when

Nylon fibers
a specific level of force is applied.?*! The exam was performed with a trained investigator
placing the monofilament on the test location until the monofilament begins to buckle.** The
monofilament was held in place for 1.5 seconds and the examiner instructed the participant to
respond “Yes” if the participant felt the monofilament against the skin.?? The testing sites
utilized in this study were the plantar aspect of the great toe, the plantar aspect of the third

metatarsal, and the plantar aspect of the fifth metatarsal (Figure 10).2%°

Figure 10. Semmes-Weinstein Monofilament Test locations. A: Great toe; B: Third
metatarsal; C: Fifth metatarsal.
Two-Point Discrimination Test (TPDT)

The two-point discrimination test (TPDT) (Disk-Criminator, North Coast Medical Inc.,
Morgan Hill, CA, USA) is a clinical tool utilized to examine the sensibility and the innervation

density within a receptive field on the skin.****® This test measured the ability to distinguish
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static dull pressure application from two sources at various distances.*****®> The smaller the
distance, the smaller the receptive field on the patch of skin of interest.'®* The inability to
discriminate between two pressure sources indicates that the points are within the same receptive

field or that the receptive field sensibility has been diminished.'*%***1% |t has also been utilized

199,200

to examine changes in sensibility as a result of cryotherapy, thermotherapy,*®® vibration

201 193-

stimuli,?®* and orthopedic injury.”®* TPDT scores are extensively collected from the hands

196,200,203-205 199,201,202,204,206

and feet, and testing locations for these examinations occurred at the

medial malleolus, lateral malleolus, and plantar of the great toe (Figure 11).2%®

Figure 11. Two-point discrimination test locations. A: Medial malleolus; B: Great toe; C:
Lateral malleolus.
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Neurological Measures

Hoffmann Reflex (H-reflex)

The Hoffmann Reflex (H-reflex) is a non-invasive measure of a-motoneuron pool
excitability. The H-reflex has been used to examine a-motoneuron pool excitability in

103-114

musculoskeletal injury, pain conditions,™™ fatigued conditions,*****" during and after

118-125 126-131

therapeutic modality application, and during or after exercise training conditions.

The functionally dominant leg soleus muscle was chosen for assessment due to its
location in the lower leg, importance in operating the pedals during flight, and ease of access in a
seated position (Figure 12). The electrode sites for the soleus H-reflex were shaven to remove
excess hair, gently abraded to remove dead skin, and cleaned with isopropyl alcohol to improve
surface electromyography signals recorded from the muscles of interest.** Electrode placement
was completed using protocols as previously described (Figure 13).'2°%>133 Disposable
adhesive silver/silver chloride (Ag/AgCI) electrodes (EL503, Biopac Systems Inc., Goleta, CA,
USA) were placed on the soleus muscle 2 centimeters distal to the belly of the gastrocnemius
muscle with an inter-electrode distance of 2 centimeters. A ground electrode (EL 503, Biopac
Systems Inc., Goleta, CA, USA) was placed on the ipsilateral medial malleolus. A stimulating
electrode (EL 254, Biopac Systems Inc., Goleta, CA, USA) was placed over the posterior tibial
nerve in the popliteal fossa of the posterior knee. An 8 centimeter, round dispersal pad was
placed above the patella on the ipsilateral quadriceps muscles. A series of 1.0 millisecond square
wave stimuli were delivered via transcutaneous stimulation (STMISOC, Biopac Systems Inc.,
Goleta, CA, USA) at 10 to 20 second intervals while increasing stimulus intensity by 0.2 volts

until the soleus maximum H-reflex (Hyax) and maximum M-wave (Mmax) were found for each
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participant. The test stimulus was normalized to 25 percent of soleus Mumax. 2’
Electromyographic (EMG) data was collected and the signal amplified using an EMG amplifier
(EMG100C, Biopac Systems Inc., Goleta, CA, USA). The raw signal was differentially
amplified (gain, 1000; common mode rejection ratio, 110dB; input impedance, 1000M€; signal
noise, 0.2) and digitally converted at 2000Hz.**? The data were analyzed using AcqKnowledge
Software (Biopac Systems Inc., Version 4.0, Goleta, CA, USA). Seven repetitions were
completed and averaged for each time point data is collected.*? During the local pressure
application protocols the electrodes, stimulator, and leads all remained in place on the participant

and be connected to the data acquisition system.

Figure 12. Seated testing position.
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Dispersal Electrode (not visible)

Stimulating Electrode

Ground Electrode [§
Y

# -

Figure 13. Soleus Hoffmann reflex electrode placement.

Sural Sensory Nerve Conduction Velocity (NCV)

Nerve conduction velocity (NCV) is a clinical and research method for detecting changes
in the function of a segment of nerve tissue.’*> NCV is comprised of two components: the
amount of time required for an electrical impulse to travel the length of nervous tissue (latency)
and the length of the nerve segment of interest.™>” NCV is calculated by dividing the length of

the nerve segment of interest by latency.™® NCV tests are commonly completed in the major

159-170 171-176

nerves of both the upper and lower extremities.
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Figure 14. Sural sensory nerve conduction velocity electrode placement.

The functionally dominant leg sural sensory nerve was chosen to collect NCV data
because of the role of peripheral nerves in determining correct foot position in helicopters, its
easy access in a seated position, and its downstream anatomical location to the local compression
sites (Figure 14). The electrode sites were shaven to remove excess hair, gently abraded with
fine grit sandpaper to remove dead skin, and cleaned with isopropyl alcohol to improve surface
electromyography signals recorded from the sural nerve. Disposable adhesive foam paired
electrodes (EL500, Biopac Systems Inc., Goleta, CA, USA) were placed one centimeter posterior
and one centimeter inferior to the lateral malleolus and served as the active recording
electrodes.'®® A stimulating electrode (EL500, Biopac Systems Inc., Goleta, CA, USA) was
placed 14 centimeters from the center of the active recording electrodes. A reference electrode
(EL 503, Biopac Systems Inc., Goleta, CA, USA) was placed between the stimulating and
recording electrodes.’®* The signal was differentially amplified (gain, 2000; low pass filter,
S5kHz; high pass filter, 10Hz; sampling rate, 10,000Hz; input impedance, 1000M£; signal noise,
0.2) and digitally converted at 2000Hz. Rectangular electrical pulses 0.1 milliseconds in

duration were delivered once every three seconds via transcutaneous stimulation (STMISOC,
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Biopac Systems Inc., Goleta, CA, USA) at an intensity sufficient to obtain a sensory response.®?

Five stimulations were delivered at each time point during the local compression protocol. The
peak negative potential was measured from the end of the stimulation artifact.’®* The latencies
were averaged to obtain the mean sural nerve latency. The sural sensory nerve latency
(milliseconds) were converted to NCV (meters/seconds) by taking the stimulating electrode -
recording electrode distance (14 centimeters) and dividing it by the sural sensory nerve latency
(in milliseconds) The NCV was then standardized by converting centimeters into meters and

milliseconds into seconds.

Vascular Measures

Dynamic Infrared Thermography (DIRT)

Dynamic Infrared Thermography (DIRT) uses specialized sensors to measure the
electromagnetic radiation emitted from the body??° to create a map of temperature distribution
across a surface, called a thermogram.?*® Recent developments in high resolution thermal
imaging have increased the thermal and spatial resolution of the thermograms,®** and have

allowed for the development of portable units.?”> DIRT has been utilized to examine
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microvascular changes after massage, exercise studies, and other therapeutic

intervention studies.*?%%%*%%
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Figure 15. Analysis areas for dynamic infrared thermography. A: Anterior ankle; B:
Lateral ankle.

A digital infrared camera (FLIR T420, FLIR Systems Inc., Wilsonville, OR, USA) was
used to measure non-contact, superficial temperature changes (°C) in the functional dominant
lower leg. Anterior and lateral images (Figure 15) were taken at every time point during Project
1,2, and 3. Ambient room temperature was maintained for all participants. Average
temperature values for regions of interest at the anterior and lateral ankle were measured using
the Glamorgan Protocol.?®® The anterior ankle region of interest was comprised of the width of
the ankle with upper and lower edges at the tip of the medial malleolus and the tip of the
navicular bone, respectively.?®® The lateral ankle region of interest included the entire anterior to
posterior thickness at the level of the lateral malleolus.?®® The regions of interests were
measured and analyzed using FLIR ExaminIR Software (FLIR Systems Inc., Boston, MA,

USA).
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Pulse Oximetry

Pulse oximetry is a non-invasive tool used to measure arterial blood oxygenation.?*%42

The oximeter unit emits two wavelengths of light, one red and one infrared.?*2*4?** | jght
travels through the capillary bed of the tissue of interest and is recorded by a photo detector on
the other side of the tissue.?*> Oxygenated hemoglobin absorbs more infrared light and is more
transparent to red light than deoxygenated hemoglobin.?** The unit calculates the percentage of
oxygenated hemoglobin present in the capillary bed and results are presented in percent oxygen

saturation (Spoz)_245,246

The pulse oximeter (Nonin Onyx Vantage 9590, Nonin Medical Inc., Plymouth, MN,
USA) was secured to the great toe of the functional dominant leg (Figure 16). Percent oxygen
saturation was recorded utilizing the spot check method.?* The spot check method involves
applying and removing the pulse oximeter following a short evaluation period (5-10 seconds).
This is the common method utilized in ambulatory settings when continuous monitoring may not
be feasible or practical. The spot check method was used instead of a continuous measure
because access to the great toe is required for other measures. Following the collection of
sensibility measures at each data collection time point in all protocols, the pulse oximeter was
placed on the great toe, secured with friction, and SpO, (%) were recorded following a five
second analysis period. The pulse oximeter was removed after every data collection period to

accommodate the sensibility measures.
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Figure 16. Pulse oximetry test location.

Project 1

Experimental Design

This study utilized a 1 x 9 repeated measures crossover design. The independent variable
was time with 9 levels (time = 0, 30, 60, 90, 120, 150, 180, 210, and 240 minutes). The
dependent variables were Category Partitioning Scale scores, McGill Pain Questionnaire
(descriptor, visual analog scale, and present pain intensity) scores, Semmes-Weinstein
monofilament test (great toe, third metatarsal, and fifth metatarsal) scores, two-point
discrimination (great toe, medial malleolus, and lateral malleolus) scores, dynamic infrared
thermography (lateral lower leg and anterior lower leg) mean temperatures, and pulse oximetry

(percent oxygen saturation) levels.
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Participants

Sixteen healthy male participants ages 19-30 were recruited for this study. One
participant withdrew from the study prior to any data collection, leaving 15 participants for
analysis. Participants who participated in Project 1 also participated in Project 2. Participants
wore comfortable athletic shorts, tennis shoes, and a t-shirt to the data collection session.
Exclusion criteria included a current or two year history of cardiovascular, neurological, or
metabolic disease; a current or two year history of surgery or fracture in the lumbar spine or
lower extremity; a current history of low back pain or lower extremity injury; or current use of
prescription or non-prescription pain relievers. Participants were screened for these exclusion
criteria via an 18-point health questionnaire. Participants must also have met minimal body
segment lengths measures and minimum/maximum weights required to obtain flight status in the
United States Army (Table 1). Prior to all data collection participants provided written informed
consent to the experimental protocol approved by the Auburn University Institutional Review

Board.
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Table 1. United States Army anthropometric minimums required for flight status.

Body Measure Men
Total Arm Reach, cm >164.0
Crotch Height, cm >75.0
Sitting Height, cm <102.0

Minimum Weight, kg 45.3
Maximum Weight, kg 107.9

Cognitive Task

During the prolonged restricted sitting protocol in Project 1, a common cognitive task
was utilized to diminish participants focusing on discomfort between data collection time
points.® The task was comprised of a helicopter flight simulation (Take On Helicopters,
Bohemia Interactive Inc., Prague, Czech Republic) controlled by a joystick (Logitech Extreme
3D Pro, Logitech Inc., Fremont, CA, USA) and displayed onto a 55 inch light emitting diode
television monitor (Samsung MES5A, Samsung America Inc., Ridgefield Park, NJ, USA).
Participants completed task “missions” created by the software and selected by the investigator
(Figure 17). Mission order remained the same for each participant, however time spent on each
mission was not controlled as participants worked through the missions at their own pace. This

protocol was similar to others>® examining prolonged restricted sitting.
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Figure 17. Flight simulator cognitive task.

Experimental Procedures

Participants reported to the Neuromechanics Research Laboratory for all testing
procedures. Following completion of the informed consent, participants were screened for
exclusion criteria and had their height, weight, and body segment lengths measured and
recorded. Functional leg dominance, hip flexibility, and Design Eye Point knee sitting angle

were then be determined and recorded.

Functional Leg Dominance

Functional leg dominance was determined by three functional tests: ball kick test, step up
test, and balance recovery test.?**?" Three trials of each test were completed. The leg used by
the participant in 2 out of the 3 trials was identified as the dominant leg for the test. The balance
recovery test was only used if functional leg dominance had not been determined by the step up

test and the ball kick test.

67



For the ball kick test, the participant was asked to kick a standard kick ball (8.5 Poly-PG
Ball, School Specialty Sportime, Appleton, WI, USA) at a target on the wall 5 meters from the
participant at a moderate intensity with maximal accuracy.?***"® The leg used to kick the ball
was identified as the dominant leg for the trial. Successfully kicking the ball near the target was
not a criterion for this test.”**?"® During the step up test, the participant was asked to step up
onto a 20 centimeter high step.?*®**"® The leg used to step onto the step was determined the
dominant leg for each trial. For the balance recovery test, the investigator gently nudged the
subject by applying force on the spine at the midscapular level.?**2™ Prior to the push, the
participant was notified that a push is about to occur. The amplitude of the force used was
sufficient to create a response from the subject. The leg used to recover balance was marked as

the dominant leg. The sequence of the tests was the same for all participants.

Hip Flexibility

Hip flexibility were measured for the hip extensor muscles (gluteus maximus,
semitendinosus, semimembranosus, and biceps femoris),?’* hip flexor muscles (psoas major,

illiacus, and rectus femoris),?"*

and the external rotator muscles (piriformis, obturator externus,
obturator internus, quadrates femoris, gemmelus superior, gemellus inferior, and gluteus
maximus).2”* All flexibility measures were taken with a standard, manual goniometer (12.5”
International Standard Goniometer, Patterson Medical Holdings Inc., Bolingbrook, IL, USA) and
in accordance with standard procedures.”’%%"® Reference values originally collected by

272
d

Hoppenfel were used to determine normal range of motion limits. All measures took place

on a firm examination table. To measure hip extensor flexibility, participants laid on their back
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and were asked to relax while the investigator slowly stretched the lower extremity of the
participant in a straight leg position. The stretch was applied until the first resistance was felt. A
second investigator measured the hip flexion angle using a manual goniometer. To measure hip
flexor flexibility, the Thomas test was used. Participants pulled one leg towards their chest and
“roll” onto the examination table, relaxing the leg to be measured. The participant was asked to
flatten the lower back against the table to minimize the lordotic curve. Once the position was
achieved, the hip extension angle was measured. To measure hip external rotation, the
participant laid prone on the examination table with one knee flexed at 90 degrees. The
participant was passively moved into external rotation and pressure applied until first resistance
felt. The external rotation angle was then measured. Each measure was repeated three times and

averaged for each leg.

Design Eye Point Sitting Knee Angle

The Design Eye Point is the position in United States Army aircraft in which aviator
vision and access to equipment is optimized.?”* The Army has developed protocols for each
aircraft to find the Design Eye Point.2™* In this study the Design Eye Point for the UH-60 Black
Hawk helicopter was used as a UH-60 Black Hawk pilot seat was used in Project 1. To
determine the Design Eye Point, participants sat and were secured in a UH-60 mock cockpit.
The seat rested on a one meter high platform to simulate the sitting height in the UH-60. A blue
plastic ball placed on the floor twelve feet from the platform served as the focus point (Figure
18). Participants were asked to adjust the seat height and distance from the pedals until they

could clearly see the top of the ball. Participants were asked to place their feet on the “pedals”
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and the knee angle of the dominant leg was measured by an investigator with a goniometer
(12.5” International Standard Goniometer, Patterson Medical Holdings Inc., Bolingbrook, IL,
USA). The knee angle was measured three times and averaged to determine the Design Eye

Point knee sitting angle. This angle was recreated during the testing protocols for Projects 1 and

3 Foot High Platform

Figure 18. Design Eye-Point participant positioning.

Seat Interface Pressure

Seat interface pressure is a measure of the contact pressure between two surfaces.?’”®> This
is assessed by placing the pressure sensors between the two surfaces of interest (e.g. a buttock
and a chair). The pressure sensors produce a two- or three-dimensional image of areas of high
and low interface pressures.?”® This technology has been used in previous military research
examining seat interface pressure within United States Air Force aircraft seats.®> However, the
reliability of the absolute quantitative pressures has not been fully evaluated and may not be

appropriate for quantitative analysis. The output in this study provided a colored pressure map
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which allowed investigators to determine areas of high pressure and to confirm relative “hot

spots” for Projects 2 and 3.

During Project 1, we examined seat interface pressure with a commercially available
pressure mapping system (X2 Pressure Imaging System, XSENSOR Technology Inc., Calgary,
Alberta, Canada). Prior to the start of the study, the pressure mapping system was calibrated
using the manufacturer’s calibration recommendations. Due to questions regarding the reliability
of the absolute quantitative pressure recordings, the seat interface pressure data were used to

monitor relative, qualitative changes in overall pressure distribution.

Prolonged Restricted Sitting Protocol

After preliminary data collection participants started the prolonged restricted sitting protocol.
Prior to the start of the protocol, participants were encouraged to use the restroom to minimize
ending the data collection session early. Participants sat barefoot in the UH-60 pilot seat and
investigators replicated the Design Eye Point seat position and knee sitting angle from the
preliminary data collection. The pressure mapping system was secured to the seat pan of the
UH-60 seat prior to the participant sitting in order to record pressure seat pressure data (Figure
19). Once the participant was correctly positioned, the pressure mapping system began
recording seat interface pressure data at a frequency of 1 Hertz. Baseline data collection began
after a 6 minute settling period.®> The order of data collection was as followed: Category
Partitioning Scale, McGill Pain Questionnaire, dynamic infrared thermography, Semmes-
Weinstein monofilament test, two-point discrimination test, and pulse oximetry. The data was

collected as described above and recorded using a tablet computer (iPad2, Apple Inc., Cupertino,
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CA, USA) onto custom electronic data collection sheets (Quickoffice Pro HD for iPad, Google
Inc., Mountain View, CA, USA). An individual, paper McGill Pain Questionnaire was
completed by the participant for each data collection time point. Data collection was repeated
every 30 minutes for the entire 240 minute protocol or until a CP-50 score of 45 is reached. The
limit of a CP-50 score of 45 was chosen to minimize participant exposure to high levels of

discomfort. Participants did not have knowledge of this pre-determined stoppage point. Data

collection order remained the same for all data collection time points and for all participants.

Figure 19. Seat interface pressure mapping system. 1: Black Hawk seat without mapping
system; 2: Pressure mapping system; 3: Pilot's seat and mapping system integrated.

Statistical Analysis

Data were collected with a tablet computer (iPad2, Apple Inc., Cupertino, CA, USA),
electronically transferred into a custom database (Microsoft Excel 2010, Microsoft Corp.,
Redmond, WA, USA), and analyzed using Statistical Package for Social Sciences version 19

(IBM SPSS Statistics 19, IBM Corp., Somers, NY, USA). Descriptive statistics (mean £ SD)
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were calculated. Thirteen, 1 x 9 (treatment x time) repeated measures ANOVAs and follow-up
dependent t-tests with Holm’s sequential Bonferroni adjustments were performed. Significance

levels were set a priori at p <0.05.

Project 2

Experimental Design

This study utilized a 2 x 2 x 2 factorial repeated measures crossover design. The
independent variables were location with two levels (ischial tuberosity and posterior thigh),
pressure magnitude with two levels (36 kilopascals and 44 kilopascals), and time with two levels
(pre-pressure and during pressure). The dependent variables were Category Partitioning Scale
scores, McGill Pain Questionnaire (descriptor, visual analog scale, and present pain intensity)
scores, Semmes-Weinstein monofilament test (great toe, third metatarsal, and fifth metatarsal)
scores, two-point discrimination (great toe, medial malleolus, and lateral malleolus) scores,
dynamic infrared thermography (lateral lower leg and anterior lower leg) mean temperatures, and

pulse oximetry (percent oxygen saturation) levels.

Local Pressure Application Apparatus (LPAAP)

A purpose-built LPAAP was used to apply pressures of 36 kilopascals and 44 kilopascals
to the ischial tuberosity and posterior thigh of participants in a seated position. The apparatus
consisted of: the pressure application system (Figure 20), the seat pan (Figure 21), and the foot

rest (Figure 22). The pressure application system consisted of a step motor secured to an
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extendable metal rod and load cell with a custom-built, round pressure application head 25.5176
centimeters squared in area. The unit was controlled by custom-written computer software and
operated through a laptop computer (Dell Latitude D430, Dell Inc., Round Rock, TX, USA).

The seat was built of wood and consists of an 80.10 x 55.88 centimeter (height x width) seat
back and a 50.80 x 55.88 centimeter (depth x width) seat pan. The seat pan is comprised of 14
removable slats which allow the pressure application head to apply pressure to the area of
interest while still supporting the participant (Figure 23). The foot rest is a 91.44 x 50.80 x 35.56
centimeter (length x width x height) box with an adjustable crank lift to accommodate

participants of different heights.

Figure 20. Pressure application mechanism under seat pan.
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Figure 21. Seat pan of local pressure application apparatus. 1: All slats in place; 2: All slats
removed.

Figure 22. Local pressure application apparatus foot rest.
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Figure 23. Seat pan prepared for posterior thigh pressure application.

Determination of Anatomical Locations

Local pressure was applied to the ischial tuberosity and the mid-point of the posterior
thigh on the dominant lower extremity of participants. These locations were chosen based on the
underlying anatomy, results from Project 1’s pressure mapping system, and previous research.®
The ischial tuberosity was palpated and marked with adhesive tape. The mid-point of the
posterior thigh was defined as the distance from the greater trochanter to the lateral epicondyle
between the medial and lateral edges of the posterior thigh. The distance between the greater
trochanter and the lateral epicondyle (both determined by palpation) was measured using a fabric
tape measure (Medco Tape Measure, Patterson Medical Holdings Inc., Bolingbrook, IL, USA).
The distance was rounded to the nearest half centimeter and using permanent marker. The
distance between the medial and lateral borders of the thigh was then measured in the same

manner from the permanent marker used to demarcate the mid-point of the femur along its long
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axis. This point was marked with permanent marker and served as the location for posterior
thigh pressure application. Prior to local pressure application, these locations were visually
confirmed in the LPAAP. In the case of the ischial tuberosity, verbal confirmation from the

participant was also be elicited.

Local Pressure Application Protocol for Project 2

Sessions were grouped based on pressure magnitude level and randomized using a
random number generator (T1-83 Plus, Texas Instruments Inc., Dallas, TX, USA). Within each
session, location order was also randomized using a random number generator. Participants
reported to the Neuromechanics Research Laboratory on two separate occasions with a minimum
of 24 hours between data collection sessions. Since participants were the same as in Project 1, a
minimum of 24 hours between the end of Project 1 and Project 2 was required. During session
one, participants had the two locations measured and marked as described above on the
functionally dominant leg (determined during Project 1). Once marked, participants sat on the
pressure application chair barefoot with the appropriate slats removed and pressure application
head correctly positioned. The participant was asked to sit upright and as far back in the chair as
possible. The foot rest was adjusted to the appropriate height and participants’ knees will be
positioned at the Design Eye Point sitting knee angle (determined in Project 1). Following
positioning, baseline measures of Category Partitioning Scale, McGill Pain Questionnaire,
dynamic infrared thermography, Semmes-Weinstein monofilament, two-point discrimination,
and pulse oximetry were taken. Local pressure was applied at the specified amplitude (36

kilopascals or 44 kilopascals) for a total of minutes. During the pressure application the
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magnitude of the pressure was maintained within 5% of the set value. The participant and
application pressure were continuously monitored by the investigators and regular feedback was
solicited to ensure the participant was not experiencing any adverse events. At seven minutes
into the pressure application protocol, follow-up measures began. Starting data collection at
seven minutes allowed the entire data collection to occur with local pressure applied to the
location of interest. The order of measure data acquisition remained the same for each session
and for each participant. Following 10 minutes of pressure application the pressure was removed
and the participant was helped by a trained investigator. The participant was then given a 15
minute break and allowed to move around the laboratory. This 15 minute break allowed time for
participants to recover from any numbness or tingling which may have occurred during testing
and allowed time for the investigators to reposition the pressure application head to the next
pressure application location. Fifteen minutes was determined to be a sufficient time to recover
from possible residual effects of temporary parathesia through pilot work which found that no
pilot participants reported symptoms of parathesia including numbness, tingling, loss of strength,
or lose of sensation. After 15 minutes, the participant was asked to again sit in the pressure
application seat. The Design Eye Point knee sitting angle and visual confirmation of pressure
application were again completed. Once in position, the participant was secured and the local
pressure application protocol was repeated on the untested location at the same pressure
magnitude. During session two, this protocol was repeated at the remaining pressure application

magnitude (36 kilopascals or 44 kilopascals).
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Statistical Analysis

Data were collected with a tablet computer (iPad2, Apple Inc., Cupertino, CA, USA),
electronically transferred into a custom database (Microsoft Excel 2010, Microsoft Corp.,
Redmond, WA, USA), and analyzed using Statistical Package for Social Sciences version 19
(IBM SPSS Statistics 19, IBM Corp., Somers, NY, USA). Descriptive statistics (mean £ SD)
were calculated. Thirteen, 2 x 2 x 2 (magnitude x location x time) factorial repeated measures
ANOVAs were performed. Appropriate follow-up tests were completed dependent on

significant interaction and main effects. Significance levels will be set a priori at p <0.05.

