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Left ventricular (LV) volume analysis in small animals hasvpn difficult
because of the small size of the hearts and the rapid hearfFwathermore, there is a
substantial contribution to the signal from both the blood as wellhasmnuscle.
Admittance - based measurement techniques has been proven effeetimenating the
muscular component and estimating the blood component accurately. Tfaetoeythat
makes this measurement effective is the fact that the umesasnt is made in the
complex plane, which measures both the magnitude as well as tleeqftihe complex
phasor. This dissertation presents the design of a wirelessetaledevice that measures
impedance magnitude and phase measurements along with pressureofrscious,
ambulatory rats. Using this impedance data along with other ai@dibrdata such as

blood resistivity, stroke volume etc., volume is determined.
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CHAPTER 1

Introduction

1.1 MOTIVATION

Simultaneous measurement of left ventricular (LV) pressure and go(EaY)
yields a quantitative assessment of the hemodynamic status bkaéine A real time
technique that measures the contractility of the heart would bablalfor evaluation of
new drugs and gene therapy. [1] The LV P-V relationship gemkmtea beat-by-beat
basis during transient occlusion of the inferior vena cava allowsodymamic
characterization of LV systolic and diastolic functions indepenafloiading conditions.
[2]

The main challenges that are posed in the accurate estimatrotuofe in small
animals, such as mice and rats, are their small heartaizetheir rapid heart rates. In
addition, anesthesia has adverse effects on the hemodynamic ofasinals. The
benefits of chronic studies are that they involve minimal anesatl{bsiginning of the
experiment). They would also be useful for long term studies og evaluation and

disease progression.

1.1.1 An application of P-V loop analysis — Early detection of CHF

P-V loop analysis has a variety of applications in small argeelanimals as well
as in humans. An example application of P-V loop analysis used inieatketting is

the early detection of heart failure.



Amidst other applications, P-V loop analysis could be used for thedstection
of heart failure (HF). As of 2004, 5.2 million Americans suffer frobgart failure with
550,000 new cases reported every year. The estimated direct amdtimdist of heart
failure in the United States for 2007 is $33.2 billion. [3]

Heart failure (HF) is a chronic condition in which the heart nmusgéts
progressively weaker and is unable to pump effectively to meébtihgs need for blood
and oxygen. It usually leads to an enlarged heart and often shm#sess of breath,
tiredness and swelling of the legs and feet. The primary sdaséeart failure may be
due to coronary artery disease (clogged arteries), myocardsattioh (heart attack),
hypertension (high blood pressure), abnormal heart valves (valvular djiseas
cardiomyopathy (heart muscle disease), and congenital hearsadi$esrt defects from
birth).

Congestive heart failure (CHF) is similar to HF but with &ddal features of
circulatory congestion such as jugular venous distention, rales (an abrsound heard
accompanying the normal respiratory sounds on auscultation ofh#st),cperipheral
edema, and ascites (accumulation of serous fluid in the spaeesbdissues and organs
in the cavity of the abdomen).

Two different kinds of CHF exist with varying symptoms. In systdi/sfunction,
the ventricles are enlarged, and thus when they pump blood, it ihdesd0 to 50% of
the volume of a normal heart output volume. It manifests itself &ascaecase in the end-
systolic volume and a reduction in the stroke volume. The diastolic patitre P-V
loop has simply shifted to the right. Figure 1-1 shows an exampldoBp of systolic
failure. [4] The other kind of CHF is diastolic failure, whichemsfto a thickened, small —
cavity ventricle in which the filling is limited. This condition efft coexists with poorly

controlled systemic hypertension and systolic hypertension found cplynm the
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elderly. The LVEDP (left ventricular end diastolic pressuse)hie same as the normal
heart but there is an upward shift of the LV diastolic pressuranakelationship, which
indicates a decrease in LV diastolic distensibility such thHagler diastolic pressure is
required to achieve the same diastolic volume. Figure 1-2 showsapkexP-V loop of

diastolic failure. [4]

. SYSTOLIC FAILURE
Normal
diastolic
:Normal chamber
distensibility
W S
! ‘:
! 1
I |
| 1
1 1 4
: L
i iR
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1 1,47
. - T
o :\ S

‘:ﬁ Left Ventricular Volume

Figure 1-1: P -V loop comparison of a normal heart and a systolic failure heart




DIASTOLIC FAILURE

Decreased
diastolic
chamber
distensibility

Left Ventricular Pressure

Left Ventricular Volume

Figure 1-2: P -V loop comparison of a normal heart and a diastolic failure heart

From the above motivation, it can be seen that that real-timéoBpg are a vital

tool for a cardiologist.

1.2BACKGROUND

The tetrapolar conductance - catheter technique has been usednttesiy/
volume for almost 27 years. This technique involves the introduction of lectrode
catheter inside the LV of the heart. Experiments have this catheter intratluties apex
of the heart, in open-chest experiments or via the carotid amnerthe aorta into the LV,
in closed-chest experiments. Fig. 1-3 shows an example ahpdktr catheter placed in

the LV via the apex of the heart.



Figure 1-3: Tetrapolar catheter placed in the LV of the heart

When the outer two electrodes are stimulated using a constanirfghtcsource,
the voltage sensed by the inner two electrodes would depend on thetemoe of the
medium present. This conductance would then be mapped to LV volume.

However, the field lines stretch between the outer two electjmaessthrough the
blood and the surrounding myocardium. Therefore, the voltage signas tbahsed is a
combination of the contributions due to the myocardium and the blood itsslie\tér,
only the blood contribution is useful for the determination of LV volume. The myocardial
contribution needs to be determined and removed from this combined signal.

In 1981, Baaret al [8] derived the original conductance (G)-volume equation
(Equation 1). They, however, assumed that the myocardial contribsittononstant and

can be lumped as one parameter — the parallel conductag)c€SjGlerived from other
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techniques such as hypertonic saline metlodas a stroke — volume gain calibration
constant, dependent on the field geometry. They assumed it to be a c@nstdnip is
the resistivity of blood @-m) and L (m) was the length between the voltage sensing

electrodes in the tetrapolar catheter.

2

Volumezﬁ(G - Gp) (1)
o

Investigators have applied the hypertonic saline technique developéatrder
mammals to determine a single value of steady state Ilgdaf@ardiac muscle)
conductance and used it for the derivation of absolute LV volume [17]. dlme s
technique, however, is problematic in small animals such as mmderats since
administration of even small volumes of hypertonic saline sigmiflg alters both blood
resistivity and hemodynamics (i.e., blood volume) [13], violating taenéwork of the
governing assumptions [14]. Simultaneous measurement at two frezgienmbined
with the hypertonic saline technique has been proposed by othengat@st [18, 19,
20]. However, in all cases these methods determine only a sirgke ofasteady state
parallel conductance. It is evident that as the heart beats,yihwardium gets closer to
the catheter during end-systole and further away from theteatthering end-diastole.
Therefore, the assumption that the myocardial contribution can bedusspene parallel
conductance parameter is incorrect. This leads us to the admittance technique.

Briefly, the admittance technique includes time varying contributiom the
blood and the myocardium. Fig. 1-4 is an illustrative exampléettectrical model of

the blood and the LV myocardium.
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Figure 1-4: Electrical property of the blood and the LV myocardium

In Fig. 1-4, it can be seen that, under homogenous conditions, the blode ca
assumed to be purely conductive (modeled as a resistor) while utheursding
myocardium can be modeled as a parallel combination of resista eapacitor. This
yields an admittance equation (Equation 2).

Yoeas=Y, +Y, =G, +G, + JoC

meas

2)
Where Y, is the admittance of the blood (S), ¥ the admittance of the myocardium (S),
Y measlS the combined measured admittance (3)is@e conductance of blood (S), G
the conductance of the myocardium (S) apd<the capacitance of the myocardium (F).
Fig. 1-5 and Fig. 1-6 further illustrate this point by represerthiegadmittance as
a triangle in the complex plane. It can be seen that the comdnbudue to the blood and
the myocardium are continually changing during the course ofradyede. Also shown
are sample Admittance magnitude (X-axis) vs. pressure (Y-aris Admittance phase

(X-axis) vs. pressure (Y-axis) plots, obtained from a murine experiment.



Thus, measuring the magnitude and the phase is critical for @estinad the
admittance accurately. When the measurement is madeo, the catheter contribution
is also added to this combined admittance signal caused due to irgecatheter
capacitance. Thus, equation 2 modifies into equation 3.

Yieas= Yy T Y, +Y,

meas

Gb + Gm + Ja)Cm + ja)Ccatheter(3)

atheter —

The catheter contribution could be estimated using a salineatedibtechnique,
which involves estimating the magnitude and phase contributions wherhetecais
immersed in vials of saline solutions of different conductivitieac&i the saline itself
does not contribute to the phase; the entire imaginary component arises frorheter cat

The myocardial contribution is estimated using a separate réicgrobe

experiment. This is explained in detail in Chapter 3.
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Figure 1-6: Admittance triangle, Pressure-Magnitude and Preskase-Blots at end-
diastole.
The other limitation of Baan’s equation is the statierm. As the heart beats, the
electric field lines are modified as the myocardium gktser and further away from the
catheter. In order to include a dynamically changirtgrm, Baan’s original equation was

then modified by Weet al.[2]
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Vol(t) = 1 pL? -Gy

a(GB)
a(GB): -

2)
Gg
¥ €))

Wherey is a constant described as
a=SV-pL*(Gg_gp ~Gp_es)
B —b++/b? -4ac b=-SV-(Gg gp +Gp gs)

7 =
2a “whereS =SV Ge_ep Gpes

(4)

The larger positive solution faris used in all calculations.gGp is the steady
state end — diastolic conductance (S)g6&is the steady state end — systolic conductance
(S), and SV is the stroke volumeJjnobtained by an independent method such as a flow
meter or 2-D echo is a constant, while(Gg) is dependent on g which changes as the
heart beats, contrary to the consiamh Baan’s equation. [7]

Thus, when admittance equations are used in conjunction with Wei's aquati
the benefits of both dynamically changiag(t) and myocardial contribution Gp (t) can

be obtained, thus, leading to a better estimate of LV volume.

1.3PREVIOUS WORK —CHRONIC STUDIES

In their experiment, Uemuiet al [5] designed a self-calibrating telemetry system
for LV P-V loops in conscious rats. They, however, used a dual — freg@2rand 20
kHz) method for obtaining the parallel conductance (myocardial contmjutHowever,
it has been shown by a study conducted by our research group [Gjehatybcardial
electrical permittivity §,) estimated from dual — frequency magnitude only measurements

11



can cause a large source of uncertainty at low frequenciesmdrism the subtraction of
large numbers. Instead, a time varying myocardial contribution castbeated during
the experiment using both the magnitude and phase information usingntigaace
technique.

They (Uemuraet al) also assumed that the calibration fact@j (h Baan’s
eqguation to be equal to 1. However, in another study performed by ourchegeaup, it
has been shown that this calibration factor, (n fact, is time varying and is dynamically
changing as the heart beats and the moving wall changebdbe of the electric field.
[7]. This point has been highlighted in the “Limitations” section of their paper.

This dissertation pioneers a wireless telemetric backpack déwtemeasures
both magnitude and phase of impedance, thus, obtaining admittance d&fivetlme
in vivo from conscious ambulatory rats. Measurement of both magnitude andhasase
been included in the circuitry, all performed at a single frequeRays, this eliminates
the need for additional circuitry for two different frequencies. dditoon, due to the
nature of complex plane measurements, we obtain a continuous measweménte-
varying myocardial contribution (Xt)). This method also enjoys the benefits of time-

varying calibration factoro( (t)) by application of Wei’'s equation. [2, 7].

1.40OBJECTIVE —CHRONIC STUDY

Obtain pressure and admittance derived volume from conscious, ambuédsory

for a period of at least 24 hours.

Sub Objectives — Acute Studies:

1) Obtain electrical properties of the myocardium,;

12



2) Validate closed chest (CC) and open chest (OC) admittangedigolume vs.
volume standard using CC 2-D echo and OC 2-D echo respectively;

3) Compare OC echo SV vs. OC SV flow meter standard.

4) Compare and contrast CC admittance derived volumes with estdblishe
techniques such as cuvette volume and hypertonic saline methods.

5) Prove that admittance scales from mice to rats.

Specific Aim 1: Design and build instrumentation capable of measuring impedance
magnitude, phase and pressure with low power and low area; Instrghmant be
interfacable with a tetrapolar LV catheter.

Specific Aim 2: Design and build a backpack complete with above low power
instrument, low power microcontroller, low power transmitter and uiithiion cell.
Measure, sample and transmit data wirelessly to a recaaeby Receiver collects data
and post-processes it to obtain pressure, admittance magnitude andgibasdnich will

later be converted to pressure-volume loops. The backpack must sarapsarapling
frequency of fs=100 Hz and transmit at least 5 heart cycldatafevery 2 minutes. The
battery must last at least 24 hours.

Specific Aim 3: Perform chronic LV P-V studies on rats. Rats must be concious and
freely moving in a cage. Rats should have the tetrapolar Letst surgically placed

into their LV and must be devoid of anesthesia (fully conscious) during the reepéri

13



CHAPTER 2

Design of instrumentation for LV catheter and epicadial surface probe
measurements

2.1INTRODUCTION

Two different measurement techniques that involve complex measurébpath
magnitude and phase) of the admittance were designed and builtdigial™ and

“analog” approaches to distinguish the two admittance measurement techniques.

2.2 ADMITTANCE MAGNITUDE AND PHASE MEASUREMENT BY THE DI GITAL
METHOD :

A function generator board (Data Translation, Inc., Marlboro, MA) uwsexl to
produce sinusoidal voltages at the desired excitation frequency.uibgoh generator
output was converted into a current signal g20rms) that was applied to the two outer
electrodes, 1 and 4 of the LV catheter / surface probe (dependitige @xperiment).
The instantaneous voltage signal between the inner electrodes, 2 asd 3)vamplified
with an instrumentation amplifier (AD624, Analog Devices, Norwood, M2)) rectified
and inverted with a divider chip (MPY100, Texas Instruments, Inc., Ddlldsand 3)
scaled to + 5V to represent the conductance signal over the ramypexted values.
The output was sampled at a sampling rate of 1 kHz using PowaBalmstruments Pty
Ltd., Bella Vista, NSW, Australia) data acquisition hardware amalyzed using Chart

Acquisition Software (AD Instruments Pty Ltd., Bella Vista, NSW, Austya
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Figure. 2-1-a (Top figure): Block diagram of instrumentation used for adnattanc
measurements. The magnitude output is the rectified DC amplitude signad. Rigub
(Bottom figure): Block diagram of instrumentation used for complex plangritoae

and phase) admittance measurements (analog method) [36, 37].

