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Abstract

The venous system of the lower lintissunique anatomy that providasskeletal muscle pump
for the transport of blood against the hydrostatic gradient of erect postbhieswuscle pumgnables
the regulation of venous pressures in the fyglis essential tonaintain healthy tissua the lower
extremities Chronic vemus insufficiency and chronic venous ulcerssaeererelateddiseasestates
associad withelevated venous prasres of the lower limblhe development and evaluation of new
therapiedor these diseasesquires quantitative informatiaboutthe haemalynamicsof thevenous
system in normal, pathologic, ptieerapeuticand postherapeutic states.

Thediagnostiomethods and instrumerfter venous system evaluation and clinical diagnosis are
reviewed with respect to their historical and contemporargtuifiesand limitationsTher
progression has movedward noninvasive modes, culminating in the widespread use of duplex
ultrasonographyThe practice of duplex ultrasonography for the assessment of venous diseases
leverages the structure, flow, anelacity data rendered by this technology. However, the observation
of dynamic venous pressures with ultrasonography is not cureargtilable and there is an unmet
need for norinvasive venous pressure capability congruent with duplex ultrasonography

A novel method o&ssessing venous pressuwisigatime-sampled pressum@obe (TSVPP)
with ultrasonicallyimaged vessels proposed. Aet of requirements to define thistrumentis
developed from theasculamphysiologyandanatomy and from the characteristio§ contemporary
ultrasound imagers. A proaff-concept prototype is designed, fabricated and tested using artificial
structures. Theavice and methods are optimized and then tested in animal models. A healthy human
study isconducted using 12 volunteers.

The evaluation of the TSVAR animal models demonstratéhe feasibility of the instrumen®?
fit values of 0.94 to 0.98 were achievedSlowandVery Slowsampling modesThe results othe
healthy volunteer studycluded 64 successful static pressure estimations from 72 observations. Over
the 64 valid results, the mid and high pressure average error was with@%s./Ambulatory venous
pressure measurements were attempted usirgidivsampling modgand 5 of 9 attepts
demonstrated a pressure recovery characteristic consistent with the clasbigktory venous

pressurgesporse.



This thesis has explored a novel concept in venous pressure measurement and has extended the
knowledge of its potential and limitatiomsth qualitative and quantitative evidence. The results
support an assertion that the TSVPP has promise for improving our insights into clinical diseases of
the venous system. Further, the TSVPP can be developed as a useful tool for evaluating thé effects
venous therapies designed to reduce venous stasis and hypertension. A foundation of conceptual
work, bench evaluation, piinical tests, and clinical study has been established. Future development
of the concepts and implementations discussed appsdigd from the potential intellectual, clinical,

and societal benefits that can be associated with the product of this work
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Chapter 1
Introduction to the Non

Invasive Venous Pressure
Probe



1.0 Introduction

For over a decadéneBioelectronic Research ClustrNUI Galwayhas been conducting a
program of research airculatory disorders of thiewer limbandthe desigrof Neuromuscular
Electrical Simulationdevicesandtheir applicationto erhance venous circulation andtigate
circulatorydisease§l-5]. Severakherapeuti@pplicationsand their practical potentiare currently
being evaluated for their performance relative to standard clinical practibegpathologies within
the scope of thessvaluationsncludepostoperativedeepvein thrombosis anghronicvenousulcers

Within thegroup, and generally within the vascular clinician community ptiveary venous
circulationobservatiortechniqueutilized is the ultrasound imaging of vasculatructureandflow.

Two ultrasound imaginghodesare dominantly employed: Brighthess ModeNBde) and Colar
Doppler Mode. Brightness mode imaging yields information about the underlying anatomy of the
vessels and surrounding tissué$. Fine structures such as vessel walls are redditinguishegdand
skilled practitioners can rendtire leaflets of the venous valve structures visibtghstatically and in
motion. ColourDoppler imaging renders blood velocity data that in combination with vessel
geometry can produce flomeasuremenig-9]. Flow data directly indicate venous circulation
activity and can quantify the volume and rateyenous return However capable the ultrasound
instrumens and the operateiare the observation of venous pressure is not availaibte
conventional ultrasound imagergenous pressure data would be usefuhmparticular case of
chronicvenous leg ulcergsthediseasaetiologyhas been directliinked with elevatedvenous
pressurdl10, 11] and hus a primarybjective of venous ulcer therapies is to reduce the venous
hypertension or mitigate its effedi2-14].

Ideally, it is desirablego observe venous pressure +fiovasively Additionally, it is desirable to
observevenous pressungith thecurrently availablelltrasound instruments widely used in
contemporary medicine.

Historically, a parameter called Ambulatory Venous Pressure (AVP) was considered the gold
standard for the evaluation of patients suffering venous leg ulceration. The observation of AVP
involves the direct cannulation of a vein Iretlower limb and the use of a manometer to detect vessel
pressuras it responds to a defined exerciéhile simple in princife, the observation of AVP

1



requires a needistick with the concomitant discomfort and the srball inescapable risk of

infection. AVP was largely replaced by photoplethysmography and more recently by ultrasound
imaging in vascular clinicsPhysicians have devised effective ultrasound techniques to inform the
diagnosis and treatment of vascular disorders that result in vervaus, Wdut neither
photoplethysmography nor ultrasound techniques can gralitdct venous pressure data.

However, the ability to ultrasonically image vein ckgsstions at video frame rates opens the
possibility to observe venous pressure by modifyirggdressure outside the vein wall whilst
observing the structural deformatidd$]. The widespred adoption of ultrasoungascular imaging
suggests that a pressure measurement system based on an ultrasound technique might have
considerabletility. The ability to measure the instantaneous venous pressurgvasively,
providesa physiologigparaméer tha will complement flow data and, for exampieform the dose
response relationshipetween lowetimb neuromuscular stimulaticemdthe attenuation ofenous
hypertensiornin the lower limbs.It is thehypothesi®of this thesis, that a practicaktnument can be
createdhat will augment the capability of ultrasonography to include the detection of static and
dynamic venous pressures in superficial veifis.instrument of this nature would be a novel
contribution to the field of diagnostic sonoghg by extending the capability of existing instruments
to observe an important physiologic dimension in aineasive mode. The problem is muilti
disciplinary,as the domains of ultrasonography, physiology, electronics, hydraulics, control systems,
mechaircs, and preelinical evaluations must be addressed to conceive and evaluate potential

solutions.

1.1 Structure of the Thesis

Chapter 2 providean overview of venous return from the lower limbs and describes the
character, origin, and cycles e&nouspressure. Theclinical instruments available for observing
venouspressurethe significance and history of Ambulatory Venous Pressn@toring andsome
contemporarlternatives to venous pressoleservationsre describedin Chapter 3, amstrumant
is proposed to nemvasively assess venous pressures of the lowerTinhbe i nstr ument 6s

requirements andesign parametergereestablishegbased on the physiology of the systenaer



testand the established clinical indicators of patholdgg/theinstrument is novel, test structuresd
to becreated to allovior the evaluation of prototypés-vitro. These structures and tlsebsequent
bench evalu&nsof the instrumenére reviewed andnalysed

Chapter 4describes the design, structure andilte®f in-vivo assessments conducted on animal
models.The results of these studies are described and the implications of the results with respect to
the development of a capable Time Sampled Venous Pressure Probe (TSVPP) are discussed.

In Chapter5, ahealthy volunteer study is describeaid the resultef static and dynamic venous
pressure measurements armalysedFinally, Chapter 6 containan assessment of the results of these
connected studieand the relationship between thentdnclude with a discussion of the
improvementsand future workor a clinically useful instrument.

Thisthesishas dual aspects. In one view, it is a record of academic pursuit and development with
the proposition and the evaluation of a hypothesis. In anotheriviewhe foundation foa
commercially useful implementatiari the instrument that has been proposed. Appendix A contains
many, but not all,of theoriginal thesiconceptshatbeen developed for salission as a patent or
patents that will form the inlectual property foundation for a commercial implementation of this
work. As confidentialityis aprerequisite for successful patent applicatiamy the contents of
Chapter 2 of this thesis ctwe offered for publication at thisne, and this work hetbeen submitted to

Medical Engineering and Physiéar review.



Chapter 2

Techniques and
Applications ofVenous
PressuréM easurements.

(Submitted for reviewio Medical Engineering and Physigs.



2.0 The Venous Circulation of the Lower Limb

This chapter will focus on the peripheral venous system of the lower limbs, the veins of the
trunk, and the instruments and techniques for assessirandtemy and function of theenous
system

Though the arterial and venous sides of the systemic circuattocomplimentary facets of the
same circulation, the venous system has features and functional complexities not found the systemic
arterial systenfil6], [17]. By definition, he venous circulation begins at the return flow of the
capillaries. The capillées converge into venules, which further converge into veins. The veins
become great veinand finally the blood returns to the superior and inferior vena cavae before
merging at the right atrium of the heart. The veins of the lower extremities alarieguerrupted
by leaflet valves, which when patent, allow only unidirectional flow towards the heart. These valves
are present in vessels as small as 181owever they are most apparent in larger vdib8-20].

Veins in the lower limb are divided into the deep veins which traverse the interior volumes of
skeletal muscle compartments, superficial veins that lie close to the skin, and perforator veins that
allow the flow of bloothetween the superficial and deep velrig(re2-1). The combination of
muscles, veins and valves creates structures known as peripheral muscle pumps. The compressive
action of skeletal muscle contraction on the deep veins displaces blood. The directional characteristics
of the leafletvalves ensure unidirectiona¢nous flow(venous returptowards the heart. The veins
refill from the capillary beds, and on subsequanscular contractions, the process repeats. These
peripheral muscle pumps are pervasive. They are found in the foot, the calves, the thighs, and the even
the hand$21]. Peripheral muscle pumps are an essential element of a healthy venousgjrculat

system22, 23]
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Figure 2-1 Major deep and superficial veins of the lower limb.

An additional function of the venous system is that it acts as alariservoir oblood forthe
circulatory system. The capacity of the venous system allows the storage and release of significant
blood volumes through the expansion and contraction of the vein diameters. An acute loss of 10% of
thetotal blood volume ca be accommodateds well as substantial increases in blood vol{itg
The terminus of the systemic venous system is the union of the superior and inferior vena cavae,
where the venousrciulation flows into theight atrium. Though the venous pressures at the right
atrium of a healthy individual vary over a small range, the total cardiac amapitesubstantially
affected by small modulations of the right atrial filling presgti@. Right atrium pressure is

synonymous with the term central venous pres@#g

2.1 Venous Pressure

The pressure at any point in the venous system depends on myriad factors: Blood volume,
cardiac output, posture, musculoskeletal activity, and venous tone are justignifeastinfluences.
Thetotal instantaneous pressure is affected by hydrostatreell aglynamic influences. When
standing or walking, the venous return from the lower limbs is dependent upon the action of the

muscle pumps of thee#t, cavesand thighd16, 2527]. In the standing position, after a period of
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inactivity, the pressures in the lower extities are determined by height of the blood col{@&.
During activity, the peripheral muscle pumps displace blood towards the heart and |atadly re
venous pressurdrigure2-2 illustrates the dynamic and static pressures of an upright individual. The
pressure of theght atrium is labelled as zero, as thgstypical of the filling pressure of a healthy
individual. Central venous pressure (CVP) may drojf2 tomHg during vigorous cardiac pumping
or rise to 46 mmHg[29]. Pressures approaching28 mmHg are usually indicag of severe heart
failure. Compared to typical systemic pressures, the healthy individual has little variation in CVP.
Peripheral venous pressure can refer to a wide range of venous system locations, in particular the
arms and legs. However, in clinical literature, peripheral venous pressure usually refers to a limb vein
pressure that is correlated to the central venoessprg30-35].
Ambulatory Venous Pressure (AVP) is the peripheral venous pressurangdgaredrom a
vein at the anle or the dorsal aspect of the fodhis measurement usagarticular protocol that
stimulates the muscle pumps of the lower limb. It evaluates effectiveness of the lower limb peripheral
muscle pump system. Though it is not without shortcomings, itissco der ed t o be a fAgol
indicator for venous system function in the lower lif@&-38]. Leaflet valve patency of the lower
limbs and venous outflow obstructions are among the diagnostic observations possiateAViEh

measurementl6, 39, 40]
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Figure 2-2 Typical venous pressuresHydrostatic pressure (HP) and Dynamic Pessure (DP) differ as a result of ca
diac and venous muscle pump effecfd6]. Posture, location, orientation and activity affect these values.

2.2 The Utility of Ambulatory Venous Pressiue

The utility of AVP measurement is well established for the diagnosis of venous digafjek6,
36]. Ambulatory venous hypertensiamronic venousnsufficiency (CVI), venous ulcers, and venous
thrombosisareconditions typical of the pathologies detected and differentiated using the AVP
measurement. Ambulatory venous hypertension is the failure of the venous system pressure to fall
during normal wkking or duringcalf compression exercises. Ambulatory venous hypertension can be
a consequence of venous thrombosis induced occlusions of the venous outflow tantdso
occur due tancompetence of the deafletvalves in the venous musgiemps. These conditions are
associated with CVI, which is a term that describes a mosaic of lower limb venous system related
pathologies. Theymptomsnclude pain, swellingpedematelangiectasia, reticular veins, varicose

veins, skin fibroses, hyperpigmtation, and ulcef@1-43]. Primary CVI is defined as a failure of



muscle pump function. Secondanyronic venous insufficiendg usually more severe and is
associated witl combination of obstruction and refl{i43].

Chronic venous insufficiendg associated withkin ulcers of the lower limbt Is estimated that
70% to 85% result from C\{#4]. In the general adult populatiche prevéence of venous ulcers is
reported in the ranges 0f2P6[22]. The prevalence increases with age is slightly higher in
women than mef5]. The economic and social impact of this condition is substantial. The annual
financial costs in the UK are estimated at $720 million and in the United States at $2 Billion annually
[13]. The mortality associated with infections related to venous ulcers are estimate?l 5644 6].

