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SUMMARY

Although the major functions of the lymphatic system are fairly well defined, its
vasculature has yet to be well characterized in comparison to its blood vasculature
counterpart. Recent advances in optical imaging techniques have allowed for more
detailed and quantitative evaluations of lymph flow dynamics and mechanism. A rat tail
is often used for investigations of lymph flow because of the simple geometry, superficial
nature, and disease progression models of its collecting lymphatic vessels. In this study, a
pressure cuff system was fabricated and coupled with an existing functional near infrared
(NIR) imaging system to measure the overall pumping pressure of the lymphatic vessels
of a rat tail. In addition to adapting the system for use on rodents, previous systems used
for measuring lymphatic pumping pressure in humans were improved upon in several
ways. The system defined here utilizes closed-loop feedback control of pressure
application at smaller, more precise intervals. Using this device, a significant difference
in lymphatic vessel pumping pressure was detected between a control case and a
treatment case in which a vasoactive substance with a nitric oxide donor (GTNO
ointment) was applied to the tail. Although it is known that nitric oxide plays a crucial
physiologic role in propagation of flow through lymphatic vessels, this study has
quantified its significant pharmacological reduction of pumping pressure for the first

time.
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CHAPTER 1

INTRODUCTION

This chapter provides background information that will contribute to a better
understanding of the thought processes behind the content of the study presented in
Chapter 2. Additionally, it attributes credit to many of the influential scientists and
engineers in the fields of lymphatics and imaging, although it should also be
acknowledged that many others were intimately involved in paving the path for the

presented research.
Overview of the Lymphatic System

High-level Description and Function of the Lymphatic System
The lymphatic system consists of a network of vessels, nodes, and accessory
organs'~ that play a vital role in the body’s balance of interstitial fluid volume to

'3 In health it operates as

maintain protein concentration and oncotic pressure gradients.
an open system that returns excess interstitial fluid and proteins to the blood stream via a
lymphatic duct in the left subclavian vein."® Additionally the system is essential to a wide
variety of physiologic and pathophysiologic processes including immune cell trafficking
and regulation of immunity,”™ lipid transport,"'® progression of autoimmunity,"'' cancer
metastasis,”'' and tissue inflammation."'*'* Current research continues to propel

scientists toward a greater understanding of a system that has taken many contributors to

realize.



History of Discovery

Discovery of the lymphatic system has taken place over the course of many years,
possibly even dating back to 460 B.C.""* It is really not well known when or where the
lymphatics were initially noticed. Some writings suggest that great philosopher and
scientists such as Hippocrates and Aristotle may have identified lymphatic structures, but
these suggestions are based on writings of others and are unclear"'*. Even though
speculation surrounds the first true identification of the lymphatics, recognition of their
overall function is typically attributed to William Hunter in 1746."'>'” However, his
writings were preceded in 1654 by Francis Glisson who described part of the function of

the lymphatic system in his book Anatomia hepatis.">'"'®

In 1784 a contemporary of
Hunter’s, William Cruikshank, published one of the first all-encompassing books on the
lymphatics titled The anatomy of the absorbing vessels of the human body."*"*° This
book described the history of discovery, anatomy, and physiology of the lymphatic

1,21,22
system

. Not long after Cruikshank’s book was published, in 1787 Paolo Mascagni
published an incredibly detailed, and still relevant, atlas of the anatomy of the

lymphatics.”*

Large Scale Anatomy

A network of converging vessels comprises a significant portion of the lymphatic
system. These converging vessels begin as very tiny, blind-ended tubes that are lined by
endothelial cells and permeate the intercellular spaces of all tissues, except the brain and
eye.124 These initial lymphatics are closely related to the capillaries and small vessels of
the circulatory system in the organs of the abdomen and thorax. In the limbs they

primarily infiltrate the skin and subpapillary dermal plexus. Within the interstitial spaces



these tubes merge to form small vessels that continue to unite in the tissues around the
blood venules and arterioles.12> As these small vessels are increasingly joined together,
they form large collecting vessels. These vessels lie in the subcutaneous, perivascular,
retromediastinal and retroperitoneal tissues.!2¢ They are segmented into individual
pumping units, called lymphangions, by macroscopic bileaflet valves every 2-3 mm that
ensure proper unidirectional flow.11327.28 The collecting vessels run through the limbs
and abdomen, eventually making their way to the thoracic duct, which connects to the left
subclavian vein. Inside the lymphatic vessels is a substance called lymph, which is an
almost-clear liquid composed of water, protein molecules, urea, glucose, salts, and white
blood cells.1328 It also carries a variety of fats and fat-soluble vitamins that come from
the gut. Collections of lymphoid tissue, known as lymph nodes, are found along the

lymph vessels.

Small Scale Anatomy and Vessel Architecture

A discontinuous barrier of endothelial cells and basement membrane form the
initial lymphatics. This intermittent membrane contributes to the ease of entrance into the
lymphatic lumen of molecules, fluid, viruses, and bacteria.1#29-31 Some studies suggest
that small, funnel-like valves are present between the endothelial cells that regulate the
entrance of fluid into the lumen and prevent backflow.81517.32-34 Qther studies suggest
that the endothelial cells are connected via interdigitating junctions implying that all
junctions may not function as valves in the same way.817.18 The outer endothelial cell
layer is connected to matrix fibers via collagen VII anchor filaments.81920 Although there
is no smooth muscle surrounding the initial lymphatics, there do appear to be branching

cells that may have contractile properties.2122.35 The collecting lymphatics into which the



initial lymphatics merge are surrounded by smooth muscle, which enables their
contraction.?33% The lumen of these vessels is formed by a layer of lymphatic endothelial
cells (LECs) and a basement membrane that is surrounded by smooth muscle tissue. This
membrane does not permit the entrance of the substances that can enter the initial

lymphatic vessels.

Lymphatic Physiology in Health

The lymphatic system executes several functions when operating in health. The
three main functions are maintenance of fluid homeostasis, response of the immune
system, and absorption and transport of lipids. Its primary role in maintaining interstitial
fluid balance is the intake of the fluid and transport of it back to the heart. The
discontinuous cell layers around the initial lymphatics allow fluid and other substances to
enter the lumen. From there the fluid, now termed lymph, is transported to the collecting
lymphatic vessels, which act as a conduit to convey it back to the thoracic duct where it
enters the blood stream. The transport of fluid through the collecting lymphatics is not a
passive process, like the initial entrance of the interstitial fluid into the lumen. Several
mechanisms help transport lymph against gravity and pressure gradients since the
lymphatic system does not have a pump like the heart of the blood circulatory system. A
combination of them enables movement of fluid through the lymphatic system at
pressures lower than those in the blood vasculature in humans.?43¢ When functioning
properly, it is estimated that the lymphatic system of a human returns around 8 liters of
interstitial fluid to the blood stream each day.2>37 Some extrinsic factors inducing flow
are lymph formation, pulsations in the circulatory system, respiration, and muscle pumps

during musculoskeletal movement?6:3839 Flow of lymph through the vessels is internally



perpetuated by sequential contraction of lymphangions.?7.28 The specialized smooth
muscle cells surrounding the lymphangions are responsible for the phasic and tonic
contractions that generate and regulate intrinsic pumping.2® The bileaflet valves along the

way prevent retrograde flow.

Lymphatics and Nitric Oxide

Several vasoactive substances are involved in the contraction and expansion
process of lymphatic vessels including nitric oxide (NO) and endothelin-1.29-31 The
literature has shown that application of NO leads to a reduction in lymphatic
transport.832-34 One study shows that nitric oxide plays a role in lymphatic endothelial
cell contraction under physiological conditions and that under inflammatory conditions it
may be involved in the attenuation of contraction.? This same study suggests that cancer
and infection may modulate immune response via NO regulation of lymphatic endothelial
cell contraction®. In health, microscopic lymphatic endothelial cells release NO during
contraction that causes dilation downstream.3> This seems to play a significant role in
lymphangion contraction propagation. In a cannulated vessel, it has also been made
evident that NO release is correlated to frequency of lymphatic vessel contractions.3°
Increased fluid flow has also been shown to cause an increase in NO production and
release by LECs of canine thoracic ducts.3¢ These aspects of NO interaction with the
lymphatic system make it a good substance for a treatment case to compare with a control
case when measuring aspects of lymphatic pump function. The effects of NO on
lymphatic pumping pressure have not been elucidated until now. Discovery of its
pharmacological effects on the lymphatic vasculature could be beneficial for figuring out

contributing factors to lymphatic disease as well as for developing treatments.



Results of Failed Lymphatic Physiology

Lymphatic system dysfunction can be caused by various diseases or alterations
and can lead to an assortment of disorders.3” While some lymphatic diseases are
inheritable, others are the result of secondary causes. On a whole, lymphatic disease is
rather wide-spread, but not clinically well-characterized.383° Secondary lymphatic
disorders are typically the result of disruption of lymphatic circulation produced by
trauma, neoplasia, infection, or iatrogenic causes.3® Another cause may be impairment of
contractility of lymphangions.*® When lymphatic flow is insufficient for maintaining
proper fluid balance, excess fluid builds up in the interstitium and causes swelling,
generally referred to as lymphedema. It is estimated that more than 130 million people!
live with this often debilitating condition. One type of disorder resulting from iatrogenic
causes in human females is breast cancer related lymphedema (BCRL). Studies report
that after simple mastectomy or wide local excision with axillary clearance surgery there
is up to a 1 in 4 chance of the patient developing BCRL.#?> However, the recent
advancement of sentinel lymph node biopsy seems to have drastically reduced the
chances of women developing BCRL.#2 This condition results in life-altering swelling of
one or both of the arms and often leads to psychological difficulties.#3 Obviously
psychological problems are not the only symptoms. Physically, lymphedema can lead to
severe and irreparable fibrosis of tissue, cellulitis, and increased chances of skin

cancer.3842

Need for Diagnostics
Much of the damage caused by lymphedema and other lymphatic disorders and

diseases is irreversible once it is well established. Current techniques are capable of



preventing the perpetuation of symptoms, but little success has been made in terms of
eradicating them. Early diagnosis and treatment of symptoms can help prevent further
long-term damage and lead to more positive patient outcomes. However, current
diagnostics are primarily qualitative are only useful after the damage has been done. The
current gold standard is confirmation via lymphoscintigram, but this procedure is time-
dependent and inaccurate.** Another invasive technique is lymphangiography, but it is
painful among other issues.** Non-invasive measurements in limb volume change are
conducted using an ordinary tape measure to detect difference between limbs.42
Otherwise, pitting edema detected after pinching the skin between the thumb and finger
for 60 seconds or depressing the skin and qualitatively evaluating its return to normal are
the best available indictors of lymphedema.*? New diagnostics are needed for non-
invasively detecting the onset of lymphedema so that progression of the disorder may be

prevented or minimized.

Lymphatic Pumping Pressure

Description of Forces on the Vessel Walls

Just like the walls of any conduit of fluid flow, the endothelial cells lining
lymphatic vessels experience hoop stress and shear stress. These stresses are functions of
many contributing factors. It is well known that the lymphatic system must move fluid
against a pressure gradient that is generated by (often negative) interstitial fluid pressure,
central venous pressure, and the gravitational factor of hydrostatic pressure.® Specialized
initial lymphatic structure, intrinsic pumping by lymphangions, and retrograde flow-
preventing valves help to accomplish flow in this environment. It has been shown that in

rat mesenteric lymphatic vessels a passive increase of lymph does not have much of an



inotropic effect on contraction, if any at all.#> Obviously flow cannot occur intrinsically
without contraction of the smooth muscle cells surrounding the collecting vessels. As one
lymphangion contracts, the next lymphangion in the sequence experiences hoop and
shear stress on its walls due to the volume of lymph ejected into it. This hoop stress has

been termed the “pumping pressure” of the lymphatic vessel.

