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Abstract

This work presents a wearable congestive heart failure (CHF) monitor at the ear that
uses the ballistocardiogram (BCG), electrocardiogram (ECG), and photoplethysmo-
gram (PPG) to extract mean blood pressure up the Carotid Artery.

Being a natural anchoring point, the ear is demonstrated as a viable location for
the integrated sensing of physiological signals. The BCG is obtained with an ac-
celerometer, the ECG is taken in a single lead configuration, with one electrode at
the mastoid and one on the back of the neck, and the PPG is measured by reflecting
light off of the mastoid region above Reid’s baseline. When the BCG and PPG are
used together, a time delay of the blood pulse wave can be obtained, known as the
pulse transit time (PTT), from a single site of measurement.

The ear-worn device is wirelessly connected to a computer for real-time data
recording. A clinical test involving hemodynamic maneuvers is performed on 15 sub-
jects. The results demonstrate a linear relationship between mean blood pressure and
In(557). Using amplitude information from the BCG signal allows for improving the
accuracy of the PTT-to-BP algorithm without additional sensors.

While the clinical device uses commercial components, a custom integrated cir-
cuit for reflectance-mode PPG is designed with the goal of removing static and time-
varying interferers while minimizing power consumption and device size. The chip
nominally consumes 425uWW and only requires LEDs and photodiodes to operate,
replacing 7 chips and a MATLAB program compared to the discrete version. The
circuit architecture leverages analog and digital techniques to remove up to 100uA of
static interferers and attenuate time-varying interferers by 87dB.

Thesis Supervisor: Charles G. Sodini
Title: Lebel Professor of Electrical Engineering

Department of Electrical Engineering and Computer Science
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Chapter 1

Introduction

1.1 Congestive Heart Failure Monitoring

Congestive heart failure (CHF) occurs when the heart is unable to pump enough blood
to meet the metabolic oxygen demand of the body [1]. Symptoms include shortness of
breath (dyspnea), buildup of excess fluid in the body (edema), fatigue, and increased
heart rate, among others [2]. Currently, an estimated 5.1 million Americans > 20
years of age have heart failure, and by 2030, that number is expected to rise to > 8
million [3]. This work, combined with the work done by my lab partner David He [4],
focuses on the continuous and wearable measurement of blood pressure (BP), heart
rate (HR), stroke volume (SV) and pre-ejection period (PEP), all of which are useful
indicators for heart failure disease management.

High blood pressure (hypertension) causes the heart to work harder as a pump,
which is why 75% of all CHF cases have antecedent hypertension [3]. Patients di-
agnosed with CHF often monitor their blood pressure at home to ensure they are
not unduly increasing the work load on their heart. Hypertension can exacerbate
symptoms from CHF, leading to hospitalization until their condition has re-stabilized.
Medications such as diuretics, beta-blockers, and vasodilators, as well as a low sodium
diet are used to maintain low blood pressure in CHF patients [5].

The PEP, which is the electromechanical delay of the heart, is also affected by

CHF. When the heart muscle weakens, it takes longer to generate the internal force
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necessary to push blood into the aorta, thus, the PEP elongates [6]. This extra time
delay also affects SV, which requires strong heart muscle to push out a lot of blood
per beat. To compensate for a decrease in SV, the heart rate increases to maintain
a constant flow of blood to the body. To improve the PEP and SV, doctors may
prescribe a digitalis to increase the heart muscle strength, also known as contractility
[7].

Monitoring hemodynamic parameters such as BP, SV, HR, and PEP can help
physicians intervene before a CHF patient requires hospitalization [8] [9]. There-
fore, a non-invasive, and wearable prototype for proof-of-concept CHF monitoring is

proposed in this thesis.

1.2 CHF Monitoring on the Body

This work presents a wearable CHF monitor at the ear (Figure 1-1). The ear has been
chosen for both mechanical and physiological reasons. Mechanically, the mastoid re-
gion behind the ear is rigid, which reduces motion artifacts compared to other areas
such as the finger or wrist. The ear location is also discreet as a small device can be
hidden by the ear or hair. The ear is also a natural anchor that has been exploited
for many years, as is evidenced by hearing aids and BlueTooth headsets [10].

Physiologically, several measurements can be obtained from the site around the
ear. These include a mechanical signal (the ballistocardiogram, BCG), an electrical
signal (the electrocardiogram, ECG), and an optical signal (the photoplethysmogram,
PPG@G). These signals allow the measurement of mean blood pressure, heart rate, stroke
volume, pre-ejection period and blood oxygenation.

Although the work presented in this thesis is from the ear, other sites may be even
better suited for CHF monitoring. For example, the blood pressure measurement ob-
tained from the ear is a measurement up the carotid artery, which is different than the
pressure taken by a physician at the arm. Other possible sites for discreet, continuous

CHF monitoring could be a strap around the upper arm, or sensors embedded into

26



Figure 1-1: The site behind the ear proposed as a wearable CHF monitor

the elastic band of underwear. All three sites, including the ear are usually in the
same vertical orientation relative to heart level, which reduces the need for continuous

hydrostatic calibrations for cuffless blood pressure calculations [11]

1.3 Aims of Thesis Work

The research presented in this thesis has the following five aims:

e To achieve PPG measurements at the head with an ear-worn device in a clinical

setting.

e To investigate the relationship between pulse transit time (PTT) and blood
pressure up the carotid artery using the head PPG and head BCG from a single

site of measurement.

e To explore the use of heart rate and stroke volume measurements from the

wearable device to improve the accuracy of the PTT to BP algorithm.

e To create an algorithm which can remove time-varying and static interferers

from a PPG signal chain in a low power manner.
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e To create a PPG system on chip (SoC) which includes algorithms for time-
varying and static interferer removal while optimizing power consumption and

minimizing the total area required for a PPG front end.

1.4 Thesis Organization

This thesis is organized into the following chapters:

e Chapter 2 introduces the physiologic origins of the BCG, ECG, and PPG. Mea-
surement modalities ranging from historical apparatus to modern methods are
examined. Basic visual comparisons of the head BCG, ECG and PPG are shown
compared to traditional waveforms. A theoretical derivation of how two PPGs
can be used to calculate blood oxygenation is explained. Finally, three different
timing intervals, the RJ interval, PTT, and pulse arrival time (PAT), and their

clinical relevance are introduced.

e Chapter 3 describes the classification of blood pressure values and several meth-
ods to obtain blood pressure non-invasively. The relationship between PTT and
blood pressure is derived using fluid dynamics. Accuracy improvements for this
relationship using signals available from the wearable CHF monitor are also

discussed.

e Chapter 4 describes the clinical prototype of the wearable CHF monitor that
measures the BCG, ECG and PPG. The device’s hardware, firmware and soft-
ware are discussed. A clinical test is conducted at MIT using the wearable heart
monitor and reference measurement equipment. The data allows the character-
ization of the head PPG morphology across different subjects. Using the data,
the devices measurements of PTT up the carotid artery are evaluated. Al-
gorithm improvements using BCG at the ear and PPG at the finger are also

explored.

e Chapter 5 presents a static interferer removal architecture for the PPG SoC.

This architecture allows for an increase in dynamic range while maintaining a
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low-voltage and high gain of the front end. A time-varying interferer removal
algorithm is also derived. Fundamental and harmonic frequencies from office
lighting are shown to be rejected. Both architectures are compared to previous

works.

Chapter 6 presents a low-power PPG SoC with static and time-varying interferer
removal. The goal of the PPG SoC is to directly replace the discrete PPG
circuit components in the wearable CHF monitor while consuming significantly
less power and area. This goal is realized with a novel system architecture which
leverages both analog and digital techniques. The low power circuit design of
each circuit block, the electrical characterization, and PPG measurement results

are discussed.

Finally, Chapter 7 concludes the work with a summary of contributions and

items for future work.
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Chapter 2

Physiological Signals at the Ear

This chapter begins with describing the three physiological signals measured by the
wearable CHF monitor. The first signal is mechanical and called the ballistocardio-
gram (BCG). The second is an electrical signal called the electrocardiogram (ECG)
and the third is an optical signal called the photoplethysmogram (PPG). Each signal
is described in detail, and traditional measurement methods are compared to those
used by the wearable CHF monitor. Three timing intervals, the RJ interval (RJI),
pulse transit time (PTT), and pulse arrival time (PAT), which are obtained through
combining information from the BCG, ECG, and PPG are also introduced. Finally,

their clinical relevance is explained.

2.1 The Head Ballistocardiogram (BCG)

2.1.1 Traditional BCG

The ballistocardiogram (BCG) is a mechanical signal manifested by the acceleration
of blood around the vasculature [12]. The phenomena is an application of Newton’s
second and third laws. Newton’s second law: ' = ma, where F' is the force exerted
on the body by the blood, m is the mass of blood, and a is the acceleration of the
blood inside the arterial tree, and Newton’s third law: as the blood accelerates in

different directions, this will cause an equal and opposite reactionary force by the
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Figure 2-1: The traditional BCG waveform as annotated by Starr [12]. The principal
peak, labelled as the J-wave, has been shown to correlate to stroke volume, and has
strong time correlations to the pre-ejection period of the heart [4].

body, which can be measured.

The traditional BCG consists of several peaks and valleys, labelled as the H
through N waves, as shown in figure 2-1. I-J acceleration is usually on the order
of 10mG and occurs in about 50ms, which means that the body is only displaced

about 250um.
D = (Jump — Lamp) - 9.8(?2) (Jume — Lime)2(s)2 = Displacement ~ (2.1)

Traditionally, the BCG was observed by having subjects lie down on a low-friction
bed. The periodic movements by the BCG would cause displacement of the bed, which
could then be recorded. The clinical significance of the BCG was first discussed by
Starr in 1939, and then expounded further by several groups through the 1950’s [12]
[13]. It was noted that the amplitude of the J-wave of the BCG corresponded to the
stroke volume of the subject, which is the amount of blood expelled by the heart per
beat. Prolongation, or delay of the J-wave compared to the R-wave of the ECG was

also observed in subjects with myocardial disease and heart failure.
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Figure 2-2: The head BCG measured by a y-axis (headward-footward) accelerometer
in the standing posture. The J-waves are annotated. (figure from [4]).

2.1.2 Head BCG

The BCG can be observed at the head, and measured through multiple methods,
as shown by He [4]. During clinical testing of the CHF monitor, the head BCG
was measured through the use of a MEMS tri-axial accelerometer (Bosch BMA180).
Figure 2-2 shows the BCG measured at the head with the accelerometer. The J-waves
are clearly evident as the principal peak of the BCG, however the waveform is too
noisy to discern many of the other traditional waves. To further analyze the BCG,
ensemble averaging can be used to show the H, I, K and L waves, as shown in figure
2-3. This is done by time aligning each J-wave and then averaging the beats [4]. As
mentioned previously, the head BCG has peak-to-peak acceleration on the order of
10 mG, which places noise requirements on the accelerometer to be less than 1mG

RMS.
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Figure 2-3: a) The head BCG from the first beat, and the ensemble head BCG’s from
b) the first 4 beats, c¢) the first 16 beats, d) the first 64 beats, e) the first 80 beats,
and f) the traditional BCG [12]. The subjects average beat-to-beat interval is 0.73s
(figure from [4]).
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2.2 The Electrocardiogram (ECG)

2.2.1 Traditional ECG

The electrocardiogram (ECG) is a non-invasive measurement of the surface electrical
activity of the heart. Traditionally, the ECG is measured with 2 - 10 electrodes placed
on the chest. Measuring the potential difference between 2 electrodes, or 2 sets of
electrodes, can show electrical activity in different regions of the heart. If a patient
has an abnormal heart rhythm, the ECG is often one of the first tests utilized to try
and assess the type of abnormality, and where it is located. Figure 2-4 shows the
anatomy of the heart.

Modern ECG signals are measured using gel electrodes made with silver chlo-
ride (AgCl) for its low half-cell potential. The signals are typically around 1mV in
amplitude with a clinical bandwidth of 0.5 - 150 Hz [15]. A drawing of a normal
ECG is shown in Figure 2-5 with the P, Q, R, S, and T waves annotated. The P
waves correspond to atrial depolarization, while the Q, R and S waves corresponds
to ventricular depolarization. The T wave represents ventricular repolarization [16].

An ECG vector between two electrodes, or two sets of electrodes, is called an
ECG lead. There are several standard ECG leads which give insight as to what
different parts of the heart are doing, as shown in Figure 2-6. Standard electrode
placement for a twelve lead ECG includes one on both the right and left shoulders,
as well as an electrode on the left and right sides of the stomach below the umbilicus.
Six electrodes (V1, V2, V3, V4, V5, and V6) are placed across the chest, with V1
and V2 in the fourth intercostal spaces, V4, V5 and V6 in a horizontal line, and V3
between V2 and V4, as shown in Figure 2-7 [17]. Leads I, II, and III are vectors from
2 electrodes, either right arm (RA) to left arm (LA), RA to left leg (LL) or LA to LL,
while augmented vector right (aVR), augmented vector left (aVL) and augmented
vector foot (aVF) are combinations of these three electrodes. The precordial leads
(V1 - V6) are vectors from the Vx electrode to a summed combination of RA, LA

and LL.
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Figure 2-4: The anatomy of the heart (figure from [14]).
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Figure 2-5: A simple example of a normal ECG with the P, Q, R, S, and T waves
annotated (figure from [16]).
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Figure 2-6: The Standard 12-lead ECG (figure from [18])

It is often useful to monitor a patient’s ECG over several days to diagnose a heart
arrhythmia. These monitoring devices are known as Holter monitors [19]. Holter mon-
itors will measure one or more ECG leads and store the data in memory for off-line
analysis. Many Holter monitors have wires going from the chest to a base station
worn on or near the belt, while some newer form factors remove long wires and keep
the base station at the chest or wirelessly transmit the ECG, as shown in Figure 2-8
[20] [21] [22]. All of these monitors use electrodes at the chest to obtain the highest

ECG signal quality.