Beyond the epidemiologic and fingal considerations, the social isolation and pain associated with
these pathologies is difficult to quantify in a way that reflectgp#reonal suffering ahdividuals, yet
there can be no douthtatsevee ulcersare araffliction (Figure2-3). Venous ulcers are painful,
debilitating, persistent, and difficult to treat successfully. They have been recorded throughout the
ages and cause substantial suffering, especially in the €Jltié}lyr he severity of chronic venous
disorderscan becategorizedccording taa clinical classification system referred toGEAP

(Clinical class, Aetiology Anatomy, and Pathophysagy) [41, 47] This system provides a uniform
standard for evaluating venous disorders. The two most severe clinical classes, 5 and 6, denote the
presence of healed or active venaicers.

Venous thrombosis is the formation of a thrombus in the venous system and can be either acute
or chronic.Deep vein thrombosis (DVT) is the occurrence of a thrombus in the deep veins of the
lower legand can be caused by trauma, cancer, immaliizfrom injury, or surgical operations.

Risk factors also include coagulopathies, smoking, oral contraceptive pills, and dehydgjtion
Regardless of the many causes of thrombosig;dhsequences can be significant and sometimes life
threatening.Local ymptoms include pain, swelling and tenderngfsthe affected limp49, 50]

Venous thrombosis is a causative or compounding factoainy cases of chronic venous
insufficiency. Unresolved, venous thrombus can cause occlusions of flow thasoénndamageo

the valves of the venous muscle pump. The combination of outflow obstruction and muscle pump

damage is associated with thegnsevere clinical manifestations of 43].



Figure 2-3 Venous leg ulcerIn addition to pain and infection risk, social isolation often accompanies the physical
suffering from these recalcitrant ulcerg[13, 51]

2.3 Ambulatory Venous pressure parameters
The AVP value is defined as the minimum pressure observed in a vein at the ankle or foot after a

short series of heel raises, usualy®paced at-2 seconds per hegse[40]. A typical pressure
time-course curve of a venous pressure test is showigure2-4. The minimum point on the curve
is labelled AVP. AVP studies have provided excellent investigative and diagnostis esglihave
been a vital tool for the evaluation mdrmal and abnormalhysiology of the lower limb venous
system. The methodolo@f AVP measuremerdnd the results have been the sulsjetextensive

study and discussida0, 39, 40, 556].
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Figure 2-4 Ambulatory Venous Pressure TracingAt t<0 the subject has been standing for >=1 minute. At t=0
heel raises commence and pressure declires muscle pumps move blood towards the heart t=10 heel raises cease,
and pressure begins to accumulate. (Adapted from Meissner])

A number of quantitative parameters are measurable beyond the singhsaAMPT able2-1).
These parameters are extracted from the major landmarks of the AVP pressure tracing that occur
before and after the exercise interval. Additional information can lzenaethtusing mathematical
analyss of the pressure curves during the exercise interval. These can be processed to separate the
pressure increase and pressure reduction contributions from the venous reflux and muscle pump

contributiong57].

Table 2-1 AVP Parameters

Acronym Expanded name Description
AVP Ambulatory venous pressure | Minimum pressure observed afextercise interval
AVPr Resting pressure Full hydrostatic pressure observed after longadu

tion of quiet standing without muscle pump aktiy
ty (Typically >60s)

AVPf Fall in Pressure (AVPr-AVP)

RT90 Recovery time to 90% Interval from AVP back to 90% levef AVPr

PRI Pressure relief index (AVPf x RT90) A measure of overall venous
function

Closely related to AVP is Continuous Ambulatory Venous Pressure Monitoring (CAVPM). This

allows the observation of lower limb venous pressure on a continuous basis while theisiigiedo
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walk untethered using a monitor affixaathe lower leg The technique allows collection of mean
walking pressures and percent fall in walking pressure for improved assessments of chronic venous
insufficiency[58]. The CAVPM technique is an extension of the accepted AVP method that leverages
advances in the portability efectronic and sensors technology.

Though AVP is only one diagnostic techue available to clinicians and researchers, it has
played a indamenthrole in the development of a physiologic moftglthe evolution of venous
ulcers and in the understanding of GU0, 59] AVP remains useful for the differential diagnosis
and identification of particulaypesof CVI. However, a fundamental limitation of the classical
ambulatory venous pressure test is the neemh¥asive cannulation of the vein. While needle
punctures are commonly practiced in medicine, they carry a finite risk of complications including
bacteraemigphlebitis, andhaemorrhag§s0, 61] In the case of AVRhe preferred locations for
cannulation are near the common locations for ulceration. This proximity implies a heighted risk of
infection. Noninvasive methods carry substantial appeal in this context, and a number of alternative

diagnostic methods havededeveloped. Each has a unique set of advantages and deficiencies.

2.4 Pressure Measurement Instruments

Pressure measurement devices have evolved over time. The mercury manometer is time
honouredsimple, and reliable. Though it is occasionally usea galdstandard indicator, as a
clinical pressure instrument, the mercury manometer has faded from general udecliéstarted
with the development of aneroid indicators, and has accelerated due to the availability of accurate and
convenient electmic pressure transducers.

The aneroid indicators that remain in common use are similar to those shéigarel2-5(b, c)
but in more modern formsContemporary technology provides precise, compenct,convenient
pressure indicatsrusing combinations of electronic transducers and digital display technologies.
AVP measurements can be obtained using electronic pressure transducers, with thelaata disp
managed by computer and easily converted to tabular or graphical form for analysis. Though the

progression of manometer technology has been substantial, the improvements in the resolution,
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precision, and convenience of timeasurementdo not addresthe fundamental unpleasantness and

finite infection risk associated with tlevasiveneedle stick required for venous access.

= i

-

I

Figure 2-5 Progression of manometer instruments.Mercury type (a) circa 1910[62]; Aneroid type(b) circa 193(62];
Aneroid type(c) circa 195763]; Digital manometer (d) circa 2010.

2.5 Invasive venous pressure measurements

Central venous pressures, peripheral central venous pressures, and intracardiac pressures are
related measurements commonly obtained with the use of an invasive cannula or catheter and a
pressure indicatdB4, 35, 64] AVP is one variant of invasiveressure measurement technigidss
31, 65] In AVP measurements, it is typidal cannulate &einwith a 21 gage butterfly needileat is
coupled to a pressure indicator or transd{t@r 28, 66] The earliest pressure indicators were often
Akt ubeod mamovenedfferensfrom the type invesdt by HuygensThe Iquid in the Utrap
of the tube would displace proportionallyttee observegressure, and the change in the column
height of the two legs of the tube wpsoportional to pressumdifference betwen the vein and the
atmospheric pressure present on the open side of-thkdJThus terms such agntimetreof water
or mm of mercury owe their origins to theuid displacemeninethods of measuring pressufée
density of the liquid affects the sstivity of the Utube manometeFor example, ater displaces
further than mercury for the same presdlifierence, as the mercuhas a density 13.5g/cc compared

to 1g/ccfor water Thus 1 mmHg=1.36mH,0.
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Figure 2-6 Early instrumentation for Ambulatory Venous Pressure measurement

2.6 Noninvasive pressure measurements

The development of many némvasive pressure measurement techniques and instrunaents
been driven by thmterestf patient comfort, the advantages of reduced infection aisl theneed
for operational convenienc&he simplest of thegmethods is the direct observatiohsuperficial
veins.For example, thdistended jugular vein of a patient presenting with verigyertension
secondary to hefailure can beelativelyeasily obsered (Figure2-7). The distension of the jugular
vein reflects increased central venous presbeyond normal levels. While observations of this
nature are useful, thegmainimprecise and quantitatively ambigud6@]. The effect of patient
posture on the hydrostatic pressafiset differences in vasculatistensbility, depth of subataneous
fat, and the variatioof physicianinterpretatiorare some of several confounding factitvs accuracy
and reproducibility othis techniqug24]. While the direct observation technique is an integral part of
clinical assessmenthe substantial lack otauracyand precisiorit affords has motivated the

investigation of many instrumeatugmented techniqu§ss-74].
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Figure 2-7 The direct obsenation of superficial veinscan provide a useful clinical indication of venous circulatory
pressure[75]

Among the most familiar nemvasive pressure measurement techniques, the auscultation blood
pressure method is practiced in nearly every primary care medical facility in the world. Thisl metho
employs controlled cuf€ompression and auscultation to determine systolic and diastolic pressures in
the brachial arterf76]. The classical instruments enabling this technique are the pressure cuff, the
manometer and the stethoscope. Grouped together for auscultation, they are known as the
sphygmomanometer. These have been in existence since"tbentdry, and have evolveda
improved over timg77]. The progression of these instruments is illustratédgure2-8. This
technique employs a pressure cuff that encircles the litibttwé artery under observation. It also
includesa bulb or pump to develop pressure in the cuff, and a pressure reading instrument to observe
the cuff pressure. The interaction of pulsatile arterial flow with the open, partially closed and fully
closed lumen of the artery produces signature acoustialsignown as Korotkoff sounds. The cuff
pressures observed on the manometer correspond to the internal pressures of the brachial artery at
specific shape transitions of ttestedvessel. The classical method employed by clinicians uses

auscultation enabt bya stethoscope on the artery. The electronic implementations of the
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sphygmomanometer commonly include an automatic pump and pressure controller to drive the cuff.
An acoustic sensor is employed to observekitiotkoff sounds as the artery is cycliedm

unobstructed to occluded and bd¢R, 79]. The enormous popularity and endurance of the
auscultation technique is attributable to its clinical significance and the accessibility of thedata
providevia noninvasive means. The success of this method for systemic pressure measuisement
contingent upon the pulse pressure of the systemic circu[80n As the venous circulation lacks

the substantial and periodic pulse pressure of thearsgstem, Sphygmomanometers illrsuited

for venous pressumeasuremeds.

Figure 2-8: The instruments of Sphygmomanometry enable nonrinvasive arterial systemic blood pressure measer
ments.

Substantial research has been carried out on the concept of using ultrasonography for the
measurement of internal venous pressure by observing the shape, cross sectional area, diameter or
other morphological characteristics of the vessel uadaiuation Most of this work has been
directed toward the goal of improvedrrinvasivecentral venous pressure measuremehigton
proposed the use of ultrasonography to facilitate detectingahsitional zonef the internal jugular
veinwhere the local venapressure is exceeded by the extravascular pragsuiéng in a tapering
venous crossection This is sometimemaccurately referretb as ameniscug81] [82]. His work
improved visualization of the Internal Jugular Vein, provided greater accuracy, and good ultrasonic
visualization results, even in the case of obese patients whose veins were obscured by adipose tissue.

This technique was an eladation of that proposed by Sir Thomas Lewis in 1930, but with the useful
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enhancement of ultrasonic imagif@g]. Baumann et. al., reported central venous pressure

measurements using the combination of external tissue pressure with ultrasonic imaging of the vessel

[B4. This technique was a step beyond Liptonds pr
to the vein and observed the aperture of the lumen as it changed in redppowseer, the

applicationof pressure was manual controlled by the operadtwe.apparatus used by Baumann is

illustrated inFigure2-9.

Figure 2-9 Ultrasound Probe (1) with attached fluid filled vesse(2), silicone membrane(3), and pressure tube(434].
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While the reported results exhibited significant differences between invasive CVP and non
invasive estimates, there was sufficient correlation to merit further refinement. Aggarwal et. al.,
continueahis line of approach with assue pressure probe customized to facilitate manually
controlled venous collapse wigtdigital pressure reado(5]. This was used concurrenitiva
handheld ultrasound probe. #&pplicationis illustrated inFigure2-10Agger wal 6 s appr oach
manual control of force, and the observation of venous morphology was realized with an ultrasound
probe operating independently of a force sensor. The probe force wasedeasdrpressure was
derived by factoring in the effective area of the probe. The observation of venous structure was not
coaxial to the centre line of the force transducer, and as illustrated, two hands were required to align

the system to the patient.

Figure 2-10 A force transducer used in combination with ultrasound transduceto estimate internal jugular
vein pressure[85]
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Figure 2-11 Apparatus of Aggerwal: Handheld probe and readout box85].

Thepressure recordingevice created biggerwaldepicted inFigure2-11includeda
microprocessoconfigured to record the transducer valug®n triggered by an operatdiis
allowed the operator to focus on the ultrasound image and the imaging technique, while storing the
equilibrium pressure values without distractibimited evaluation data demstrated consistent

instrument readings, though no formal clinical data were presented.

Figure 2-12 Instrument from Thalham mer et al. [15] 1.) Pressure membrane 2.) Ultrasound probe 3
Pressure tube4.) Manometer

Thalhammer et. al., employed an apparatus similar to Baumann in a pilot evabfidtiernon
invasive venous pregretechnique applied to peripheral venous presstire study employed

healthy subjects and intensive care patients witsqure observations taken at the forearm and
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compared to a peripheral catheter measurement or a central venous catheter measurement. Good

correlation was found, and R values of 0.95 and 0.85 were repaseéctively{15].

Other researchers have pursa@groachemore similar to Liptorthat use ultrasound for
observation without an associdtgressure instrument. Simonattcompared the cross sectional areas
of the internal jugular vein at rest and with the ValsahamoeuvreThe results of a 67 subject trial
werefavourablefor the deéection of elevated right atrial pressures, with 90% sensitivity and 74%
specificity[70]. However, the results were not quantitative pressure values, but jmsteated a
true/false clinical indicator of clinically significant elevateessure. Whilgotentially useful for the
specific question studidd 3], the technique has limited application to the general venous circulation.

Bigler et. al., attempted to correlate the respiratory variation of jugular vein diameter observed
using ultrasound to the central venous presdunis. variationwas quantified by two mathematical
relationshipsalculated usinghe maximal internal height and width of the 1J vein and the minimal
height and width if the 1J vein, as these dimensions changed with respiratory mediated pressure

variation.

Collapsibility Index: [((MaxHeight MaxWidth)/2) ((MinHeight MinWidth)/2)] / ((MaxHeight MaxWidth)/2).