Methods of Blood Pressure Measurement

In determining this lymphatic pumping pressure, it is useful to evaluate some of
the methods for measuring blood pressure. Non-invasive blood pressure measurement
techniques include auscultatory, oscillometric, palpation, and pulse wave velocity
methods. Each one has advantages and disadvantages, but evaluation of each may
provide insight into potential lymphatic pumping pressure measurement techniques.

The pressure exerted on the walls of blood vessels has traditionally been
measured using auscultatory methods. Initially blood flow is occluded in the arteries of
the systemic circulation using a pressure cuff. Then the pressure is released until the
clinician hears a “whooshing” sound with a stethoscope indicative of turbulent flow
through the vessels. The pressure at which this auditory transition occurs is the highest
pressure of blood flow in that portion of systemic circulation, during heart contraction,
and thus represents systolic blood pressure. The clinician notes the pressure reading on
the sphygmomanometer (pressure gauge) attached to the pressure cuff, and subsequently
continues to deflate the cuff. When the pressure drops to a point when a sound can no
longer be heard, the pressure is again noted. This lower pressure reading is representative

of diastolic blood arterial pumping pressure, between heart contractions. Although



reasonably accurate, this technique of blood pressure measurement involves skill that is
often slightly subjective.

Oscillometric methods are more automated than auscultatory methods and do not
require the same training or skill. An automated pressure cuff is inflated beyond systolic
blood pressure, and then steadily reduced to a pressure below diastolic blood pressure.
During this deflation period, a pressure transducer (sensor) in the cuff detects the
oscillatory properties of the pressure exerted on it due to pulsatile flow through the
partially restricted vessel. The systolic and diastolic pressures are elucidated from internal
calculations by the device rather than simply measured as in the auscultatory method.
While this method has its advantages, it is also essential to use a pressure cuff that is the
right size, because differences in cuff size can lead to differences in calculated pressures.

The simplest method of figuring out blood pressure is based on manual detection
of the palpations at various anatomical locations. The ability to detect pulses in blood
flow at some locations and not others can give a good indication of blood pressure
ranges. For example, in a human, if a pulse can be detected at the carotid and femoral
artery locations but not the radial artery location, then it can be deduced that the systolic
blood pressure is >40 mmHg, and likely closer to 65 mmHg.4°

Another method that is being researched but not utilized clinically is based on the
pulse wave velocity principle. This method indirectly determines a value for blood
pressure based on the pressure pulse velocity that is detected, which is indicative of blood
pressure. In a rat tail, the arterial blood flow velocity measured with a Doppler ultrasonic
probe was around 20 cm/s,*” while lymphatic flow velocity measured using NIR imaging

was around 0.15 cm/s.32 Because of the relatively low velocity of fluid flow through



lymphatic vessels, the pulse wave velocity method may not be useful for elucidating
lymphatic pumping pressure.

While these methods have proved useful for measuring arterial blood pressure in
humans, they may not all translate well to use on a rat’s lymphatic vessels. Sounds
produced by lymphatic pumping would likely be drowned out by pumping blood,
rendering auscultatory methods useless. Incredible sensitivity would be needed to
measure pressure with the oscillometric method or pulse wave velocity method.
Detecting palpations may be possible, but not by feel. Perhaps a combination of these
methods would work best. One in which the cuff was operated as in the oscillometric
method, the pressure was determined as in the auscultatory method (although visually
rather than acoustically), and the determination was as simple as the palpation method. If
pressure were to be measured visually, an imaging system capable of such visualization

would be necessary.

Overview of Lymphatic Imaging

Necessity and Advancement of Lymphatic Imaging

There are several effective methods for measuring function of the blood
vasculature. Contraction of the heart, the central pumping unit of the cardiovascular
system, allows for the acoustic determination of blood pumping pressure. The high
volume of flow through the vessels contributes to flow rates that are much higher than
those through the lymphatic vasculature. The lymphatic vessels are relatively small and a
central pumping unit does not drive flow through them. Therefore, acoustic determination
of flow through lymphatic vessels is not feasible using current technology. Barring some

bizarre use of another sense, the only other possible sense for measuring lymphatic flow
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would be vision. In 1927, Egas Moniz was the first to use radiological methods for
opacifying arteries and veins during life for the purpose of visualization.*® However,
visualization of the relatively tiny lymphatic vessels was beyond the scope of his work.
Since the 1750s physiologists had known that colored dyes could be injected into the
interstitial space to show up the lymphatics of animals.! However, the dyes that were
used quickly diffused out of the lymphatic system due to their constituent small
molecules.! After Patent Blue Violet dye became available with larger molecular size,
Stephen Hudack and Phillip McMaster bravely injected themselves intradermally and
where able to see their dermal lymphatics and the rapid spread of the dye.* It is likely
that the first lymphographs involving X-Ray imaging of a contrast agent in healthy
mammalian were those of a dog by William Glenn in 1948.59 John Kinmonth was the
first to produce lymphgiographs of human lymphatics in 1952, is often considered the
father of lymphatic imaging.>! These landmarks in lymphatic imaging have largely been
the result of advancements in contrast agents and imaging techniques. The following
sections outline the injection and imaging possibilities currently available for visualizing

the lymphatic system in living subjects.

Injection Techniques

Contrast agents are required for the current methods of lymphatic system imaging,
some of which are only useful for imaging lymph nodes, and some of which also enable
the visualization of lymphatic vessels. The type of injection used has an impact on the
resulting imaging capabilities. The three main methods of contrast injection are 1) direct
endolymphatic contrast injection, 2) indirect interstitial contrast injection, and 3) indirect

intravascular contrast injection.>? Direct endolymphatic contrast injection is perhaps the
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most logical. An oil-based contrast agent is injected into the lumen of a distal lymphatic
vessel, which transports the agent proximally as expected. Opacification of the vessels
allows for their imaging one day later, and imaging of the lymph nodes two days later.52
Indirect interstitial contrast injection takes advantage of the large fenestrations in the
lymphatic endothelial cells of the lymphatic capillaries.>3 The agent is injected into the
interstitium and taken up into the distal lymphatic vessels along with other interstitial
fluid being returned to the blood stream via the lympathic system. In
lymphangioscintigraphy (discussed further in the following section) the agent injected
into the interstitium has radioactive qualities that allow the vessels to be imaged using
specialized gamma cameras.>2 This method has largely replaced direct endolymphatic
contrast injection because it is safe, repeatable, and simpler, yet also provides functional
and structural detail of the lymphatics.>* Indirect intravascular contrast agents derived
from iron particles have a tendency to be captured by mononuclear phagocytic cells and
delivered to organs that exhibit immune functions due to their inhabitation by the
mononuclear phagocyte system (MPS).55 It has been demonstrated that ultrasmall
superparamagnetic iron oxide (USPIO) particles are small enough to be able to migrate
across capillary walls and seem to be taken up easily by lymph nodes.>¢ Therefore, a
single injection of such particles may be useful for targeting the lymphatics for imaging.
This technique is innately less predictable, implying more difficult targeting of specific

lymphatic vessels.

Imaging Techniques
There are several traditional imaging techniques that can be used in combination

with the aforementioned injection methods to acquire useful images of the lymphatic
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system. Lymphography is useful for imaging the structures of various components of the
lymphatic system (e.g. lymph nodes, lymph ducts, lymph capillaries, and lymphatic
tissues) via X-Ray after the injection of a radioactive dye. In this procedure direct
endolymphatic contrast injection is performed via a catheter inserted in a distal vessel,
which has typically been made visible by a prior subcutaneous injection of a colored dye.
The proximal lymphatic system structures are opacified for viewing on the resulting X-
Ray film, termed the lymphogram. Lymphangiography is very similar but only allows
visualization of the lymphatic vessels, rather than all of the other lymphatic system
components that can be viewed through lymphography. Another imaging technique
involves computerized tomography (CT) images compiled from a series of projections
that are tomographically rendered to create 3D depictions of lymphatic vasculature.>”
While these techniques are excellent for identifying structures of the lymphatic system,
when trying to quantify lymphatic function they lack the temporal resolution required for
visualization of pumping and flow. Also, they are difficult to execute clinically because
of difficulties with introducing sufficient amounts of contrast agent to produce high
quality X-Ray images.>’

One alternative to lymphography is nuclear imaging, a category in which several
different methods may be utilized. The contrast agents used for nuclear imaging are
radionuclides that decay to generate either gamma photons or annihilation photons.>”
Two-dimensional images based on the locations of the radionuclides may be produced
through gamma scintigraphy. Three-dimensional images may be produced using single-
photon emission computed tomography (SPECT) which uses a series of images captured

by a gamma camera rotated around the subject during imaging. Positron emission
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tomography (PET) relies on the coincident detection of annihilation photons and detects
more photons than SPECT.57 These types of nuclear imaging are much more sensitive
than the X-Ray-based imaging techniques and thus they require smaller doses of
radiopharmaceuticals for detection of the lymphatics.>” Lymphoscintigraphy is the most
common type of nuclear lymphatic imaging, and is useful for producing 2D
visualizations of the lymphatic system.>” However, scintigrams take 20 minutes to 2
hours to acquire due to slow gamma camera integration times, rendering this method
ineffective at capturing the dynamics of flow through lymphatic vessels.>”

Perhaps the most detrimental downside to nuclear imaging is that subjects are
exposed to ionizing radiation. This can be avoided by using magnetic resonance imaging
(MRI). This type of imaging plays off of the interactions of nuclei with an odd number
of protons and/or neutrons with radiofrequency pulses and an external magnetic field to
produce high resolution images.>” Magnetic resonance imaging can be combined with
intravenous or interstitial injection of a dye to image the lymphatic system. The greatest
advantage of an MRI over other techniques is its spatial resolution, but the temporal
resolution is far too low for real-time dynamic imaging required for quantifying
lymphatic pump function.

Ultrasound imaging utilizes the variance in acoustic properties of different types
of tissue by sending high frequency waves into the tissues and collecting the resulting
echoes with a piezodetector on the surface of the skin. Lymphatic filariasis, the most
common global lymphatic disease condition, and even live adult filarial worms have been
imaged using ultrasonography, which can detect vessel dilation due to worm

infestation.>® While ultrasound has traditionally been used to image structure more than
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function, it has recently been used for determining function in the lymphatics as well.
Certain microbubble contrast agents seem to have an affinity for the lymphatic system
and may be used for tracking flow in a process called lymphosonography.>° Intravascular
imaging advancements in this field may lead to more effective ways to image movement
of fluid through the lymphatic system, but for now this is not the best way to image

lymphatic function.

