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ABSTRACT

Current diagnostic methodologies in cardiology face large tradeoffs between pro-
cedure invasiveness and diagnostic reliability, ultimately requiring individuals to
undergo cardiac catheterization for accurate diagnosis. Given the current societal
burden of cardiovascular disease, there is a need for translational medical devices
that bridge the accuracy gap between invasive and non-invasive measurements in the
assessment of heart health. This thesis focuses on the development and validation of
a high-resolution cuff-based system for assessment of central cardiovascular health.

Traditional pressure cuffs suffer low signal resolution when applied to non-invasive
pulse waveform acquisition. In the first section of this thesis, we develop a cuff-based
device with a pneumatic filter for high fidelity pulse waveform acquisition. This
work discusses the design and functionality of the cuff-device, and investigates the
repeatability of the cuff-based measurement. Furthermore, the derived mathematical
model of the pneumatic filter is shown to have an equivalent behavior to an electrical
low-pass filter inclusive of a time constant and a frequency response curve.

The accuracy and reliability of the pulse waveform features from the cuff-device
are evaluated with human study data. Firstly, an IRB study is performed at Caltech
on a young and healthy population showing that the cuff-device data lies within a
narrow distribution indicative of the healthy nature of the population. Secondly,
data from a clinical trial collecting simultaneous invasive catheter, cuff, and ECG is
analyzed. The first analysis compared waveform parameters from the cuff in sSBP
hold pressure with simultaneous aortic catheter, showing strong correlations between
the two measurement modalities for both magnitude and fluctuations thereof.

Lastly, this work investigated the relationship between cuff-based parameters and
left ventricular functions. We introduced a cuff-based method for extraction of
the pressure-sound waveform, a pressure based surrogate of heart sounds. The
results from this analysis showed that the pressure-sound features correlate with
the strength of the left ventricular isovolumetric contraction and relaxation. Other
important results from this work demonstrated the correlations between the heart-
lung interactions in the left ventricle and cuff parameters: breathing fluctuations
proportionally affect LV pressures and cuff sSBP waveform parameters. Overall
these results support the accuracy and reliability of a cuff-based device for central
cardiovascular health assessments.
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C h a p t e r 1

INTRODUCTION

"La sapienza è figliola della sperienzia."
Wisdom is the daughter of experience.

— Leonardo Da Vinci, Codice Foster III

1.1 Motivation
The CDC estimates that every 34 seconds one person in the United States dies

from Cardiovascular Disease (CVD). Currently, CVD is the leading cause of death
in the United States for both males and females, accounting for one of every five
deaths. In 2019 it was estimated that CVD were responsible for a total of 874 613
deaths. The annual direct and indirect costs associated with CVD in the US have
been steadily growing and were estimated to be $378.0 billion in 2018 which ac-
count for 12% of the total US health expenditures [1]. Unrecognized and untreated
CVD still represents a burden leading to severe cardiovascular complications such
as myocardial infarction [2]. There is a strong medical need to develop devices and
methods that improve diagnosis and facilitate monitoring of CVD in the popula-
tion. This thesis developed and tested a novel technology for high-resolution pulse
waveform acquisition with a cuff-based device at the brachial artery. This work
aims to demonstrate the accuracy of the non-invasive cuff-based device in moni-
toring central cardiovascular health both at the ascending aorta and left ventricle.
These results are intended to motivate and incentivize the wide-spread application
of non-invasive pulse waveform analysis as a valuable diagnostic tool for CVD using
cuff-based systems.
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1.2 Basic Cardiovascular Physiology
Heart

The heart is a four chamber muscular organ responsible for providing oxy-
genated blood to the body. Blood flow in the heart is regulated by a complex pattern
of contraction, elongation, and one-way valves. The four chambers of the heart
collect and pump blood; the right side of the heart collects and pumps oxygen-poor
blood while the left side of the heart collects and pumps oxygen-rich blood. In
particular, the right atrium receives de-oxygenated blood from the veins and its
contraction pushes blood into the right ventricle. The right ventricle pumps blood
to the lungs via the pulmonary artery. Oxygenated blood from the lungs goes to
the left atria via the pulmonary veins and is pushed into the left ventricle upon
contraction. Lastly, the left ventricle is responsible to pump oxygenated blood into
the cardiovascular system.

Heart valves are one-way passive valves that allow correct blood flow direction
between the heart chambers. These valves are activated by pressure gradients, which
cause the opening and closing mechanism. A positive pressure gradient open the
valve pushing flow through it while a negative pressure gradient closes the valve
separating the two communicating heart chambers. The tricuspid valve is between
the right atrium and right ventricle, the pulmonary semilunar valve is between the
right ventricle and pulmonary artery, the mitral valve is between the left atrium and
left ventricle and the aortic semilunar valve is between the left ventricle and aorta.
Interestingly, the tricuspid valve, pulmonary semilunar valve and aortic semilunar
valve all have three cusps while the mitral valve only has two cusps. No scientific
explanation has yet been provided for physiological difference in the valve structures.

Heart contractions are controlled by the heart’s electrical activity. The sinoatrial
node, located in the right atria, is the source of the electrical stimulus which initiates
every heart beat. This electrical stimulus travels from the sinoatrial node to the
atrioventricular node activating the atrial contractions. From here it progresses to
the Bundle of His and separates into the Left Bundle Branch and Right Bundle
Branch, which cause the contraction of the left and right ventricles, respectively.
The sequential contraction of atria and ventricle causes filling and emptying of heart
chambers, pumping blood through the system and into the body.
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Figure 1.1: Heart diagram structure. [Digital Image] (2021, January 13). In
Wikipedia. Retrieved May 5, 2023, from
https://en.wikipedia.org/wiki/Heart_valve/media/File:Heart_diagram-en.svg

The Cardiac Cycle
The cardiac cycle is broken down in two phases: systole and diastole. Systole

is the period of forceful contraction that pumps blood in the forward direction.
Upon electrical stimulation, the chamber contracts rapidly increasing pressure. A
positive pressure gradient is developed and the corresponding heart valve will open
allowing blood to flow forward. Diastole is the period of cardiac expansion that fills
the chamber with blood. Contrary to what previously believed, it has been shown
that the heart experiences a contraction wave that shortens and expands the muscle.
Thus, diastole is not a relaxation period but rather an expansion of the heart volume
from the contraction wave [3, 4]. The volumetric expansion decreases pressure
developing a negative pressure gradient that drives flow into the chamber. At rest,
diastole is typically longer than systole as the filling process is slower and at lower
pressures. Both atrias and ventricles experience these cardiac cycles, yet a phase
delay is observed as the emptying of atrium fills the ventricle. Typically one pulse
cycle starts at the onset of systole and terminates with the end of diastole.

The cardiac cycle for the left ventricle can be further broken down into four
segments: (1) isovolumetric contraction, (2) ejection, (3) isovolumetric relaxation,
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Figure 1.2: A Wiggers Diagram illustrating the Cardiac Cycles for the Left Side of
the Heart. [Digital Image] (2021, June 17). In Wikipedia. Retrieved May 5, 2023,
from
https://en.wikipedia.org/wiki/Wiggers_diagram/media/File:Wiggers_Diagram_2.svg

and (4) filling. In this breakdown the systole is composed of phase (1) and (2),
and the diastole is composed of phase (3) and (4). In isovolumetric contraction
the left ventricle starts a forceful contraction that rapidly raises pressure, in this
phase both mitral valve and aortic valve are closed. Upon ventricular pressure
surpassing aortic pressure the aortic valve will open and start the ejection phase.
The ejection will continue until 60 to 70% of the ventricular blood volume has been
ejected. At this moment, the ventricular pressure will have dropped below the aortic
pressure causing aortic valve closure. This closure of the aortic valve initiates the
isovolumetric relaxation which rapidly decreases pressure in the left ventricle, both
mitral and aortic valve are closed. The ventricular pressure will fall below the atrial
pressure, the mitral valve will open and blood will be pushed in the ventricle, this is
the filling phase. These contractions and relaxations are fundamental for the correct
functionality of the heart’s pumping motion.



5

Pulse Pressure Waveforms
During the left ventricular ejection phase, a pulse of blood is pumped into

the arterial system. The ejected blood generates a propagating pressure and flow
wave that travels along the viscoelastic arterial structure to bring flow towards the
periphery. At locations of impedance mismatch the forward traveling wave is in part
reflected back to the source. At any location within the arterial system the pressure
time signal is composed from the superposition of forward and reflected waves, this
is commonly called the pulse pressure waveform.

The pulse pressure waveform is divided in two main phases of systole and
diastole, corresponding to the ejection phase when the aortic valve is open and the
time period with the closed aortic valve, respectively. The start of systole occurs
with the pressure rise corresponding to the ejection of blood and the arrival of the
pressure wave. This wave increases local pressure, reaching a maximum pressure
of SBP after which the pressure starts to fall. The transition between systole and
diastole is clearly marked by a pressure incisura caused by the closing of the aortic
valve, this is known as the dicrotic notch. During diastole we observe the pumping
mechanism of the Windkessel effect, the aorta behaves like an elastic chamber and
pumps blood accumulated during systole [5]. In this phase, pressure slowly decays
as the windkessel effect diminishes and flow reduces. The pulse waveform shape is
modified by subject specific characteristics and features pertinent to the heart and
vascular arterial system. The study and analysis of the pulse waveform has been of
great interest given the large quantity of information that is contained within this
signal.