2.3ADMITTANCE MAGNITUDE AND PHASE MEASUREMENT BY THE ANALOG
METHOD :

The “analog” technique measures admittance magnitude and phasewartea
This instrument is described by Kottagh al elsewhere [37] and Fig. 2-1-b is a block
diagram for this instrument. The phase difference is detednusing the reference

voltage signal and the filtered output voltage signal. These signals aretedreesquare
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waves and applied through NAND logic to generate pulses whose dcity \earies
according to the phase difference between the signals. Théveethity cycle is
converted to a DC signal using a true RMS detector [37]. Thisumstit has a
sensitivity of 100 mV/degree for the phase measurement.

Simultaneous admittance magnitude and phase measurements wereiSimad
this device in real-time. The outputs were sampled at a samategof 1 kHz and

acquired using Powerlab.
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CHAPTER 3

Study of frequency — dependent properties of murinenyocardium

3.1INTRODUCTION

In LV catheter based measurements, the signal obtainedosiration of the
contributions from the blood and the surrounding myocardium. This necestiitateced
for estimation of myocardial electrical properties so thatsilgeal contribution of the
myocardium can be determined and removed from the combined diymal,yielding
only the blood contribution.

This chapter concerns with the vivo epicardial surface probe measurements of
electrical properties in murine myocardium using two diffetenhniques (a digital and
an analog approach). These methods exploit the capacitive propéttiesmyocardium.
The instrumentation design has been described in Chapter 2.

Measurements of the permittivity of muscle by Galetedl [21, 22] suggest that
the relative permittivity of cardiac muscle exceeds 15,000 at 20 KHe hypothesis is
that the electric permittivity of muscla vivo is high enough that the admittance in the
LV at frequencies in this range can be used to identify and sepheatardiac muscle
component from the combined admittance measurement.

Equation 2 from Chapter 1 introduces the admittance technique used in LV
volume measurement. In this equation, theithe myocardial capacitance (F) angd G
is the myocardial conductance (S).

For any electric field spatial distribution, E, in a homogeneous medium:
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(1-b)

Where: | = current (A), V = potential (V¥ = electrical conductivity (S/m), Q = charge
(C), & = electric permittivity (F/m), and F is the electricldieform factor, or “cell
constant”, common to both relations (m). The symmetry in theae&tips of equations
(1-a) and (1-b) leads to the familiar “conductance-capacitaacalbgy. The symmetry
is also the feature that allows identification and eliminatiothefcardiac muscle from

the combined admittance signal: if, & measured, then,Zan be calculated:

G, =C

Om
m m
&

(1-c)

An accurate value for then/en, ratio is required to apply this new method for
eliminating the parallel admittance of cardiac muscle.

Complex admittivity /) has been used in impedance tomography research [31,
32] and is the formulation of choice over complex resistivity.

Equation 2 from Chapter 1 describes the admittance relationship avbatheter
is placed within the LV of the heart. This relationship involves dautions from both
the blood and the myocardium. However, this equation modifies into a sifophe
when a surface probe is placed on the epicardium to measure thetipsopé the

myocardium alone.
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(2-a)

Thus, the measured myocardial admittivjity (S/m) is:

Y, G,+joC, :
=-M = =0, + joe,

Ym
F F (2-b)

Where Y, is the admittance of the myocardium (S), F is the cell cohskascribed in

equations (1-a) and (1-b). This definition for admittivity is diedrarmonious with

Ampere’s Law in point form:
VxH=J+joD=(c+ jwe)E = yE )

3.2METHODS

In this study, the electrical properties of the murine myoaardpermittivity, em
and conductivity,cr,) are measured in order to estimate and eliminate the myalardi
contribution (Y, Equation 3-a) from the combined contribution,{Ys Equation 1,
Chapter 1) in the LV, thus, yielding the blood contribution alone ihtima throughout

the cardiac cycle.

3.2.1 Epicardial Surface Probe

A miniature tetrapolar surface probe was applied to the epicauifzice of the
beating murine heait vivo [Fig. 3-1]. It was custom fabricated by The University of
Texas Health Science Center at San Antonio (UTHSCSA), &, TX. The probe

contains four parallel platinum electrodes aligned with an inéetrede spacing of 0.25,
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0.4, and 0.25 mm between electrodes 1 and 2, 2 and 3, and 3 and 4, respectively. In t
standard tetrapolar technique electrodes 1 and 4 are driveraveitirent source and
electrodes 2 and 3 are used for potential measurement at negtigioént (due to the
high input impedance of the voltage sensing differential amplifiePhe tetrapolar
method is thus essentially insensitive to the series electtedieedyte interface

impedance of the measurement electrodes.

Electrode

Figure. 3-1. Epicardial admittivity surface probe consists of four eldesr 1mm long
spaced at 0.25 mm (typical) and 0.4 mm center to center between electrodes 2 and 3.
Suction ports permit application of a mild vacuum to assist in securing the electrode

= Admittivity
Electrodes

Figure. 3-2. Experimental setup to measure field penetration depth of theespirbbe

The electrode design was modeled after an electrode develop#tk foanine
heart by Steendijlet al [23]. However, their electrode spacing was designed to sample

only the epicardium. Wider electrode spacings relative to ffeeandial thickness were
20



used to gain a greater depth of penetration by the electdc fidglis minimizes the effect
of tissue anisotropy in the “longitudinal plane”, as it were, rhgasuring over a
substantial fraction of the ventricular free wall thickness. Gpregtly, the effect of
anisotropy due to fiber orientation within layers of myocardiumaveraged. The
substantial anisotropy between longitudinal (to the fiber) and teass\measurements is
not addressed by this approach. In a parallel study [32], it wasirmoed (by
measurement at four different orientations of 0, 45, 90 and 135 degnaeég)robe
orientation effects showed no variation more significant than iné@sorement and

inter-animal variability.
3.2.2 Surface Probe Depth of Penetration

The effective measuring depth of the surface probe [Fig. 3-1] wasmieed
experimentally in a saline bath by advancing the probe norrt@igrd an insulating
glass surface with a micro-manipulator [Fig. 3-2]. The “e@ffecdepth” was defined as
the depth at which the measured conductance decreased 5% from the value aptlarge de
[33, 34]

This measurement determines the thickness of myocardium at eisohstrate
material affects the probe current field sufficiently to feected as a measurable change
at the voltage electrodes. Separate FEM numerical studiesngtoded here) confirm
that the effective depth over an insulator is essentially the senthe effective depth

over a blood substrate.

3.2.3 Calibration

Calibration of the conductance (magnitude of admittance) measureleent
was accomplished with 1% metal film resistors between(2§3,750uS) and 5.33 R

(188 uS). The calibration resistors were tested on an Agilent Inc. Mad64A
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Impedance / Gain-Phase Analyzer to ensure that no inductivpacittee behavior was
observable in them over the frequency range of interest, 2 to 50Tkliszmethod was
employed for the calibration of the magnitude of admittance othadle instruments

mentioned above.

Phase calibration in different conductivity saline solutions

S a1 [e2] ~ (o] ©o
o o o o o o
| | | | |

Phase (degrees)

w
o
|

I
e —* ‘ ‘ ‘ ‘ - ‘ ‘
500 1500 2500 3500 4500 5500 6500 7500 8500 9500 10500
Saline conductivity (§S/cm)

)Jbl [ ]

o

|2 kHz &5 kHz —# 10 kHz —8—20 kHz —%50 kHz |

Figure. 3-3: Sample saline calibration curves measured using the digitedanThe
graph shows measured admittance phase as a function of saline conductivitipte var
frequencies. These curves would be used in the estimation of myocardiat&lectri

properties to calibrate the capacitance of the epicardial probe [34].

The small epicardial surface probe cable has substantialwirgercapacitance:
there are six inter-electrode parallel capacitances amongptindead wires. The net
effect of these capacitances was studied using a relatiaedg holume of saline of
known electrical conductivity. Different conductivity saline solutiorerevprepared in

the range of 800 to 10200 pS/cm, or 0.08 to 1.02 S/m &E.3This range of

conductivities includes the range of effective conductivities of blowt rayocardium.
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The conductivity of the saline solutions was measured with a Hannal MidcR033
conductivity meter (Hanna Instruments, Woonsocket, RI). The sath#ions were
placed in large plastic vials, and the epicardial surface prabeadvanced just enough to
touch the surface of the saline solution. Admittance magnitude and ipleaseirements
were made using both the digital and analog admittance instrun@atiisration curves
(measured admittance phase vs conductivity) were constructedcht measurement
frequency. Fig 3-3. is a representative sample saline cadibr@airve performed with the
epicardial surface probe using the digital method. Because sakeeiconducting, the
phase responses in Fig. 2-4 only occur because of the capacitatieeseatl wires. The

net effect of these capacitances was compensated by this calibration.

3.2.4 Murine studies

The Institutional Animal Care and Use Committee (IACUC)hat Wniversity of
Texas Health Science at San Antonio and at The UniversityxasTa Austin approved
all experiments. Ten CD-1 mice were studied by the digdatitiance magnitude and
phase measurements. Seven additional C57BIkS mice were studied @anatog
admittance magnitude and phase measurement.

Mice were anesthetized by administration of urethane (1000 mgkand
etomidate (25 mg/kg ip), and mechanically ventilated with a rodemtilator set at 150
breaths/min (100% O2). Mice were placed on a heated, temperatureledndiperating
table for small animals (Vestavia Scientific, Birminghaml.)AExperiments were
performed at a murine body temperature of@7The chest was entered via an anterior
thoracotomy. The tetra-polar surface probe, mounted on a micrguhetor, was placed
on the LV epicardium of the intact beating mouse heart. Verificatias done to make
sure that the surface probe made complete contact with the miymoary checking the

quality of the signal.
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3.3RESULTS

3.3.1 Surface Probe Effective Depth

In Fig. 3-4, the measured response at large depth i$:24%hich decreases to
237 uS at a depth of 0.6 mm. The 0.6 mm effective depth is less tharvénaga
thickness of the murine myocardium in the left ventricular fra# wapproximately 1.2
mm at end-systole and 0.8 mm at end-diastole.

Blood is approximately 4 times more conductive than cardiac musceound
0.5 S/m compared to a range of 0.11 to 0.17 S/m, respectively [32]. Asones,
numerical models show that the effective depth over an insulagssentially the same
as over a blood substrate (i.e. within 15%). Therefore, the surface mpedsirement is

not significantly affected by the LV blood pool.

250
D—D—D—D—D—U"Dﬂr‘m- i

200
G (uS)

150+

100+ T T

Depth, d (mm)

Figure. 3-4: Experimental measurements of the effective measuremémodiéhe
surface probe.
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Figure. 3-5: Estimate of mouse-to-mouse variations in the electonductivity of
mouse left ventricular myocardium from the real part of the complex adtyiftor CD-
1 mice using the digital method [N=10] and C57BIkS mice using the analog method
[N=7]. Error bars are one standard deviation.

3.3.2 Estimation of myocardial conductivity from admittance magnitude and phase
measurements

When the surface probe is placed on the epicardium, the admit@aseired is a
combination of the contributions from the myocardium and the probe itself, so:

Y eas= Y, + JaC

meas

probe — Gm + Ja)Cm + Jprrobe 4)
Where Y, is the admittance contribution from the myocardium and the,.Gs the
capacitance of the probe.

The real part of equation (4) yields the myocardial conductangeS)G

25



C-:'m :l Ymeasl Cosemeas) (5-a)

Where |Ynead is the measured admittance magnitude @&ndsis the measured phase
angle. The field form factor, F, is then estimated using known condycsaline
solutions. Then, using Equations (1-a) and (5-a), the myocardial edéctrirductivity is
estimated ¢, S/m).

Table 2-1 lists the determination of myocardial electrical comdtyc from
admittance magnitude and phase measurements (N=10 for digitabdneN=7 for
analog method).

The individual mouse data mean values were combined to obtain thel overal
estimates across all mice. These values are plotted in BigoBboth the digital and
analog methods.

The slopes of the linear fits (presented in Fig. 3-5) are vaall sndicating that
the conductivity is essentially independent of frequency. Also, aategemeasures
ANOVA between the digital and analog estimates of the @attconductivity gave a
p=0.772 (for “between subjects” effects) indicating that the tets sf data are not

statistically different from each other.

Frequency Electrical Conductivity (S/m) Electrical Conductivity (S/m)
(kHz) (Digital Method) (N=10) (Analog Method) (N=7)
Mean Standard Deviation (%) Mean Standard Deviation (%)
2 0.160 0.099 (62) 0.142 0.043 (30)
5 0.166 0.095 (57) 0.150 0.046 (30)
10 0.176 0.103 (58) 0.154 0.046 (30)
20 0.175 0.106 (60) 0.159 0.046 (29)
50 0.169 0.109 (65) 0.179 0.043 (24)

Table 2-1: Myocardial electrical conductivity
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3.3.3 Estimation of myocardial relative permittivity from admittance magnitudeand
phase measurements

Some of the imaginary part of Equation (4) is due to the probe and wires. This can
be estimated using the saline calibration curves (Fig. 3-Bteompensated, the

myocardial capacitance &F) can be calculated from:
Cm = (l Ymeasl Sin(emeas)_ IYsaIineJ Sin(gsaline))/a) (5-b)

Where |¥nead is the measured admittance magnitude @pgdsis the measured phase
angle, |Yaind is the interpolated (spline interpolation) admittance magnituglealsin
saline andOsaine is the interpolated (spline interpolation) phase signal in salihe.
interpolation is done to estimates{¥d and 6saine accurately in conductances in the
vicinity of |Ymead, USing the saline calibration curves generated in the methods section.
Finally, using Equations (1-b) and (5-b), the myocardial permitiwit, (F/m) is

calculated.