Project 3

Experimental Design

This study utilized a 3 x 5 factorial repeated measures design. The independent variables
were location with three levels (ischial tuberosity, posterior thigh, and control) and time with five
levels (pre-application, 5 minutes into-application, 10 minutes into-application, 5 minutes post-
application, and 10 minutes post-application). The dependent variables were Category
Partitioning Scale scores, McGill Pain Questionnaire (descriptor, visual analog scale, and present
pain intensity) scores, Semmes-Weinstein monofilament test (great toe, third metatarsal, and fifth
metatarsal) scores, two-point discrimination (great toe, medial malleolus, and lateral malleolus)
scores, dynamic infrared thermography (lateral lower leg and anterior lower leg) mean
temperatures, pulse oximetry (percent oxygen saturation) levels, soleus H-reflex (mean peak-to-
peak amplitude), and sural sensory nerve conduction velocity. A pressure magnitude of 44
kilopascals was applied. Additionally, body composition data was collected utilizing dual-
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energy x-ray absorptiometry (DXA) to examine the relationship between reported discomfort,

sensibility, physiological measures, and body composition.

Dual-Energy X-Ray Absorptiometry (DXA)

Body composition was assessed in participants using DXA (Lunar Prodigy Advance, GE
Healthcare Inc., Waukesha, WI, USA). DXA delivers very low-level x-rays through the body to
determine the amount of fat mass, lean mass, and bone density in a minimally invasive
manner.?’®?"" Participants underwent a single DXA scan for this study. The total percent fat
mass was determined and recorded with scanner specific software (enCore version 9.1, GE

Healthcare Inc., Waukesha, WI, USA).

Participants

Thirty healthy male participants ages 19-30 were recruited for this study. At every data
collection session, participants wore athletic shorts, tennis shoes, and a t-shirt. Exclusion criteria
included a current or two year history of cardiovascular, neurological, or metabolic disease; a
current or two year history of surgery or fracture in the lumbar spine or lower extremity; a
current history of low back pain or lower extremity injury; or current use of prescription or non-
prescription pain relievers. Participants were screened for the exclusion criteria using an 18-
point health questionnaire. Participants met minimal body segment lengths measures and
minimum/maximum weights required to obtain flight status in the United States Army. Prior to

data collection participants completed an informed consent approved by the Auburn University
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Institutional Review Board and the United States Army Medical Research and Materials

Command Institutional Review Board.

Local Pressure Application Protocol for Project 3

Participants reported to the Neuromechanics Research Laboratory on three separate
occasions with a minimum of 24 hours between data collection sessions. Sessions were
randomized using a random number generator (T1-83 Plus, Texas Instruments Inc., Dallas, TX,
USA). Functional leg dominance, height, weight, Design Eye Point knee angle, and DXA were
completed as described above during the first session. Participants were exposed to the same
pressure magnitude (44 kilopascals) at both locations for the pressure application sessions.

During the control session participants sat in the LPAAP with no pressure applied.

Participants removed their shoes and had electrodes placed on the dominant leg as
described above. With the assistance of two investigators, participants were transferred from an
examination table to the LPAAP. Once seated, the anatomical locations of interest were visually
confirmed and the pressure application head was adjusted accordingly. The foot rest was
adjusted and feet placed on mock pedals to recreate the previously determined Design Eye Point
sitting knee angle. A 15 minute rest period to diminish the influence of the investigators
touching the skin on superficial skin temperature then occurred. The 15 minute rest period was
necessary to dissipate any heat transferred from the investigators to the participant. It also served
as adequate time to determine the maximal Hoffmann reflex amplitude, maximal muscle wave
amplitude, and test stimulus of 25% maximal muscle wave amplitude. Baseline measures will

then be taken. The order of data collection was Category Partitioning Scale, McGill Pain
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Questionnaire, dynamic infrared thermography, H-reflex, sural sensory nerve conduction
velocity, Semmes-Weinstein monofilament, two-point discrimination, and pulse oximetry. This
order was chosen to maximize data collection efficiency. The order of dependent variable
acquisition remained the same for all data collection time points and across all participants. The
pressure application was then applied at the appropriate location for 10 minutes. Data
collections were repeated at 5 minutes and 10 minutes into pressure application and 5 minutes
and 10 minutes following pressure application removal. Total data collection time was 20
minutes. Following data collection participants were asked to carefully stand and step off of the
LPAAP, return to the examination table, have the electrodes removed, and scheduled for the next
data collection session no less than 24 hours from the start of the current session. The second
pressure application session followed the same procedures at the untested location. The no

pressure (control) session followed the same procedure; however no pressured was applied.

Statistical Analysis

Data were collected electronically with a tablet computer (iPad2, Apple Inc., Cupertino,
CA, USA). transferred into a custom database (Microsoft Excel 2010, Microsoft Corp.,
Redmond, WA, USA), and analyzed using Statistical Package for Social Sciences version 19
(IBM SPSS Statistics 19, IBM Corp., Somers, NY, USA). Descriptive statistics (mean £ SD)
were calculated. Fifteen, 3 x 5 (location x time) factorial repeated measures ANOVAS were
performed. Appropriate follow-up tests were completed dependent on significant interaction and

main effects. Significance levels were set a priori at p <0.05.
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Chapter IV

Effects of Prolonged Restricted Sitting in UH-60 Black Hawk Helicopters

Introduction

Seat discomfort is a major concern for today’s UH-60 Black Hawk helicopter aviators.
Approximately 82% of rotary-winged aviators report experiencing discomfort during flight.*
The Black Hawk helicopter originally had a maximum flight time of 2.3 hours before the aircraft
required refueling.” Advances in fuel and engine technology as well as the utilization of “hot-
refueling” (refueling while engines are operational and rotors engaged) and in some instances,
in-air refueling all have increased the total flight time and average mission length of United
States Army Black Hawk Aviators. During the mid-1990°’s United States Army rotary-winged
Aviators regularly spent six hours at their crew station within the helicopter.** The recent
conflicts in Irag and Afghanistan have required aviators to frequently fly multiple, long duration
missions. Anecdotal reports from Iraq War Black Hawk Aviators indicate that mission lengths
of eight or more hours were not unusual. Interviews with aviators flying during Operation Iraqi
Freedom and Operation Enduring Freedom reveal that mission lengths of 6-12 hours are
regularly required.?”® Advances in flight technology have allowed rotary-winged aircraft to
operate for extended periods of time without prolonged down time, but human factors currently
limit the flight time capabilities of the Black Hawk helicopter.?”® A primary limiting human

factor is prolonged restricted sitting by pilots.
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Investigations into prolonged restricted sitting and seat discomfort in Black Hawk
helicopters are limited. The pilot’s seat was designed to improve crashworthiness while allowing
aviators to access and operate the aircraft effectively.*® To date, no studies examining the effects
of prolonged restricted sitting in Black Hawk helicopters have been completed; however
investigations examining other rotary-winged aircraft, fixed-wing aircraft and civilian aircraft

may Yyield insight into prolonged restricted sitting in Black Hawk helicopters.

Much of the work completed in rotary-winged aircraft has focused on vibration
attenuation during flight.*>**?%° Exposure to vibration from the rotors of the helicopter has been
demonstrated to produce adverse health effects such as spine pain and spinal musculature
injuries.?®% Experimental vibration attenuation devices within the seat systems of rotary-
winged aircraft have been shown to reduce vertical vibration levels from 25%-38% and anterior-
posterior vibration levels from 17% to 85% at certain points along the vibration spectrum
(2Hz/rev of the rotor blades and 4Hz/rev of the rotor blades, respectively).**'* However, this
work does not address the problems of discomfort and temporary parathesia observed as a result

of prolonged restricted sitting in rotary-winged aircraft.

Several studies have addressed the symptoms of discomfort and temporary parathesia in

1,3,9,11

both military and civilian aircraft.> Prolonged restricted sitting in aircraft results in higher

3,9,15 and

levels of reported subjective discomfort,>** high levels of seat interface pressure,
increased trapezius muscle fatigue.> However, many of these studies utilized fixed-wing aircraft
and the results may not be transferrable to rotary-winged aircraft. A study testing alternative seat
pads for United States Army AH-64 Apache helicopters found that aviator subjective discomfort

is reduced with air-filled or foam-filled seat cushions compared to a standard AH-64 seat

cushion.** While this work aids our understanding of aviator seat cushion preference, the short
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testing time used (1 hour) does not address the effects of prolonged restricted sitting on

symptoms of discomfort and temporary parathesia in rotary-winged aviators.

The majority of the aviator discomfort studies utilize subjective discomfort scales.®***°

Few studies have utilized more objective measures such seat interface pressure,®**
electromyography,® or near infrared spectroscopy.® More physiological or clinical measures
may add insight to our understanding of aviator discomfort and temporary parathesia during
prolonged restricted sitting. The Semmes-Weinstein monofilament test and the two-point
discrimination test could add insight regarding the sensory nervous systems response to
prolonged restricted sitting. Superficial blood flow changes could be measured using dynamic
infrared thermography and limb oxygen saturation could be measured using portable pulse
oximetry. Utilizing tools and measures beyond subjective discomfort scales and interface

pressures could allow for a better understanding of the negative effects reported during

prolonged restricted sitting.

Advances in flight technology and refueling options, paired with our limited knowledge
regarding the neurological and vascular changes associated with prolonged sitting in rotary-
winged aircraft suggest that measures beyond the traditional subject questionnaires are required
to understand the development of the symptoms of discomfort and temporary parathesia during
rotary-winged flight. Therefore, the purpose of this investigation is to examine the effects of a
four hour bout of restricted sitting in a Black Hawk helicopter pilot seat on subjective
discomfort, sensibility, lower extremity blood oxygenation, and lower extremity superficial skin

temperature.
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Methods

Experimental Design

This study utilized a 1 x 9 repeated measures crossover design. The independent variable
was time with 9 levels (time = 0, 30, 60, 90, 120, 150, 180, 210, and 240 minutes). The
dependent variables were Category Partitioning Scale scores, McGill Pain Questionnaire
(descriptor, visual analog scale, and present pain intensity) scores, Semmes-Weinstein
monofilament test (great toe, third metatarsal, and fifth metatarsal) scores, two-point
discrimination (great toe, medial malleolus, and lateral malleolus) scores, dynamic infrared
thermography (lateral lower leg and anterior lower leg) mean temperatures, and pulse oximetry

(percent oxygen saturation) levels.

Participants

Sixteen male volunteers responded to the solicitation (flyers and group presentations) to
participate in the study. Fifteen healthy male participants (age = 23.4 + 3.1 years) completed the
study (one did not attend the data collection session and no data was collected). Participants met
minimal body segments length measures and minimum/maximum weights required to obtain
flight status in the United States Army (Table 2). Participants self-reported no history of
cardiovascular, neurological, or metabolic disease in the past two years; no current or two year
history of surgery or fracture in the lumbar spine or lower extremity; no current history of low
back pain or lower extremity injury; and no current use of prescription or non-prescription pain

relievers. Participants were screened via an 18-point health questionnaire administered by an
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allied health profession and signed a written consent. The study was approved by the

University’s Institutional Review Board.

Table 2. United States Army anthropometric flight status requirements.

Body Measure Men
Total Arm Reach, cm >164.0
Crotch Height, cm >75.0
Sitting Height, cm <102.0

Minimum Weight, kg 45.3
Maximum Weight, kg 107.9

Experimental Procedures

Participants reported to the laboratory one time to complete data collection. During the
session, functional leg dominance was determined using three tests: the step up test, the ball kick
test, and the balance recovery test.?”® Investigators then recorded the anthropometric measures
of arm length, crotch height, sitting height, height, and weight from the participants to ensure all
Army flight status requirements in these areas were met. Participants next had lower extremity
flexibility measures of hip flexion, hip extension, and hip external rotation collected along with

sit-and-reach scores.
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For all data collection, participants sat and were secured to an unpadded UH-60 Black
Hawk helicopter pilot’s seat (Armored Crashworthy UH-60A, Ara Inc., Industry, CA, USA).
The seat structure was secured to a 1 meter high wooden platform equipped with wooden foot
pedals, a cyclic joystick, and 0.85 meter dashboard screen to replicate a UH-60 Black Hawk
cockpit. To reproduce pilot sitting postures in the UH-60 helicopter, Design Eye Point knee
sitting angles were collected using a goniometer (12.5” International Standard Goniometer,
Patterson Medical Holdings Inc., Bolingbrook, IL, USA) and recorded using standard United
States Army Design Eye Point procedures.””* The Design Eye Point is a position in which
aviators vision and access to equipment are optimized.*’* This position is created by positioning
the seat at a location in which the aviator can see an object placed on the ground 12-15 feet in
front of the aircraft (Figure 24).2* This knee angle was recreated by passively moving the
participants’ knees prior to the start of data collection and following each data collection time
point. Data was collected at baseline and every 30 minutes for 240 minutes (4 hours) or until a
Category Partitioning Score of 45 was reached (to minimize participants’ exposures to painful
stimuli). Participants had no knowledge of this cut-off. Between each time point, participants

completed the cognitive task of flying a helicopter using a flight simulator.
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Figure 24. Design Eye Point participant positioning.
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Cognitive Task

A common cognitive task was utilized to minimize the participants focus on the
discomfort between data collection time points.® During the task participants controlled a
helicopter flight simulation computer program comprised of helicopter flight simulation software
(Take On Helicopters, Bohemia Interactive Inc., Prague, Czech Republic) controlled by a
joystick (Logitech Extreme 3D Pro, Logitech Inc., Fremont, CA, USA) and displayed onto a 55
inch light emitting diode television monitor (Samsung ME55A, Samsung America Inc.,
Ridgefield Park, NJ, USA). Participants completed task “missions” created by the software.
Mission order remained the same for each participant; however, time spent on each mission was
not controlled and participants completed the missions at their own pace. This protocol is similar

to other studies®® examining prolonged restricted sitting in vehicles.

Prolonged Sitting Protocol

Participants were positioned in the UH-60 Black Hawk pilot’s chair with their feet resting
on wooden pedals and knees at the knee angle determined during the Design Eye Point
assessment. Participants were instructed not to flex or extend their knees once positioned.
Participants wore athletic shorts, a t-shirt, and no shoes or socks for the data collection in order
to access measurement locations. Once positioned, the dashboard screen was also removed to
allow for the measurements to be completed. Baseline data collection was initiated following a
six minute sitting pressure mapping system equilibration period. The Design Eye Point sitting
angle was repositioned following every data collection to eliminate knee angle changes as a

result of data collection.
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Discomfort Measures

Category Partitioning Scale

The Category-Partitioning Scale was utilized to examine the perception of local pressure

intensity levels and discomfort.>*%*" The tool consists of a vertical scale starting at zero and is

11257,258

divided into five categories: “very slight,” “slight,” “medium,” “severe,” and “very severe.

Each category is further divided into 10 scale points for a total range of 0 — 50, with numbers
above fifty provided to avoid the ceiling effect in the case of extreme pain or discomfort.>’
Participants were instructed to rate their discomfort in one of the five categories, then asked to
“fine tune” their discomfort rating using the numerical scale points.”>’ The numerical data were
recorded with a tablet computer (iPad 2, Apple Inc., Cupertino, CA, USA) and entered into an

electronic data collection sheet (Quickoffice Pro HD for iPad, Google Inc., Mountain View, CA,

USA).

Short-Form McGill Pain Questionnaire (MPQ)

The 17-point Short-Form McGill Pain Questionnaire (MPQ) was used to evaluate the
sensory, affective, and current pain intensities.?®® The questionnaire consisted of eleven sensory
dimension descriptors and four affective dimension descriptors .?®° Each descriptor is ranked on
an intensity scale of 0 = none, 1 = mild, 2 = moderate, and 3 = severe.”® One 10 centimeter
visual analogue scale and one Present Pain Intensity question were also presented as part of the
MPQ to indicate overall discomfort intensity.”®® A paper version of the questionnaire was

handed to the participant at every data collection time point and the numerical scores were then
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entered into an electronic spreadsheet (Microsoft Excel 2010, Microsoft Corp., Redmond, WA,

USA) for analysis.

Sensory Measures

Semmes-Weinstein Monofilament Test (MFT)

Point pressure stimuli sensitivity was evaluated using the Semmes-Weinstein
Monofilament Test (MFT) (Touch-Test Sensory Evaluator, North Coast Medical Inc., Morgan
Hill, CA, USA).?2® The MFT was comprised of several single Nylon fibers®® of varying
thickness.?® The monofilament was held in place for 1.5 seconds and the examiner instructed
the participant to respond “Yes” when asked if the participant felt the monofilament against the
skin.?'? Locations for measurement included the plantar aspect of the great toe, the plantar
aspect of the third metatarsal, and the plantar aspect of the fifth metatarsal of the dominant foot
of participants.”®® The last correctly reported monofilament thickness was recorded with a tablet
computer (iPad 2, Apple Inc., Cupertino, CA, USA) and entered into an electronic data

collection sheet (Quickoffice Pro HD for iPad, Google Inc., Mountain View, CA, USA).

Two-Point Discrimination Test (TPDT)

Lower extremity receptive field sensitivity was measured with the two-point
discrimination test (TPDT) (Disk-Criminator, North Coast Medical Inc., Morgan Hill, CA,
USA).>%1% The TPDT was comprised of dull point calipers with inter-point distances ranging

from 2 to 15 millimeters.”***® The calipers were placed on the testing locations for 1.5 seconds
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and the participant was instructed to verbally indicate if one or two points were in contact with
the skin. To discourage participants from guessing the number of points, single and double pin
points were interchanged randomly. Testing locations included the planar surface of the great
toe, the medial malleolus, and the lateral malleolus of the dominant lower leg of participants.?®
The last correctly reported inter-point distance was recorded with a tablet computer (iPad 2,

Apple Inc., Cupertino, CA, USA) and entered into an electronic data collection sheet

(Quickoffice Pro HD for iPad, Google Inc., Mountain View, CA, USA).

Circulatory Measures

Dynamic Infrared Thermography (DIRT)

A digital infrared camera (FLIR T420, FLIR Systems Inc., Wilsonville, OR, USA) was
used to measure non-contact, superficial temperatures (°C) in the lower leg. Anterior and lateral
infrared images were taken 1 meter from the dominant leg of participants. The mean
temperature of the anterior and lateral ankle was analyzed using the mean temperature function
(FLIR ExaminlIR, version 1.40.12.44). Average temperature values for regions of interest at the
anterior and lateral ankle were measured using the Glamorgan Protocol.”®® The anterior ankle
region of interest was comprised of the width of the ankle with upper and lower edges at the tip
of the medial malleolus and the tip of the navicular bone, respectively.?®® The lateral ankle
region of interest included the entire anterior to posterior thickness at the level of the lateral

malleolus.?%®
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Pulse Oximetry

A pulse oximeter (Nonin Onyx Vantage 9590, Nonin Medical Inc., Plymouth, MN, USA)
was secured with friction to the great toe of the dominant leg. Percent oxygen saturation was
recorded utilizing the spot check method.?* This method was used to allow access to the great
toe for other measures. Following a five second analysis period, percent blood oxygen (%SpO,)
was recorded to an electronic spreadsheet (Microsoft Excel 2010, Microsoft Corp., Redmond,

WA, USA). The pulse oximeter was removed following every data collection time point.

Statistical Analysis

Data was collected and electronically transferred into a custom database (Microsoft Excel
2010, Microsoft Corp., Redmond, WA, USA), and analyzed using Statistical Package for Social
Sciences version 19 (IBM SPSS Statistics 19, IBM Corp., Somers, NY, USA). Descriptive
statistics (mean + SD) were calculated. Thirteen, 1 x 9 (treatment x time) repeated measures
ANOVAs and follow- up dependent t-tests with Holm’s sequential Bonferroni adjustments were

performed. Significance levels were set a priori at p < 0.05.

Results

Descriptive statistics and confidence intervals for all measures can be found in Appendix

A 1 x 9 repeated measures ANOVA revealed that Category Partitioning Scale scores

increased significantly among time points (Wilks’ A =0.10; Fg7y= 7.89, P = 0.007; npz =0.90).
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Follow-up t-tests indicated significant increases in CP-50 scores at eight time points: 30 minutes
(taay = -5.13, P = 0.021); 60 minutes (tq4) = -9.46, P = 0.003); 90 minutes (tq4) = -13.40, P =
0.002); 120 minutes (tg14) = -19.33, P < 0.0001); 150 minutes (tq4) = -24.20, P < 0.0001); 180
minutes (tq4) = -28.07, P <0.0001); 210 minutes (t4) = -28.73, P < 0.0001); and 240 minutes of
sitting (t4) = -30.27, P < 0.0001). This suggests that perceived discomfort increases with

increased time (Figure 25).
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Figure 25. Category Partitioning Scale scores across the four hour testing period. CP-50:
Category Partitioning Scale; pts: points; min: minutes; *= P < 0.05.

A repeated measures ANOVA indicated that the descriptor score for the McGill Pain
Questionnaire was significantly greater among all time points (Wilks’ A =0.17; Fg7)=4.17, P =
0.038; npz = 0.83), indicating higher levels of discomfort across the 240 minute data collection.

Follow-up t-tests revealed significant increases in descriptor scores at each of eight time points:
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30 minutes (t14) = -0.87, P = 0.045); 60 minutes (tu4) = -1.67, P = 0.003); 90 minutes (tq14) = -
2.87, P =0.003); 120 minutes (t(14) = -4.53, P < 0.0001); 150 minutes (tx4) = -6.00, P = 0.001);
180 minutes (t(14) = -7.20, P = 0.001); 210 minutes (t4) = -7.27, P = 0.001); and 240 minutes of
sitting (t4) = -8.53, P = 0.001). The visual analog scale score for the McGill Pain Questionnaire
was also significantly greater among all time points (Wilks’ A =0.18; Fg7y= 3.97, P = 0.043; npz
= 0.82), again indicating increased perceived discomfort with increased time. Follow-up t-tests
indicated significant increases compared to baseline in visual analog scale scores at seven time
points: 60 minutes (tu4) = -0.97, P = 0.001); 90 minutes (t4) = -1.67, P = 0.004); 120 minutes
(taay = -2.82, P = 0.005); 150 minutes (t(14) = -3.45, P = 0.004); 180 minutes (t(14) = -4.25, P =
0.003); 210 minutes (t14) = -4.73, P = 0.005); and 240 minutes of restricted sitting (t(14) = -4.83,
P =0.004). The present pain intensity score for the McGill Pain Questionnaire was significantly
higher among all time points (Wilks’ A = 0.086; Fg 7 =9.27, P = 0.004; npz =0.91), suggesting
that perceived discomfort increased during the 240 minute data collection period. Follow-up t-
tests revealed significant increases compared to baseline at eight time points: 30 minutes (tq4) = -
0.60, P = 0.015); 60 minutes (t14) = -0.93, P = 0.001); 90 minutes (t14) = -1.33, P <0.0001); 120
minutes (tq4) = -1.60, P < 0.0001); 150 minutes (t(14) = -1.80, P < 0.0001); 180 minutes (tx4) = -
2.00, P <0.0001); 210 minutes (t4) = -2.20, P < 0.0001); and 240 minutes of sitting (t(4) = -

2.33, P <0.0001). Figure 26 summarizes these changes.

95



14

12

10

—#— Descriptor Score (pts)

--4l-- Visual Analog Scale (cm)

— i~ Present Pain Intensity Score (pts)

Mean McGill Pain Questionnaire Score

0 an (18] S0 120 150 180 210 240 270

Time, min

Figure 26. Short Form McGill Pain Questionnaire summary. min: minutes; pts: points;
cm: centimeters; * = P < 0.05.