2.2.2 Head ECG

The wearable CHF monitor measures a single lead ECG from the head. This is to
avoid long wires connected from the ear to the chest. The ECG is measurable at the
head because the body is a conductive medium, therefore, the ECG can be obtained
throughout the body in attenuated form. The CHF monitor utilizes one electrode at
the mastoid region behind the left ear, and a second electrode on the back of the neck

(Figure 1-1).
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12-lead ECG Electrode Placement
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Figure 2-7: Electrode placement for a standard 12 lead ECG (figure from [17])



Figure 2-8: A) The Mindray Netguard [20], B) The V-Patch [21], C) The Wearable
Cardiac Monitor [22]

Figure 2-9 shows the difference in signal quality between an ECG at the ear and
an ECG at the chest [23]. The signal is attenuated by about a factor of 100, meaning
that the R-waves at the ear are on the order of 10s of pvolts compared to millivolts.
This attenuation is due to taking the measurement further from the source (head
compared to chest) while also using two electrodes in close proximity to each other

(4em instead of 15cm at the chest).
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Figure 2-9: a) The ECG measured from the chest, and b) the ECG measured from the
mastoid area behind the left ear. The ECG’s are filtered with a 1 - 50 Hz bandpass

filter. Measurements are not simultaneous.
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2.3 The Photoplethysmogram (PPG)

2.3.1 Traditional PPG

The photoplethysmogram (PPG) is a non-invasive, optical, volumetric measurement
of pulsatile blood flow in the peripheral vasculature. Traditionally, the PPG is ob-
tained by transmitting light through a finger. The received light will have low fre-
quency modulations due to the pulsation of the blood. PPG theory starts with the
Beer-Lambert Law 2.2, which states:

I, = Ipe=ob) (2.2)

where [ is the incident light upon an absorbent medium, « is the absorption co-
efficient of the medium, L is the optical path length and I, is the received light
transmitted through the medium. Figure 2-10 graphically shows the Beer-Lambert
Law.

Most of the optical absorbers in the body are slowly varying with time, such as
skin thickness, hair and tissue [25] [26]. The portion of the PPG signal associated
with these slowly varying absorbers will hence forth be denoted as I445.. In addition
to Igtatic, there is a second portion of the PPG signal due to the pulsatile arterial

blood, which will be denoted as I,ysatite- The PPG signal can therefore be thought

of as:
IPPG = [static + Ipulsatz'le (23)
where g e 1S:
Istatic = Iﬁe(iaSL) (24)
and Ipulsatile is:
Ipulsatile - I()e(—aAAL) (25)

The pulsatile component typically has an amplitude 0.25—2% of the static component.

Note that ag in equation 2.4 is the aggregate absorbance of the static components of
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Figure 2-10: Beer’s Law (figure adapted from [24]).

the PPG signal. Similarly a4 in equation 2.5 is the aggregate absorbance coefficient
for arterial blood and AL is the change in optical path length due to the pulsatile
arterial blood [27]. Clinically, two PPG signals can be used to obtain peripheral
oxygen saturation (SpOs), which will be discussed in more detail in section 2.3.3.

A typical PPG front end consists of several components, including a one or more
light emitting diodes (LED), a LED driver, a photodiode (PD), a transimpedance
amplifier (TTA), a demodulator, analog signal conditioning, an analog-to-digital con-
verter (ADC), and a microcontroller unit (MCU), as shown in Figure 2-11. Usually,
two different LED wavelengths (red and infrared (IR)) are used so that the SpO,
value can be calculated. The LEDs are pulsed with low duty cycles to reduce system

power consumption.

2.3.2 Head PPG

PPG signals at the head are obtained with the sensor operating in reflectance-mode
instead of transmission-mode. In reflectance-mode, the LEDs shine light into the
body, and the backscattered light from tissue, blood and bone is received by PDs
in the same plane as the LEDs, as shown in Figure 2-12. Several new challenges

arise in reflectance-mode. First, the mechanical housing of the sensor may not be
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Figure 2-11: Block diagram of a typical pulse oximeter.

sufficient for blocking ambient light from the PDs, therefore, care must be taken
when sampling and filtering to avoid aliasing interferers into the PPG bandwidth of
interest. Second, reflectance-mode measurements are often part of wearable systems,
which require low-power and low-voltage operation to reduce the battery size and
optimize the form factor. To help mitigate these issues, the wearable CHF monitor
uses a dynamic range enhancement (DRE) circuit to lower the voltage of the PPG
front end and reduce the resolution requirements of the analog-to-digital converter
(ADC), which is discussed in section 4.1.1.

Head PPG signals are similar to PPG signals obtained by transmission through
the finger, as shown by Figure 2-13. The morphological differences are due to the
vascular transmission line which sends the pulse from the heart to the head compared
to the finger. The equations describing the static and pulsatile PPGs in section 2.3.1
also hold for reflectance mode PPG, with the difference that the optical path length

is now 2 times the distance to the scatterer, instead of the thickness of the finger.
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The LED emits light into the skin., then reflected light is collected by the photodiode,
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Figure 2-13: Top: PPG taken from the mastoid region behind the left ear. Bottom:
PPG taken from the finger (measurements not simultaneous).
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2.3.3 The Photoplethysmogram and Pulse Oximetry

Arterial oxygen saturation (SaQO3) is the amount of oxygenated versus total hemogloben
in the arterial blood. Under normal conditions, this value is very close to 1, which
is known as 100% oxygen saturation. Under certain conditions, such as when gas
transport in the lungs is diminished, this value can dip significantly below 100%. Pa-
tients with lung diseases such as chronic obstructive pulmonary disease (COPD) or
conditions such as pulmonary edema caused by CHF, have been known to live with
stable oxygen saturation closer to 90% or below [28] [29].

To quickly and non-invasively estimate SaQO,, two PPGs can be used to calculate
the peripheral oxygen saturation (SpOs). SpOs is a measure of oxygenated versus
total hemogloben in the peripheral vasculature bed where the PPGs are being mea-
sured, and is usually a very good indicator of SaO,. Clinically, SpOs; monitoring is
used widely in anesthesia as well as disease management for COPD and CHF patients.

To understand how to go from a PPG waveform to SpO,, start with the absorbance
coefficient a4 in equation 2.5. a4 is dependent on the percentage of oxygenated to

de-oxygenated hemoglobin in the arterial blood and is defined as:

ax = (apa)(Sa0sy) + (apa)(l — Sa0s) (2.6)

where SaQs is the arterial oxygen saturation, described in terms of oxygenated and de-

HbO2

Thrato; QoA 1s the absorbance of oxygenated hemoglobin

oxygenated hemoglobin as
and ap4 is the absorbance of de-oxygenated hemoglobin.
As can now be seen in equation 2.6, the arterial oxygen saturation SaOs is em-

bedded in a 4. Therefore, a derivative of 2.5 is taken to obtain a 4:

dl ulsatile
( pdt ) dL
a o - 2.7
Ipulsatile aax dt ( )

The final portion of the derivation requires additional knowledge of the absorbance
of blood to different wavelengths of light. Figure 2-14 shows optical absorbance

curves for oxygenated and de-oxygenated hemoglobin for wavelengths from 600nm to
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Figure 2-14: Oxygenated and de-oxygenated hemoglobin absorbance versus wave-
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Figure 2-15: A responsivity curve of an Advanced Photonix PDB-C160SM silicon
PIN photodiode.

1000nm. Optically, when blood is rich in oxygen, it is bright red in color. As blood de-
oxygenates it becomes darker. Therefore, one can think of measuring the oxygenation
of blood by comparing it’s red absorbance against a reference, typically infrared (IR).
IR is used for two reasons. Physiologically, the ratio of red and IR absorbance for
oxygenated and de-oxygenated hemoglobin has a wide dynamic range compared to
other wavelengths as is shown in Figure 2-14. Electrically, silicon photodiodes are
very responsive to IR frequencies, increasing the SNR of those signals as shown in

Figure 2-15. Taking a ratio of equation 2.7 for two different wavelengths removes
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Figure 2-16: Samples taken at systole and diastole for the red and IR PPG waves can
be used to approximate the RoR.

the dependence of %¢ from 2.7. This ratio of ratios (RoR) becomes:

dI(t)
# ) o aA()‘vR) (28)

Ir
RoR = =
dlg(t) as(A 1r)

(— )
Equivalently, Figure 2-16 shows that equation 2.8 can be approximated by using

samples taken only at systole and diastole.

Ir(systole) — Ig(diastole)
( Ip(systole) + Ig(diastole) )
s 2
ol ~ I1r(systole) — Irg(diastole) (29)
(IIR(Systole) + Irr(diastole) )
2

Finally, in it’s most basic form, SpO, has been empirically shown to be related to
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two constants and the RoR [27].
SpOy = C1 — Cy % RoR (2.10)

where ('] and Cy are factory calibrated constants which depend upon the characteris-
tics of the measurement system and are not subject dependent. A more physiologically

thorough derivation can be found in Chapter 4 of [27].

2.4 Heart Intervals

Several physiologically pertinent parameters can be obtained by combining timing
information from multiple signals measured by the wearable CHF monitor. The
following sections will discuss the pre-ejection period, pulse transit time, and pulse

arrival time, and their clinical relevancy.

2.4.1 The Pre-ejection Period (PEP)

The pre-ejection period (PEP) of the heart is defined as the beginning of ECG’s Q-
wave to the time that the aortic valve opens and the left ventricle begins pushing
blood into the aorta. This electro-mechanical (EMD) delay first is composed of the
electrical depolarization of the ventricles, noted by the QRS complex of the ECG,
and then the mechanical isovolumic contraction time (ICT), where the left ventricle
is contracting, but the internal pressure has not become large enough to open up the
aortic valve, as shown in Figure 2-17.

The PEP is a measure of heart muscle strength, as the weaker the heart muscle,
the longer it takes to generate the internal pressure to open up the aortic valve. The
heart muscle strength is referred to as cardiac contractility. This elongation of the

PEP can be especially pronounced in heart failure patients [31].
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Figure 2-17: The pre-ejection period, which includes the electromechanical delay
(EMD) and isovolumic contraction time (ICT) of the left ventricle. The left ventric-
ular ejection time (LVET) denotes the duration that the aortic valve is open. Figure
from [30].
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Pulse Arrival Time (PAT)
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Figure 2-18: From top to bottom, the head ECG signal, the head BCG signal, the
head PPG signal, and the derivative of the head PPG signal. The RJI, defined as the
peak of the R-wave of the ECG to the peak of the J-wave of the BCG correlates to
the heart’s PEP. The PTT, defined as the peak of the J-wave of the BCG to the peak
of the derivative of the PPG, correlates to mean blood pressure. The PAT, defined as
the peak of the R-wave of the ECG to the peak of the derivative of the PPG includes
both the PEP and PTT intervals.

Estimating the PEP using the RJ Interval

The time interval between the R-wave of the ECG and the principle peak of the BCG
(J-wave) is known as the R to J interval (RJI), as shown in Figure 2-18. Figure 2-19
shows that the PEP and RJI have high correlations, since the RJI includes the PEP,
plus a small transit time from the aortic valve to the aortic arch [4] [32]. Figure 2-20
graphically describes the direction of blood flow as it leaves the heart and moves from
the aorta, to the aortic arch, and eventually the ear. Using the R-wave peak as the
start of the PEP instead of the Q-wave is a valid assumption, as the qR interval is
usually short and constant. The R-wave also has significantly higher SNR than the
Q-wave at the ear, which allows for automated algorithms such as cross-correlation,

to estimate the PEP from the wearable CHF monitor data [23].
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Figure 2-19: The beat-to-beat RJ Interval and PEP among seven subjects during 28
tilt maneuvers (Figure from [4]).

2.4.2 Pulse Transit Time (PTT)

Pulse transit time (PTT) is defined as the time it takes for a blood pulse to go from
one point in the body, to another point in the body. Traditionally, PPG signals at two
different locations are used to obtain the PTT. To measure this delay, a specific feature
is chosen on both PPG signals, typically the foot, peak, or peak of the derivative [33]
[34], as shown in Figure 2-21. There is a fluid dynamics model, derived in section 3.6,
detailing how a shorter PTT corresponds to an increase in internal pressure along the
vessel being measured.

The wearable CHF monitor uses the J-wave from the BCG as the first time
marker for PTT, and the edge of the PPG from behind the ear as the second time
marker, as shown in Figure 2-18. Measuring the PTT from the aortic arch, up the
carotid to the ear and using the fluid dynamics model derived in section 3.6 allows
estimation of mean arterial pressure (MAP) to the head, in a continuous and non-

invasive manner while only using a single site of measurement.
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Figure 2-20: The blood is expelled by the heart (1) and heads to the aortic arch (2),
where it then travels up the carotid artery and arrives behind the ear (3). The J-wave
occurs at (2) and the PPG arrives at (3) for the wearable CHF monitor.
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Figure 2-21: Three ways to traditionally measure pulse transit time, the peak-to-peak,
foot-to-foot, and peak-of-derivative to peak-of-derivative.

2.4.3 Pulse Arrive Time (PAT)

Pulse arrival time (PAT) is the interval from the R-wave of the ECG to either the
trough, peak, or peak of the derivative of the PPG, as shown in Figure 2-18 [35] [36]
[33] [34]. This interval encompasses both the PEP of the heart, and the transit time
of the blood from the aorta to wherever the PPG is taken on the body.

Due to it’s ease of measurement, the PAT interval has been used by many groups
to try to correlate to non-invasive blood pressure [37] [38] [39]. However, because of
the PEP, which is not directly related to blood pressure, this interval may not always
be a good indicator. Section 4.3 shows cases where the PAT both shows good and
bad correlation to MAP.

2.5 Summary

A mechanical (BCG), electrical (ECG) and optical signal (PPG) have been intro-

duced. Traditional measurement methods and morphologies have been compared to

93



those from behind the ear using the wearable CHF monitor. A derivation for obtain-
ing SpO, using multiple PPG wavelengths was also explored. Three timing intervals
(RJI, PTT, and PAT) obtained through combinations of the BCG, ECG, PPG, were
described. The RJI was shown to be directly correlated to the heart’s PEP and the
PTT was mentioned as a proxy for internal blood pressure measurements. The PAT

is a combination of both the RJI and PTT.
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Chapter

Non-implantable Methods of Measuring

Arterial Blood Pressure

This chapter begins with an introduction to arterial blood pressure and it’s classifi-
cations. Several non-implantable methods for measuring arterial blood pressure are
then discussed. Next, a relationship between pulse transit time (PTT) and mean
blood pressure is derived. Finally, inaccuracies in the relationship are theoretically

explored and potential improvements are proposed.

3.1 Arterial Blood Pressure

Arterial Blood pressure (ABP) is defined as the pressure of the blood in the arterial
system, which depends on the heart’s pumping pressure, the resistance of the arterial
walls, elasticity of vessels, the blood volume, and its viscosity. [40]. Each cardiac
cycle has a maximum and minimum value for blood pressure, denoted as systolic
and diastolic blood pressure respectively, as shown in Figure 3-1. Normal values for
systolic blood pressure are between 90 - 120 mmHg and normal values for diastolic
blood pressure are between 60 - 80 mmHg. Mean arterial pressure (MAP), is defined

as the average blood pressure in the aorta, and is estimated by:

Psystolic - Pdiastolic)

MAP = Pdistolic + ( 3

(3.1)
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Figure 3-1: A typical blood pressure waveform over 1 cardiac cycle with the systolic,
diastic and mean arterial pressure points denoted (Figure from [41]).