Distensibility Index : [((MaxHeight MaxWidth)/2)(MinHeight MinWidth)/2)] / ((MinHeight MinWidth)/2)

The esults showethata fair to moderate correlation cdube observed between jugular
distensibility and CVR86].

Keller et al., attempted ultrasound imaging of the internal jugular vein and concludedtt&t
greater than & mHg could be accurately estimated witltrasoundassisted observations of the
jugular vein aspect rati@atio of 1J heightto width)[87]. Siva et al continued on the line of Baumann
and demonstrated good sensitivity and specificity of CVP measurements via ultrasound enhanced
visualization of the blood column height in thésimal jugular veif88].

Lisiecki et al. extended the technology of jugular y@iessureestimationby dimensional
observatiorwith the design of a dedicated ultrasonic monitoring pgg2h The concept employed
dedicated ultrasound transducers and control electronies adhesively mounted detection
assembly. In principle, the power source, computational hardware and readout were intggrated
convenient assembly. Howeyérnere is no record in the patent applicawbisuccessful prototypes or
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further development activity. Independent of the maturity of the technology, this instrument is limited

by the indirect approach of estimatingegsure by jugularein diameter.

Figure 2-13 A. Central Venous Pressure measurement apparatiamploying ultrasound to estimate venous pressure
by observing jugular vein diameter. B. Proposed application by adhesion to the skin over the jugular veid9].

2.7 Alternatives toAmbulatory Venous Pressure Measurements

Approaches to the assessment of venous physiology, anatomy and pathophysiology have been
developed that compliment and sometimes supplant the direct assessment of pressure using the AVP
method. These have been motivated ines@art to provide anatomical information that AVP does
not, or to obtain functional information of similar value in a+4mrasive manner. A neaxhaustive
list of these approaches includéwplethysmographyltrasonographyair plethysmography
venogaphy,contrastcomputedomographyandmagneticresonanceenography. Several variations
are available within these approaches. A short description of each follows to highlight the character of
the information provided.

Photoplethysmography PP G) was devel oped [PBy9lH®ePP@ man i n t
instrument shines infrared light intie tissues and measures the reflected or transmitted signal
(Figure 12). The amplitude of the signal changes with the quantitgevhoglobinn the tissue and
indicates perfusion. This technique became practical for widespread adoption following adwance
solid state el ect r 92 93t While doal watekength PPGUsccemmanty dsed 0 6 s
to measure heart rate and oxygen saturation, the photgptstigraph has also been adapted to

measure the perfusion of the lower limb. The PPG approach has been evaluated as an alternative to
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conventional AVP and other plethysgraphictechniques to evaluate vendumemodynamicg-or
example, PPG can be used towtthe refilling characteristic of the classic AVP pressure response
based on the changes in tissue perfusion concomitant with refilling. However, though the recovery
times can be observed, venous pressure cannot be quantified {@écf8$] PPG caralsobeused

to observe venous refland, in combination with a pressure cuff or tourniquet, differentiate the
relative contributiorthe of deep and superfidisenous systes]96] [97]. However PPG is not widely

used and it suffers from limitations of specificity, calibration issues and tissue pigmentation effects

[16, 98]

Figure 2-14 Photoplethysmograph in use[99]

Straingageplethysmography (SGP) arit plethysmography (APG) are related methods of
guantifying limb volume and are indicators of venous filling padusion. The former method uses
a circumferential transducer that converts a gauge length (usually the circumference at one or more
points on a limb) into an electrical signal. This signal is converted and computed to produce a volume
measurement. Th&ir Plethysmograph employs a cuff surround the limb with a closed air space

(Figure2-15A). Pressure in the cuff is set tarnHg prior to testing96]. During testing, changes in
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the cuff pressure as the limb varies in total diameter are converted to electrical signals which are used
to estimate volume changes. APG carubed to measure muscle pump ejection fraction, reflux, and
venous volumg97]. The strain gauge plethysgraph Figure2-15B) can be used to observe calf

volume and venous outflow ratg€0, 101] SGP and APG both provide venous refilling time
information. Each can be used in combination witkdip exercises and tourniquets to identify reflux

and the deep or superficial systemnmizibutions to reflux Confounding influences on the resulting

data include patient position, stability, weiglistribution while standing, and the quality of the tip

toe exercise performed for the evaluasifib].

Figure 2-15 Air plethysmograph in use (A) [96], Strain Gauge Plethysmograph used to measercalf volume(B).
Ultrasonography has become a mainstay diagnostic resource for evaluating venous disorders of

the lower limb[102, 103] The precision and scope of ultrasonic imaging techniquesdxgaanded

significantly in the last several decades. Modern ultrasound imaging includes brightness mode

imaging (BMode) and Colour Doppler imaging-fode is typically represented as a black and white

moving image that offers reéime visualization of iternal physical structures. In this mode,

ultrasound offers structural definition of the blood vessels, tissues and organs of the body. Vein walls,

diameters, shapes, and dimensions are easily observed. Arteries are readily distinguished from veins

by ther pressure insensitive diameters and the presence of pulsatile motrmoddultrasound

provides the operatavith the ability b visualize the anatomy of the vascuggstem. The se of

handheld probes is common;these allow investigators to focus specific structures. The non
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invasive nature of ultrasound scannimgdits freedom from contrast agents used in phlebography are
perceived advantag§k04]. However, the general scope of visualization is limited, and concurrent
visualization of a |imb6s venous network is not

ColourDopplermode ultrasound technigue allows the blood velocity in a vessel to be measured.
The blood velocity data is typically superimposed onto thid8le image. Colour coding the sign of
the velocity vector allows the operator to easily observe normal and r¥erselirectiong105]. In
combination with vessel diameter measurements achieved witbd® data, thBoppler data
enables the calculation of flow rates. These can be integrated over time to render average flow, total
flow etc. The combination of thawlour Dopplerand Bmode techniques is commonly referred to as
duplexultrasound. Duplex sonography has demiaistl excellent sensitivity and specificity for the
detection of deep vein thrombo§l$] and can be used to observe venous stasis, occlusion and reflux
[106, 107]

Contrast Venography is a method of vi&iag a segment of the venous system by a
combination of marker injection and radiography (Figure 14). The approach is invasive, as
cannulation is a requisite element of tdomtrasidye injection techniquel6]. The dye introduces a
risk for allergic reactionvessel injurypr thrombosighat has been reported at raasshigh a8%
[108]. The need for fluoroscapimaging addshe complexityand cost of Xray equipmento the
method Descending venography can identify the location and extent of valve incompdi@®ice
Ascending venography nadentify vein patency andcompetent perforator veii$10]. Dye mixing,
weight bearing on the studied leg, and poor injection site selection can confound this technique. The

need for venography has been reduced with the advent of Duitexonography108, 111]
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Figure 2-16 Descending venography visualizes vessels and flow patteft40].

Contrast computed tomography (CT) anadgnetic resonance imaging (MRI) venography offer
the unique feature of-@imensional visualization. These are advanced imaging modalities, but they
entail the high cost and complexity of the highlyitapntensive equipment. A CT scanner can cost
from $400,000 to $1,5000,000 to install with annual maintenance costs of $100,000 {1#pre
MRI scanners are more expensive, with machines in the tdr§e5000,000 to $3,000,000 without
maintenance or infrastructure support costs incl(iied]. These instruments also have significant
safety concerns. lonization radiation dose is substantially greater for CT than for @ther X
modalities, and studies have concluded that while CT scans are a very small fradticerdadlagic
examinations, they contribute 35% to 45% of the total radiation dose of the medical patient population
[114]. CT X-ray dose reduction and safety arezer of concern and the focus of mirmkestigationin
the radiologiccommunity[115-117]. MRI scanning wholly avoids the ionizing radiation concern, but
the extreme magnetic fields and stroadio frequencyields contraindicate the method for patients
with many types obrthopaedi@and cardiovascular devicedno might otherwise benefit18]. While
the imaging and diagnostic capability of these modes are unique, the high cost of these diagnostic
systems places them in a separate category from portable duplex scanners, manometers, and

plethysmographs.

25



2.8 Conclusion

The systemic venous system has a unique constellation of structutessawodynamic
behavioursThe interaction of valves, veins, and the musculature of the limbs enables efficient venous
returnbackto the heart. When the normal return functions ofvifieous system are interrupted
through venous obstruction, valvular incompetence, or other pathologies, the sgraptbsequelae
can be severe. hE incidencequality of life impairmentand societal costs of chronic venous
insufficiency, deep venous thmioses, and venous ulcers are significant.

Medical instrumentation has enabkstantiaprogress in the understanding and treatment of
venous diseases through the reliable observatigasufular structuresnd theithaemodynamics
Table2-1summarizes the range of vascular instrumentation, techniques, and capabilities. Much has
been learned from invasive measurementsdikbulatory venous pressure (AVP). AVP Eeato
provide an overall assessment of the efficiency of the calf muscle pump, it correlates well with the
incidence of venous ulceration, and it may also correlate with the clinical severity of venous disease.
However, the advent of nenvasive alterntives has displaced AVP from general use.
Plethysmographitechniques offer an alternate measur@¥P refilling times, but are cited for lack
of specificity, among other drawbacks. Duplex ultrasonography has become a mainstay of the
diagnostic approackeand has largely displaced venography for general venous imaging. Duplex
sonography offers structural information and flow data, but unassisted, it does not provide venous
pressure data. Newer imaging modalities such as CT and MRI have economic,rshfety a

accessibility constraints that limit their broad use for lower limb venous disorders.

26



Table 2-2 Summary of Venous Evaluation Techniques and Instruments
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Though the current suite of diagnostic instrumentslable to the clinician is diverse and

capable, the nemvasive measurement of venous pressures and thimvasive measurement of

Ambulatory Venous Pressure are observational modalities that are currently Batheéhe

academic literature on nenvasive venous measurements and the patent literature focus on Central

Venous Pressuttechniques and applications. There are no dedessribedn either domain that

attempt to either statically or dynamically assess lower limb pressure or record ambwdabus

pressure parametehalhile no single measurement is capable of grading the clinical severity of
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Venous Disease and fully informing the diagnosis, the current suite of measurements lacks convenient
and safe access thaatraot md MRIVPL orAi daelvi @goltd agt avn
nortrinvasively would allow researchers and clinicians to complement structure and flow data with

temporally accurate pressure information and is sure to find general clinical utility.
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Chapter 3

Design ofa Nonlnvasive
Time-Sampled Venous
Pressure Probe



3.0 Introduction

As discussed in Chapter 1, the current, routine performance metrics used for the assessment of
the efficacy of NMESassisted venous return for the management and treatment of venous leg ulcers
are changes in Popliteal venous velocity and changes in Réopiteimetric flow rate [7]. However
it was also noted in Chapter 1 that the primary objective of Nisi&sSsted venous return in venous
leg ulcer applications is to produce a reduction in venous pressure at the lower leg and thus ameliorate
venous hypertension and it associated carapbns[119, 120] The adoption of venous pressure at
the lower leg as a new metric for this assessment would require thavagive measurement of
venous pressure. In others words, it would require the measurement of venous pressure without the
need for the insertion @ venous cannula.

Figure 3.1 shows an idealized graph of ambulatory venous pressure in two subjects. Plot A
represents a subject with intact venous return, and Plot B represents a subject with compromised
venous return and subsequent venous hypertendieally, with the adoption of venous pressure as
our new metric, we would like to be able to reproduce ambulatory venous pressure records of this
type. In combination with the venous velocity and flow rate data that are accessible using duplex
ultrasound,the velocity, flow, static and dynamic pressure data would constitute a comprehensive

parametric measurement set with the potential for improved diagnostic capability.
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Figure 3-1 Idealised Ambulatory Venous Pressure recordings from the lower leA) A patient with intact venous
return has a slow refilling rate, as veins are refilled from capillary flow. (B) A patient with compromised leaflet
valves shows rapid refilling times, as reflux past the leadt valves contributes to vein refilling.

This chapter describes the design of a #morasive Timesampled Venous Pressure Probe
(TSVPP). The basic operating principles of the TSVPP are that it applies a programmable external
pressure to the superficial imeunder test while simultaneously capturing thenBde ultrasound
image. The observed changes in the vein morphology are correlated to the applied external pressure
at each instant in time. (Each video frame has a pressure signature). When the puesisier¢he
vein is less than its internal pressure, the vein esesfion will be generally circular, and the vein
walls/lumen will be weldefined in contrast to the surrounding tissue. However, when the pressure
outside the vein exceeds its internaégsure, the vein will be seen to collapse, the lumen will
disappear from view and the vein walls will blend in with the surrounding tissue. The external
pressure applied when this change in the appearance of the vein occurs can be recorded as a good
appioximation of the venous pressure at the moment at that location (Figure 3.2). Sinemdde B
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ultrasound image is acquired using a modern ultrasound system, the Doppler velocity and flow data
measuring capability are integrated features of the imageis fhie observation of flow, velocity and

pressure characteristics are possible using the same instrumentation.

Chamber pressure Chamber pressure
Ultrasound less than vein Ultrasound greater than vein
Transducer Transducer
Pressure Chamber ) Pressure Chamber h
Conducting Ultrasound Conducting Ultrasound
o
e
Supporting Tissue Supporting Tissue
(a) (b)

Figure 3-2 Non-Invasive Pressure Observation Principle(a.) illustrates a veinwhoseinternal pressureis in excess of
that of the pressure chamber(b.) The chamber pressure has been raised above that of the resting vein pressure and
the vein has collapsed.

As noted in Chapter 2, the operating principle on the use of an external pressure to observe
venous pressure with ultrasound was first demonstrated statically on central venous pressure by
Aggarwal et al in 200485] and Thalhammer et al in 20(JZ5]. The pressure readings these
researchers obtained strongly correlated with central venous pressdiegsea However their
methods were entirely manual with respect to the probe and diaphragm pressure. There was neither
automatic control of the external pressure modulation, nor was there any mention of time sampling or

dynamic pressure observations initheork.