Frequen Relative Relative permittivity:
cy permittivity:Complex Complex plane analog
(kHz) [ Mean Std. Dev. (%) | Mean | Std. Dev. (%)
2 114,000 33500 (29) 80,600 25100 (31)
5 47,500 13700 (29) | 34,900 8000 (23)
10 27,900 7170 (26) 20,300 3310 (16)
20 14,900 4800 (32) 11,800 2690 (23)
50 5,010 2680 (53) 4,970 2500 (50)

Table 2-2:  Myocardial electrical permittivity

Table 2-2 lists the estimates of myocardial relative pitiknty (&) from both the
complex admittance methods (N = 10 CD-1 mice for digital method, C&7BIkS mice

for analog method).
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Figure. 3-6: Estimate of the mean relative permittivity of mouse lefticatar
myocardium from the imaginary part of the complex admittivity showing mtmise-
mouse variations. Combined data are for the same 10 additional CD-1 mice as Fig. 3-5
for the digital method and the same 7 additional C57BIkS mice as Fig. 3-5 for tbg anal
method.

The individual mouse data mean values were combined to obtain thel overal
estimates across all mice. These values are plotted in Bigpr3both the digital and the
analog methods.

The results show that the relative permittivity decreasel W#quency in a
logarithmic sense. Also, repeated measures ANOVA with thfesreht post-hoc results
indicate that the two complex measurements (the digitalaaatbg approach) are not

statistically different from each other (p=0.606, p=0.345 and p=1.0).

3.4DISCUSSION

3.4.1 Effect of myocardial anisotropy

The primary application for these results involves the measuresh@sV loops

inside the murine LV using a tetrapolar catheter. The cathetaasumrement has
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contributions from both the blood and the myocardium. Myocardium is known to be
highly anisotropic: the electrical conductivity in the longitudinfidection has been
shown to be approximately twice that in the direction transversieetdibers [23, 24].
Further, the fibers transition as much as 160 degrees in the vdadogsgudinal planes”
that make up the thickness of the myocardium, from epicardilendocardium [38, 39].
Like the LV conductance catheter, the surface probe measurésngmininated by the
longitudinal components; however, there is some contribution from the tra@sve
direction. Surface measurements in the mouse have been shownetsdmdially
insensitive to probe rotation relative to the longitudinal planesd@&jg to the depth of
penetration of the surface probe. Some transverse / longitudinatrapisis always
included in the lumped measurement provided by the surface probe. e Nésrtlrodes,
like the ones used by Salazdral.[40] in their study of porcine myocardial tissue, would
provide a longitudinal measurement alone; but, needle electrodestgpeactical in the
extremely thin murine ventricular free wall due to the reeaamount of tissue trauma

they would cause.
3.4.2 Electrical permittivity

Previously, Gabriekt al [22] reported electrical permittivity values that range
from approximately 200,000 at 2 kHz to about 20,000 at 50 kHz. They sugdestéukt
high permittivity most likely originates in the cardiac mytcyrans-membrane charge
distribution. However, they had lumped the relative permittivity amtlactivity into a
complex permittivity. Salazaret al [40] reported in-situ complex resistivity
measurements on porcine myocardium using needle electrodes. ddtasavere re-
analyzed to obtain the relative permittivity. The relative pgiwity varied from about
190,000 at 2 kHz to about 23,000 at 50 kHz in their measurements anctahreca!

conductivity was about 0.4 (S/m). These relative permittivity oveasents varied from
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approximately 100,000 at 2 kHz to about 5,000 at 50 kHz. The epicardial sprédoe
measurements also include some transverse component, which accouritse for
differences between measurements. As mentioned, it is ingadafcir us to use needle
electrodes on the murine myocardium due to the extremely thinenaf the ventricular
free wall (approximately 1.2 mm at end-systole and 0.8 mm at astbtl). | suggest,
however, that since our goal is to determine dlte ratio for the myocardium, our
estimate of this ratio — 1.8*2@S/F) at 2 kHz compared to Salaeaml, at 2.3*16 (S/F)

— is useful for the intended purpose in spite of this limitation.

3.4.3 Choice of optimal frequency for LV P-V experiments

As the frequency increases, the relative permittivity decseasbile the
conductivity remains relatively constant. The, term (the imaginary component of the
admittivity formulation) at the different frequencies (see &dbB) has a local maximum
near 20 kHz, which is comparable to the measurements by Egstain[41]. This
observation is a key point in LV P-V analysis because this frequeiill give the

maximum resolvable imaginary cardiac muscle component.

Frequency (kHz) & OE
2 114,000|0.013
5 47,500 [ 0.013
10 27,900 [0.016
20 14,900 |0.017
50 5,010 |0.014

Table 2-3: e, terms obtained from digital permittivity data
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3.4.4 Implications: Real time parallel myocardial contribution estimation amwl
removal in LV volume analysis

The complex measurement technique presented in this chapterograssion of
the initial formulation of Weiet al [42] and can be used to estimate the electrical
properties of myocardium in real time. The results of this chdmee an important
application during catheter based LV P-V analysis in murine $)eavhere the
myocardial contribution to the measured admittance is changitgniaseously and
needs to be estimated and removed from the combined signal duriogrdec cycle.
This is particularly important when, for example, transientuseen of the inferiovena
cava is performed to generate more complex measures of lefricxdat function
available in the pressure volume plane such as end-systolianglasdiastolic chamber
compliance, and effective arterial elastance. Without true Mefttricular volume,
absolute determination of these measures of ventricular fungbatd not be available,
but are desired by investigators of whole - heart mechanics.

The application of admittance to determine instantaneous LV voluroesall
comparison of measures of ventricular function between miceinaadjiven mouse to
itself over time. Current methods in determination of murine LV P-V sufben & major
limitation in that they fail to estimate a time — varyimyocardial contribution within a
heart cycle. However, this can be overcome by using realadnettance which utilizes
the capacitive component of muscle to remove the myocardium froncotindined
blood/myocardial signal, thus providing a broader application of thisntdéagy to

invasive hemodynamic murine studies.
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CHAPTER 4

IC Design Details

4.10OVERVIEW

The initial design plan was to design a System on a chip (S®@hwvould
consist of the sinusoidal generator, constant current source, iptevidc the catheter,
impedance magnitude generation, phase estimation and the pressure anggéeer st

This IC was designed using the AMI C5N process (.5 This technology
featured 2 poly layers, 3 metal layers, and offers a pregmbnpoly capacitor. It also
supports an operating voltage from 2.5V to 5V. Thus, a +/- 2.5V biglgsign was
chosen.

The PDK files (amis500cx) were obtained via Europractice (IMBEvelee,
Belgium), after signing a license agreement with the compdimgse files were
integrated into the Cadence suite of IC Design tools (CadeesgSystems Inc., San
Jose, CA). The Cadence tools were used for schematic edityayt laditing, and
simulation. Design Rule Checks (DRC), and Layout Vs Schemati§)Lahd Parasitic
Extraction (PEX) were performed using Calibre (Mentor Graph@rporation,
Wilsonville, OR) suite of tools, which was also integrated into tlaeleGice Analog
Design Environment. The University of Texas at Austin has lesifigr each of these

tools intended for academic/research purposes (nhon-commercial uses).
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4.2 AREA AND POWER ESTIMATES

The overall layout area (not including the ESD pads) turned out to be 1v42.4
2286.9p=1.74 mm x 2.29 mm = 3.98 mMmTable 4-1 lists the summary of the active

(ON) power consumption estimation.

Cument Tota | Total
Opanp | consunmption| Curent | Current | Power
count | (uA) @ | m | Y

27 135 3645 | 365
1 890 890 0.89
3 120 360 0.36

Total 4895 | 4.90 24.5

Table 4-1: Summary of overall active (ON) power consumption

4.3DESIGN, SCHEMATICS , LAYOUT AND SIMULATION

After going through design, schematics, layout of the various blooks a
simulation, DRC, LVS, and PEX, it was determined that the chip cailtdertaped out
because of budgetary constraints. However, | would like to sharecfdime key blocks’
design thoughts, schematics and layout screen shots from Cadence.

The design itself had 5 blocks. The overall block diagram wasskeriar to the
one depicted in Fig. 4-1. Fig. 4-1 shows the overall top module sclegf@atinections).
Block 1 is the sinusoidal generator. Block 2 is the constant cumantes Block 3 is the
filtering and gain stages after differential voltage sengimm the catheter. Block 4 is the

magnitude and phase estimation. Block 5 is the pressure ampiiéso shows the DC
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biasing circuit as a separate block supplying the bias cur@ntse various operational

amplifiers in each of the 5 blocks.

Figure 4-1: Top module schematic

Fig. 4-2 shows the overall top module along with the ESD pad logi@aae pFig.
4-3 shows the top module complete layout (without the ESD pads). Adsensis the
ruler to show the actual silicon area of the top module (without ESD pads).

The DC biasing circuit biases the entire circuit which includedd@@&mpl’s
drawing 135pA each, 3 “opmap2’s drawing 1307A each and 1 opamp3 drawing 890
pA. The three kinds of opamps were designed to support differentiibegdoads
without running into instability. The DC biasing circuit itself c@ins an opampO
drawing 135pA, but is self-biased (using a resistor). Fig. 4-4 shows @athe DC
biasing circuit schematic. The schematic itself is a repetof the same basic module

and is based on precision current mirrors to obtain the exact current needed.
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Phs_op Fhagogad

Figure 4-2: Top module schematic with ESD pads and logic

Fig. 4-5 shows the layout of the complete DC biasing circuit. ayaut has been
designed keeping in mind that there would be variations along thenK-Ya axes.

Therefore, careful matching was performed to ensure thatatiegtions are canceled out.
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Also, similar modules were routed from similar positions on theua Thereby,

achieving a better current biasing circuit.

1000

Figure 4-3. Top module layout (excluding ESD pads)

Fig. 4-6 and Fig. 4-7 show the schematic and layout (respigtviethe basic
operational amplifier used in most of the cases (designated pdganthe design was
based on a 2-stage opamp [43]. This opamp has a bandwidth of about 1 MHasand w
stable in the unity — gain configuration. Again, since the opamp ibdkie building

block of the entire design, careful matching was performed. Evemplé stage was
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designed to be symmetric so that there is very little variabetween the two inputs.
Dummy transistors were also used for matching the surroundingoement of

transistors. Better matching and better symmetry lead to more acoesatts.

wid_pair

Figure 4-4: Part of the schematic of the DC biasing circuit

The sinusoidal constant current source design was broken down into w0 pa
The first part generates a 30 kHz sinusoidal voltage. (Theeagdicardial probe studies
prove that the 20 kHz gave the maximum resolvable imaginary compdimmever, at
the time the IC was designed, 30 kHz was chosen because thathsmidyot been
completed at that point in time). This is a switched-capacitor implemmmt&th external
clock source at 1 MHz feeds the network. In turn, the sinusoidalaenés based on a

square wave relaxation oscillator followed by high Q band pass biquad filter. [44]
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Figure 4-5: Complete layout of the DC biasing circuit

Using basic digital logic elements, two non-overlapping clocksewobtained
from the input clock. Choice of the values of k1, k2 and switch transi&tes are
described in the reference text. [44] For my desigr, 8.4, k = 0.2, C = 100pF. [44]

Fig. 4-8 and Fig. 4-9 show the overall schematic and layout (resgggtof the
sinusoidal voltage source.

This was followed by the constant current source. Fig. 4-10 sti@nsock level
schematic of the constant current source. The resistors havebtmen down into 1k

resistors for ease with LVS matching. Also, breaking down laegestors into smaller
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chunks enables a better-matched layout. Long resistive fingerneadrio mismatches
along the direction of elongation. Fig. 4-11 shows the simulation outpupafaanetric

sweep of different resistive loads to test the constant current source.

Figure 4-6: Schematic of opampl

Blocks 3 and 5 are standard configurations consisting of a diffdrantialifier
stage (3 — stage opamp based instrumentation amplifier), followed by gaitteximdyf
The magnitude estimation block, depicted in Fig. 4-12, is based ompke 988K

detector circuit.
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Figure 4-7: Layout of opampl

Figure 4-8: Schematic of sinusoidal generator
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T T R

Figure 4-10: Schematics of the constant current source

The phase estimation is based on an initial design by Kattaah [37]. For a
constant frequency application like this one, the reference sigdathe phase-shifted
signal are converted to square waves, followed by NAND logic, wtiosecycle varies
according to the phase shift. After this, a duty cycle to DCageliogic, based on R-C
time constants, outputs a DC voltage based on the phase differamncé:-1B is the

schematic of the phase detection block.
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B Waveform Window 5 - Cadence® Analog Design Environment (1)

Active 21
Window Zoom Axes Curves Markers Annotation Edit Tools Help

mouse L: M: R

Figure 4-11: Simulation output of the constant current sourgeA(peak, 30 kHz)

Finally, the sensitivity plots of the three channels: impedamagnitude, phase
and pressure outputs have been summarized in Fig. 4-14. The output Sessdiat
500mV/k) for the impedance magnitude, 35mV/deg for the impedance phase and

2.5mV/mmHg for the pressure.
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Figure 4-13: Impedance phase generation schematic
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CHAPTER 5
Design of the wireless telemetry based backpack tnsmentation

5.10VERVIEW

This chapter describes the instrumentation design for the backpaelse
backpacks were tested on rats for the 24-hour chronic studies. &atshosen because
they are larger than mice and can carry the backpack of ileis Bhe design of the
backpack was done with two main constraints (in the order of pre&rdmwy power
and low area. It was absolutely critical for the backpack todadeast the 24 hour
experiment time frame for the chronic studies on the rats. Ini@adit low area meant a
lower volume and subsequently lower weight. This was critical toausecthe rat would
be carrying this backpack for the entire period of the experimeluwer weight meant
that the rat would be more comfortable with the backpack and woudtllbeo perform
its regular activities and more importantly, it would not trygmove the backpack from

its back.

5.2CIRCUIT DESCRIPTION

5.2.1 Top level design description

Fig. 5-1 is the overall block diagram of the backpack. A 3.7V, 62% fitAium
ion-cell is used to power the circuit. The circuit is based simgle-supply design with
the clock generator, phase detector chip, operational amplifiers fégrémtial amplifiers
operating on a single 3.6V supply. All the components were chosenthveitiowest

power possible while meeting the required voltage swings, bandamdtlslew-rate. To
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save area, quad — package low power operational amplifiers (LM6484 used,
wherever possible.