A 1 x 9 repeated measures ANOVA found no significant difference in Semmes-
Weinstein monofilament test scores at the great toe across the 240 minute prolonged sitting
protocol (Wilks” A =0.37; Fg7 = 1.50, P =0.302; npz = 0.63). Similarly, no significant
difference in monofilament test scores at the third metatarsal (Wilks’ A =0.37; Fgn=1.52,P =
0.296; npz = 0.64) were found. However at the fifth metatarsal, monofilament test scores
significantly increased across the 240 minute test period (Wilks” A =0.12; Fg7=6.51, P =
0.011; npz =0.88). Follow-up t-tests for the fifth metatarsal yielded no significant differences
between any two data collection time points. These results together indicate that during 240

96



minutes of restricted sitting, the ability to perceive pressure at the foot is unchanged except at the
fifth metatarsal. A summary of the Semmes-Weinstein monofilament test data can be found in

Figure 27.
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Figure 27. Semmes-Weinstein monofilament test data summary. min: minutes; *= P <0.05.

A 1 x 9 repeated measures ANOVA revealed that two-point discrimination test scores at
the great toe were not significantly different in scores across the testing period (Wilks” A = 0.47;
Fe7)=0.98, P=10.519; npz = 0.53). No significant differences among time points were found for
two-point discrimination test scores at the medial malleolus (Wilks” A = 0.60; F(4,11)=1.83, P =

. ; =0. or the lateral malleolus 1lks =0.67; Fi5100= 1.00, P =0. ; =0.33).
0.193; n,> = 0.40) or the lateral malleolus (Wilks’ A = 0.67; Fs.10)= 1.00, P = 0.465; 1,° = 0.33)
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Together these results suggest no changes of receptive field size occur at the foot or ankle during

a 240 minute restricted sitting protocol (Figure 28).
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Figure 28. Two-point discrimination data summary during prolonged restricted sitting.
min: minute; mm: millimeter.

A 1 x 9 repeated measures ANOVA found that percent oxygen saturation in the lower
limb measured from the dominant great toe did not significantly differ across the 240 minute
prolonged restricted sitting protocol (Wilks’ A =0.21; Fg 7 =3.29, P =0.067, npz =0.79)

(Figure 29).
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Figure 29. Percent arterial oxygen saturation. min: minute; %: percent.

Using a 1 x 9 (condition x time) repeated measures ANOVA, we found that superficial
temperature on the anterior aspect of the ankle decreased significantly (Wilks’ A =0.11; Fg7y=
7.01, P=0.009; npz =0.88). Follow-up pairwise comparisons revealed significant differences at
30 minutes (tu4) = 0.78; P > 0.001), 60 minutes (t4) = 1.32; P > 0.001); 90 minutes (t14) = 1.66;
P >0.001), 120 minutes (ta4) = 1.99; P > 0.001), 150 minutes (tu4) = 2.24; P > 0.001), 180
minutes (tus) = 2.35; P > 0.001), 210 minutes (tq4) = 2.64; P > 0.001), and 240 minutes (t(4) =
2.78; P >0.001) compared to baseline. This data indicates that during a bout of prolonged
restricted sitting, anterior ankle skin temperature is decreased. A 1 x 9 (condition x time)
repeated measures ANOVA revealed a significant decrease in superficial skin temperature at the
lateral aspect of the ankle (Wilks’ A = 0.08; Fg 7= 9.83, P =0.003; npz =0.91). Follow-up

pairwise comparisons yielded significant differences at 30 minutes (t14) = 0.88; P > 0.001), 60
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minutes (tqa4) = 1.31; P > 0.001), 90 minutes (t14) = 1.87; P > 0.001), 120 minutes (ta4) = 2.18; P
>0.001), 150 minutes (tu4) = 2.41; P > 0.001), 180 minutes (tu4) = 2.54; P > 0.001), 210 minutes
(taay = 2.72; P > 0.001), and 240 minutes (t14) = 2.84; P > 0.001) when compared to baseline
measures. This data demonstrates that during a bout of prolonged restricted sitting lateral ankle

skin temperature decreases across the 4 hour data collection time period (Figure 30).
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Figure 30. Anterior and lateral ankle skin temperature during prolonged restricted sitting.
min: minute; C: Celsius; * = P < 0.05.
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Discussion

This project examined the effects of four hours of restricted sitting in an unpadded, Black
Hawk helicopter pilot’s seat on subjective discomfort, sensibility, lower extremity blood
oxygenation, and lower extremity superficial skin temperature. The authors hypothesized that
prolonged restricted sitting would produce increases in subjective discomfort, decrements in

lower extremity sensibility, and altered lower extremity vascular function.

Subjective Discomfort Measures

Our results indicate that Category Partitioning Scale scores representing subjective
discomfort increased across four hours of restricted sitting. Subjective discomfort scores
increased 30.27 points across the four hour time period, representing a change in the discomfort
categories from “very low pressure/slight discomfort” to “high pressure/severe discomfort”.
Previous research in F-16 ejection seats found that an 8 hour sitting period resulted in a
significant decrease in subject comfort between 1 and 2 points on a 10-point scale.®> Other work
has found similar results demonstrating a 1.5-3 point increase in discomfort on a 10-point scale.’
Comparisons between the 10 point scale and the 52 point Category Partitioning Scale can be
made if a percent change is utilized rather than raw scores. The results of the current study
represent a 58% increase in discomfort across four hours. Previous work demonstrated a 20%
decrease in whole-body comfort® and up to a 30% increase in buttocks discomfort.” We
hypothesize that our change in discomfort is greater than previous work because we did not
utilize a seat cushion during data collection. We chose to test the Black Hawk pilot’s seat

without a seat cushion because numerous variations of Black Hawk seat cushions exist. By
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utilizing the lowest common denominator among all Black Hawk helicopter seating options (the

armored, unpadded seat); we believe our results could extend beyond a specific seat cushion.

The McGill Pain Questionnaire data also support that prolonged restricted sitting in Black
Hawk helicopter pilot’s seats result in increased discomfort. The total descriptor score
significantly increased at every time point during the four hour sitting period. Increases in visual
analog scale distances and present pain intensity scores also were observed. If all three
components of the McGill Pain Questionnaire are examined together we see a similar pattern of
increasing discomfort across all time points for all measures. To the authors’ knowledge, this
was the first study to utilize the Short-Form McGill Pain Questionnaire as an outcome measure
for prolonged sitting in military or civilian aircraft. Previous work has shown that the Short-
Form McGill Pain Questionnaire has good test-retest reliability and responsiveness to change
when utilized as an outcome measure for pain.?®® Future studies examining prolonged restricted
sitting in experimental or field settings should consider utilizing the Short-Form McGill Pain

Questionnaire.

Lower Extremity Sensibility

A single prolonged restricted sitting session of four hours significantly increased the
Semmes-Weinstein monofilament test scores at the plantar aspect of the fifth metatarsal.
Increases in monofilament scores suggest a decrease in sensitivity to point pressure applied to the
area of interest. Conversely, we did not find significant changes in monofilament test scores at
the plantar aspect of the great toe or at the plantar aspect of the third metatarsal. The difference

between our significant results at the fifth metatarsal and non-significant results at the great toe
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and third metatarsal may be explained by the separate dermatomes at the testing locations. The
S1 dermatome comprises the fifth metatarsal, whereas the L5 dermatome distribution comprises
both the great toe and the third metatarsal test locations.?’?> Our partial eta squared value of 0.88
suggests that there is a clinical decrease in sensibility across four hours of restricted sitting at the
fifth metatarsal, suggesting that prolonged sitting alters the S1 nerve root fibers of the sciatic
nerve. The mean monofilament test scores for the fifth metatarsal at each time point were all
above 4.0. Previous research has shown that the threshold for normal pressure sensibility is
3.61.% This suggests that at the fifth metatarsal the participants in this study did not have
normal sensitivity to pressure. S1 nerve root impairment leads to symptoms of muscle weakness
in the plantar flexors (gastrocnemius and soleus muscles) and subtalar joint evertors (peroneus
longus and peroneus brevis muscles).?’”? Additionally the Achilles tendon reflex would also be
diminished.””? Impairment to the S1 nerve root is a particular concern for Black Hawk helicopter
pilots. Rotary-winged aircraft like the Black Hawk require full function of both legs and feet to
effectively control the aircraft. The feet and legs are used to operate the anti-torque pedals which
are used to counteract the torque created by the main rotors.?®® They are also used to adjust the
yaw of the aircraft left or right during a hover.?®®> A lowered ability to effectively operate the
anti-torque pedal could increase fatigue and may result in diminished control of the aircraft
during flight. It is important to note that while we suspect diminished motor performance
occurred during prolonged sitting, we did not collect any measures of motor function (e.g. force
output, reaction time, a-motoneuron output) of the plantar flexors during this study. Future
research should expand on the hypothesis that S1 nerve root function is diminished during
prolonged sitting, therefore negatively affecting S1 nerve root motor performance by examining

electromyographic, reflex, and force data at the muscles innervated by the S1 myotome.
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The two-point discrimination test revealed no change in receptive field sensitivity at the
great toe, the medial malleolus, and the lateral malleolus across the four hour sitting protocol.
We suspect no change was found because the measure may not have been sensitive enough to
detect changes in receptive field sensitivity. The two-point discrimination tool utilized in this
study had a maximum inter-point distance of 15 millimeters. This distance may not have been a
large enough inter-point distance, particularly at the medial and lateral malleolus. We observed
that very few participants were able to identify inter-point distances closer than 15 millimeters.
Previous work has also identified large inter- and intra-individual variations,*®® possibly reducing
the sensitivity of the measure due to the within-subjects design of this study. The non-
significant results at the great toe support our previous finding that the L5 nerve root fibers may
not be influenced with four hours of restricted sitting. The mean inter-point distance at the great
toe is 6.6 millimeters, well within the testing capabilities of the two-point discrimination tool. In
the present study, the test locations for two-point discrimination test and the Semmes-Weinstein
monofilament test were not the same. This decision was made based on recommended testing
locations proposed by previous work.?%%2% Future work should examine two-point
discrimination scores at the same locations as the Semmes-Weinstein monofilament test (plantar
aspects of the great toe, third metatarsal, and fifth metatarsal) to test if dermatome dependent

changes occur with the two-point discrimination test and the monofilament test.

Vascular Measures
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Total limb percent oxygen saturation as measured at the great toe revealed no significant
changes in oxygen saturation levels across 4 hours of restricted sitting. These results are in line
with previous work which found that 8 hours of restricted sitting in F-16 ejection seats did not
significantly alter muscle blood flow levels.® The redundancy of the vascular network in the
lower extremity combined with the lack of compression of the major artery while in a seated
position may explain the consistency of the oxygen saturation measures.>* The femoral artery
enters the lower extremity on the anterio-medial aspect of the upper leg and remains on the
medial aspect until it reaches the medial epicondyle of the femur where it moves posteriorly into
the popliteal fossa.> Compression of the femoral artery could occur at the end of the seat pan;
however, observations during sitting indicate that the femoral artery moves posterior to the
popliteal space distal to the end of the seat pan. Future research could examine if any vascular
structures are compressed during prolonged restricted sitting by measuring structural changes in
the gross anatomy of the vascular tissue using imaging devices such as magnetic resonance

imaging or ultrasound.

Dynamic infrared thermography measures of superficial skin temperature at the anterior
and lateral ankle revealed decreases in anterior and lateral ankle superficial skin temperature by
2.78° C and 2.85° C, respectively. This is a relative decrease of 9.3% at the anterior ankle and a
9.6% decrease at the lateral ankle. These data demonstrated that superficial skin temperature
decreases as a result of prolonged sitting. Superficial skin temperature has been identified as an
indirect, non-contact measure of skin blood perfusion.?®® Previous work with dynamic infrared
thermography indicates that a change in 0.5° C is clinically significant.”®® Previous work has
utilized near infrared spectroscopy to examine changes in muscle oxygenation during prolonged

sitting, but this work did not examine total muscle blood flow changes.® To our knowledge this
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is the first study to measure superficial skin temperature during prolonged restricted sitting in
Black Hawk helicopters. Future work should continue to utilize dynamic infrared thermography
as a non-contact measure of superficial skin temperatures during prolonged sitting to provide

insight on how peripheral vasculature function is altered.

Conclusions

This study found that four hours of prolonged restricted sitting results in increases in
subjective discomfort in a Black Hawk helicopter pilot’s seat. This supports previous work in
fixed-wing aircraft. The current study also found that four hours of restricted sitting results in
diminished S1 nerve root function when measured with the Semmes-Weinstein monofilament
test. Finally, this study demonstrated that superficial skin temperature at the anterior and lateral
ankle decreases during prolonged sitting, suggesting decreases in skin blood perfusion across
time during restricted sitting. Future work should build upon these results to understand the
etiology of discomfort and temporary parathesia in rotary-winged aircraft in order to develop

ways to mitigate the negative effects associated with prolonged restricted sitting.
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Chapter V

Effects of Local Pressure Application on Discomfort, Skin Sensitivity, Temperature, and

Limb Oxygenation

Introduction

The symptoms of seat discomfort and temporary parathesia remain top concerns in
today’s Black Hawk aviators despite millions of dollars invested in research and development of
UH-60 Black Hawk helicopter pilot’s seating.! Approximately one-fifth of rotary-winged pilots
report some level of pain, numbness or tingling in the buttocks and lower extremity during
prolonged flight.*® This reported discomfort extends beyond feeling pain during flight; rotary-
wing pilots have also been shown to experience more low back and pelvic musculoskeletal
injuries than their fixed-wing counterparts.” Additionally, the discomfort associated with
prolonged sitting impairs mission performance.™®’ In fact, 34% of naval helicopter pilots
reported that discomfort due to prolonged restricted sitting resulted in decrease situational
awareness.”®” Discomfort from prolonged restricted sitting could interfere with the attentional
capacity to perform a task. Attentional capacity is the amount of attention an individual has to
devote to task performance.?®® During task performance, a portion of the attentional resources
are devoted to perform that task.2*#*® The more complex a task is, the more attentional

resources required.’® If there are competing tasks for attentional resources performance of the
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both tasks decrease.?®®

In practice, this could result in a decreased ability to perform a complex
task (operating a helicopter) due to discomfort competing for a finite pool of attentional

resources; resulting in loss of equipment, injury, or death.

There is also a financial cost associated with discomfort and injury resulting from the
helicopter seat system. It has been calculated that the annual cost (including: medical, lost time,
and training) for Naval rotary-winged aviators is $10.6 million.”®® Other studies examining the
long-term costs associated with pain and injury resulting from the seat system found that the 5
year cost (including medical, lost time, and training, but excluding disability mishap costs) was
$54.8 million.”®" Other estimated costs of pain and injury due to prolonged sitting suggest that
each injury caused by the helicopter seat system costs $1,500 annually.*** By understanding the
symptoms of discomfort and temporary parathesia, significant improvements to the helicopter
seat system can be made to help reduce the monetary costs associated with the discomfort and

injury caused by prolonged restricted sitting.

Symptoms of discomfort and temporary parathesia during prolonged rotary-winged flight
could develop from areas of locally high pressure compressing nervous and vascular system
tissues. Studies utilizing pressure mapping systems in fixed-wing aircraft have found that areas
of high pressure develop during periods of prolonged sitting.>**> However, research examining
the effects of local pressure application to body surfaces in ambulatory populations remains
scarce.®® The only available study found that the soleus Hoffmann reflex mean amplitude when
measured in a prone position increases with 10 minutes of local pressure applied to the posterior
thigh; and that subjective discomfort increases with 10 minutes of pressure application.®
Interpretation of this data is problematic because of the known position dependent responses of

the Hoffmann reflex.**® Applying specific amounts of local pressure while in a seated position to
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sites on the sitting surfaces of the body is difficult, but could yield valuable insights into testing
the hypothesis that localized high pressure creates the reported discomfort and temporary

parathesia in rotary-winged aviators.

Investigations into the effects of prolonged restricted sitting have utilized primarily

391115 39,15

subjective discomfort scales and seat interface pressure; while investigations into
possible etiology of the symptoms of discomfort and temporary parathesia have utilized
neurological measures such as the Hoffmann reflex.%® Bridging the gap between the measures
utilized in prolonged sitting studies and local pressure studies would assist in improving current
understanding of the development of discomfort in both a real world and experimental setting.
Measures exist that can effectively be used in both the field setting and an experimental setting.
Potential measures could include: the Semmes-Weinstein monofilament test, the two-point
discrimination test, dynamic infrared thermography, and lower extremity pulse oximetry. The
Semmes-Weinstein monofilament and two-point discrimination tests could enhance our
understanding of how the sensory nervous system changes with local pressure application.
Dynamic infrared thermography and pulse oximetry could provide insight to changes to the
vascular system distal to pressure application. These four tools have been used previously to
monitor changes as a result of prolonged restricted sitting in a Black Hawk.”®* By utilizing these
same measures to examine a potential cause (local pressure application) of the reported
discomfort and temporary parathesia, we can better understand the develop of discomfort and

parathesia with the end goal of decreasing injury and increasing combat effectiveness in today’s

rotary-winged aviators.

Understanding the etiology of discomfort and temporary parathesia during prolonged

missions in Black Hawk helicopters is critical to enhancing pilot safety and increasing mission
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effectiveness. One hypothesis for the development of discomfort and temporary parathesia is
that local pressure compresses the neurological and vascular structures. Therefore, the purpose
of this study is to determine if 10 minutes of local pressure application at two locations on the
sitting surface of the body and at two different magnitudes results in changes to subjective
discomfort scores, clinical measures of sensory nervous system function, and vascular function

in the lower extremity.

Methods

Experimental Design

This study utilized a 2 x 2 x 2 factorial repeated measures crossover design. The
independent variables were location with two levels (ischial tuberosity and posterior thigh),
pressure magnitude with two levels (36 kilopascals and 44 kilopascals), and time with two levels
(pre-pressure and during pressure). The dependent variables included Category Partitioning
Scale scores, McGill Pain Questionnaire (descriptor, visual analog scale, and present pain
intensity) scores, Semmes-Weinstein monofilament test (great toe, third metatarsal, and fifth
metatarsal) scores, two-point discrimination (great toe, medial malleolus, and lateral malleolus)
scores, dynamic infrared thermography (lateral lower leg and anterior lower leg) mean

temperatures, and pulse oximetry (percent oxygen saturation) levels.
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Participants

Sixteen male volunteers responded to advertisements (flyers and group presentations) to
participate in the study. Fifteen healthy male participants (age = 23.4 + 3.1 years) completed the
study (one did not attend the data collection session and no data was collected). Participants met
minimal body segment length measures and minimum/maximum weights required to obtain
flight status in the United States Army (Table 3). Participants were screened via an 18-point
health questionnaire and self-reported no history of cardiovascular, neurological, or metabolic
disease in the past two years; no current or two year history of surgery or fracture in the lumbar
spine or lower extremity; no current history of low back pain or lower extremity injury; and no
current use of prescription or non-prescription pain relievers. All participants provided signed

written consent. The study was approved by the University’s Institutional Review Board.

Table 3. United States Army anthropometric flight status requirements.

Body Measure Men
Total Arm Reach, cm >164.0
Crotch Height, cm >75.0
Sitting Height, cm <102.0

Minimum Weight, kg 45.3
Maximum Weight, kg 107.9
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Experimental Procedures

Participants reported to the laboratory two times with a minimum of 24 hours between
sessions. Testing order was randomized (computerized random number generator, T1-83 Plus,
Texas Instruments Inc., Dallas, TX, USA) into 2 conditions; with a pressure magnitude of 36
kilopascals (condition A) completed on one day, and a pressure magnitude of 44 kilopascals
(condition B) completed on the other day. Within each condition, randomization of pressure
application location order was also completed between the ischial tuberosity (location A) and the
middle of posterior thigh (location B). During session one, functional leg dominance was
determined using three tests: the step up test, the ball kick test, and the balance recovery test.?”
Investigators then recorded the anthropometric measures of arm length, crotch height, sitting
height, height, and weight from the participants to ensure all Army flight status requirements

were met. Participants next had lower extremity flexibility measures of hip flexion, hip

extension, and hip external rotation collected along with sit-and-reach scores.

For all data collection, participants sat in a purpose-built pressure application seat. The
seat’s design allowed for local pressure to be applied only to the location of interest while still
supporting the participants’ body weight. To replicate sitting postures in the UH-60 helicopter,
Design Eye Point knee sitting angles were collected using a goniometer (12.5” International
Standard Goniometer, Patterson Medical Holdings Inc., Bolingbrook, IL, USA) and recorded
using standard United States Army Design Eye Point procedures.?’”* The Design Eye Point
position optimizes the aviator’s ability to monitor aircraft controls while also providing clear
lines of sight (Figure 31). This knee angle was reproduced in the purpose-built pressure
application seat by passively moving the participants’ knees prior to the start of all data

collection and following each data collection time point. Data were collected at baseline and
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during the final 3 minutes of the pressure application protocol. During the pressure application,

participants were asked to sit quietly with their head facing forward.

3 Foot High Platform

Figure 31. Design Eye Point participant positioning.

Local Pressure Application Apparatus (LPAAP)

The purpose-built LPAAP was designed to apply pressures of 36 kilopascals and 44
kilopascals to the ischial tuberosity and posterior thigh of participants in a seated position. The
LPAAP system consisted of a step motor secured to an extendable metal rod and load cell with a
custom-built, round pressure application head 25.5176 centimeters squared in area. The unit
(Figure 32) was controlled using custom-written computer software and operated through a
laptop computer (Dell Latitude D430, Dell Inc., Round Rock, TX, USA). The seat was built of
wood and consisted of an 80.01 x 55.88 centimeter (height x width) seat back and a 50.80 x
55.88 centimeter (depth x width) seat pan. The seat pan was comprised of 14 removable slats
which allowed the pressure application head to apply pressure to the area of interest while still

supporting the participant (Figure 33). The foot rest was a 91.44 x 50.80 x 35.56 centimeter
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(length x width x height) box with an adjustable crank lift to accommodate participants of

different heights.

Figure 32. Local pressure application apparatus.

Figure 33. Local pressure application head integrated into seat pan.
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Determination of Anatomical Locations

Local pressure was applied to the ischial tuberosity and the mid-point of the posterior
thigh on the dominant lower extremity of participants. The two locations were chosen based on
anatomy and previous research.®> The ischial tuberosity was located using palpation by a trained
investigator and marked with adhesive tape. The mid-point of the posterior thigh was defined as
half the distance from the greater trochanter to the lateral epicondyle and halfway between the
medial and lateral edges of the posterior thigh. A trained investigator measured the distance
between the greater trochanter and the lateral epicondyle (both determined by palpation) using a
fabric tape measure (Medco Tape Measure, Patterson Medical Holdings Inc., Bolingbrook, IL,
USA). The distance was rounded to the nearest half centimeter and marked with permanent
marker. The distance between the medial and lateral borders of the thigh was measured in the
same manner with the permanent marker line demarcating the mid-point of the femur along its
long axis. This point was marked with permanent marker and served as the location for posterior
thigh pressure application. Prior to local pressure application, these locations were visually
confirmed in the LPAAP. In the case of the ischial tuberosity, verbal confirmation participant

was also elicited.

Local Pressure Application Protocol

Participants were asked to sit on the pressure application chair barefoot with the
appropriate slats removed and pressure application head correctly positioned (Figure 34). The
participant was instructed to sit upright and as far back in the chair as possible. The foot rest was

adjusted to the appropriate height and participants’ knees were positioned at the Design Eye
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Point knee angle. Following positioning, baseline measures of Category Partitioning Scale,
McGill Pain Questionnaire, dynamic infrared thermography, Semmes-Weinstein monofilament,
two-point discrimination, and pulse oximetry were taken. Local pressure was applied at the
specified amplitude (36 kilopascals or 44 kilopascals) for a total time of 10 minutes. During the
pressure application the magnitude of the pressure was maintained to within 5% of the set value.
At seven minutes into the pressure application protocol, during pressure follow-up measures
were taken. During pressure follow-up measures began at 7 minutes to allow investigators to
complete all data collection before the 10 minute total pressure application time expired. The
order of measure data acquisition remained the same for each session and for each participant.
Following 10 minutes of pressure application, the pressure magnitude was decreased to zero and
the participants were given a 15 minute break. During the 15 minute break, participants were
permitted to stand and walk around the laboratory. The 15 minute break allowed time for
participants to recover from any numbness or tingling which may have occurred during testing
and allowed for the investigators to reposition the pressure application head to the next pressure
application location. The 15 minute break time period was determined from pilot work which
found that following 15 minutes, no pilot participants reported symptoms of temporary
parathesia. The randomization of pressure magnitude and location ensured the order effect was
minimized and pressure was not applied to the same location (ischial tuberosity or posterior
thigh) twice during a single data collection session. Following the 15 minute break, participants
were asked to again sit in the pressure application seat. The Design Eye Point knee angle and
visual confirmation of pressure application location were again completed. Once in position, the

protocol was repeated on the untested location at the same pressure magnitude. During the
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second session, the above protocol was repeated at the remaining pressure application magnitude

(36 kilopascals or 44 kilopascals).