3.1 Time Sampled Venous Pressure Measurement

As a key contribution, the TSVPP extends the basic principle proposed by Thalhammer et al and
Aggarwal et al byautomaticallymodulating the external pressure outside the vein in a periodic
manner to eable time sampled data of venous pressure. These data can be reconstructed to provide
observations and records of timarying venous pressure. For example; a desired application of the
TSVPP would be to record the refilling times of the lower limb vagoo following excitation of the

calf muscle pump. This could enable mpéirametric evaluations of the hemodynamic impact of
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voluntary contractions relative to pneumatic compression, or neuromuscular electrical stimulation
mediated contractions.

A flow chartof the proposed TSVPR one several possible modes of operai®igshown in

Figure 3.3.
Image Tareet Modulate Detect Vein Record Vein
gVein 8 — External —>» Morphology 3 Morphology
Pressure Changes and Pressure

|

Release the
External
Pressure

Figure 3-3 Proposed TSVPPoperating principle: A commercial ultrasound system providesa B-mode videoim-
ageof a target vein The external venouspressureis increased. The response of thmrget vein observed for changes
representing pressure equilibrium The external pressure value is captured at the equilibrium instant along with the
vein image. The externapressure is released and the cycle repeats generating a tiseries of pressure values.

Theessentiatomponents of the proposed system are as follows: a Diaphragm Pump (which involves
a Pressure Chamber, a Piston Actuator and a Silicone Vessel), ad>&mssor (measuring pressure
within the Silicone VesselgnUltrasound Probeonfigured to image through tisdicone vesseland

a microcontrolledbased Electronics System which is used foessure signal acquisition and
Diaphragm Pump control. The $g81 operates by periodically cycling chamber pressure from low to
high and back again to facilitate periodic occlusion of the vein under test. The assembly is designed to
enable ultrasound imaging to occur throwghacoustically transparetitjuid filled Pressure Vessel.
(Similar in concept to Thalhammer and Bauman, however this pressure vessel is purhjsed.)
allows the operator to observe the vein occlusion when it occurs. A video feed from the ultrasound
equipment is collected in parallel with champegssure signal and stored on a recording computer.
Cycling of the chamber pressure must occur at a sufficient rate to enable accurate reproduction of the
vein pressure waveform. To achieve this using the-tampled approach, we need to assess the
frequency characteristics of the signal to be sampled and the mechanical & hydraulic frequency

limitations of the Diaphragm Pump.
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3.1.1 Spectral Characteristics of the Ambulatory Venous Pressure Signal
Figure 3-1 illustrates the tima&lomain ambulatory pressure waveforms typical of healthy and

pat hol ogic patients. The #dcalf exercised segmen
with a consequent reduction in versopressure) contains the highest frequency content for this signal.
Temporal analysis reveals that the spikes in the calf exercise section of the waveform (each spike
corresponding to a contraction of the calf muscle) exhibit a fundamental frequengy@fiayately

1Hz. The sharp edges on the pressure spikes, indicate harmonics that fia§"@n@ higher orders.

These pressure spikes are superimposed on the falling edge of a much slower signal, the average
lower limb venous pressure.

For the purposef evaluating peripheral venous valve patency, the magnitude of the pressure drop
and the length of the refilling time are the data of greatest diagnostic and clinical interest. These
parameters are observed at low frequencies. When the rapid fluctuattithre calf exercise segment

of the waveform are ignored, the bandwidth of signal can be approximated using the duration of the
falling edge of the pressure signal, which 8% If we use a 6s estimate for the falling edge, the
signal bandwidth of thpressure waveform is determined using Equation 3.1.

Equation 3.1 [1]
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Following the welknown NyquistShannon Samplinfheorem121, 122] sampling rate must
be greaterttan twice the bandwidth of the signal of interest. Thus the minimum sampling frequency
for the pressure waveform is 0.12Hz. This is easily achieved electronically with a minimum
specification analogue to digital converter. However, the hydraulic and nieahelements of the
proposed system (briefly described in Section 3.1) will influence the overall sgatapling rate by

setting lowedimits on the minimum interval at which the chamber pressure can be cycled.

3.12 Time Sampling of the TSVPP
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The anasis of the frequency content of the venous pressure signal and the frequency limitations
of the mechanical & hydraulic system indicate that a minimum sampling frequency of 0.12Hz.
Typically oversampling is applied to relax the reconstruction filter resqaents and impwe signal
to noise ratiosThe ultrasound imager frame rates can vary with the choice of imaging parameters, but
15Hz is the minimum image rate used in these studies.

Figure3-4.4a shows a typical continuous time ambulatory venous pressure (AVP) waveform
with annotations describing the major featurEgyure3-4.4b shows the TSVPP pressure chamber
waveform superimposed on the AVP curve. The intersections of the AVP with the rising edges of the
chamber waveform are marked with circles. It is at these chamber pressure points where the vein will
collapse observed ugjrthe Bmode ultrasound imager. The benefits of esempling are illustrated
by comparing Figure 3.5(a) and (b). The former figure is sampled at 0.15Hz, close to the calculated
Nyquist frequency of 0.12Hz. While the major features of the waveform asenprat this sampling

frequency, the benefits of oveampling are readily apparent in the 0.3Hz data set (2.5savapling

rate).
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Figure 3-4 Ambulatory Venous Pressure wavefornfga);With a TSVPP chamber pressure waveform superimposed (b).
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Figure 3-5 Ambulatory Venous Pressure reconstructions Data sampled at 0.15Hz (a), and at 0.30Hz (b). Time
units in seconds and Pressure units in mmHd3oth plots suggest the continuous time curve of the AVP wav
form, but the 0.3Hz rate allows more accurate temporal reconstruction.

35



3.1.3 Mechanical/Hydraulic Frequency Limitations
The mechanical and hydraulic frequency limits of the system are & lsgrvo mechanism of

the TSVPP. In principle, a system could be conceived withih@ntia mechanical components, high
torque drive motors, and short stroke lengths for the diaphragm displacement. This combination
would allow high rate mechanical cyclinf the diaphragm. However, practical considerations for the
overall TSVPP size, power and cost limitations constrain the design. Available, compact servo motors
have angular velocity limits that bound the pump assembly to stroke repetition rates ngéhefra

4Hz. Based on the analysis of the signal spectral content, an oversampling re8® &g be

achieved, rendering satisfactory reconstruction of the signal

3.2 Target Operating Characteristics of the TSVPP
As a primary objective for this work is to explore the creation of a credible alternative to AVP

measurements obtained by cannula and manometer, AVP measurement values typically obtained

under clinical conditions can inform the useful reference operatiagcteristics for the design

proposal. The AVP measured at the dorsal foot vein ranges from approximately 100mmHg to
22mmHg, depending on the personbds height, vascul
subjects exhibit a drop in AVP to amimum value in about 10 seconds while performing sequential
heetraises. The pressure recovery rate is normally slower, and healthy individuals may-4&ise 30

for the AVP to return to static standing levels. However patients with severely compromised

vagulature may have AVP recovery intervals as shortss[36]. These AVP signal characteristics

have been combined with fundamental safety and comfort concerns (Table 3.1) to establish Operating

Characteristics for the TSVPP device.

Table 3-1: Summary of Operating Characteristics for TSVPP.

Index Application Requirement Target Specification
1 Patient safety Double isolation with medical grade power supply or battery
2 Patient comfort Non irritating, smooth and buffree assembly
3 100mmHg max pressure 140mmHg
4 22mmHG min pressure 15mmHg
5 Observe 80mmHg pressure drop in 1{ Max sampling rate of 1Hz
6 Observe 80mmHg pressure rise in 5s| Max sampling rate of 1Hz
7 Observe full AVP test cycle ~45s Data capture up to 60s
8 User Comfort Ergonomic fit to théhand with comfortable control placement
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3.3 System Design

3.3.1 System ArchitectureDevelopment
The proposed instrument requires several functions operating together such as a programmable

pressure source, instantaneous pressure readout, and a comeaaehof pressure, time, and the
venous wall condition (collapsed or opefA)number of possible architectures were posited, with
variousapproaches to pressure readout degigggsure vessdesign, and ergonomics.

A fundamentaklementof the TSVPP concepas proposed, is the use of ultrasonic imaging. The
Logig-e ultrasound scanner that was available for this wollidiec! motiorpicture capture. A
pressure readout that could be imaged ultrasonically was one approach consitieezdge that
feature The result would be a simple system with a single data record of pressure and morphology
that could be reviewed on the ultrasoynalybacksystem. The readout was intended to reside in
TSVPP housingwithin the pressure vessel or ditlgdoetween the vessel and the chamber housing.

In a direct mechanical sensing and readout structure, a beam array of various lengths was
proposed to lie within one portion of therBode imaging field. The pressure vessel would
communicate the instantamgs pressure to the beams, and the cross members would ciollaier
of decreasing beam lengthigure3-6). The collapse wouldause acoustic rekctions tobe detected
on the BMode displaythat varied with pressurandthese would beecorded with the vein images.

The intended result was a pressuredraph thatvould displayconcurrently with the vein images.
This mechanical approach was abandonedtduhe difficultiesof fabrication and the limited
pressuraesolution of the discrete bar concdpstead, a commercial pressure sensor was selected for

its precision, accuracy, and durability.
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(a) (b)

Figure 3-6 Direct mechanical ultrasonic readout. (a) Top view of a sipport layer and indicator bar. Each element is
0.5 mm thick. (b) Deflection beam layershows horizontal bars also about 0.5mm thick. These can be desmade

from plastic; for example Delrin. (c) Top view of the readoutshowsthe cover layer over indicator and deflection

beam layers. The cover layer communicates pressure onto the supporting beams causing them to m@jeDeflection
beams in relaxed stee (top) and deflection beam in contact with indicator bar from applied pressurgottom). The
ultrasonic impedance of the structure changes abruptly when the deflection beam couples or decouples mechanically
with the indicator bar in response to applied pessure.The space between the cover layer and the supporting layer
(grey) isopen to atmospheric or another fixedeference pressure.

The first generatiom SVPP housing design included a narrow aspect pressure vessel with an
integratecelliptical aperturdor the diaphragma hinge type displacement pump, and a slot to
accommodatenechanical pressure readdbigure3-7). The integratediiaphragm apertunmade the
housingfragile. Thepump mechanism was unreliable, and the pressure indicator was abandoned for a

reliable commercial devic&he second generati housing demonstrated similar deficiencies.

Figure 3-7 Two views of the first generation TSVPP prototype.(a) Housing with ultrasound probe in place. (b) An
elliptical diaphragm port with fracturing appa rent in the thin sections of the SLA material.
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Pumpreliability and durabilityproblems were resolved by the third mechanical prototype. This
included abondedstainless steel baseplate, a large circular diaphragm aperture and a piston type
pump assemblylhe aperture, pump and pressure sensor redesigns necessitated an improved silicone
pressure vesseéMoulds were created to cast custom thiall silicon chamberthat werdfitted with a
reinforcing tubdo accept the direct placement of the pressure seffibis consisted of a commercial
grade silicone tube passed through a hole formed in one face of the vessel. The tube was bonded with

medical adhesive to the silicone walls, and trimmed to length after cliedinal pressure vessel is

depicted inFigure3-8.

Figure 3-8 Final pressure vessel design with sensor in placEhe vessel is filled with degassed minefrail and sealed.
The pressure sensor is inserted into a reinforced tube at one end.

The selection of an electronic sensor and the development of an acceptably reliable and durable
diaphragm and pump assembly allowed the remaining system elements tdidpered. Figure3-9
depicts the functional block diagram of the system over the physical block diagram of its major

components.
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Commercial ultrasound scanner
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Figure 3-9 SystemProposed TSVPP Block DiagramA commercial ultrasound system is coupled to the Diaphragm
housing acoustically and mechanically, while the #node video stream is coupled to a recording computer. The pump
and pressuresensor are driven from the Control board and communicate data vi&dJSB to the recording computer.
The target vein is interrogated ultrasonically for morphology and mechanically via the diaphragm pump for pre-
sure.

The TimeSampled Venous Pressure Prob8YPP) intended for use in conjunction with a
standard medical ultrasound scanihduch of the system design is focussed orirtterface between
the TSVPP and the ultrasound instrument. The acoustic transthec@SVPP housing and the
connections betwedhe recording computer and the ultrasound videogreitustomized for
physical and electrical compatibility. €Hinal prototypewasconfigured to accommodate a GE
Logig-e scanner. The 8L and 12L linear array vascular imaging probes have identictddtora
and both are compatible with tR&VPP. The imaging probe contours define the inner geometry of
the TSVPPhousing, and to a lesser extent, the outer configuration of the instrifigenme 3-10

depicts tle ultrasound probe fitted into the fin@ototype instrument housing.
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Figure 3-10 Housing Assembly with ultrasound probe in place(a) The housing was formed of SLA resin that allowed
modifications by drilling, tapping, grinding and other conventional machine processes. (b) The Ultrasound transdu
er is located by a close tolerance fit in conjunction with nylon retaining screws sucls ¢he white hex screw in them-
agecentre. (c) Servo motor drives the pumppiston. (d) Signal wires arising from the pressure sensor (hidden).

The combination of the 1Hz presstgampling target specification with the working pressure
range of 125mmHg regres rapid vessel pressure slew rates. The acoustically transparent fluid
chambemustpump from 15 to 140mmHg in 0.5 seconds, while the interfaces between the chamber,
the imaging probe, and the tissuenegn acoustically coupled. The pump riateealizd with high
torque servariving thepistonproximal to the diaphragm. The pump has been created \hiin
TSVPPhousing itself. The pressure chamber generally operates with a positive pressure that
maintains contact between the silicone vessel wallgrantissue or ultrasound probe. Ultrasound
imaging gel is used at both interfaces and effectively maintains acoustic coupling during operation.
Directly ported into the diaphragm fluid vessel is a precision pressure sensor (Honeywell type
26PCB) with a catom electronics package to read back data. This electronics assembly also accepts
user input and controls the pump motion. The electronic functions inchdiesbiional USB
communications link, analogue to digital conversion, pulsdth modulated seovcontrol and user
input processing. Together, these signals and controls integrate the sensing, computational,
mechanical and hydraulic elements of the system. The image data are independently rendered by the
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ultrasound scanner and simultaneously disglayethe scanner. The raahe video stream from the
ultrasound is captured by an Epiphan VGA2USB LRE
external computer. These image data contain the important morphological record of the venous walls
and the imges of the tissue proximal to the observation site.