The backpack consisted of three different components. The instrumentation
(indicated by the grey block in Fig. 5-1) on a surface mount PCBithinen — ion cell

and the microcontroller/transceiver on a separate surface mount PCB.
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Figure 5-1: Overall block diagram of the backpack.

The instrumentation was interfaced with the tetrapolar P-Vietat and the

47

microcontroller / transceiver block. The instrumentation PCB codswdta low power

(LP) 20-kHz sinusoid generator, followed by a LP voltage-to-curcemverter. This




generated a 1A rms current, which fed to the outer two electrodes of the cathete
(Electrodes 1 and 4). The voltage resulting from the inner 2 etlastr(Electrodes 2 and
3) was then differentially sensed, followed by a gain andifiljestage. This was used to
generate a DC signal corresponding to the impedance magnigrdd. dh parallel, a
phase detection chip was used to determine the phase differencerbéiweoriginal
reference signal and the resulting output signal. A sepagatal gath was employed to
process the pressure signal arising from the pressure transducer.

The resulting magnitude, phase and pressure signals were fed itgul® of
three 10-bit ADCs respectively (part of the LP microcontrall&rjow power, low bit-
rate protocol was used to transmit the signals over an RF lifketother transceiver.
The receiver was placed less than 6 feet away connectethpbop. Data were collected
and stored on this laptop for post-processing analysis and display.

The backpack shape and structure itself was determined baseddasitieefor it
to be strong yet comfortable and light-weight. Initially, a hglgight enclosure was used
to house the backpack. However, it was determined that this nearlyddhblweight of
the backpack. Also, this was relatively inflexible and waslyeasmoved by the rat
because of the flexible nature of the rat’s back. A simple and effective sol@stowse
a bubble wrap pocket to store the backpack contents. This wasiveffbecause the
circuit was protected from external fluids/influences and thapvitself was comfortable

and very light-weight.
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5.2.2 Block level design description

5.2.2.1 Power management block

The entire circuit was powered of a single 3.7V, 625 mAh lithium -e&n The
instrumentation was designed to run off a single power supply (3.6V)efohe, apart
from the actual ground (0V), there was an additional virtual grourat 4eB8V, the signal
reference node. Fig. 5-2 is the setup of the power managemmnt. dll resistors used

are precision metal—film resistors (1% tolerance) and all capaait®rseramic capacitors

(10% tolerance).

U3
LT1761ES5-5D vir_vece
1 5 Rﬁ .
10 10uF
Enahle U4
1% T 10% 1 |—|
i r 8 1o |
! RY |Vir_GND cg 2 Rer3ate
?[5:1 o _L_10uF
HDR1X2 10%
Battery
4]
LT1761ES5-5D Mup_¥CC
d |5 u7
 VCC
Micracontriller
Enahle
u11
LT1761ES5-SD  pp_vcC
Enghle | , C16
10k _L_ 10uF
1% T 10%
23
R24
5.11k0 |0
1%
=

Figure 5-2: Power management blocks
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Three different LP voltage regulators (LT1761ES5-SD) were ueegotver
different parts of the backpack. All of them were set at & &&el. The regulator U5
(Fig. 5-2) powers the microcontroller/transmitter. This wasags ON. This way the
microcontroller would always receive power, regardless of whétleanstrumentation is
collecting data or in an “idle” state. Regulator U11 powers theeptatector chip and
also serves as the voltage difference applied across the bridge pha of the pressure
sensing network. Regulator U3 powers the rest of the instrumentafomrigck, LP
operational amplifiers and LP differential amplifiers). Bathl and U3 are controlled by
an enable signal, which is connected to the microcontrolles. @N for the time frame
when the instrumentation is actively sending data to the micradent(about 12
seconds every 2 minutes). It is OFF for the rest of the 2 minutes, thus, conservang pow

The virtual analog ground (1.8V) connection is provided using a LP referen

chip (U4 REF3318).

5.2.2.2 Low power sinusoidal generator

Fig. 5-3 is the circuit implementation of the LP sinusoidal geoer An LP
oscillator (LTC6906) was used to generate a reference sqaaeeat 20 kHz. This was
followed by a 20 kHz band pass filter implemented as 2 biquad seutitinSallen-Key
Multiple Feedback architecture. The output is a 1Vp-p sine wave kiH20relative to
the virtual analog ground at 1.8 V. This is used as the refer@gnal for the phase
detector chip. The node “0” in all the circuit diagrams referthéo‘real” power ground
(OV). All resistors used are precision metal — film ressst(% tolerance) and all

capacitors are ceramic capacitors (10% tolerance).
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Figure 5-3: Low power sinusoidal generator

5.2.2.3 Low power constant current source

Fig. 5-4 illustrates the circuit used for the constant current sodice 1M
resistor in the feedback path of the operational amplifier gtea that it never enters an
open loop state. TheuE capacitors in series with the signal path provide a mearisefor
DC elimination from the AC sinusoidal stimulus signal enterlmgy datheter (the heart).
Additional elimination of the extremely low frequency sign@lese to DC) is provided
by the pass high pass pole provided by the C7-R12 combination. Noda &I’ the
circuit diagrams refers to the “real” power ground (0V). islistors used are precision

metal — film resistors (1% tolerance) and all capacitorscaramic capacitors (10%

tolerance).
8
12 1 ” Uel:i4 =
1uE Cathl:4
c7 [ 0% Us_ |pp vce
—| mo L1 -
Sine_wave 1% —Z I
R1U 1 mc :3; R14 <7 hT'd
g h co pbridge
19.9k0 ['R11 3 iy
1% 42200 a4 |- 1
1% L LMB134AIM 1uF
Vir_GHD 10%

Figure 5-4: Low power constant current source
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5.2.2.4 Low power post-catheter signal processing

The differential signal from the inner two electrodes (2 and 3hefcatheter is
processed by a differential gain stage. A low power instrumentaamplifier
(INA331IDGK) was used with a gain of 10V/V. This was followed &0 kHz band
pass filter (Q=1, Sallen Key Multiple Feedback architecturrbijs is followed by a gain
stage and buffering. The output is the phase-shifted, amplitude-naosiijeal used for
impedance magnitude calculation. This also serves as the secondanpi¢ fphase
detector chip. The node “0” in all the circuit diagrams referthéo‘real” power ground
(OV). All resistors used are precision metal — film resistd% tolerance) and all

capacitors are ceramic capacitors (10% tolerance).

R20
Sine_wave A usc

100k 13
1% 21 +
il L {q e %m + ]
nE 17 us 100pF 162k0 ’\In—‘l‘ 1 LME134AIM
5y < 100k0 g1 R19 100k0) R21 T5% cu 1% L uga Vref
%_‘ﬂ d . | LI + 9B
Vir_GND + 7] vdiffs ﬁzkn 100pF s 7
cath3 INA331IDGK 5% * S—
_1|n||:_£§]137 Vir_wvCC 4 LME134 & -
5% 100kQ Vir vee L LME134AIM
1% Vir_GND Vphs

Vir_GND

Figure 5-5: Low power post-catheter signal processing

5.2.2.5 Impedance magnitude calculation

The impedance magnitude calculation circuit is illustrated in Bi§. This
essentially is a full wave rectification stage followed dyow pass filter at 25 Hz
(Q=0.5803, Sallen-Key Multiple feedback architecture). U14 is alesiolgip package
containing 2 pair of diodes. This is convenient because it was custbriue rectifier

circuits, thereby reducing area.

52



RZ6 MJ:xR\u1an
127 c21
4,75k} 14 1 Ri0 % 1 “
1 v = 204K0 R31 100nF
N e b Lme1B4AIR a74kn 5% Mag_op
—i | g 1%
. * Rect op U13A
28 0 2Pair_diodes_fij5
L —
= U13B
vl = _
4.75k0 0 7 o LMGE13{AIM
"B Vir_GND '
. _
R29 vi MB1B4AIM
2370 3 22.1Kk0
1 4.75k0
Vir_|GND 1%
32
U1
RZ 59 -
4.75Kk0) + LMB134AIM
1%
Figure 5-6: Impedance magnitude calculation

5.2.2.6 Low power phase estimation

To obtain the phase difference between the reference voltagd aimghahe

phase-shifted post-processed signal, an RF/IF Phase detect@ADBR02) was used in

its low-frequency” topology.

c20
Vref | ”
470nF
1%“% 24
L1l u10
1 1 i:

o ¥hGeerr i
B 26— 17w Phs op
M ==

A70nF | |7 ADB302 _{:Qd
1E‘ TuF

Yphs , || 10%

11 1]
470nF
10% =

Figure 5-7: Low power phase estimation
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5.2.2.7 Low power pressure calculation

Fig. 5-8 illustrates the schematic for the LP pressure edionl Two arms of the
Wheatstone bridge are part of the pressure transducer. The rem@wirgyms are
completed using a resistor network. The regulator supplies a consitage (3.6V)
across the bridge. The differential voltage is sensed usingLBhenstrumentation
amplifier (INA331IDGK), followed by low pass filter (25 Hz, Q52, Sallen-Key

Multiple feedback architecture) and a gain stage.

L]
pbridge |0 100pF
qu; R34
¥Rk Iy

U1z 100k
1%

§ vdiffp |

INA331IDGK
VI VCC | \vir_GND

LMG613ZAIM

Figure 5-8: Low power pressure measurement

5.3PCBLAYOUT

After some bench testing of the prototype, a 4-layer PCB dessgned and
fabricated (PCBFabExpress) using the above schematics. To shwestate, all four
layers were dedicated to signals. The final PCB outline was 1.78” x 1.54"58gs the
2-D top view of the PCB and Fig. 5-10 is a 3-D view of the PCGBiégated by National

Instruments Ultiboard software).
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Figure 5-10: 3-D view of PCB

5.4BENCH TESTING

5.4.1 Impedance magnitude calibration

The impedance magnitude was calibrated with four known precisiostorss

connected as the test load (in place of the catheter). Tistoresas placed between
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Electrodes 2 and 3 and Electrode 1 was shorted to Electrode 2 aratlgiElgctrode 4

was shorted with Electrode 3. Thus, this represented a purelyvesisd. The resistors
were chosen to represent the entire range of impedance magritatiean be expected
from a rat LV P-V experiment: 5002 to 2 k2. The resistors were 1% metal-film
resistors. Fig. 5-11 is a representative impedance magnitutbeatialn curve obtained

from the rat backpack instrumentation.

5.4.2 Phase calibration

To calibrate the phase detection chip, known parallel R-C load conunigatere
connected as the test load (in place of the catheter); the pfasendie was calculated at
f=20 kHz. Fig. 5-12 is a representative phase calibration curveénebtdrom the rat

backpack instrumentation.

Imepdance magnitude calibration - Rat backpack circuit

2500

2000 +

1500 - y = 6608.9x - 11869

R®=1

1000 -

Resistance (ohms)

500 -

1.85 1.9 1.95 2 2.05 2.1
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‘ ¢ Mag —Linear (Mag)‘

Figure 5-11: Impedance magnitude calibration curve
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Figure 5-12: Phase calibration curve

5.4.3 Saline calibration

17

In order to eliminate the effects of the catheter, the cathete connected to the

circuit and the electrodes were submerged into saline solutiokisoan conductivity.

Table 5-1 represents a typical saline calibration table.

Cond.
(uS/cm)
1025
1882
2860
3540
5690

Mag
Q)
1620
1341
632
610
481

Phs
(deg

MagY MagY F F K
) (S) (»S) (cm) (m) (1/m)

18.0 0.000617 617 0.573  0.00573 175
15.8 0.000746 746 0.381 0.00381 262

6.5
6.1
4.0

0.001582 1582 0.550  0.00550 182
0.001639 1639 0.460  0.00460 217
0.002079 2079 0.365 0.00365 274

Avg 0.00466 215

K
(1/cm)
1.75
2.62
1.82
2.17
2.74

ImY
(nS)
191
204
180
175
145

ReY
(1S)
587
718
1572
1630
2074

Table 5-1: Saline calibration table
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Where Cond. is the conductivity of the saline solution, Mag is the impedaagnitude
measured using the backpack, Phs is the measured phase usingkgaelkyadagy is
the admittance magnitude, F is the field form factor and K iptblkee constant. F and K
are estimated from the real part of admittance (ReY) anddhductivity of the saline
solution [6].ImY represents the imaginary component of the admittance. Thbhke t
values were used in the conversion of the LV admittance data into ealsimg Wei's

equation [6]
5.4.4 Dynamic testing

To simulate the beating of the rat heart, the backpack circist tested for
dynamic characteristics. To simulate the changing magnitutepedance, an amplitude
— modulated (AM) signal was applied. The amplitude varied atea of 5 Hz (300
beats/minute) on the 20 KHz stimulus. To test the phase variatiorgféience signal at
20 kHz was generated along with a phase modulated signakaie af 4 Hz (240
beats/minute) over the same stimulus signal at 20 kHz. Thesggmals were created in
LabVIEW™ (National Instruments (NI), Austin, TX) and output via the DAC chinne
of a fast sampling ADC (NI PCI-6110, 5 MS/s/channel) capable of dunguipto 2.5
MS/s on two simultaneous 16-bit, analog output channels. Fig. 5-13 showustpioe of
an oscilloscope tracing of the magnitude output (in yellow, top Bignd the actual AM
signal (in green, bottom signal). Fig. 5-14 shows the phase outputén,gop signal)
and the actual reference and PM signal (in pink and yellow, boitpmls). The same

screen was zoomed in on the oscilloscope for clarity purposes and shown on Fig. 5-15.
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Figure 5-13: Impedance magnitude - AM modulation: 5Hz over 20kHz

5.4.5 Battery life estimation

To estimate the battery life, the 3.7V lithium — ion cell rat¢d®b25 mAh was
connected to the circuit and the circuit was allowed to run for rtteae 24 hours.
Current data was collected using Chart during the entire timeae of 1 Hz. Table 5-2

summarizes the results.
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Current type |Cwrrent (mA)|Bkpk. Reg.| Bkpk. |Mic. Reg.|Mic.|Mic. State |ADC|TxRx| Duration (s) |Avg. current mA/hr.
Bkpk. ON current 41.6 ON ON ON ON| LPMO ON | ON 360 4.16
Bkpk. OFF current 22.3 OFF OFF ON ON| LPM3 |OFF| OFF 3240 20.07
Total 24.23
Battery life (hrs.) 25.8

Table 5-2: Battery life estimation

In Table 5-2, “Mic.” refers to the microcontroller, “TxRx" re$e to the
transceiver, “LPM” refers to Low Power Mode of the microcontmlland “Bkpk.”
Refers to backpack. The results show that the battery canofa68 hours. Actual

results also prove the same.