As the pressure wave propagates from the ascending aorta toward the periph-
eral arteries the waveform progressively changes shape and magnitude. This phe-
nomenon is attributed to the effect of wave superposition which is the predominant
factor in pulse pressure amplification, the increase in pulse waveform magnitude.
Current literature strongly supports that the most physiologically significant cardio-
vascular information is obtained with the central pulse waveform as this gives the
closest representation to the pressures at the heart [6].

1.3 Measuring the Heart’s Vital Signs
Blood Pressure

The use of the pulse pressure waveform as a diagnostic tool dates back many
centuries. Pulse sensing has played a critical role in Traditional Chinese Medicine



6

Figure 1.3: An illustration of the Sphygmograph designed by Marey. [Digital Image]
(1860). In Wikimedia Commons. Retrieved May 5, 2023, from
https://commons.wikimedia.org/wiki/File:Marey_Sphygmograph.jpg

and is still used today. In this practice, multiple fingers are applied at the skin along
the artery allowing the trained physician to diagnose disease [7, 8]. The study of the
pulse waveform also intrigued the famous Persian physician Ibn Sina, also known
as Avicenna. During his cardiovascular studies in the 11th century he authored a
book in Persian language on pulsology called Resaley-e-Ragshenasi. This treatise
discussed the use of the pulse waveform for diagnosis, different parameters of the
wave, and variability amongst individuals [9, 10].

A quantitative measurement of the pulse pressure waveform was first intro-
duced in the 19th century. In 1821, Jean Leonard Marie Poiseuille first invented the
mercury manometer to measure blood pressure which was used for this purpose in
horses and dogs [11, 12]. This was an invasive method that requires puncturing and
cannulation of the artery. In 1847, Carl Ludwig was the first to obtain a graphical
view of the pulse waveform by redesigning Poiseuille’s invention; he attached a pen
to the mercury manometer and utilized a rotating cylinder to capture the waveform.
The idea for a non-invasive technique to measure the pulse waveform was later
proposed by Vierordt in 1854 which suggested to measure the necessary pressure to
block pulsation in the artery. This effectively laid the basis for modern day applana-
tion tonometry. Vierordt is attributed the invention of the sphygmograph, although,
it was not till the 1860 when Etienne Jules Marey redesigned the functionality and
shape factor of the sphygmograph that it gained worldwide attention (Figure 1.3)
[13]. The design was further simplified by Samuel Siegfried Karl Ritter von Basch
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Figure 1.4: Riva-Rocci’s sphygmomanometer in use. [Digital Image] (1896). Well-
come Collection. Retrieved May 5, 2023, from
https://wellcomecollection.org/works/fv6ckb78

that used an inflatable rubber bag as the sensing mechanism on the artery. Even with
the elegant design, this device still proved to be too complicated to use in routine
clinical settings. The big transition occurred when the Italian pathologist, Scipione
Riva-Rocci, first introduced the cuff-based system for measuring blood pressure. In
his 1896 publication in the Gazetta Medica di Torino, he discussed the new sphyg-
momanometer designed as a cuff-based system that wrapped around the arm. This
system also provided a method to measure systolic blood pressure by pulse sensing
at the radial artery (Figure 1.4). The full blood pressure measurement consisting of
SBP and DBP using the cuff based system was only possible after Nikolai Korotkov
(also known as Korotkoff) introduced the auscultatory technique. The surgeon in
his 1905 communication reported that using a stethoscope on the brachial artery
distal to the cuff would register ticking sound as cuff pressure was decreased from
a fully occluded arterial state; the appearance and disappearance of these sounds
marked the SBP and DBP pressures [13].

Modern day blood pressure cuffs have not changed much from their original in-
vention. The auscultatory method, still often used in clinical practice, uses the same
principles developed by Korotkoff in the 1900s. Current day systems also feature the
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automatic oscillometric BP measurement method. This algorithmic approach looks
at the variation of the cuff pulse amplitude throughout the cardiovascular pressure
range. The cuff pulse amplitude creates an envelope over the pressure range in the
system with a clear peak at MAP. SBP and DBP values are calculated from the
MAP values based on proprietary algorithms which look at amplitude decay as the
pressure is shifted from the maximum [14].

Much attention has also been given to the non-invasive measurement of the
pulse pressure waveform. The current gold standard method is the tonometer, a
handheld force sensor that is placed directly on the artery. Other methods rapidly
gaining attention are centered around cuff-occlusive methods, that measure pressure
changes in a cuff from radial arterial displacements. These systems measure a pres-
sure time signal equivalent to that in the artery, giving more complete cardiovascular
picture than just SBP and DBP.

Non-invasive systems only give a snapshot of the BP for an individual as
measured at a peripheral artery. There are medical circumstances that require a
continuous monitoring such as in an intensive care unit or that require localized
pressure measurements such as in the diagnosis of heart failure. Direct BP monitor-
ing via an invasive method is the most accurate and reliable method. Invasive BP
methods consist of inserting a cannula or catheter directly in the arterial system for
a direct measurement with a pressure transducer. A cannula is used for a localized
continuous BP measurement at the brachial or radial artery. In contrast, pressure
catheters are inserted via a peripheral artery and are guided via imaging to the
measurement site which usually are the ascending aorta and the left ventricle. This
procedure claims very high accuracy and precision given the direct and localized
nature of the pressure measurement and is the current gold standard for diagnosis
of heart failure and heart valve disease. This procedure is performed in a surgical
room referred to as catheterization lab [15, 16].

Heart Sounds
The stethoscope is attributed to René Laennec, a physician at Necker-Enfantes

Malades Hospital in Paris, who in 1816 invented a method to listen to the lungs
without placing his ear on the chest. Indeed, the word stethoscope derives from
greek, where ’stethos’ means chest and ’skopein’ means to observe. The first device
was a tube wooden structure that would be placed on the patient’s chest. He soon
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realized that the tube with a membrane at its distal end amplified the sound providing
a better auscultation [17].

In cardiology the stethoscope has gained much attention for its ability to aus-
cultate the heart valvular movements during the cardiac cycle. Heart valves open
and close generating very well defined sound signatures. Trained cardiologists using
a stethoscope can identify conditions that are affecting valve operations and flow
such as stenosis and regurgitation. In routine clinical practice different stethoscope
placement positions are used to facilitate auscultation of the different valves.

Heart sounds are high-frequency pressure vibrations that are generated by the
closing motion of heart valves. Closure of heart valves generates a two component
sound ofter referred to ’lub-dub, lub-dub’. The first sound is generated by the
closure of the mitral and tricuspid valve and the second sound is generated by the
closure of the aortic and pulmonary valve. Heart valve disease alters these sounds
by modifying closure mechanics and causing flow turbulence [18].

Electrical Activity
The first recordings of electrical activity with heart contractions was discovered

by Dr. Carlo Matteucci in 1842, a professor of physics at The University of Pisa
in Italy. But it was not till Dr. Willem Einthoven, a Dutch physiologist, that the
Electrocardiogram (ECG) was born. Dr. Einthoven was able to capture the ECG
wave with the PQRST deflections; the name electrocardiogram was first used in
1893 at the Dutch Medical Meeting. The turning point for the ECG system was
with the invention of the new string galvanometer by Dr. Einthoven that allowed for
higher sensitivity measurements and a practical system. The device at the time was
big and bulky, utilizing buckets with electrolyte solution as electrodes (Figure 1.5)
[19].

The ECG is a diagnostic test to non-invasively measure the electrical activity
of the heart. The system consists of electrodes placed on the chest around the heart.
This system can inform a trained cardiologist about the electrical signal propagation
in the heart structure. An ECG system is typically used to detect conditions such as
arrhythmia’s, heart attacks, and heart conduction problems. The main components
of the ECG signal are the P wave, the QRS complex and the T wave. The P wave
marks the atrial depolarization and is the start of the cardiac cycle. The QRS complex
indicated ventricular depolarization. Lastly, the T wave marks the re-polarization
of the ventricle.
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Figure 1.5: An early ECG system built by Cambridge Scientific Instrument Company
dating back to 1911. This device was built following Dr. Einthoven’s guidelines.
[Digital Image] (1913). In Wikimedia Commons. Retrieved May 5, 2023, from
https://commons.wikimedia.org/wiki/File:Willem_Einthoven_ECG.jpg

Figure 1.6: Labeled diagram of an ECG signal. [Digital Image] (2006). In Wiki-
media Commons. Retrieved May 5, 2023, from
https://commons.wikimedia.org/wiki/File:SinusRhythmLabels.svg
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1.4 Non-Invasive Pulse Waveform Acquisition Systems
Tonometer

The tonometer is a handheld force sensor used for non-invasive pulse waveform
measurement in arteries close to the skin surface. The tonometer high-fidelity
pressure measurement is based on the law of Laplace which implies that at upon
applanation of a radial surface, the external pressure is equal to the internal pressure

) =
%CA

⌘
! %C = %8 � %4 =

⌘)

A
! lim

A!1
%8 = %4

where T is the wall tension, %C is the transmural pressure, r is the internal radius, h is
the wall thickness, %8 is the internal pressure, and %4 is the external pressure. While
the principle of this approach is valid, practical implementation is very complex.
Successful applanation requires a solid base behind the artery to apply the necessary
pressure and the artery must be fixed in place with the tonometer centered. These
conditions are met only at the radial artery; at the brachial and carotid artery the
soft surrounding tissue and breathing movements reduce measurement accuracy
and repeatability. Yet for reasons previously specified, measurement at the radial
artery is not ideal. From a fluid-dynamic perspective, the level of applanation will
reduce the arterial lumen, inevitably changing the local pressure-flow relationships
and therefore the measured waveform morphology. Furthermore, the tonometer
requires cuff-based BP values as calibration since the sensor can only measure
signal amplitude and does not have a reference point. Utilizing a tonometer requires
specific training and suffers from high result variability between operators. For these
reasons the tonometer has not reached wide-spread application in clinical practice
and consequently limited the potential benefits of non-invasive PWA [20, 21].