Low blood pressure, also known as hypotension is defined as when either systolic
or diastolic pressures are below the clinical normal values of 90 or 60 respectively.
Symptoms of hypotension can include dizziness and fainting and can be caused by
heart malfunction or neurological disorders among other conditions [42].

High blood pressure, also known as hypertension, is defined as when either systolic
or diastolic pressures are higher than the clinical normal values of 120 or 80 respec-
tively. Hypertension causes the heart to work harder to pump blood into the body
and significantly increases the risk of heart attack, stroke, and heart failure. Hyper-
tension in the US accounts for nearly $100 billion in health care services, medication
and lost productivity [43]. Table 3.1 shows clinical diagnoses for measured systolic

and diastolic blood pressure values [42] [44].

Catagory Systolic, mmHg Diastolic, mmHg
Hypotension <90 <60
Desired 90-120 60-80
Prehypertension 120-140 80-90
Stage 1 Hypertension 140-160 90-100
Stage 2 Hypertension 160-180 100-110
Hypertensive Emergency >180 >110

Table 3.1: Adult Classification of Blood Pressure
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Figure 3-2: The five Korotkoff sounds and their clinical significance (Figure from
[46]).

3.2 Sphygmomanometry / Auscultatory

Blood pressure is normally measured by a sphygmomanometer and stethoscope. The
sphygmomanometer is comprised of an inflatable cuff, and a mechanical meter to
display the pressure in millimeters of mercury (mmHg). The cuff is placed around
the biceps of a patient and inflated until blood flow is cut-off. The cuff is then
slowly deflated while a clinician listens through a stethoscope placed on the radial
artery at the elbow. When blood begins flowing to the arm again, a snapping or
whooshing sound is heard, which is defined as the first Korotkoff sound and is equal
to when the cuff is pressurized to the systolic pressure [45]. As the pressure in the
cuff drops, more sounds are heard corresponding to the 2nd through 4th Korotkoff
sounds. These sounds are due to turbulent blood flow through the artery caused by
external pressure from the cuff. Eventually, the 5th Korotkoff sound, which is the
absence of sound, corresponds to when the cuff is at diastolic pressure. Figure 3-2

details the five Korotkoff sounds and their clinical significance.

3.3 Arterial Tonometry

Arterial tonometry is a noninvasive technique of measuring the full blood pressure

waveform [47]. Tonomotry works by placing a hand-held strain gauge over the radial
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Figure 3-3: The SphygmoCor CP tonometer system from AtCor Medical (Sydney
Australia).

artery and applying mild pressure to partially flatten the artery. The strain gauge
detects the internal pressure of the radial artery as a change in strain on the sensor.
Fast Fourier transform (FFT) algorithms have been approved by the Food and Drug
Administration (FDA) for internal pressure readings [47]. Figure 3-3 shows a Sphyg-
moCor CP tonometer system from AtCore Medical (Sydney, Australia). Tonometers
are known for high accuracy blood pressure readings at the expense of a trained

technician applying pressure with the sensor to obtain the data.

3.4 Oscillometry

Oscillometry is similar to Auscultatory in that an inflatable cuff is placed around
the biceps. However, oscillometers are usually controlled by automatic methods and
do not require a trained clinician to take measurements manually once the device
has been placed on the patient. Oscillometers work by inflating cuff pressure until
blood flow has ceased. The cuff is then slowly deflated, and when blood flow is
present, but restricted, the pressure transducer inside the cuff will oscillate with the
pulsatile waveform. Automatic algorithms estimate systolic and diastolic values for
the blood pressure based on these oscillations. Many continuous blood pressure cuffs
are oscillometers, and will periodically inflate to take blood pressure measurements,
however due to their sensing nature of cutting off blood flow to the arm, only one

measurement every few minutes can be obtained. The output of the oscillometer are
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Figure 3-4: The BP 3AC1-1 PC Oscillometer from Microlife (Widnau, Switzerland).

the systolic and diastolic values, not the entire blood pressure waveform. Figure 3-4

shows an oscillometer from Microlife (Widnau, Switzerland).

3.5 The Volume Clamp Method

The volume clamp method, utilized by the Finapres Portapres [48] and Unitron Nexfin
[49], is another way to obtain the complete continuous blood pressure waveform with-
out implanting a device inside the body. The volume clamp method uses a small
inflatable cuff, which wraps around a finger. The pressure between the cuff and finger
is adjusted to maintain a constant volume of blood in the finger, which is measured
by a photoplethysmogram. During systole, a higher pressure is required to squeeze
out excess blood, while during diastole, a lower pressure is used since blood volume
is decreased in the finger. A proportional-integral-derivative (PID) controller electri-
cally controls an air valve to maintain a constant value of the PPG from the finger.
The output of the device is cuff manometric pressure. Figure 3-5 shows a block dia-
gram of the Finapres controller. Although convenient for continuous blood pressure
measurements, the cost of a Finapres Portapres is on the order of $10,000 and it’s

accuracy is at times suspect.
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Figure 3-5: The control loop for a Finapres Portapres, (Figure from [48]).

3.6 Pulse Wave Velocity (PWYV) and Pulse Transit
Time (PTT)

Pulse wave velocity (PWYV) is the velocity that a pulse wave travels along a tube,
or in the physiologic sense, an artery. Many groups have looked into using PWV
to correlate to blood pressure, which can be intuitively thought of in the following
manner. If a rubberised tube is filled with a viscous liquid, it will have an internal
pressure P;. If one end of the tube is tapped with your hand, a small pulse wave will
travel from the tapped end of the tube to the other end. The time it takes for the
pulse wave to travel from one end to the other is called the pulse transit time (PTT).
Now what happens if the internal pressure of the tube is increased to P,? Tapping
the same end of the tube, the pulse wave will once again travel from one end to the
other, however this time it will travel faster. Therefore, if the properties of the tube
remain constant, one can measure the PTT and have a proxy for the internal pressure

of the tube.
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Mathematically, PWV is related to PTT by:

AX

PWV = ——
WV'=

(3.2)

where AX is the distance traveled (m). Next, it can also be shown using the Moens-

Korteweg equation that:

Eh
PWV =] — 3.3
2rp ( )

where E is the Young’s modulus of the tube (-4), h is the thickness of the tube
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(m), r is the inner radius of the tube (m), and p is the density of the viscous fluid
(%) [50] [51].
If instead of a tube, the large arteries are substituted, then the viscous fluid

becomes blood, and Young’s modulus is described by:
E = E,e (3.4)

where FE, is the value of Young’s modulus when P equals zero, P is the mean arte-

rial pressure (MAP) (mmHg), and « is a fitting coefficient with units (mnng) [52].
Plugging equation 3.4 into equation 3.3 yields:
E,e“Ph
PWV = | =% (3.5)
2rp

Substituting equation 3.2 into equation 3.5 then taking a logarithm of both sides and
solving for P yields:
1., 2rpAX? 2

P = Cin(Z5=m) = Sin(PTT) (3.6)

Typical assumptions for using PTT to obtain MAP are that E,, h, AX, p, r and «

are all constant. Therefore, after calibrating for the constants, 3.6 becomes:
where (] is éln(z—r%}fﬁ) and Cy is 2.
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3.6.1 Inaccuracies with PWV

As mentioned in the previous section, many variables in equation 3.6 are considered
to be constant. Several of these assumptions are valid over nearly all conditions, such
as the length of the blood vessels (AX), the density of blood (p), and the thickness
of the vessels (h). Other assumptions such as the radius of the vessel, may change
due to ambient conditions (ie temperature), or changes in metabolic oxygen demand
(ie periods of exercise).

One possible way to account for changes in the radius of the blood vessels, is to

use the following simple relationship:

AP
TPR =~ (3.8)

mmHg

where T'PR is the total peripheral resistance ( - ), AP is the drop in pressure
from the aorta to the right atrium (mm#Hg), and @ is cardiac output (#) Cardiac
output is defined as:

Q=SV-HR (3.9)

where SV is the stroke volume per heart beat (ﬁ), and HR is the heart rate, with

units of % T PR can be related to vessel radius by the Hagen-Poiseuille equation:

8AXn

TPR=-—
wr

(3.10)

where AX is the length of the vessel (m), n is the viscosity of blood (mmHg - s), and
7 is the vessel inner radius (m). Solving for r and plugging back into equation 3.8, it

can be shown that the lumped vessel radius is proportional to:

roc % (3.11)
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Therefore, a scaling factor can be defined as:

n({/ -
Sp = !y sp) (3.12)

In(y/ AQ—IQO)
where (Qy and AP, are values of cardiac output and MAP during calibration. The
updated equation to go from PTT to M AP becomes:

The cardiac output @ can be estimated as 20.32L . | Jwave| - HR [4] and AP can be
estimated from previous calculated values of M AP, making equation 3.13 recursive.
The data in section 4.3.3 used beat-to-beat M AP and averaged @ over 10 beats to

solve equation 3.13.

3.7 Summary

Arterial blood pressure and it’s classifications were defined. Several methods of non-
invasive blood pressure measurement were described. A derivation based on fluid
dynamics showed the linear relationship between mean blood pressure and ln(ﬁ).
Using the Hagen-Poiseuille equation and amplitude information from the BCG J-

wave, improvements to the PTT-to-BP algorithm by accounting for the change in

vessel radius are theoretically explored.
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Chapter

The Clinical Test

The clinical test was designed to act as a proof of concept for the wearable CHF
monitor. Results on heart rate, stroke volume (SV) and pre-ejection period (PEP)
were discussed in [4]. The following sections delve into validations of continuous blood
pressure and head PPG measurements. The chapter first discusses the wearable CHF
monitor hardware and software. Then, the clinical testing protocol is introduced.
Finally, the measurement results are analyzed to characterize head PPG morphology
across test subjects and to assess the ability of the device to measure continuous
blood pressure. The following sections 4.1.1, 4.1.2, 4.1.3, and 4.2 are reported in
David He’s PhD thesis [4] and are reproduced here with minimal changes for the

reader’s reference.

4.1 The Clinical Prototype

The wearable vital signs monitor is designed to measure the BCG, ECG and PPG at
the ear and send data wirelessly in real-time to a computer for visualization, recording

and analysis. A block diagram of the system is shown in Figure 4-1.
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Figure 4-1: The system block diagram of the wearable CHF monitor with arrows
indicating signal path.

4.1.1 Device Hardware

The hardware for the wearable vital signs monitor can be divided into several sub-
sections. The BCG sensor is composed of a Bosch BMA180 accelerometer. This ac-
celerometer was chosen for it’s low-noise performance of 0.69mGgrys within a 10Hz
bandwidth with a £2G range. The ECG front end uses 2 capacitively coupled elec-
trodes to sense the electrical signals from the heart at the head. An instrumentation
amplifier (IA) (INA333, Texas Instruments) and 12 bit analog-to-digital converter
(ADC) (AD7466, Analog Devices) complete the ECG signal chain, as shown in Fig.
4-2. The INA333 has an input noise of 0.16uV}.,s for a 0.1Hz — 10H 2z bandwidth,
which is low enough to sense the 30uV ECG signals at the head. The electrodes are
capacitively coupled to block DC voltages from the input of the TA. This is required
because a third electrode is not present to set the common mode of the body. The
ECG front end was designed by David He.

The PPG transmit chain uses a digital-to-analog converter (DAC) (AD5622, Ana-
log Devices) and an operation amplifier (Op-Amp) (MCP603, Microchip) to create a
drive voltage for a current sinking NFET (IRLMS2002PbF, International Rectifier).
Two LEDs, red (LTST-C230CKT, Light-On Inc.) and IR (APT1608F3C, Kingbright
Corp.) are connected to the battery voltage through a single pole, triple tap switch
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Figure 4-3: The LED drive for the CHF monitor.

(T'S5A3359, Texas Instruments), as shown in Figure 4-3.

The PPG receive chain has 4 forward biased photodiodes (PD) (PDB-C160SM,
Advanced Photonix) in parallel to collect the reflected photons and convert them to
photocurrent I,,. The photocurrent is amplified by a transimpedance amplifier (TIA)
(MCP601, Microchip) and digitized by an AD7466. The transimpedance of the TTA
is 1M Q. The positive terminal of the TTA is connected to a DAC (AD5541A, Analog
Devices) which generates voltage V,.y, as shown in Figure 4-4. The virtual ground

of the TIA mirrors V,.s to be the same voltage as Vp, a forward potential across the
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PDs. Vp induces a forward current I through the photodiodes:

Vb

Irp =Ig(e'r —1) (4.1)

where g is the reverse bias saturation current, and V7 is the thermal voltage %. I
subtracts a static amount of I, from the PPG signal, allowing for an increase in dy-
namic range without increasing the voltage supplies or decreasing the transimpedance
gain.

Although the forward biased diodes increased the dynamic range of the PPG
signal, this topology has several drawbacks which were addressed in the integrated
version of the PPG front end. First, forward biased diodes have significantly higher
capacitance than reverse biased, which slows down the front end and ultimately lim-
its the LED duty cycle. Second, the forward current Iz has a strong temperature
coefficient, which took several minutes to settle during the clinical test.

The microcontroller (MCU) (MSP430F2274, Texas Instruments) and radio (CC2500,
Texas Instruments) are part of an EZ430-RF2500 daughter board which connects to
an 18-pin header on the CHF monitor. The MCU continuously samples the BCG,
ECG and PPG signals and sends the data to the radio via an SPI interface. The radio
uses the open source SimpliciTI protocol to transmit to a USB receiver attached to a
computer running MATLAB. The MCU also adjusts the LED drive currents and V,.;
to ensure that the drive currents are not too high or too low, and that the output of
the TTA is within the rails of the amplifier.

The energy source is a 3V 220mAh lithium coin cell battery (CR2032, Ener-
gizer). The power management circuitry regulates the battery voltage, first with
a 2.7V buck-boost converter (TPS60242, Texas Instruments) to power the digital
circuits, and then with a 2.5V low drop-out (LDO) regulator to power the analog
circuits. A buck-boost was required first because the battery voltage dropped from
3V to 2V as it became discharged.

The USB receiver consists of another EZ430-RF2500 daughter board, which re-
ceives the wireless data and sends it to an UART-to-USB interface (FT232RL, FTDI).
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Figure 4-4: The PPG receive chain for the CHF monitor.

This creates a virtual COM port which can be accessed by computer software. MAT-
LAB is used to record, plot and filter the BCG, ECG, and PPG signals in real time,
as well as for off-line post-processing.

The prototype is shown in Figure 4-5 with labelled components. The red colored
printed circuit board (PCB) is the EZ430-RF2500 daughter board. The PPG board
is attached to the main board via an integrated flex connector that is designed to
bend 180° so that the PPG LEDs and PDs rest on the mastoid of the wearer. The
PCBs are mechanically supported by a hearing aid housing manufactured by Taising
Hearing Amplifier Ltd. and modified by David He. The device is anchored to the
ear using the attached earbud. Two ECG electrodes are attached to the mastoid and
neck using 3M Red Dot AgCl gel electrodes. All components on the side facing the
wearer are coated in parylene-C (Paratronix) to ensure electrical isolation as part of
clinical safety requirements. Figure 4-6 shows the device being worn at the ear with
the ECG electrodes applied and the PPG board on the mastoid area hidden from

view.