5.4.6 Backpack weight

Finally, Table 5-3 summarizes the weight of the individual componeatsng
up the backpack. The lithium-ion cell has been highlighted in reddicate that the

weight is dominated by the weight of the lithium — ion cell (about 66.7%).

ltem Weight (g) | % of weight
Instrumentation PCB weigh 7.49 27.0
Mup + TXRx PCB weight 1.77 6.4
Total circuit weight 9.26
Li ion cell weight 18.5 66.7
Backpack weight 27.8

Table 5-3: Backpack weight distribution

5.5WIRELESS TELEMETRY

The choice of wireless telemetry was critical becauséditiery needs to power
the microcontroller/TX pair. Therefore, it has to be low poweroAtke rat's heart rate

varies from about 150 beats/min (2.5 Hz) to about 300 beats/min (5 Hz3ighads that
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have to be transmitted are of a very low frequency (<5 Hz)rddngred data rate is very

low.

The Texas Instruments’ (Tl) eZ430-RF2500 kit was ideal for thisicgijmn

(Texas Instruments, Dallas, TX). This was a complete kit witiMSP430F2274

microcontroller and CC2500 2.4 GHz wireless transceiver. The key pwoinish

motivated this choice were:

a)

b)

The MSP430F2274 microcontroller was ultra-low power drawing a
maximum active (ON) current of 390A. In the standby (OFF) mode,

it draws a maximum current of 1péf.

The microcontroller had 8 10-bit, 200 ksps ADCs for use.

The CC2500 transceiver was also of the low power type with
programmable data rates from 1.2 to 500 kbps drawing a typical current
of 21.2 mA during TX.

Ultra low power star network stack, called SimpliciTI™, protocol.

Easily programmable/debuggable with the convenience of USB.
Sample code already was setup to transmit and receive lowalata

temperature sensor data, and modified to use in these experiments.
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CHAPTER 6

Acute and Chronic Animal (Rat) Studies

6.1OBJECTIVES OF ANIMAL (RAT) STUDIES

The main objective of the animal (rat) studies is to prove thigility of chronic
LV P-V studies in freely roaming, concious rats using the admeigtdechnique to obtain
volumes for the first time in ambulatory animals.

The animal experiments were divided into three sets. The Wstsets were
performed with rats on the surgical bench (acute studies). Thesttirof experiments
was the 24-hour chronic studies performed with the rats roaming freelycadbe

Volumes were also calculated using cuvette-based volume calibration.

All rats used for all the studies were of the WKY strain (white (albinariol
Special acknowledgementl would like to thank Mr. Danny Escobedo, chief animal
surgeon, UTHSCSA for his expertise with the animal surgeryarithal surgeries were

performed by him.
6.2STUDY 1: SURFACE PROBE STUDY

The first study involved the estimation of myocardial electnpraperties ¢ and
€) using the epicardial surface probe. This study was algb tosestimate the baseline
electrical conductivity of rat blood. The following protocol was usedHwr acute study
with the rat placed on a temperature controlled surgical bench. (N=4 rats)

a) Rats were anesthetized using an isoflurane container.
b) The body weight and sex were recorded.
c) After the rats were placed on the surgical bench, the anesthes

maintained using isoflurane delivered via a respirator (Harvard riRode
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Ventilator Model 683, Harvard Apparatus, Holliston, MA) at a rdté®
breaths/min.

d) The chest was opened via median sternotomy.

e) The epicardial surface probe was placed on the top of the LV using a
micro-manipulator.

f) The impedance magnitude and phase were measured using the backpack
instrumentation and recorded using the Chart Software (AD Instrigme
Bella Vista, NSW, Australia).

g) After the impedance measurements, 4-5 cc. of blood was exitrinota
the LV using a 23-gauge needle and placed into a vial. Thiswaal
placed in a 37T water bath (Precision water bath, Thermo Fisher
Scientific, Waltham, MA). Using the surface probe, admittance
measurements were made to estimate the electrical conductivity of blood.

h) Finally, the rat was euthanized. The heart weight and LV weight we

measured.

6.3STUDY 2: HYPERTONIC SALINE , 2D ECHO AND FLOW STUDIES

The second study was a critical study. This study is used liorata the
admittance technique with standards for volume measurement using 2-D
echocardiography and ultrasonic flow probe. It also compares ttadog-derived
volumes with volumes derived from previously used techniques such as coweéucta
(magnitude—only) derived volume, which involves myocardial contributiommattn
using a hypertonic saline bolus administration A@in, this was an acute study with the
rat placed on the temperature controlled surgical bench. (N=7 rats).

a) Rats were anesthetized using an isoflurane container.

b) The body weight and sex were recorded.
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c)

d)

g)
h)

)

K)

After the rats were placed on the surgical bench, the anesthes
maintained using isoflurane delivered via a respirator at aafaféd
breaths/min.

The jugular vein was accessed. A small neck incision was madgtse

the jugular vein.

An |V catheter was placed into the jugular vein for later adstration of

IV hypertonic saline.

A similar incision was made to expose the right carotid artery.

The catheter was guided into the LV via the carotid artery.

The impedance magnitude and phase were measured using the backpack
instrumentation and recorded using the Chart Software. LV Pressisre
also measured in parallel using a Scisense Pressure ControFBa&1B
(Scisense Inc., London, ON, Canada). This serves as the baseline
measurement.

After the measurements, the rats were placed on their backh&sewas
shaved and gel (Parker Aquasonic 100 Ultrasound Transmission Gel,
Parker Laboratories Inc., Fairfield, NJ) was applied on the chest.

The 2-D echocardiogram (Philips HDI 5000CV) probe was placed on the
top of the beating heart.

A 2-D echocardiogram was performed through a closed chesE(GG).

A short-axis M-mode picture was taken so that the LV EDV, LSWE

and SV can be determined from it. A long-axis picture was alsentfor
catheter placement reference.

After the CC Echo, hypertonic saline boluses were injected \8a th

incision made on the jugular vein. A total of three 0.2 mL boluses of 3%
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hypertonic saline (3g of NaCl in 100mL of solution) and two 0.2 mL

boluses of 10% hypertonic saline were administered in a sequence.

m) During each bolus administration, the impedance magnitude and phase

p)

a)

Y

data were measured (at 20 kHz) using the backpack instrument and
recorded using Chart software.

The chest was opened via median sternotomy.

Using a specially designed apparatus, a plastic bag wasdptecctop of

the open chest. Saline was poured into this bag (as an offset). Téeh@D
probe was placed inside this saline filled bag on top of the beating heart.
A 2-D echocardiogram was performed through the open chest (86).E

A short-axis M-mode picture was taken so that the LV EDV, LSWE

and SV can be determined from it.

After the OC echo, an ultrasonic rat-sized flow probe (Transdow f
probe, Serial # 2.5PSB1154, Transonic Systems Inc., Ithaca, NY) was
placed around the ascending aorta.

Using a flowmeter (TS420: Transit time perivascular flowmete
Transonic Systems Inc., Ithaca, NY), that was connected tofltiws
probe; the aortic blood flow was measured and recorded using Chart.
After the flowprobe measurements, 4-5 cc. of blood was egttdcbm

the LV using a 23-gauge needle and placed into a vial. Thiswaal
placed in a 3% water bath. Using the surface probe, admittance
measurements were made to estimate the electrical conductivity of blood.
Finally, the rat was euthanized. The heart weight and LV weight we

measured.
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6.4STUDY 3: CUVETTE -BASED VOLUME CALIBRATION

Another traditional approach to calibrate small volumes was td smill
cuvettes in a Plexiglas block and map the conductance measurecatbulevolume of
the chamber.

To perform this experiment, holes were drilled in a Plexiglaskbl The holes
were deep enough so that the entire catheter would submergmmgptetely. 7 different
holes were drilled. The diameters of the holes ranged form 2.7%mt&7 mm. These
holes were filled with saline solutions (two different expentaésolutions: 0.4 and 0.5
S/m). The catheter was submerged in each one of these holeshfaf ¢ae solutions (a
total of 7*3 = 21 measurements). Impedance magnitude was measuwtetetmine the

volume calibration constand.).

6.5STUDY 4: CHRONIC RAT STUDIES

This was the final objective of this dissertation. This was fiinse a chronic (24-
hour) study was performed to obtain admittance—derived volumes frori@asisfreely
moving rats in a cage.

Several factors/hurdles had to be surmounted to get this experinogkihgv
correctly. Battery life, weight of the backpack, the cathptacement surgery, wireless
transmission, the aggressive nature of rats, sleepless nigbtsngathe rat, and catheter
breakage (due to bends) are only a few of the challenges thatmetr during this
experiment. Six successful preps were obtained from these 24-hour chronic studies.

The following protocol was used for the 24-hour chronic studies.

a) Rats were anesthetized using an isoflurane container.

b) The body weight and sex were recorded.
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c) After the rats were placed on the surgical bench, the anesthes
maintained using isoflurane delivered via a respirator at aafaféd
breaths/min.

d) A 2-D echocardiogram was performed through a closed chesE(GG).

A short-axis M-mode picture was taken so that the LV EDV, LSWE
and SV can be determined from it. This served as the baselitiagstar
reference for the LV volume.

e) A small incision was made on the back of the rat. The catheieipassed
through this.

f) The rat was flipped on the back and the catheter was passed toenoid|i
the neck.

g) The carotid artery was exposed and the catheter was guided ihi@.tAe
tie in was made close to the neck incision.

h) The rat was flipped to make it lie face down. The rat was fit@ced in a
jacket (Guinea-pig jacket, Catalog # 620069, Harvard Apparatus,
Holliston, MA).

i) The complete backpack (with the lithium ion cell, circuit board &Xj
was placed in a bubble wrap and placed between the rat's body and the
jacket.

]) The jacket was then closed and umbilical tape was used to dbeure
backpack inside the jacket.

k) The rat was placed in a cage for anesthesia recovery.

[) Impedance magnitude, phase and pressure was measured, once every 2
minutes, using the backpack, transmitted wirelessly and the RX rtedve

and recorded the data on a laptop for 24 hours.
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m) The rat was monitored during the entire time with periodic mate food

p)

a)

y
s)

feeding. It was made sure that the rat would not attempt toveerine
backpack.

After 24 hours had elapsed, the rats were placed on the surgichl ben
anesthesia was maintained using isoflurane delivered vigpaatr at a

rate of 70 breaths/min.

A 2-D echocardiogram was performed through a closed chesE(G@).

A short-axis M-mode picture was taken so that the LV EDV, LSWE

and SV can be determined from it. This served as the end of the
experiment reference for the LV volume.

After the CC echo measurements, the chest was open via median
sternotomy.

4-5 cc. of blood was extracted from the LV using a 23-gauge enexdl
placed into a vial. This vial was placed in &@#vater bath. Using the
surface probe, admittance measurements were made to esthmate
electrical conductivity of blood.

Finally, the rat was euthanized. The body weight was re-measured.

The heart weight and LV weight were measured.

6.6 ANIMAL STUDIES

All experiments were approved by the IACUC (The Institutional AninaakGnd
Use Committee).

Fig. 6-1 is a picture of the rat placed on the experiment surgéeh. This
bench is temperature controlled (maintained 4€37Also pictured is the respirator that

has controlled flow of oxygen and isoflurane.
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Figure 6-1: Rat placed on the surgical bench

Fig. 6-2 shows the placement of the rat-sized epicardial sugaabe (using a
micro manipulator) on the open-chest LV. This was used for the ¢stmaf the
myocardial electrical properties measurement.

Fig. 6-3 shows the placement of the 2-D echo probe on top of theouitré gel
for the closed chest (CC) echo measurements. This 2-D echasedss the standard of

comparison for the closed chest admittance derived volumes (EDV, ESV and SV).
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Figure 6-2: Placement of the epicardial surface probe on the LV

Fig. 6-4 is the similar setup of 2-D echo for the open chest comslitThe saline
offset plastic bag can be seen in this picture into which the 2@ gobe was placed. In
addition to the flow meter, the OC echo provides a standard of caopaior the
admittance derived OC volumes.

Fig. 6-5 is the picture of the ultrasonic flow meter placed inageending aorta
for the measurement of aortic blood flow.

Fig. 6-6 and Fig. 6-7 are pictures of the process of putting a jaokethe rat for
the chronic studies. The backpack circuit was then placed in betwegckie and the
rat and secured using umbilical tape.

Fig. 6-8 and Fig. 6-9 are pictures of the rat in the cage takeanesthesia wore

off in the chronic studies. Not pictured is the laptop placed 4 feely ayathering
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impedance magnitude, phase and pressure data. The rats were mdoiter&dl-hour

period within this cage.

Figure 6-3: Placement of the 2-D echo probe for the closed chest (CC) echo
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Figure 6-5 Placement of the flow probe on the ascending aorta
73



Figure 6-7 Rat freely moving in cage during chronic study
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CHAPTER 7

Results and findings from animal studies

7.1STUDY 1: SURFACE PROBE STUDY

In this study, the electrical properties of the blood and myasardre measured.
Table 7-1 summarizes the details of the rats used for thig. dielle HW refers to the
heart weight and LVW refers to the LV weight. Table 7-2 samzes the results of the

estimates of the myocardial and blood electrical properties. pfbeedure for this

estimation is described in Chapter 2 and by Raghevah [6]

Weight | HW LVW

Rat# | Sex (9) (mg) (mg)
1 M 318 994 747

2 M 338 1001 780

3 M 325 1010 802

4 M 308 815 650
Mean 322 955 745
SD 12.6 93.6 67.1

Table 7-1: Details of rats used for Study 1

ou(S/M) | 6,(S/m) &
0.525 0.184 | 16670
0.581 0.164 | 17578
0.563 0.210 12538
0.558 0.190 13530
0.557 0.187 15079
0.023 0.019 2424

4 10 16
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Table 7-2: Myocardial and blood electrical properties: Results summary

In the above tablesy, is the blood electrical conductivity (S/m) ang, is the

myocardial electrical conductivity (S/m) andis the myocardial relative permittivity.