Brachial Cuff
Occlusive cuff based systems are an alternative to the tonometer for non-

invasive pulse waveform acquisition. These systems utilize the traditional brachial
cuff with an inflate and hold approach: the cuff is inflated to a given pressure and
is maintained for a period of time. The arterial radial expansions from the pressure
wave cause proportional pressure pulsations in the cuff. These systems have the
advantage of regulating the forcing condition at the artery, using the BP values
from the oscillometric measurement allows to select subject-specific measurement
conditions. The biggest limitation of these systems is the low signal resolution
derived from the inherent limitations of pressure sensors. Given a form factor for a
pressure sensor, there is an intrinsic opportunity cost between the signal resolution
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and the operating range; signal resolution is typically a percentage of the full scale
span of the sensor. In this measurement the sensors must operate in a 300 mmHg
range yet the signals are about 1 mmHg in amplitude with important features being
fractions thereof. Considering the automated and repeatable nature of the brachial
cuff measurement, improvements to the system’s signal resolution would highly
stimulate the use in clinical practice.

Wearable Array Sensors
Much interest has been given to the continuous measurement of the non-

invasive pulse pressure waveform as a diagnostic tool. The Tonometer and Occlusive
Brachial Cuff cannot provide continuous measurement due to their modality of
measurement. To this end, wearable pressure sensors that adhere to the skin at the
measurement location have been developed. These systems use arrays of sensors for
pulse wave monitoring that do not occlude the artery, therefore allowing continuous
monitoring. In this domain multiple types of sensors have been developed, some of
the most common include piezoresistive, capacitive, and piezoelectric. In general,
all these sensors relies on an external perpendicular force to modify the spacing
between plates in the sensor, yet the measurement is dependent on different principles
[22].

Piezoresistive sensors measure the pulse waveform as the change in resistance
across the device. These resistance across these sensors is governed by the following
equation

' =
d!

�

where R is the resistance, d is the material’s resistivity, L is the length, and A is
the contact area. Generally, as pressure is applied to the device from the radially
pulsating artery, the deformations in the sensor cause changes in resistivity of the
material. Alternatively, some sensor configuration also work upon geometrical
configurations that modifying the length, L, or contact area, A, based on the applied
pressure. Ultimately, these sensors result in a �' that is proportional to �%.
Resistive sensors require battery power to operate[22].

Capacitive sensors measure the pulse waveform shape as the change in capaci-
tance across the device. The sensor is composed of two electrode plates, an insulator
and a substrate. Change in the separation distance between the two electrode plates
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will result in a proportional change in capacitance, as dictated by

⇠ =
Y0YA �

3

where C is the capacitance, Y0 is the space permittivity, YA is the dielectric material
permittivity, A is the sensor area, and d is the electrode plate separation. These
sensors are usually designed as parallel plates, in which a �⇠ is proportional to a
�%. Capacitive sensors require battery power to operate. [22]

Piezoelectric sensors work upon the principle that certain materials generate an
electric potential in response to an applied external force. The sensor is constructed
with two parallel electrode layers separated by a piezoelectric material layer. An
externally applied force will modify the spacing between the layers and cause a
charge accumulation in the electrode. These sensors are self powered as the change of
state generates a current signal without an external source. Although, piezoelectric
sensors only respond to dynamic changes as in the fixed state there is no current
generated as no displacement occurs. The major limitation lies in the hardness of
the materials required to fabricate these sensors which prevents flexilibity and good
adherence to the skin [22, 23, 24, 25, 26].

Acoustic Based Sensors
Given the capacity of sound waves to propagate deep inside tissues, acoustic-

based approaches have gained interest for imaging of the pulse pressure waveform.
The viscoelastic nature of the arterial system allows to measure radial pulsations as a
proportional surrogate of the pressure pulsations, where the proportionality is given
by the material and structural properties of the artery. Ultrasound based systems have
been designed to utilize time-of-flight and shear wave elastography techniques to
measure the arterial radius as a function of time. As in the conventional ultrasound
scanner, these systems send a focused acoustic beam and capture the reflected
echoes. Acoustic beam reflections occur at the interfaces of two different materials,
for example the interface between the arterial wall and the surrounding tissues.
Therefore, this imaging modality will capture both the proximal and distal tube radius
giving a measurement of the full tube diameter and wall thickness. These ultrasonic
devices have been miniaturized and embedded in stretchable and wearable device
to allow for continuous pulse waveform monitoring at the carotid, brachial, radial,
and other accessible arteries [27]. These systems aim to overcome the limitations of
tonometers and wearable array sensors which can only target superficial peripheral
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arteries [23, 27, 28, 29]. Still these devices require waveform calibration with the
conventional BP oscillometric cuff method to scale to physiological BP units.

Other Innovative Devices
The concepts presented above have also been integrated in other designs cre-

ating unique devices for the purpose of pulse waveform acquisition. In the studies
cited below, these device have shown feasibility in capturing the pulse pressure
waveform in a small population with optimal testing conditions. Further studies are
required to validate their applicability in general population testing.

A piezoelectric sensor and a miniaturized cuff have been designed for applica-
tion at the radial artery in the form of a pressure sensing watch. The cuff acts as the
external force providing good contact between the skin and the piezoelectric sensor.
The sensor measure the pulse waveform through the piezoelectric sensor and has a
reference pressure from the miniaturized cuff [30].

A wearable microelectromechanical sensor is designed with a capacitive sensor
and a gel bubble to be applied on the radial artery. The gel bubble helps project
the force from the pulsating artery directly to the mechanical sensor. The sensor
works on the capacitive principle described above. Multiple sensors, gel bubble and
capacitive sensor, can be placed in a configuration along a wristband for continuous
pulse waveform monitoring. The wristband serves to ensure good contact between
the sensor and the skin [31].

The cuff-based principle of measuring the pulse pressure waveform as the
pressure variation in a compliant air chamber from the radial pulsations is applied
to a tonometer device shape factor. A handheld force force has an air chamber dome
with a pressure sensor. The device’s air chamber is then applied to a superficial
artery such as the radial pulsations modify the pressure inside the device. This
device reduces the tonometer results’ dependence on the position of the force sensor
probe on the artery. The additional benefit can also be seen from the air chamber
conformation on the skin surface [32].

System Feature Comparison
The non-invasive pulse waveform acquisition systems listed above all address

different aspects of the measurement that are currently limiting wide-spread applica-
tion. In Table 1.1 is a summary of the different features that each design addresses.
For this study, the cuff device addresses the majority of the limitations that the
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authors believe have hindered the widespread application of the current systems. As
such, the cuff device appears as the logical platform to improve.

Features Cuff Device Tonometer Wearable Sensors Acoustic
No Operator
Training

X X

Known Applied
Force

X

Automated
Measurement

X X

Calibration X
Measurement
Repeatability

X X X

Continuous
Modality

X X

Table 1.1: Table compares the features between the major modalities of non-invasive
pulse waveform acquisition measurement.

1.5 Thesis Outline
A cuff-based device for high-resolution pulse waveform acquisition at the

brachial artery is presented in Chapter 2. This chapter gives an overview of the
design process involved with the development of the device. The components and
functionality are discussed in detail to facilitate the understanding of the results later
in this thesis. Some preliminary tests are performed to show the repeatability and
consistency of pulse waveform acquisition with cuff-based systems.

In Chapter 3 a mathematical characterization of the pLPF system is performed.
This analysis derived a general model relating input to output pressure containing the
system’s time constant. Numerical analysis generated a frequency response curve
that indicates the output signal gain given the input pressure frequency. Utilizing
these models, the filter is designed specifically for pulse waveform acquisition at the
brachial artery with a cuff-based system.

Chapter 4 discusses the results from the first human study performed at Caltech
using the cuff-device. This study evaluated the device’s accuracy and measurement
repeatability in a young and healthy population. The high-resolution signal acqui-
sition system captured pulse waveforms that clearly showed forward and reflected
waves with all the typical features described in the literature.
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Chapter 5 introduces the clinical study data that used the cuff-device in a
catheter lab with human subject undergoing left-heart catheterization. This invasive
data allowed to compare ascending aortic and cuff-based simultaneous pulse wave-
form signals. It is shown in this chapter that a cuff based device with sSBP hold
pressure mode can accurately and reliably measure central cardiovascular health as
measured with an invasive aortic catheter.

The clinical data analysis is taken one step further to evaluate the association
between cuff based parameters and the left ventricular signal. In Chapter 6, we
introduce a novel method for extraction of pressure-sound waveforms from the
cuff measurement. The features in this waveform are shown to originate from
aortic valve opening and closing pressure vibrations. A physiological link between
these pressure vibrations and the LV contractile function is discussed and the data
shows cuff-based pressure-sound waveforms parameters correlate with systolic and
diastolic LV contractility.

In Chapter 7, the dynamic pressure fluctuations from the pulse waveform
signal in the LV and cuff are compared. These pressure fluctuations originate from
the heart-lung interaction during the breathing cycle. We observe the fluctuation
magnitude of parameters in the LV catheter signal and in the cuff sSBP hold signal
are linearly correlated.
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C h a p t e r 2

CUFF DEVICE FOR HIGH FIDELITY NON-INVASIVE PULSE
WAVEFORM ACQUISITION AT BRACHIAL ARTERY

“Scientists study the world as it is,
engineers create the world that never has been."