NIR Imaging of the Lymphatic System

Purpose for Using NIR Imaging

A sensitive camera can detect fluorescence emission from a fluorophore during in
vivo fluorescence optical imaging. Fluorophores are simply fluorescent chemicals that
emit light after they are excited by an excitation source. Their molecules emit light upon
relaxation to their neutral state after they have been excited to a higher energy level due
to absorption of a photon during excitation.>” The wavelength of re-emission is longer
than that of excitation so a filter-fitted camera can distinguish between the two. While
fluorophores are typically non-active and non-targeting on their own, they may be bound
to macromolecules to enable targeting of specific body systems or cell types. The dyes
may be injected in any of the three previously described ways.>” Used primarily for
evaluating blood flow and clearance, the only near-infrared in vivo fluorophore that is
approved for clinical use is Indocyanine Green (ICG).60

Contrary to fluorescence microscopy, which is confined to imaging cells on slides
or in culture dishes, fluorescence imaging on the macro scale allows for real-time
imaging of live, physiological systems in whole animals.®* One issue with some types of

fluorescence imaging is that after some tissues are excited with certain wavelengths of
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light during laser penetration aimed at the fluorophore, they emit their own additional
light, which is termed autofluorescence.®? Because physiological tissues generate very
little autofluorescence in the infrared spectrum of light, macromolecules that emit these
wavelengths (700-1000 nm) are more efficient for visualizing target tissues in vivo,
especially deep tissues.®%62 This rules out quantum dots (QD’s) as a fluorophore because
they are excited with visible light and are therefore ineffective for deep tissue imaging.57
In addition to keeping excitation and emission peaks at wavelengths above about 650 nm
to prevent autofluorescence, it is also beneficial to keep them below about 950 nm to
prevent disruptive light scattering and tissue heating.®? As long as these precautions are
obeyed, NIR imaging may provide a clinically relevant and relatively inexpensive way to
image the lymphatic system.>7 Additionally, it is currently the only way to image
propulsion of flow through collecting lymphatic vessels in vivo.3 The ability to image
propulsion of lymph through vessels in swine,3 mice,®* and humans®> has been
demonstrated. Therefore, it may be the ideal imaging method for visualization flow

through lymphatic vessels during pressure measurement.

Previous Utilization of NIR Imaging with ICG Dye

In recent years NIR imaging has gained popularity as its effectiveness has been
exhibited in various studies. In 2000 it was shown that NIR imaging techniques in
conjunction with intravenous injection of ICG dye allowed for the monitoring of its
pharmacokinetic delivery in tissue depths of up to 0.5-1 cm.®® Discretized “packet” flow
through the lymphatics was observed in an anesthetized swine after intradermal ICG
injection.®3 Kitai et al. used subcutaneous injection of ICG with NIR imaging to detect

subcutaneous lymphatic vessels and sentinel lymph nodes (SLN), which are those to
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which tumors primarily drain.6” Others have used this combination to detect dilation of
lymphatic vessels in lymphadematous limbs as compared to healthy limbs in humans by
mapping the lymphatic system.®® The same group was also able to detect age and gender
specific differences in human lymphatic vessel pumping pressure recently by using NIR
imaging.®® Indocyanine green has also been used with NIR imaging to quantify lymphatic
function in breast cancer patients.®> Although ICG cannot be conjugated with a targeting
peptide, protein, polysaccharide, or other molecule, it can be non-covalently bound to
albumin to form a lymphotropic agent.>” After binding to albumin, the resulting molecule
is too large to enter the blood vasculature, and it may only enter the lymphatic
vasculature due to the larger fenestrations in the LEC membrane. The combination of

NIR imaging and ICG dye has proven useful for evaluating lymphatic pump function.32.70
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CHAPTER 2
“MINIMALLY INVASIVE ASSESSMENT OF LYMPHATIC
PUMPING PRESSURE USING FUNCTIONAL NIR IMAGING”

BY: AKIN, R., WEILER, M., KASSIS, T., DIXON, J. B.

This chapter includes a journal article submitted for publication to the peer-
reviewed American Heart Association — Circulation Research journal that has been
extended to provide more detailed content for the reader than would be necessary for a

published article.

Introduction to Paper

The lymphatic system consists of a network of vessels, nodes, and accessory
organs? that play a vital role in the body’s balance of interstitial fluid volume to maintain
protein concentration and oncotic pressure gradients.> In health it operates as an open
system that returns excess interstitial fluid and proteins to the blood stream via a
lymphatic duct in the left subclavian vein.® Additionally, the system is essential to a wide
variety of physiologic and pathophysiologic processes including immune cell trafficking
and regulation of immunity,?? lipid transport,!? progression of autoimmunity,!! cancer
metastasis!! and tissue inflammation.?12 After uptake by the initial lymphatics, flow of
lymph through the vessels is internally perpetuated by contraction of individual pumping
units known as lymphangions.527.28 Other mechanisms inducing flow include extrinsic
factors such as lymph formation, pulsations in the circulatory system, respiration, and

muscle pumps during musculoskeletal movement.®2¢ A combination of these
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mechanisms moves fluid through the lymphatic system at pressures lower than those in
the blood vasculature in humans.8971

While it is likely that the molecular and biophysical mechanisms that control
lymphatic pumping are quite complex, nitric oxide has recently emerged as one of the
key regulators in this process.”? For example, it is involved in the flow-induced inhibition
of lymphatic vessel pumping in cannulated mesentery lymphatics.1073 Also, peaks of
nitric oxide release have been observed in vivo in temporal and anatomical regions of
higher shear stress in the lymph vessel.3%3> Nitric oxide has also been shown to be a
regulator of lymphatic function and/or growth in several pathophysiologic or
inflammatory conditions.®7477 Lastly, the application of a NO-containing ointment
dermally reduces lymphatic transport through the lymphatic vessels.11:3? The ability to
quantify the role of nitric oxide in the physiologic responses of lymphatic function in
animal models of lymphatic disease is crucial for understanding and developing
efficacious therapies for treating these conditions.

More than 130 million individuals worldwide suffer from lymphedema, a chronic
disease that presents with the accumulation of fluid, proteins, and adipocytes in the
interstitium, resulting in a drastic enlargement of the affected limb.1141 Currently there is
no cure for lymphedema and our understanding of the factors that contribute to disease
progression are minimal at best. While a few known mechanisms have been associated
with lymphedema development, such as valve malfunction (through abnormal
development or deterioration) and faulty lymphatic vessel formation
(lymphangiogenesis),*? it is unknown how the primary driver of lymphatic flow — the

intrinsic pumping capability of lymphangions — is involved in the disease. Post-hoc
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analysis of lymphatic vessels in humans and various animal models affected by lymphatic
dysfunction have suggested alterations in lymphatic vessel smooth muscle coverage.”87°
However, it is unclear how these changes directly impact lymphatic pumping and the role
that this plays in driving disease progression. It is also possible that early changes in
lymphatic pumping capacity could be a sign of disease risk, informing patients of the
state of their lymphatic health. While pressure has been measured in exteriorized rat
vessels,8 the ability to obtain a minimally invasive pressure measurement of the
lymphatic system in vivo is essential for studies with animal models investigating the
longitudinal functional response of lymphatics to variations in pump demand and the role
of pump failure in lymphatic disease. The techniques reported here were applied to the
rodent tail model. This was chosen due to its ideal symmetry and the unidirectional
nature of lymphatic flow in this limb. Additionally, the rodent tail model is one of the
most widely used models in lymphatic research and has provided insight into basic
lymphatic physiology and lymph flow,3281 [ymphangiogenesis®2-8> and lymphedema
pathology.86-88

One of the current limitations in animal models in lymphatic research is the
paucity of applicable in vivo imaging techniques.8 While numerous techniques have
been used to visualize lymphatic drainage including lymphoscintigraphy, MRI, and PET,
they have yet to be utilized routinely due to their prohibitive cost and/or lack of
appropriate sensitivity.57.63.90-92 The advancement of Near Infrared (NIR) imaging has
made it possible to visualize and measure quantitative metrics of lymphatic
function.8993.94 Minimal autofluorescence and reduced absorption/scattering in biological

tissues at the depths of superficial lymphatic vessels make near-infrared wavelengths
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ideal for this application.32 An FDA-approved fluorophore, indocyanine green (ICG), can
be excited by a laser diode after uptake into the lymphatics via intradermal injection to
emit infrared light, which is then captured by a CCD camera fitted with an appropriate
filter.%® Various quantitative metrics have been used to characterize lymphatic pump
function in vivo by employing this technique including flow velocity, packet frequency,
and transport time.326389 While these techniques provide information regarding the
temporal dynamics of lymph transport, they cannot measure the pumping pressure in the
vessels.

Two important developments have been made recently in this regard. By utilizing
an occlusion cuff to stop lymphatic flow in humans, and then measuring the pressure at
which flow is restored by visualizing lymphatic transport with either
lymphoscintigraphy®> or NIR imaging,”’® Mortimer et al. and Unno et al. were able to
report significant differences in pumping pressure between normal patients and those
with advanced lymphatic disease symptoms. However, the measurements themselves
were subject to a high degree of variability across each patient group, as well as a high
degree of variability when comparing one technique to the other.6%7° This could be due in
part to the limited pressure resolution (10 mm Hg) of the manual and open-loop approach
used for the application of pressure. Given these limitations, along with the desire to
measure the effects of nitric oxide on lymphatic pumping pressure, this general approach
was built upon to develop a novel, in vivo, minimally invasive animal imaging system to

measure lymphatic pumping pressure.
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Methods and Materials

System Design

A closed-loop pressure cuff system (Figure 1) was devised that made use of a pre-
existing pressure cuff (Kent Scientific, Torrington, CT), which was manufactured with
the intended purpose of blood occlusion. It is typically an integral part of a rat blood
pressure measurement system where it is inflated to occlude blood flow while volumetric
change of the tail is measured with a separate component of the system. Kent Scientific
offers multiple sizes of the cuff, which could be used to perform experiments on various
sizes and species of rodent tails. The rigid cylindrical structure of the cuff is made out of
plastic, and the deformable bladder is made out of a thin-walled tube of elastic polymer.
The tube is threaded through the rigid plastic cylinder, and the ends of the elastic piece
are stretch around the outside of it. Two O-rings are used to attach the elastic tube to the
plastic piece. After multiple experiments the elastic piece can be changed out with one of
the replacements that comes with the occlusion cuff when it is ordered. Each complete
occlusion cuff kit includes the plastic cylindrical piece, multiple pieces of elastic thin-
walled tubing, replacement O-rings, and some tubing attached to the plastic cylinder
ending in a luer-lock fitting to attach it to an inflation device.

The pressure cuff was attached to a 3 mL BD luer-lock syringe via plastic tubing
(1/16” 1D, 1/8” OD) and to a pressure transducer (Honeywell Sensing and Control,
Morristown, NJ) via a plastic barbed T-fitting and additional plastic tubing (1/8” ID, 1/4"
OD). A 3 mL syringe was chosen strategically because of its diameter. An equivalent
movement of the plunger of a larger diameter syringe would translate into a much larger

change in pressure in the system. However, if the diameter were much smaller the
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response time of the system would be longer due to limitations of actuator speed. Also,
the 3 mL syringe allowed for enough volume change to cause the necessary 80 mmHg
change in pressure. A 0~1 bar (0~750.061683 mmHg) +0.25% gauge pressure transducer
providing an analog output (Digi-Key Part Number 480-3299-ND) was chosen to
measure the pressure in the system.