Figure 34. Correct participant positioning for local pressure application testing.

Discomfort Measures

Category Partitioning Scale

The Category-Partitioning Scale was utilized to examine local pressure intensity level
and perceived discomfort.?*#” The tool consists of a vertical scale divided into five categories:
“very slight,” “slight,” “medium,” “severe,” and “very severe.”?*"?*® Each category is subdivided
into 10 scale points, with numbers above fifty provided to avoid the ceiling effect in the case of
extreme pain or discomfort.”>" Participants were asked to rate their discomfort in one of the five
categories, then instructed to “fine tune” their discomfort rating using the numerical scale within

each category.”®” The numerical data were recorded with a tablet computer (iPad 2, Apple Inc.,
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Cupertino, CA, USA) and entered into an electronic data collection sheet (Quickoffice Pro HD

for iPad, Google Inc., Mountain View, CA, USA).
Short-Form McGill Pain Questionnaire (MPQ)

The 17-point Short-Form McGill Pain Questionnaire (MPQ) evaluated the sensory,
affective, and current pain intensities.?®® The questionnaire consisted of eleven sensory
dimension descriptors and four affective dimension descriptors.?®® Each descriptor was ranked
on an intensity scale of 0 = none, 1 = mild, 2 = moderate, and 3 = severe.?®* One 10 centimeter
visual analogue scale and one Present Pain Intensity question were also presented as part of the
MPQ to indicate overall discomfort intensity.”®® The questionnaire was handed to the participant
at every data collection time point and the numerical scores tallied and entered into a custom

spreadsheet (Microsoft Excel 2010, Microsoft Corp., Redmond, WA, USA).

Sensory Measures

Semmes-Weinstein Monofilament Test (MFT)

Point pressure stimuli sensitivity was evaluated using the Semmes-Weinstein
Monofilament Test (MFT) (Touch-Test Sensory Evaluator, North Coast Medical Inc., Morgan
Hill, CA, USA).2® The MFT was comprised of several single Nylon fibers?® of varying
thickness.”*® The monofilament was held in place for 1.5 seconds and participants were
instructed to respond “Yes” if they felt the monofilament against the skin.?*? Locations for
measurement included the plantar aspect of the great toe, the plantar aspect of the third

metatarsal, and the plantar aspect of the fifth metatarsal of the dominant foot of participants.?®®
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The last correctly reported monofilament thickness was recorded with a tablet computer (iPad 2,
Apple Inc., Cupertino, CA, USA) and entered into an electronic data collection sheet

(Quickoffice Pro HD for iPad, Google Inc., Mountain View, CA, USA).
Two-Point Discrimination Test (TPDT)

Lower extremity receptive field sensitivity was measured with the two-point
discrimination test (TPDT) (Disk-Criminator, North Coast Medical Inc., Morgan Hill, CA,
USA).2%1% The TPDT was comprised of a disk caliper with inter-point distances ranging from
2 to 15 millimeters.***'*® The disk caliper was placed on the testing locations for 1.5 seconds
and the participant was asked to verbally indicate if one or two points were in contact with the
skin. To discourage participants from guessing, single and double pin points were interchanged
randomly. Testing locations included the planar surface of the great toe, the medial malleolus,
and the lateral malleolus of the dominant lower leg of participants.?®® The last correctly reported
inter-point distance was recorded with a tablet computer (iPad 2, Apple Inc., Cupertino, CA,
USA) and entered into an electronic data collection sheet (Quickoffice Pro HD for iPad, Google

Inc., Mountain View, CA, USA).

Circulatory Measures

Dynamic Infrared Thermography (DIRT)

A digital infrared camera (FLIR T420, FLIR Systems Inc., Wilsonville, OR, USA) was
used to measure non-contact, superficial temperatures (°C) in the lower leg. Anterior and lateral

infrared images were taken 1 meter from the dominant leg of participants. The mean
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temperature of the lateral and anterior ankle was analyzed using the mean temperature function
(FLIR ExaminIR, version 1.40.12.44). Mean temperature values for regions of interest at the
anterior and lateral ankle were measured using the Glamorgan Protocol.”®® The anterior ankle
region of interest included the width of the ankle with upper and lower edges at the tip of the
medial malleolus and the tip of the navicular bone, respectively.”®® The lateral ankle region of

interest included the entire anterior to posterior thickness at the level of the lateral malleolus.”®®

Pulse Oximetry

A pulse oximeter (Nonin Onyx Vantage 9590, Nonin Medical Inc., Plymouth, MN, USA)
was secured to the great toe of the dominant leg. Percent oxygen saturation was recorded
utilizing the spot check method.?*® This method was used to allow access to the great toe for
other measures. Following a five second analysis period, percent blood oxygen (%SpO,) was
recorded to a custom electronic spreadsheet (Microsoft Excel 2012, Microsoft Corp., Redmond,

WA, USA). The pulse oximeter was removed following every data collection time point.

Statistical Analysis

Data were collected and electronically transferred into a custom database (Microsoft
Excel 2010, Microsoft Corp., Redmond, WA, USA), and analyzed using Statistical Package for
Social Sciences version 19 (IBM SPSS Statistics 19, IBM Corp., Somers, NY, USA).
Descriptive statistics (mean + SD) were calculated. Thirteen, 2 x 2 x 2 (magnitude x location x

time) factorial repeated measures ANOVAs performed. Appropriate follow-up ANOVAs and
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dependent t-tests with Holm’s sequential Bonferroni adjustments were performed. Significance

levels were set a priori at p <0.05.

Results

Descriptive statistics and confidence intervals for all measures can be found in Appendix

No significant 3-way interaction was found following a 2 x 2 x 2 factorial repeated
measures ANOVA for the Category Partitioning Scale scores (Wilks’ A = 0.83; F(1,14)=2.94, P =
0.108; npz =0.17). There were significant magnitude x time (Wilks” A = 0.55; F1,14= 11.39, P
=0.005; n,” = 0.45) and location x time (Wilks’ A = 0.40; F(3.14)= 20.76, P < 0.0001; 1,> = 0.60)
two-way interactions for Category Partitioning Scale scores. Follow-up t-tests for the magnitude
x time interaction yielded a significant effect of magnitude at the middle of the posterior thigh
(tasy=-2.82, P = 0.014) and ischial tuberosity (t(14y=-2.51, P = 0.025). There was also a
significant effect of time at a magnitude of 36 kilopascals at the posterior thigh (t14y=-5.51, P <
0.0001) and at the ischial tuberosity (t4)=-3.14, P = 0.007); and at a magnitude of 44
kilopascals at the posterior thigh (t14 = -7.53, P < 0.0001) and at the ischial tuberosity (t4)= -
4.28, P =0.001). Follow-up t-tests for the location x time interaction indicated a significant
difference between the posterior thigh and ischial tuberosity at the during pressure time point at
36 kilopascals (t(14)= 2.60, P = 0.021) and 44 kilopascals (t(14)= 4.16, P = 0.001) of pressure.
These data suggests that Category Partitioning Scale scores were higher (indicating more
discomfort) at the posterior thigh during both the 36 kilopascal and 44 kilopascal pressure
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applications than at the ischial tuberosity during the same pressure application magnitudes
(Figure 35).
18 4 *
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Category Partitioning Scale Scores, pts

Posterior Thigh 36 kP Ischial Tuberosity 36 kP Posterior Thigh 44 kP Ischial Tuberosity 44 kP

Figure 35. Category Partitioning Scale scores for project two. kP: kilopascals; pts: points; *
=P <0.05.

The descriptor scores for the McGill Pain Questionnaire yielded a significant location x
time two-way interaction (Wilks’ A = 0.44; F(1,14y= 17.79, P = 0.001; np2 = 0.56). Follow-up t-
tests for this interaction indicated a significant effect of time with 36 kilopascals of pressure at
the posterior thigh (t14)=-3.37, P = 0.005) and the ischial tuberosity (tq4)=-2.75, P = 0.016);

and at 44 kilopascals of pressure applied to the posterior thigh (t14) = -6.44, P < 0.0001) and the
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ischial tuberosity (tu4)=-4.53, P < 0.0001), indicating the MPQ scores were higher during
pressure application than baseline measures regardless of pressure magnitude or application
location (Figure 36). The visual analog scale scores for the McGill Pain Questionnaire yielded
significant magnitude x time (Wilks’ A = 0.54; F(1,14y= 11.58, P = 0.004; npz = 0.45) and location
x time (Wilks” A = 0.55; F(.14= 11.23, P = 0.005; 1,> = 0.44) two-way interactions. Follow-up
t-tests for the magnitude x time interaction demonstrated significant effects of time at a pressure
magnitude of 36 kilopascals at the posterior thigh (tx4) = -3.66, P = 0.003) and the ischial
tuberosity (tq14) = -2.53, P < 0.024), indicating that visual analog scale scores are higher during 36
kilopascals of pressure application compared to baseline at both the posterior thigh and ischial
tuberosity. At a pressure magnitude of 44 kilopascals, a significant effect of time was also
present at the posterior thigh (t4) = -4.45, P = 0.001) and the ischial tuberosity (tu4)=-3.20, P =
0.006). Similarly, this indicates higher reported discomfort during the application of 44
kilopascals of pressure at both test locations. There was also a significant effect of magnitude
during the pressure application time point at the posterior thigh application site (t14)=-2.59, P =
0.021), indicating that 44 kilopascals of pressure elicited higher levels of discomfort compared to
the 36 kilopascal magnitude at the posterior thigh. Follow-up t-tests for the location x time
interaction effect indicated significant effects of pressure application location at both 36 (t(14)=
2.57, P =0.022) and 44 (tu4) = 2.98, P = 0.01) kilopascals of pressure at the during pressure
application time point. This suggests that during both 36 and 44 kilopascals of pressure, visual
analog scores were higher at the posterior thigh than the ischial tuberosity (Figure 37). The
present pain intensity scores for the McGill Pain Questionnaire yielded significant magnitude x
time (Wilks” A = 0.57; F(1,14)= 10.33, P = 0.006; npz = 0.43) and location x time (Wilks” A =

0.72; F(1,14y= 5.56, P = 0.033; npz = 0.28) two-way interaction effects. Follow-up t-tests
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indicated a significant effect of time at both pressure magnitude and location conditions: 36
kilopascals at the posterior thigh (t14)=-3.50, P = 0.004); 36 kilopascals at the ischial tuberosity
(tasy = -2.65, P = 0.019), indicating the pressure present pain intensity scores were higher during
36 kilopascals of pressure application at both the posterior thigh and ischial tuberosity; 44
kilopascals at the posterior thigh (ta4)=-5.12, P < 0.0001), suggesting that discomfort scores are
higher during 44 kilopascals of pressure at the posterior thigh compared to baseline; and 44
kilopascals at the ischial tuberosity (t4) = -4.00, P = 0.001), meaning that present pain intensity
scores during 44 kilopascals of pressure at the ischial tuberosity are higher than baseline

measures (Figure 38).
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McGill Pain Questionnaire Descriptor Scores, pts
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Posterior Thigh 36 kP Ischial Tuberosity 36 kP Posterior Thigh 44 kP Ischial Tuberosity 44 kP

Figure 36. Short Form McGill Pain Questionnaire descriptor scores for project two. kP:
kilopascals; pts: points; * = P < 0.05.
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Figure 37. Visual Analog Scale scores for project two. kP: kilopascals; cm: centimeter; * =
P < 0.05.
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Figure 38. Present Pain Intensity scores for project two. kP: kilopascals; pts: points; * =P
< 0.05.

Using a 2 x 2 x 2 factorial repeated measures ANVOA, the Semmes-Weinstein
Monofilament Test scores at the great toe indicated no significant three-way interaction (Wilks’
A =0.99; F(1,14)= 0.015, P = 0.904; npz =0.001), no two-way location x time (Wilks” A = 0.99;
F(1,14y= 0.043, P = 0.838; npz = 0.003), no magnitude x time (Wilks’ A =0.99; F(114=0.12, P =
0.732; npz =0.009), or no magnitude x location (Wilks’ A = 0.96; F(114)= 0.64, P = 0.438; npz =
0.044) interactions. A significant difference for the main effect of time (Wilks” A = 0.75; F(1,14)
=4.78, P = 0.046; npz = 0.26) was found. Follow-up t-tests for the main effect of time found that
monofilament test scores at the great toe were significantly lower at the pre-pressure application
time point than the during pressure application time point (t4) = -0.119, P = 0.046). This
indicates that pressure sensitivity decreases with during pressure application regardless of

pressure application location or magnitude. The Semmes-Weinstein Monofilament Test scores
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at the third metatarsal revealed no significant three-way interaction (Wilks’ A = 0.92; F(1,14)=
1.26, P =0.280; npz = 0.083); no two-way interactions: location x time (Wilks” A = 0.80; F(1,14)=
3.498, P = 0.082; n,° = 0.20), magnitude x time (Wilks’ A = 0.92; F114y= 1.23, P = 0.285; 1,° =
0.081), magnitude x location (Wilks” A =0.99; F1 14y=.024, P = 0.879; an =0.002); nor
significant main effects of magnitude (Wilks’ A = 0.95; F(1,14)= .792, P = 0.389; npz =0.054),
location (Wilks’ A = 1.00; Fy,14= 0.00, P = 0.995; 0,2 = 0.000), or time (Wilks’ A = 0.94; F(y 14
=0.89,P=0.361; npz =0.060). Indicating that pressure sensitivity at the third metatarsal is
unchanged with local pressure application. Similar results were found for the Semmes-
Weinstein Monofilament Test at the fifth metatarsal with no significant three-way interaction
(Wilks” A =0.99; F(1,14= 0.015, P = 0.903; npz = 0.001); two-way interactions: location x time
(Wilks> A =0.96; F(1,14)= 0.58, P = 0.458; npz = 0.040), magnitude x time (Wilks” A =0.99;
Fe14 = 0.098, P = 0.759; 1,> = 0.007), magnitude x time (Wilks’ A =0.91; F(;.14= 1.36, P =
0.264; npz = 0.088); nor simple main effects: magnitude (Wilks’ A = 1.00; F,14)= 0.002, P =
0.963; npz =0.00), location (Wilks’ A = 0.93; F(1,14)= 1.09, P = 0.315; npz =0.072), time (Wilks’
A=0.76; F1,14)= 4.42, P = 0.054; npz = 0.240) found. This means that no changes in pressure
sensitivity at the fifth metatarsal were detected regardless of the conditions or time points used in

the present study (Figure 39).
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Figure 39. Semmes-Weinstein monofilament test scores for project two. kP: kilopascals.

A 2 x 2 x 2 factorial repeated measures ANOVA revealed that the two-point
discrimination test scores recorded at the great toe had no significant three-way or two-way
interactions: magnitude x location x time (Wilks’ A = 0.81; F(1,14y= 3.21, P = 0.095; np2 =0.187),
location x time (Wilks” A = 0.97; F(1,14= 0.491, P = 0.495; an = 0.034), magnitude x time
(Wilks” A = 0.99; F(1,14= 0.017, P = 0.900; np2 =0.001), and magnitude x location (Wilks’ A =
0.96; F(1,14)= 0.614, P = 0.446; an =0.042). Additionally, no significant differences were found
for the main effects of magnitude (Wilks” A = 0.99; F(1,14y= 0.063, P = 0.805; an =0.004),

location (Wilks” A =0.99; F(114)= 0.02, P = 0.889; np2 =0.001), or time (Wilks’ A = 0.95; F(1,14)
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=0.779, P=0.392; npz =0.053). This indicates that no change in receptive field size occurs as a
result of local pressure application. No significant interaction or main effects were found for the
two-point discrimination test scores at the medial malleolus: magnitude x location x time (Wilks’
A =0.96; F(1,14)= 0.58, P = 0.458; npz = 0.040), location x time (Wilks’ A = 0.99; F(114)=0.03, P
= 0.865; 1, = 0.002), magnitude x time (Wilks’ A = 0.78; F(1.14) = 3.89, P = 0.068; n,” = 0.22),
magnitude x location (Wilks” A = 0.99; F1.14)= 0.062, P = 0.806; npz =0.004), magnitude
(Wilks” A = 0.99; F(1.14)= 0.062, P = 0.806; 1,° = 0.004), location (Wilks” A = 0.89; F(1,14)=
1.75, P = 0.207; > = 0.11), and time (Wilks’ A = 0.97; Fg 14y= 0.52, P = 0.485; 1,> = 0.035).
Two-point discrimination test scores at the lateral malleolus yielded no significant three-way
interaction, two-way interactions, or main effects: magnitude x location x time (Wilks’ A = 0.98;
F1,14y= 0.223, P = 0.64; npz =0.016), location x time (Wilks’ A = 0.88; F(1,14)= 1.88, P = 0.192;
o’ = 0.119), magnitude x time (Wilks’ A = 0.95; F(y 14)= 0.78, P = 0.389; 1,> = 0.053),
magnitude x location (Wilks” A = 0.99; F114)= 0.07, P = 0.80; npz = 0.005), magnitude (Wilks’
A =0.99; F.14= 0.157, P = 0.698; 1,> = 0.011), location (Wilks’ A = 0.99; F(y 14y = 0.031, P =
0.862; npz =0.002), and time (Wilks’ A = 0.78; F(1,14)= 3.91, P = 0.068; npz =0.218). Similar to
the great toe, two-point discrimination scores at the medial and lateral malleoli suggest that
receptive field size or sensitivity is not altered with local pressure application to the posterior

thigh or ischial tuberosity (Figure 40).
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Figure 40. Two-point discrimination test scores for project two. kP: kilopascals; mm:
millimeter.

Using a 2 x 2 x 2 factorial repeated measures ANOVA, percent oxygen saturation of the
dominant foot great toe did not yield significant three-way or two-way interaction effects:
magnitude x location x time (Wilks” A =0.93; F114)= 1.03, P = 0.327, npz =0.069), location x
time (Wilks” A = 0.99; F1,14)= 0.036, P = 0.852; npz =0.003), magnitude x time (Wilks” A =
0.99; F(1,14y=0.09, P = 0.758; an = 0.007), or magnitude x location (Wilks” A = 0.85; F(1,14)=
2.52, P =0.135; npz =0.15). There were also no significant main effects of magnitude (Wilks’ A
=0.94; F1,14= 0.840, P = 0.375; npz =0.057), location (Wilks” A = 0.95; F1,14)= 0.76, P = 0.40;
N> = 0.051), or time (Wilks” A = 0.98; F1.14= 0.27, P = 0.61; ,° = 0.019). This data suggest
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that local pressure application to the posterior thigh or ischial tuberosity does not alter limb

oxygen saturation when measured with pulse oximetry (Figure 41).
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Figure 41. Percent arterial oxygen saturation for project two. kP: kilopascal; %: percent.

A 2 x 2 x 2 three-way (magnitude x location x time) repeated measures ANOVA
examining anterior ankle temperatures revealed no significant three-way interaction (Wilks” A =
0.93; F1,14)= 0.840, P = 0.343; an =0.064). Additionally, no two-way interactions were found:
location x time (Wilks” A = 1.00; F(1,14y= 0.001, P = 0.976; npz = 0.00), magnitude x time
(Wilks” A = 0.96; F(114)= 0.562, P = 0.466; npz =0.039), or magnitude x location (Wilks” A =

1.00; F(1,14y> 0.001, P = 0.994; an =0.00). Test for main effects revealed a significant effect of
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time (Wilks” A = 0.23; F(1,14)= 45.42, P > 0.001; npz =0.76), but not for location (Wilks” A =
0.96; F(1,14y= 2.14, P = 0.165; npz = 0.133) or magnitude (Wilks’ A =0.94; F(1,14y= 0.83, P =
0.377, npz =0.056). A follow-up pairwise comparison of the two data collection time points
revealed a significant increase in anterior ankle skin temperature during pressure application (t14)
=-0.61; P >0.001). These data suggest that during a 10 minute pressure application session
superficial skin temperature is increased. To analyze lateral ankle skin temperaturesa 2 x 2 x 2
three-way (magnitude x location x time) repeated measures ANOVA was completed and
revealed no significant three-way interaction (Wilks’ A = 0.87; F(1,14)= 1.940, P = 0.185; npz =
0.12). No two-way interactions were found: location x time (Wilks’ A =0.94; F(114)=0.79, P =
0.388; n,° = 0.054), magnitude x time (Wilks’ A = 0.96; F(; 14 = 0.584, P = 0.457; 1,> = 0.04), or
magnitude x location (Wilks” A =0.974; F(1,14y= 0.37, P = 0.55; npz =0.026). Additionally, no
significant main effects were found for magnitude (Wilks’ A =0.99; F(1,14y= 0.11, P = 0.740; npz
= 0.008), location (Wilks’ A = 0.89; F(1.14= 1.66, P = 0.21; n,° = 0.10), or time (Wilks’ A =
0.81; F(1,14y= 3.25, P = 0.093; npz = 0.18). These data indicate that skin temperature at the lateral
ankle do not change as a result of pressure application. Anterior and lateral ankle temperature

data are summarized in Figure 42.
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Figure 42. Anterior and lateral ankle temperatures during project two. kP: kilopascals; C:
Celsius.

Discussion

This study examined the effects of local pressure application applied at two locations
(ischial tuberosity and the posterior thigh) and at two pressure magnitudes (36 and 44
kilopascals) on subjective discomfort scores, lower extremity sensibility, total limb blood
oxygenation levels, and superficial skin temperature. We hypothesized that the higher pressure
application would elicit greater changes in measures of discomfort, sensibility, blood

oxygenation, and superficial skin temperature.
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Subject Discomfort

Category Partitioning Scale scores increased with all pressure application locations and
magnitudes across 10 minutes of pressure application. Our data reveal that all pressure
application conditions significantly increased discomfort when compared to baseline measures.
Pressure applied to the posterior thigh at 36 kilopascals resulted in a statistically significant 5.5
point increase in discomfort; while pressure applied at 44 kilopascals to the posterior thigh
significantly increased discomfort by 7.5 points. Similarly, pressure applied to the ischial
tuberosity at a magnitude of 36 kilopascals increased discomfort by 3.1 points compared to
baseline, while 44 kilopascals of pressure magnitude produced an increase of 4.2 points. The
significant magnitude x time and location x time two-way interactions and associated pairwise
comparisons indicated that pressure application to the posterior thigh increases discomfort more
than pressure application at the ischial tuberosity. Additionally, 44 kilopascals of pressure
application elicited higher levels of discomfort compared to 36 kilopascals of pressure. This
supports our hypothesis that greater magnitudes at the posterior thigh would result in greater
discomfort. Our hypothesis is based on the underlying anatomy at both of the pressure
application sites. The ischial tuberosities are bony prominences which are designed to bear
weight during sitting. Whereas, pressure application to the posterior thigh could result in
compression of nervous and vascular system tissues (the sciatic nerve and femoral vein,
respectively).! Previous work examined the effects of local pressure application on discomfort
utilizing 9 minutes of local pressure applied to the posterior thigh or ischial tuberosity at a
magnitude of 28 kilopascals.®®> Subject comfort was assessed using a 1-10 scale in which 10
represented “Extremely Comfortable” and 1 represented “Pain and Distress.”® No significant

differences were found between the posterior thigh pressure application condition scores (7.00)
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and the ischial tuberosity condition scores (7.80).2° The present study found that pressure
application location is an important factor in perceived discomfort. We suspect the differences
between this study and previous work are a result of the higher pressure magnitudes applied to

the test locations.

Subjective discomfort levels measured with the McGill Pain Questionnaire also
demonstrated that local pressure application increases levels of subjective discomfort. The
McGill Pain Questionnaire descriptor scores increased by 3 points at the posterior thigh and 2
points at the ischial tuberosity during 36 kilopascals of pressure application. Descriptor scores
significantly increased by 6 points at the posterior thigh and 4 points at the ischial tuberosity
during 44 kilopascals of pressure application. Subjective discomfort increases with pressure
application when compared to the baseline as did the Category Partitioning Scale. The visual
analog scale portion of the McGill Pain Questionnaire supports the hypothesis that local pressure
application to the posterior thigh at higher pressure magnitude elicits greater discomfort. We
found that 44 kilopascals of pressure applied to the posterior thigh resulted in a statistically
significant 0.5 centimeter greater increase in reported discomfort compared to 36 kilopascals of
pressure applied to the posterior thigh. The ischial tuberosity visual analog scale scores were 0.3
centimeters greater following 10 minutes of 44 kilopascal pressure application compared to 36
kilopascals of pressure application however, these were not statistically different. The third
portion of the McGill Pain Questionnaire, the present pain intensity score, supports that local
pressure application to the ischial tuberosity and posterior thigh results in higher levels of
perceived discomfort compared to baseline measures. Present pain intensity scores increased
significantly with 36 kilopascals of pressure by 0.4 points when applied to the posterior thigh and

increased significantly by 0.3 points when applied to the ischial tuberosity. Likewise, present
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pain intensity scores during 44 kilopascals of pressure application significantly increased by 1
point when applied to the posterior thigh and significantly increased by 0.53 points when applied
to the ischial tuberosity. Together the McGill Pain Questionnaire data suggests that local
pressure application at 36 and 44 kilopascals to the buttocks and posterior thigh increases
subjective discomfort, and this increased discomfort may be greater when applied at the posterior
thigh at 44 kilopascals of pressure although this is inconclusive. Previous seating research using
pressure mapping pads found “hot spots” of high pressure located under the ischial
tuberosities.>*** In this project we found that isolated local pressure application to the ischial
tuberosity increases discomfort using multiple measures of subjective discomfort. This

discomfort could interfere with mission success and task performance.