7.2 STUDY 2-A: CLOSED — CHEST (CC) 2D ECHO, ADMITTANCE , HYPERTONIC
SALINE , AND CUVETTE STUDIES

a)

b)

In this part of the study, CC LV volume is obtained using the
admittance technique (Wei's equation, Equation (2)). This will be
termed as “Admittance P-V SV Ad,.” volume.

Using previously established techniques, parallel conductangegG
estimated. In this technique, the end-systolic conductangg é&d

end — diastolic conductancedg} are determined during the hypertonic
saline administration. Assuming a linear relationship, the slope and
intercept of the equation describingdGnd Gs can be found. The G

Is then estimated as the conductance where it intersectsnéhefli
identity (Gep = Geg). The assumption being at this point, the complete
contribution to the signal arises from the myocardium [7].Was
estimated using the average of 2 different hypertonic saline
concentration (3% and 10 %) boluses. The calibration fagtir
obtained using the ratio of the derived stroke volume (using Baan’s
equation (1) with a first pass assumptiornof 1) to the actual stroke
volume (obtained using 2-D echo). Oneeand G are obtained,
volume is re-estimated using Baan’s equation (1). This will beeaer

as “Cond P-V SV Ad,.” volume.
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C) As a third measure of volume,and } (parallel volume) are obtained
from the cuvette experiment. A slight modification of Baan’s equati
(1) leads to the equation

aVolume+raVp = pL°G (5)
Thus, plotting pL?G on the Y —axis vs. Volume (cuvette

volume) on the X-axis, one can derive the(parallel volume) and..
Using this \y, and a and Baan’s equation (1), the cuvette — derived
volume is obtained. This will be termed as “Cuv. Der. Vol.”.

d) All the above derived volumes are compared to CC Echo (End diastolic
volume (EDV), End — systolic volume (ESV) and stroke volume (SV)).
The M-mode 2-D echo images were taken and the LV volume was
traced using software. Then the inside LV wall distances wsed to
obtain the estimates of ESV, EDV and SV. This was considerdgtas t
standard for comparison.

Table 7-3 summarizes the details of the rats used for thig @uod the follow-on

open-chest (OC) study).

Weight HW LVW

Rat# | Sex (9) (mQ) (mg) | Notation
1 M 278 765 643 Ex4, R1
2 M 272 802 628 Ex4, R2
3 M 214 811 688 Ex6, R1
4 M 235 770 590 Ex6, R2
5 M 232 735 545 Ex7, R1
6 M 257 806 640 Ex7, R2
7 M 235 711 568 Ex7, R3
8 M 247 747 594 Ex8, R2
9 M 315 944 736 Ex8, R3

Mean 254 788 626 Exper #
SD 30.6 67.7 59.9 Rat #
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Table 7-3: Details of rats used for Study #2 (acute studies)

Table 7 — 4 summarizes the estimation of Gp (parallel conductasiog) the two

different hypertonic saline (HS) concentrations (3% HS and 10% HS).

Gp (uS)
Expt | Rat | 3%-10% Avg  3%-10% SD

4 1 873 100

2 489 -
6 1 766 440
7 1 907 19.4

2 520 42.8

3 1022 32.2
8 2 589 427

Table 7-4: Hypertonic saline studies: Gp estimation

Cuvette based a and Vp estimation

3.00E-07
y = 0.3739x + 1E-07
R?=0.9799
2.50E-07 -
2.00E-07 -
< y = 0.4133x + 7E-08
o i R?=0.9708
£ 150E-07
=
[~%
1.00E-07 |
5.00E-08 -
0.00E+00 T T T T T T T T
0 5E-08 1E-07 15E-07 2E-07 25E-07 3E-07 3.5E-07 4E-07 4.5E-07

Cuvette volume (m3)

¢ 4000uS/cm = 5000uS/cm ——4000uS/cm — 5000uS/cm
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Figure 7-1: Slope-intercept basednd \, using cuvettes

Fig. 7-1 shows the graphs of cuvette based estimationaof \,. Two different

saline conductivity solutions were chosen (0.4 S/m and 0.5 S/m). The:famal \}, was

the average of the two estimates. Using the above graph andioBq(®) o was

estimated to be 0.394 and Vp was estimated asiR18
Table 7-5 is a summary of the 2-D echo EDV, ESV, SV and ejection fragin (

mean estimates and a comparison of this versus admittance, conduatah cuvette

based mean volume estimations.

Echo CC Echo CC

Conductance

Cuvette

Cuvette

EDV ESYV  Echo CC Echoe CC| Admi Admi Admi (HS) CC Conductance Conductance | Cuvette CCESV CCEF
Mean Mean SV Mean EF Mean| CC EDV CC ESV CC EF Mean | EDV Mean (HS) CCESV (HS) CCEF | CCEDV Mean Mean
(ul) (uL) (ul) (%) | Mean (uL)  Mean (uL) (%) (ull) Mean (uL)  Mean (%) |Mean (uL)  (uL) (%)
423 63.1 360 85.3 391 31 921 553 193 65.1 207 77.6 62.4
185 35.7 149 80.6 181 32 82.4 1510 1361 9.88 301 268 11.10
209 37.3 172 82.0 242 70 71.2 950 778 18.1 315 263 16.4
282 62.7 219 7.7 301 82 729 523 304 41.4 442 297 32.8
196 39.5 156 T9.9 274 118 57.0 630 474 250 342 248 274
149 30.4 118 79.8 233 117 350.3 227 109 52.0 383 229 40.4
254 45.8 208 81.8 301 93 69.2 611 403 34.1 251 146 42.0

Table 7-5: CC Head to head comparison: 2-D Echo vs admittance vs conductance (HS)

Figures 7-2 to 7-8 (total of N=7 rats) are represent&®ixeloops (only one loop

vs Cuvette derived mean volumes

shown for clarity). Table 7-5 estimates are based on the average of 4 such loops
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Expt 4 Rat #1: CC volume comparisons

Pressure (mmHg)
P N W b OO O N 00 ©
o O O o o o o o o o

-10
Volume (pL)
|[— Admittance P-V SV Adj. — Echo ESV  Echo EDV = Cond P-V SV Adj. — Cuv Der Vol

Figure 7-2: CC Volume comparisons-P-V Loop: Expt 4, Rat #1

Expt 4 Rat #2: CC volume comparisons
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|=— Admittance P-V SV Adj. ==Echo ESV  Echo EDV == Cond P-V SV Adj. — Cuv Der Vol

Figure 7-3: CC Volume comparisons-P-V Loop: Expt 4, Rat #2
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Expt 6 Rat #1: CC volume comparisons
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Figure 7-4: CC Volume comparisons-P-V Loop: Expt 6, Rat #1

Expt 7 Rat #1: CC volume comparisons
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Figure 7-5: CC Volume comparisons-P-V Loop: Expt 7, Rat #1
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Pressure (mmHg)

Expt 7 Rat #2: CC volume comparisons

Pressure (mmHg)

Volume (uL)

|— Admittance P-V SV Adj. —Echo ESV  Echo EDV = Cond P-V SV Adj. — Cuv Der Vol]

Figure 7-6: CC Volume comparisons-P-V Loop: Expt 7, Rat #2

Expt 7 Rat #3: CC volume comparisons
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Figure 7-7: CC Volume comparisons-P-V Loop: Expt 7, Rat #3

82



Expt 8 Rat #2: CC volume comparisons
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Figure 7-8: CC Volume comparisons-P-V Loop: Expt 7, Rat #3

Statistical tests were done on the means of the differelmhitpies. Specifically,
repeated ANOVA analysis (p=0.05) with three different post-hos (&stkey HSD, LSD

and Bonferroni) were performed. Table 7-6 shows the results of the statistigalsana

EDV ESV

Post-hoc method | Compare 1 Compare 2 P Post-hoc method | Compare 1 Compare 2 P
Tukey HSD 2-D Echo Admittance 0.992 Tukey HSD 2-D Echo Admittance 0.993
LsD 2-D Echo Admittance 0.785 LsD 2-D Echo Admittance 0.778

Bonferroni 2-D Echo Admittance 1 Bonferroni 2-D Echeo Admittance 1
Tukey HSD 2-D Echo |Conductance (HS)| 0.003 Tukey HSD 2-D Echo |Conductance (HS)| 0.003
LsD 2-D Echo |Conductance (HS)| 0.001 LSD 2-D Echo |Conductance (HS)| 0.001
Bonferromn 2-D Echo |Conductance (HS)| 0.003 Bonferroni 2-D Echo |Conductance (HS)| 0.003
Tukey HSD 2-D Echo Cuvette 0.906 Tukey HSD 2-D Echo Cuvette 0.47
LSD 2-D Echo Cuvette 0.506 LSD 2-D Echo Cuvette 0.154
Bonferroni 2-D Echo Cuvette 1 Bonferroni 2-D Echo Cuvette 0.926

Table 7-6: Repeated ANOVA analysis comparing EDV and ESV of 2-D Echo vs.
admittance vs. Conductance (HS) vs. Cuvette

83



It can be clearly seen that the Conductance (Hypertonic S@h8¢) based
approach was statistically different from 2-D echo (from thg l@v p (p<0.05) values),
both for EDV as well as for ESV.

However, for the cuvette based approach, the results are not tigiit&irevard.
Therefore, in order to make a better judgment on the cuvatte d separate statistical
analysis was performed. This time the 2-D echo data was cedpaly to admittance

and cuvette. Table 7-7 shows the results of the statistical analysis.

EDV ESV
Post-hoc method | Compare 1 Compare 2 p Post-hoc method | Compare 1 Compare 2 p
Tukey HSD 2-D Echo Admittance 0.736 Tukey HSD 2-D Echo Admittance 0.472
L5D 2-D Echo Admittance 0.461 LSD 2-D Echo Admittance 0.248
Bonferroni 2-D Echo Admittance 1 Bonferroni 2-D Echo Admittance 0.744
Tukey HSD 2-D Echo Cuvette 0.185 Tukey HSD 2-D Echo Cuvette <0.0001
LsD 2-D Echo Cuvette 0.082 LsD 2-D Echo Cuvette <0.0001
Bonferroni 2-D Echo Cuvette 0.247 Bonferroni 2-D Echo Cuvette <0.0001

Table 7-7: Repeated ANOVA analysis comparing EDV and ESV of 2-D Echo vs.
admittance vs. Cuvette
This test clearly shows that the Cuvette ESV means drstistdly different from
2-D echo (p<0.05). Also, the test shows that the Cuvette EDV has lmuwnbers than
the admittance counterpart. This indicates that the admittataeagrees more with the
2-D echo data than the cuvette derived volumes.
Both the tests prove that the admittance data is statistroatlglifferent from the

2-D echo data, both for EDV and ESV.

7.3STUDY 2-B: OPEN—CHEST (OC) ECHO, FLOW AND ADMITTANCE STUDIES

As a means to further solidify the concept of admittance anditttraty does
scale from mice to rats, 2-D echo was compared to admittanse, & a means to

validate 2-D echo itself as a standard of comparison, SV dstinfilmm 2-D echo was
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compared to SV estimated from flow meter, which is considereddny as the standard
for blood flow measurements. Table 7-8 summarizes the head tadmepadrison of OC
2-D echo SV measurement with OC flow SV measurement. The E€hd/€an is
calculated over an average of 3 heart cycles. The Flows@Gtimated from averaging
10 heart cycles. The results show that they differ from each othan average by about
15%. Here echo-flow mean refers to the mean SV estimated @Gmecho and OC

flowmeter. SD refers to standard deviation.

Echo OC Flow OC
SV Mean SV Mean | Echo-Flow Echo-Flow | SD %
(uL) (uL) Mean (uL)  SD (uL) | of mean
121 100 111 14.8 13.4
172 114 143 41.0 28.7
214 164 189 35.4 18.7
286 309 298 16.3 5.47
242 205 224 26.2 11.7
302 378 340 53.7 15.8
| Average 15.6

Table 7-8: Head to head comparison of OC echo SV vs. flow SV

Table 7-9 summarizes the 2-D OC Echo EDV, ESV and EF meandmagtamce

derived volume means.

Echo OC Echo OC Echo OC Echo OC | Admittance Admittance Admittance

EDV Mean ESV SV Mean EF Mean OC EDV OC ESYV  OC EF Mean
(ul) Mean (ul) (ul) (%0) Mean (ul.) DMean (ul) (%0)
148 26.8 121 81.8 210 89 57.6
197 25.0 172 87.3 219 47 78.5
235 21.0 214 90.9 271 37 79.1
305 18.8 286 93.8 380 94 73.7
276 33.7 242 87.8 300 38 80.7
331 27.6 302 91.3 331 29 91.2
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Table 7-9: Head to head comparison of OC echo volumes vs. OC admittance volumes

Figures 7-9 to 7-14 (total of N=6 rats) are representativelddips (only one loop

shown for clarity). Table 7-9 estimates are based on the average of 4 such loops.

Expt 6 Rat #1: OC volume comparisons

Pressure (mmHg)
N W b [ [©2 BN @ O
o O O o o o o o

=
o

o

0 50 100 150 200 250 300 350
Volume (uL)

|— Admittance P-V =——Echo ESV  Echo EDV|

Figure 7-9: OC Volume comparisons-P-V Loop: Expt 6, Rat #1
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Pressure (mmHg)

Expt 6 Rat #2: OC volume comparisons

Pressure (mmHg)
N W b O O N O ©
o O O O o o o o
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Volume (uL)

|—P-V —Echo ESV  Echo EDV|

Figure 7-10: OC Volume comparisons-P-V Loop: Expt 6, Rat #2

Expt 7 Rat #1: OC volume comparisons
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Figure 7-11: OC Volume comparisons-P-V Loop: Expt 7, Rat #1
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Pressure (mmHg)

Pressure (mmHg)

Expt 7 Rat #2: OC volume comparisons
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Figure 7-12: OC Volume comparisons-P-V Loop: Expt 7, Rat #2

Expt 8 Rat #2: OC volume comparisons
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Figure 7-13: OC Volume comparisons-P-V Loop: Expt 8, Rat #2
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Expt 8 Rat #3: OC volume comparisons
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Figure 7-14: OC Volume comparisons-P-V Loop: Expt 8, Rat #3

7.4STUDY 4: CHRONIC STUDIES

Table 7-10 is a summary of the details of the rats used in theictatudies (N=6
rats). The body weights shown are at the start of the exgetriend at the end of the

experiment (after 24 hours).