The pressure transducer was attached to a data acquisition (DAQ) device
(National Instruments (NI), Austin, TX) to feed it 5V of supply and to acquire voltage
values proportional to pressure sensation. The NI DAQ USB6009 was already available
in the lab and easy to use. It also had a high enough sampling rate to acquire the desired
signals. Three electrical wires were fed into the DAQ: one into the Analog Output 0
(AOQO) port, one into the ground port on the same (Analog) side, and one into the 5V
supply port. The other ends of these three wires were all connected to the pressure
transducer. The DAQ device was connected to a computer (Windows 7 32-bit) via a USB
cable. The voltage fed into the DAQ via the AOO port was then accessed by a customized
LabView virtual instrument (VI) (NI, LabView 2012 32-bit) and used to make decisions
about the serial command output to the syringe pump (Harvard Apparatus PHD 2000
Infusion/Withdraw 70-2001). The serial command was transmitted from the computer to
the syringe pump via a USB cable connected to an RS-232 cable. Cable adapters were
necessary for transmission of data. The linear pump was then used to modulate
displacement of the syringe plunger, thereby altering the volume and pressure of air
inside the closed-tube system. To ensure a fast response for large changes in pressure and
good steady state tracking the syringe pump was commanded to operate at a slower speed

when the experimental pressure was within 7 mmHg of the desired pressure.
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Figure 1 Pressure Cuff System Schematic (Left) An automated, integrated, feedback-
controlled, lymphatic pumping pressure and imaging system with user interfaces serves as
a powerful toolset for lymphatic physiology. A CAD model of the pressure cuff system
including labeled depictions of its various components is shown. (Right top) A sample
image of a rat tail during an experiment with an example ROI identified. The pressure cuff
can be seen at the right of the image. While two lymphatic vessels can be seen along the
sides of the tail, the excitation source was focused on the lower vessel, which was used for
quantification. (Right bottom) Image of the pressure cuff placed on a rat tail.

In Vivo Imaging

The NIR imaging system was set-up as described previously by Weiler et al.
(Figure 2).32 A diode driver and temperature control box powered a 1 W 808 nm laser
diode (Thorlabs, Newton, NJ), which provided excitation light. To disperse the laser over
a larger area of approximately 75 cm® with less than 1.9 mW/cm?, a 20 degree beam
diffuser (Thorlabs, Newton, NJ) was fixed in front of the diode. An Infinity K2/SC video
microscope lens (Edmund Optics, Barrington, NJ) and a bandpass filter (CW: 840 nm,

FWHM: 15 nm, Omega Optical, Brattleboro, VT) were attached to a PIXIS 1024B back-
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illuminated CCD camera (Princeton Instruments, Trenton, NJ) to capture fluorescence
emission centered at 840 nm. These wavelengths were chosen based on previous work
that showed that ICG undergoes a spectral shift when it binds to albumin.32 The camera
was connected to the same computer as used for the pressure cuff system, where the
images were acquired by an additional custom LabView VI displayed on a second

monitor.

Pixis 1024-B
CCD Camera —>

Infinity K2/SC
Video Microscope with
4x Objective
and 2x Zoom
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(cw=840nm) ——m>
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Tissue Phantom I(EEEEE NN Laser Diode emperature Controller
Loaded with ICG @ (8080, 150mW)

and Beam Diffuser

Figure 2 NIR Lymphatic Imaging System Schematic. Excitation light
is provided by 1 W 808 nm laser diode powered by accompanying
diode driver and temperature control boxes.**

Collection of Data
A standardized procedure was carried out on eleven, nine week old, albino
Sprague Dawley (Charles River, Wilmington, MA) rats. Briefly, 30 uL of ICG/albumin

solution (150 ug/mL ICG (Acros Organics, NJ) and 60 g/mL bovine albumin (MP
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Biomedicals, Auckland, New Zealand) dissolved in deionized water was injected
intradermally at the tip of the tail as described previously.32 The injection site was
typically within 1 cm of the tip of the tail and the needle was positioned to puncture the
skin at about a 30 degree angle before rotating it to a position more parallel to the tail for
further penetration. The needles used for ICG injection were 29 gauge with a 3/10 cc
syringe. Six rats received a topical application of glyceryl trinitrate ointment (GTNO)
(0.2% wtAwt, Rectogesic, Care Pharmaceuticals, commercially available) applied on the
exterior of the tail, while the remaining five control rats received no GTNO ointment.
The ointment was uniformly distributed on the epidermis of the tail manually. Some
variation in application of the ointment was certainly likely. It has been shown that the
NO donor group contained in this ointment slows lymphatic transport time.3234 In order
to minimize light scattering, a depilatory lotion was used to remove hair in the region of
interest on the tail one day prior to experimentation. To keep the rats stationary during
hair removal they were anesthetized using Isoflorane. During the pressure determination
experiments rats were anesthetized with an intramuscular injection of Diazepam (2.5
mgkg) followed by a cocktail of Fentanyl (0.12 mgkg) and Droperidol (6 mgkg).
Weight-dependent doses were administered to each rat. After waiting for approximately
10 minutes for the anesthetics to take effect the rat was positioned under the camera. The
pressure cuff was calibrated by detaching and reattaching the tubing connected to the
syringe and ensuring that the steady state pressure was zero. During an initial calibration
of the pressure transducer, voltage values were recorded while the system was open, then
averaged, and a calibration constant was entered to account for the discrepancy from

zero. Then the cuff was fitted onto the tail at a position where its inner diameter was
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uniformly touching the tail without applying any pressure, as verified by pressure
transducer readings. This placement was typically about 11 cm from the tip of the tail,
placing it about 4.5 cm from the base of the tail. Also, the cuff was positioned in the same
rotational orientation for each rat to compensate for any non-uniformities in pressure
application by the elastic bladder during inflation. The rat was positioned so that the field
of view was proximal to the cuff, including only the edge of the cuff.

The image acquisition began just prior to intradermal injection of 30 uL ICG dye.
Once steady state fluorescent flow was established, more than 3 minutes after injection, a
predetermined sequence of pressure cuff applications was administered to the tail.
Specifically, the pressure was increased to 80 mmHg over a period of about 65 seconds
and held at this value for 10 minutes. This pressure was chosen for lymph flow occlusion
because it was more than sufficient in previous trials. Also, 80 mmHg is close to the
diastolic blood pressure of a rat, and well below the average BP, so blood was not
occluded during the experiment.®® After remaining at 80 mmHg for 10 minutes, the
pressure was decreased to 55 mmHg over a period of about 25 seconds. The pressure was
then decreased at increments of 2.5 mmHg after remaining at each pressure value for 60
seconds, until the pressure value was zero, where it remained for 3 minutes before
terminating the program. The system took less than 15 seconds to respond to each
decrement in pressure. This standardized pressure curve, shown in Figure 3, was used for

all 11 experiments.
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Figure 3 Standard Pressure Curve. Feedback-controlled pressure curves are applied to
the tail with sufficient precision and speed. A pressure curve representative of that used
to apply pressure during each experimental trial is shown. The exploded image shows the
close tracking of the filtered actual pressure to the desired pressure. Root mean squared
error for the entire pressure curve (disregarding the initial ramp up to 80 mmHg) for this
curve is 1.821 mmHg. Steady state root mean squared error during the 10 minutes at 80

mmHg is 0.477 mmHg. The actual pressure data was filtered throughout the experiment
using a 5 data point mean filter. The reported mean squared errors are based on this

filtered data.

Images of the tail were captured by the NIR imaging system throughout the
experiment at a frame rate of approximately 1 fps with a camera exposure time of 0.05 s.
After the first frame was captured, the system paused to allow the user to select 2 regions
of interest (ROIs) that were just proximal to the pressure cuff, and surrounding the
fluorescent vessels (Figure 1). The mean intensity in the ROIs was calculated real-time
and displayed on two plots throughout the procedure. The ROI selected for use in the data

analysis was always the one positioned over the left vessel of the tail. This was done both
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for the sake of consistency and to optimize the optics for achieving the best signal on a
single vessel. To optimize the optics the laser diode was positioned so that it produced the
maximum fluorescence of the left vessel. Also, camera shutter malfunctions throughout
many of the trials produces detrimental noise in the intensity value collection associated
with the right vessel, therefore rendering it useless. Also, it appeared that the pressure
cuff did not inflate uniformly around its circumference so, while consistency was seen in
the left vessel, there were often differences in flow restoration between the two vessels.
These differences could have been due to a dominant vessel. However, because the
differences were consistent throughout several trials, the more likely cause was non-
uniform inflation of the cuff. Therefore, the cuff was always oriented on the tails the
same, and only data from the left vessel, which remained more consistent throughout

previous trials, was used in the analysis.

Data Analysis

Two primary measurements were taken from each intensity plot and pressure
curve combination (Figure 4) using customized data analysis algorithms written in
Matlab. The first was “Pumping Pressure” (Ppump), Which was determined to be the
pressure corresponding a particular point on each intensity plot. This metric of “Pumping
Pressure” is meant to be an overall assessment of lymphatic vessel contraction ability
produced by intrinsic and extrinsic factors rather than a determination of luminal
pressure, which would currently require a more invasive and physiologically altering
procedure. The point chosen was where the intensity value rose to that of the minimum
value during clearance of the vessel plus one half (50%) of the difference between that

value and the maximum subsequent value. This correlates to the pressure when intensity
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values reached half of their maximum values relative to their minimum values for each
trial. To make sure the relatively arbitrary choice of 50% return was not a significant flaw
in the data analysis process, pressure values were also extracted for the points on each
intensity plot when flow had been restored by 10% and 20%. Also, three lab members
were each instructed to choose a point on each intensity plot that they thought was most
indicative of flow restoration in a blind study. The pressure values corresponding to each
of their responses were averaged to provide a fourth method of pressure determination for
each trial.

The second parameter that was determined was the pressure of “Packet
Restoration”. NIR imaging of lymphatic uptake produces discrete “packets” of
fluorescence travelling through the vessel that are a result of the intrinsic contractility of
the lymphatic vessels working in coordination with lymphatic valves. The frequency of
these packets has previously been reported as a measurement of lymphatic function.3? To
determine the pressure at which packet flow was restored in the lymphatic vessel, an FFT
was used to calculate the power of the signal in the frequency range of 0.06 — 2 Hz during
both flow blockage (at 80 mm Hg) and after complete flow restoration (i.e. at 0 mm Hg).
The pressure at which the frequency of packets (as determined by the same FFT
algorithm) was restored to 50% of their maximum value was recorded as the Packet
Restoration Pressure. The Packet Restoration metric was meant to identify the pressure
when packets were evident that rivaled those seen during uninhibited flow. For two of the
rats, one from each treatment group, packet flow was never detectable, neither before nor
after inflation of the cuff. Therefore, no Packet Restoration value was determined for

these rats.
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Figure 4 Data Analysis Plots. (Top) Multiple metrics of lymphatic pumping pressure and
pump performance can be extracted from vessel fluorescent intensity plots. Overlaid
pressure and intensity plots demonstrate the calculation of pumping pressure (Ppump). The
time corresponding to the intensity value that was half way between the minimum value
during no flow and the maximum value after flow restoration (representing the 50% flow
restoration case) was determined. Then the pressure corresponding to that time was
established to be the pumping pressure. This was repeated for 10% and 20% flow
restoration. (Bottom left) A highlighted section of the intensity plot representing packet
flow before inflation of the cuff during uninterrupted flow. (Bottom right) A highlighted
section of the intensity plot representing packet flow after flow restoration.

Results
Aided by the real-time feedback of the pressure transducer, the closed-loop
system allowed for steady-state tracking of the desired pressure with an overall root mean

squared (RMS) steady state error of 0.48 mmHg excluding the initial ramp-up to
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80mmHg (Figure 3). The data was filtered through a five data point mean filter during the
procedure, prior to analysis. Fluctuations at steady state were mostly due to noise in the
pressure transducer measurements. The rise and fall times were fast enough for
accomplishing the purposes of this experiment while avoiding significant undesirable
overshoot. Overdamping of the system was acceptable since the duration of the
experiment was not a primary concern.