4.1.2 Device Firmware

The MSP430 MCU firmware on the wearable vital signs monitor serves four functions:

the initialization of all circuits, the polling of data, adjusting the PPG front end
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Figure 4-5: a) The wearable CHF monitor used in the clinical test, b) the device
backside with the case removed, and c) the USB receiver (figure from [4]).
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Figure 4-6: The clinical prototype being worn at the ear.
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feedback, and the transmission of packetized data to the radio. The MSP430 firmware
on the USB receiver unpacketizes the received data and sends it to the FT232RL,
which in turn sends the data to the computer. The firmware is written in C in Code

Composer Studio v4. Figure 4-7 is a flowchart of the firmware and Figure 4-8 is a

flowchart of the PPG digital feedback algorithm.

4.1.3 Computer Software

The MATLAB script on the computer reads the received data from the virtual COM
port, records the data into memory, and plots the data with real time filtering. Figure
4-9 shows a flowchart of the MATLAB script. Figure 4-10 shows a screenshot of the
real time plots displayed by MATLAB. Plots of red PPG (red), infrared PPG (white),
filtered PPG (red and white bold), ECG (blue), filtered ECG (blue bold), and tri-axial
accelerations (green) are displayed simultaneously for immediate feedback during the

clinical test.
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Figure 4-7: Firmware flowcharts of a) the wearable CHF monitor and b) the USB
receliver.
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Figure 4-10: A screenshot of the MATLAB real time plotter.

4.2 Clinical Test Design

The goal of the clinical test is to alter the subject’s blood pressure through non-
invasive hemodynamic maneuvers. The first maneuver is the sit-to-stand maneuver,
where the subject is sitting in a chair, and then abruptly stands up. The second
maneuver is the head-up tilt, where the subject lies facing up on a motorized tilt
table that is tilted between horizontal and 75° vertical. The third maneuver is the
Valsalva maneuver, which is a breath-hold exercise where the subject tries to forcibly
exhale against a closed airway. Finally, a cold-pressor maneuver, where a subject
places their hand in a bucket of ice-water was also performed on two subjects.

The test begins with consenting the subject and then completing a health ques-
tionnaire to ensure that the subject has no previous cardiovascular conditions. Then,
reference measurement equipment is connected to the subject. The equipment is
shown in Figure 4-11 and includes the Criticare 504-US chest ECG and finger pulse
oximeter, the Finapres Portapres for continuous blood pressure, and the Sonosite

BioZ Dx impedance cardiography (ICG) machine for continuous PEP and SV. The
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ECG, PPG, and Portapres are recorded on an Agilent DSO6104A oscilloscope sam-
pling at 500H 2z in high resolution acquisition mode where the oscilloscope internally
oversamples to achieve greater resolution. The ICG data is internally recorded on the
BioZ device.

The Criticare unit measures the chest ECG in a modified Lead II configuration
with one electrode placed on the left chest (left mid-clavicular and sixth intercostal),
and the second electrode placed on the right chest (right mid-clavicular and first
intercostal). The ground ECG electrode is placed right mid-clavicular and sixth in-
tercostal. The Criticare unit also measures transmission PPG on the left index finger.
The Portapres unit obtains continuous blood pressure through peripheral pressure de-
tected at the left middle or ring finger using the volume clamp method [53]. The ICG
machine obtains PEP by detecting the delay between the ECG’s Q-wave and the
ICG’s B-wave. The ICG machine also calculates SV based on SV’s dependence on
PEP and left ventricular ejection time (LVET) £ [54]. Two ICG electrodes are
placed on each side of the torso (midaxillary and sixth intercostal), and two ICG
electrodes are placed on each side of the neck along the midaxillary. Lastly, the wear-
able CHF monitor is attached onto the subject with the PPG sensor placed on the
mastoid area above Reid’s line, one ECG electrode placed below the mastoid, and

one ECG electrode placed on the upper middle neck.

The test protocol is summarized below:

1. Subject consent

2. Nurse assessment

3. Administer and review health questionnaire

4. Setup equipment and device on subject

5. Sit stand maneuver (subjects 7 - 13)
5.1 Portapres calibration and cuffed blood pressure

(automatic oscillometric monitor at arm) measurement

5.2 Sit (2 min) to stand (2 min)

5.3 Portapres calibration and cuffed blood pressure measurement

7



{a) (b)

Figure 4-11: The measurement equipment: a) the Criticare 504-US (with trans-
ducers), b) the Finapres Portapres, c¢) the Sonosite BioZ Dx ICG, d) the Agilent
DSO6104A, and e) the motorized tilt table.
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5.4 Stand (2 min) to sit (2 min)
5.5 Portapres calibration and cuffed blood pressure measurement
5.6 Sit (2 min) to stand (2 min)
6. Tilt maneuver (subjects 1 - 13)
6.1 Portapres calibration and cuffed blood pressure
(automatic oscillometric monitor at arm) measurement
6.2 Supine (2 min) to tilted (2 min)
6.3 Portapres calibration and cuffed blood pressure measurement
6.4 Tilted (2 min) to supine (2 min)
6.5 Portapres calibration and cuffed blood pressure measurement
6.6 Supine (2 min) to tilted (2 min)
6.7 Portapres calibration and cuffed blood pressure measurement
6.8 Tilted (2 min) to supine (2 min)
7. Valsalva maneuver (subjects 1 - 13)
7.1 Portapres calibration and cuffed blood pressure measurement
7.2 Stand at rest (40 sec), Valsalva (20 sec), then stand at rest (40 sec)
7.3 Portapres calibration and cuffed blood pressure measurement
7.4 Stand at rest (40 sec), Valsalva (20 sec), then stand at rest (40 sec)
7.5 Portapres calibration and cuffed blood pressure measurement
7.6 Stand at rest (40 sec), Valsalva (20 sec), then stand at rest (40 sec)
8. Cold pressor maneuver (subjects 14 - 15)
8.1 Portapres calibration and cuffed blood pressure measurement
8.2 Sit at rest (3 min)
8.3 Insert right hand into ice-water bath (2 min)
8.4 Remove right hand from ice-water bath and sit at rest (3 min)
9. Exit cuffed blood pressure measurement

10. Exit questionnaire

The setup time and test duration are each approximately one hour. 15 healthy
subjects are tested consisting of 12 male subjects and three female subjects. The

subjects varied from 25 to 63 years old, 1.55m to 1.93m in height and 49.9kg to
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103kg in mass. The clinical test is conducted at the MIT Catalyst Clinical Research
Center (CRC) under IRB approval #1104004449, CRC protocol #615, and grant
#UL1RR025758.

4.3 Clinical Test Results

4.3.1 Head PPG Measurements

Data for the head PPG signals are summarized in Table 4.1 where R,,, and I R, are
the mean peak-to-peak amplitudes in mV of the red and IR head PPG signals. Ry
and I Ry are the standard deviations of the peak-to-peak amplitudes, and #R and
#I R are the number of beats per PPG wavelength for each test subject. The data was
generated automatically in MATLAB by using the peak detection algorithm described
in [4] to find each individual R-wave, then the PPG signals were individually windowed
to find the local minima and maxima. Peak-to-peak amplitudes were considered valid
if they were smaller than 300mV. Values larger than 300mV were due to motion
artifact and removed from the data analysis. Figure 4-12 shows red and IR PPG
measurements from subjects HOO1 - HO13 in the standing posture (H014 and HO015
were always sitting). PPG waveforms from all subjects are shown in order to give the
reader a sense of morphological variation among subjects.

Several observations can be made from Table 4.1 and Figure 4-12. First, the
morphology and amplitude of the PPG waveforms are highly variable among subjects.
Some subjects, such as H0O05 possess a Dicrotic Notch, while others do not. Pulse
amplitudes varied from £10mV to £100mV . Noisier waveforms, such as those seen in
the IR PPG of subject HO04 may be due to hair blocking the IR LED, thus reducing
the amount of signal emitted into the body. However, each subject had a discernible

pulsatile component to their PPG corresponding to the cardiac cycle.
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Subj. || Age | Height | Mass | Ravg | IRave | Rsta | IRsta | #R #IR
[m] kg] | [mV] | [mV] | [mV] | [mV] | beats | beats
HO001 27 1.78 67.1 76.7 78.1 53.9 53.1 3661 | 3684
HO002 27 1.80 74.8 24.8 27.6 33.1 31.6 | 3612 | 3629
HO003 28 1.83 81.6 39.6 41.5 39.4 | 39.3 | 3394 | 3531
HO004 31 1.70 70.3 32.4 26.6 43.1 40.3 | 3335 | 3333
HO005 26 1.83 72.6 59.8 62.0 45.3 50.1 25565 | 2534
HO006 40 1.93 103.0 | 42.9 33.7 46.8 | 38.3 | 4072 | 4122
HO007 || 49 1.78 78.0 | 50.4 | 35.0 | 53.0 | 35.1 | 3074 | 3191
HO008 53 1.75 85.3 | 113.0 | 119.9 | 64.1 61.7 | 4387 | 4450
HO009 60 1.83 78.0 41.9 42.2 39.5 32.1 2394 2406
HO10 33 1.55 49.9 44.3 47.8 04.2 | 477 | 4863 | 5047
HO11 25 1.70 66.7 69.9 67.3 08.3 | 60.2 | 2860 | 2748
HO12 o4 1.83 83.9 87.3 94.6 73.9 70.5 | 5041 | 5308
HO013 || 63 1.65 61.7 | 68.7 | 71.1 | 483 | 45.5 | 3632 | 4039
HO14 || 29 1.83 77.0 33 35.8 | 389 | 27.0 | 679 726
HO15 28 1.83 77.1 20.4 23.9 27.9 28.1 576 576

Mean || 38.2 1.77 77.13 | 53.67 | 53.81 | 47.98 | 44.04 | 3209 | 3288
Stdev || 13.7 | 0.093 9.75 | 2547 | 279 | 12.02 | 13.09 | 1292 1354

Table 4.1: Summary of Head PPG and Subject Parameters

4.3.2 Estimating Blood Pressure at the Head

Comparing Head PTT Measurements to Blood Pressure

1

577) to BP in the carotid artery are the sit-

Two maneuvers chosen to compare {n(
to-stand maneuver, and the Valsalva maneuver. Both maneuvers transiently change
blood pressure, with responses as short as 2 seconds (stage III of Valsalva), to as long
as 20 seconds (sit-to-stand maneuver). Transient changes were chosen because the
body regulates blood pressure very tightly, especially in the head. Long-term changes
in the head are difficult to obtain, and may be unsafe.

The sit-to-stand maneuver is highly repeatable, and has a well known response
to mean arterial pressure (MAP) and cerebral blood flow velocity (CBFV). The sit-
to-stand repeatability allows for a more thorough analysis, not only for intra-subject
maneuvers, but also for inter-subject comparison. Conversely, the Valsalva maneuver
morphology is highly variable, even comparing multiple maneuvers over one subject.

1

Although there is some information that can be obtained from measuring the In(5z7)
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response during Valsalva, the usefulness of this data is limited since it is not repeat-
able.

Continuous, non-invasive measurements of blood pressure in the carotid artery
are difficult to obtain. Due to the lack of available continuous blood pressure mea-

surements in the carotid artery for subjects performing sit-to-stand, and Valsalva

maneuvers, the following analysis shows how to relate ln(ﬁ) from the wearable

CHF monitor to blood pressure by using cerebral blood flow velocity (CBFV).
CBFV is related to pressure through the relationship:

P
F=VxA=— 4.2
A= 12)

where F' is blood flow (%3), V is blood flow velocity (%), A is cross sectional area

of the vessel (m?), P is blood pressure (mmHg), and R is vessel resistance (“242),

Concurrently:
Einch  AX
2rp  PTT

PWV = (4.3)

where PWV is pulse wave velocity (=), Ej,. is Young’s modulus of the vessel ( WI:Z 5 ),

h is the vessel wall thickness (m), r is the vessel inner radius (m), p is the density of

blood (%), AX is the length of the vessel (m), and PTT is the pulse transit time (s).

k
Substituting the area of a circle (7r?) for A and equation 3.10 for R into equation
4.2, and solving for V' yields:

v Pr?
8AXn

(4.4)

where AX is the length of the vessel and 7 is the blood viscosity (mmHg-s). Similarly,
substituting equation 3.4 for Ej,., assuming unit vessel length, and solving equation

4.3 for In(5p7) yields:

1 aP th
i)~ 2 ) (45)

In(
where Fj is the value of the Young’s modulus when mean blood pressure is 0, « is a

fitting parameter with units and P is pressure. From equations 4.4 and 4.5, it

1
mmHg’
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can be shown that:

Vo P and V oxr? (4.6)

while:
(o) x P and  In{—5o) x In(~) (A7)
W ) o an W e) o< (= )

Therefore, if the trend of CBFV from previous studies is directly correlated to the
trend of In( PTT) during the same type of hemodynamic maneuver, then theoretically
the blood pressure in the carotid artery is dominating the transient changes. How-

ever, if CBFV and In( are inversely correlated, then the change in vessel radius

PTT)
is dominating. If there is no statistical correlation, then neither blood pressure, nor

vessel radius is dominating. Data in the following subsections show [n( from the

PTT)
wearable CHF monitor compared to previous studies obtaining mean cerebral blood
flow velocity (CBFV) during the same type of hemodynamic maneuvers. Finapres
MAP is also plotted as a reference measurement for comparing measurements in the
carotid to pressure changes occurring below the neck.