Sensibility Measures

The Semmes-Weinstein monofilament test results revealed that sensitivity to point
pressure is diminished at the great toe during local pressure at the pressure magnitudes and
locations used in this study. Semmes-Weinstein monofilament test scores at the plantar aspect of
the third and the fifth metatarsals did not indicate a change in point pressure sensitivity. This
was the first study to examine the effects of local pressure application on point pressure
sensitivity at the foot. Previous work in our laboratory did find that the Semmes-Weinstein
monofilament test scores were diminished at the plantar aspect of the fifth metatarsal during four
hours of prolonged restricted sitting.?** Our previous work did not find corresponding changes at
the great toe and third metatarsal locations.”®* This finding was attributed to the different

dermatomes of the foot that serve the three test locations. The great toe and the third metatarsal
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test locations both are within the dermatome of the L5 nerve root, while the fifth metatarsal test
location is located within the S1 nerve root dermatome. We would expect that a change in the
great toe would be accompanied by changes at the third metatarsal. The differences observed in
this study could be due to differences in sensitivity at each individual test location. An
examination of the effect sizes found that the great toe and fifth metatarsal test locations had
similar effect sizes (n,” = 0.25 and n,” = 0.24, respectively), whereas the effect size at the third
metatarsal was much lower (ﬂpz =0.06). This indicates that the great toe had greater changes in
sensitivity than the third metatarsal test location, and although it was not statistically significant
(P =0.54), the great toe and fifth metatarsal had similar responses. If we further examine the
mean variability across all conditions at the great toe and third metatarsal test locations we find
that measures taken at the third metatarsal were more variable than measures taken at the great
toes (mean standard deviation = 0.71 and mean standard deviation = 0.51, respectively). This
may explain why we did not see changes to sensitivity at the third metatarsal even though the
great toe and third metatarsal test locations were located in within the same L5 nerve root
dermatome. The similar effect sizes suggest that the test locations had the same clinical response
although we saw different statistical results with great toe sensitivity being statistically
significant and fifth metatarsal sensitivity being non-significant. The low effect size of the third
metatarsal test location suggests that there was a minimal clinical response. Effect sizes aid in
determining the true effect of a treatment on a measure which can better guide clinical decision-
making.”®® The pressure application produced similar changes at the great toe and fifth
metatarsal test locations, but we cannot determine if these differences were clinically significant.
Previous research has found that the threshold for normal deep pressure and sensation on the

plantar surface of the foot is 3.61.%** Since all of the baseline and test means for the great toe and
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fifth metatarsal were above this threshold distinguishing between the two is difficult. Future
work should determine clinically important thresholds for decreased lower extremity sensitivity
utilizing the monofilament test at each of the testing locations on the foot. This would provide
military medical personnel an easy method of determining sensitivity changes seen in the foot
during prolonged missions. Researchers would then be able to determine if pilots are at a real

risk of decreasing mission efficacy.

The two-point discrimination measure of lower extremity sensibility remained unaltered
during all of the testing magnitudes, locations, and times. This suggests that the receptive fields
of the foot and ankle do not change as a result of local pressure application. Previous work
examining local pressure application to the posterior thigh and ischial tuberosity found that two-
point discrimination scores also remained unaltered with 9 minutes of pressure application at 28
kilopascals.®> However, comparison between previous work and the current project is difficult
because detailed procedures and testing locations in previous research are unavailable.®2®> Other
previous work examining the effects of prolonged restricted sitting on two-point discrimination
scores suggested that the two-point discrimination test was not sensitive enough to detect
changes in cutaneous receptive field sensistity.?®? In the current study, it is possible that the local
pressure magnitude or duration was not sufficient to elicit a response. The two-point
discrimination in a valuable tool within the clinical setting to detect changes to receptive field
sensitivity,”°>?% but may not be viable as an outcome measure in studies exploring symptoms of

temporary parathesia in otherwise healthy adults.
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Vascular Measures

We measured changes in blood oxygen saturation levels for the lower extremity using
portable pulse oximetry. Our results indicate that oxygen saturation of the dominant limb of
participants is not changed as a result of local pressure application to the ischial tuberosity or
posterior thigh. These data suggest that local pressure application does not alter limb
oxygenation levels at the levels we tested in the current study. To our knowledge, this was the
first study to examine changes in limb oxygenation levels during local pressure application to the
posterior thigh or ischial tuberosity. Our results are in line with previous work assessing blood
oxygenation levels during sitting.>*** In a study of 8 hours of prolonged restricted sitting in an
F-16 ejection seat no significant change in gastrocnemius muscle oxygenation levels were found
when measured by near infrared thermography.® Another study examining the effects of 4 hours
of restricted sitting in Black Hawk helicopter seats found no significant change in total limb
oxygen saturation when measured with pulse oximetry.?®> These combined works suggest that
that the reported discomfort and temporary parathesia in the lower extremity are not due to areas
of localized high seat interface pressure altering blood oxygenation levels. However, this
interpretation has limitations. None of the existing research has utilized a model in which
participants actively use their legs and feet to operate the anti-torque pedals in a rotary-winged
aircraft. Actively contracting muscle tissue requires nutrients and oxygen for steady, prolonged
activities. Rotary-winged pilots must actively contract the lower extremity muscles during flight.
If there is an occlusion of fresh blood due to areas of high pressure from prolonged sitting, it is
possible that a decrease in oxygen saturation could occur. This diminished oxygen saturation
could, in part, be responsible for the reported discomfort and parathesia in Black Hawk

helicopter pilots during prolonged flight. Future research should test this hypothesis by
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measuring oxygen saturation during a bout of prolonged restricted sitting and with local pressure
application while participants complete activities similar to operating helicopter anti-torque

pedals.

Superficial skin temperature measurements found that anterior ankle temperature
increased during the ten minutes of pressure application at all pressure magnitudes and locations.
The temperature increased by 0.61° C across the 10 minute pressure application time period and
had a large effect size of 0.76. Previous work has shown that an increase of 0.5° C is clinically
significant.”® Superficial skin temperature has been shown to be a non-contact, indirect measure
of skin blood perfusion.?®® These results suggest that skin blood flow is increased with local
pressure application. We suspect that this increase in superficial skin blood flow was a result of
decreased venous return due to decreased lower extremity muscle contractions and occlusion of
the venous return from the periphery near the sitting surface of the body. The veins have a very
low pressure,?®* and we suspect that the extra-venous pressure from sitting was great enough to
occlude major routes of venous return such as the femoral vein. Additionally, following 3-5
minutes of inactivity the lower extremity veins are filled and serve as a reservoir for blood.?*
This would suggest that halfway through the 10 minute pressure application session, the lower
extremity venous system would be filled with warm, arterial blood. The short 10 minute testing
period may not have allowed for adequate heat exchange between the warmed lower leg and the
ambient air resulting in the observed increase temperature at the 10 minute data collection time
point. This is the first study to examine the effects of local pressure application on superficial
skin temperature in a functional, seated position. We hypothesize that if we continued to

measure superficial skin temperature, we would see a gradual decrease in skin temperature as

time increased due to loss of heat through the heat exchange between the skin’s surface and the
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ambient air. Previous work has shown that with four hours of prolonged restricted sitting in a
Black Hawk helicopter seat superficial skin temperature decreases significantly.?® In this
previous work, temperature was measured every 30 minutes, so no observations of the
immediate effects of sitting on skin temperature are available. Future work should track the
effects local pressure application and recovery from local pressure application on superficial skin
temperature to better understand changes occurring at the onset of pressure application and

during the recovery from pressure application.

Conclusions

Prolonged restricted sitting in rotary-winged aviators has been shown to increase
discomfort and the symptoms of temporary parathesia. One hypothesis as to the cause of this
reported discomfort and temporary parathesia is that areas of locally high pressure are created
during prolonged sitting which in turn compresses vascular and neurological structures. We
tested this hypothesis by applying two magnitudes of pressure at two locations. We found that
local application increases subjective discomfort, decreases lower extremity sensitivity, and
increases superficial skin temperature at the anterior ankle. These results support the hypothesis
that locally high pressure creates symptoms of discomfort and parathesia. However, research
examining the effects of local pressure application on physiologic and neurologic function is
needed. Moreover, work must be completed to determine if the changes observed in the present

study lead to decreases in performance and negatively affect mission efficacy.
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Chapter VI

Effects of Local Pressure and Pressure Recovery on Subjective Discomfort, Neurological

Function, and Circulatory Measures

Introduction

Prolonged restricted sitting during long missions has been a challenge for aviators since
World War 11.* Seat designs have evolved from simple wooden seats to highly advanced,
armored ejection seats; however, the problem of aviator discomfort negatively affecting mission
performance has persisted despite changes to seat design." Several studies have attempted

improve mission effectiveness by elucidating the problem of aviator discomfort during flight

3,9,15 3,9,11,15

using seat interface pressure mapping devices and subjective discomfort scales.
Together these studies demonstrate that prolonged restricted sitting in aircraft results in higher
levels of reported discomfort and high peak pressures.®>****> This research provided important
information such as the onset of discomfort during prolonged restricted sitting, but did not
address the etiology of the reported discomfort and temporary parathesia. The primary
hypothesis for the etiology of discomfort and temporary parathesia during prolonged restricted
sitting has been that areas of locally high pressure on the buttocks and posterior thigh compresses

the nervous and vascular tissue, resulting in discomfort, altered sensory function, and temporary

parathesia.
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The local pressure hypothesis is reasonable based on the previous research with pressure
mapping systems which show areas of high pressure at locations on the buttocks and posterior
thigh. Additionally, physiological research examining isolated nerves demonstrates that local
pressure alters the downstream nerve function.”®’® Moreover, the negative effects of local
pressure application on nerve tissue effects mylenated nerves more than unmylenated nerves.’
The sciatic nerve is the major nerve in the lower extremity of humans and is highly mylenated.*
This further supports the hypothesis that local areas of high pressure could create symptoms of
discomfort and temporary parathesia during prolonged sitting in aircraft. However, there is
limited research testing this hypothesis in the context of prolonged sitting in humans. The
assessment of the influence of local pressure application on nerve conduction velocity would

provide a direct measure of nerve function in a seated position.

Research demonstrates that local pressure applied to the posterior aspect of the thigh and
buttocks results in increased soleus Hoffmann reflex amplitude.®® The Hoffmann reflex is a non-
invasive measure of a-motoneuron pool excitability®® providing valuable insight on changes to
the central nervous system at the level of the spinal cord. The Hoffmann reflex has been used to

105108 hain,™* and fatigue conditions.****" While

examine responses to musculoskeletal injury,
the results showing an increase in soleus Hoffmann reflex amplitude are interesting, they are
difficult to interpret in the context of local pressures experienced during prolonged flight because
the measures were taken in a prone position. The Hoffmann reflex is dependent on position'*
and results found in one position cannot be applied to other positions. Therefore, monitoring

changes to a-motoneuron pool excitability in response to local pressure application during flight

should be taken from a seated position for the most accurate interpretation.
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Finally, compression of vascular tissues would likely influence distal blood flow.
Assessment of peripheral blood perfusion using dynamic infrared thermography would provide a
non-contact surface temperature assessment suggesting changes in blood flow before, during and
after localized pressure application in the seated position. Additionally, pulse oximetry would
provide an assessment of total limb oxygen saturation before, during, and after pressure
application in a functional position. Together, these four measures would assist in the

understanding of the physiological contributors to aviator discomfort and parathesia.

It is essential to examine the effects of local pressure application in a seated position in
order to test the hypothesis that local pressure application is responsible for subjective
discomfort and temporary parathesia. Therefore, the purpose of the current study was to
examine the effect of local pressure application to two locations on the sitting surface of the body
in a functional, seated position on subjective discomfort, neurological function, and vascular
function in the lower extremity. These results will help elucidate the etiology of aviator
discomfort and temporary parathesia and assist decreasing aviator injury and improving combat

effectiveness.

Methods

Experimental Design

This study utilized a 3 x 5 factorial repeated measures design. The independent variables
included location with three levels (ischial tuberosity, posterior thigh, and control) and time with
five levels (pre-application, 5 minutes into-application, 10 minutes into-application, 5 minutes
post-application, and 10 minutes post-application). The dependent variables included Category
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Partitioning Scale scores, McGill Pain Questionnaire (descriptor, visual analog scale, and present
pain intensity) scores, Semmes-Weinstein monofilament test (great toe, third metatarsal, and fifth
metatarsal) scores, two-point discrimination (great toe, medial malleolus, and lateral malleolus)
scores, dynamic infrared thermography (lateral lower leg and anterior lower leg) mean
temperatures, pulse oximetry (percent oxygen saturation) levels, soleus H-reflex (mean peak-to-
peak amplitude), and mean sural sensory nerve conduction velocity. Body composition data was
collected using dual-energy x-ray absorptiometry (DXA) to examine if differences in body
composition are present between participants, and if so, does a relationship exist between

reported discomfort, sensibility, physiological measures, and body composition.

Participants

Thirty male volunteers responded to the solicitation (group presentations) to participant
in the study. Thirty healthy male volunteers (age = 21.7 + 2.2 years) completed the study.
Participants self-reported no cardiovascular, neurological, or metabolic disorders; no current or
two year history of surgery or fracture in the lumbar spine or lower extremity; no current history
of lower back pain or lower extremity; and no current use of prescription or non-prescription
pain relievers. Participants were screened using an 18-point health questionnaire administered
by the investigators. Participants were also screened to meet the minimal body segment length
measures and minimum and maximum weights required to obtain flight status in the United
States Army (Table 4). Participants were provided and signed a written consent. This study was
approved by the University’s Institutional Review Board and the Institutional Review Board of

the United States Army Medical Research and Material Command.
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Table 4. United States Army anthropometric flight status requirements.

Body Measure Men
Total Arm Reach, cm >164.0
Crotch Height, cm >75.0
Sitting Height, cm <102.0

Minimum Weight, kg 45.3
Maximum Weight, kg 107.9

Experimental Procedures

Participants reported to the laboratory three times with a minimum of 24 hours between
sessions. Testing order was randomized (computerized random number generator, T1-83 Plus,
Texas Instruments Inc., Dallas, TX, USA) into 3 conditions; with pressure application to the
middle of the posterior thigh (condition A) completed on one day; pressure application to the
ischial tuberosity (condition B) completed on another day, and a control condition with no
pressure application (condition C) completed on the remaining day. All pressure application
conditions used a magnitude of 44 kilopascals. The pressure level was determined from the
previous pressure study portion of this project. During session one, functional leg dominance
was determined using three tests: the step up test, the ball kick test, and the balance recovery
test.””® Body composition was then determined using DXA.2"®"" Investigators then recorded
the anthropometric measures of arm length, crotch height, sitting height, height, and weight from

the participants to ensure all Army flight status requirements were met. Lower extremity

146



flexibility measures of hip flexion, hip extension, and hip external rotation collected along with

sit-and-reach scores were then collected.

During all data collection, participants sat in a custom-built pressure application seat.
The seat’s design allowed for local pressure to be applied only to the location of interest while
still supporting the participant’s body weight (Figure 43). To reproduce sitting postures in the
UH-60 helicopter, Design Eye Point knee sitting angles were evaluated, collected using a
goniometer (12.5” International Standard Goniometer, Patterson Medical Holdings Inc.,
Bolingbrook, IL, USA), and recorded using standard United States Army Design Eye Point
procedures.?’* The Design Eye Point is an aircraft specific position for aviators that optimizes
field of view and equipment access within the cockpit (Figure 44).>’* This knee angle was
replicated by passively moving the participants’ knees prior to the start of all data collection
sessions and after each data collection time point. The 44 kilopascal pressure was applied to the
location of interest (middle of the posterior thigh, ischial tuberosity, or control) for a total of 10
minutes. Data was collected pre-application, 5 minutes into pressure application, 10 minutes into
pressure application, 5 minutes post-application, and 10 minutes post-application. During the
pressure application, participants were asked to sit quietly with their head facing forward and

hands resting on their laps.
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Figure 43. Participant sitting position during project three.

3 Foot High Platform

Figure 44. Design Eye Point participant sitting position.
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Local Pressure Application Apparatus (LPAAP)

The purpose-built Local Pressure Application Apparatus (LPAAP) was designed to apply
local pressure to location on the posterior aspect of the upper leg of participants in a seated
position. The LPAAP consisted of a step motor secured to an extendable metal rod and load cell
with a custom-built, round pressure application head 25.5176 centimeters squared in area. The
unit was controlled using custom-written computer software and operated through a laptop
computer (Dell Latitude D430, Dell Inc., Round Rock, TX, USA). The seat was built of wood
and consisted of an 80.01 x 55.88 centimeter (height x width) seat back and a 50.80 x 55.88
centimeter (depth x width) seat pan. The seat pan was comprised of 14 removable slats which
allowed the pressure application head access to the area of interest while supporting the body
mass of the participant. The foot rest was a 91.44 x 50.80 x 35.66 centimeter (length x width x

height) box with an adjustable crank lift to accommodate participants of different heights.

Determination of Anatomical Locations

Local pressure was applied to the ischial tuberosity and the mid-point of the posterior
thigh on the dominant lower extremity of participants. The two locations were chosen based on
the underlying anatomy and previous research.2> The ischial tuberosity was palpated by a trained
investigator and marked with adhesive tape. The mid-point of the posterior thigh was defined as
half the distance from the greater trochanter to the lateral epicondyle and halfway between the
medial and lateral edges of the posterior thigh. The distance between the greater trochanter and
the lateral epicondyle (determined by palpation) using a tape measure (Medco Tape Measure,

Patterson Medical Holdings Inc., Bolingbrook, IL, USA). The distance was rounded to the
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nearest half centimeter and marked with permanent marker. The distance between the medial
and lateral borders of the thigh was measured in the same manner with the permanent marker
line demarcating the mid-point of the femur along its polar axis. This location was marked with
permanent marker and served as the location for posterior thigh pressure application. The
locations were visually confirmed in the LPAAP prior to pressure application. For the ischial
tuberosity, verbal confirmation from participant was also elicited. For the control condition, the
pressure application was lowered below the threshold of the seat pan and all open slats were
filled to create a flat seating surface. Participants sat on the flat seating surface for all control

data collection.

Local Pressure Application Protocol

Following participant preparation (e.g. application of electrodes) each day, participants
were instructed to sit on the pressure application chair barefoot with the appropriate slats
removed and pressure application head correctly positioned. The participant was instructed to sit
upright and as far back in the chair as possible. The foot rest was adjusted to the appropriate
height and participants’ knees were positioned at the Design Eye Point knee angle. Following
positioning, a fifteen minute rest period occurred in order to remove the influence of
investigators touching the skin influencing dynamic infrared thermography results. After the rest
period, baseline measures of Category Partitioning Scale, McGill Pain Questionnaire, soleus
Hoffmann reflex, sural sensory nerve conduction velocity, dynamic infrared thermography,
Semmes-Weinstein monofilament, two-point discrimination, and pulse oximetry were taken.

Local pressure was applied at 44 kilopascals to one of the specified locations (middle of the
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posterior thigh, ischial tuberosity, or control) for a total 10 minutes. During the pressure
application the magnitude of the pressure was maintained to within 5% of the set value.
Following 5 and 10 minutes of pressure application, follow-up measures were taken. Additional
follow-up measures were collected during the recovery from local pressure application period at
time points of 5 and 10 minutes post-pressure application. The time required to collect data at
each time point was approximately 180-200 seconds. The order of data acquisition remained the
same for each session and for each participant. Following the 20 minute protocol, participants
had electrodes removed, exited the chair, and scheduled for the subsequent data collection with
no less than 24 hours between data collection periods. This procedure was repeated for all three

pressure location conditions.

Body Composition Measures

Dual-Energy X-Ray Absorptiometry (DXA)

Body composition was assessed using Dual-Energy X-Ray Absorptiometry (DXA)
(Lunar Prodigy Advance, GE Healthcare Inc., Waukesha, W1, USA). DXA delivers very low-
level x-rays through the body in order to determine the amount of fat mass, lean mass, and bone
density in a minimally invasive manner.2”®?”" Participants completed a single DXA scan during
session one. The total percent fat mass was recorded and analyzed (enCore version 9.1, GE

Healthcare Inc., Waukesha, WI, USA).
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Discomfort Measures

Category Partitioning Scale

The Category-Partitioning Scale was utilized to examine the perception of local pressure

intensity levels and discomfort.**%*" The scale starts at zero and is divided into five categories:

“very slight,” “slight,” “medium,” “severe,” and “very severe.”*"?*® Each category is further
divided into 10 scale points for a total range of 0 — 50. Numbers above fifty provided to avoid
the ceiling effect in the case of extreme pain or discomfort.”>" Participants were instructed to
rate their discomfort in one of the five categories, then instructed to “fine tune” their discomfort
rating using the numerical scale points.”>’ The numerical data provided by the participant were
recorded with a tablet computer (iPad 2, Apple Inc., Cupertino, CA, USA) and entered into an
electronic data collection sheet (Quickoffice Pro HD for iPad, Google Inc., Mountain View, CA,

USA).

Short-Form McGill Pain Questionnaire (MPQ)

The Short-Form McGill Pain Questionnaire (MPQ) was used to evaluate perceptions of
discomfort.?®® The questionnaire consisted of eleven sensory dimension descriptors and four
affective dimension descriptors .*® Each descriptor was ranked on an intensity scale with 0 =
none, 1 = mild, 2 = moderate, and 3 = severe.”®® One 10 centimeter visual analogue scale and
one present pain intensity question were also included as part of the MPQ to indicate overall

260

discomfort intensity.”" A blank questionnaire was handed to the participant at every data

collection time point and the numerical scores were calculated and entered into a custom
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electronic spreadsheet application (Microsoft Excel 2010, Microsoft Corp., Redmond, WA,

USA) for analysis.

Neurological Measures

Hoffmann Reflex (H-reflex)

The functionally dominant leg soleus muscle was chosen for assessment due to its
location in the lower leg, importance in foot function, and ease of access in a seated position.
The electrode sites for the soleus H-reflex were shaven to remove excess hair, abraded, and
cleaned with isopropyl alcohol.*** Disposable adhesive silver/silver chloride (Ag/AgCl)
electrodes (EL503, Biopac Systems Inc., Goleta, CA, USA) were placed on the soleus muscle 2
centimeters distal to the belly of the gastrocnemius muscle with an inter-electrode distance of 2
centimeters. A ground electrode (EL 503, Biopac Systems Inc., Goleta, CA, USA) was placed
on the ipsilateral medial malleolus. A stimulating electrode (EL 254, Biopac Systems Inc.,
Goleta, CA, USA) was placed over the posterior tibial nerve in the popliteal fossa of the
posterior knee. An 8 centimeter, round dispersal pad was placed above the patella on the
ipsilateral quadriceps muscles. A series of 1.0 millisecond square wave stimuli were delivered
via transcutaneous stimulation (STMISOC, Biopac Systems Inc., Goleta, CA, USA) at 10 to 20
second intervals while increasing stimulus intensity by 0.2 volts until the soleus maximum H-
reflex (Hmax) and maximum M-wave (Mnmax) are found for each participant. The test stimulus
was normalized to 25 percent of soleus Mmax. Electromyographic (EMG) data was collected and
the signal amplified using an EMG amplifier (EMG100C, Biopac Systems Inc., Goleta, CA,

USA). The raw signal was differentially amplified (gain, 1000; common mode rejection ratio,

153



110dB; input impedance, 1000MQ; signal noise, 0.2) and digitally converted at 2000Hz.*** The
data was analyzed using AcgKnowledge Software (Biopac Systems Inc., Version 4.0, Goleta,
CA, USA). Seven repetitions were completed and averaged for each time point."*? During the
local pressure application protocols the electrodes, stimulator, and leads remained in place
connected to the data acquisition system. Data collection occurred during the same time of day

for each session to eliminate the diurnal effects on the H-reflex.