— Theodore von Kármán

This chapter is partially based on the work in the following publication:

Alessio Tamborini and Morteza Gharib. “A pneumatic low-pass filter for high-
fidelity cuff-based pulse waveform acquisition.” Under Review. N.D..

2.1 Introduction
Non-invasive PWA is a valuable diagnostic tool for assessing cardiovascular

health. Yet capturing a non-invasive accurate representation of the pulse pressure
waveform has proven to be a challenge. In the past, methodologies for PWA helped
characterize cardiovascular features such as pulse wave velocity and augmentation
index to inform therapeutic decisions better [1, 2]. The current clinical gold stan-
dard for non-invasive pulse waveform measurement is the tonometer, a handheld
force sensor to measure arterial radial pulsations. Operation of tonometers on the
peripheral artery requires arterial applanation: flattening of the arterial wall such
that only internal pressure variations are measured. Overall, this process is time-
intensive and needs a trained clinician. From a fluid dynamic perspective, the force
applied at the artery compressing the walls influences local pressure-flow relation-
ships. Inconsistency in this process impacts the repeatability of the results. For
direct measurement of central pressure, a tonometer also requires the usage of the
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brachial cuff for BP calibration [3, 4]. These shortcomings severely limit the clinical
application of PWA.

An alternative solution for capturing the pulse waveform is to utilize the brachial
cuff with inflate and hold capabilities [5, 6, 7, 8, 9, 10, 11]. The waveform is au-
tonomously measured by maintaining the cuff at a constant pressure around the arm;
the brachial artery radial pulsations will generate pressure fluctuations in the cuff
proportional to the actual pulse waveforms. Controlling the cuff pressure ensures
that the forcing condition is known and consistent throughout the measurement. The
main shortcoming of the above cuff-based pulse waveform acquisition is that the
pressure sensor resolution is spread over the signal range, which consists of mean
and pulsatile components. To address this issue, one iteration of the traditional
cuff device utilizes a valve and multiple pressure sensors to capture a base pressure
as a measurement reference [12]. In this respect, the valve closure upon reaching
the target-pressure would effectively create a constant pressure reservoir. A high-
resolution differential pressure sensor measures the difference between the signal
and reservoir, effectively capturing the pulsatile component. While this method-
ology captures the small amplitude signals in an extended measurement range, it
requires three pressure sensors to be utilized. Considering the system does not
measure the mean pressure dynamically, any pressure decays that frequently occur
in pneumatic systems must be corrected by active valve control. Such dynamic
opening and closing of the valve result in data losses and discontinuity within the
system [12].

In this chapter, we outline a cuff-based device for pulse waveform acquisi-
tion that tackles the issues of signal resolution mentioned above. We propose a
fluid-dynamic method to dynamically monitor mean pressure to isolate the pulse
waveform using a passive pneumatic low pass filter and a single high-resolution
differential pressure sensor. The combination of the cuff-based acquisition system
and the enhanced resolution from the method proposed herein generates a device
that autonomously and non-invasively captures high-resolution pulse waveforms in
a repeatable manner. This section of my thesis guides through the design of an
autonomous device for pulse waveform acquisition at the brachial artery.

2.2 Device Components
The device described herein is a cuff-based system with oscillometric algo-

rithms for BP measurement and inflate and hold capabilities for non-invasive pulse
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waveform acquisition. The electrical and pneumatic components of the device are
contained within a medical-grade enclosure.

The electrical components perform the measurement sequence, acquiring and
transmitting the data. The main electrical components include the OEM NIBP mod-
ule, an Arduino nano, a differential pressure sensor, a digital-to-analog converter,
and a relay. The device is powered using a medical grade 12V power supply with a
maximal current rating of 1.5 amps. The 12V powers the NIBP module, the voltage
is stepped to 6V to power the Arduino, and the 5V output from the Arduino is used
for the remaining components. Data out is in analog format from 0V to 5V at an
update speed of 1kHz.

The NIBP OEM module is a programmable BP measuring unit with tourniquet
capabilities from PAR Medizintechnik. This module is designed as a subsystem
upon which a medical device is built. The BP measurement is performed using the
oscillometric method in inflation (default) or deflation mode and outputs the results
in the form of SBP, DBP, MAP, and HR. The tourniquet mode allows the user to
define a target pressure and hold time for the inflate and hold method; the inflate
and hold method consists of inflating the brachial cuff to a specified pressure and
maintaining this pressure for a set time. Bidirectional connection with the board is
performed via serial asynchronous communication with a baud rate of 4800 Baud.
This subsystem is certified for basic electrical safety according to the standard EN
60601-1 and EN 60601-2 and for safety requirements of the BP measurement IEC
80601-2-30.

The device uses an Arduino Nano as the central micro-controller that runs the
measurement sequence. The Arduino algorithm is responsible for communication
with the NIBP module, error checking, and outputting the results to the analog DAQ.
Communication of integer based values from the NIBP module and the arduino to
the analog DAQ requires a consistent scaling method, herein referred to as pressure-
voltage encoding. The pressure-voltage encoding equation is +>DC = G

300 ⇤ 5+ where
x is the number to be encoded as a voltage. The 300 factor comes from the maximal
number that can be reported, the maximal cuff BP value, and the 5V factor comes
from the operating voltage. The NIBP module operation requires communication in
both directions in the form of ASCII characters. The oscillometric BP measurement
results from the NIBP module are read from the Arduino and outputted as analog
voltages using the following pressure-voltage encoding.
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The differential pressure sensor used for the high-resolution measurement is
the Honeywell HSCDRRN002NDAA5 sensor. This is a differential pressure sensor
with ±2 inH20 (3.73 mmHg) operating range and a 0.03% FSS resolution, which is
a 0.002 mmHg resolution. The sensor supply voltage is of 5V and output is analog
from zero to supply voltage. While the sensor is analog, the onboard electronics
convert the signal from analog to digital to analog thus the sampling frequency is
limited at 1000 Hz. At a zero-pressure differential the sensor output will be half
the supply voltage. A positive pressure difference in the measurement port will
generate a voltage above half supply and a negative pressure difference will generate
a voltage below half supply.

The pneumatic components are responsible for the pulse-sensing mechanism
of the device. The main components include the BP brachial cuff, the connective
tubing, the RC filter, and the stainless-steel medical grade quick connector for the
cuff. The device uses tubing with an elasticity of 24 MPa, 1.59 mm internal radius,
and 1.59 mm wall thickness for external connections. For internal connections, the
device uses tubing with an elasticity of 24 MPa, 0.79 mm internal radius, and 0.79
mm wall thickness. The brachial cuff used with this device is the AND Medical
Wide Range Replacement Cuff that accommodates arm circumferences between 22
cm to 42 cm (Ref: UA420).

2.3 Device Electronics
The supply voltage for the device is a 18W 12V 1.5A Medical USA plug.

The supply voltage directly powers the NIBP board. The 12V input voltage is then
stepped down to 6V to serve as the input voltage for the Arduino Nano board. The
other electrical components on the board are 5V rated are all powered from the 5V
output pin on the Arduino Nano.

The device is fully operated from a wired remote control. The remote is
connected to the device via a 4 pin Hirose connector. The remote control has two
buttons: start (green) and abort (red). The start button is responsible for initiating
the measurement sequence; it is wired as a pull-up resistor and the Arduino script
is waiting to read a high value on input pin 4 as an input. The abort button is a
kill switch for the device, temporarily cutting the connection between the device
and power, effectively resetting the entire measurement process. Upon pressing the
abort button, the entire system deflates, and initial conditions are reset. The design
is such that the device is powered only when the remote is attached.
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Figure 2.1: Picture of the Cuff-Based device illustrating the medical enclosure with
the electronics, the wired remote and the cuff.

The output of the device is of analog format from 0V to 5V, which feeds directly
into a the DAQ unit with a BNC cable. The system has two separate outputs that
need to feed into a single DAQ channel: the first from the pressure sensor and
the second from the NIBP module. A relay switch was used to switch between
the two outputs. The Arduino controls the direction of the relay switch during the
measurement. The output from the pressure sensor is directly sent to the relay. The
output from the NIBP module BP measurement is first encoded using the equation
above and then converted to a voltage using a DAC to send to the DAQ.

Data Acquisition System
The device data output is of the analog format in the 0-5V range with a max

update speed of 1000Hz. The data output is via a wired BNC cable. In this thesis, the
data acquisition from this device is performed on the AD Instrument PowerLab 26
Series system with the LabChart software. This is a high-speed sampling DAQ with
16-bit resolution on all gain ranges; the systems provide 2, 4, 8 simultaneous input
channels based on the model. AD Instruments has medical grade instruments for
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Figure 2.2: Electronic schematics of cuff device.
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Figure 2.3: PCB layout of cuff device.

ECG and invasive BP measurement that make this an ideal platform for simultaneous
measurement from multiple devices.

2.4 Device Pneumatics
The pneumatics of the system create connections between the NIBP module,

the pressure sensor, the pneumatic filter, the cuff connector, and the cuff. Device
design was optimized to reduce wave propagation time such that the measured signal
is a closer representation of the instantaneous pressure in the arm; this was achieved
by minimizing the distance between the cuff and the differential pressure sensor and
using high durometer value tubing for pneumatic connections. The NIBP module
contains several pneumatic elements fundamental for the operation of the device,
these include the air pump, the release valves, and the absolute pressure sensors.
Figure 2.4 shows a macroscopic overview of the pneumatic layout of the device.