To obtain the in( data points, the R-peaks were annotated using the peak

PI7)
detection algorithm described in [4] in MATLAB. The PPG signals were then win-
dowed over the next 200ms from the R-peak to find the trough of the waveform,
and then windowed again from the trough over the next half R-R interval to find the
peak of the PPG. The edge of the PPG was determined to be the mid-point between
the trough and the peak. The annotations from MATLAB were then imported into
Physionet’s WAVE to manually ensure that they were correct. Once the annotations
were checked, they were re-imported back into MATLAB to calculate the different

timing intervals. Each of the intervals was averaged over 5 beats to smooth the trend

lines.
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Sit-to-Stand Maneuvers

1

577 ) measured from the wearable CHF monitor

Figure 4-13 shows a comparison of n(
for a sit-to-stand maneuver, and previous work measuring mean cerebral blood flow
velocity (CBFV) during the same type of maneuver [55. MAP from a Finapres is
shown as a reference measurement in both Figure 4-13a and 4-13b. In both datasets,
once the subjects stand up, the MAP dips, bottoming out approximately 10 seconds
after standing, and returning to baseline approximately 20 seconds after the start
of the maneuver. The ln(ﬁ) and CBFV also have matching characteristics as
a dip followed by an increase in pressure compared to baseline approximately 10
seconds after the maneuver began. Both ln(ﬁ) and CBFV return to baseline
approximately 20 seconds after the maneuver began. Figure 4-14 is a scatter plot
of the normalized and averaged ln(ﬁ) sit-to-stand data for subjects HOO7 - HO13
versus the normalized CBFV data from [55]. The data are directly correlated with

a correlation coefficient of 0.545 that is statistically significant (P < 0.05).
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Figure 4-13: a) Top: Mean Arterial pressure from a Finapres and Bottom: In(57=)

measured from the wearable CHF monitor during a sit-to-stand maneuver from sub-
ject HO09. b) Top: Mean arterial pressure from a Finapres, and Bottom: CBFV
measured by [55] during a sit-to-stand maneuver. Gray lines indicate where the sub-
jects stood up.
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Normalized In(p77) Data vs. Normalized C BFV Data During Sit-to-Stand
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Figure 4-14: Normalized and averaged In(5=) data from subjects H007-HO013 for sit-

to-stand maneuvers vs. normalized C BEF'V from [55]. The data are directly correlated
with a correlation coefficient of 0.545 which is statistically significant (P < 0.05).

Figure 4-15 shows averaged and normalized M AP, In(5=), In(57), and PEP
for all sit-to-stand maneuvers. To average data points from different maneuvers, each
plot was windowed from 20 seconds before, to 40 seconds after the subject stood
up. Each maneuver was normalized over this one minute range and data points were

placed in one second wide bins, and then averaged.
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Normalized and Averaged Finapres MAP During Sit-to-Stand
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Figure 4-15: Normalized and averaged data from subjects HO07-H013 for sit-to-stand
maneuvers. Top: Finapres M AP, second: In(pxz), third: in( and bottom:
RJI. Gray lines indicate when the subjects stood up.

a7

Figure 4-16 shows the normalized and averaged sit-to-stand data with error bars.
During the maneuver, the RJ interval increases transiently, due to the reduced venous
return to the right atrium. As the body compensates for gravity, the normalized RJI
drops to slightly below 1, indicating that one of the body’s responses for maintaining
blood pressure while standing is a slight increase in contractility. This change in RJI

would cause MAP estimates using PAT to error slightly higher.
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Normalized and Averaged Finapres MAP
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Figure 4-16: Normalized and averaged data from subjects HO07-HO13 during sit-to-
stand maneuvers with error bars. Gray lines indicate when the subjects stood up.
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Valsalva Maneuvers

Figure 4-17 shows a comparison of in( measured from the wearable CHF monitor

PTT)
for a Valsalva maneuver and previous work measuring C BFV during the same type
of maneuver, with MAP from a Finapres as a reference measurement [56]. Due to
the fast transients of the Valsalva maneuver, all four stages are present in both the
In(5+=) and CBFV [56] [57]. The M AP shows very dramatic and fast transitions
between the stages, where the pressure changes by approximately 70 — 100% between

) and CBFV | the difference

minimum and maximum points. Conversely, for In(s= BTT
between minimum and maximum points is only 30 — 50%, which suggests that even
with fast hemodynamic transients, the change in blood pressure to the head is muted
compared to the change to the rest of the body. The four stages of the Valsalva

maneuver are as follows:

e Stage I of the Valsalva occurs as the subject initially bears down on their chest.
The increased intrathoracic pressure increases cardiac output and blood pressure

as blood is forced out of pulmonary circulation into the left atrium.

e Stage II is denoted by a drop in cardiac output, due to reduced venous return
to the right atrium, followed by compensation of the body to increase vascular

resistance and blood pressure.

e Stage III is the release of the intrathoracic pressure, which allows the pulmonary
vessels and aorta to re-expand, causing a slight drop in cardiac output and blood

pressure.

e Stage IV occurs as venous return increases, allowing cardiac output and blood
pressure to return to normal. Usually the body overcompensates before hemo-

dynamics return to their pre-Valsalva values.

Figure 4-18 shows representative data from Valsalva maneuvers during the clinical
test. Once again, the top plot of each sub-figure is Finapres M AP, while the second,

third, and bottom plots correspond to In(sw=), In(5%=), and RJI from the wearable

PTT ) PAT )
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Figure 4-17: a) Top: Mean arterial pressure from a Finapres and Bottom: In(
measured from the wearable CHF monitor during a 20 second Valsalva maneuver
from subject HO06. b) Top: M AP from a Finapres, and Bottom: (CBFV) from a 10
second Valsalva maneuver measured by [56]. 1 —4 denote stages I-IV of the Valsalva

maneuver.
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CHF monitor respectively. The large variation in the RJI causes errors in pressure

estimation when using In(s%=) instead of in(

PAT PTT>
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Figure 4-18: Representative Valsalva maneuver data from the clinical test. Top:
Finapres M AP, second: In( third: In(p57), and bottom: RJI. Data is from
subject HO06.

PTT)
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Interpretation of the Data

Theoretically, a direct correlation between CBFV and In( trends indicate that

PTT)
a change in blood pressure is dominating. For the sit-to-stand maneuver, a direct
correlation coefficient of R = 0.545 was obtained for CBF'V between a normalized

subject from [55] and the averaged and normalized In( data from subjects HOO7

PTT)
- HO13. However, without a direct measurement of pressure in the carotid, the cor-

relation of In( to pressure cannot be calculated.

717
Analyzing the Valsalva data is more difficult. It’s unrepeatable nature removes

the ability to average In( over several maneuvers, which makes statistical cor-

PTT>
relations all but impossible. Additionally, the morphological variations remove the

ability to directly compare In(+%=) from subjects HO01 - H013 and CBF'V from pre-

PTT )

vious studies. In the future, using Valsalva for analyzing correlation between In( PTT)
and pressure in the carotid requires C BF'V or a direct pressure measurement of the

subject under test.

4.3.3 Estimating Blood Pressure Below the Head, and Ac-

counting for Vessel Radius

Cold pressor maneuvers were completed by subjects HO14 and HO15. The effect of
the cold pressor on blood pressure below the head is quite dramatic, with increases
in pressure of 25 — 30% over prolonged periods. This large, and lengthy change
makes the cold pressor a good maneuver for estimating blood pressure below the

head with In( Since the BCG is a total body movement, taking the interval

PTT)
from the J-wave at the ear, to the edge of the PPG from the finger is akin to making
measurements beginning at the aortic arch, and traveling along the brachial and radial
arteries.

As mentioned in section 3.6.1, the radius of the vessel under test is proportional
to cardiac output and mean blood pressure, and is not constant. Utilizing the SV

calculation from the BCG J-wave amplitude, and heart rate to obtain cardiac output,

we can recursively solve for MAP and obtain a scaling factor for the change in radius,
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as shown in equation 3.13. Using the ECG, BCG, and PPG allow for comparison

of blood pressure estimation with In(55z), In(575), and adjusted In(s57), where
adjusted In(577) accounts for the estimated change in vessel radius.
Figure 4-19 compares calibrated In(54z), In(537), and adjusted In(5r5) from

a PPG at the finger, against the M AP obtained by the Finapres for subject H014
during the cold pressure experiment. The bottom plot corresponds to the calculated
normalized change in (n(r). For estimation of the vessel radius, cardiac output was
generated by averaging 10 values around the data point of interest, and the previous
value of estimated M AP was used for AP. Five calibration points were used for each
plot, and none of the points were taken after 300 seconds into the test.

In Figure 4-19, calibrated In( shows difficulty tracking Finapres M AP

7a7)

during transients as the hand is placed in and out of the cold pressor. There is also
a significant positive bias after the hand has been out of the cold pressor through

the end of the test. Calibrated In( follows Finapres MAP better than calibrated

PTT>

In(5 AT) during transients, and after the hand has been removed from the cold pressor.
However, there is a slight negative bias while the hand is inside of the cold pressor.

Calibrated adjusted In( tracks the first transient similarly to In( and the

PTT) PAT)

second transient better than both In(455) and in( Additionally, the bias is

PTT)

further reduced after the hand has been removed from the cold pressor. However,
there is a greater negative bias while the hand is inside the cold pressor. Figure 4-
20 shows Bland-Altman plots corresponding to different blood pressure estimations
using a PPG at the finger for subjects HO14 and HO15. The data bias is minimized
when adjusting for the change in radius (+1.1mmHg), but the standard deviation is

minimized when In(s==) is used (&7.8mmHg).

PTT

Data in Figure 4-19 show that the PEP reduces after the cold pressor maneuver,
and does not return to baseline within the first 3 minutes after the maneuver has

been completed. This is evidenced by the positive bias in calibrated In( shown

PAT)

in Figure 4-20a. The data also suggest that accounting for the change in vessel

radius can improve [n( to M AP algorithms during large transients. However,

PTT)
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Figure 4-19: Subject HO014 cold pressor maneuver. Top: ln(PAT) to a finger PPG
(blue) and Finapres MAP (green). Second: In(s77) to a finger PPG (blue) and
Finapres MAP (green). Third: Adjusted In(57=) to a finger PPG (blue) and Finapres
MAP (green). Bottom: Normalized change of the vessel radius.
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Flgure 4-20: Bland-Altman plots for subjects H014 and HO15 for a) In(557), b)

In(+==) and c) adjusted In(
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accounting for the change in vessel radius increased the standard deviation from 7.8 to

9.3 mmHg compared to estimations using in( without accounting for the change

PTT)

in vessel radius. Table 4.2 shows correlation values for subjects H014, HO15, and the

concatenation of both datasets. The P-values for in(51=) and adjusted In(5r=) from
subject HO15 were not statistically significant (P > 0.05).
Subject PAT PAT PTT PTT | Adj. PTT | Adj. PTT
R value | P value | R value | P value | R value P value
HO14 0.6012 0.0000 0.6393 0.0000 0.4358 0.0000
HO015 0.0976 0.0322 | -0.0552 | 0.2262 0.0479 0.3023
Total 0.5474 0.0000 0.5083 0.0000 0.3077 0.0000

Table 4.2: Statistical significance of finger PPG intervals to MAP

4.4 Summary

The wearable CHF monitor hardware and software were characterized in detail. The
clinical testing protocol, which was used for proof-of-concept experimentation for
PTT-to-BP algorithms and measurement system was also described. Test results

showed morphological changes of in( from the wearable CHF monitor compared

PTT)
directly with that of CBFV from previous studies during sit-to-stand maneuvers.
They were theoretically shown to be dominated by changes in pressure in the carotid
artery instead of vessel radius. Using the J-wave from the BCG as the first PTT time
marker, and the edge of the PPG at the mastoid for the second PTT time marker,
allowed for continuous measurement from a single site on the body. Cold pressor

), and In(s%=
PPG to continuous Finapres M AP. Hysteresis in the PEP of the heart was observed

experiments also compared n(s==), adjusted In(=+= ) from a finger

PTT PTT PAT

and contributed to error in In(s4=) to MAP, compared to using In(s%=). Finally,

PAT ) PTT )

adjusting the values of the calibration constants for changes in vessel radius improved

In( to MAP during cold pressor transients, but increased the overall standard

PTT>

deviation for the duration of the test.
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Chapter

A Reflectance Mode PPG Architecture

This chapter begins with a description of a typical PPG receiver signal chain. Dy-
namic range enhancement (DRE) architectures are then introduced as a way to im-
prove the dynamic range of a PPG receiver. A new DRE architecture will then be
explained which does not negatively affect the desired bandwidth of the PPG signal,
and it will be compared to previous work. Next, previous time-varying interferer
removal algorithms will be explained, and a novel, low-power on-off keying (OOK)
modulation, sampling, filtering and demodulation architecture is proposed to remove

unwanted time varying interferers from the PPG signal.

5.1 A Typical PPG Receiver Architecture

A simplified block diagram of a typical PPG receiver is shown in Figure 5-1. The
photodiode receives light emitted from the LEDs that has passed through tissue,
typically the finger, and the signal is amplified by a transimpedance amplifier. If the
PPG receiver is used for multiple wavelengths, as in pulse oximetry, then the LEDs
are turned on serially, and the signals are demodulated into separate signal chains,
followed by analog signal conditioning, such as low-pass filtering and correlated double
sampling [27]. After analog signal conditioning, the signal is converted to the digital
domain, where calculation of physiological parameters such as timing information, or

blood oxygenation can occur.
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Figure 5-1: Block diagram of a typical PPG front end.

Although this simple architecture can work for finger transmission-mode probes
and higher voltage front ends, it poses several challenges to single-supply, low voltage
and low-power reflectance-mode operation. Two solutions to these challenges will be

addressed in the following subsections.

5.2 Techniques for Dynamic Range Enhancement

in PPG Front Ends

5.2.1 Existing Techniques

Removal of the static portion of the PPG signal, as well as static interferers is required
for low-voltage and high transimpedance gain PPG front ends. For example, if the
pulsatile portion of the PPG signal has a magnitude of 300nA, and is ﬁ X the static
portion, the total amount of photocurrent is 30uA. A front end transimpedance of

1M€) would yield an output of 30V, with only 300mV being part of the pulsatile
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Figure 5-2: Logarithmic front end as designed by Tavakoli [58].

PPG. If the PPG is taken in reflectance-mode, then ambient lighting such as sunlight
could become incident on the photosensor, thus increasing the total amount of static
current and ultimately, the output voltage of the transimpedance amplifier. For low-
power and wearable applications, a front end with a 30V supply is not feasible.
Techniques to increase the dynamic range of a PPG front end have mostly stayed
in the analog domain. Tavakoli utilized a log amplifier at the front end with a sinh
resistor in feedback, as shown in Figure 5-2, to logarithmically increase the amplifier
output to changes in DC levels while still maintaining high gain of the pulsatile
portion of the PPG signal [58]. This method achieves a wide dynamic range in the
front end (~6 orders of magnitude) at the cost of added analog complexity. A second
approach utilizes an error amplifier in feedback to the photo-receptor, as shown in
Figure 5-3. The error amplifier drives a current sourcing FET which removes static
current from the PD [59]. This approach pins the output voltage of a transimpedance
amplifier (TIA) to a specific value, which adds a zero to the transfer function at DC.
The pass-band of this technique is therefore also dependent upon the total amount
of current sourced by the FET. Due to the low-frequency nature of PPG signals, it is
very difficult to generate a pole close enough to DC in an integrated circuit such that

the pass band of the PPG signals begins at 1 Hz or below, as shown in Figure 5-4.
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Figure 5-3: A simplified schematic of using an error amp in feedback with a photore-
ceptor to subtract static current from a photo-diode.