Weight Weight Weight HW Lvw

Rat# | Sex (9) 24h (@) loss (%) (mQg) (mg) Notation
1 M 201 180 10.4 692 480 Ex9, R3
2 M 208 197 5.29 645 a77 Ex10, R1
3 M 229 210 8.30 711 525 Ex10, R2
4 M 247 225 8.91 795 615 Ex11, R2
5 M 295 279 5.42 882 660 Ex11, R3
6 M 307 287 6.51 912 700 Ex11, R4

Mean 248 230 7.48 773 576 Exp #
SD 44.4 44.0 2.07 108 95.5 Rat #
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Table 7-10: Details of rats used for Study #4 (chronic studies)

Figures 7-15 to 7-20 are representative P-V loops obtained from thaichr
studies using the admittance techniques (N=6 rats). Each of the rat loops hdivideen
into 3 groups, based on a 24-hour time line scale. This was done to intpealarity of
the loops. P-V loops represented here are at Baseline (0 hours), 3, 618, 12,21 and
24 hours.

The 2-D echo ESV and EDV shown are taken at the beginning and the thied of
experiment. For calibration purposes, the echo SV taken at the begiohithe
experiment was used for the Baseline, 0, 3, 6, 9 and 12 hour loops. The etdi@S ¥4t
the end of the experiment was used for the 15, 18, 21 and 24 hour loops.

Loops look different in morphology, pressure etc., because these weigedbta
from a conscious rat in a cage, moving, crouching, eating, sleengamidst other

natural activities of a rat.
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Chronic PV Loops: 24 hour timeline - Expt 9, Rat 3
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Figure 7-15: Chronic Experiments — 3hr P-V Loops: Expt 9, Rat #3
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Chronic PV Loops: 24 hour timeline - Expt 10Rat 1
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Figure 7-16: Chronic Experiments — 3hr P-V Loops: Expt 10, Rat #1
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Chronic PV Loops: 24 hour timeline - Expt10Rat 2
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Figure 7-17: Chronic Experiments — 3hr P-V Loops: Expt 10, Rat #2
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Chronic PV Loops: 24 hour timeline - Expt 11 Rat 2
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Figure 7-18: Chronic Experiments — 3hr P-V Loops: Expt 11, Rat #2
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Chronic PV Loops: 24 hour timeline - Expt 11 Rat 3
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Figure 7-19: Chronic Experiments — 3hr P-V Loops: Expt 11, Rat #3
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Chronic PV Loops: 24 hour timeline - Expt11 Rat 4
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Figure 7-20: Chronic Experiments — 3hr P-V Loops: Expt 11, Rat #4
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CHAPTER 8

Discussions/Conclusions

8.1RE-REFER SPECIFIC AIMS

Chapter 1 highlighted the specific aims of this dissertation. Rerréader’s
convenience, it has been repeated here.

Specific Aim 1. Design and build instrumentation capable of measuring
impedance magnitude, phase and pressure with low power and low reseament
should be interfacable with a tetrapolar LV catheter.

Specific Aim 2: Design and build a backpack complete with above low power
instrument, low power microcontroller, low power transmitter ankliuiih ion cell.
Measure, sample and transmit data wirelessly to a recaaeby Receiver collects data
and post-processes it to obtain pressure, admittance magnitude andgihagkich will
later be converted to volume. The backpack must sample at a sarnptingncy of
fs=100 Hz and transmit at least 5 heart cycles of datey @ minutes. The battery must
last at least 24 hours.

Specific Aim 3: Perform chronic LV P-V studies on rats. Rats must be concious
and freely moving in a cage. Rats should have the tetrapolar thétea surgically
placed into their LV and must be devoid of anesthesia (fully concidusihg the

experiment.

8.2INNOVATIONS /FINDINGS

This dissertation explored new techniques in the field of LV P-\Wyaisa Here

are some of the innovations/findings:
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1) For the first time, a wireless telemetry device was daesigand built
capable of measuring impedance magnitude, phase and pressure. Using
this device, LV volume was estimated using the admittance technique
from concious, ambulatory rats moving freely in a cage.

2) As far as | know, this was the first time an open chest 2 evas
performed on rats. This provided a way to validate the echo’ss8\g
SV standards such as ultrasonic flowmeter. In turn, the echaseas
to validate the admittance based volume measurements.

3) This study further validates the fact that admittance doale $om
mice to rats. Rat based studies were used to obtain admittasee ba
volumes in the LV and were validated against standards such as 2-D
echo.

4) In the acute studies, the conductance method of estimating volume
(using hypertonic saline calibration for parallel conductance) was
statistically different from the 2-D echo obtained both at ESM
EDV.

5) The cuvette based volume estimations were not statisticaflyretit
from the 2-D echo at EDV, while the ESV estimations wertssitally
different from the 2-D echo.

6) The admittance derived volumes were statistically not diffeiremb

the 2-D echo volumes both at ESV and at EDV.

8.3FUTURE WORK

While the surface mounted PCB design laid the foundation for a proohoépt

for wireless telemetry studies, a system on a chip (SO@)tkae impedance and pressure
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measurement system in it would prove much more useful. This work dedesmme
ideas for the building of the SOC. This would greatly reduce tlee(area/volume) and
the weight of the backpack. Ideally, the circuit could go underneag¢h skin

(subcutaneous), right behind the neck. A lighter backpack would also endutteetiat

would be able to stand up and reach for water as they would noxoalljhe rats lost an
average of 7.5% of their body weight during the course of a 24-hour study.

Also, in parallel, a backpack device could be built and used to perfome sal
calibration periodically (during the course of the study). This wardure that the
estimation of volumes would be more accurate.

The current active current (ON current) of the entire backpackit was about
42 mA and the standby current (OFF current) was about 22 mA. Seefal gdanning

could further reduce the OFF current, thereby, increasing the longevity luditieey.

8.4CONCLUSIONS

Rats were studied in both acute and chronic studies for LV Rivia®ons. The
acute studies compared admittance derived volumes with standardassidbd echo in
both closed — chest (CC) and open-chest (OC) conditions. Also, admitizrmoed
volumes were compared against previously established techniqueassaohductance
techniques (with hypertonic saline calibration) and cuvette-bast@uations. Also, OC
SV was compared from two different techniques — 2-D echo vs. ultrafonimeter. In
the chronic studies, admittance derived volumes were obtained froslessly
transmitted data from concious, ambulatory rats freely movinigein tages for a period

of 24 hours each.
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APPENDIX A

The following code was used in the transmitter (TX). It samghies3 ADC

channels (impedance magnitude, phase and pressure) at a samplioffyat 100 Hz

every 2 seconds. This code was obtained by modifying the Tl Demp430-RF2500

Temperature Sensor End Device v1.02, written by L. Westlund, Tegasirhents Inc.,

Nov 2007.

Two different timers are used to achieve the timing. Timerl8R wakes up the

microcontroller every 2 minutes. At this point, all the flag® reset and the ADC

enabled. Also the enable bit (Port 4, Bit3) is set to high. This eb#hie connected to

the enable pin of the regulator which powers the backpack instrunoent@itmer B’s

ISR samples the three channels of the ADC, in a sequential fa3lmoer B is set at

0.01s which translates to a sampling rate of 100 Hz.

#include "bsp.h"
#include "mrfi.h"
#include "nwk_types.h"
#include "nwk_api.h"
#include "bsp_leds.h"
#include "bsp_buttons.h"
#include "vlo_rand.h"

HitIIFunction prototypes//iiiiiii

void linkTo(void);
void MCU_Init(void);
void createRandomAddress();

T

[ IFactory settings/HHHTHTHTTTHTITNIT

/I Temperature offset set at production
__ho_linit volatile int tempOffset @ 0x10F4;

/I Flash address set randomly

__ho_init volatile char Flash_Addr[4] @ 0x10FO;
o
Hiiniisemaphores/iiniiiiig
//IsSendData is set when data is ready to be TX
static uint8_t sSendData=0;

/IsWakeUpSem is set to wake up end device (ED or TX) every 120 seconds
static uint8_t sWakeUpSem=1,
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/IsSamplesReqReached is set when the reqd # of samples has been collected
static uint8_t sSamplesReqReached=0;

/IsMultipleOf40sec is the multiplication factor multiplied to the 40sec which
/lbrings up the waking up interrupt into the minutes range (currently 2 minutes)
static uint8_t sMultipleOf40sec=0;

T T T
M Data and data pointers//IHHHHHTT

/13 "int" data sampled from ADC (Mag, Phs and Pre). Only 10 bits are filled
/lout of the 16 bits because it is a 10-bit ADC

int JAADCSamples[3]={0,0,0};

/IRead and Write pointers to access the data

int *pReadPtr, *pWritePtr;

//Data converted to bytes, ready to TX

uint8_t dTXMsg[6];

M
M Other variables//HHTHTHTHTTIIIIIIT

/l# of samples collected
int cSamplesCollected=0;
/ILink ID for the ED (TX)
linkID_t linkID1;

T T T
void main (void)
addr_t IAddr;

/IPoint both the read and write pointers to the first ADC Sample
pReadPtr=&dADCSamples[0];
pWritePtr=&dADCSamples|0];

WDTCTL = WDTPW + WDTHOLD; /I Stop WDT

{
/I delay loop to ensure proper startup before SimpliciTl increases DCO
/I This is typically tailored to the power supply used, and in this case
I is overkill for safety due to wide distribution.
volatile int i;
for(i = 0; i < OXFFFF; i++){}

}
if CALBC1_8MHZ == OxFF) // Do not run if cal values are erased

volatile int i;
P1DIR |= 0x03;
while(1)
{
for(i = 0; i < OXSFFF; i++){}
}
}
/I SimpliciTI will change port pin settings as well
P1DIR = OxFF;
P1OUT = 0x00;
P2DIR = 0x27;
P20UT = 0x00;
P3DIR = 0xCO;
P30UT = 0x00;

P4DIR = OxFF;
P40OUT = 0x08; //Enable bit set high to power ON the backpack

BSP_Init();
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if( Flash_Addr[0] == OxFF &&
Flash_Addr[1] == OXFF &&
Flash_Addr[2] == OXFF &&
Flash_Addr[3] == OxFF )

createRandomAddress(); I/l set Random device address at initial startup

}

|IAddr.addr[0]=Flash_Addr[0];

IAddr.addr[1]=Flash_Addr[1];

|IAddr.addr[2]=Flash_Addr[2];

IAddr.addr[3]=Flash_Addr[3];

SMPL_loctl(IOCTL_OBJ_ADDR, IOCTL_ACT_SET, &IAddr);

BCSCTL1 = CALBC1_8MHZ; /I Set DCO after random function
DCOCTL = CALDCO_8MHZ;

BCSCTL3 |= LFXT1S_2; /I LFXT1 =VLO

TACCTLO = CCIE; /| TACCRO interrupt enabled

TACCRO = 60000; /I ~5 seconds

TACTL = TASSEL_1 + MC_1+ID_3; /I ACLK, upmode; ID_3 makes it
/1 5*8=40 seconds

TBCCTLO = CCIE; /l TBCCRO interrupt enabled

TBCCRO = 120; //0.01s = 10msec -> fs=100 Hz

TBCTL = TBSSEL_1 + MC_1,; /I ACLK, upmode

ADC10AEO |= 0x07; /I Configure multiplexed pin to

// to Analog IN

/I Set sample and hold time, turn on the ADC, enable ADC interrupts
ADC10CTLO = ADC10SHT_3 + ADC100N + ADC10IE;

/l keep trying to join until successful.
while (SMPL_NO_JOIN == SMPL_Init((uint8_t (*)(linklD_t))0))

{
__bis_SR_register(LPM3_bits + GIE); // LPM3 with interrupts enabled
}

/I unconditional link to AP which is listening due to successful join.
linkTo();
}

void createRandomAddress()

unsigned int rand, rand2;
do

{
rand = TI_getRandomintegerFromVLO(); // first byte can not be 0x00 of OxFF

}
while( (rand & 0xFF00)==0xFFO0O0 || (rand & 0xFF00)==0x0000 );
rand2 = Tl_getRandomIntegerFromVLO();

BCSCTL1 = CALBC1_1MHZ; /I Set DCO to 1MHz

DCOCTL = CALDCO_1MHZ;

FCTL2 = FWKEY + FSSELO + FN1; /l MCLK/3 for Flash Timing Generator
FCTL3 = FWKEY + LOCKA; /I Clear LOCK & LOCKA bits

FCTL1 = FWKEY + WRT; /I Set WRT bit for write operation

Flash_Addr[0]=(rand>>8) & OxFF;
Flash_Addr[1]=rand & OxFF;
Flash_Addr[2]=(rand2>>8) & OxFF;
Flash_Addr[3]=rand2 & OxFF;

FCTL1 = FWKEY; /I Clear WRT bit
FCTL3 = FWKEY + LOCKA + LOCK; /I Set LOCK & LOCKA bit
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void linkTo()

I/l keep trying to link...
while (SMPL_SUCCESS != SMPL_Link(&linklD1))

{
__bis_SR_register(LPM3_bits + GIE); // LPM3 with interrupts enabled

llInfinite loop (foreground task)
while (1)

//When device is "awake" and it is ready to send data (TX)
if(sWakeUpSem==1 && sSendData==1)

SMPL_loctl( IOCTL_OBJ_RADIO, IOCTL_ACT_RADIO_SLEEP, " );
__his_SR_register(LPM3_bits+GIE);  // LPM3 with interrupts enabled

SMPL_loctl( IOCTL_OBJ_RADIO, IOCTL_ACT_RADIO_AWAKE, ");

/[Create data packets
dTXMsg[0] = (*pReadPtr) & OXFF;
dTXMsg[1] = ((*pReadPtr)>>8) & 0xFF;pReadPtr+=sizeof(int);

dTXMsg[2] = (*pReadPtr) & OxFF;
dTXMsg[3] = ((*pReadPtr)>>8) & OxFF;pReadPtr+=sizeof(int);

dTXMsg[4] = (*pReadPtr) & OxFF;
dTXMsg[5] = ((*pReadPtr)>>8) & OxFF;

/I Transmit!!
while (SMPL_SUCCESS != SMPL_Send(linkID1, dTXMsg, sizeof(dTXMsg)));

/INow, point read pointer back to begining of data set.