The Young’s modulus of the tubing was experimentally calculated for all three
linearly elastic tubes used in the device. Tube 1 is used with 1/8 in barbed fitting
connections, these are found between the cuff and the quick connector and between
the NIBP module and the quick connector. Tube 2 is used for 1/16 in barbed
fitting, these are found for connections internal to the device. Lastly, tube 3 is the
compliant element in the pneumatic filter, more details on this tubing component
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Figure 2.4: The pneumatic layout of the device. The elements enclosed in the dotted
line represent the ParBerlin NIBP UP module. The elements enclosed in the dashed
line are the pneumatic components within our device. The cuff connects on the
outside of the device. Note that multiple tubing sizes are used, which have not been
accounted for in this schematic.

will be discussed later. In the device all tubing is axially constrained, thus the strain
in the tube will occur in the circumferential direction. It is well known that tube
properties are distinct between the circumferential and axial directions. Thus, to
quantify the circumferential Young’s modulus of the tubing, the tubing is cut open
on the circumference and stretch along this direction. Testing has been performed
using the Instron machine Model 5943. The results for the linear strain-stress Instron
test is shown in Figure 2.5. The calculated Young’s Modulus, E, in MPa for the
three tubes in the 1-7.5% strain range is: tube 1 22.0 MPa, tube 2 24.2 MPa, and
tube 3 is 1.4 MPa. Typically, the non-linearities at high deformations are part of the
plastic deformation of linearly elastic material. Although in this experiment these
originate from the slippage of the tubing in the clamps as not enough grip could be
provided, no plastic deformation was observed in the test elements.

To estimate the signal delay between the cuff and the recorded signal we
calculate the total path length from the cuff to the sensor which is of 304 mm,
of which 212 mm is in tubing 1 and 92 mm is in tubing 2. Wave propagation
speed in the device is dependent on the speed of pressure waves in air, for the
purposes of this application it can be estimated with the speed of sound in air of
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Figure 2.5: Stress strain curve up to 25% strain for three main pneumatic tubes used
in the cuff-device.

343 m s�1. Therefore, the travel time for pressure wave propagation from cuff to
measurement port is estimated to about 1 milliseconds. This number will only
affect time intervals measured between waveform parameters in the cuff and another
measurement modality. Most importantly, the time delay is constant for the device
and therefore a systematic error should only be expected if applied in the device-to-
device time delay comparisons with other devices. To all practical purposes, we do
not expect this time delay to be a limitation of the device.

Tube 1 Tube 2 Tube 3
ID (mm) 3.18 1.59 1.59
OD (mm) 6.35 3.18 3.18
h (mm) 1.59 0.79 0.79
Shore A 75A 80A 50A
E (MPa) 22.0 24.2 1.4

Table 2.1: Summary of the material properties of the tubes used along the path from
cuff to pressure sensor measurement port. Note that diameters, thickness, and shore
A readings are reported per the manufacturer specifications.

2.5 Sensor Principles
In pressure sensors, given a form factor, there exists a trade-off between reso-

lution and operating range: as the operating range of a pressure sensor increases the
resolution decreases. The measurement of the non-invasive pulse pressure wave-
form at the brachial artery using an arm cuff incurs the challenge of a small signal in
a large operating range (Figure 2.6). The brachial arm cuff signal has a static com-
ponent, the absolute cuff pressure, and a dynamic component, the brachial artery
pulsations. Typical dynamic signal amplitudes are of 1 to 5 mmHg with funda-
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mental waveform characteristics that are a fraction of the amplitude. On the other
hand, the measurement range, static component, is up to 300 mmHg. Conventional
commercial board-mount pressure sensors have a resolution of 0.03% FSS, which
if spread over the entire operating range would result in a resolution of 0.09 mmHg
which is insufficient for PWA. Our approach is to isolate the dynamic portion of the
signal using fluid dynamic principles such that the range of the pressure sensor can
be focused on the valuable signal components.

Figure 2.6: Small signal in large measurement range problem. Figure shows the
relative amplitude of the signal versus the measurement range in the sSBP hold
pressure. Inset is a zoomed in visualization of the signal shown.

Our high-fidelity pulse waveform acquisition device combines a passive pLPF
with a high-resolution differential pressure sensor to capture the small signal in
a large operating range. This system does not require active control as the filter
behavior is fully determined by fluid dynamic principles. The filter characteristcs
are application specific and are calculated using our modeling equations presented
in Chapter 3.

A differential pressure sensor outputs the pressure difference between measure-
ment and reference port. In our device, the differential pressure sensor measures the
difference between the full signal (static and dynamic components) and the signal
mean (static component). The resulting output signal from the sensor is only the
dynamic component. The challenge is to obtain the static component from a time
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Figure 2.7: Pneumatic Layout of pLPF. Figure shows a schematic of the composition
of the pLPF and the differential pressure sensor. In the pressure sensor, the top port
is the measurement port and the bottom port is the reference port.

dependent oscillatory signal. This is accomplished using a proprietary system that
acts as fluid dynamic low-pass filter, herein referred to as pLPF, which is directly
connected to the reference port of the pressure sensor.

The pLPF is composed of a resistive element and a capacitive element con-
nected in series (Figure 2.7). The resistive component acts as a resistance by limiting
pressure-driven flow rate across its element, this element will be referred to as R.
The capacitive element acts as a capacitance by storing the mass from element R in
the form of pressure, this element will be referred to as C. Given the device is op-
erating in air, the capacitive element sees contributions from both tube elasticity as
well as fluid compressibility. Together the R and C elements are designed to reduce
and store airflow such that the output pressure will only be affected by sustained
pressures and not by transient oscillatory perturbations. The combination of these
elements resembles an RC pneumatic filter. The R component is made from a rigid
wall capillary tube. The C component is made up of a fixed volume and a compliant
volume. The compliant volume is from an elastic tube and the fixed volume is from
rigid tubing and connectors which have cylindrical internal volume. The compliant
tube is restricted in axial motion. The pLPF component properties are summarized
in Table 2.2 below.

2.6 Device Measurement
Measurement Structure

The measurement from the cuff-based devices has two main segments: the
oscillometric BP measurement and the tourniquet mode for the inflate and hold
modality. The tourniquet phase performs multiple inflate and hold measurements
utilizing at patient specific pressure conditions. The sequential nature of the mea-
surement structure allows to have subject-specific values for the tourniquet mode.
The measurement has a total duration of approximately 120 seconds, the variability
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Variable Value
Element R

A0(`<) 31.5
!0 (mm) 30

Element C
Compliant
A0 (mm) 0.8
!0 (mm) 40
⌘0 (mm) 0.8
E (MPa) 1.4

Fixed
A0 (mm) 0.8
!0 (mm) 36

Table 2.2: The geometrical and structural properties of the RC filter elements.

comes from the length of the BP measurement. The entire measurement duration
is capped at 180 seconds to comply with regulatory safety standard. The device is
designed to constantly gives the operator feedback, being familiar with the measure-
ment structure will allow the operator to understand the measurement stage.

The first measurement segment performs a conventional oscillometric BP mea-
surement. The NIBP module has onboard algorithms to perform the oscillometric
measurement with inflation or deflation mode: inflation mode measures BP during
cuff inflation and deflation mode measures BP during cuff deflation. The device
is programmed to perform the measurement in inflation mode, upon failure of the
inflation mode it automatically resorts to deflation mode. Inflation mode on aver-
age has a significant time advantage, this factor could be critical depending on the
application. The manufacturer claims the results are equivalent between the two
modes, in-house testing has also been performed to validate these results. During
the first segment the device initiates the oscillometric BP measurement, the pump
will activate and inflates the cuff. An encoded voltage representing the nominal cuff
pressure is outputted to the DAQ at refresh rate of 5Hz during cuff inflation to inform
the user of the current state. The same argument is valid if the device deviates to de-
flation mode. Upon BP measurement completion, the SBP, DBP, MAP, and HR are
output in encoded voltage format. The first measurement segment terminates once
the output voltage returns to zero after communication of the BP results. The first
measurement segment has an expected duration between 20 second to 40 seconds,
depending on the measurement mode and the subject’s BP value.
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The second measurement segment consists of the tourniquet mode for pulse
waveform acquisition. In tourniquet mode the NIBP module inflates the cuff to
a specified pressure and holds constant for a set amount of time. The current
measurement is structured to have three sequential holds at incremental pressure
values of DBP, MAP, and sSBP for a duration of 30, 20, and 40 second, respectively.
The proposed measurement structure will test different forcing conditions on the
arterial wall altering the local pressure-flow relationship for different waveform
morphology. Each hold pressure will output three different signals: the target
inflation pressure, the raw high-resolution waveform, and the nominal cuff pressure.
The target inflation pressure is a signal outputted at the beginning of the measurement
to indicate the inflation pressure, this signal is pressure-voltage encoded. The high-
resolution waveform is outputted directly from the differential pressure sensor to
the DAQ in real time at 1000 Hz. Lastly, the nominal cuff pressure comes from
the NIBP module at a rate of 5 Hz; during the measurement, the Arduino stores
the nominal cuff pressure reported as integer values at 5Hz by the NIBP module
and upon hold termination, these values are outputted using the pressure-voltage
encoding at a time compression factor of 20x (see Figure 2.8 for reference).

Idle State
The powering of the device initiates the Arduino setup function that contains

all the status checks for the device. During this period, a constant voltage of 2.5V is
outputted to the DAQ. Upon completion of the setup, the Arduino enters an IDLE
state in which it is waiting for the start measurement command. During this phase,
a square wave oscillating between 2.0V and 2.5V at a rate of 0.5Hz is sent to the
DAQ. This signal informs the operator that the device is ready for measurement.