A third dynamic range enhancement technique previously reported was designed
by Patterson et al. [60]. Patterson used a digitally-assisted analog technique to
subtract ambient light from his photoreceptor, as shown in Figure 5-5. His algorithm
updates the subtraction current at >10 Hz intervals, and the subtraction steps are

finely tuned.

5.2.2 A New DRE Technique for Removing Static Interferers

One of the biggest challenges with designing a low-voltage PPG system is the limited
dynamic range at the front end. This challenge becomes more difficult when the PPG
system operates in reflectance-mode, where mechanically blocking ambient light from
incidence on the sensor is not feasible. In order to mitigate this dynamic range
challenge, a digitally assisted analog dynamic range enhancer (DRE) architecture has
been designed to increase the dynamic range of the front end by up to 40dB. The
DRE architecture is comprised of a current DAC, which is used to subtract a static

amount of current (/) from the photodiode current (1), and an amplifier to amplify
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Figure 5-5: Diagram of the digitally assisted analog current subtraction technique
utilized by [60]. The subtraction DAC (DACJ1]) was updated digitally at >10Hz to
remove static ambient interferers (figure from [60]).
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Figure 5-6: A System block diagram showing the components for the DRE architec-
ture.

the residue (Iges) of the current, LED drivers which sink (/;gp) from the LEDs, and
a digital feedback component, as shown in Figure 5-6.

The DRE architecture operates in the following manner. Ig., is amplified and
digitized. If the digitized output V,,; is greater than a minimum threshold, and less
than a maximum threshold, then the digital feedback will not change I gp or I.
If V,,; is below a minimum threshold, the algorithm checks to see if Iy gp can be
increased. If it can, then it will increase I;gp and wait for the next sample. If I;zp
is already at a maximum, then the algorithm decreases I; and resets I gp to zero.

Similarly, if V,,,; is greater than a maximum threshold, the algorithm checks to see
if I1zp can be decreased. If it can, then it will decrease I zp and wait for the next
sample. If I gp is already at a minimum threshold, then the algorithm increases I
and resets I gp to zero. Figure 5-7 is a flow diagram of the digital feedback algorithm
and Figure 5-8 visually shows how I;gp and I change with respect to V.

This digitally-assisted analog technique has several advantages. First, compared
to [60], which was limited to subtracting 3.24uA, it can subtract large amounts of
static current, as the DRE block can be implemented as a tunable current source.

Implementing a tunable current source removes the dependence of supply voltage on
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Figure 5-7: A flow diagram for the digital feedback algorithm of the DRE architecture.
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Figure 5-8: A signal diagram showing how [, and I gp change with respect to V,,;.

the static subtraction current, allowing for low-voltage operation of the front end.
Second, compared to [59], the pass-band of the proposed DRE does not infringe on
the PPG band of interest because the output of the integrator (V,,;) is not pinned
to a specific voltage. This means a zero is not placed into the transfer function at
DC, leaving the PPG bandwidth of interest in tact. Also compared to [59] where the
amount of static current is unknown, the DRE output (/) is known a priori due to
the digital code loaded into the DRE. This helps to further improve the accuracy of
SpOy estimations compared to not knowing the amount static current, as shown by
equation (2.8). Finally, the proposed DRE architecture is highly tunable due to its

digital nature. Therefore, current steps and refresh rates can be adjusted as needed.
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5.3 Techniques for Removing Time-varying Inter-

ferers in PPG Front Ends

5.3.1 Existing Techniques

Removal of time-varying interferers from the PPG signal is another difficult design
challenge. Often times, PPG systems will reduce their sample rate to conserve power
consumption. This reduction can cause frequencies from ambient lighting to alias into
the PPG bandwidth of interest if they are not filtered properly. Additionally, higher
order harmonics can be mixed directly into the bandwidth of interest. For example,
a PPG system that samples at 100 Hz will modulate 120 Hz from fluorescent lights
down to 20 Hz and 60 Hz from incandescent lights down to 40 Hz. The 5th harmonics
of both 60 Hz and 120 Hz will also modulate directly into the baseband. Setting a
low pass filter in the analog domain at 10 Hz for the PPG signal will negligibly
attenuate these interferers. When accounting for both 50 / 60 Hz power frequencies,
the spectrum becomes very crowded and sample frequencies must be chosen with
care. The interfering frequencies include 50, 60, 75, 100, and 120 Hz along with up
to 25 of their harmonics [61] [62].

Figure 5-9 shows an illustration of how a PPG signal is typically sampled, and
its resulting spectrum. In this architecture, the PPGs are sampled and the LEDs
are highly duty cycled. While the LEDs are off, the system does not sample the
ambient interferers, resulting in a spectrum where a low frequency interferer is close
to baseband, and it’s harmonics are mixed down to frequencies between DC and
the sample frequency. Images of the spectrum are repeated at sample frequency
intervals.

The simplest technique to remove time varying ambient interferers is that of
Correlated Double Sampling (CDS) [63]. This technique samples the ambient light
onto a capacitor and then subtracts that value from a subsequent PPG sample in the
analog domain. Similarly, this technique can also be applied in the digital domain

by converting an ambient sample and subtracting it’s value from a subsequent PPG
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Figure 5-9: Typical method of sampling a PPG signal (left) where the red bars
indicate the LED is on and the black dot indicates a sample is taken. The blue signal
indicates a time-varying interferer incident on the photodiode. The spectrum of the
typical method of sampling (right) shows low frequency interferers close to the PPG
signal band of interest as well as the first image around the sample frequency.

sample. Although simple, this technique can be ineffective as it is dependent on the
time in-between the ambient and PPG samples, as shown in Figure 5-10.

To obtain higher levels of attenuation, more intricate filtering schemes must
be employed. Patterson [60] used a homodyne detection algorithm where the LED
drive current was modulated with a sine wave. The frequency chosen was 250 Hz
with a sample rate of 1 kHz. This placed his PPG signal directly on top of the 5th
harmonic of the 50 Hz mains and in-between the second and third harmonics of 100
Hz florescent lights. Although effective at removing some interferers, it was a higher
power implementation due to the high LED turn-on frequency of 1 kHz, and the
fact that he used a multiplication of a sine wave to demodulate the PPG signal to
baseband. His use of a lattice wave digital filter structure to conserve power also can
be undesirable when phase distortion cannot be tolerated, such as for finding peak or
edge timing information from a signal.

Grubb et al. modulated the LED’s with a square wave instead of a sinusoid [64].
Figure 5-11 shows a block diagram of his system. Grubb once again used a very
high LED turn on frequency of 575 Hz and a sampling frequency of 2300 Hz, which
increased LED power significantly, followed by an I-QQ demodulator to bring the signal
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Figure 5-10: A graph of the percent reduction of a 60 Hz interferer from a PPG
signal using the simple subtraction method. Interferer attenuation reduces linearly
with increasing interferer frequency. Even at 60 Hz, greater than 26 dB of attenuation
requires sample times on the order of 100 us.
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Figure 5-11: Block diagram of the lock-in amplifier used by Grubb et al. The lock-in
frequency was 575 Hz with a system sample rate of 2300 Hz [64].

back to baseband.

5.3.2 A Modulating, Filtering and Decimation Technique for

Time Varying Ambient Interferer Removal

To remove these interferers in a low-power manner, a modulating, filtering and deci-
mation architecture is presented. This architecture first involves sampling the output
of the photoreceptor when the LEDs are on, as well as when the LEDs are off. This
technique and it’s resulting spectrum are shown in Figure 5-12. As can be seen, the
PPG signal is modulated at integer multiples of the LED turn on frequency, whereas
the interferers stay at baseband. Next, filtering around one of the images in a clean
portion of the spectrum can remove extra modulated images and unwanted interferers,
while decimation is used to demodulate the signal back to baseband in a low-power
manner.

Mathematically the technique can be explained in the following manner. We
define the PPG signal when the LEDs are on as p(t) and sample with an impulse
train s(t), which is defined by:

s(t)= Y 6(t—nT) (5.1)

n=—oo
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Figure 5-12: A: Sampling the PPG signal and ambient interferers results in B: a spec-
trum where the PPG signal is modulated to integer multiples (in this case, 4) of the
LED turn-on frequency. C: Filtering around the second image and D: demodulating
by decimation removes interferers while maintaining a clean, uncorrupted PPG signal
in a low-power manner.

where T is the sample period of the pulse train, shown graphically as the time between
the red bars in Figure 5-12A. The combined time domain signal for the sampled PPG

xs(t)is defined as:

ro(t) = s(t) - p(t) = > P(nT)s(t —nT) (5.2)
The frequency domain representation of x,(t) is shown in Figure 5-12B and repre-

sented by:
X,(jQ) = 21 S(Q) * P(jQ) = Z P2 — k) (5.3)

k*—oo
where ) is @ This is a mathematical representation of the PPG signal P(j<)
modulated at intervals of k€25 where k is an integer.

The ambient light a(t) is sampled with a period of ﬁ and is represented in the
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frequency domain by:
1 oo
1T, Z 3(9 — 4kQ)) (5.4)

From equation (5.4), we see that the ambient light A(7€2) has images around integer
multiples of 4€); instead of €2;. The combined PPG signal and ambient light signal
Xiotar (7€) is shown through superposition to be:

o

Xia(0) = X+ x, = 30 (FUEZHED AV A, (5 )

k=—o0

After filtering Xio1q:(7€2), the resultant signal X;(j€2) is:

X(Q) = Xiotar- Hy (7 = Y (PU(QT— k) +A(j(Q4_T4kQS>)

k=—o00

)- Hy(582) (5.6)

where the filter H(jQ) is defined as 1 inside BW and 0 elsewhere. Downsampling
the signal by a factor of M results in:

X = X, (5 = 5 Y 3 X~ e~ ] (6

=0 k=—o00

which is a set of M copies of X frequency scaled by M and shifted by integer multiples
of QM”, which places a copy of X; back in the baseband, completing the demodulation
[65].

Going back to the original problem of a crowded spectrum, choosing the LED
turn-on frequency, and the overall sampling frequency is crucial to ensuring a clean
area of the spectrum to modulate the PPG signal. The widest area of clean spectrum
is from 300 - 360 Hz in the US and 300 - 350 Hz in Europe. Sampling at 660 Hz,
with an LED turn-on frequency of 165 Hz modulates the second image of the PPG
signal right at 330 Hz, while modulating higher order harmonics from 50/60 Hz into
the stop band, leaving the clean spectrum intact. By defining the pass-band as 320
- 340 Hz, it can be shown that this sample scheme modulates every 60 and 120 Hz
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harmonic into the stop-band. The first 75 Hz harmonic modulated into the pass-band
is the 22nd harmonic, which is modulated down to 330 Hz from 1650 Hz. The first 50
Hz harmonic modulated into the pass-band is at 1000 Hz which is the 20th harmonic,
and it is modulated down to 340 Hz. The first 100 Hz harmonic modulated into the
pass-band is also at 1000 Hz, which is the 10th harmonic and it is modulated to 340
Hz. Sampling at 4x the LED turn-on frequency also reduces the white noise in the
BW by a factor of 2. Filtering with this method also attenuates 1/f circuit noise
below 320 Hz by the magnitude of the stop-band and transition-band of the filters.

The frequencies aliased into the pass-band f,;.s are defined by:
N
falias = 2'fLED+Zn'BW'fsample (58)
n=1

where BW is the bandwidth of the bandpass filter, frgp is the turn on frequency of
the LEDs, fsample is the sample frequency of the system, and N is defined by:

_ BWarg

B fsample

N

where BW 4rg is the bandwidth of the analog front end signal chain.

Turning on the LED’s at 165 Hz and choosing the modulated image at 330 Hz
also keeps the LED power low, as the LED turn-on frequency is close to the 100 Hz
value noted for other low-power PPG systems. Finally, low-power digital filtering
can achieve attenuation of 80dB or greater in the entire stop-band while negligibly
increasing the power budget.

Compared to [60] and [64], the proposed architecture has several advantages. First,
the technique is low power due to the reduced LED turn-on frequency. The turn-on
frequency for [60] is 1kHz, while the turn-on frequency for [64] is 0.575kHz, whereas
the proposed architecture has a turn-on frequency of 0.165kHz. The LED driver
design is also simpler compared to [60] since the current is not being modulated by
a sine wave. Demodulation through decimation is also lower power compared to a

lock-in amplifier or IQ) demodulator.
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5.4 Summary

Dynamic range was introduced as an engineering challenge to low-voltage, low-power,
reflectance-mode PPG systems. Previous methods to improve dynamic range were
described and a new dynamic range enhancement (DRE) architecture was explained.
The new DRE method compared favorably to previous works in terms of overall in-
crease in dynamic range, it’s effect on the PPG bandwidth of interest, it’s ability to
know how much current is being subtracted, and it’s tunable nature.

A second challenge to reflectance-mode PPG systems was identified as time-
varying interferer removal. Two existing methods were explained and a novel time-
varying interferer removal architecture was introduced. The new architecture was de-
scribed graphically, and mathematically shown to reject known interferers and their
harmonics. Compared to previous methods, the new architecture is lower power and

allows for a simpler design of the LED driver.
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Chapter

A Low-power Dual Wave Reflectance Mode
PPG SoC for Continuous, Wearable

Measurement

This chapter presents the design and measurement results of a sub-milliwatt, dual-
wave photoplethysmogram (PPG) System on Chip (SoC). The PPG SoC contains a
digitally-assisted-analog Dynamic Range Enhancer (DRE) circuit, as well as a mod-
ulation, sampling and digital filtering scheme for time varying ambient interferer
removal, both of which are specifically useful for reflectance-mode photoplethysmog-
raphy. Based on the device physics of photodiodes (PDs), and the noise requirements
for pulse oximeters, system level optimizations using mixed-signal design and novel
circuit topologies are implemented to significantly reduce power consumption. The
PPG SoC includes the LED drivers, analog receive chain, analog-to-digital converter
(ADC) and digital core for filtering and control of the aforementioned analog blocks.
Every circuit required to make the SoC work is contained on the silicon except for the
LED’s, photodiodes, and bypass capacitors. Each circuit block is discussed in detail

and measured 1C results from both electrical and human tests are presented.
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Figure 6-1: A simplified block diagram of the PPG SoC. The LEDs emit light into the
body which is then reflected back to the photodiode, integrated and then converted to
the digital domain. Digital feedback controls the DRE current (/) and LED driver
current (I;pp) and FIR filters attenuate ambient interferers and decimate the PPG
signal back to baseband. Everything is implemented on chip except for the LEDs and
photodiode.