/IAlso reset sSendData to as ACK that the data has been sent and we are
/Iready for the next set of ADC samples.
pReadPtr=&dADCSamples[0];sSendData=0;

//Once we have enough samples, stop collecting!
if(cSamplesCollected++ == 600)

sSamplesReqReached=1;
sWakeUpSem=0;
ADC10CTLO &= ~ADC100N; /I turn off A/D to save power
PADIR = OxF7; PAOUT = 0x00; // Reset Enable bit to turn OFF bkpk power
}
}
}
}

/*
* ADC10 interrupt service routine

*/
#pragma vector=ADC10_VECTOR
interrupt void ADC10_ISR(void)

__bic_SR_register_on_exit(CPUOFF); /I Clear CPUOFF bit from O(SR)

—

*

* Timer AO interrupt service routine

~

*/
#pragma vector=TIMERAO_VECTOR
__interrupt void Timer_A (void)
__bic_SR_register_on_exit(LPM3_hits); /I Clear LPM3 bit from 0(SR)
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sMultipleOf40sec++;

//Wakeup system every 40*3=120 seconds. Reset all flags
/[Enable ADC and set the enable flag to turn ON the backpack power
if(sMultipleOf40sec==3)

sMultipleOf40sec=0;
sWakeUpSem=1;sSamplesReqReached=0;sSendData=0;cSamplesCollected=0;
ADC10CTLO = ADC10SHT_3 + ADC100N + ADC10IE;
P4DIR = OxFF; P4OUT = 0x08;
}
}

/*
* Timer BO interrupt service routine

*

#pragma vector=TIMERBO_VECTOR
__interrupt void Timer_B (void)

/ICheck if the device is "awake"
if(sWakeUpSem==1)

__bic_SR_register_on_exit(LPM3_bits); // Clear LPM3 bit from 0(SR)

//IOnce the device is "awake" and we need more samples and the device is
/Inot currently TX data, then reset Write pointer and sample all 3 channels
if(sSamplesRegReached==0 && sSendData==0)

pWritePtr=&dADCSamples[0];

ADC10CTL1 = INCH_2;

ADC10CTLO |= ENC + ADC10SC; /l Sampling and conversion start
__bis_SR_register(CPUOFF + GIE);  // LPMO with interrupts enabled
*pWritePtr=ADC10MEM;pWritePtr+=sizeof(int);

ADC10CTLO &= ~ENC; /I End sampling

ADC10CTL1 = INCH_1,

ADC10CTLO |= ENC + ADC10SC; /l Sampling and conversion start
__bis_SR_register(CPUOFF + GIE);  // LPMO with interrupts enabled
*pWritePtr=ADC10MEM;pWritePtr+=sizeof(int);

ADC10CTLO &= ~ENC; /I End sampling

ADC10CTL1 = INCH_O0;

ADC10CTLO |= ENC + ADC10SC; /l Sampling and conversion start
__bis_SR_register(CPUOFF + GIE);  // LPMO with interrupts enabled
*pWritePtr=ADC10MEM;

ADC10CTLO &= ~ENC; /I End sampling

//Once sampled, it is ready to be TX
sSendData=1;
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APPENDIX B

The following code was used in the receiver (RX). It collects3tlehannels of
data (from each packet of data) and transmits this as a s&iring output through the
Serial Interface. This code was obtained by modifying th®dimo - ez430-RF2500
Temperature Sensor Access Point v1.02, written by L. Westlund, Trestaaments Inc.,

Nov 2007.

#include "bsp.h"
#include "mrfi.h"
#include "bsp_leds.h"
#include "bsp_buttons.h"
#include "nwk_types.h"
#include "nwk_api.h"
#include "nwk_frame.h"
#include "nwk.h"

#include "msp430x22x4.h"
#include "vlo_rand.h"

/IDefine the message length in bytes
#define MESSAGE_LENGTH 6

HiiiIFunction prototypes//iiiiiiii

void TXString( char* string, int length );

void MCU_Init(void);

void transmitData(int addr, signed char rssi, char msg[MESSAGE_LENGTH]);
void transmitDataString(char addr[4],char rssi[3], char msg[MESSAGE_LENGTH]);
void createRandomAddress();

M

//data for terminal output
const char splash[] = {"\r\n

\nn ***\r\n el €Z430-RF2500\r\n Fkddk (ke
Temperature  Sensor  Network\r\n****¥¥xx [f] ik Copyright  2007\r\n
Frrxxx| | Texas Instruments Incorporated\r\n ** xxx(C ek A

rights reserved.\r\n Fkkkkkkkok Version 1.02\r\n *xxxx\r\n

***\r\n \r\n"};

HiiiFactory settings/Hi

/I Temperature offset set at production
__no_linit volatile int tempOffset @ 0x10F4;

/I Flash address set randomly

__no_init volatile char Flash_Addr[4] @ Ox10FO;

Il reserve space for the maximum possible peer Link IDs
static linkiD_t sLID[INUM_CONNECTIONS];
static uint8_t sNumCurrentPeers;

/I callback handler
static uint8_t sCB(linkID_t);
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/I work loop semaphores

static uint8_t sPeerFrameSem;
static uint8_t sJoinSem;

static uint8_t sSelfMeasureSem;

/I mode data verbose = default, deg F = default
char verboseMode = 0;

char degCMode = 0;

char junk[6]={1,2,3,4,5,6};
T

void main (void)

addr_t IAddr;
bsplState_t intState;

WDTCTL = WDTPW + WDTHOLD; /I Stop WDT

/I delay loop to ensure proper startup before SimpliciTl increases DCO
/I This is typically tailored to the power supply used, and in this case
/I is overkill for safety due to wide distribution.

volatile int i;

for(i = 0; i < OXFFFF; i++){}

}
if CALBC1_8MHZ == OxFF ) /I Do not run if cal values are erased

volatile int i;
P1DIR |= 0x03;

while(1)
for(i = 0; i < OXSFFF; i++){}
}}
/lInitialize BSP
BSP_Init();

if( Flash_Addr[0] == OXFF &&
Flash_Addr[1] == OXFF &&
Flash_Addr[2] == OXFF &&
Flash_Addr[3] == OxFF )

createRandomAddress();  // set Random device address at initial startup

}

IAddr.addr[0]=Flash_Addr[0];

|IAddr.addr[1]=Flash_Addr[1];

IAddr.addr[2]=Flash_Addr[2];

|IAddr.addr[3]=Flash_Addr[3];
SMPL_loctl(IOCTL_OBJ_ADDR, IOCTL_ACT_SET, &lAddr);

lnitialize MCU

MCU_Init();

/[Transmit splash screen and network init notification
TXString( (char*)splash, sizeof splash);

TXString( "\\ninitializing Network....", 26 );

/lInitialize network
SMPL_Init(sCB);

/I network initialized
TXString( "Done\r\n", 6);

/I main work loop
while (1)
{
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/I Wait for the Join semaphore to be set by the receipt of a Join frame from a
// device that supports and End Device.
if (sJoinSem && (sNumCurrentPeers < NUM_CONNECTIONS))

/I listen for a new connection
SMPL_LinkListen(&sLID[sNumCurrentPeers]);
sNumCurrentPeers++;
BSP_ENTER_CRITICAL_SECTION(intState);
if (sJoinSem)

sJoinSem--;

}
BSP_EXIT_CRITICAL_SECTION(intState);
}

/I Approximate one second marker
if(sSelfMeasureSem)

sSelfMeasureSem = 0;
/ItransmitData( 0,0,junk );

/I Have we received a frame on one of the ED connections?
/I No critical section -- it doesn't really matter much if we miss a poll
if (sPeerFrameSem)

{
uint8_t  msg[MAX_APP_PAYLOAD], len, i

Il process all frames waiting
for (i=0; ix<sNumCurrentPeers; ++i)

{
if (SMPL_Receive(sLID[i], msg, &len) == SMPL_SUCCESS)

ioctlRadioSiginfo_t siglnfo;

sigInfo.lid = sLIDJi];
SMPL_loctl(IOCTL_OBJ_RADIO,IOCTL_ACT_RADIO_SIGINFO, (void *)&sigInfo);
transmitData( i, (signed char)siginfo.siginfo[0], (char*)msg );
BSP_ENTER_CRITICAL_SECTION(intState);

sPeerFrameSem--;

BSP_EXIT_CRITICAL_SECTION(intState);

*/

void createRandomAddress()

unsigned int rand, rand2;
do

{

/I first byte can not be 0x00 of OxFF

rand = Tl_getRandomintegerFromVLO();
} while( (rand & OxFF00)==0xFFO00 || (rand & 0xFF00)==0x0000 );
rand2 = Tl_getRandomIntegerFromVLO();

BCSCTL1 = CALBC1_1MHZ; /I Set DCO to 1MHz

DCOCTL = CALDCO_1MHZ;

FCTL2 = FWKEY + FSSELO + FN1; /l MCLK/3 for Flash Timing Generator
FCTL3 = FWKEY + LOCKA; /I Clear LOCK & LOCKA bits

FCTL1 = FWKEY + WRT; /I Set WRT bit for write operation
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Flash_Addr[0]=(rand>>8) & OxFF;
Flash_Addr[1]=rand & OxFF;
Flash_Addr[2]=(rand2>>8) & OxFF;
Flash_Addr[3]=rand2 & OxFF;

FCTL1 = FWKEY; /I Clear WRT bit
FCTL3 = FWKEY + LOCKA + LOCK; /I Set LOCK & LOCKA bit

}
/*

*

*/
void transmitData(int addr, signed char rssi, char msg[MESSAGE_LENGTH])

{
char addrString[4];
char rssiString[3];
volatile signed int rssi_int;

addrString[0] ='0";

addrString[1] ='0";

addrString[2] = '0'+(((addr+1)/10)%10);
addrString[3] = '0'+((addr+1)%10);
rssi_int = (signed int) rssi;

rssi_int = rssi_int+128;

rssi_int = (rssi_int*100)/256;
rssiString[0] = '0'+(rssi_int%10);
rssiString[1] = '0'+((rssi_int/10)%10);
rssiString[2] = '0'+((rssi_int/100)%10);

transmitDataString( addrString, rssiString, msg );
}

/*

*

*

void transmitDataString(char addr[4],char rssi[3], char msg[MESSAGE_LENGTH] )

{
char output[]={"\r\n3210,3210,3210"};
int datal,data2,data3,temp;
char out[4];

datal= msg[0] + (msg[1]<<8);
data2= msg[2] + (msg[3]<<8);
data3= msg[4] + (msg[5]<<8);

temp=(datal/1000);
out[3]='0'+temp;
datal=datal-(temp*1000);
temp=(datal/100);
out[2]='0"+temp;
datal=datal-(temp*100);
temp=(datal/10);
out[1]='0'+temp;
out[0]='0'+(datal-(temp*10));

output[2]=out[3];
output[3]=out[2];
output[4]=out[1];
output[5]=out[0];

temp=(data2/1000);
out[3]='0"+temp;
data2=data2-(temp*1000);
temp=(data2/100);
out[2]='0'+temp;
data2=data2-(temp*100);
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temp=(data2/10);
out[1]='0'+temp;
out[0]='0'+(data2-(temp*10));

output[7]=out[3];
output[8]=out[2];
output[9]=out[1];
output[10]=out[0];

temp=(data3/1000);
out[3]='0"+temp;
data3=data3-(temp*1000);
temp=(data3/100);
out[2]='0"+temp;
data3=data3-(temp*100);
temp=(data3/10);
out[1]='0'+temp;
out[0]='0'+(data3-(temp*10));

output[12]=out[3];
output[13]=out[2];
output[14]=out[1];
output[15]=out[0];

TXString(output, sizeof output);

/*

*

*/

void TXString( char* string, int length )
{

int pointer;
for( pointer = 0; pointer < length; pointer++)
volatile int i;
UCAOTXBUF = string[pointer];
while (/(IFG2&UCAOQOTXIFG)); /I USCI_AO TX buffer ready?

}
/*

*

*/
void MCU_Init()

BCSCTL1 = CALBC1_8MHZ; /l Set DCO

DCOCTL = CALDCO_8MHZ;

BCSCTL3 |= LFXT1S_2; /I LFXT1 =VLO
TACCTLO = CCIE; /| TACCRO interrupt enabled
TACCRO = 12000; /I ~ 1 second

TACTL = TASSEL_1 + MC_1; /I ACLK, upmode.
P3SEL |= 0x30; // P3.4,5 = USCI_AO0 TXD/RXD
UCAOCTL1 = UCSSEL_2; /I SMCLK

UCAOBRO = 0x41; // 9600 from 8Mhz

UCAOBR1 = 0x3;
UCAOMCTL = UCBRS_2;

UCAOCTL1 &= ~UCSWRST; /I **Initialize USCI state machine**
IE2 |= UCAORXIE; // Enable USCI_AO RX interrupt
__enable_interrupt();

}

/*
* Runs in ISR context. Reading the frame should be done in the
* application thread not in the ISR thread.

*/
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static uint8_t sCB(linkID_t lid)
{ if (lid)
sPeerFrameSem-++;
else
sJoinSem++;

}
/l leave frame to be read by application.
return O;

}
/*
* ADC10 interrupt service routine

*

#pragma vector=ADC10_VECTOR
interrupt void ADC10_ISR(void)

__bic_SR_register_on_exit(CPUOFF); /I Clear CPUOFF bit from O(SR)

—

*

* Timer AOQ interrupt service routine

~

*/

#pragma vector=TIMERAO_VECTOR
__interrupt void Timer_A (void)

~

sSelfMeasureSem = 1;

—

/*

* USCIA interrupt service routine

*/

#pragma vector=USCIABORX_VECTOR
__interrupt void USCIORX_ISR(void)

char rx = UCAORXBUF;
if(rx=="V'"|[rx=="")

verboseMode = 1,

}else if (rx=="M"||rx=="m")
verboseMode = 0;

}else if (rx=="F"||rx=="f)
degCMode = 0;

}else if (rx=="C"||rx=="c")

degCMode = 1;
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