The overall TSVPP instrument is not as compact as the GE 8L /12L ultrasound transducers, but
the extra bulk houses the transducer, pressure sensor, and pump, and is designed to fit an average

sized had so that the combination can iaroeuvredeffectively.

3.3.2 System Mechanical Design
The instrument housing is shownRigure3-10. It contains cavities for thdttasound

transducer, the fluid vessel, and the pressure sensor. A rigid housingdeléedin Solidworks and
constructed using SLA (SterddthographicApparatus). This enabled the fabrication of the

conformal receiver for the ultrasonic probe thatdsustically and mechanically coupled to the fluid
vessel and pump assembly. A crssstional view of the HVPP assembly is showfigure3-11

with labels naming the important features. The housing includes mounting bossesvJorracter

and a friction bearing for the pump plunger. The ultrasound transducer is positioned above the fluid
vessel and the facing surfaces are intimate. The conformal shape of the transducer cavity, along with
four retainers, ensures positional staypitf the ultrasound probe. In operation, a small quantity of
ultrasound gel is applied to the interface of the probe and the fluid vessel. This optimeasugte

coupling between them.
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Figure 3-11 Cross sectional CAD view of the TSVPP housing assemblyThe fluid vessel is not depicted, but resides

in the space below thailtrasound transducer and above the base plat&he piston rod is capped by an SLA formed
piston head that is sized to push the entire end face of the fluid vessel. This maximizes displacement for the available
stroke length.

Figure 3-12 Top view ofthe housing looking through the ultrasound probe cavityThe fluid vessel is fitted in the
pressure chamber. The retaining screws can be seen around the top perimeter of the housing.

Figure3-12 provides a top view of the housing, looking through the cavity that contains the
ultrasound probe. Nearly the entire top surface of the fluid vessel is exposed. In use, the ultrasonic
transducer face meets and constrainsviasselsurface. The aperture plate can be seen on the bottom

of the fluid vessel. This is a thin stainless steel plate with a large circular o2dmm diameter)
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which allows the bottom surface of the vessel to act as a distensible diaphragm wininimicates

the vessel pressure into the local tissue.

Figure 3-13TSVPP Housing underside with aperture and extended diaphragn®n the right side of the base plate the
white piston plunger can be seen with a wirdormed connecting rod coupling it to the white crank arm of the servo
motor. The aperture plate is polished stainless steel with a 29mm diameter opening.

One end of théousing provides a stable mounting for the servo motor and the PTFE plunger
rod. The rod is connected by linkage to the crank arm of the servo motor. The opposite end of the
housing contains a cavity for the pressure sensor. The sensor is in direct ccatioruwith the
vessel fluid. Mineral oil was chosen for its stability, lack of toxicity, and easy handling. It has a
different acoustic propagation velocity than the body; however this does not affect the measurement
accuracy of structures observedigstie. Because the acoustic velocity is slower in oil, the vessel
appears slightly thicker in be-Bode display than its actual dimension. This does not impact the
apparent dimension of anatomical features, agthie/o acoustic velocities are unaffedte

The vessel assembly was custom moulded from two part silicone rubber. The diaphragm face is
formed to a 0.25mm thickness to minimize displacement backpressure. The remaining faces of the
diaphragm assembly are 0.5mm for ease of handling and duraDitéyface of the chamber has a
silicone tube bonded in place to allow a lgmkof bond to the pressure sensor. The pressure sensors
were silicon piezoresistiveridge types tested and calibrated with mineral oil.

The vessel chamber dimensions were chés@tcommodate several constraining factors. The
creation of a pump system required a working volume that could be mechanically distorted without

the pump plunger or vessel distortions obstructing the ultrasound view. Likewise, the pressure sensor
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coupling required space on the opposite end. ddmreregion was preserved for the observation
window created by the aperture plate and the open face of the pressure vessel (the diaphragm). The
combination of these dimensional constraints with the need foresimplementation determines
the length of the device from plunger to pressure sensor.

The diaphragm operates most efficiently when it is in a neutral, relaxed state, as it introduces no
pressure signal when the diaphragm is flaccid. However it mustgable of substantial
displacement in order to modulate local tissue presBigere3-14 shows the diaphragm in the

flaccid, partially extended and fully extendstdtes. In operation the displacement profile is not

hemispherical when it conforms to the tissue interface.

Figure 3-14 TSVPP Pressure diaphragm at three states of extensioA) Fully retracted piston (on the right) causes
the aperture diaphragmto fully relax . Wrinkles on the surface indicatethe existence of a extensionrange free from
diaphragm tension. B) Partially extended piston and diaphragm. C) Fully extended piston and diaphragm.

The width of the chamber was maximized to allow for a large circular aperture without making
the device too wide for an operatorés hand. The

accommodate the pressure sensor that is inserted oncenef i The height has the benefit of
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introducing stanaff between the transducer head and the superficial veins. This places the veins
closer to the optimal ultrasound foedspth and improves their rendered accuracgaeer123].

Pump design

The pump is a positive displacement type that employs a sliding plunger that is mounted on a
bearing at one end of tlthamber housing. The plunger has a contoured, rectangular piston that
displaces the end of the fluid vessel and forces the displacement of the diaphragm assembly. The
driven end of the plunger is connected by a link rod to the servo motor. The instastpoeg
displacement is under the control of the microprocessdrcan be varied according to the program or
by direct user commands. The working range of the pdiaphragm system is determined by
limitations of the system geometry and must be suffideachieve the target pressure while
accommodating the supporting tissuebs displ aceme
non-zero. A peak working pressure of 140mmHg was selected to exceed a calculated maximum
lower-extremityhaemostatipressure of 123mmHg for the'®percentile height of the US male
[124]in static standing position. The vessel pressure measurement system is designed to
accommodate the owpressure and under pressure levels concomitant with the pump capability.

The vessel is bounded on all sides by the rigid faces of the chamber, except for the moveable
plunger and the circular aperture on the bottom face. Liquid is incompressibldelispiacement
of the working aperture on the face of the chamber is equal to the displacement at the pump face of
the chamber. The maximum displacement of the liquid is determined by the plunger area and stroke

length. The stroke is limited by the caatation angle, set in the control firmware te #0degrees.
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Figure 3-15 Schematic ofthe pump, vesseland diaphragm displacements(a) The pump piston is retracted and the
diaphragm is relaxed. (b) Tre pump has been extended and the diaphragm has extended. All but the aperture and the
piston faces of the vessel are rigidly bound. The displacement volume at the aperture faces is equal to the displac
ment volume at the piston face.

The maximum possibleolumed i s p | a bée nfeonEguation3s1:
Equation 3-1
O 0 z'ZFci "YQ& =3380mmn
Wherew andh are the width and height of the vessel:30mm and 8mm respectivélg the radius
from the servo axistotheLinkod pi vot: 7.5mm, and é& isldalf the
The aperture diameter is 29mm; equal to the width of the vésseRmm to ensure control of
the diaphragm at the edges. Inside the chamber that constrains the vessel, consideration was given to
allow the pump piston to operate without interference. This necessitates clearance between the piston
head and the chambiaces. However the silicone rubber walls of the vessel follow the piston
movement, creating an effective piston displacement area equal to theextiss of the vessel.
An initial diaphragm displacement of 2.5 mm at the aperture was chosen as ateestithe
total movement at the tissue interface. Thimdlelledas a cylinder of uniform height projecting out
of the aperture. Though a hemispherical shape is observed when operating the device in free space,

placement of the device on body forces tliaphragm to conform to the topology of the anatomy. The
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cylindrical projection illustrated in is a simpl
displacement capacity.
The maximununiform-heightcylindrical window projection) is descibed byEquation3-2:

Equation 3-2

@ ()

Figure 3-16 Cylindrical model for estimating maximum tissuedisplacementunder the diaphragm. (a)The hemisphe-
ical shape only appears when the device is cycled in free air. (b) When the TSVPP is applied to tissue, the displac

ment shape is limited. For relatively flat locations, the equal volume displacement yis a maximum deflection of mss

Whenmée i6s t he r ad ildbmmDhe calcuiaton iadicates that the design intent
will be met with margin to compensate for tolerance errors, the variability of the ultrasound probe

seating position, anghechanical compliance in the semmtor linkage.

Servo motor requirements

The maximum displacement, surface area, pressure, and sampling rate, determine the motor
parameters that are sufficient to support the design targets. These are used toisghthe torque
and velocity requirements for the motor. The pressure ramp waveform used to drive the pump is a
triangle wave, but the bell crank mechanism that connects the servo to thepigitasthe linear
displacement to a cosine shaped displacefmemii 70°to +70°. The peak torque specification on
the servo must exceed the pressanea product of the diaphragm times the lever arm length. Torque
on the servo axis is the product of t°hteustieor ce *

sine term can be replaced by 1.
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Figure 3-17 Torque calculations for servo motor(all dimensions in mm).The peak torque requirement sets the
scale of the pump servo motor.

The simplified maximum t@uecalculationis the product of the chamber cross sectional area,
peak chamber pressure and moment arm lengthitisn in Equation3-3;

Equation 3-3 5 -

T ok @ QQwda

Wh e m dhe vessel pressure, 140mmHg, aesd i s -¢ hanlbed ddi us, 7. 5mm:
the vessel width and height facing the drive piston. The selected servaliatratggcm and allows a
factor of 8 margin beyond maximum load for robust operation. The servo velocity is rated at 0.16
seconds for 60of arc. This allows the full cycle rotation of Z8@ occur within 0.75 seconds,
ensuring that the 1 Hz sampling raéguirement is achieved.

The materials, methods, and design choices of 8PP assembly were constrained by the
need to adapt existing and available equipment. The ultrasonic scanner in particular defined many
parameters and the final assembly is v@scfic to the GH.ogig-e instrument. The method and
principles though can be generalized and more adaptable and economical implementations of this

mechanism can be conceived.

3.3.3 System Electronic Design

The electronics system amplifies and digitizes pressure signal, generates control signals for
the servo motor, accepts commands from the operator and communicates status and pressure data to a
local computer. To reduce the possibility of electronic noise entering the data stream, the sensor
signd is attenuated by a 30Hz LeRass and AntAlias filter. It is then amplified and digitized as

nearas practical to the pressure sensor. The input and servo control lines run in separate shielded
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cables to minimize cross talk. The circuit board contain&realog Devices AD627 instrumentation

amplifier, precision voltage references, and the Silicon Labs C8051F320 microcontroller. The latter

transmits thealigitized pressure values as a setliaa stream to the external computer via USB

interface.
............................................................................................................................. -
P TTTTTTTT T T T 3
: I
vy 1 !
Pressure Sensor Instrument 1 A/D 8051 ' Regulated
Honeywell »| Input Fiter Amolifier N Convertor pProcessor le Power
Type 26PCB P I I | Supplies
I
1 | Micro Controller C8051F320 |
I
C I I
Precision 1
voge | 1 | USB Pwmy |
_ 1
reference : Interface Digital /O :
I
. H
Electronics System
b 4
Host Servo User
Computer Module Controls

Figure 3-18 Electronics system functional block diagram The pressure sensor is filtered and buffered prior to A/D
conversion within the microcontroller. On chip USB peripherals are programmed to transport the digitized data
stream to the host computer whilst commands from the user interface are converted inappropriate PWM signals
for the servo module driving the pump. Precision voltage reference supplies drive the sensor and the referemule
of the A/D for optimum accuracy and powersupply rejection performance.

Four command switches are mounted on thetnics housing: Mode, Increase, Decrease and

Reset. These provide all the required user input to the system in operation. Data are streamed via USB

link to the hat computer at 15 samples/s

50



.
=
o
Oy
o=
[}
o}
ww[ 2 A0eC
“'/ )
[ 2C

51

e - Po.3 ] ) 2z
R Fo.B|E ) UsSBl1
2ees 4 1| VBUS udd Uz
ez D+ ooz | O+ ]
13 S USE -
15pz. 2 o- : © 3| o . oo | e T e
1& A
Fe.e - .ﬁép cHD ¥ eou 3,3V €
; 5 . . .
. Fz.1 mmn:_lm UpZ. S < RI1E
Fo.p Ul VBUS - ProgJscl - : = een Fep : :
sRSToCacK |2 o2 7 |cee mq Low
Pz.@-Con e o2 I 1=
2.7 Lo iz Ué
|| C8851F320 fel T P
’ ®1Yen  vl0e. o LOUT LM2937 UIN
2 22 S| TS
ey LEEL T . Fo.2 Wit . . Low £sp—L N
R Y Fa.3 Y e 1@V
£33 FO.a= 5_‘”
e FO.S A :
—HEen FO.&
S=E Y Fa.7
: CHD
2
n*m Reset
ula
1
1 fuelB Made
1 o 21u : ]
T ME_ SRID
2o = + 1 e = ]
S oda _ce e U2 . Aup2. 5 Ae1e
IHJmmv:_.. . .
4 o g Fd 1@k C A u \Wum ] Ium._ 2 _
N———0 o4 +
Nn.u Cla k Sl R IEE) ® .ee =
21Ty Fa Sl
| Jud s | . .
=1 P v ]
3 3
RS 101 T 5 5
Opt. Ba~d Limat Cap STATAR o E—‘.—Alu o 0
P2 Sl Shid = a - <
A !
e _T_.
v

Figure 3-19 TSVPP Control Circuit Schematic. . The use of LM4050 precision references improves sensor ancheo
The schematic for the TSVPP conthardware is shown in

version accuracy and repeatability. The highly integrated microcontroller obviated the need for USB peripheraled

vices.