Error Handling
Device operation might incur errors that require the operator’s immediate

attention. The NIBP has inbuilt a status communication that can be used to infer
the nature of the error. Upon our software detecting a module error, the system will
evaluate the nature of the error. If the detected error is software based, the system
will attempt a module reset. Upon completion if the error is still present, the device
will enter error mode and output the error signal. If the detected error is hardware
based, the system will directly output the error signal. The error signal is a 0V to
5V triangle wave with a rate of 0.5 Hz.
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Figure 2.8: Device measurement structure. (Row 1) Oscillometric BP measurement
showing pressure readout followed by pressure-voltage encoded results. (Row 2)
Full measurement. (Row 3) Pressure hold segments of DBP, MAP, and sSBP.
(Row 4) MAP pressure hold, highlighting target pressure, high-resolution signal
and nominal cuff pressure.
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Subject Preparation
BP measurement and pulse waveform acquisition are extremely sensitive to

body positioning and state. A consistent subject preparation is necessary to ensure
measurement quality and repeatability. Measurements will be performed in supine
position with a five-minute rest period with no talk or external stimuli. Arms will
be positioned along the body, hands will be maintained open, and legs will lie
down without crossing. The measurement is performed on the left arm as the left
subclavian artery directly branches from the ascending aorta. The cuff must be
in direct contact with the skin. The cuff will be placed two centimeters from the
elbow crease with the tube pointing towards the hand. The cuff should be rotated
such that the tubing follows the upper inner side of the arm, the location closest
to the brachial artery. Cuff must wrap firmly around the arm without blocking the
circulation; the device operator should be able to slide two fingers between cuff and
arm. The device will be connected to the cuff and can lie on the testing bed next to
the subject or attached to the cuff. For the entire measurement duration, the subject
will be asked to maintain regular breathing pattern and avoid any movement. If
during measurements, the subject experiences discomfort the measurement will be
aborted immediately.

2.7 Fluid Dynamics of the Hold Pressure Method
The hold pressure method is used for pulse waveform acquisition at the brachial

artery using a cuff-based system. A pressurized cuff-based system applied at the
arm will put a constant pressure across its entire circumference. An elastic artery
undergoing pressure pulsations, as in the case of the brachial artery, will experience
proportional radial pulsations. These arterial radial pulsations will change the force
balance between the arm and the cuff proportional to the radial displacement of the
artery. The changing force will change the pressure inside the cuff. This process will
capture a pulse waveform that has the same morphology as the pressure pulsation in
the artery but a different scaling that reflects the signal damping from the arm and
cuff combination. One of the main advantages of this methodology is the ability
to accurately control the boundary conditions on the arm by changing the hold
pressure. Three subject specific physiological pressures were selected for the holds
in our measurement: DBP, MAP, and sSBP (SBP+35 mmHg).

In elastic collapsible tubes, the force balance at the tube wall will determine
the shape of the tube. The cuff hold pressure generates a constant symmetric force
around the entire arm that influences the radius of the collapsible brachial artery.
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At a hold pressure of DBP, the cuff pressure is always equal to or smaller than the
arterial pressure. As such the arterial radius does not collapse and the physiological
local flow conditions in the brachial artery are maintained. At the other extreme, we
have the hold pressure of sSBP, that is a cuff pressure always significantly greater
than the maximal arterial pressure. In this case, the radius collapses completely
blocking flow through the artery. Lastly, any pressure between the DBP and SBP,
will generate arterial wall collapse for the time segment during the pulsation in which
the cuff pressure is greater than the arterial pressure. Effectively, by increasing the
cuff hold pressure we are proportionally decreasing the flow through the brachial
artery. The three selected hold pressures in our device represent cardinal points
in the pressure flow regime: DBP corresponds to unaltered flow condition, MAP
corresponds to maximal cuff signal amplitude from the pressure flow combination,
and sSBP corresponds to a no flow condition.

Figure 2.9: Calibrated cuff waveforms comparison. The figure shows the calibrated
waveforms from the three different holds: DBP, MAP, and sSBP. Dashed line is the
average of the individual pulse waveforms within a pressure hold.

For the analysis in this thesis, the sSBP hold pressure is of particular importance
and requires further physiological justification. In the sSBP hold, the flow in the left
subclavian artery is completely obstructed and only the pressure wave can propagate.
In this model, the pressure wave travels along the artery unaffected in shape. At the
basal end of the cuff, the radial occlusion causes an abrupt impedance mismatch
reflecting the pressure wave. Since the pressure wave is fully reflected at the basal
end of the cuff, no wave reflection from the impendance mismatch at the distal
end of the cuff and radial artery are present to disturb the signal [13]. The left
subclavian artery is a direct branch of the ascending aorta, therefore, the waveform
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measured at the left arm with the sSBP hold is an undisturbed representation of the
central pressure wave. In practical terms, the sSBP hold is equivalent to measuring
the pressure at the origin of the left subclavian artery branch. As such, the sSBP
waveform is considered the closest approximation to the aortic waveform when
measured via the pressure hold method.

2.8 Signal Calibration
To give clinical significance to the pulse waveform acquired with the brachial

cuff, it is important to scale the differential pressure signal to physiological pressure
units. As previously shown, the measured cuff signal amplitude and mean during
the pressure holds do not represent the actual BP values. The cuff signal amplitude
is a damped representation of the actual signal due to the wave propagation from the
artery, through the arm and to the cuff. Indeed, a typical BP waveform amplitude
is around 40 mmHg while the measured arm cuff signal is only 1-2 mmHg. On the
other hand, the cuff hold pressure does not represent any physiological BP value but
is simply a forcing condition that alters the pressure-to-flow relationship. Therefore,
the entire signal needs to be scaled and shifted using patient specific BP values to
reflect a physiological cardiovascular waveform. Within this thesis, this process of
scaling and shifting the pulse waveform will be referred to as signal calibration. The
typical pulse waveform has a value of SBP at the peak and a value of DBP at the
minima. Thus the objective of the signal calibration is to shift the pulse waveforms
signals from the cuff device such that peaks occur at SBP and minimas occur at DBP.
To scale the pulse waveforms, the BP values from the oscillometric measurement
in the form of SBP, DBP, and MAP will be used; the PP value is calculated as the
SBP minus the DBP.

Static Signal Calibration
In the literature, all the discussed signal calibration methods involve individu-

ally scaling the measured waveforms to the oscillometric BP values [14, 15]. Some
methods use the SBP and DBP values as reference, while others use the MAP and PP
values as reference. The calibrated waveforms from this method will differ slightly
depending on the relative form factor of the waveform as the oscillometric algorithm
values calculate SBP and DBP with a fixed equation from MAP. The typical scaling
procedure involves the following steps:

1. Eliminating signal drift from the pressure-time signal.
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2. Segment the waveforms using start and stop indexes.

3. Unit normalize each waveform to an amplitude of 1.

4. Scale waveform to an amplitude of PP (SBP-DBP).

5. Shift waveform to physiological BP value.

The steps listed above can be applied for both the Systolic blood pressure (SBP) and
DBP method and the MAP and PP method; the only modification is in the shifting
procedure. For the former, the shifting will move the minima of the waveform to
DBP. For the latter, the shifting will first move the mean of the PP scaled waveform to
zero, and then shift the minima by MAP. While this method gives a waveform that has
physiological BP units, the scaling procedure eliminates the dynamic information
present in the signal. As will be shown later in this thesis, the BP is not a static
parameter but rather is dynamically changing with every beat. For a more accurate
non-invasive representation of the cardiovascular pulse waveform, extracting this
dynamic information is a challenge to address.

Figure 2.10: Static calibration method example. Figure shows an example segment
of the pulse waveforms processed with the static signal calibration methodology
scaled to SBP and DBP.

Dynamic Signal Calibration
This section proposes a signal calibration method that dynamically adjusts

the BP values of the waveform to account for physiological breathing. The high-
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resolution device presented in this thesis captures the dynamic BP fluctuations in
response to breathing as shown in Figure 2.13 below. The method described herein
proposes using the oscillometric envelope function to calculate the BP shift for
each pulsation. The envelope function reflects the hemodynamics of the measured
subject at the current BP level. The envelope function is calculated using the
measurement data such that each scaling procedure is specific to the subject and
current cardiovascular conditions.

Figure 2.11: Dynamic signal calibration with envelope function. (Top) shows a
reconstruction of an envelope function utilizing the DBP, MAP and sSBP pressure
holds. The vertical dashed lines represent the BP measurement results. The solid
lines connecting DBP to MAP and MAP to sSBP lay the outline of the envelope
function. (Bottom) Illustrates the concept behind BP change estimation using the
envelope function. The delta in pulse amplitude at sSBP (black arrow) shifts the
DBP and SBP points as shown from the blue and red arrows, respectively.
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Reconstruction of the envelope function is performed using the sparse pressure
hold data. The envelope function is the relationship between the peak-to-peak pulse
amplitude measured in the cuff to the nominal cuff pressure. For each pressure hold,
the high-resolution differential signal and the high-range pressure signal are analyzed
to extract peak-to-peak pulse amplitude and nominal cuff pressure data pairs for all
identified pulsations. Plotting the data pairs from the three hold pressures and
connecting the pressure hold data pair means constructs a triangle shape envelope
function as shown in Figure 2.11. This envelope function reconstruction with
sparse data requires the following assumptions: a linear interpolation between the
hold pressures and that the SBP value lies along this linear interpolation. In this
estimation, one expects the MAP pressure hold to have the largest amplitude and a
decreasing amplitude as the pressure moves diverges from the MAP value.

Figure 2.12: Pulse amplitude versus nominal pressure for cuff-based recording.
(Left) shows an example of time synched high-resolution signal (Top) and the
absolute pressure signal (Bottom) at the DBP hold. (Right) shows the relationship
between the pulse amplitude and the cuff pressure for the DBP hold.