Nitric oxide, via application of the GTNO ointment, significantly reduced
lymphatic pumping pressure in vivo from 36 mmHg to 18 mmHg (Figure 5) as
determined by the functional NIR lymphatic pumping pressure imaging system (p<0.01).
These values were determined by the use of the 50% flow restoration metric during data
analysis. The average pressure values as determined by the points at which flow had been
restored by 20% were 45 mmHg for the control cases and 26 mmHg for the GTNO
treatment cases (p<0.05). The third method of flow restoration determination was that of
10% restoration of flow. This method did not show a significant difference (p>0.05)
between pumping pressures associated with the control and treatment cases respectively.
Nitric oxide did however significantly reduce lymphatic pumping pressure from 36
mmHg to 26 mmHg as determined the blind study with three individual lab members
evaluating the points of flow restoration on the intensity plots (p<0.01). Additionally,
GTNO also significantly reduced the average pressure of packet restoration from 35
mmHg to 15 mmHg (p<0.05). There was no statistical difference between the two
metrics of lymphatic pumping pressure (Ppump and Packet Resume) that were calculated
for this study (p=0.6). Blood pressure in the tail, with a subset of rats (n = 4), was

measured before and 20 minutes after GTNO application to determine the extent to which
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the dermal NO application might have altered it. No statistical differences were observed

in either systolic or diastolic blood pressure (Appendix G).
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Figure 5 Results Plot. Nitric oxide significantly reduces lymphatic pumping pressure in
3 of the 4 methods of pressure determination through data analysis. The pumping
pressure as determined using the 20% (p<0.05), 50% (p<0.01), and Lab Member Avg
(p<0.01) metrics was significantly reduced as a result of a topical application of the nitric
oxide releasing cream GTNO. The same was true for the pressure at which packet flow
was restored (p<0.05).

Discussion
The disparity of research that exists between the lymphatic circulation and its
vascular counterpart can largely be attributed to a lack of available tools for studying

lymphatic physiology. The ability to monitor pressure and hemodynamics in the blood
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circulation has been crucial for both assessing vascular health in a clinical setting and for
probing the molecular mechanisms that regulate vascular biology in a laboratory setting.
Development of technologies that enable similar measurements in the lymphatic
vasculature in a non-invasive, or minimally invasive fashion such as that reported here,
have the potential to have a substantial impact on the future of lymphatic research. The
utility of the described lymphatic pumping pressure system has been demonstrated by
reporting the effects of nitric oxide on lymphatic pumping pressure in vivo and with
minimal invasiveness for the first time.

The findings are consistent with previous works, which have demonstrated a
reduction of lymphatic transport with the application of NO.832-34 [n fact, it is becoming
apparent that NO is a primary mechanism utilized by lymphatics to regulate flow.
Specifically immune-cell released NO has been proposed as a mechanism for
manipulating lymphatic flow as part of a local immunomodulatory response to
inflammation.® Also transient changes in wall shear stress have been shown to result in
NO release as a means of promoting vasodilation and reducing vascular resistance to
flow.30.33.35 While the above-mentioned studies all involved highly invasive procedures
or experiments on surgically isolated lymphatic vessels, two recent reports non-
invasively demonstrated a reduction in lymph transport due to NO.3234 However, the
system developed here provides the first direct evidence in vivo that this reduction in
lymphatic function results in a loss in lymphatic pumping pressure. More importantly,
since the technique is minimally invasive it allows for one to take multiple measurements
of lymphatic pumping pressure during the course of longitudinal studies in which it is

hypothesized that there is a functional decline in lymphatic pumping capacity during
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disease progression. In addition to measuring differences in pressure upon perturbation
with NO, the data suggests that nominal lymphatic pumping pressure in rats is about the
same as that in humans, just as blood pressure is similar in both species,®”°8 thus further
validating rodent models as beneficial systems for studying functional lymphatic
physiology.

While the general approach of using an occlusion cuff to stop lymphatic flow as a
means of determining the pumping pressure was pioneered previously in humans,’0.95
there are some substantial differences in the presented approach that improve the
accuracy of the technique as a laboratory research tool. First, by utilizing a computer-
controlled, closed-loop control system to generate the desired pressure curves, greater
precision and sensitivity were achieved than with previous manually controlled, open-
loop feed-forward systems.”%95 Additionally, by utilizing a highly sensitive optical
approach that was previously optimized for lymphatic imaging3? improved spatial and
temporal resolution were achieved over lymphoscintigraphy.®> Also, only 1/ 10™ of the
volume (30 uL vs. 300 uL) of contrast agent injected into the interstitium was required
compared to other reported NIR pumping pressure systems.’? This is important, as large
volume injections will introduce an abnormal interstitial fluid pressure downstream of the
lymphatic vessel, possibly masking the true pumping pressure of the lymphatic
vasculature. Additionally, the system we have developed allows for measurement of
other functionality parameters of pumping including transport time, packet frequency,
and packet velocity during the same experiment as described previously.32

Throughout the experimental process, consistency was maintained for as many

variables as possible. However, there are some limitations of the technique that are worth
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mentioning. First, the extent to which different tissue compliances, particularly in the
axial direction, could have altered the actual pressure transmitted from the cuff to the
vessel have not been considered. While this is not problematic for the current study since
it is unlikely that NO would alter tissue compliance, further validation needs to be done
when the approach is utilized to compare pumping pressures at sites with known
compliance differences. Second, the physiological effects of anesthesia on the lymphatic
pumping pressure are unknown. This could be problematic in studies where it is
suspected that the anesthesia itself might mask hypothesized losses in lymphatic pumping
pressure. Nitric oxide is also a known vasodilator of the vasculature, lowering blood
pressure,?® thus any effects of GTNO application on blood pressure would influence the
perceived lymphatic pumping pressure. This does not appear to be the case as no
differences in blood pressure were detected with the delivery method of NO.
Interestingly, NO has been shown to increase capillary hydraulic conductivity,1%0 which
would enhance lymph formation, increase interstitial fluid pressure, and promote
lymphatic flow. However, GTNO has the opposite effect, drastically reducing every
metric of lymphatic function including pumping pressure,3? suggesting that the local
effects are primarily affecting lymphatic function. Perhaps the most uncertainty arises
from the lack of knowledge about how interstitial fluid pressure is dispersed throughout
the tail and how slight variations from one injection to another would affect lymphatic
pumping pressure. While as much standardization as possible was attempted during each
injection, the application of microneedles to deliver the contrast agent at defined depths
with very precise volumes is a future enhancement that could reduce injection

variability.101
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Working with animals introduces many uncertainties without introducing any
human error, but that must be considered as well. Although conditions were similar from
one experimental trial to the next, various other factors could have impacted the results.
Among these effects are: timing, lighting, temperature, and GTNO application
differences.

During data analysis several consistent assumptions were chosen arbitrarily.
These included the 10%, 20% and 50% standards of intensity return for determination of
pumping pressure and the power of the FFT when determining packet restoration. The
determined pressure difference between control and treatment cases as determined by the
10% restoration of flow metric was the only one of the four methods that was not
statistically significant. The intensity values of some trials showed increases in intensity
even during complete flow occlusion at 80 mmHg. It is possible that some lymph fluid
including ICG dye diffused through a luminal opening in the vessel created during its
non-uniform collapsing during pressure application. This may have resulted in the
determination of 80 mmHg for several of the trials when the 10% metric was used. For
that reason, this is probably not the most accurate method of pressure determination.
Because the 50% flow restoration metric yielded pressure values that most immolated
those determined by the packet restoration metric of measurement, it is suggested that it
is the most accurate of the percentage metrics of pressure determination. Because these
analysis processes were automated they did not leave any room for simple experimental
observation. Determination of flow restoration by the three volunteer lab members was
highly subjective and variable, but also resulted in statistically significant differences

between the control and treatment cases. The average values between the control and
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treatment cases were closest for the lab member average metric of pressure
determination. It is fitting that many of the values determined during the automated
analysis were fairly consistent with those visually confirmed during the experiments.
Despite all of the uncertainties and assumptions involved in the process, the results
definitively showed a significant difference between the treatment (GTNO) and control
case.

The method used to measure these pressures was not necessarily optimized.
Future studies should not rely on the established pressure curve as if it is the gold
standard. It was developed through many trials with intentionality, but may have some
weaknesses. Although 80 mmHg was around reported values of diastolic blood pressure
in rats, this does not take into account the anesthetics used in this study, the effects of
which were not known during the development of the pressure curve. Even if 80 mmHg
was low enough that it did not occlude blood flow, it may have had a negative effect on
venous return that was not considered. Additionally, there was also flow return indicated
on the intensity plots of several trials during complete occlusion at 80 mmHg. As
previously discussed, this may not be due completely to lymphangion contractions
upstream. However, in future studies it may not be as beneficial as initially assumed to
skip decrements in pressure between 80 mmHg and 55mmHg, because there is a chance
that flow restoration could have occurred at a pressure between the two. Also, to reduce
the amount of time that the vessel was occluded, with the hopes of damping effects of
prolonged occlusion, the pressure was only held at each value for one minute. Findings
could be different if this hold time was increased, particularly for the treatment cases in

which pump function was already noticeably reduced, resulting in higher pressure
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determinations. Perhaps the hold time could be proportionally increased for the treatment
case to reflect the increase in transport time. Although the standardized pressure curve
may have had some weaknesses, many more trials would need to be performed to
optimize it. For this study it was sufficient for elucidating valuable information about the

effects of nitric oxide application on the lymphatic system.
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CHAPTER 3

CONCLUSION AND FUTURE WORK

Motivated by a significant need for minimally invasive methods for quantifying
nitric oxide effects on lymphatic function in vivo, a pressure cuff system was designed
and used in conjunction with an established NIR imaging system to measure differences
in lymphatic pumping pressure upon dermal delivery of NO. Thus, the sensitivity of the
pressure cuff system was also demonstrated. The system exhibited closed-loop feedback
control with strong steady-state tracking ability and automation of the pressure
application curve for repeatability and precision. Integrated image processing techniques
allowed for quantification of lymphatic pumping pressure from NIR image sequences
taken during cuff deflation. To show the functionality of such a system it was
demonstrated for the first time in vivo that dermally delivered nitric oxide causes a
significant reduction in lymphatic pumping pressure. The ability to measure lymphatic
pumping pressure non-invasively has the potential to significantly enhance attempts to
obtain actual functional data on lymphatic physiology in vivo. Additionally,
implementation of the advances reported here holds strong potential for the clinical early
detection and diagnosis of lymphedema.

Applying these techniques to the study of rodent lymphatic vasculature has
opened the door for future in vivo, non-invasive, molecular studies on the regulation of
lymphatic pumping, such as investigation of how nitric oxide serves to regulate pumping
pressure in physiologic and pathophysiologic contexts. The simple geometry and
anatomy of the lymphatic vessels in the rodent tail make this is an ideal place to measure

pumping pressure. Also, the rodent tail is one of the most developed animal models of
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lymphedema,8486-88,102,103 where the addition of this tool set could provide remarkable
insight into lymphedema progression and pathology.

If it could be demonstrated on a rodent model that the fabricated system can
detect lymphatic pumping pressure differences throughout disease progression, then it is
suggested that such a procedure could be scaled up for use on humans. The eventual goal
would be to produce a clinical diagnostic tool for lymphatic disorders that could detect
early onset of disease. That way treatment could be administered before long-term
irreversible damage was done.