Sural Sensory Nerve Conduction Velocity (NCV)

The dominant leg was prepared for the sural sensory NCV as described with the H-reflex.
Disposable adhesive foam paired electrodes (EL500, Biopac Systems Inc., Goleta, CA, USA)
were placed one centimeter posterior and one centimeter inferior to the lateral malleolus and
served as the active recording electrodes.'®® A stimulating electrode (EL500, Biopac Systems
Inc., Goleta, CA, USA) was placed 14 centimeters from the center of the active recording
electrodes. A reference electrode (EL 503, Biopac Systems Inc., Goleta, CA, USA) was placed
between the stimulating and recording electrodes.’® The signal was differentially amplified
(gain, 2000; low pass filter, 5kHz; high pass filter, 10Hz; sampling rate, 10,000Hz; input
impedance, 1000MQ; signal noise, 0.2) and digitally converted at 2000Hz. Rectangular
electrical pulses 0.1 milliseconds in duration were delivered once every three seconds via
transcutaneous stimulation (STMISOC, Biopac Systems Inc., Goleta, CA, USA) at an intensity
sufficient to obtain a sensory response.'®* Five stimulations were delivered at each time point
during the local pressure application protocol. The peak negative potential was measured from

the end of the stimulation artifact.’®* The latencies were averaged to obtain mean sural nerve
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latency. The sural sensory nerve latency (milliseconds) was converted to NCV (meters/seconds)
by taking the stimulating electrode to recording electrode distance (14 centimeters) and dividing
it by the sural sensory nerve latency (in milliseconds) The NCV was standardized by converting

centimeters into meters and milliseconds into seconds.

Semmes-Weinstein Monofilament Test (MFT)

Pressure sensitivity at the foot was evaluated using the Semmes-Weinstein Monofilament
Test (MFT) (Touch-Test Sensory Evaluator, North Coast Medical Inc., Morgan Hill, CA,

299 of varying thickness.?® The

USA).”® The MFT was comprised of several single Nylon fibers
monofilament was placed on the skin for 1.5 seconds and the participant was asked to respond
“Yes” when asked if the participant felt the monofilament against the skin.”** Measurement

locations included the plantar aspect of the great toe, the plantar aspect of the third metatarsal,

and the plantar aspect of the fifth metatarsal of the dominant foot of participants.?®® The last

correctly reported monofilament thickness was recorded and used for analysis.

Two-Point Discrimination Test (TPDT)

Lower extremity receptive field sensitivity was measured with the two-point
discrimination test (TPDT) (Disk-Criminator, North Coast Medical Inc., Morgan Hill, CA,
USA).?%1% The TPDT was comprised of dull point calipers with inter-point distances ranging
from 2 to 15 millimeters.’**!®> The calipers were placed on the testing locations for 1.5 seconds

and the participant was instructed to verbally indicate if one or two points were in contact with
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the skin. To discourage participants from guessing the number of points, single and double pin
points were interchanged randomly. Testing locations included the planar surface of the great
toe, the medial malleolus, and the lateral malleolus of the dominant lower leg of participants.?®
The last correctly reported inter-point distance was recorded with a tablet computer (iPad 2,

Apple Inc., Cupertino, CA, USA) and entered into an custom electronic data collection sheet

(Quickoffice Pro HD for iPad, Google Inc., Mountain View, CA, USA).

Circulatory Measures

Dynamic Infrared Thermography (DIRT)

A digital infrared camera (FLIR T420, FLIR Systems Inc., Wilsonville, OR, USA) was
used to measure non-contact, superficial temperatures (°C) in the lower leg. Anterior and lateral
infrared images were taken 1 meter from the dominant leg of participants. The average
temperature of the lateral and anterior ankle was analyzed using manufacturer specific analysis
software (FLIR ExaminIR, version 1.40.12.44). Average temperature values for regions of
interest at the anterior and lateral ankle were measured using the Glamorgan Protocol.®® The
anterior ankle region of interest was comprised of the width of the ankle with upper and lower
edges at the tip of the medial malleolus and the tip of the navicular bone, respectively.?®® The
lateral ankle region of interest included the entire anterior to posterior thickness at the level of

the lateral malleolus.?®®
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Pulse Oximetry

A pulse oximeter (Nonin Onyx Vantage 9590, Nonin Medical Inc., Plymouth, MN, USA)
was attached to the great toe of the dominant leg. The spot check method was utilized to
measure percent oxygen saturation during each data collection time point.* This method was
used in order to gain access to the great toe for other measurement tools (i.e., monofilament and
two-point discrimination tests). Following a five second analysis period, percent blood oxygen
(%Sp0,) was recorded to an electronic spreadsheet (Microsoft Excel 2010, Microsoft Corp.,
Redmond, WA, USA) for analysis. The pulse oximeter was removed after every data collection

time point.

Statistical Analysis

Data was collected electronically via a tablet computer (iPad 2, Apple Inc., Cupertino,
CA, USA) and transferred into a custom database (Microsoft Excel 2010, Microsoft Corp.,
Redmond, WA, USA), and analyzed using Statistical Package for Social Sciences version 19
(IBM SPSS Statistics 19, IBM Corp., Somers, NY, USA). Descriptive statistics (mean £ SD)
were calculated. Fifteen, 3 x 5 (location x time) factorial repeated measures ANOVASs were
performed. Appropriate follow-up ANOVASs and dependent t-tests with Holm’s sequential

Bonferroni adjustments were performed. Significance levels were set a priori at p <0.05.
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Results

The means, standard deviations and 95% confidence intervals of all variables are

presented in Appendix C.

Influence of Body Composition

To test if body composition influenced any of the measures, we first examined if the body
fat percentages of the participants differed from one another. The body fat percentage data were
normally distributed (Shapiro-Wilk Statistic = 0.936; P = 0.072) and did not vary from the
sample mean or the median when examined with a one-sample t-test (tg) = 0.004; P = 0.997 and
tog) = 0.67; P = 0.503, respectively). Additionally, bivariate Pearson’s correlations between each
of the test variables at each time point and condition and body fat percentage of participants were
completed and revealed no significant correlations. Many of these correlations were very low
(0.01 t0 0.10). It was determined that body fat percentages within our sample did not vary
enough to warrant separating the data into groups based on body fat percentage. All data were

analyzed as one group for subsequent analyses.

Cateqory Partitioning Scale

A 3 x 5 (condition x time) repeated measures ANOVA was completed and a significant
two-way location X time interaction was found for the Category Partitioning Scale scores (Wilks’
A =0.44; Fg ) =3.42; P=0.010; npz =0.55). Follow-up tests for main effects revealed a

significant effect of time for all conditions: with pressure applied to the posterior thigh (Wilks” A
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=0.36; Fa26 = 11.25; P <0.001; npz = 0.63); the ischial tuberosity (Wilks’ A = 0.39; F(426) =
9.96; P <0.001; npz = 0.60); and during the no pressure condition (Wilks” A = 0.39; F 26) =
9.90; P <0.001; npz =0.60). Follow-up dependent t-tests showed significant increases in
Category Partitioning Scale scores at 5 minutes into pressure application on the posterior thigh
(to) = -6.73; P < 0.001); 10 minutes into pressure application (t.g) = -9.36; P < 0.001); 5
minutes post-pressure application (tg) = -8.30; P < 0.001); and 10 minutes post-pressure
application (t;zg) = -9.50; P < 0.001) compared to baseline measures. These data suggest that
discomfort (as measured by the Category Partitioning Scale) increases during local pressure
application to the posterior thigh and remain elevated during a 10 minute recovery period.
Follow-up dependent t-tests also revealed significant increases in Category Partitioning Scale
scores at 5 minutes into pressure application at the ischial tuberosity (t9 = -5.06; P < 0.001); 10
minutes into pressure application (tpg) = -7.13; P < 0.001); 5 minutes post-pressure application
(to) = -7.86; P < 0.001); and 10 minutes post-pressure application (t.9) = -8.93; P < 0.001)
compared to baseline measures. Pressure application to the ischial tuberosity also increased
discomfort levels during 10 minutes of pressure application and during a 10 minute recovery
period following pressure application. Follow-up t-tests during the control condition found that
sitting with no pressure application also resulted in significant increases in Category Partitioning
Scale scores at the 5 minutes into pressure application time point (tg) = -2.26; P < 0.001); at the
10 minutes into pressure application time point (tg) = -3.56; P < 0.001); at the 5 minutes post-
pressure application time point (tg) = -5.66; P < 0.001); and at the 10 minutes post-pressure
application time point (t9) = -7.10; P < 0.001) compared to baseline measures. These data
suggest that sitting in the local pressure application apparatus for 20 minutes without pressure

application results in increases in discomfort (Figure 45).
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Figure 45. Category Partitioning Scale scores for project three. min: minutes; pts: points; *
=P <0.05.

Next, we examined differences in discomfort among the three the pressure application
locations at each time point using five, 1 x 3 (time x condition) repeated measures ANOVA.
During the baseline condition, no significant difference was found among the three conditions
(Wilks’ A =0.96; F(2.28) = 0.51; P = 0.60; npz =0.03). At5 minutes into pressure application, a
significant difference among the three conditions was found (Wilks” A = 0.68; Fp0) = 6.44; P =
0.005; npz =0.31). Follow-up dependent t-tests revealed that at 5 minutes Category Partitioning
Scale scores were significantly higher (indicating more discomfort) during the posterior thigh
condition than during the control condition (t;g) = -3.61; P = 0.001). Likewise, at 10 minutes
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into pressure application there was a significant difference among the three test conditions
(Wilks” A = 0.57; F2.28 = 10.42; P < 0.001; ,° = 0.42). Dependent t-tests revealed that pressure
applied to the posterior thigh resulted in higher levels of discomfort than pressure applied to the
ischial tuberosity (ti2g) = 2.63; P = 0.004) or the control condition (t9) = 5.8; P < 0.001). There
was also a significant difference in Category Partitioning Scale scores between the ischial
tuberosity and control conditions at the 10 minute time point (t9) = 3.16; P = 0.028). At5
minutes post-pressure application (Wilks” A = 0.85; Fp28)=2.33; P=0.11; npz =0.14) and 10
minutes post-pressure application (Wilks” A = 0.88; F22¢) = 1.6; P = 0.18; npz =0.11) no
significant differences among the three pressure application conditions were found. This
indicates that after pressure application is removed, participants report similar Category

Partitioning Scale scores.

McGill Pain Questionnaire

A 3 x 5 (condition x time) repeated measures ANOVA was completed and no significant
two-way interaction effect was found for McGill Pain Questionnaire descriptors scores (Wilks’
A =0.57; Fg 22 = 2.05; P =0.087; npz =0.42). There were significant main effects of pressure
application condition (Wilks” A = 0.79; F22¢) = 3.6; P = 0.04; npz =0.20) and time (Wilks’ A =
0.50; F,26 = 6.27; P =0.001; npz = 0.49) on McGill Pain Questionnaire descriptor scores.
Follow-up pairwise comparisons for the effect of pressure application condition on McGill Pain
Questionnaire descriptor scores found a significant difference between the posterior thigh
condition compared to the control condition (tg = 0.63; P = 0.011), but no difference between

the posterior thigh and ischial tuberosity conditions (t9) = 0.16; P = 0.42). No differences were
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found between the ischial tuberosity and control conditions (tg) = 0.47; P = 0.054). These data
reveal that pressure application to the posterior thigh results in high levels of discomfort as
measured by the McGill Pain Questionnaire. Follow-up pairwise comparisons for the effect of
time on McGill Pain Questionnaire scores showed that there is a significant increase in
discomfort 5 minutes into the pressure application (t;g) = -0.87; P < 0.001); 10 minutes into
pressure application (tpg) = -1.14; P < 0.001); 5 minutes post-pressure application (t9) = -1.67; P
=0.001); and 10 minutes post-pressure application (tg) = -2.07; P = 0.001) compared to baseline
levels of discomfort. These results suggest that discomfort increases during local pressure

application and remains elevated during recovery (Figure 46).
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Figure 46. Short Form McGill Pain Questionnaire descriptor scores for project three. min:
minute; pts: points; * = P < 0.05.
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A 3 x 5 (condition x time) repeated measures ANOVA revealed a significant two-way
interaction for the visual analog scale scores (Wilks” A = 0.52; Fg20) = 2.45; P = 0.045; npz =
0.47). Follow-up one-way repeated measures ANOVAs for effect of time revealed a significant
effect of time during the posterior thigh condition (Wilks” A = 0.31; F 26 = 14.45; P < 0.001;
npz = 0.69); during the ischial tuberosity condition (Wilks” A = 0.49; F(.2) = 6.69; P = 0.001; npz
= 0.50); and during the control condition (Wilks’ A = 0.46; F(4 26 = 7.57; P <0.001; npz =0.53).
Follow-up pairwise comparisons for the posterior thigh condition revealed a significant increase
in discomfort at 5 minutes into pressure application (tpg = -0.68; P < 0.001); 10 minutes into
pressure application (tpg) = -0.89; P < 0.001); 5 minutes post-pressure application (t9) = -0.93; P
< 0.001); and 10 minutes post-pressure application (tg) = -1.13; P < 0.001) compared to
baseline. These data suggest that visual analog scale scores increase during the 10 minutes of
pressure application and continue to increase during the 10 minute follow-up period. Follow-up
pairwise comparisons for the ischial tuberosity condition found a significant increase in visual
analog scale scores at 5 minutes into pressure application (tg) = -0.42; P < 0.001); 10 minutes
into pressure application (tg) = -0.61; P < 0.001); 5 minutes post-pressure application (tg) = -
0.76; P < 0.001); and 10 minutes post-pressure application (tg) = -1.02; P < 0.001) when
compared to baseline measures. Like the posterior thigh condition, discomfort increases during
pressure application and continues to increase during the 10 minute recovery period. Follow-up
tests investigating the control condition indicated that significant increases in discomfort were
found at the 5 minutes into pressure application time point (tg = -0.33; P = 0.001); the 10
minutes into pressure application time point (tg) = -0.46; P < 0.001); the 5 minutes post-pressure
application time point (t29) = -0.74; P < 0.001); and the 10 minutes post-pressure application

time point (t9) = -0.81; P < 0.001) compared to baseline measures. Similar to the posterior
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thigh and ischial tuberosity pressure conditions, discomfort increases at every data collection
time point across the 20 minute data collection period. To examine the effect of pressure
application condition on visual analog scale scores we compared the three conditions at each of
data collection time points. As expected there was no significant differences between the three
pressure locations on scores at the baseline time point (Wilks” A = 0.92; Fp2¢) = 1.11; P = 0.34;
npz =0.07). There was a significant difference among the three conditions at the 5 minutes into
pressure application time point (Wilks’ A =0.70; F(228y = 5.91; P = 0.007,; npz =0.29). Follow-
up pairwise analyses revealed that visual analog scale scores were significant higher at the
posterior thigh compared to the ischial tuberosity (t29) = 0.36; P = 0.008) and control (t;g) =
0.50; P = 0.003) conditions. There was no significant difference between the ischial tuberosity
and control conditions at 5 minutes (t9) = 0.14; P = 0.325). These data suggests that discomfort
scores are higher when pressure is applied to the posterior thigh than when applied to the ischial
tuberosity or no pressure is applied. At 10 minutes into pressure application there was a
significant difference among the three conditions (Wilks” A = 0.72; Fp 26y = 5.34; P =0.011; npz
=0.27). Follow-up pairwise comparisons showed significantly higher levels of discomfort
during the posterior thigh condition compared to the ischial tuberosity (tg) = 0.38; P = 0.004)
condition and the control condition (t9 = 0.59; P = 0.01). No difference was identified between
the ischial tuberosity and control condition (t29) = 0.21; P = 0.26). Together these data indicate
that at 10 minutes into pressure application discomfort during the posterior thigh condition is
greater than at the ischial tuberosity and control conditions. At 5 and 10 minutes post-pressure
application, no significant differences were found among the three conditions [(Wilks” A = 0.86;

Fo28) = 2.13; P = 0.137; n,2 = 0.13) and (Wilks’ A = 0.81; Fp.08) = 3.17; P = 0.057; n,2 = 0.18),
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respectively]. These data suggest that during the 10 minute recovery period, discomfort levels

do not differ among the conditions (Figure 47).
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Figure 47. Visual Analog Scale scores for project three. min: minute; cm: centimeter: * =P
<0.05.

We completed a 3 x 5 (condition x time) repeated measures ANOVA and no significant
two-way interaction was identified for the present pain intensity scores (Wilks’ A = 0.80; F(g 22) =
0.65; P =0.724; npz =0.19). Analyses of the simple main effects did reveal significant effects of
pressure application condition (Wilks’ A = 0.78; F(2.28) = 3.80; P = 0.035; np2 =0.21) and time

(Wilks” A =0.39; Fs26) = 10.15; P <0.001; npz =0.61). Follow-up pairwise comparisons for the
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main effect of condition indicated significantly higher discomfort during the posterior thigh
condition compared to the control condition (t9 = 0.24; P = 0.009); however, no difference in
discomfort was seen between the posterior thigh and ischial tuberosity conditions (t;g) = 0.09; P
=0.269) or the ischial tuberosity and control condition (tg) = 0.15; P = 0.089). These data
indicate that during the posterior thigh condition, discomfort measured by the present pain
intensity scale is greater than the other conditions. Follow-up pairwise comparisons for the main
effect of time found that present pain intensity scale scores increased at 5 minutes into pressure
application (tig) = -0.42; P < 0.001); 10 minutes into pressure application (tg) = -0.46; P <
0.001); 5 minutes post-pressure application (tpg) = -0.55; P < 0.001); and 10 minutes post-
pressure application (tpg) = -0.64; P < 0.001) when compared to baseline measures. These
results suggest that during a 20 minute testing protocol, discomfort significantly increases at each

time point (Figure 48).
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Figure 48. Present Pain Intensity scores for project three. min: minute; pts: points; * =P <
0.05.

Semmes-Weinstein Monofilament Test

A 3 x 5 (condition x time) repeated measures ANOVA revealed no significant two-way
interaction for the Semmes-Weinstein monofilament scores collected from the great toe (Wilks’
A =0.89; Fg 2 =0.32; P=0.94; npz =0.10). Additionally, no significant simple main effects
were identified for pressure application condition (Wilks” A = 0.96; F(22¢) = 0.55; P = 0.57; npz =
0.03) or time (Wilks’ A =0.81; F(a26) = 1.45; P = 0.246; np2 = 0.18) (Figure 49). These data

suggest that local pressure application does not alter the ability to sense point pressure at the
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great toe. A 3 x5 (condition x time) repeated measures ANOVA also found no significant two-
way interaction effect (Wilks” A = 0.87; Fg22) = 0.39; P =0.912; npz = 0.12) or for simple main
effects condition (Wilks” A = 0.86; F(22¢) = 2.10; P = 0.141; npz =0.13) or time (Wilks’ A =
0.76; Fa26) = 1.99; P = 0.126; npz = 0.23) for Semmes-Weinstein monofilament scores at the
third metatarsal (Figure 50). Similarly, these results suggest that local pressure does not alter
sensitivity to point pressure at the third metatarsal. At the fifth metatarsal, usinga 3 x 5
(condition x time) repeated measures ANOVA, no significant two-way interaction effect was
identified for Semmes-Weinstein monofilament scores (Wilks’ A =0.71; Fgoz) = 1.12; P =
0.388; n,° = 0.28). A significant main effect was found for time (Wilks’ A = 0.69; F 26) = 2.84;
P=0.045; npz = 0.30), but not for condition (Wilks” A =0.92; Fp2¢) = 1.17; P = 0.324; npz =
0.07). Follow-up pairwise comparisons for the significant main effect of time found that a
Semmes-Weinstein monofilament test scores were significantly higher at 10 minutes into
pressure application time point (tg) = -0.14; P = 0.004) compared to baseline. No other
significant differences were found at the other time points. These data indicate that at 10
minutes into pressure Semmes-Weinstein monofilament scores indicate a decreased ability to

detect point pressure (Figure 51).
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Figure 49. Semmes-Weinstein monofilament test scores at the great toe for project three.
min: minute.
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Figure 50. Semmes-Weinstein monofilament test scores at the third metatarsal for project
three. min: minute.
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Figure 51. Semmes-Weinstein monofilament test scores at the fifth metatarsal for project
three. min: minute; * = P <0.05.

Two-Point Discrimination Test

A 3 x 5 (condition x time) repeated measures ANOVA was used to analyze the two-point
discrimination test scores at the great toe and revealed no significant two-way interaction effect
(Wilks” A =0.82; Fg 22 = 0.58; P =0.782; npz =0.17). Tests for main effects also yield non-
significant results for pressure application condition (Wilks” A = 0.95; F(228) = 0.67; P = 0.517;
o’ = 0.04) or time (Wilks’ A = 0.85; F4.26) = 1.14; P = 0.35; n,” = 0.15) (Figure 52). These data
indicate that receptive field sensitivity and size is does not change as a result of location pressure
application. Two-point discrimination test scores collected at the medial malleolus demonstrated
no two-way interaction (Wilks” A = 0.71; F(22¢) = 1.09; P = 0.406; npz = 0.28) when analyzed

with a 3 x 5 (condition x time) repeated measure ANOVA. Additionally, no significant main

170



effects for pressure application condition (Wilks” A =0.94; F2 26y = 0.77; P = 0.470; npz =0.05)
or time (Wilks” A = 0.85; Fua26) = 1.12; P = 0.365; npz = 0.14) were present (Figure 53). These
results indicate that local pressure application does not alter the skin’s receptive field size or
sensitivity. Similarly, a 3 x 5 (condition x time) repeated measures ANOVA found that two-
point discrimination test scores at the lateral malleolus did not demonstrate a significant two-way
interaction effect (Wilks” A = 0.65; F(g2) = 1.43; P = 0.239; npz = 0.34); no significant main
effect of pressure application condition (Wilks” A = 0.98; F(228) = 0.28; P = 0.758; npz =0.02);
and no significant effect of time (Wilks’ A = 0.77; F(4,26) = 1.85; P = 0.149; npz =0.22). These
data suggest that receptive field size and sensitivity remain unchanged with local pressure

application (Figure 54).
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Figure 52. Two-point discrimination test scores at the great toe for project three. min:
minute; mm: millimeter.
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Figure 53. Two-point discrimination test scores at the medial malleolus for project three.
min: minute; mm: millimeter.

=
bo

F g

—#— Posterior Thigh
-« fl-- Ischial Tuberosity

~
=

=4 Control

Lateral Malleolus Interpoint Distance, mm
=
N

138

o 5 10 15 20 25
Cumulative Time, min

Figure 54. Two-point discrimination test scores at the lateral malleolus for project three.
min: minute; mm: millimeter.
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Superficial Skin Temperature

A 3 x 5 (condition x time) repeated measures ANOVA indicated no significant two-way
interaction (Wilks” A = 0.71; Fg22) = 1.10, P = 0.395; npz = 0.28) for anterior ankle skin
temperature. A significant time main effect was found (Wilks” A = 0.20; F(42)= 1.10, P >
0.001; npz = 0.79), however no significant effect of location was found (Wilks” A = 0.98; F2 2¢)=
0.29, P =0.75; np2 =0.02). Follow-up pairwise comparisons for the main effect of time revealed
a significant increase in temperature at 5 minutes into pressure application (tpg) =-0.42 ; P >
0.001) and 10 minutes in pressure application (trg) = -0.24 ; P = 0.002) (Figure 55). These data
indicate that superficial skin temperature at the anterior ankle is increased during the first 10
minutes of the protocol. A 3 x 5 (condition x time) repeated measures ANOVA analyzing skin
temperatures at the lateral ankle revealed a non-significant two-way interaction (Wilks” A =
0.88; F22)=0.37, P =0.992; npz =0.12). A significant main effect of time was found (Wilks” A
=0.17; Fa26=31.2, P> 0.001; np2 = 0.82), but no significant effect of location was present
(Wilks’ A =0.96; F28)=0.45, P =0.63; np2 = 0.03). Follow-up pairwise comparisons found a
significant increase in lateral ankle skin temperature at 5 minutes into pressure application (t.g) =
-0.44 ; P > 0.001) and at 10 minutes into pressure application (t;9) = -0.26 ; P > 0.001) (Figure
56). Like anterior skin temperature data, these data suggest that skin temperatures at the lateral

ankle are increased during the first 10 minutes of the 20 minute protocol.
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Figure 55. Anterior ankle superficial skin temperature for project three. min: minute; C:
Celsius; * =P < 0.05.
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Figure 56. Lateral ankle superficial skin temperature for project three. min: minute; C:
Celsius; * = P < 0.05.
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Percent Oxygen Saturation

Percent oxygen saturation of the lower extremity measured with pulse oximetry at the
great toe analyzed with a 3 x 5 (condition x time) repeated measures ANOVA revealed no
significant two-way location x time interaction effect (Wilks’ A =0.61; F(g22) = 1.71; P = 0.151;
npz =0.38). No significant main effect of pressure application location (Wilks” A = 0.89; F(2,2) =
1.63; P =0.213; 1> = 0.10) or time (Wilks’ A = 0.76; F(4.25) = 1.99; P = 0.125; n,> = 0.23) was
found. These data indicate the percent oxygen saturation is not altered during local pressure

application (Figure 57).
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Figure 57. Percent arterial oxygen saturation for project three. min: minute; %: percent.