For discussion purposes, the procedure described below is applied to the sSBP
pressure signals, yet with minor modifications this can be applied to the other
pressure hold data. BP fluctuations are calculated for each individual pulsation using
the deviation from the envelope function. As shown in the Figure 2.11, the pulse
amplitude at a given hold pressure fluctuates around the mean. These variations
represent the breathing induced BP fluctuations, decreasing during inhalation and
increasing during exhalation. Assuming that BP fluctuations are small enough
not to alter the envelope function shape and that BP values are algorithmically
calculated around the mean, the change in BP can be estimated by shifting the
envelope function. An illustration of this concept is shown in Figure 2.11. This
theory can be represented mathematically with the equations presented below. The
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equations allow to calculate the SBP and DBP shift on a beat-by-beat basis to reflect
the breathing BP fluctuations.

(⌫%B⌘8 5 C = (⌫% +
�%�

B;>?4<�C>�B
(2.1)

⇡⌫%B⌘8 5 C = ⇡⌫% +
�%�

B;>?43�C>�<
(2.2)

where the �PA is the pulse amplitude difference from the mean at that hold, the
B;>?43�C>�< is the slope from the DBP hold to MAP hold, and the B;>?4<�C>�BB is
the slope from the MAP hold to the sSBP hold.

Figure 2.13: Dynamic signal calibration output example. Figure shows how the dy-
namic signal calibration maintains the physiological BP fluctuations from breathing.
(Top) shows the raw cuff signal that displays pulse amplitude fluctuations. (Bottom)
shows the dynamical signal calibration method results highlighting the SBP and
DBP fluctuations.
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2.9 System Evaluation
Inflation and Deflation Mode Equivalence

The common deflation based oscillometric BP measurement has an accepted
measurement uncertainty of 3 mmHg as reported by the user manuals in the monitors
[16]. This part of the study will evaluate the error associated with BP measurement
in the deflation and inflation mode using the Fluke Biomedical ProSim 8 Vital
Signs Simulator (hereafter the ProSim8) to ensure that the additional components
influence the measurement. The ProSim 8 is a vital signs simulator to measure
the performance of cardiovascular monitors. This study will utilize the pneumatic
NIBP capabilities of the simulator to model the oscillometric BP measurement. The
ProSim8 and the cuff-device are connected utilizing a T joint between the device and
the cuff. The cuff is tightened around a mandrel to give a resistance upon inflation,
this is done to emulate the arm.

The ProSim8 NIBP simulator allows to modify the SBP, DBP, HR and envelope
function shift for model evaluation. The BP measurement error was assess under
two test conditions: (1) envelope function shift and (2) nominal BP values. An
envelope function shift is a skew movement of the entire envelope function in the
positive or negative direction. The envelope function shift evaluated four different
skew factors at a nominal BP of 120/80 mmHg at 60 BPM, the tested skew factors
are 0%, +2%, �2% and �4%. The ProSim8 has prebuilt BP modalities to reflect
different physiological BP conditions. Three different conditions were investigated
to mimic healthy (normal), hypertensive (high), and hypotensive (low) subjects:
normal BP was 120/80 mmHg at 60 bpm, high BP was 160/120 mmHg at 80 bpm,
and low BP was 100/60 mmHg at 50 bpm. For the second test, an envelope function
skew of�4% was used. Three repeats (n=3) for every test condition were performed.

The error between actual and measured values for the SBP, DBP, and HR in
the two tests are summarized in Figure 2.14. The first test evaluating the envelope
function shows that the negative shift reduced the residual for both SBP and DBP.
SBP and DBP are consistently overestimated from the device and the overestimation
appears to be larger for the deflation mode. The average SBP and DBP error with
inflation mode was of �3.9 and �3.5 mmHg, respectively. The average SBP and
DBP error with deflation mode was of �5.3 and �3.4 mmHg, respectively. The
HR did not have any measurement error. The second test evaluating three different
physiological BP conditions showed a propensity to underestimate SBP values at
high BP and overestimate DBP values at low BP. Both measurement modes gave
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similar average BP errors: in inflation mode the average SBP and DBP error was
1.6 and �0.4 mmHg, respectively, and in deflation mode the average SBP and DBP
error was �0.2 and �1.2 mmHg.

Overall, the measured error is around the expected uncertainty of cuff-device
oscillometric BP measurement of 3 mmHg. The first test showed a moderate depen-
dence of the measurement error with the envelope function skew, a negative skew
appears to reduce the measured residual. The second test showed SBP underesti-
mation for high BP and DBP underestimation for low BP. There does not appear to
be a significant difference between inflation and deflation mode results, at best the
inflation mode reported slightly smaller error throughout the tests. These results
suggests that the two modes can be used interchangeably during clinical testing.

Figure 2.14: BP measurement evaluation test results. Figure shows the residual,
as the difference between target and actual, for SBP, DBP, and HR oscillometric
parameters (left) for the envelope function shift test and (right) for the physiological
BP value test.

Effect of Cuff Placement on Signal Quality
One of the main motivations behind pursuing a cuff-based systems to improve

measurement repeatability lies in the universality of the brachial cuff. Current
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cuff designs are approaching the one-size-fits-all, or most, models. This design
advantage incentivizes the development of cuff-based system for general population
pulse waveform acquisition. Yet, it must be recognized that simplifying a system
does not make a system immune to human operational errors. For our cuff-based
device, the main source of error lies in the incorrect cuff placement, which is hard to
quantify and in certain settings cannot be controlled. In this section we aim to study
the effect of human error in cuff placement on the device measurement results.

The brachial arm cuff features an asymmetric cylinder to best accommodate
the physiological shape of the arm. In the arm, maximal circumference occurs at
the center of the humerus and decreases as one moves towards the elbow. This
decreasing circumference is a characteristic of the arm cuff which allows to create
optimal contact between the cuff and the arm. Brachial cuffs also have a closure hinge
and a connective tubing which are exactly opposite each other, the correct placement
for maximal signal is with the tubing along the brachial artery. This cuff asymmetry
enforces a directionality to cuff placement on the arm for optimal measurement. The
cuff used on this device is the AND Medical Wide Range Replacement Cuff that
accommodates arm circumferences between 22 cm to 42 cm. The tests performed
in this system evaluation will independently modify each aspect of the correct
cuff placement to measure the variation. For each test, multiple conditions are
sequentially tested on the same day to maintain a semi-constant cardiovascular state
for a given repeat. In each test, three repeats across different days will be performed
to reduce arm stress from repeated consecutive measurements. Considering the
physiological BP variability during the circadian cycle, each testing day was started
at 10:00am. The tests were performed on a single individual in the supine position
on the left arm (n=1); a 5-minute rest period between consecutive tests was required.
The following tests will be performed:

1. Cuff tubing direction.

2. Angular alignment of connection tube.

3. Cuff tightness.

4. Cuff distance from elbow crease.

The conical asymmetry of the brachial cuff forces the cuff to be placed with the
connective tubing pointing towards the hands for optimal cuff adherence. Reversing
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the directionality would result in a progressively looser cuff as you move further
from the points of maximal circumference. This first test will evaluate the effect
of incorrect cuff placement from tubing directionality. Two testing conditions will
be performed: (1) cuff tubing points towards the hand and (2) cuff tubing pointed
towards the shoulder (see Figure 2.15 for reference). During testing, the cuff-device
performed all the oscillometric BP measurements with the inflation method. The
measured BP values show a minimal decrease in test condition number 2 when
compared with test condition 1. A possible reason for this could be the larger
volume of air in the cuff causing a dampening of the signal. This drop could also
originate from a more relaxed vascular state in the left brachial artery following
the BP measurement resulting in lower BP. Nevertheless, the observed drop is
always within 1-5 mmHg which is the expected measurement variability. The pulse
waveform in the sSBP hold does appear to be affect by the cuff tubing directionality.
In the repeats from day 1 and day 3, the tube pointing to the arm (T1) and the tube
pointing to the shoulder (T2) have fully overlapping average waveforms. In day 2,
the T2 average waveform featured a moderately more prominent forward wave with
a weaker reflected wave but the diastolic portion closely matches between the two
tests. The observed variation is well within the physiological variability from day
to day and can be attributed to a multitude of factors. Overall, these results show
that tubing direction does not affect the measured BP values with the oscillometric
method and the waveform morphology captured during the pressure hold.

The second test evaluated the effect of the tube’s angular alignment with the
brachial artery on the device measurement results. The recommended cuff place-
ment requires the tube to be aligned with the brachial artery; this favors maximal
signal amplitude and quality as the sensor is closest to the source. In this test, the
alignment with the brachial artery is taken to be with the tube on the inner side
of the arm, and is referenced as the 0�. In a clinical setting, the tubing is often
placed anywhere between our 0� mark and the 90� mark on the bicep. Four test
conditions are evaluated: (1) 0�, (2) 90�, (3) 180�, and (4) 270�. The oscillometric
BP measurement results from the second test do not show any correlation between
the BP value magnitude and the test conditions. The measured fluctuations are most
likely a byproduct of physiological variability of the BP values with time and the
uncertainty associated with the measurement modality. We can therefore conclude
that the angular rotation of the cuff does not affect the oscillometric BP reading.
The average sSBP waveforms within each repeat showed very consistent morphol-
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Figure 2.15: Cuff device results from cuff direction test. (Top) shows the
tested orientations of the cuff. (Middle) shows the SBP and DBP through-
out the test. (Bottom) shows the averaged sSBP pulse waveform shape
for the different testing days. [Digital image; modified]. (n.d.). Cre-
ated by Goran tek-en. Retrieved May 2, 2023, from Wikimedia Com-
mons website: https://commons.wikimedia.org/wiki/File:Male_front-back_3d-
shaded_human_illustration.svg
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ogy. The systolic portion had similar forward and reflected waves. The diastolic
component showed a very similar notch, decay profile and duration within each
repeat. Minor variability in the raw amplitude of the signal is observed between
the repeats; no clear raw amplitude pattern is present in the data. The air volume
injected in the cuff affects signal amplitude. The slight variability in cuff fit between
the repeats explains the raw amplitude differences observed. Summing up all the
points, the rotation of the cuff does not affect the device measurement for pulse
waveform features.