6.1 The PPG ASIC Circuit Design

6.1.1 The Analog Signal Chain

The PPG SoC block diagram is shown in Figure 6-1. The LED drivers sink cur-
rent through the LEDs, which emit an optical signal that is amplitude modulated
by the pulsatile blood in the body and reflected back to photodiodes. The residue
(IRes) of the photocurrent (I,,) and estimated static current (/) is integrated onto
capacitor C'r and inverted. The signal is then converted to the digital domain with
the analog-to-digital converter (ADC). The following subsections describe the analog
blocks individually.

6.1.2 The LED Drivers

The LED driver architecture is based on the wide swing cascode current DACs as
mentioned in [66]. The transistors were sized with large area and long lengths to

reduce the % and thermal current noise. Therefore, the LSB for the DAC has a % of
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Figure 6-2: The circuit diagram of the wide swing cascode LED drivers [66]. W is
20pm and L is 2pum. Iyes is 10pA.

20pum

S for both transistors in the cascode stack and an output current of 100 A. The

DAC has 8 bits of resolution for a maximum output current of 25.6 mA. Figure 6-2
shows biasing for the LED current DAC. The biasing is turned on and off quickly by
toggling C'Sb.

The wide swing cascode design was chosen to minimize the voltage drop across
the LED current source while maintaining a high output resistance. This gives high
linearity of the current DAC over a wide range of drain voltages at the cascode
transistor. The DAC was designed for LED battery voltage varying from 2.3V — 3V
and LED on-voltages of 1.1V — 1.8V. The bias network utilized high currents to
reduce the transconductance of the bias devices and minimize thermal current noise.

Section 6.2 discusses how this bias network is the dominant noise source in the LED
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Figure 6-3: The integrating amplifier.

driver.

6.1.3 The Integrator

The integrator is comprised of a two stage operational amplifier (op-amp), an in-

tegrating capacitor Cr, and integration and reset switches. The differential pair of

8 1

goum to improve matching and lower % noise.
um f

the op-amp is p-type with a size of
The bias network to the output has been decoupled from the bias of the differential
pair to reduce switching feed-through from the DRE circuit. The differential pair
tail current is 500pA and the compensation capacitor is 10pF, yielding a unity gain
bandwidth of ~20 MHz. The high bandwidth ensures greater than unity gain at the
static current generator switching frequency of 6 MHz. The reference current is a
fast-startup 100uA source for low duty cycles of the amplifier. Figure 6-3 shows the
amplifier circuit with the device sizes.

Figure 6-4 shows the integrator circuit. The integrating capacitor C'r is nomi-
nally 40 pF, although it can be trimmed to 10, 20 or 30 pF. The reset switch Sg across
Crp is % and the integrating switch S; is 5107%1. Switch S,, grounds the photodiode
while the amplifier is off to ensure that the voltage V,;, does not go below 0. This
occurs when there is no current path through the photodiode while light is incident
on the detector. Figure 6-5 is a timing digram of the integrator, which includes the

Amplifier Enable signal, as well as the control signals for S;, Sg and S,,. The inte-
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Figure 6-4: The circuit diagram of the integrator.

grating amplifier is duty cycled at a rate of 6% with control signal Amplifier Enable.
Compared to always leaving the amplifier active, power consumption is on the order

of 100uW instead of > 1.5mW.

6.1.4 The Dynamic Range Enhancer (DRE)

The dynamic range enhancer is an 8-bit switched capacitor current source designed
to generate up to 100uA of static current. The number of bits was chosen to ensure
stability. Stable operating points for the PPG SoC are defined as 120mV < V,,,; <
1.68V. A 7-bit DAC would have current steps of 780nA. Assuming a maximum
pulsatile PPG signal of 1A, if the minimum V,,; of the pulsatile PPG is 100mV/,
adjusting the DRE current will bring the output of the maximum pulsatile PPG signal
from 100mV < V,,; < 1.1V to 880mV < V,,; < 1.88V, which is beyond the rail of
the SoC, and therefore, no stable bias point can be found. Adding an eighth bit to
the DRE brings the current steps down to 390n A, which ensures stability. Figure 6-6
shows a simplified diagram of the DRE and how it fits into the PPG SoC and Figure
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Figure 6-5: Timing diagram of the integrator.

6-7 is bit cell 'x’ of the capacitor DAC (Cpac).

Iy = fCAV (6.1)

where f is the clock frequency, C'is the capacitance, and AV is the voltage drop from
Vpp to the cathode of the photodiode.

The clock frequency is set to 6MHz and is described in section 6.1.5. The
LSB capacitance for Cpac is 73fF. Vpp is 1.8V and the voltage at the cathode of
the photodiode is set by the integrating amplifier virtual ground to equal 0.9V. The

25um

18 b0 reduce the RC time constant between
A8um

Charge and Dump switches are both

the switch resistance and the capacitance of Cpac. This ensures that the DAC
completely charges and discharges for all values of Cpc.

A switched capacitor topology is chosen compared to a current mirror because the
charge noise would be divided by the square root of the number of clock cycles per
integration period, which for this implementation is 240. Section 6.2 shows that the
DRE current DAC is not a large contributing factor to the total system noise.

During integration, the Reset switch is off and the C'harge and Dump switches are
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Figure 6-6: A simplified diagram of the DRE switched capacitor current DAC.

turned on with a frequency of 6MHz in a non-overlapping manner. Once integration
is complete, the C'harge and Dump switches are kept in the off position and the
Reset switch is enabled to return C,,p4. to 1.8V.

The switch S, x inside the bit cell is sized such that it’s parasitic capacitance
and switch resistance scales with C'x. The sizing of Sg;, inside the bit cell for the

704,u,m : : : 0.22um
MSB is 7 T80 Every bit cell reset switch S, is 0180 -

6.1.5 The Low-Jitter Clock

The low-jitter clock is based on a design by [67]. Figure 6-8 shows the schematic of
the clock. When ¢ is low, switches S} and Sy are active. The current flowing through
node V5 induces a voltage drop across the resistor R. The current flowing through
node Vi charges capacitor ;. Once the voltage at V; exceeds the voltage at node
V3, the comparator flips and ¢ goes high. At this point, the switches in gray are now

active. The node attached to R is now V; and the node charging capacitor Cy is now
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Figure 6-7: Bit cell 'x’ of the capacitor DAC (Cpac) in the DRE circuit.

V5. This node switching chops the comparator offset to improve frequency stability.
Charging a capacitor with a FET current source also reduces the output frequency
variation due to changes in power voltage compared to a ring oscillator.

The current source [ is 1A, the resistance R is nominally 169k$2 and C; and
C5 are nominally 224 fF'. Both C; and C5 have 6 bits of trim, with values of 101 fF’,
57fF, 30fF, 20fF, 10fF and 5fF, which allow for trimming the clock in steps of
30kHz. Simulation results of the clock frequency variation with respect to several
parameters are summarized in Table 6.1. The amount of tolerable jitter is 0.47%.

The clock circuit is expected to consume approximately 40uW .
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Figure 6-8: A schematic of the clock circuit. Figure from [67].

The ADC was designed by Marcus Yip and used with his approval [68]. It is a
9-bit successive approximation (SAR) ADC. In the PPG SoC, the ADC converts

6.1.6 The ADC

Parameter Variation
of frequency
Voltage 0.7%/100mV
Temperature 0.1%/°C
Jitter +0.2%

Table 6.1: Summary of Clock Simulations

1320% with a supply of 1.8V. Under these conditions, the ADC consumes less

than 1uW | which is well below the power budget of the system. The expected SNDR
of the ADC is 53.6 dB and the expected effective number of bits (ENOB) of the ADC

is 8.6, which is sufficient for proof-of-concept testing of the SoC.
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Figure 6-9: Circuit schematic of the fast startup current reference.

6.1.7 Peripheral Circuits

The Fast Startup Current Reference

The fast startup current reference is based on the work done in [69], however the cir-
cuit has been modified to allow for duty-cycling with a control signal from the digital
core. Figure 6-9 shows the circuit schematic of the fast startup current reference.
The reference operates in the following manner. When C'S is low, Vp is tied to
Vpp and both Vo and Vi are tied to GND. This ensures that zero current flows
through the 2.2k resistor. When C'S goes from low to high, V¢ is transiently pulled
up, which turns on transistor My, simultaneously lowering the voltage on Vp and
increasing it on V. As Vy increases, it causes transistor Mp to discharge node V,
which turns off the startup circuit, allowing Vi and Vp to stabilize to their steady-
state values. The reference is designed to supply 100 A of current and turn on in 2us,

which allows for optimum duty cycling of the integrating amplifier and LED drivers.
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Figure 6-10: Circuit schematic of switched capacitor voltage reference.

The Switched Capacitor References

There are two types of voltage references on the PPG SoC. The first is a switched
capacitor VLQD reference, and the second is a low-dropout (LDO) regulator. The
switched capacitor references are used at the positive terminals of the integrator, the
inverter, and the amplifier for the LDO. This is a lower noise solution than using
LDOs because the refresh rate of the capacitor voltage can be controlled, therefore
switching noise from the references can be filtered out by the digital filters. The
clock signal to refresh the references was a 10us pulse which occurred every 6.06 ms
(165Hz). The digital filters attenuate signals below 305Hz, which therefore removes
noise due to refreshing the switched capacitor references.

Figure 6-10 shows a circuit schematic of the switched capacitor references. Seven
trim bits (C7) were used in parallel with Cp to obtain voltage steps of 4mV. C¢ was
10pF for the integrating amplifier and 5pF for the inverting amplifier and LDO. Very
long lengths (60m) were used in the trim switches to reduce leakage in the references
down to 2.1pA max, which ensured that the reference voltage at the integrator reduced
by only 6mV over one charge cycle. Shorter lengths would require faster refresh rates

for the capacitor voltage which would have been more difficult to filter out.
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6.2 Noise Considerations

The analog front end was designed to meet the SNR requirements of a pulse oximeter,
which is 28.5 dB for accuracy within 2% of the peripheral oxygen saturation (SpO,)
[70]. The shot noise current spectral density of a photodiode is defined as:

iz pp =2qIpp (6.2)

where ¢ is the charge of an electron, (1.6 x 107%), and Ipp is the current flowing
through the photodiode.
Shot noise is a Poisson process. The signal-to-noise ratio (SNR) of a Poisson
process is generally defined as:
N

SNR =~ (6.3)

where N in this case is the number of electrons flowing through the photodiode.
Rounding 28.5 dB up to decimal 30, we can solve for the SNR of the front end in

terms of N to be:

N
SNR=— =30 6.4
N (6.4)

The SNR value in equation 6.4 assumes that the static component of the PPG signal is

not present. Unfortunately, the pulsatile component of the PPG signal is at minimum

A%oo of the static component, so the SNR of the total PPG signal is:

N
SNRppg = ——— = 30 6.5
PP 400 VN (6.5)
Finally, we solve for N:
N = (30-400)* = 1.44 x 10® (6.6)

Using this number for N, we can now solve for the minimum integration time versus

photodiode current:

(6.7)
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Figure 6-11: Minimum integration time of the front end versus photo-diode current,
assuming that the front end noise is dominated by the photo-diode shot noise.

Figure 6-11 shows integration time versus Ipp from 1 — 100uA.

The PPG SoC was designed to have lower noise than the photodiode shot noise
across the bias points of 14A—100uA. The following analysis calculates the theoretical
noise from each circuit block as a noise current spectral density at the photodiode.

The noise current spectral density for the LED driver is defined as:

. 8
i Lp = [ngT<gm,biasD2 + gm,pac) + 2¢ILpp)OCF? (6.8)

where g, pias 1s the summed transconductance of the devices in the current reference
and bias circuits, D is the decimal value of the LED DAC, g,, pac is the transcon-
ductance of the devices in the driver DAC, I gp is the current through the LED, and
OC'F is the optical coupling factor from the LEDs to the photodiodes, estimated to
be 0.004. As expected, the largest contributor to the LED driver noise is the current
reference and bias circuits, as their noise contributions are multiplied by the decimal
value of the DAC.

The noise current spectral density for the integrating amplifier zfl Amyp 18 defined
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as: 9
L; k/‘BT(gm,input +gm,cm)

-2 9m,input
1 = ’ 6.9
n,Amp (Z H 7 )2 ( )

where kp is Boltzmann’s constant, 1" is absolute temperature, gy, inpu: is the transcon-
ductance of the input devices, and gy, ¢, is the transconductance of the current mirror
devices. (Zpp||Zr) is the parallel impedance of the feedback capacitance Cr, and the
photodiodes, defined as:

R2
(CF + CpD)2R2w2 +1

(Zppl|Zr)? = (6.10)

where R is the photodiode shunt resistance and Cpp is the photodiode capacitance.
The noise current spectral density for the switched capacitor static current generator
is defined as:

) 4kgTC
ZEL,DRE = T (6.11)

where I' is the number of clock cycles used to toggle the switched capacitor current
source per integration period. Finally, the total noise current spectral density of the

circuit and photodiode is:

2 2 B 2
UnTotal = 'n,PD T LD T n Amp T n.DRE (6.12)

Figure 6-12 shows theoretical noise contributions from each of the circuit blocks. As

expected, the photodiode is the dominate noise source.
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_,, Theoretical Noise Current Spectral Density vs. Photodiode Current
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Figure 6-12: Theoretical Noise contributions from each of the circuit blocks. The
photodiodes should be the dominate noise source.

6.3 The Digital Core

The digital core of the PPG AFE has three main functions. First is the digital filtering
and decimation, which will be described in more detail in the next subsection. The
second function of the digital core is to provide all of the control signals for the
analog blocks. These controls signals duty cycle the amplifiers and current sources,
as well as provide the digital codes for the dynamic range enhancement circuitry and
the LED drivers. The final function of the digital core is to act as an interface to
the micro-controller (MCU). The MCU communicates with the digital core via the
SPI communication protocol. The digital core can send almost 100 different register
values to the MCU, most notably the filtered PPG values, the raw ADC values, and

different feedback values.

6.3.1 The Digital Filters

The FIR filters inside the digital core are highpass with a stopband from 0-305Hz, a
transition band from 305-320Hz, and a passband from 320-330Hz. Since the sample
rate is 660Hz, and the LED turn on frequency is 165Hz, the filters essentially form a
passband from 320-340Hz around the second PPG image. The filters were designed
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Figure 6-13: Stopband of the reference (red) and quantized (blue) filters.

using MATLAB’s filter design tool, which also generated the FIR Verilog code for the
digital core [71] [72]. Each filter has 125 taps, which was limited by the size of the
transition band.

The stopband attenuation of the filters was designed for 90dB. After quantization
of the accumulator and multiplier, the stopband attenuation reduced to 87dB, suffi-
cient to attenuate full swing interferers below the noise floor. Figure 6-13 shows the
stopband magnitude response of the reference and quantized filters. The passband
response, shown in Figure 6-14 was defined as having 0.1dB ripple from 325-330Hz,
and a -3dB point at 320Hz.