Soleus Hoffmann Reflex

A 3 x 5 (condition x time) repeated measures ANOVA revealed that mean peak-to-peak
soleus Hoffmann reflex amplitudes demonstrated no significant two-way location x time

interaction effect (Wilks’ A = 0.59; F(g22) = 1.90; P =0.110; npz =0.41). However, significant
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main effects were found for pressure application condition (Wilks’ A = 0.74; F(2,28) = 4.68; P =
0.018; npz = 0.25) and for time (Wilks’ A = 0.65; F(426) = 3.46; P = 0.021; npz =0.34). Follow-
up tests for the significant main effect of pressure application condition revealed a significant
decrease in Hoffmann reflex peak-to-peak amplitude during the posterior thigh condition
compared to both the ischial tuberosity condition (t.9) = -0.86; P = 0.007) and the control
condition (te) = -0.51; P = 0.029). No significant difference was found between the ischial
tuberosity and control condition (tg) = 0.34; P = 0.218). These data suggest that mean peak-to-
peak Hoffmann reflex amplitudes are decreased during the local pressure application to the
posterior thigh but not the ischial tuberosity. Follow-up pairwise comparisons for the significant
main effect of time found a significant decrease in mean peak-to-peak amplitude at the 5 minutes
post-pressure application time point (tpg) = 0.29; P = 0.028) compared to baseline measures.
These data suggest that five minutes following the removal of pressure application mean peak-

to-peak soleus Hoffmann reflex amplitudes are decreased (Figure 58).
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Figure 58. Soleus Hoffmann reflex mean peak-to-peak amplitudes for project three. min:
minute; V: volts; * = P < 0.05 across time; T = P < 0.05 between conditions.

Sural Nerve Conduction Velocity

A 3 x 5 (condition x time) repeated measures ANOVA analysis of the sural sensory nerve
conduction velocity revealed no significant two-way interaction effect (Wilks’ A = 0.64; Fg ) =
1.51; P=0.208; an =0.35). No significant main effect of pressure application condition (Wilks’
A =0.97; F@228 = 0.43; P=0.651; npz =0.03) or time (Wilks” A =0.92; F426) = 0.55; P = 0.698;

npz = 0.07) was found. These data indicate that local pressure application does not alter mean

sural sensory nerve conduction velocity (Figure 59).
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Figure 59. Sural sensory nerve conduction velocity for project three. min: minute; m-s™:

meters per second.

Discussion

This study investigated the effects of 44 kilopascals of pressure application at three
locations (control, ischial tuberosity, posterior thigh) on subjective discomfort, lower extremity

sensibility, vascular function, and nervous system function.

Neurological Measures

The most notable results from this study were that mean peak-to-peak Hoffmann reflex
amplitudes were decreased when 44 kilopascals of pressure was applied to the posterior thigh.
Peak-to-peak amplitude during posterior thigh pressure application was 0.87 volts below H-

reflex amplitudes at the ischial tuberosity and 0.52 volts below H-reflex amplitudes during the
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control conditions. Our results show a non-significant increase in mean amplitude from baseline
to 5 minutes into pressure (2.98 volts to 3.01 volts), and a decrease at each of the remaining time
points of 10 minutes into pressure, 5 minutes post-pressure, and 10 minutes post-pressure (2.86,
2.33, and 2.28 volts, respectively). This study was the first study to examine the Hoffmann
reflex in a functional position when pressure was applied to the ischial tuberosity and posterior
thigh. Previous research examining the effects of local pressure application on Hoffmann reflex
amplitude while in the prone position produced different results.® Previous work found an 17%
increase in H-reflex amplitude following 9 minutes of pressure application of 28 kilopascals to
the posterior thigh.2> The authors hypothesized that cutaneous stimulation during the pressure
application created an increase in a-motoneuron pool excitability.*® Other work does suggest
that there may be location dependent cutaneous stimuli responses although no work has
examined the effects of cutaneous stimulation at the posterior thigh on H-reflex amplitude.
Work examining the effects of pressure stimuli on soleus H-reflex amplitudes during locomotion
found that H-reflex amplitudes are inhibited when mechanical pressure is applied to the plantar
aspect of the foot. * However, additional work supports more specific location dependent
cutaneous stimuli changes to H-reflex amplitudes. Cutaneous stimuli at the heel resulted in
significant facilitation of the soleus H-reflex while cutaneous stimulation at the third metatarsal
resulted in significant inhibition of soleus H-reflex amplitudes in a study examining the effects of
specific pressure application at either the plantar surface of the heel or the third metatarsal.*®
Work at other locations in the lower extremity does appear to support location dependent
cutaneous stimuli changes to H-reflex output.2> We suspect the differences between results of
previous work and the current study are a result of participant position (prone vs. upright sitting),

pressure application magnitude (28 kilopascals and 44 kilopascals) and H-reflex amplitude
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normalization procedures (50% Hpax VS 25% Max test stimulus). Participant position and

stimulation intensity have both been shown influence the H-reflex outputs.®®**

An inhibition of the soleus H-reflex amplitude could have significant performance
implications for Black Hawk pilots. Rotary-winged pilots are required to use both hands and
both feet to safely and effectively operate the aircraft. The feet operate the anti-torque pedals of
the aircraft.®® The force output at the soleus may be diminished if the pilot’s experience a
decrease in a-motoneuron output at the soleus muscle. A diminished ability to recruit a
sufficient level of force to operate the anti-torque pedals could result in the recruitment of more
motor units which may increase fatigue. Failure to effectively operate the anti-torque pedals will
result in loss of control of the helicopter.?®®> This loss of control could result in injury, equipment
damage, or death. The results of the current project are supported by previous work in our
laboratory which found that prolonged restricted sitting results in a decreased sensitivity to point
pressure at the plantar aspect of the fifth metatarsal.?*> The skin of the plantar aspect of the fifth
metatarsal is part of the S1 nerve root dermatome.®* The S1 nerve root is also responsible for
motor control of several lower extremity muscles including the soleus.?”* Future work should
examine if soleus H-reflex amplitude is decreased during a prolonged (4-8 hour) restricted sitting
bout. Additionally, research should examine the influence of diminished a-motoneuron output
on the recruitment of additional motor units during prolonged task (e.g. operating anti-torque

pedals).

The results for the sural nerve conduction velocity found that 44 kilopascals of local
pressure application at the ischial tuberosity or posterior thigh does not change the conduction
velocity compared to a control condition. This study was the first to explore the effects of

proximal local pressure application (posterior thigh and ischial tuberosity) on distal peripheral
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nerve conduction velocity in the lower leg (sural sensory nerve) of humans. Other work has
demonstrated that acute compression to isolated nerves decreases nerve conduction velocity and
alters nerve function.”®"® However, the previous work applied focal pressure between the
stimulation site and the recording site.”®”® We hypothesize that if nerve conduction velocity is
tested across the segment at which the pressure is applied (ischial tuberosity and posterior thigh),
nerve conduction velocity and function would be altered, particularly at the posterior thigh
location due to the path of the sciatic nerve along the posterior aspect of the thigh. Testing this
hypothesis would be difficult due to methodological limitations of nerve conduction studies at
the sciatic nerve, but other neurological tests like the H-reflex provide valuable information as

shown in this present study.

Vascular Measures

Our results for anterior and lateral ankle skin temperatures indicate that anterior
superficial skin temperature significantly increases (0.42° C) and lateral superficial skin
temperature significantly increases (0.44 °C) during the first five minutes of pressure
application. Superficial skin temperature at the anterior ankle begins to decrease 10 minutes
after the beginning of the protocol, but is still significantly greater than baseline measures
(29.52° C compared to 29.28° C). Lateral ankle superficial skin temperature also begins to
decrease 10 minutes after the beginning of the protocol, but is also still significantly greater than
baseline (29.35 °C compared to 29.08 °C) None of the remaining time points for either the
anterior or lateral ankle were significantly different from baseline (Figure 60). The superficial

skin temperature results were not dependent on pressure application location as determined by
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the no location interaction effect. This suggests that the local pressure application did not alter
anterior or lateral skin temperature compared to the control condition. We hypothesize that
sitting on the hard surface of the pressure application device, along with a diminished muscle
pump due to inactivity of the lower extremity muscles, decreased venous return which caused
pooling of the blood in the lower leg. Venous pressure under normal physiology is very low.?%*
It is likely that the interface pressure between the buttocks and firm surface of the local pressure
application apparatus was sufficient to occlude venous return, however this was not measured.
The flow into the venous system is exclusively from the arterial system. Additionally, after three
to five minutes of inactivity the venous system is filled and serves as a reservoir for blood.?**

We suspect that the first five minutes of sitting resulted in an increase in temperature because the
venous system was filling with warm arterial blood. After the filling was complete, heat
exchange from the lower leg to the environment occurred via thermal radiation at a rate faster
than which fresh, warmed arterial blood entered the venous system. Previous research within our
laboratory found a similar pattern with both 44 and 36 kilopascals applied to the posterior thigh
and ischial tuberosity across a 10 minute pressure application period.?*? Previous work within
our laboratory examining the effects of prolonged sitting in a Black Hawk helicopter found that
superficial skin temperature at the anterior and lateral ankle decreased by 2.78-2.85° C across a
four hour time period.?*> During the prolonged restricted sitting study, temperature measures
were only collected once every 30 minutes, thus, and changes between the 30 minute data
collection periods were not analyzed. Future research should collect data more frequently in

order to examine the effects of prolonged sitting in an effort to determine if there is a pattern of

temperature increases followed by decreases as we observed in this study.
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Figure 60. Combined anterior and lateral ankle superficial skin temperatures for project
three. min: minute; C: Celsius.

Pulse oximetry results suggest that arterial oxygen saturation is unaltered during local
pressure application to the posterior thigh or ischial tuberosity when compared to a no pressure
condition. These results are in line with previous research which found local pressure
application and prolonged restricted sitting do not alter arterial oxygen saturation.’** Work
examining muscle oxygenation at the medial gastrocnemius muscle during 8 hours of prolonged
restricted sitting also found that muscle oxygenation levels are not significantly changed.® Our
work, along with the work of others, suggests that the discomfort and temporary parathesia
reported in rotary-winged pilots during prolonged missions is not associated with decreases in

arterial or muscle oxygenation levels in the lower extremity.
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Lower Extremity Sensibility

The Semmes-Weinstein monofilament test results revealed a significant increase in
monofilament test scores at the fifth metatarsal. An increase in monofilament test scores
signifies a decrease in sensitivity to point pressure. Data at the great toe and third metatarsal
demonstrate no significant change in monofilament test scores (Figure 61). This pattern of
decreased sensibility on the lateral portion of the plantar surface of the foot suggests that there
may be a dermatome specific change associated with a specific spinal nerve root. The lateral
foot dermatome is associated with the S1 nerve root while the great toe and third metatarsal test
locations are associated with the L5 nerve root. Previous research examining the effects of
prolonged sitting on Semmes-Weinstein monofilament test scores found a similar pattern of
dermatome specific changes.?*> Moreover, Hoffmann reflex data collected in the present study
supports our hypothesis of targeted changes associated with spinal nerve roots. The S1 nerve
root supplies motor function to the lateral and posterior musculature of the lower leg.?”” A
clinical test for S1 nerve root dysfunction is the Achilles tendon tap reflex.?’? A decreased reflex
response suggests impairment to S1 nerve root.>’? The soleus Hoffmann reflex is an electrically
induced reflex equivalent to the Achilles tendon tap reflex which bypasses the muscle spindle.®
We found an inhibited Hoffmann reflex amplitude during location pressure application to the
posterior thigh suggesting decreased a-motoneuron output at the level of S1. The present study
demonstrates that the function of the dermatome and myotome of the S1 spinal nerve root is
decreased during pressure application, while function the L5 spinal nerve root dermatome is not
decreased. These data support a spinal level dependent response to local pressure application

although we did not measure the L5 level myotome with reflex testing. Future studies should
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examine the reflex response during local pressure application using a muscle innervated from the

L5 level.
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Figure 61. Combined Semmes-Weinstein monofilament test scores for project three. min:
minute.

The two-point discrimination test at the great toe, medial malleolus, and lateral malleolus
found no significant changes across all three conditions or across time (Figure 62). This
indicates that receptive field size and sensitivity are unchanged as a result of local pressure

application. Our results are similar to others which found no significant difference of two-point

85,292

discrimination scores during local pressure application or during a prolonged restricted
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sitting protocol.*®* While used frequently in clinical settings, our results and the results

of others suggest that the two-point discrimination test may not be a viable measure to examine
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the effect of local pressure application or prolonged restricted sitting on lower extremity
receptive field size or function. Future research should explore other means of examining the

sensory nervous system which could be used in both an experimental and field setting.
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Figure 62. Combined two-point discrimination test scores for project three. min: minute;
mm: millimeter.

Subjective Discomfort

Subjective discomfort as measured with the Category Partitioning Scale was increased
when pressure was applied to the posterior thigh when compared to the ischial tuberosity and the

control condition. The discomfort remained elevated above baseline (5 minutes post-pressure =
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11.46 points and 10 minutes post-pressure = 12.66 points, compared to 3.16 points at baseline)
following pressure application. The three subsections of the short form of the McGill Pain
Questionnaire (descriptor scores, visual analog scale distances, and present pain intensity scores)
all showed similar results (Figure 63). These results are in agreement with previous research
which found that local pressure application to the posterior thigh and ischial tuberosity increased
discomfort during and after application;®>?*? and also work which examined the effects of
prolonged restricted sitting in rotary-winged®®? and fixed-winged aircraft.>*!*> While these
results seem obvious they provide evidence that local pressure application creates increases in
subjective discomfort similar to the increases observed during prolonged restricted sitting;
supporting the hypothesis that areas of locally high pressure create discomfort during prolonged
missions. Additionally, these results demonstrate areas of high pressure near the edge of the seat
(close to the posterior thigh pressure application) may be more problematic than the areas of
highest pressure recorded near the ischial tuberosities."*> Future research should continue to

examine the relationship between local pressure application discomfort, discomfort experienced

during prolonged restricted sitting, and the relation of these to improved seat design.
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Figure 63. Combined McGill Pain Questionnaire subsections for project three. min:
minute; pts: points; cm: centimeter.

Conclusion

Together these results suggest that 44 kilopascals of local pressure application decreases
motoneuron pool excitability, increases superficial anterior and lateral ankle skin temperature,
decreases sensitivity of the lateral aspect of the plantar surface of the foot, and increases
subjective discomfort. These differences were greater when pressure was applied to the posterior
thigh compared to the ischial tuberosity. We also believe that the neurological changes
associated with local pressure application follow a nerve root dependent distribution, however

more work needs to be completed in this area.
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Chapter VII

Conclusions and Future Work

This study examined the effects of prolonged restricted sitting in a UH-60 Black Hawk
helicopter pilot’s seat and local pressure application to the buttocks. Three projects were
developed to investigate changes to subjective discomfort, lower extremity sensibility, lower
extremity vascular function, and neurological function during sitting. The data demonstrated
that, as expected, a 4 hour bout of restricted sitting resulted in increased discomfort, decreased
lower extremity sensibility, and decreased skin temperature at the anterior and lateral ankle.
Additionally we found that local pressure application to the posterior thigh and ischial tuberosity
at 36 and 44 kilopascals increased discomfort, decreased lower extremity sensibility, and
increased skin temperature at the anterior and lateral ankle. These effects where more
pronounced when pressure was applied at 44 kilopascals to the posterior thigh than at the other
conditions. Finally, we found that 44 kilopascals of pressure applied to the posterior thigh or
ischial tuberosity decreased soleus Hoffmann reflex amplitude, increased subjective discomfort,
decreased lower extremity sensibility, and increased lower extremity temperature. These data
indicate that pilot’s seats in Black Hawk helicopters produce symptoms of discomfort which may
be due to areas of locally high pressure altering neurological and vascular function. However,
much work needs to be completed in order to better understand changes associated with
prolonged sitting and improving seat structure to diminish the negative effects associated with

prolonged sitting such as pain and temporary parathesia.
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Future Work

There are multiple directions in which this current research could be expanded. These
include: examining anatomical changes with imaging modalities (e.g. magnetic resonance
imaging); investigating the contribution of rotor vibration and shock to discomfort during
prolonged restricted sitting; and examining the effects of Warrior gear on physiologic changes
and discomfort during flight. Each of these areas will aid in our understanding of how the
human body changes during bouts of prolonged sitting and local pressure application in rotary-

winged aircraft.

Examining the anatomical changes occurring during prolonged sitting and local pressure
application is essential to understanding which tissues are affected. Results from the present
study suggest which anatomical structures are altered during local pressure application and
prolonged sitting based on the physiological changes observed. However, without confirmation
through imaging devices such as magnetic resonance imaging and sonography no conclusions
can be made. Our laboratory is currently collecting pilot data to observe anatomical changes
during local pressure application using high-field (3 Tesla) magnetic resonance imaging. We
plan to expand on this project by incorporating the neurological measures collected in the present
study with high-field magnetic resonance imaging to directly examine the effects of local

pressure application on physiologic function.

The current study did not examine the effects of rotor vibration and prolonged restricted
sitting on discomfort or temporary parathesia. Ideally, data would be collected on Black Hawk
pilot’s during prolonged flight, however the feasibility of such studies is low. An alternative to

collecting data during flight is to collect the vibration profile of the Black Hawk helicopter using
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accelerometers and then transferring those data into a multi-axis ride simulator which would
provide the exact ride profile found during prolonged flight in a Black Hawk in a laboratory
setting. This would allow researchers to replicate the physical stresses on the body during

prolonged flight while still allowing for the safe and effective collection of physiologic data.

In the present study, participants wore shorts and a t-shirt with bare feet to allow access
to the lower extremity in order to collect data. In the field, Black Hawk helicopter pilots wear
many pieces of equipment and clothing including: the Army Combat Uniform; protective
helmets with night vision goggles; combat boots; and body armor. This adds a substantial
amount of mass to the pilot, which increases the mass applied to the seat pan during flight
possibly changing the onset and intensity of the discomfort and temporary parathesia. Testing
participants in full flight gear will require innovative methods of data collection, but will yield

invaluable insights into the effects of prolonged restricted sitting in a rotary-winged aircraft.

The end goal of any research needs to be improved aviator performance, health and
wellbeing. Ultimately, improving the current seat design while maintaining or improving safety
is the goal. This will require expertise from several disciplines including kinesiology,
physiology, aviation medicine, ergonomics, engineering, and military sciences. The end users,
military rotary-winged aviators, also need to be included in the development of an improved seat
design. Finally, any knowledge gained and lessons learned will also have direct transition to the

civilian sector.

The United States Armed Forces spends millions of dollars each year treating the injuries

associated with the helicopter seat system. Improved seat design will not only improve mission
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efficacy, but also save the Armed Forces tens of millions of dollars through reduced injury,

training time lost, and disability while also improving mission efficacy.
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Appendix A

Means, Standard Deviations, and 95% Confidence Intervals for Project One

Table A- 1. Participant demographic data. y: year; cm: centimeter; kg: kilogram; °:

degree.
Mean Standard Deviation
Age, y 23.47 3.11
Height, cm 177.17 5.32
Weight, kg 79.09 12.15
Arm Reach, cm 184.73 8.8
Crotch Height, cm 94.07 3.9
Sitting Height, cm 93.03 3.36
Design Eye Point Knee Angle, ° 76.33 4.7
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Table A- 2. Category Partitioning Scale means, standard deviations, and 95% confidence
intervals. min: minutes; CP-50: Category Partitioning Scale; pts: points.

Time, min Mean CP-50 Standard 95% Confidence Interval
Score, pts Deviation
Lower Bound Upper Bound

0 1.2 1.57 0.33 2.07
30 6.33 4.32 3.94 8.73
60 10.67 6.53 7.05 14.28
90 14.6 8.84 9.71 19.49
120 20.53 10.06 14.96 26.11
150 25.4 11.48 19.04 31.76
180 29.27 13.6 21.73 36.8
210 29.93 13.42 22.5 37.36
240 31.47 13.15 24.19 38.75
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Table A- 3. McGill Pain Questionnaire descriptor score means, standard deviations, and
95% confidence intervals. min: minutes; MPQ: McGill Pain Questionnaire; pts: points.

Time, min Mean MPQ Standard 95% Confidence Interval

Descriptor Deviation

Score, pts
Lower Bound Upper Bound

0 0.33 0.82 -0.12 0.79
30 1.2 1.15 0.57 1.84
60 2 1.51 1.16 2.84
90 3.2 2.24 1.96 4.44
120 4.87 2.88 3.27 6.46
150 6.33 4.2 4.01 8.66
180 7.53 4.85 4.85 10.22
210 7.6 4.69 5 10.2
240 8.87 5.91 5.59 12.14
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Table A- 4. Visual Analog Scale means, standard deviations, and 95% confidence intervals.
min: minutes; VAS: Visual Analog Scale; cm: centimeters.

Time, min Mean VAS Standard 95% Confidence Interval
Score, cm Deviation
Lower Bound Upper Bound

0 0.23 0.25 0.09 0.37
30 0.64 0.51 0.36 0.92
60 1.2 0.66 0.84 1.56
90 1.89 1.25 1.2 2.59
120 3.05 2.22 1.82 4.28
150 3.67 2.57 2.25 5.1
180 4.47 3.04 2.79 6.16
210 4.6 3.37 2.73 6.47
240 5.06 3.56 3.09 7.03
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Table A- 5. Present Pain Intensity score means, standard deviations, and 95% confidence
intervals. min: minutes; PPI: Present Pain Intensity; cm: centimeters.

Time, min Mean PPI Score, Standard 95% Confidence Interval
cm Deviation
Lower Bound Upper Bound

0 0.13 0.35 -0.06 0.33
30 0.73 0.46 0.48 0.99
60 1.07 0.59 0.74 1.4
90 1.47 0.64 1.11 1.82
120 1.73 0.59 1.41 2.06
150 1.93 0.7 1.54 2.32
180 2.13 0.92 1.63 2.64
210 2.33 0.98 1.79 2.87
240 2.47 0.99 1.92 3.02
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Table A- 6. Great toe monofilament test score means, standard deviations, and 95%
confidence intervals. min: minute; GTMFT; great toe monofilament test.

Time, min Mean GTMFT Standard 95% Confidence Interval
Score, size Deviation
Lower Bound Upper Bound

0 3.99 0.46 3.73 4.24
30 3.95 0.56 3.64 4.26
60 4.06 0.56 3.75 4.37
90 4.17 0.4 3.95 4.4
120 4.16 0.42 3.93 4.39
150 4.29 0.49 4.02 4.56
180 4.24 0.47 3.98 4.5
210 4.2 0.5 3.92 4.47
240 4.38 0.76 3.96 4.8
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Table A- 7. Third metatarsal monofilament test score means, standard deviations, and 95%o
confidence intervals. min: minutes; SAMMFT: third metatarsal monofilament test.

Time, min Mean 3MMFT Standard 95% Confidence Interval
Score, size Deviation
Lower Bound Upper Bound

0 3.83 0.38 3.62 4.04
30 3.99 0.43 3.75 4.22
60 3.92 0.57 3.61 4.24
90 3.95 0.56 3.64 4.26
120 3.97 0.41 3.75 4.2
150 4.07 0.56 3.76 4.38
180 4.16 0.53 3.82 4.46
210 4.06 0.55 3.75 4.36
240 4.14 0.55 3.83 4.44
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Table A- 8. Fifth metatarsal monofilament test score means, standard deviations, and 95%
confidence intervals. min: minutes; SMMFT: fifth metatarsal monofilament test.

Time, min Mean SMMFT Standard 95% Confidence Interval
Score, size Deviation
Lower Bound Upper Bound

0 4.02 0.49 3.75 4.29
30 4.12 0.54 3.82 4.42
60 4.1 0.45 3.85 4.35
90 4.18 0.43 3.94 4.41
120 4.13 0.56 3.82 4.44
150 4.35 0.79 3.91 4.79
180 4.26 0.48 3.99 4.52
210 4.39 0.52 4.1 4.68
240 4.49 0.84 4.02 4.95
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Table A- 9. Great toe two-point discrimination test means, standard deviations, and 95%
confidence intervals. min: minutes; GT: great toe; mm: millimeters.

Time, min Mean GT Standard 95% Confidence Interval
Interpoint Deviation
Distance, mm

Lower Bound Upper Bound

0 11.33 2.44 9.92 12.63

30 10.67 2.5 9.28 12.05

60 9.53 2.39 8.21 10.86

90 10.73 3.08 9.03 12.44
120 10.73 2.37 9.42 12.05
150 11.67 2.64 10.21 13.13
180 10.87 2.23 9.63 12.1
210 11.73 2.37 10.42 13.05
240 10.33 2.53 8.93 11.73
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Table A- 10. Medial malleolus two-point discrimination test means, standard deviations,
and 95% confidence intervals. min: minutes; MM: medial malleolus; mm: millimeters.