The demonstrated sensitivity of the system to measuring difference in pumping
pressure after the application of the GTNO ointment suggests that the effects of other
vasoactive substances on pumping pressure may also be determinable. Some of the
vasoactive substances that have been shown to increase phasic contractions are
endothelin-1, norepinephrine, and thromboxane-A2 analog U-46619.29 If progression of
lymphatic disease is shown to correlate with reduction in pumping pressure, and a
substance is demonstrated to increase lymphatic vessel contractility, and therefore
pumping pressure, then treatment of lymphatic disease could be well on its way. This
project and study hold potential for multiple applications of continued research that could

positively enhance the search for lymphatic disorder diagnostics and treatments.
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APPENDIX B

INTENSITY PLOTS FOR RATS INCLUDED IN CHAPTER 2
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Serial Commands ~ Operation

[Automatic _Manual 7
[ Measured Pressure (mmHg) |

13935
Press to enable Pum) Desired Pressure (mmHg)

Press to enable Pmiva Auto Desired!

EFLATING S INFLATING =

o e

Sync Auto/Manual il Automatic Starting
Pressure

B e e o Automatic Hold Time (5
00 2000 4000 600.0 800.0 1000.0 1200.0 1400.0 1600.0 1800.0 2000.0 2200.0 2400.0 2600.0 2800.0 Deflate  Inflate] Desired

Measured Pressure (mmHg)
8 & 8 8 3
PR A TP

Elapsed Time (5) ~
Measured Pressure |/~ Desired Pressure [/~ esdilinees ) ﬁ
ince P reached (mmHg)

|Which computer?

) Adjust Serial Commands appropriately using the "Serial Commands” tab and following the associated instructions.
Note: There are two modes built into this system. The most basic mode is the "Manual” mode in which the continually MicroscopeRoom
defines the desired pressure throughout the experiment. The second mode is the "Automatic” mode in which the user can
obtain a stair-step response by /e the pressure by increments of pressure every user-

defined length of time.

Instructions:

Figure B.1 Pressure Cuff Program GUI. This is a screenshot of the pressure cuff
program graphical user interface (GUI) after completion one representative
experiment. It shows the standard pressure curve used for all of the subsequent
experiments for which the Intensity plots are shown.
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Note: The first “Rat #” correlates to that for the experiments included in the paper in
Chapter 2 (colored in Appendix A), and the one in parenthesis correlates to the overall
number of all rats tested (see all of Appendix A).

Live Mode  Time Lapse Imaging |

CPU Cores Utiized

Interval (seq) Number of Frames ~ Time-Lapse Folder Path 2
o 1000 | CA\Users\NIR\Documents\Ryan\Ryan_ Akin 7.26_12_rat 1\Images 7_26_12\
Biing
e cumatrame
EBE s
Current Bianing
STOP 1

Lastimage Taken

10241024 0.5K Unsigned 16-bit image 841 (46,96)

s

Figure B.2 Rat 1 (Rat 17 — 7/26/12): A strange glare appeared over ROI1 throughout
the experiment, which is evidenced by the unusual noise in the intensity plot. It was
eventually deduced that this glare was due to issues with timing of the shutter of the
camera, which was subsequently replaced. ICG clearance occurred quickly after
inflation of the cuff, which is evidenced by the large drop in intensity in each ROI.
Packet restoration could be detected in ROI2 at 27.5 mmHg followed by much more
obvious packet flow at 17.5 mmHg.

Live Mode  Time Lapse Imaging |

Interval (seq) Number of Frames  Time-Lapse Folder Path 2
o 10000 | C:\Users\NIR\Documents\Ryan\Ryan_Akin 7_26_12_rat_18\Images 7_26_12\
=
e -
ERE =
i
STOP 1

Lastimage Taken

10241024 0.5K Unsigned 16-bit image 661 (1012,210)

CPU Cores Utiized
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1100-|

s 80|
2 100

500+,
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Figure B.3 Rat 2 (Rat 18 — 7/26/12): Flow appeared to be restored in ROI1 around 55
mmHg. Slight packet flow returned in ROI2 at 40 mmHg, but it was difficult to see.
More obvious confirmation of packet flow was made at 32.5 mmHg. During this trial
it was discovered that the ROIs eclipsed the pressure cuff, which likely impacted the
intensity plots during inflation/deflation of the cuff.

55



Live Mode  Time-Lapse Imaging

Interval (se) Number of Frames . Lapse Folder P:
o /10000 C:\Users\NIR\Documents\Ryan!

10241024 0.5X Unsigned 16-bit image 1073 (385,684)

Ryan_Akin7_27_12_rat 19\Images 7.27_12

o Ror1
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oA | v
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137500 | M

CPU Cores Utiized

Figure B.4 Rat 3 (Rat 19 — 7/27/12): The darkness of the image was due to bright
spots on the tail and normalization of the image to them. This occurred in the GTNO
cases for some reason and attempts were made to cover the spot, thereby reducing the
contrast between the darkest and brightest areas of the image. GTNO ointment was
applied to the entire tail. The injection was poor and required several more pokes of
the needle and slight massage proximal to the initial injection to induce flow. Flow
was much slower as anticipated for the GTNO cases. Packet flow was visually
confirmed around 20-17.5 mmHg. To reduce the bright spots, likely specks of ICG,
gloves were changed before application of GTNO. Some ICG could have been
transferred to the gloves during filling of the syringe with ICG, then to the tail during

GTNO application.

Live Mode ~ Time-Lapse Imaging

Interval (se) Number of Frames  Time-Lapse Fold:

40 410000
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Figure B.5 Rat 4 (Rat 20 — 7/27/12): Another dark image, with little evidence of the
cause. ROI1 intensity jumped around 45 mmHg, while ROI2 intensity jumped at 20
mmHg. Flow in ROI2 became more visible when the pressure was decreased from

17.5 mmHg to 15 mmHg.
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Live Mode ~ Time-Lapse Imaging
Interval (sec) Number of Frames
oo 410000

Binning
1 |

sTOP
Lastimage Taken

Time-Lapse Folder Path
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Figure B.6 Rat 5 (Rat 21 — 8/1/12): Packets were visible in ROI2 before inflation and
after deflation. Once again, shutter problems cause an intermittent glare that produced
significant noise in the ROI1 intensity. The bright spots in this image sequence were
covered with a non-fluorescent piece of plastic to increase visualization of flow. Flow
through ROI1 appeared to return around 35 mmHg, and flow in ROI2 around 27.5

mmHg. Packets were definitely visible at 22.5 mmHg. Not as much ointment was
placed on the tail of this one as on the previous rat.

Live Mode  Time-Lapse Imaging ‘

Interval (se) Number of Frames
oo 10000

Binning

1 |
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Figure B.7 Rat 6 (Rat 22 — 8/1/12): A lot of GTNO ointment was applied. For some
reason the tail was twitching after anesthetization. A possible increase in intensity was
seen at around 15 mmHg. A more obvious increase was witnessed at around 5 mmHg

in ROI2.
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Live Mode ~ Time-Lapse Imaging

CPU Cores Utilized

Interval (sec) Number of Frames Time-Lapse Folder Path 2
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Figure B.8 Rat 7 (Rat 23 — 8/2/12): Before this trial the elastic thin tubing inflatable
bladder was replaced. The thin spike was due to adjustment of the laser placement.
This trial produced the best images of a treatment (GTNO) tail to this point. The
camera and laser were on for a while before the start of the trial. It took a long time for
packet flow to appear. It was difficult to tell when intensity of ICG rose in ROI2, but it
may have been around 37.5 mmHg or as low as 10 mmHg. Flow in ROII appeared to
be restored at around 37.5 mmHg.
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Figure B.9 Rat 8 (Rat 24 — 8/2/12): It appeared from the intensity plot that flow was
restored in ROI2 at around 25 mmHg. Flow had definitely been restored in ROI2 at 25
mmHg. These intensity plots were the most definitive to this point. The pressure curve
stayed at 22.5 mmHg for twice as long as it should have due to a programming failure,
but otherwise this was a great trial.
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CPU Cores Utiized

Inteval (sec) Number of Frames  Time-Lapse Folder Path 2

do 10000 | CA\Users\NIR\Documents\Ryan\Ryan_Akin 8_16_12_rat_27\Images 8_16_12\
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Figure B.10 Rat 9 (Rat 25 — 8/9/12): Great packet flow was observed in ROI1. Poor
packet flow was detected in ROI2, but some could be seen. Intensity levels had time to
become steady before the pressure cuff was inflated. The shutter malfunctioned some
throughout the experiment, which produced the noise in the ROI1 intensity plot. An
increase in intensity was observed at 32.5 mmHg and became slightly more visible at
30 mmHg. Flow was seen in ROI1 above 32.5 mmHg.
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do 10000 | CA\Users\NIR\Documents\Ryan\Ryan_Akin 8_09_12_rat_25\Images 8.09_12\
Binning.
0 Cumentiame
[a |G B
Current Binning
STOP 1
T

IFoI1 ROIL

:

iy

364933
7%

878,00

000

|

285

RoI2 ROI2

17342 | Mean nensiy 4500
FE0% | Standed Deviaon 4000
255600 | M ety 3500
614000 | Masimum ntnsiy 2000

2085

1024x1024 0.5K Unsigned 16-bit image 1724 _ (983,266)

Figure B.11 Rat 10 (Rat 26 — 8/9/12): This trial exhibited the most obvious packet
flow in ROI2 of any trial. Not all of the ICG ended up in the vessel during injection
because some escaped through the punctured dermis. The shutter of the camera
malfunctioned throughout the trial, having a drastic effect on ROI1 intensity. The tail
was positioned towards the bottom of the field of view (FOV) to prevent the glitch
from having a large effect on the ROI2 intensity. The tail may have moved slightly
during the procedure. A large change in intensity in ROI2 was observed through the
plot (but not visually) at 40 mmHg. Packet flow was visible in ROI2 at 32.5 mmHg.
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| Live Mode Time-Lapse Imaging I
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Figure B.12 Rat 11 (Rat 27 — 8/16/12): The shutter issue progressed, rendering ROI1
intensity values useless. The camera was left on for 15-20 minutes before the trial to
reduce the glitch, but this did not work as it had at times in the past. Flow was easily
observed in ROI2. Inflation of cuff may have adjusted ROIs slightly, so the tail was
slightly moved back to align ROIs around frame 428. Intensity continued to rise even
though the cuff was inflated and flow could not be visually confirmed. First packets,

fast-moving upon return, were seen at 35 mmHg.
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APPENDIX C

LABVIEW VISUAL INSTRUMENTS (VI’S) AND CODE
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This portion of the Appendix details the National Instrument (NI) LabView
Virtual Instrument (VI) that was compiled to control the pressure cuff system. The Block
Diagram (BD) is used along with MATLAB script in-line code to acquire, disseminate,
and send out information. The Front Panel (FP) is the graphical user interface (GUI)
counterpart of the Block Diagram. “Sequences” are executed in series and each Sequence

has many nested VIs. The details of this program are described.