Figure3-19. The output impedance of the piessistive pressure sensor bridge (not shown) in
combination with C2 forms a lowass, antalias filter. AD627 amplifier module provides gain and
drive for the A/D convertor integrated into the C8051F320 microprocessor. Four switches are
conditioned by ddvounce circuits and provide reset and user commands to the processor. Linear
voltage regulators U7 and U3 source the microprocessor (3.3V) and the servo motor (5.0V)
separately, while providing supply isolation between the circuits. Precision LM4050 voltage
references U6, U4, and U5 source the instrumentation amplifier, A/D extefaia@nce, and pressure
sensor respectively.

The circuit design was implemented on a two layer PCB assembly that included switches and

indicators. | was sized to mount on the large face of the TSVPP housing.
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Figure 3-20 PCB assembly component layer layoutThe board was designed to mount onto the TSVPP housing and
allow single handed control of the logic functions while positioning the ultrasound probe. Ultrasound gel contanain
tion problems forced the relocation of the physical board to a sealed housingline between the TSVPP probe and
the host PC.

3.3.4 Pressure Sensor and Sensor Calibration

Fundamental to the accuracy of the TSVIPP is a

pressure. This is achieved with a Honeywell type 26PCB piezoresistive bridge pressure sensor. The
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sensor is rated for 5PSI and 10V excitation. It provides 10mV/PSI when driven at the rated excitation.
Since the sensor is inserted into the mineral aitlflkessel, calibration studies were conducted using

mineral oil as the coupling medium.

Figure 3-21 Pressure calibration setup(a) Druck precision pressurecalibrator (b) Low pressure regulator (c) positive
pressure chamber withthe Honeywellsensor visible at the bottom edge (d) TSVPP electronics with on board ADC

Sensors were inserted into the silicone fluid vessels which were filled with degassed mineral oil.

A vacuumtreatmentvas employed to extract any trapped air in the sensors, and the system was
sealed.On first generation prototypes, a positive pressure chamber was constructed that housed the
oil filled pressure vessel assembly. Tressure sensor was ctegbthrough the housing wall to the
constrained pressure vessel. The housing was then pumped to a positive pressure using a precision
regulator. The internal housing pressure communicated directly to the compliant silicone pressure
vessel, and the magnitedf the applied pressure was observed using the Druck pressure calibrator.
Leaving the body of theloneywellpressure sensor outside the housing ensured ambient pressure
reached its reference port on the exposed backside of the sensor.

On second and thdrgeneration prototypes, a larger pressure vessel was constructed necessitation
a new test configuration. Using the same precision pressure calibrator to control the reference port
pressureThe differential property of the sensors was then leveragedgbyiragp a controlled and

measured vacuum to the reference port of the sensor housing. These pressure differences were
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observed from the Druck pressure calibrator while the sensor was connected to the TSVPP system.
Differential pressures from the Druck inginent and A/D conversion values from the TSVPP

software were recorded into a spreadsheet. This was repeated with 4 combinations of sensor and
vessel. Combined response data are showigimre3-22. Because the individual sensors are very

linear and closely matched, the fitting equation has a high R2 value. Subsequently, only one equation
was used to inform the A/D conversion software in the PC applic&#fitraugh severasensor and

vessels subasmblieswere created to support these studies, the durability of the final design resulted

in only one pressure sengbivessebeing utilized for all the data acquisition presented in this thesis.
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Figure 3-22 Pressure sensor calibration data Highly repeatable sensor responses allowed the TSVPP to use oné-cal
bration constant across multiple sensors with negligible effect on accuracy.

3.3.5 System Software
To implement this measurement system, sevefalae packages operate concurrently. These

include custom P@&oftware for the data readout, commercial software for the video capture card,
frame grabber software for the pc screen, application software of the ultrasound scanner, and the

firmware that oprates the microprocesséigure3-23illustrates the flow of information through the
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branches of the TSVPP system. The real time vascular images from the Ultrasaiiner are

digitized and sent to a host computer. The user commands are sent to the servo motor and echoed in
the host computer display screen. The pressure signals from the fluid vessel are digitized by the
microprocessor and sent to the display sca#ehe host computer. The recording computer captures

all these data in a single video stream for post analysis. The two custom software implementations

required for this system are the PC interface software and the microprocessor firmware.

Portable

Morphology of Video Capture
- —|—|) It d —>
the vein walls " .rasoun Card
imager
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. 1 . computer i analysis
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Figure 3-23 Signal and data flow through the TSVPP systemMorphology data was collected in SVGA video stream
and ported through a commercial video capture card. Operator commands and pressure data were routed tlugh
the TSVPP electronics board and coupled to the data capture computer using a USB data link.
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Vessel Pressure and Servo Pulse Width
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Figure 3-24 Pressurevessewaveform superimposed on theulsewidth servo commandsover the duration of a
slow sampling cycle.
The microprocessor runs custom firmware to generate PWM signals for the Servo and sample the

output of the internal A/D convertor that reads the vessel presBbese signals, onedisplacement
command, the other@ressureesponse, have a rdinear relationship that is dependent on the test
environment.For example: if the servo is cycled without the diaphragm being applied to tissue, the
maximum pressure achieved will be small. However, with the diaphragm pressed adjaibs the
pressure will rise significantly, and can achieve 140 mmHg in normal use condFigse 3-24
illustrates thenonlinear relationship between the servo motor PWM signal and the observed pressure.
In the data example &igure3-24, the TSVPP is applied to arface that constrains the outward
deformation of the vessel diaphragm, resulting in the pressureopapkroximately 50mmHg.

The firmware functions are depictedrigure3-25. The firmware allows the user to select either
commaned pump displacement or one of three continuously ramped displacement rates. A laptop
computer is configured with custom software (called Data Panel) to read data from the USB link and

present these on the screen.
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Figure 3-25Microprocessor firmware initialization and execution functions Start-up routines set the initial position
of the pump assembly at a minimum displacement in a static mode. Pressure conversions run continuouslymeo

mand switchinputs interrupt the pulse width control routines to change between static values and the three rates of
automatic pressure cycling.
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Figure 3-26 Non-Invasive Time-Sampled Venous Pressure Probe Computer Iatface Panel Radio buttons on the left
reflect the command states set by the user input switches. The pressure bar graph and A/D counts graph reflect the
instantaneous chamber pressureThe user can select to write successive pressure readings to a fégt

Figure3-26illustrates the visual interface of the TSVPP data panel. The bar graphs and numeric
values indicate the A/D counts, pressure, and PWM periodoRattions indicate the PWM ramp
rate, and the streaming data can be saved in a designated CSV file for later analysis. The software
runs on a laptop within Windows and was written in Microsoft C#. The data panel application

includes USB initialization andommunication functions. The application provides a convenient
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human interface to display the information within the microproceBigure3-27 illustrates the

majorfunctions and the process flow of the TSVPP host application software.
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Microprocessor 1€ and mode
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Figure 3-27 Host PC Software Flow Chart The host PC software integrates the pressure and command mode data
for display and capture in conjunction with the B-mode video of the vein structure.

The ultrasound scanner screen is captured using the Epiphan video capture card, and the
ma n u f a cdftwareasruged to present it on the laptop screen. Finally, with the Test Panel
application displaying instantaneous pressure data and the adjacent video capture window displaying
concomitant ultrasound video, a screen capture tool is used to bleathemthe records of vascular
activity, pressure and time as a video file. This file is then revieweecppsire to identify the vein
transitions from opened to closed and the concomitant instantaneous chamber pressures that are
associated with the tngitions. Figure3-28 shows a screenshot of the Data Panel application adjacent
to the reattime ultrasound image of the vein. The Date and time are visible tatiteddth of a
second in the Data Panel window. This aids data review. The top right of the ultrasound screen

contains the configuration parameters ofltbgig-e scanner. The scale markings between the left
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image and the configuration parameters box indidéstance in cm. These can be used to measure

vein diameters.
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Figure 3-28 Shot of Test Panel and Ultrasound Capture DataEach element of the panel displays one or more clock
values to aid synchronizing the data.

The software scheme at this stage of the device development provides data sufficient to
determine the utility of this concept without inordinate efforts to creadtom code in advance of
system understanding. Implementation concepts have been conceived with much greater system

integration and automaticity, however their descriptions are outside the scope of this chapter.
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3.4Bench Testing of the TSVPP

3.4.1 Bercth Test Model
An initial evaluation of the TSVPP system has been conducted using synthetic analogues for

tissue and vein structures. This evaluation work produced insights regarding optimal technique and
helped characterize the responses of observedhsyste

Vein models were constructed by casting silicone rubber over PTFE forms of various diameters.
Once cured, the silicone veins were slid off the forms and imaged to determine the wall thicknesses.
These ranged between 0.3 and 0.6mm. Walls were rictlgntiform, but were sufficiently thin
and supple such that they easily collapsed in the absence of internal pressure to restore their
cylindrical form. These vein models were cast in 5, 6.4, and 11 mm diameters. The vein models were

joined to standarglastic laboratory tubing to communicate fluid at pressure into their interiors.

Figure 3-29 Cross section of 11mm silicone 'veinMinimal wall thicknesses were targeted to minimize structural
effects onthe collapsing pressure of filled vessels.

The density and hardness of tissue below superficial veins can range from subcutaneous adipose
tissue to bone; from compliant to rigid. In order to observe the effects these extremes might have on
the measuremésystem, two readily available analogues were secured. The firsiwmaisium
block about 3 cm thick, the second was a segment of saturated sponge. No effort was spent

considering the hardness matchabfminiumto bone, as this was meant only to bepproximation
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to an extr eme. However, soft tissue in the forea
hardness and was compared to the saturated sponge model. Durometer is a measure of the indentation
response of a material to a calibrateadéiThe Shore A scale is used for soft materials having

hardness in the range of rubber bands or chewing gum. Though these data represent a small sample,

the Durometer values indicate that the two substrates are more alike than different, and thus suitable

for a rangdinding experiment on the bench. The data are summariZeabiie 3-2.

Figure 3-30 Shore A hardness mesurement of soft tissueThe gage empl-oys a small pin that deflects the target net
rial.

Table 3-2 Shore A Durometer readings from various tissue locationsSeven measures were averaged for each entry.

Structure Superior aspect Foot, dorsal Foot medial Saturated
wrist Sponge

Shore A Hardness

7 point averages 4.0 25 6.6 3.0

Figure 3-31 Rigid and Compliant substrates with simulated veinThe saturated synthetic sponge material was sim
larly compliant to tissue as indicated by Shore A durometemeasurements T h e analegeewaséecured to the
sponge substrate with a small amount of silicone adhesive.
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The bench evaluation required oshatic pressures that were selectable andaueitrolled. The
controlled pressures were achieved with a simple gravity feed system. Water was the medium, and the
height of the water column was recorded and converted into the corresponding hydrossiiepre

value.

Vanable column height

Portable
ultrasound —3p Video Capture
i Card
imager
NVPP Control Dat )
and sense <> ata capture
i computer
electronics

Sensor and transducer housing

Thin wall silicone vein model

Z

Figure 3-32Bench test setup with hydrostatic pressure sourc®ne objective was to estimate the impact of soft and
hard substrates on the accuracy of the TSVPP readings.

The test strategy wde operate the instrument across a range of physiologically relevant
pressures whilst observing the 6veind deflecti on
crossed, and departed the equilibrium state with the applied membrane pressure. Tdpsated r
with the rigid and soft substrates, and it was repeated with firm and light operatofatoesused to
hold the instrument against the vein and substrate. This latter point is relevant to the extent that
operator handling might impact the obséioa of pressure equilibrium. Two diameters of simulated
veins were evaluated, 11mm and 5mm. The bulk of readings were taken using the 5mm vessel model,

as it corresponds more closely with the dimension of available peripheral veins in the lower limb.

3.42 Bench Testing Results
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Figure3-33illustrates the response ai &1mm simulated vein in the test fixture at three discrete
pressure differences. All three images are taken in the longitudinal orientation. The substrate under
the 6veind is compliant saturated sponge, appr ox

applying only light dowrforce to maintain the instrument in contact with the vein model.

The upper wall of the vein model pushes the The The upper wall of this vein model has begun | The upper wall of this vein medel has clearly
diaphragm upwards into the vessel chamber {o collapse inward. collapsed inward.

PENGOF Wit X030 000 B0 e ik
A/D units correspond = A/D units correspond
to 73mmHg ¢ T to B0mmHg

Figure 3-33 Three ultrasound images showing the vein response to chamber pressureom left to right; low vessel

pressure, equilibrium, and over pressure responses are shown. Images are obtained using a linear array probe that

produces a planar view. The image plamis perpendicular to the substrate and ctinear with the long axis of the vein.

Thus each i mage shows a O06sliced through the |l ong axis of t|
below it, and the observation port and diaphragm interice are about ¥4 way down from the top of the image. The

diaphragm has an active area extending about 2/3 across the window. The thick, bright horizontal bar on the left

edge is a reflection from the stainless steel aperture plate.

The left image has poaontrast at the vein diaphragm interface; however the detail is sufficient
to observe the vein bulging upward into the volume of the fluid vessel chamber. A parallel dashed line
has been superimposed for clarity. Teatreimage illustrates a point venear equilibrium, and a
slight inward deflection of the vein wall is evident. Also evident in this image are shallow undulations
in the membrane near the edges of the observation window. These indicate the laxity of the membrane
near its neutral extensiguosition. The right image shows an obvious inward distortion of the vein
wall. Notably, the chamber pressure difference betweeodhigeimage and the right images is
7mmHg. As the applied vein pressure is 74mmHg, it appears that pressure accuraggroasha

10% with this physical configuration and careful observation.
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The upper wall of this vein model is 12] - 1024x The upper wall of this vein model is
not fully parallel with the lower wall. Eatlleisd s bl o now parallel with the lower wall. It
It retains a slightly convex curve. " . ,\_. has begun to collapse.
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Figure 3-34Mo d e | 6veind def | efarce appliadsbetweentthe indtrurmemt and thevsabstrate.
74mmHg intra-lumen pressurewith 77mmHg and 80mmHg chamber pressures in the left and right images respe
tively (The right image contrast has been adjusted to help visualize the upper vein wall.)