Time, min Mean MM Standard 95% Confidence Interval
Interpoint Deviation
Distance, mm

Lower Bound Upper Bound

0 14.67 0.82 14.22 15.12

30 14.73 1.03 14.16 15.31

60 14.87 0.52 14.58 15.13

90 14.87 0.52 14.58 15.13
120 14.93 0.26 14.79 15.08
150 14.93 0.26 14.79 15.08
180 14.8 0.56 14.49 15.11
210 14.73 1.03 14.16 15.31
240 14.8 0.41 14.57 15.03
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Table A- 11. Lateral malleolus two-point discrimination test means, standard deviations,
and 95% confidence intervals. min: minutes; LM: lateral malleolus; mm: millimeters.

Time, min Mean LM Standard 95% Confidence Interval
Interpoint Deviation
Distance, mm

Lower Bound Upper Bound

0 14.73 1.03 14.16 15.31

30 14.73 0.59 14.47 15.06

60 14.27 2.15 13.07 15.46

90 14.73 0.7 14.34 15.21
120 14.8 0.41 14.57 15.03
150 14.73 0.59 14.41 15.06
180 14.8 0.41 14.57 15.03
210 14.73 0.59 14.41 15.06
240 14.73 0.59 14.41 15.06
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Table A- 12. Arterial oxygen saturation means, standard deviations, and 95% confidence
intervals. min: minutes.

Time, min Mean Arterial Standard 95% Confidence Interval
Oxygen Deviation
Saturation, %

Lower Bound Upper Bound

0 99.2 1.27 98.5 99.9

30 99 1.6 98.11 99.89

60 99.13 1.06 98.55 99.72

90 99.2 1.15 98.57 99.84
120 99.27 0.88 98.78 99.76
150 99.27 0.88 98.78 99.76
180 99.6 0.63 99.25 99.95
210 99.6 0.63 99.25 99.95
240 99.47 0.74 99.06 99.88
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Table A- 13. Anterior ankle superficial skin temperature means, standard deviations, and
95% confidence intervals. min: minutes; C: Celsius.

Time, min Mean Anterior Standard 95% Confidence Interval
Ankle Deviation
Temperature, °C

Lower Bound Upper Bound

0 29.66 1.73 28.7 30.62

30 28.88 1.68 27.95 29.81

60 28.34 1.64 27.43 29.25

90 27.99 1.71 27.05 28.94
120 27.67 1.66 26.75 28.59
150 27.42 1.47 26.61 28.23
180 27.31 1.6 26.42 28.19
210 27.01 1.52 26.17 27.85
240 26.88 1.43 26.09 27.67
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Table A- 14. Lateral ankle superficial skin temperature means, standard deviations, and
95% confidence intervals. min: minutes; C: Celsius.

Time, min Mean Lateral Standard 95% Confidence Interval
Ankle Deviation
Temperature, °C

Lower Bound Upper Bound

0 29.44 1.49 28.61 30.27

30 28.55 1.4 27.78 29.33

60 28.13 1.37 27.37 28.88

90 27.53 1.2 26.93 28.26
120 27.26 1.29 26.55 27.97
150 27.03 1.21 26.36 27.7
180 26.9 1.14 26.27 27.53
210 26.71 1.1 26.1 27.32
240 26.59 1.14 25.96 27.22
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Appendix B
Means, Standard Deviations, and 95% Confidence Intervals for Project Two

Table B- 1. Participant demographic data. y: year; cm: centimeters; kg: kilograms; °:

degrees.
Mean Standard Deviation
Age,y 23.47 3.11
Height, cm 177.17 5.32
Weight, kg 79.09 12.15
Arm Reach, cm 184.73 8.8
Crotch Height, cm 94.07 3.9
Sitting Height, cm 93.03 3.36
Design Eye Point Knee Angle, ° 76.33 4.7
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Table B- 2. Category Partitioning Scale score means, standard deviations, and 95%
confidence intervals. CP-50: Category Partitioning Scale; pts: points.

Time Point Mean CP-50 Star.mda?rd 95% Confidence Interval
Score, pts Deviation
Lower Bound Upper Bound
36 kP Posterior
Thigh Pre 2.2 4.46 -0.27 4.67
36 kP Posterior
Thigh Post 8.67 7.08 4.75 12.59
36 kP Ischial
Tuberosity Pre 1.2 L9 0.15 2.25
36 kP Ischial
Tuberosity Post 4.67 4.27 2.3 7.03
44 kP Posterior
Thigh Pre 2.07 3.67 0.03 4.1
44 kP Posterior
Thigh Post 13.93 6.08 10.57 17.3
44 kP Ischial
Tuberosity Pre 1.8 2.78 0.26 3.34
44 kP Ischial
Tuberosity Post 7.33 4.03 5.1 9.56
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Table B- 3. McGill Pain Questionnaire descriptor score means, standard deviations, and
95% confidence intervals. MPQ: McGill Pain Questionnaire; pts: points.

Mean MPQ Standard
Time Point Descriptor L 95% Confidence Interval
Deviation
Score, pts
Lower Bound Upper Bound
36 kP Posterior
Thigh Pre 0.2 0.56 -0.11 0.51
36 kP Posterior
Thigh Post 1.33 1.5 0.5 2.16
36 kP Ischial
Tuberosity Pre 0.13 035 -0.06 033
36 kP Ischial
Tuberosity Post 0.87 1.13 0.24 1.49
44 kP Posterior
Thigh Pre 0.27 0.46 0.01 0.52
44 kP Posterior
Thigh Post 2.07 1.16 1.42 2.71
44 kP Ischial
Tuberosity Pre 0.2 0.41 -0.03 0.43
44 kP Ischial
Tuberosity Post 1.13 0.74 0.72 1.54

243



Table B- 4. Visual Analog Scale means, standard deviations, and 95% confidence intervals.
VAS: Visual Analog Scale; cm: centimeters.

Mean VAS Standard

Time Point . 95% Confidence Interval
Score, cm Deviation
Lower Bound Upper Bound
36 kP Posterior
Thigh Pre 0.27 0.53 -0.02 0.57
36 kP Posterior
Thigh Post 0.92 0.78 0.48 1.35
36 kP Ischial
Tuberosity Pre 0.13 0.19 0.02 0.23
36 kP Ischial
Tuberosity Post 0.46 0.55 0.16 0.76
44 kP Posterior
Thigh Pre 0.15 0.23 0.02 0.28
44 kP Posterior
Thigh Post 1.43 1.1 0.82 2.04
44 kP Ischial
Tuberosity Pre 0.16 0.24 0.02 0.3
44 kP Ischial
Tuberosity Post 0.77 0.67 0.4 1.14
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Table B- 5. Present Pain Intensity score means, standard deviations, and 95% confidence
intervals. PPI: Present Pain Intensity; pts: points.

Time Point Mean PPl Score, Star.mda?rd 95% Confidence Interval
pts Deviation
Lower Bound Upper Bound
36 kP Posterior
Thigh Pre 0.2 0.56 -0.11 0.51
36 kP Posterior
Thigh Post 0.67 0.72 0.27 1.07
36 kP Ischial
Tuberosity Pre 0.07 0.26 -0.08 0.21
36 kP Ischial
Tuberosity Post 0.4 0.51 0.12 0.68
44 kP Posterior
Thigh Pre 0.13 0.35 -0.06 0.32
44 kP Posterior
Thigh Post 1.13 0.74 0.72 1.54
44 kP Ischial
Tuberosity Pre 0.2 0.56 -0.11 0.51
44 kP Ischial
Tuberosity Post 0.73 0.59 0.4 1.06
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Table B- 6. Great toe monofilament test score means, standard deviations, and 95%

confidence intervals. GTMFT: great toe monofilament test.

Time Point Mean GTMFT Star.mda?rd 95% Confidence Interval
Score, size Deviation
Lower Bound Upper Bound
36 kP Posterior
Thigh Pre 3.97 0.49 3.7 4.25
36 kP Posterior
Thigh Post 4.1 0.53 3.81 4.4
36 kP Ischial
Tuberosity Pre 4.02 0.49 3.75 4.3
36 kP Ischial
Tuberosity Post 4.18 0.84 3.71 4.64
44 kP Posterior
Thigh Pre 4.08 0.41 3.85 4,31
44 kP Posterior
Thigh Post 4,18 0.46 3.92 4,43
44 kP Ischial
Tuberosity Pre 4.05 0.47 3.79 4.31
44 kP Ischial
Tuberosity Post 4.15 0.49 3.88 3.42
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Table B- 7. Third metatarsal monofilament test score means, standard deviations, and 95%
confidence intervals. SMMFT : third metatarsal monofilament test.

Mean 3MMFT Standard

Time Point . . 95% Confidence Interval
Score, size Deviation
Lower Bound Upper Bound
36 kP Posterior
Thigh Pre 4,19 0.87 3.7 4.67
36 kP Posterior
Thigh Post 4.13 0.85 3.66 4.6
36 kP Ischial
Tuberosity Pre 4.03 0.82 3.58 4.3
36 kP Ischial
Tuberosity Post 4.32 1.05 3.73 4.9
44 kP Posterior
Thigh Pre 4.1 0.53 3.81 4.4
44 kP Posterior
Thigh Post 4.05 0.55 3.75 4.36
44 kP Ischial
Tuberosity Pre 4.05 0.52 3.77 4.34
44 kP Ischial
Tuberosity Post 4.07 0.56 3.76 4.38
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Table B- 8. Fifth metatarsal monofilament test score means, standard deviations, and 95%
confidence intervals. SMMFT: fifth metatarsal monofilament test.

Mean SMMFT Standard

Time Point . . 95% Confidence Interval
Score, size Deviation
Lower Bound Upper Bound
36 kP Posterior
Thigh Pre 424 0.78 3.8 4.67
36 kP Posterior
Thigh Post 4.33 1.05 3.75 4.92
36 kP Ischial
Tuberosity Pre 4.01 0.62 3.67 4.35
36 kP Ischial
Tuberosity Post 4.25 1.09 3.64 4.85
44 kP Posterior
Thigh Pre 4,11 0.55 3.81 4,42
44 kP Posterior
Thigh Post 428 0.51 3.99 4.56
44 kP Ischial
Tuberosity Pre 4.08 0.57 3.76 4.4
44 kP Ischial
Tuberosity Post 4.33 0.79 3.9 4,77
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Table B- 9. Great toe two-point discrimination test means, standard deviations, and 95%
confidence intervals. GT: great toe; mm: millimeters.

Mean GT Standard
Time Point Interpoint L 95% Confidence Interval
. Deviation
Distance, mm
Lower Bound Upper Bound
36 kP Posterior
Thigh Pre 10.33 2.19 9.12 11.55
36 kP Posterior
Thigh Post 11.27 2.22 10.04 125
36 kP Ischial
Tuberosity Pre 11.27 2.09 10.11 12.42
36 kP Ischial
Tuberosity Post 10.87 1.92 9.8 11.93
44 kP Posterior
Thigh Pre 11.2 1.82 10.19 12.21
44 kP Posterior
Thigh Post 11.13 2.26 9.88 12.39
44 kP Ischial
Tuberosity Pre 10.47 2.7 8.97 11.96
44 kP Ischial
Tuberosity Post 11.2 2.27 9.94 12.46
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Table B- 10. Medial malleolus two-point discrimination test means, standard deviations,
and 95% confidence intervals. MM: medial malleolus; mm: millimeters.

Mean MM

Time Point Interpoint Star?dgrd 95% Confidence Interval
. Deviation
Distance, mm
Lower Bound Upper Bound
36 kP Posterior
Thigh Pre 14.93 0.26 14,79 15.08
36 kP Posterior
Thigh Post 14.67 0.82 14.21 15.12
36 kP Ischial 14.93 0.26 14.79 15.07
Tuberosity Pre
36 kP Ischial
Tuberosity Post 14.8 0.56 14.49 15.11
44 kP Posterior
Thigh Pre 14.73 0.8 14.29 15.18
44 kP Posterior
Thigh Post 14.8 0.41 14.57 15.03
44 kP Ischial
Tuberosity Pre 14.87 0.35 14.67 15.06
44 kP Ischial
Tuberosity Post 14.87 0.52 14.58 15.15
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Table B- 11. Lateral malleolus two-point discrimination test means, standard deviations,
and 95% confidence intervals. LM: lateral malleolus; mm: millimeters.

Mean LM Standard
Time Point Interpoint L 95% Confidence Interval
. Deviation
Distance, mm
Lower Bound Upper Bound

36 kP Posterior

Thigh Pre 14.53 1.13 13.91 15.16
36 kP Posterior

Thigh Post 15 0 15 15

36 kP Ischial 14.67 0.72 14.27 15.07
Tuberosity Pre

36 kP Ischial
Tuberosity Post 14.73 1.03 14.16 14.31
44 kP Posterior

Thigh Pre 14.67 0.82 14.21 15.12
44 kP Posterior

Thigh Post 14.87 0.35 14.67 15.06

44 kP Ischial
Tuberosity Pre 14.73 0.8 14.92 15.17

44 kP Ischial
Tuberosity Post 14.8 0.77 14.37 15.23
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Table B- 12. Arterial oxygen saturation means, standard deviations, and 95% confidence
intervals.

Mean Arterial Standard
Time Point Oxygen 95% Confidence Interval

Saturation, % Deviation
Lower Bound Upper Bound
36 kP Posterior
Thigh Pre 98.8 1.21 98.13 99.47
36 kP Posterior
Thigh Post 99 1.07 98.41 99.59
36 kP Ischial
Tuberosity Pre 98.2 1.97 97.11 99.29
36 kP Ischial
Tuberosity Post 97.13 7.08 93.21 101.05
44 kP Posterior
Thigh Pre 98.93 1.16 98.29 99,58
44 kP Posterior
Thigh Post 98.4 2.82 96.84 99.96
44 kP Ischial
Tuberosity Pre 98.8 1.37 98.04 99.56
44 kP Ischial
Tuberosity Post 99.14 1.13 98.51 89.76
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Table B- 13. Anterior ankle superficial skin temperature means, standard deviations, and
95% confidence intervals. C: Celsius.

Mean Anterior Standard
Time Point Ankle 95% Confidence Interval

Temperature, °C Deviation
Lower Bound Upper Bound
36 kP Posterior
Thigh Pre 30.33 1.79 29.34 31.33
36 kP Posterior
Thigh Post 30.95 1.63 30.05 31.85
36 kP Ischial
Tuberosity Pre 30.38 1.49 29.56 31.2
36 kP Ischial
Tuberosity Post 31.08 1.63 30.18 31.98
44 kP Posterior
Thigh Pre 30.13 1.57 29.26 30.99
44 kP Posterior
Thigh Post 30.74 1.45 29.94 31.54
44 kP Ischial
Tuberosity Pre 30.25 1.62 29.35 31.15
44 kP Ischial
Tuberosity Post 30.78 1.67 29.86 317
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Table B- 14. Lateral ankle superficial skin temperature means, standard deviations, and
95% confidence intervals. C: Celsius.

Mean Lateral Standard
Time Point Ankle 95% Confidence Interval

Temperature, °C Deviation
Lower Bound Upper Bound
36 kP Posterior
Thigh Pre 30.09 1.48 29.27 30.91
36 kP Posterior
Thigh Post 29.9 2.1 28.23 31.56
36 kP Ischial 30.09 1.18 29.44 30.75
Tuberosity Pre
36 kP Ischial
Tuberosity Post 30.65 1.22 29.98 31.33
44 kP Posterior
Thigh Pre 29.99 1.14 29.36 30.62
44 kP Posterior
Thigh Post 30.51 1.29 29.79 31.22
44 kP Ischial
Tuberosity Pre 30.09 1.4 29.32 30.87
44 kP Ischial
Tuberosity Post 30.45 141 29.67 31.23
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Appendix C
Means, Standard Deviations, and 95% Confidence Intervals for Project Three

Table C- 1. Participant demographic data. y: year; cm: centimeters; kg: kilograms; %:
percent; °: degrees.

Mean Standard Deviation

Age,y 21.73 2.24
Height, cm 179.24 4.58
Weight, kg 80.64 12.02
Body Fat, % 20.09 9.19
Arm Reach, cm 185.05 5.16
Crotch Height, cm 94.63 2.91
Sitting Height, cm 95.1 2.6

Design Eye Point Knee Angle, ° 76.13 3.19
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Table C- 2. Category Partitioning Scale score means, standard deviations, and 95%
confidence intervals. CP-50: Category Partitioning Scale; pts: points.

Time Point Mean CP-50 Score, pts Standard Deviation 95% Confidence Interval

Lower Bound Upper Bound

Posterior thigh pre 3.17 3.99 1.68 4.66

Posterior thigh 5 min

. 9.9 7.67 7.04 12.76
into-pressure
Postt.erlorthlgh 10 min 12.53 758 9.7 15.36
into-pressure
Posterior thigh 5 min
11.47 9.46 7.93 14,99
post-pressure
Posterior thigh 10 min
12.67 10.51 8.74 16.59
post-pressure
Ischial tuberosity pre 2.77 3.29 1.54 3.99
Ischial tuberosity 5 min
- 7.83 5.31 5.85 9.81
into-pressure
Ischial tuberosity 10 min
. 9.9 7.4 7.14 12.66
into-pressure
Ischial tuberosity 5 min
10.63 8.39 7.49 13.77
post-pressure
Ischial tuberosity 10 min
11.7 9.47 8.16 15.24
post-pressure
Control pre 3.17 4.65 1.43 49
Control 5 min into-
5.43 6.13 3.14 7.72
pressure
Control 10 min into-
6.73 6.7 4.23 9.24
pressure
Control 5 min post-
8.83 7.69 5.96 11.71
pressure
Control 10 min post-
10.27 9.67 6.66 13.88

pressure
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Table C- 3. McGill Pain Questionnaire descriptor score means, standard deviations, and
95% confidence intervals. MPQ: McGill Pain Questionnaire; pts: points.

Mean MPQ Descriptor

Time Point Standard Deviation 95% Confidence Interval
Score, pts
Lower Bound Upper Bound
Posterior thigh pre 0.87 1.25 0.4 133
Pos'Ferlor thigh 5 min 21 200 1.32 588
into-pressure
POStl.EI’IOI'thIgh 10 min 223 211 1.44 3.02
into-pressure
Posterior thigh 5 min 26 3.18 1.41 379
post-pressure
Posterior thigh 10 min 2.97 3.65 16 4.33
post-pressure
Ischial tuberosity pre 0.8 0.89 0.47 1.13
Ischla.ﬂ tuberosity 5 min 167 1.32 1.17 2.16
into-pressure
Ischla.l tuberosity 10 min 5 1.72 1.36 2.64
into-pressure
Ischial tuberosity 5 min 26 282 1.54 3.65
post-pressure
Ischial tuberosity 10 min 29 336 1.65 4.15
post-pressure
Control pre 0.53 0.73 0.26 0.81
Control 5 min into-
ontrol 5 min into 107 134 0.57 1.57
pressure
Control 10 min into- 14 1.87 0.7 2.09
pressure
Control 5 min post- 2.03 25 11 297
pressure
Control 10 min post- 357 333 1.32 381

pressure
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Table C- 4. Visual Analog Scale score means, standard deviations, and 95% confidence
intervals. cm: centimeters.

Mean Visual Analog

Time Point Standard Deviation 95% Confidence Interval
Score, cm
Lower Bound Upper Bound
Posterior thigh pre 0.41 0.72 0.14 0.68
Pos'Ferlor thigh 5 min 1.09 0.95 0.74 1.45
into-pressure
POStl.EI’IOI'thIgh 10 min 131 124 0.84 177
into-pressure
Posterior thigh 5 min 135 14 0.82 187
post-pressure
Posterior thigh 10 min 154 157 0.95 213
post-pressure
Ischial tuberosity pre 0.31 0.38 0.17 0.45
Ischla.ﬂ tuberosity 5 min 073 0.7 0.47 0.99
into-pressure
Ischla.l tuberosity 10 min 092 0.08 0.56 129
into-pressure
Ischial tuberosity 5 min 1.07 118 0.63 151
post-pressure
Ischial tuberosity 10 min 133 1.59 0.73 1.03
post-pressure
Control pre 0.25 0.32 0.13 0.37
Control 5 min into- 0.59 0.78 0.29 0.88
pressure
Control 10 min into-
ontrot -& min into 071 0.72 0.44 0.98
pressure
Control 5 min post- 1 107 0.6 1.4
pressure
Control 10 mi t-
ontrot ZLmin pos 1.06 117 0.63 15

pressure
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Table C- 5. Present Pain Intensity score means, standard deviations, and 95% confidence
intervals. PPI: Present Pain Intensity; pts: points.

Time Point Mean PPI Score, pts Standard Deviation 95% Confidence Interval

Lower Bound Upper Bound

Posterior thigh pre 0.43 0.5 0.24 0.62

Posterior thigh 5 min

- 1 0.64 0.76 1.24
into-pressure
POSt(.ErIOI' thigh 10 min 1 0.64 0.76 1.24
into-pressure
Posterior thigh 5 min 0.93 0.73 0.66 1.21
post-pressure
Posterior thigh 10 min 1.07 0.78 0.77 1.36
post-pressure
Ischial tuberosity pre 0.4 0.5 0.21 0.59
Ischla_ﬂ tuberosity 5 min 0.77 0.57 0.55 0.98
into-pressure
Ischla.l tuberosity 10 min 0.8 0.55 0.59 1.01
into-pressure
Ischial tuberosity 5 min 0.97 0.67 0.71 1.21
post-pressure
Ischial tuberosity 10 min 103 0.72 0.77 1.3
post-pressure
Control pre 0.23 0.43 0.07 0.39
Control 5 min into- 0.57 0.63 0.33 0.8
pressure
Control 10 min into- 0.67 0.71 0.4 0.93
pressure
Control 5 min post- 0.83 0.79 0.54 1.13
pressure
Control 10 min post- 0.9 0.8 0.6 1.19

pressure
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Table C- 6. Great toe monofilament test score means, standard deviations, and 95%
confidence intervals. GTMFT: great toe monofilament test.

Time Point Mean GTMFT Score, size Standard Deviation 95% Confidence Interval

Lower Bound Upper Bound

Posterior thigh pre 4.06 0.67 3.81 4.31

Posterior thigh 5 min

- 4.19 0.63 3.96 4.43
into-pressure
POSt(.ErIOI' thigh 10 min 424 0.78 3.94 453
into-pressure
Posterior thigh 5 min 496 0.64 4.02 45
post-pressure
Posterior thigh 10 min 429 0.82 3.98 4.59
post-pressure
Ischial tuberosity pre 4.09 0.8 3.79 4.39
Ischla_ﬂ tuberosity 5 min 417 0.66 3.92 4.42
into-pressure
Ischla.l tuberosity 10 min 417 0.69 3.91 4.42
into-pressure
Ischial tuberosity 5 min 424 0.63 4 4.48
post-pressure
Ischial tuberosity 10 min 429 0.67 4.04 454
post-pressure
Control pre 4.22 0.79 3.93 4.52
Control 5 min into- 414 0.72 3.87 4.41
pressure
Control 10 min into- 432 0.77 4.03 46
pressure
Control 5 min post- 433 0.71 4.06 459
pressure
Control 10 min post- 43 0.67 4.05 4,55

pressure
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Table C- 7. Third metatarsal monofilament test score means, standard deviations, and 95%
confidence intervals. SMMFT : third metatarsal monofilament test.

Time Point Mean 3MMFT Score, size Standard Deviation 95% Confidence Interval

Lower Bound Upper Bound

Posterior thigh pre 4.15 0.65 3.91 4.39

Posterior thigh 5 min

- 4.15 0.68 3.9 4.41
into-pressure
POSt(.ErIOI' thigh 10 min 417 0.68 3.91 4.42
into-pressure
Posterior thigh 5 min 432 0.79 4.03 4.62
post-pressure
Posterior thigh 10 min 421 0.69 3.95 4.47
post-pressure
Ischial tuberosity pre 4.07 0.54 3.87 4.27
Ischla_ﬂ tuberosity 5 min 412 0.69 3.86 437
into-pressure
Ischla.l tuberosity 10 min 4.06 0.68 3.81 4.32
into-pressure
Ischial tuberosity 5 min 415 0.7 3.89 4.41
post-pressure
Ischial tuberosity 10 min 214 0.72 3.87 4.41
post-pressure
Control pre 4.17 0.64 3.93 4.41
Control 5 min into- 412 0.67 3.87 437
pressure
Control 10 min into- 4.2 0.81 39 451
pressure
Control 5 min post- 436 0.75 4.08 464
pressure
Control 10 min post- 418 0.81 3.88 4.48

pressure
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Table C- 8. Fifth metatarsal monofilament test score means, standard deviations, and 95%
confidence intervals. SMMFT: fifth metatarsal monofilament test.

Time Point