OOOOO00000N0000000000000000000000000000000000000000000000000000000000000([g,2]vpjl00000000000000000t
[0 5et 7] 3] 1#]
=
=
g I
0l fo
0
VISA resource name
WTrue ~P]
2
[ - -
0
Set Initial Infusion Rt
== 7T E
I s
[500 t 2
g - Wachsape |
g
Configure Serial port (baud rate, data bits, B} =
arity, stop bits and flow control). i @
parity, stop

Figure C.1 Sequence 0: This is the beginning of the pressure cuff control system. Its
primary purpose is to communicate necessary operational parameters to the syringe
pump including VISA resource name (USB Port of the computer), baud rate, number
of data bits, the parity, number of stop bits, and a flow control string. Additionally, the
portion of the Block Diagram in the Case Structure sends serial commands to enter the
syringe diameter, initial syringe infusion rate, and initial syringe refill rate. The later
two translate into inflation and deflation rates respectively. Although this image cuts

off part of Sequence 0, it includes all of the pertinent Visual Instruments (VIs) before
moving to Sequence 1.
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Figure C.2 Sequence 1: This is the “brain” of the pressure cuff control system. It is in
this part of the VI that critical decisions are made in terms of commands sent to the
syringe pump based on data acquired from the pressure transducer. The top left of the
image depicts the voltage acquisition (from the DAQ) and converted into pressure.
The top middle is the portion of the VI that allows the user to select either “Manual”
or “Automatic” input of desired pressure. The top right shows the filter, graph VI, and
VIs used to save data to a file name designated by the user. The MATLAB script on
the left is involved in the automation of the desired pressure curve and the MATLAB
script on the right is where all decisions are made regarding location and speed of
inflation/deflation of the cuff. This information is conveyed to the bottom of the image
where it is translated into serial code and sent to the syringe pump. A more detailed
description of each of these portions of Sequence 1 is provided in the subsequent

pages.
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Figure C.3 Voltage Acquisition and Conversion to Pressure: On the left side the DAQ
Assistant is responsible for acquiring the voltage signal from the USB6009 at a
frequency of 1000 Hz. The value “0.521” was subject to change during intermittent
calibration of the pressure transducer throughout the study. This value was used to
bring the pressure transducer voltage reading down to zero when the system was open.
The “0.2” multiplier was used, because the pressure transducer measurement was
between 0 and 5 volts, to provide an overall percentage of the 1 torr max of the
pressure transducer. Note, the transducer had a linear relationship between voltage
value and pressure reading. Then, the percentage of 1 torr was converted to mmHg
using the conversion constant “750.0637554192”. This pressure was displayed on the
Front Panel numerically and graphically.

Filter?

- 2
Yo, your filter is whack! [[2!
TF

Figure C.4 Filter: The user can select whether or not to filter the actual pressure using
a 5 data point Mean Filter. If an error occurs, the message is displayed and the user
can troubleshoot the problem.
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Pressure Auto Desired 3
= " N i

2sp

1 Sync Auto/Manual

Figure C.5 Manual/Automatic Control Selection: On the left is the Case Structure for
Manual Control in which the user inputs a desired pressure which remains until
another pressure is typed in. The Sync Auto/Manual Case Structure allows the user to
ensure that the desired pressure will not change when switching between
Manual/Automatic. The image at the bottom shows the case when the Sync
Auto/Manual option is not utilized. On the right is the Case Structure for Automatic
Control. It takes inputs from the Automatic MATLAB script on the left in the Block
Diagram. The Automatic Starting Pressure can be used to adiust the initial value of the
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Automatic MATLAB script: This portion of the program is used to make decisions
about when and how to adjust the desired pressure when the user defines the pressure

curve to be automatic:

m=7 when the user has chosen Automatic control

m=5 when the user has chosen Manual control

a=0 when the user has chosen to Inflate the cuff

a=1 when the user has chosen to Deflate the cuff

q is the error = desired pressure - actual pressure

fis the error from the previous iteration of the While Loop

time is the elapsed time since the pressure reached the previous desired pressure
tdes is the Hold Time defined by the user

r, s, and c are a dummy variables

reset restarts the Elapsed Time clock when a desired pressure has been reached
x is a variable from the other MATLAB script

inc = the increment of pressure change defined by the user

if (m==7 && a==1 && <0 && f<0)

reset = 0;

c=0;

r=0;

X=X;

elseif (m==7 && a==1 && time>tdes && r==0)
c=inc;

reset = 0;

r=1;

X=X;

elseif (m==7 && a==1 && time>tdes && q<0 && f>0)
reset =1;

c=0;

r=0;

X=X;

elseif (m==7 && a==0 && q>0 && {>0)

reset = 0;

c=0;

s=0;

X=X;
elseif (m==7 && a==0 && time>tdes && s==0)
c=-1%*inc;

reset = 0;

s=1;

X=X;
elseif (m==7 && a==0 && time>tdes && >0 && f<0)
reset =1;

c=0;

s=0;

X=X;

else

reset = 0; c=0; x=x;

end
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Decision MATLAB script: The purpose of this script is to make decisions about which
command should be sent to the syringe pump based on several factors including those

listed below.

q is the error = desired pressure - actual pressure

fis the error from the previous iteration of the While Loop

u, e, i, y are dummy variables

z = 0 when the user has not stopped the program on the Front Panel

z =1 when the user has stopped the program on the Front Panel

a = 0 when the user has not stopped the pump on the Front Panel

a = 1 when the user has stopped the pump on the Front Panel

x transfers the output of this script to the portion of the Block Diagram that sends
serial commands to the syringe pump via the Automatic MATLAB script

Note: The reason for the “keep running” commands is to eliminate the sending of
unnecessary commands to the syringe pump, which require much more time to
transmit.

u=abs(q);
e=abs(f);

i=x;

if (>0 && u>r && z==0 && a==0)
y=3; %INFLATE fast

elseif (q<0 && u>r && z==0 && a==0)
y=1; %DEFLATE fast

elseif (>0 && u<r && z==0 && a==0)
y=5; %INFLATE slow

elseif (q<0 && u<r && z==0 && a==0)
y=6; %DEFLATE slow

elseif (q==0 && z==0 && a==0)

y=2; %STOP

elseif (z==1 || a==1)

y=2; %STOP if either STOP button is pressed
else

y=2; %STOP

end

%INFUSE /REFILL:

if ((i==3 || i==4) && u<r && y==5 && z==0 && a==0 && e>=r && q>=0 && >=0)
x=5; %change fom fast to slow

elseif ((i==5 || i==4) && u>r && y==3 && 7==0 && a==0 && e<r && q>=0 && >=0)
x=3; %change from slow to fast

elseif ((i==6 || i==4) && u<r && y==5 && z==0 && a==0 && e<r && q>=0 && {<0)
x=5; %change from slow refill to slow infusion

elseif ((i==5 || i==4) && u<r && y==5 && z==0 && a==0 && e<r && q>=0 && >=0)
x=4; %keep running on slow

elseif ((i==3 || i==4) && u>r && y==3 && 72==0 && a==0 && e>=r && q>=0 &&f>=0)

67



x=4; %keep running on fast

elseif ((i==1 || i==4) && u<r && y==6 && 7==0 && a==0 && e>=r && q<0 && f<0)
x=6; %change from fast to slow

elseif ((i==6 || i==4) && u>r && y==1 && 7==0 && a==0 && e<r && q<0 && <0)
x=1; %change from slow to fast

elseif ((i==5 || i==4) && u<r && y==6 && z==0 && a==0 && e<r && q<0 && >=0)
x=6; %change from slow infusion to slow refill

elseif ((i==6 || i==4) && u<r && y==6 && z==0 && a==0 && e<r && q<0 && f<0)
x=4; %keep running on slow

elseif ((i==1 || i==4) && u>r && y==1 && 7z==0 && a==0 && e>=r && q<0 && {<0)
x=4; %keep running on fast

else

X=y;

end

The value of “x” as it comes to the Case Structure at the bottom of the Block
Diagram determines the case that is selected. The following will offer an explanation for

each of those cases, which correlate to the about Decision MATLAB script.

DEFLATING INFLATING

-

Figure C.6 Case 1.0: Commands are sent to the syringe pump to set the Refill Rate
to the Fast Refill Rate indicated by the user in the Front Panel (FP) tab “Serial
Commands”.
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Figure C.7 Case 1.0 False: Commands are not sent to the syringe pump if the
nested Case Structure is set to “False”
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Figure C.8 Case 1.1: Commands are sent to the syringe pump to set the Direction
to Refill using the commands indicated by the user in the FP tab “Serial
Commands”.
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Figure C.9 Case 1.2: Commands are sent to the syringe pump to “Run” it using the
commands indicated by the user in the FP tab “Serial Commands”.
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Write bytes to port.

Figure C.10 Case 2: Commands are sent to the syringe pump to “Stop” it using
the commands indicated by the user in the FP tab “Serial Commands”.
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Figure C.11 Case 3.0: Commands are sent to the syringe pump to set the

Infusion Rate to the Fast Infusion Rate indicated by the user in the FP tab “Serial
Commands”.
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Set Directidn to Infuse

Figure C.12 Case 3.1: Commands are sent to the syringe pump to set the

Direction to Infuse using the commands indicated by the user in the FP tab “Serial
Commands”.
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Figure C.13 Case 3.2: Commands are sent to the syringe pump to “Run” it using
the commands indicated by the user in the FP tab “Serial Commands”.

DEFLATING INFLATING |

Figure C.14 Case 4: Commands are sent to the syringe pump to “Run” it using
the commands indicated by the user in the FP tab “Serial Commands”.
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Figure C.15 Case 5.0: Commands are sent to the syringe pump to set the Infusion
Rate to the Slow Infusion Rate indicated by the user in the FP tab “Serial
Commands”.
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Figure C.16 Case 5.1: Commands are sent to the syringe pump to set the
Direction to Infuse using the commands indicated by the user in the FP tab
“Serial Commands”.
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Figure C.17 Case 5.2: Commands are sent to the syringe pump to “Run” it using
the commands indicated by the user in the FP tab “Serial Commands”.
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Figure C.18 Case 6.0: Commands are sent to the syringe pump to set the Refill
Rate to the Slow Refill Rate indicated by the user in the FP tab “Serial Commands”.
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Figure C.19 Case 6.1: Commands are sent to the syringe pump to set the
Direction to Refill using the commands indicated by the user in the FP tab
“Serial Commands”.
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Figure C.20 Case 6.2: Commands are sent to the syringe pump to “Run” it using
the commands indicated by the user in the FP tab “Serial Commands”.
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Close session to port.

[Note:Closing the serial port
allows it to be used by other

E applications without quitting
o] £ lLabVIEW

Figure C.21 Sequence 3: This portion of the code is only performed after the user
stops the program. It ends communication with the syringe pump so that it can be

accessed by another program or manual operation without being interrupted by the
Pressure Cuff System Program.
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stop bits -
e \SINFAA, \ AT\s RFR\s4.0003\sM

flow control Set Initial Infusion Rt

[ Jonvor | o A RAT 40600 s

| nstructions:
|1) Adjust Serial Commands appropriately using the "Serial Commands” tab and following the associated instructions.

| Note: There are two modes built into this system. The most basic mode is the "Manual” mode in which the continually defines
|the desired pressure throughout the experiment. The second mode is the "Automatic” mode in which the user can obtain a
| stair-step response by increasing/decreasing the pressure by user-defined increments of pressure every user-defined length of

7|
|time. - ‘

Figure C.22 Serial Commands Tab of Front Panel: Here the user can define the serial
commands that are sent to the syringe pump throughout the program. It is
recommended that most of these commands should not be altered because they must
be formatted very specifically.