Figure3-34 depicts the same configurationkigure3-33. Only the dowrforce holding the
instrument onto the surface of the substrate has been changed fram fight The clarity of the
membran&d vei nd i nterface is enhanced and the vessel
can be seen to bulge slightly upward in the left image, indicating a slight positive pressure delta. The
right image shows mearly parallel top surface. The equilibrium pressure value for the low down
force example appears to be 73mmHg and the equilibrium pressure for the firm down force appears

nearer to 80mmHg.
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Figure 3-35 Eight cross Sectional views of a vein model with 74mmHg intrlumen pressure. Firm down-force is -
plied between the instrument and the substrate: A/D values are shown in the grey text boxes and equivalent chamber
pressure values are shown in the rosextboxes in top left corner of each view.

Figure3-35depicts the same configuration of the 11mm vein modEl@ge3-34. The
orientation of the vessel has been changed from longitudinal tesosenal. Here again, 74mmHg
pressure inflates the vein. Paying attention to the top surface of the vessel wall, the top left image
shows a convex vessel shape. Proceeding from the top left image down the column, the membrane
pressure increases. At the 73.4mmHg chamber pressure, the top surface appears planar for the first
time. Little discernible change occurs as the diaphragm peegsireases until 80.4mmHg, where the

vessel wall begins to appear concave. This is clear at 82.4 mmHg.
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Figure 3-36 Six CrossSectional views of a vein model with 18.4mmHg intrdumen pressureas the chamier pressure
varies. Firm down-force was applied between the instrument and a compliant substrate. Lumen pressure is
18.4mmHg. Top row, left to right, 4, 16.2, and 18.3mmHg chamber pressure. Bottom row: left to right, 19.5, 20.2, and
21.6mmHg chamber presste.

Figure3-36is a sequence of images of a 5mm vein model bonded to a compliant substrate. The
sequence shows the vein morphology changes as the instrument cycles from a low applied diaphragm
pressure to a higher applied pressure. This vein model was bonded withl mékésive on the
underside to stabilize it onto the compliant substrate. Some of that adhesive createstefsictdas
described within the image panels. In this test configuration, the applied pressure is 18.4mmHg and
the substrate is compliant. THewn-force is firm for all the images.

The three images in the top rowki§ure3-36, from left to right, show the vein with three levels
of pressure applied by tmee mbr ane, 4. 0, 16. 2, and 18. 3mmHg. Th
wall can be observed in the latter image where thewessel pressure difference-ts1lmmHg from
equilibrium. The bottom row first shows another virtual equilibrium and thentevacse s si ve &écusp
formations in the vessel wall resulting from diaphragm displacement interacting with the adhesive

stabilized left wall of the vein model.
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This “vein’ in the open state with no Curvature still present top wall. Substantially flat top wall.
pressure applied by the membrane.
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Figure 3-37 Six CrossSectional views of a vein model over a rigid substratd8.4mmHg intra-lumen pressure is @-
plied as the diaphragm pressure. Firm dowrforce was applied between the instrument and the rigid substrate.

Figure3-37is a sequence of images of a 5mm vein model bonded to a rigid substrate to simulate
bone.The applied intravenous pressure is 18.4mmHg. The ddante is firm for all the image#\
sequence screaaptures records the morphology changes as the instrument cycles from a low applied
pressure to a higher applied pressure. This vein model was also bonded with medical adhesive to
stabilize it onto the rigid substrate to simulate bone. Again, some afdhasive creates visual
artefactsas desribed within the image panels. Additionally, reflection artefacts below the image of
the vein appear more intensetyi t he o6r i gi d s u-nadéimage a the level of RO Nn o f
2.5cm.This ismostapparat in the topleft image ofFigure3-37.

The three images in the top rowkigure3-37, from left to right, show the vein in various states
of pressurébalance with the membrane. The top left image shows the vein model nearly fully

expanded as the membrane pressure is 11.1meddghat the vein pressure. The central image
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di splays a convex upper 6veiné wall with a membr
right and bottom left images show a substantiallytfigiped wall with 0.4mmHg undgressure and

0.3mmHg overpessure respectively. The bott@entreand bottom right images demonstrate a

concave upper wall that transitions to a coll aps
overpressure respectively.

Table 3-3 Summary of applied lumen pressures, estimated lumen pressures and test conditions

Lumen Low Best High Lumen Substrate | Orientation| Down-
Pressure| Estimate | Estimate | Estimate | Diameter | Material force
mmHg

74 73 11 Sponge Long Light
74 80 11 Sponge Long Firm
74 69 73 80 11 Sponge Cross Firm
18.4 16 18 20 5 Sponge Cross Firm
18.4 17 18 21 5 Aluminium Cross Firm

Table3-3 summarizes the image and pressure data. Little difference in estimated pressure is
observed between Longitudinal and Cresstional orientations of the 11mm vessel. Likewise little
differene is seen between the estimated pressures for the 5mm veakghonumand sponge.

These results are typidagéhaviourof the system on the test bench.

3.5 Analysis and Discussion

The structure of the bench measurements was created to allow for tnatienadf the gross
characteristics of the TSVPP in use, and to discover potentially unanticipated relationships about the
functionality of the design and the relationships between the design and the test environment. In this
study, a simulated environntemnas created with silicone tubes for veins, sponge for tissue, and a
metal plate for bone. Several questions motivated the bench exercise: Was the hardware and firmware
truly functional? Would cross sectional or longitudinal views be more effedtioe/should the
device be handled for best results? What would be the effect, if any, of a vein resting on bone
compared to a vein resting on adipose or muscle tissue? What would a vein look like at pressure
equilibrium? How much pressure change would bervbksebetween the start of a venous
morphology response and the eventual closure of the vein?

The hardware, software, and electronics worked well together and provided generally acceptable

performance. Modifications were made to the electronics locatiovinmthe circuits to a separate
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housing to protect the assembly from the contamination by ultrasounshgabservation of
measurements taken with light and firm deferces indicatd that firm downforce on the model
allowedthe pressure of the vesseldquilibrate to the pressure of the chamber at lower diaphragm
extension distances. This effectively reduces the outward curvature of the diaphragm and minimizes
the pressure error associated with displacing the diaphragm beyond the neutral planerfaisplac
pressure error). Further reductions of displacement pressure error effects were achieved by pre
stretching the diaphragm during the build process and bonding it around the perimeter in a pre
tensioned state. This created an operating range of idgligessure displacement that extended 1
2mm above and below the neutral plane.

The obvious orientations for vein imaging are longitudinal and cross sectional views of the
structure. Views at intermediate angles were not considered. Longitudinawésevinformative
and instructive for the bench evaluations. The large image of the vein eases the task of identifying the
equilibrium point. However the complex pathways of anatomical veins do not often provide
accessible, straight vessel segments tleasaited to this view. Thus the cresesctional views appear
most appropriate for study and for practical extensibilitintaeivo applications.

Centralization of the vein image in the wultras
imager and desirable to enable optimal system accuracy. Diaphragm mobility at the edges of the
aperture is inhibited relative to the central region, aedultrasound imaging is limited to the regions
within the aperture. Subsequently, the best pressure coupling, accuracy, and visual resolution are
found when the vein isantereduinder the diaphragm aperture and the vein imagenisedin the
ultrasoundlisplay screen.

The use of compliant and rigid substrates was employed to evaluate for the possibility of gross
interactions between the measurement response and the alternate possibilities of bone or
adipose/muscle tissue underlying veins of intereserd was no apparent impact on the
measurements taken on vein models at 18mmHg. However the image quality deteriorated somewhat
from reflections from the aluminium plate acting as the bone model.

The definition of pressure equilibrium was when the meassersor pressure equalled the
hydrostatic pressuygvhich was easily calculated in the simple setup. In these data, the equilibrium
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appearedo be the configuration where the vein wall nearest the pressure diaphragm lost its convex
shape from positive ietnal pressure and flattened. Where the vein wall transitioned to convex under
pressure from the diaphragm was considered to be the overpressure event. This definition was
obtained in a system created with finitglhyck silicone tubing for veins and tbe differ markedly

from the reality of living tissue. The silicone veins had substantial asymmetry and in some cases were
bonded at the sides to enable testing. These factors alone can and may have confounded some of the
results. However, as a bench ewaion, they provided substantial utility.

Though this evaluation work was not blinded or statistical, the general accuracy that was realized
in the bench testing was about #0%. This result indicates a good potentialifevivo utility. The
analoguesfoveins and tissue were simple in the extreme; however the data suggest that cross
sectional views with firm holding pressure are a worthwhile starting technique for anticipated non

invasive in vivo studies.
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Chapter 4
In-Vivo Evaluatiors and
Results



4.0 Introduction

In Chapter 3, the Noinvasive Timesampled Venous Pssure Probe (TSVPP) design was
describedanda prototypeof the systemvas tested and characterigeditro. The initial result$rom
in-vitro testingindicated the TSVPP had the potent@hccuratelyrepresenhydrostatic pressure
with an error factor approaching-30% of the true valuérhe impact of variable tissttensity
underlying the veins was simulated with physical models, and it was determined to have no
observable impact on the measurement system. Valuable experience was gained in the use of the
TSVPP under simulated conditiqrand the hardware and software demonstrated sufficient capability
and stability to justify continued study under more realistic and challenging conditions. In this
chapter, the methods armesultsfrom in-vivo TSVPP testing using Ovine and Canine foretemlels
are presented. The purposérsf/ivotesting was to determine the optimal method for identifying the
venous morphology associated with pressure equality between the TSVPP reading and vein lumen.
Other objectives were to obtain reliable refergmessure reference data with which to evaluate
accuracy ofn-vivo TSVPP measurements, observe the TSVPP device interactions with an intact,
functioning vascular systeand identify device and study limitatianghe study objectives are
summarized imable4-1.

Table 4-1 Study objectives

Primary study objectives Conditions and effects 1 Conditions and effects 2

Identify venous morphology of
pressure equality using reliable
intravenous pressure reference

Low, medium and high venol

pressures Slow and fast sampling rates

Observer TSVPP interactions

with the venous system Diaphragm extension effecty  TSVPP applicatioreffects

Identify Device and Study limita-
tions.

Animal model discrepancies t¢

Pressure modulation approa oo
human application
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4.1 Methods
As discussed in Chapter 2, the primary factors that influence peripheral venous pressure can

be classified into static and dynamic categories. The design ofitheise experiments was limited
by institutional and ethical requiremeifior fully-anestheted animal mode|{Elaborated in section
4.1.1.) Therefore, the dynamic influences of skeletal muscle activity and postural changes
concomitant with ambulation were eoft-scope forcurrenttesting. The significant factotkat could
influence periphelarenous pressures were substantially static within theftiame of the
experiments. These included capilldmyd resistance, venous resistance, and arterial pressure. A
means of introducing controllecenoushypertension was required, and the approatécted was the
use of a pneumatic blood pressure cuff applied to the limb under test. This allowed the study to
evaluate arbitrarily elevated venous pressimascontrolled manneup to the limit of the systolic
blood pressurelhe effect of a limb m@ssure cuff is illustrated ifigure4-1. Using this effectthe

venous pressuiia the animal models was effectively controlled by an artificial venous resistance,

furnished by the proximal limpressure cuff.
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Figure 4-1 A simplified view of limb cuff effects on venous pressurea) Cuff pressure less than venous pressure: The
proximal and distal pressures agacent to the cuff are unaffectedb) Cuff pressure pumped above venous pressure:
Distal venous pressure begins to rise with arterial filling until venous presse equilibrium with the cuff. c) Cuff pres-
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sure pumped above arterial pressureThe cuff closesall flow: Arterial pressure falls, and venous pressure rises to a
common equilibrium pressure less than the systolic pulse pressure of the artery.

Secondary factors that modulate the venous pressure include Positive End Expiratory
Pressure from the verdtior and the vertical distance between the cannula tip and the right atrium.
These secondary factors were controlled or monitored during the setup of the studies. Physiological
parameters such as capilldrgd resistance and venous resistance were ovienetidy the external
circulatory modulations of the experimental setup, and they are not considered to have any significant
pressure impact. One factor that can modify the observed reference pressure, but does not alter the
true venous pressure, is thetieal offset between the cannula tip and the height of the reference
pressure sensor. This offset was carefully measured and minimized during the setup phase of each
experiment.Figure4-2 illustrates the factors that influence the venous pressure and the reference

pressure values. It also depicts the means employed for observing and recording those data.
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Figure 4-2 In-vivo pressure modulation factors and signal flow. a.) System under test. b.) TSVPP detection ana+
cording system. c.) Intravenous cannula. d.) Height offset from cannula needle to reference pressure sensor. €:) Re
erence pressure recordingystem.
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Theexperimental setup ¢figure4-3 was constructed to fulfil the objective of comparing
indirect pressure correlation data from the TSVPP and direct camanlameter readings across a
range of experimentarontrolled venous pressures. In addition to providing a reliable reference
pressure value, the direct cannula pressure record allowed for the observation of TSVPP effects on the

venous system.

Figure 4-3 In-Vivo Pressure Measurement ConfigurationSaline flush is used to obtain hydraulic continuity between
the pressure sensor and the cannula tip. The vertical heights of the sensor and cannula tip are mattho reduce
hydrostatic offsets

4.1.1Ethics
The conduct of these studies was approved following a review process by the Institutional Animal

Care and Use Committee (IACUG@G) Boston Scientific The authorization required the evaluations

to be conducteds tagon studies: i.e. the studies were conducted on animal models that immediately
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prior to testing, had been used for primary, unrelatedsnoviving studies. This is consistent with
the objective of maximum utilization for all animal models. Thusctiraition of the animals

available for evaluation was variable and depended to some degree on the impact of the prior studies.

The IACUC review process established animal use justification based on the following criteria

A This study does not duplicateéiqr Boston Scientific controlled investigations.