The filters are a decimation by 4 structure, with a signed input. The input is 10
bits, and the coefficient word lengths are 16 bits. The output word length is 16 signed
bits. The multiplier is 24 bits and the accumulator is 28 bits. The coefficients were
scaled to prevent overflows. The physical implementation of both filters is fully serial,

with a single multiplier shared by all of the taps, which reduced chip area compared

130



Magnitude Response (dB)

\

o /
=

) -1 /

©

S /

€15

(4v]

=

|
|
[
|
|
|
|
|
|
i —Filter #1: Quantized
; --Filter #1: Reference
|
|
|
|
|
|
|
|
|

'3320 322 324 326 328 330
Frequency (Hz)

Figure 6-14: Passband of the reference (red) and quantized (blue) filters.

to a fully parallel structure. The expected power consumption is 4.8uW per filter.

Figure 6-15 shows the complete response of the reference and quantized filters.

6.3.2 The Digital Feedback

The feedback algorithm for the LED drive currents and DRE current is described in
Figure 6-16. The amplifier output is checked against a threshold and then the LED
currents are incremented or decremented as needed. If the LED currents are above
or below a set threshold and the DRE current has not been changed for at least 1.5s,
then the DRE current is adjusted. Waiting 1.5s ensures stability in the feedback
algorithm, as changing the DRE current before the LED drive current has settled can

cause the bias point to never stabilize.
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Figure 6-15: Complete response of the reference (red) and quantized (blue) filters.

132



Decrease |
and reset
lep tO zero

Yes

Have we waited
A 1.5s to decrease

|St?

Have we waited
:
A 1.5s to increase

|St?

Yes

Increase I
and reset
l.ep to zero

‘ Start ’

Increase
o
|LED
A 4
Digitize
amplified Ig
Yes |
No
Can lygp be - Is value greater
increased? than minumum?
Yes
No
Can lgp be - Is value less than
decreased? maximum?
Yes
Yes
decrease

lLep

Figure 6-16: A flow diagram for the digital feedback algorithm of the PPG SoC.
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6.4 Physical Layout Considerations

Physical layout considerations to improve transistor matching were taken into ac-
count. These include dummy transistors on the ends of transistor finger chains as
well as common centroid topologies for the integrator differential pair and the LED
drivers. Decoupling capacitors were also used wherever possible to filter noise from
the supplies. In total, approximately InF of decoupling capacitance is implemented
on chip, with about 60% used for the analog supplies, 30% for the digital supplies,
and 10% for the ADC reference.

6.5 The PPG SoC Measurement Results

The following subsections summarize the measured results of the PPG SoC. Figure

6-17 is a photomicrograph of the PPG SoC.

6.5.1 % Noise Removal

Modulating the PPG signal to a frequency higher than baseband allows for the re-
moval of 1/f noise below the modulating frequency. Figure 6-18 shows clean red and
IR PPG’s at the output of the filters. Figure 6-19 shows spectra of the data with
and without modulation and filtering. Using this technique reduces the amount of
noise power in the IR PPG spectrum by 32dB and the red PPG spectrum by 48dB
over the bandwidth of 0 — 10H 2. The difference in the two PPGs is due to a slightly
higher drive current in the red LED (5.07mA) compared to IR (4.785mA), which
means that the optical coupling factor (OCF) was higher for the IR LED, increasing

the noise floor.
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Figure 6-17: A Photomicrograph of the PPG SoC. The analog core is 1.2mm x 0.7mm
and the digital core is Imm x 1mm.
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Figure 6-18: Clean PPG signals at the output of the PPG SoC without any extra
post-processing.

135



FFT of Raw and Filtered Red Data

% | | | " [~Raw ADC Data
o —Filtered Data
©
> _
".é ANBARAANANN Y
5 6 9 10
Frequency [Hz]
FFT of Raw and Filtered IR Data
é ok | | | | " [-~Raw ADC Data
o —Filtered Data
©
=]
=
(@)]
S ' ‘ : B
) 1 2 3 4 5 6 7 8 9 10
Frequency [Hz]

Figure 6-19: Top: The FFT of a red PPG with (red) and without (blue) modula-
tion and filtering. Bottom: The FFT of an IR PPG with (red) and without (blue)
modulation and filtering.

6.5.2 Time-varying Interference Removal

Using the modulation technique also allows for removal of time-varying interferers
from the signal. The top and middle plots of Figure 6-20 show PPG and ambient
sampling with a large fluorescent office light interferer incident on the sensor. The
bottom graph shows the clean PPG after interferer removal and demodulation. Figure
6-21 shows spectra of the PPG and ambient interferers before filtering, and after
interferer removal and demodulation.

The time varying interferer in this case was primarily a 120H z fluorescent office
light, however a 60H z interferer is also present. Office lighting has significant power
beyond the fundamental frequency. Many of the higher harmonics are visible in
Figure 6-21. In this plot, the largest interferer occurs at 120Hz and is attenuated
from —3dB to below the noise floor of —70dB.
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Figure 6-20: Top: PPG and ambient samples with a large 120H z fluorescent office
light interferer. Middle: A zoomed in plot of the top graph. Bottom: The clean PPG

signal after interference removal and demodulation.
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Figure 6-21: Top: The FFT of PPG and ambient samples with a large fluorescent
light interferer with a fundamental frequency of 120Hz. Bottom: The FFT of the
PPG signal after interference removal and demodulation. The interferers have been

attenuated by over 67dB to below the noise floor.
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Noise Floor vs PD Current Before Filtering
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Figure 6-22: Measured circuit noise floor (red), expected circuit noise floor (blue) and
theoretical photodiode shot noise (green) before filtering.

6.5.3 DRE Bias Points and Noise Measurements

Figure 6-22 shows the measured circuit noise floor (red), expected circuit noise floor
(blue), and theoretical noise contribution from the photodiodes (green) across dif-
ferent DRE bias points before filtering. A lot of the increase in noise for higher
photodiode bias currents is due to noise from the LED driver, which becomes a larger
source of noise as the LED drive current increases, as shown in figure 6-12. This is
due to the fact that the OC'F of the system was approximately 75% higher than orig-
inally expected. Additionally, the bias current reference was sourcing 140uA instead
of 100pA, which increased the g, of the bias devices and the noise current of the
LED driver.

Figure 6-23 shows the measured circuit noise floor (red), expected circuit noise
floor (blue), and theoretical noise contribution from the photodiodes (green) across
different DRE bias points after filtering. Once again, the measured noise is approxi-
mately 3dB higher than the expected noise. The increase in noise floor at high bias

currents is due to the LED driver.
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Noise Floor vs Photodiode Current
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Figure 6-23: Measured circuit noise floor (red), expected circuit noise floor (blue) and
theoretical photodiode shot noise (green) after filtering.

6.5.4 The Clock

Clock jitter directly effects the integration time, as 7;,; is equal to 240 clock cycles.
If the integration time was Gaussian distributed and varied by up to 0.47%, then the
noise at the output of the integrator would be 2mVgy;s which is the approximate
noise floor of the chip.

Figure 6-24 shows the clock signal averaged over 1000 spectra. The operating
frequency was 6.024MHz, and a 20kHz BW has 40dB attenuation from the carrier
frequency, indicating a jitter of 0.3%, which is acceptable for the chip. The operating

frequency gives a sample rate of 165.68%, which is 0.4% higher than expected
(165samples)'

sec

6.5.5 Power Measurements

Power dissipation for the different blocks of the chip are summarized in Table 6.2.
Overall chip power consumption was 11uW higher than expected. This is mostly due
to the 100uA fast startup current references, which measured 143uA, and were used
to power the LED driver bias and integrating amplifier. The cause of the current

increase was due to the 2.2k} resistors, which were not laid out with a standard
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Figure 6-24: 1000 averaged spectra of the clock signal. In a 20kHz bandwidth, there
is 40dB of attenuation from the carrier, implying that the jitter is approximately 0.3%
of the clock frequency. The carrier frequency was 6.024MHz, which is 0.4% higher

than expected (6MHz).

140



Power Consumption vs. DRE Subtraction Current

700 \ \

B )] (2]

o o o

o o o
T T T

Power Consumption [uW]

w

o

o
T

200 ’ ‘

0 10 20

30 40 50
Subtraction Current [uA]

60 70 80

Figure 6-25: Chip power consumption over photodiode bias current.

lower than the worst case of 100fF from simulation.

width, and therefore most likely had a lower resistance than expected. The clock
power consumption was lower due to a combination of the 1uA reference current

source measuring 800nA, and most likely the load capacitances being significantly

Figure 6-25 shows chip power consumption for different photodiode bias currents.

Circuit Block Expected Power | Measured Power
(W] [WW]
Integrating Amplifier 100 117
LED Driver Bias 9.2 21.6
Inverting Amplifier 9 9
6MHz Clock 40 20
Misc. 2 2
Digital Core 45 47
LED Drive Power 120-1,125 120-1,125
Circuits 205.2 216.6
Circuits + LED Drive 325.2-1330.2 336.6-1544.8

Table 6.2: Summary of PPG SoC Power Consumption
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For this test, there were zero ambient interferers, and therefore the increased bias
current was entirely due to increasing the LED drive currents. Assuming a constant

optical coupling factor, the LED drivers and DRE subtraction current appear quite




Green PPG Signal After Filtering and Decimation
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Figure 6-26: Top: A green PPG after filtering and decimation and Bottom: it’s
resulting spectrum.

6.5.6 Measurements with Other Optical Wavelengths

Figure 6-26 shows a PPG taken with a green LED and it’s resulting spectrum. Al-
though not as relevant at the finger, green PPGs typically have a very good SNR
at nearly every place on the body, whereas red and IR need well perfused regions to
be discernible [73]. The pulsatile portion of the PPG peaks with LED wavelengths
between 520nm — 595nm, and portions of the body with low perfusion, such as the

lower leg can have green PPG SNR > 20x red PPG SNR [73].

6.6 Summary

A low-power, dual-wave, reflectance-mode PPG SoC with static and time-varying
interferer removal was introduced. Critical analog and digital circuit blocks, as well

as chip operation were described in detail. A theoretical noise analysis showed that
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the SoC was limited by the shot noise of the photodiode. The chip was fabricated in

a 0.18pm 1P6M TSMC process with an active area of 1.84mm?. Measurement results

1
f

use of FIR filters. The noise floor was measured to be < 2nAg;s over bias points for

showed the ability of the chip to remove + noise and ambient interferers through the
a 10Hz bandwidth, and clock jitter was measured to be 0.3% of the carrier frequency.
Power consumption was measured to be 336 — 1544 W with a 1.8V circuit supply
and 3V LED supply. Nominal power consumption was measured as 425uW while
subtracting 30uA of static current in an office light setting.
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Chapter 7

Conclusions

7.1

Summary of Contributions

In summary, this work presents several contributions:

A discrete, wearable CHF monitor at the ear, which measures reflectance-mode
photoplethysmogram (PPG), and ballistocardiogram (BCG) to obtain single-

site, mean blood pressure estimations from In (5= ).

A clinical test on 15 subjects which demonstrated a direct relationship between
ln(ﬁ) and C' BF'V , which was theoretically shown to be dominated by changes

of blood pressure in the carotid artery.

A method for using the BCG and PPG to account for changes in vessel radius
during mean arterial blood pressure estimation from In(z57).

A low-power method for removing static interferers from a PPG signal and
increasing the dynamic range of a PPG front end without reducing the PPG
bandwidth of interest.

A low-power method for removing time-varying interferers from a PPG signal

through modulation, digital filtering, and decimation.

A system on chip (SoC) for dual-wave, reflectance-mode PPG which nominally
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consumes 425uW removes up to 100uA of static interferers, and attenuates

time-varying interferers by 87dB5.

7.2 Future Work

Clinically, further validation of the relationship between pulse transit time (PTT)
and blood pressure (BP) is needed. This is best performed in a controlled setting
where a gold standard measurement of continuous blood pressure is available, such
as in a hospital on patients with arterial lines. Long test durations are necessary to
determine the frequency of calibration needed for accurate blood pressure estimates.
Further validation of measurements in the carotid artery are also needed, and can be
completed by estimating blood pressure through the use of a tonometer.

Additional validation of the proposed improvement of the PTT-to-BP algorithms
utilizing cardiac output (CO) and previous values of BP to estimate the radius change
of the vessels is also required. Further analysis to understand how the fitting param-
eter a may transiently affect the relationship between PTT and BP may also prove
insightful.

For the microcontroller (MCU), further work on reducing the PTT, PEP and SV
algorithms to run on an MCU instead of MATLAB is also required. Reducing these
algorithms to running on an MCU allows for sending scaler values, instead of raw
data over the radio. This will save over 10mW of power consumption in the system
compared to the current discreet implementation. Now that the PPG SoC has been
designed, the radio consumes over 80% of the power of the system.

Obtaining PPG signals during times of motion is still very difficult. Altering the
feedback algorithm used in the SoC to update the DRE subtraction current several
times per second compared to once every 1.5s may prove useful. Other techniques
such as capacitive sensing to sense the motion and filter it out using adaptive filters

is another possible method to explore.
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7.3 A Wearable CHF Monitor Use Model

Assuming that further clinical validation is conducted on the work presented in this
thesis and in [4], a use case for the monitor which can measure heart rate (HR),
stroke volume (SV), cardiac output (CO), mean blood pressure (BP), pre-ejection
period (PEP), and blood oxygenation (SpOs) from a single-site will now be presented.
Depending on the type of heart failure a patient has, they may experience symptoms
pertaining to some, or all of these measurements.

A potential use model for this device is as follows. A patient wears the CHF
monitor throughout the day. During periods of inactivity, which can be determined
by the standard deviation of the accelerometer magnitude, data can be collected by
the ECG, BCG, and PPG sensors. If heart rate estimations independently calculated
from all three measurements are equal, it can be determined that the data is clean,
and physiological parameters can be calculated. At this time, HR, SV, CO, BP, PEP
and SpO, data can be saved to memory, or wirelessly transmitted to a base-station
such as a cell-phone, for off-line analysis.

The base-station can plot the physiological information versus time, and perform
basic analyses to determine if the patient’s parameters have been trending negatively.
If so, the information is sent to the patient’s clinician to determine if an intervention
is necessary. The fusion of all of these sensors in one device gives the clinician an
overall window of the patient’s health, compared to just measuring one parameter,
once a day, such as body weight or a cuffed blood pressure measurement.

This use case makes calculations on the data only when the subject is relatively
still. The data can be averaged over long time scales, such as a minute, to improve
the accuracy of the measurements. Compared to the clinical test for proof-of-concept
validation discussed in this thesis, where hemodynamic maneuvers through the use
of motion were required, the data may be cleaner and easier to analyze. Obtaining
measurements on a beat-to-beat basis, to estimate parameters during fast transients

may not be required, and in general, are very difficult to achieve.
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