¢ T

n
v
flow control

Jxonors |

Figure C.23 Syringe Pump Formatting Serial Commands: These commands must
match the set-up of the syringe pump for proper communication with it. Although
operation would theoretically be faster with a higher baud rate, the syringe pump did
not accept commands well at higher baud rates. The COM# is the port of the
computer to which the USB cable from the syringe pump is connected.
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et Diameter

1.001

et Fast Refill Rate
.0003

et Fast Infusion Rate
0600

et Slow Infusion Rate
50.02

et Slow to Refill Rate
50.05

ap
IEI

Figure C.24 Numeric Input to Syringe Pump: Aside from the COM# in the previous
image and the units in the subsequent image, these are the only serial commands that
the user may define preferentially. The diameter must match that of the syringe if the
user desires accurate volume flow rates, although they were not used for anything in
this study. If Refill/Infusion rates are outside of the operation range the syringe pump
will display an error message. The “r” value is the range from the desired pressure
value within which the Refill/Infusion Rate changes from Fast to Slow. Units for
these values are defined in the Text Input to Syringe Pump portion of the Front
Panel.

<t SRR
RFR\s

et Direction to Refill 2 Set SRR1
DIR\sREF\r \
Set Direction to Infuse 2 Set Initial Refill Rt

DIR\sINF\r\n b RFR\s4.0003\sM
Set Initial Infusion Rt

\r! RAT\s4.0600\sM

Figure C.25 Text Input to Syringe Pump: These serial commands are used to set up
various parameters for use during execution of the program. These are linked to the
same titled icons on the BD. The only text that may need to be altered by a user is the
units (UM, MM, etc.) for Refill/Infusion Rates per the Syringe Pump User Manual
(Harvard Apparatus — PHD 2000 Syringe Pump Series User Manual — found online).
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| Instructions

| i ?
1) Adjust Serial Commands appropriately using the "Serial Commands" tab and following the associated instructions. L Which CompUtEr?

| Note: There are two modes built into this system. The most basic mode is the "Manual” mode in which the continually Microscope Room

| defines the desired pressure throughout the experiment. The second mode is the "Automatic” mode in which the user can

| obtain 2 stair-step response by increasing/decreasing the pressure by user-defined increments of pressure every user-

| defined length of time.

Figure C.26 Operation Tab of Front Panel: This is the primary GUI utilized during
experimentation. It has been set up as a user-friendly tool for making real-time
adjustments during program execution, while also providing essential indicators
depicting feedback from the system. The plot on the left side shows the Desired
Pressure and Experimental (Actual) Pressure in mmHg in the pressure cuff as a function
of time in seconds. The controls on the right are explained below.
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Figure C.27 Operation Tab of Front Panel — Execution Panel: This is the only place
in the GUI that the user will need to input information throughout execution of the
program. The top stop button (green) allows the user to stop the pump without
stopping the program. The bottom stop button (red) allows the user to stop the entire
program. If the user does not stop the pump a couple of seconds before stopping the
program, then the syringe pump may continue to run. The user can select Automatic
or Manual operation via the toggle switch at the top left. If Manual operation is
selected, then the user can type in a Desired Pressure on the right side. If the user
selects Automatic operation, then the controls at the bottom right will be utilized.
The Sync Auto/Manual toggle switch allows the user to sync up the two so the
desired pressure will remain unchanged when the Automatic/Manual switch is
toggled. The Automatic Deflate/Inflate toggle switch determines the direction of
Desired Pressure increments. The Hold Time specifies the amount of time that the
desired pressure stays at a specific value after it is reached by the experimental
pressure for the first time before it is automatically incremented or decremented.
The Increment value specifies how much the Desired Pressure is adjusted due to
each adjustment. The user can select between two computers to specify the
directory for saving the output text file. The rest of this portion of the FP includes
indicators for various measurements throughout the experiment.
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LOG OF ANESTHESIA ADMINISTERED TO RATS
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Table D Log of Anesthesia Administered to Rats. This table
shows the weight of each rat and the amount of anesthetic used.
The rats used in data collection of the paper in Chapter 2 are
highlighted. In initial experiments the DOB of the rats was not
recorded because it was not pertinent at the time of the trials.

Date Weight Gender D.0.B. Anesthetic Amount Used
4/6/12 380 M 11/11/11 | Diazepam/Innovar-Vet| 0.19/0.11
5/18/12 180+ M Diazepam/Innovar-Vet| 0.09/0.05

5/24/12? 290 M Diazepam/Innovar-Vet| 0.15/0.09
6/8/12 199.3 F 3/30/12 | Diazepam/Innovar-Vet| 0.10/0.06
6/11/12 210 F 3/30/12 | Diazepam/Innovar-Vet| 0.10/0.06
6/14/12 370 F 3/23/12 | Diazepam/Innovar-Vet| 0.19/0.11
6/14/12 335 F 3/23/12 | Diazepam/Innovar-Vet| 0.17/0.10
6/27/12 225 F 4/6/12 Diazepam/Innovar-Vet| 0.11/0.07
7/2/12 300 M 4/20/12 | Diazepam/Innovar-Vet| 0.15/0.09
7/2/12 340 M 4/20/12 | Diazepam/Innovar-Vet| 0.15/0.10
7/12/12 366.9 M 4/20/12 | Diazepam/Innovar-Vet| 0.18/0.11
7/13/12 335.6 M 4/20/12 | Diazepam/Innovar-Vet| 0.16/0.09
7/19/12 340 M 4/27/12 | Diazepam/Innovar-Vet| 0.16/0.10
7/19/12 355 M 4/27/12 | Diazepam/Innovar-Vet| 0.12/0.07
7/20/12 312.2 M 5/1/12 Diazepam/Innovar-Vet| 0.14/0.08
7/20/12 303.6 M 5/1/12 Diazepam/Innovar-Vet| 0.15/0.09
7/26/12 250 M 5/25/12 | Diazepam/Innovar-Vet| 0.13/0.08
7/26/12 243 M 5/25/12 Diazepam/Innovar-Vet 0.12/0.07
7/27/12 246 M 5/25/12 | Diazepam/Innovar-Vet| 0.13/0.08
7/27/12 250.5 M 5/25/12 | Diazepam/Innovar-Vet| 0.13/0.08
8/1/12 252.4 M 6/1/12 Diazepam/Innovar-Vet| 0.13/0.08
8/1/12 258.9 M 6/1/12 Diazepam/Innovar-Vet| 0.13/0.08
8/2/12 292.5 M 6/1/12 Diazepam/Innovar-Vet| 0.15/0.09
8/2/12 239.9 M 6/1/12 Diazepam/Innovar-Vet| 0.12/0.07
8/9/12 273 M 6/8/12 Diazepam/Innovar-Vet| 0.14/0.08
8/9/12 250.8 M 6/8/12 Diazepam/Innovar-Vet| 0.13/0.08
8/16/12 263.4 M 6/15/12 | Diazepam/Innovar-Vet| 0.13/0.08
8/16/12 224 M 6/15/12 | Diazepam/Innovar-Vet| 0.11/0.07
8/17/12 260 M 6/15/12 | Diazepam/Innovar-Vet| 0.13/0.08
8/17/12 260 M 6/15/12 | Diazepam/Innovar-Vet| 0.13/0.08
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LOG OF BLOOD PRESSURE MEASUREMENTS
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Table E Log of Blood Pressure measurements

Rat 1 Rat 2 Rat 3 Rat 4
Age (days) 75 75 75 75
Weight (g) 350 330 332 330
SBP Pre-GTNO 76.3 87.5 52.3 100
DBP Pre-GTNO 48.7 56.5 253 62
SBP Post-GTNO 107 85.6 85 110
DBP Post-GTNO 61.6 49 48 65.6

Notes:

* Rats were anesthetized with Diazepam/InnoVar (both
expired). Surgical plane was determined by a toe pinch.

*  Pre-GTNO values measured (3 values averaged for each
measurement).

*  GTNO applied, 20 minutes later Post-GTNO values
measured (3 values averaged for each measurement).

* Animal temperature was not maintained for these
experiments. All rats are SD male.

* SBP = Systolic Blood Pressure

* DBP = Diastolic Blood Pressure
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Table G Results Data. Results data from Table F in Appendix F.
Each Pumping Pressure and Packet Restoration value corresponds
to one respective rat trial. Values are in mmHg.

Control
10% 20% 50% LLBB Avg | Packet Restore
34.57 32.74 27.31 32.38 20.12
40.15 37.71 32.13 35.90 29.76
80.06 66.15 34.50 34.06 44.51
41.68 39.31 42.22 36.48 46.88
47.95 47.42 44.97 43.14
Avg: 49 45 36 36 35
Std Dev: 18.07 13.12 7.27 4.10 12.65
Treatment
22.42 20.43 7.20 28.99 10.19
42.22 24.41 14.62 16.48 10.11
31.82 29.60 27.31 27.16 24.86
14.77 7.74 7.74 31.11 7.74
79.53 50.09 31.90 31.44 21.73
24.71 22.65 18.37 22.83
Avg: 36 26 18 26 15
Std Dev: 23.29 13.94 10.13 5.76 7.78
[Significance: | 0.3371|  0.0476]  0.0081] 0.0098[  0.0202
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The following Matlab code was used to determine the Pumping Pressure and Packet
Restoration Pressure from the associated intensity plots for each trial. Dr. J. Brandon

Dixon wrote this code.

clear;
dirOutput = dir('*.txt');
files = {dirOutput(:).name}';

for x=1:(length(files)/2)
data(x) .pressures=importdata(sprintf('%s',files{2*x-
1}),'\t");

data(x).intensities=importdata(sprintf('ss’',files{2*x}), '\t');
end

for n=1:uint8(length(files)/2)
clear temp temp2 temp3 temp4 temp5 temp6 int2 remnoise
intensity remnoise2 freqcurve fregmin freqthresh areaslist
intensity=data(n).intensities.data(:,2);
remnoise=(( (smooth(diff(intensity)>50,20)>0)+(smooth(diff(int
ensity)<-50,20)>0))==2);
remnoise=[remnoise; 0];
remnoise2=remnoise.*medfiltl(intensity,20);
intensity=(intensity.*not(remnoise)+remnoise2);
$intensity=smooth(intensity,3);

int2=(intensity-smooth(intensity,100));
int2=medfiltl(int2,5);
for x=650:(length(intensity)-100)
temp=abs (fft(int2(x:(x+99))));
temp2 (x-649)=mean(temp(3:25));
end

freqcurve=smooth(temp2,20);

[fregmin, minloc]=min(freqcurve);

temp4=zeros(minloc,1)+1;
temp5=zeros(length(temp2)-minloc,1);

temp6=[temp4' temp5']';
freqgthresh=fregmin+(max(freqcurve(1000:1length(freqgcurve))-
fregmin)*.5);

temp3=bwlabel (( (smooth(temp2,20))<freqthresh));

picareas=regionprops(temp3, 'Area');

for x=1:length(picareas)
areaslist(x)=picareas(x).Area;
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end
[Y,I]=max(areaslist);
temp2=diff((temp3==I));
[Y,I2]=min(temp2);
packetresume(n)=I2+700;

smoothint=smooth(intensity,20);

Imin=minloc+659;
packetvar(n)=var(data(n).intensities.data((packetresume(n)-
25): (packetresume(n)+25),2));
refvar(n)=var(data(n).intensities.data((Imin-50):Imin,2));
packetresume. * ( (packetvar./refvar)>2)

minint=smoothint (Imin);
[maxint,Imax]=max(smoothint(Imin:length(smoothint)));
thresh=minint+(maxint-minint)*.5;

temp=find(smoothint (Imin:length(smoothint))>thresh);
ppump (n)=temp(1l)+Imin

end

% % I just copy and paste this code into the command window to
back out

the actual pressures from the data file
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