A This study does not duplicate any other previous studies based on the Literature Search
findings

A The current state of scientific knowledge does not provide acceptable alternatives (e.g. in

vitro) to the use of live animals in this study, thus a preclinical investigation is necessary.
A Physiological conditions are needed for the accurate testing of venous pressures.
The protocol approval authorizing the conduct of these studies allowed the use &fGvinre

and Canine models.

4.1.2 Animal Care &naesthesia
Animal management and care was approved by IACUC and supervised by a veterinarian to

ensure appropriate and humane treatmemimals were fasted overnight prior to acute procedures.
Due to the variety of species, mass, and primary procedure requireamagsthesiand homeostatic
maintenance varied between studies. Either of Telazol , morphiBetaphanolwas administered
for sedation, andhtravenoudPropofolwas administered prior to intubatidractated Ringers
Solution was delivered intravenousty maintenancef fluids. Loading doses of morphine and
ketamine were administered for analgesia with constanofatéusion of each.Phenylephrinavas
used b support blood pressure as needadl lidocaine was employed to attenuate cardiac
arrhythmia. Animals were oriented on right lateral decubitus or left lateral decubitus positions on a
horizontal surgical table.

Prior toeuthanasia, 5% Isoflurane was igtefed from a positive pressure ventilator to induce

deep plane ohnaesthesia20ml KCL (2mEg/ml) deliveredhtravenouslyfor euthanasia.

4.1.3 Experimental setup
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Evaluation of the TSVPP performance was based on observations conducted on supenfidial vei

the distal regions of the animal 6s foreli mbs.
reference pressure signal of the target vein was obtained via the cannulation of the most distal and
accessible region of the cephalic vein. Once #ie site was identified, a 19 gage cannula was

inserted, and the reference pressure sensor position was adjusted to ensure that its vertical plane was
within 2cm of that of the cannula tiphe reference pressure position relationghifpustratedin

Figure4-3 and is shown directly ifigure4-5. The pressure sensors were Argon Medical DeVices
DTX-Plus TM DT4812 transducers. These were calibrated immediately prior to use with & VWR
model 3460, NIST traceable pressure calibréfayure4-5). Sensors were coupled

ADInstrumentd Power Laktransducer amplifiers, and data were digitized using a PowerLab data

acquisition module (AD Instruments PL3516) and recorded using La®teasion 7.

Figure 4-4 Pressure measurement locationsFrom left to right: a) foreleg with cannula and pressure cuff. b) Inserted
and taped, the cannula tip ends at peipoint. c.) Application of the TSVPP to the cephalizein

! Argon Medical Devices Inc. 5151 Headquarters Drive Suite 210 Plano, TX 75024 USA
2VWR P.O. Box 6660 100 Matsonford Road Radnor, PA 198660
3 ADInstruments Ltd Unit B, Bishops Mews, Transport Way Oxford OX4 6HD UNITED KINGDOM
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Figure 4-5 Pressure calibration a) Setting the zero level; b)Vertical offset between the reference sensor and cann
tip are minimized

4.14 TSVPP Operation and Test Parameters
The measurement of venous pressure using the TSVPP is based upon inducing pressure

transitions across the veiall with the TSVPP diaphragm as it presses ortiiseiesuperficialto the
veins. The pump cycle interval, from minimum to maximum pressucebatk, fixes the sampling
rate. Sampling rates were selected fideny Slow(23.1s),Slow(4.6s),Fast(1.13s), andtatic
modes. The Static mode allows the operator to manually find the equilibrium pressure between the
TSVPP sensor and the vein. Thiglese by incrementing the diaphragm pressure on the tissue, whilst
observing the Bnode image in redime. TheVery Slowand Static modes are designed to be
primarily instrument setup modes because under these settings the interaction between thendiaphrag
and vein can be observed with a high density of video frames. This allows careful study of venous
morphology in various states of pressure equilibrium and imbalanceSldWwand Fast modes are
intended for timesampled physiological measurements, dhege sampling rates observations can be
spaced closely in time to enable the reconstruction of the dynamic pressure changes in the vascular
system that occur with emptying, refilling, and muscular contractions.
Control of venous pressure

Three venous pssure ranges were obtained by modulating the cuff pressure which allowed for
controlled pressure states in the system. Three
Medium: O 30mmHg, O 50mmHg, High: > 50mmHg. Low

pressure with no pressure applied to the cuff. Medium venous pressure was obtained by inflating the
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pressure cuff to approximately 50mmHg. High venous pressure was obtained by inflating the
pressure cuff between 60 and 120mmHg. This technique cdwesgedrtous pressure in the distal
portion of the limb to increase to match the cuff pressure. When the pulse pressure exceeded cuff
pressure, arterial flow into the limb increased the venous pressure until equilibrium was reached with
the cuff. Arterial infow beyond the equilibrium pressure resulted in venous outflow past the pressure
cuff constriction. In this way, venous pressure in the limb could be driven to arbitrary levels, so long
as the cuff pressure did not exceed arterial pressure and obstwiritiahe limb.
Data processing and display

The data methods selected for this project wlaserto minimize hardware and firmware
development time and to obviate the need to modify the internal workings of an expensive clinical
ultrasound instrument. ddvevera substantial penalty was paid for this throughréagiirement for
painstaking poseéxperimental data analysis. Three streams of information were combined, TSVPP
pressure data, reference pressure data, aviddg video. This required substantiédeo processing,
reference video generation, and synchronization.

Video data were collected from the acquisition computer using Cafrsiio Version 8
software and pogtrocessed using AdobBremier Elements 11. Video data were reviewed frayre
frame using VLC media player Version 2 and Da(Rot Player Version 1.5. Cannula pressure data
collected using AD Instruments Power Lab and Lab Chart software were exported to MATLAB
Version 8.1(R2013a) and processed for display as a motion graphic wagukrand time on Y and
X axes respectively.

The collection and collation of TSVPP pressure observations and instantaneous cannula

pressures occurred in pgetocessing. Pressure equilibrium events in thredgle images were
matched to the correspondiolgamber pressure values at the time the video frame was captured. Due
to systematic BViode video capture delays, video frames were recorded about 300ms after the data

were collected. This temporal offset was identified in the post processing analysis pinaseleltas

* TechSmith Corporation 2405 Woodlake Dri@kemos, MI 488646910 USA

® Adobe Systems Incorporated 345 Park Avenue, San Jose, CA-23040

®VideoLAN 18, rue Charcot, 75013 Paris, France

" Daum Space. 2181 Yeongpyeeugng Jejtsi, Jejud, Korea

8 The MahWorks Ltd. Matrix House, Cowley Park, Cambridge, CB4 OHH UNITED KINGDOM
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were made apparent by the temporal dissociation between the record of the ghamterive and
the video record of the diaphragm extension. These events would ideally have been recorded on the
same video frame for a zero latency systemweler, the extensive review of multiple video files
established the #nhode delay s nearly constant at 26B00ms. Each video segment was assessed
for the timeshift before determining the correct offset time. This offset was used to find the video
frame with the pressure reading corresponding to theoBe vein/diaphragm equilibrium
observation.

The configuration of the TSVPP data interface has been described in Chaépeevé&sion used
for thein-vivo testing incorporatean additional graphics pdne displaythe cannula reference
pressure datdigure4-6 is an example of the data interface. There are three data regions: The top
region is theB-mode ultrasound view; the bottom left region is the TSVPP data window; and the
bottom right view is the Reference Pressure window. The WmftePanel has three status bars, of
which the top is the most important. It reports the TSVPP chamber preHseilewer bars report
internal controller values. The radio buttons on the far left indicate the mode of the TSVPP pressure
chamber modulation€ff, Steppedmanual) Slow Fast andVery Slowrates.

The Reference Pressure Window is unique tarthévo evaluations. It presents the reference
pressure value obtained from the cannula manometer. The instantaneous pressceatieti¢he
graph highlighted with a small box, and the instantaneous pressure is reported numerically at the top
right cornerof the window. The graph presents the pressure ascidn of time, extending 2s5orior
to and subsequeffitom the instant of observation. Theakis of the reference presewgraph auto

scales andisplays the full range bpressure values within the &indow of observation.
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Figure 4-6 Data window for In-vivo studies.a) B-mode view b) TSVPP status c) Reference Pressure grapt

4.2 Results

4.2.1 Animalsuitability

Of the animal species evaluated, the ovine model was usable, and the canine model was

preferred.Table4-2 summarizes the animal models employed and the observegigarsling general

suitability for the TSVPP evaluation.

Table 4-2 Animal model suitability for TSVPP evaluation

Animal
Model

Model Observations

Ovine

Hind limbs were completely unsuitable for pressuur# due to their steepltapered ms-
cular shape shedding the cuff. Forelimbs accepted the cuff. Relatively short forelim
were difficult to cannulate whilst leaving access for the TSVPP. Useful data kvere o
tained from forelimb measurements.

Canine

Hind limbs were unsuitable. Forelimbs accepted the pressure cuff and TSVPRwith
proved access over other available animal models. Longer forelimbs provided dette
cess and greater vein compliance that was noticeable when the pressure cuff was |
(see text)

81



4.2.20vine TSVPP results
Ovine data was predominately recorde®iowmode to provide a substantial record of high

resolution data capturing the pressure equilibrium events between in TSVPP diaphragm and the veins.
Short segments ¢fastandVery Slowdata were included. The limb cuff pressure was configured to
drive medium and high range intravenous pressures, as observed with the cannula manometer. These
configurations were emphasized to evaluate the pressure modulation technigue avidiecdata
representative of static standing lower limb venous pressures.

Figure4-7 shows a representative image of the cephalic vein with a camealsured internal
pressure of approx. 32mmHg while under observation by the TSVPP senagurk¥-7a,the
TSVPP is applying negligible externalgssure to the tissue at the instant of image capture. The
TSVPP diaphragm can be seen just above the vein. The TSVPP diaphragm is relaxed. The vein,
indicated by the arrow has a clearly defined lumen, and visible just below the vein is a shadow of the
underlying bone.

Figure4-7b illustrates the effect of increasing the TSVPP chamber pressure to 32mmHg. This
results in the nearly complete closure of the vEigure4-7b was collected just one second after the

image inFigure4-7a. The marked difference irein morphology appears as the TSVPP diaphragm

pressure ramps up to and exceeds the vein lumen pressure.
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Figure 4-7 Cephalic vein pressure dataa) Open vein with 32.7mmHg pressure and negligible external pressure. b) Clos
vein with 33.2mmHg internal pressure and 32mmHg external pressure.



In the ovine evaluation, the cannula pressure data revealed the presence of cardiatefadte
in the venous lumen. These can be sedtigare4-8. The reference pressure window reports the
instantaneous lumen pressure as 34.6mmHg, and the graph indicates a nearly sinusoidal pressure
undulation with a frequency corresponding to 96 beats per minute. The amplitude of the pulse
pressure is about 5mngHpeak to peak over a baseline of about 37mmHg. When the phenomenon
could be observed, the pulse amplitude ranged fr&m2nHg at mean venous pressures ranging
from 2090mmHg with no apparent dependence on the mean. This was thought to be the result of a

closely adjacent artery coupling pressure waves via wall pulsation.

Pressure (mmHg)
) )
) (1]
—
-
=
e
_—r—-’d—
—————
J——

W
=

W
[
?

16:36-29.898

Figure 4-8 An expanded view of the cannula pressuréhe cannula signalreveals arterial pulse pressurertefacts

with an amplitude of 4mmHg. The presure pulse interval corresponded t®6 bpm and agreed with the surface ECG
monitor observations.The artefacts were surprising, but likely due to the close proximity of the vein to the artery
under a state of significant external compression frm the pressure cuff.

In the course of evaluating the TSVB$ingvaried degrees of induced venous hypertension, the
pressure cuff was inflated fro@mmHgto values in excess of systolic pressures. The cuff was
inflated beyond the systolic pressure seMimzes, and a representative image of the resulting
pressure state is shownkigure4-9. In this figure, the cuff was inflated to a high pressure, and the
TSVPP wa applied to the superficial vein on the limb. The staimouspressure achieved from the

cuff occlusion was 65.2mmHg and is the baseline pressure shown in the plot.
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Figure 4-9 An example of cuffinduced high venous pressurea) The maximum steady state pressure is 65.2mmHg
All venous outflow and arterial inflow has been blockedand the TSVPP is applied throughout the interval. b) A
large pressure spike occurs duringachextension phase of the TSVPBhamber pump cyclebecause the small vase
lar volume has been fully occluded

There is a very large pressure spike at the left side qiiohevith the start of another pressure
pike on the right side of th@ot. The interval is about 46carespontihg to the chamber purpycle
intervalassociated with th8lowmode of data collection. TH&owRampradio button is highlighted,
as can be seen in the TSVPP control panel on the bottom left of the figure. This TSVPP induced
pressure increase is apprositely 20mmHg over the baselindzigure4-10 presents an alternate
view of the veous pressure over this intervdisplayed on the Lab Chart software. The pressure
spike intervals and magnitude relative to the baselines are more apparent in this image.

This unusual pressure ramp was apparent during certain experiments when the cuff pressure was
quite high and there was no outflow possible from the limb. The pressupeoccurs when the
distension of the TSVPP diaphragm displaces the vein lumen and the venous flow is obstructed. It is

not expected systelbehaviourfor normal operation, but it reflects the interaction of the TSVPP
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system with the method of induced vesdiypertension.
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Figure 4-10 A 16 second interval showing cufinduced elevated venous pressudth TSVPP chamber-cycle mediated
pressure spikes. (Lab Chart data display)

Figure4-11represents an equivalent test from Canine 2. In this figure, the pressure cuff is
deflated, but the TSVPP is applied to the vein in theesaanner aigure4-8 andFigure4-9. No
pressure surges aapparent from the TSVPP. This is more appareRtgare4-12, the Lab Chart

view of the same data over asifterval
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Figure 4-11 An example of a TSVPP operation on a vein without the cuff occlusionThe TSVPP diaphragm is ds-
placing the vein wall, however no pressure artefact is observed.

Figure 4-12 A 16 second interval showing normal venous pressure with deflated cuffhe TSVPP diaphragm is ds-
placing the vein wall, however no pressure artefact is observed.
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