The third test looked at the effect of cuff tightness on the device measurement
results. The cuff tightness directly influences the amount of air required to pressur-
ize the cuff. Considering the volume of the cuff acts as a capacitor, a larger cuff
volume will result in larger damping of the signal. Typical BP guidelines suggest
a cuff tightness such that a one finger can be comfortably placed between cuff and
arm. Quantitatively, this recommendation corresponds to fitting the cuff to the arm’s
circumference plus once centimeter. This test will evaluate three conditions: (1)
arm circumference plus one centimeter, (2) arm circumference plus three centime-
ters, and (3) arm circumference plus five centimeters. The cuff BP measurement
results did not show any correlation with the cuff circumference. Oscillometric
algorithms to measure BP utilize amplitude ratios to calculate SBP and DBP from
the MAP value; the absolute amplitude is not expected to have any effect on this
calculation. The waveform morphology shows decreasing amplitude with increase
cuff circumference corroborating the capacitor analogy presented previously. As
shown in figure 2.17, the raw sSBP waveform amplitude is largest at condition (1)
and smallest at condition (3). The same waveform characteristics are present in
all three test conditions and are constant throughout the repeats. Overall, the cuff
tightness proportionally increases the cuff signal amplitude yet no morphological
changes are observed.

The fourth and last test evaluated the effect of cuff distance from elbow crease
on the device measurement results. Cardiology guidelines indicate that the cuff
should be placed at 2 centimeters from the elbow crease for optimal signal quality.
Three test conditions were examined: (1) at elbow crease, (2) 2 centimeters from
elbow crease, and (3) 4 centimeters from elbow crease. The BP measurement results
show no correlation to the placement of the cuff on the arm. The cuff distance from
elbow crease affects the amplitude of the raw sSBP signal. The signal amplitude
increases as the cuff distance to the elbow crease increases, effectively having the
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Figure 2.16: Cuff device results from cuff angular orientation test. (Top) shows the
tested angular orientations of the cuff. (Middle) shows the SBP and DBP throughout
the test. (Bottom) shows the averaged sSBP pulse waveform shape for the different
testing days.

cuff higher up the arm. One potential explanation for this observation is the relative
overlap of the cuff with brachial artery as well as the improved cuff fit to the arm
shape. Cuff pulse waveform features are consistent between the successive repeats
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Figure 2.17: Cuff device results from cuff tightness tests. (Top) shows the tested
cuff tightness conditions. (Middle) shows the SBP and DBP throughout the test.
(Bottom) shows the averaged sSBP pulse waveform shape for the different testing
days

and conditions. Placement of the cuff above the elbow crease will give optimal
signal quality and amplitude.
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Figure 2.18: Cuff device results from cuff distance from elbow test. (Top)
shows the tested vertical displacement of the cuff from the elbow crease. (Mid-
dle) shows the SBP and DBP throughout the test. (Bottom) shows the averaged
sSBP pulse waveform shape for the different testing days. [Digital image; mod-
ified]. (n.d.). Created by Goran tek-en. Retrieved May 2, 2023, from Wiki-
media Commons website: https://commons.wikimedia.org/wiki/File:Male_front-
back_3d-shaded_human_illustration.svg
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In conclusion, this section analyzed the repeatability of the cuff measurement
results under a series of test conditions that deviate from the regular cuff placement.
From all four testing conditions, the oscillometric BP measurement results are not
affects by cuff placement, all observed variability originates from the methodology’s
uncertainty and the physiological BP fluctuations. Waveform morphology was not
affected throughout the testing conditions. Only raw signal amplitude is affected
and this behavior comes from the cuff damping factor. Considering the signals will
then be calibrated, the variability in raw amplitude is not of much impact to the
measurement validity. Although these test conditions are extreme exaggerations of
real-world human error, the low variability observed throughout gives confidence in
the reliability of the measurement with this device.
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C h a p t e r 3

MATHEMATICAL CHARACTERIZATION OF THE
PNEUMATIC LOW PASS FILTER

“It doesn’t matter how beautiful your theory is, it doesn’t matter
how smart you are. If it doesn’t agree with experiment, it’s
wrong."

— Richard P. Feynman

CHAPTER 3 INTENTIONALLY REDACTED
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C h a p t e r 4

FUNCTIONAL EVALUATION OF THE CUFF DEVICE IN A
HEALTHY POPULATION

A CALTECH IRB STUDY

"Science is but a perversion of itself unless it has as its ultimate
goal the betterment of humanity"

— Nikola Tesla

4.1 Introduction
The process of clinically translating medical devices requires incremental

progress to ensure reliability, accuracy, and correct interpretation of results. Medi-
cal data is inherently complex, with high dimensionality, sparsity, and uncertainty.
In experiments involving human subjects, controlling input variables can be diffi-
cult, leading to output data with large variances. Therefore, it is the responsibility
of a diligent medical scientist to design well-planned experiments that reduce the
dimensionality of the data.

In Chapter 2, we have introduced a novel cuff-based device for high-resolution
pulse waveform acquisition at the brachial artery. A cuff-based design was chosen
for its measurement consistency as this is one of the major limitations of the current
gold-standard tonometer. The introduction of the pLPF system offers a potential
solution to the issue of low-signal resolution in cuff-based measurements. The
chapter will discuss the first human study performed at Caltech with the system
described previously. The purpose of this study was twofold: (1) evaluate device
functionality on a diverse subject population and (2) get a benchmark of the healthy
pulse waveform from our cuff-based device. The first objective seeks to understand
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how subject features influence result generalizability within the population, whether
and how subject characteristic affect measurement quality and if any factors should
be used for exclusions. The second objective aims to get a qualitative understanding
of what healthy recordings look like with our device. In light of implementing
this device for diagnostic purposes in the future, setting the benchmark on result
consistency amongst healthy individuals is a necessary condition.

User experience plays a critical role in the clinical translation of medical
devices, from the lab to the clinic. In addition to functionality, engineers must also
consider the human aspect of clinical measurements, taking into account the comfort
of test subjects and the ease of use for physicians. To assess user experience on the
device, the Caltech human study will be conducted. The study will evaluate both
the device-to-physician interaction and the device-to-user interaction. The purpose
of the device and study is to demonstrate the accuracy and reliability of cuff-based
pulse waveform analysis, and to promote its widespread use.

4.2 Methods
Study Information

IRB approval was obtained at Caltech for a device functionality and proof-of-
concept study (protocol number 21-1114; approval date on September 17th, 2021).
The IRB classified this study as minimal risk considering the cuff device is an
iteration of the traditional BP monitor used in clinics and at home. Prior to testing,
the physician obtained informed consent from all volunteers, ensuring that they were
fully aware of the nature and purpose of the study, as well as any risks or benefits
associated with their participation. All methods were carried out in accordance with
relevant guidelines and regulations. Work adheres to the Declaration of Helsinki.
Data were de-identified upon collection to protect subject privacy.

Subject Selection
The target population for this study was healthy individuals of at least 18

years of age with no history of cardiovascular disease. Exclusion criteria included
inability to perform a brachial cuff measurement on the left arm and a history of
any major cardiovascular event. Individuals for the study were recruited within
the Caltech community and included students, postdoc, staff, and faculty. Prior
to sign-up, subjects were informed of the risks and benefits of participating in the
study. Participants volunteered for the study and no incentive was provided for
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participation. At any moment a participant could decide to withdraw from the study
and the data must be deleted.

Protecting Privacy and Anonymity
Subject privacy and anonymity throughout the study was a primary concern

given the community style environment in which the study was conducted. Below
are the steps that have been taken to protect privacy and anonymity during the IRB
study:

1. Informed consent: The physician obtained informed consent from the volun-
teers prior to starting the procedure. The objective of the informed consent is
to inform volunteers about the purpose of the study, what will be expected of
them, and what risks and benefits may be associated with participating. The
informed consent was also sent via email prior to the study to allow ample
time for reading.

2. Data deidentification: All data collected during the study was stored in
deidentified format utilizing SUBIDs. All the data was saved and processed
using the SUBID nomenclature. The data associating the SUBIDs with the
subject personal identifiers was stored within a password-protected file present
on a offline hard-disk. The file was deleted upon completion of the study.

3. Limited data access: Access to the data was limited to the personnel approved
on the IRB protocol ensuring only authorized access and that data is used for
its intended purpose.

4. Private testing environment: The study was conducted in a private room
with restricted access. The room is located in a low traffic area of the building
reducing interactions with people external to the protocol.

5. Secure data storage: Data collected during the study is stored on a password-
protected offline hard-drive stored at Caltech.

6. Association file destruction: Upon completion of the study the file asso-
ciating the SUBIDs with the subject personal identifiers was destroyed to
eliminate the risk of identification of tested subjects.

Overall, protecting the privacy and anonymity of study participants was crucial for
maintaining ethical research practices throughout our study.
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Testing Procedure
The study procedure was performed in the Heart Lab, Karman 305. Testing

involved two components: (1) the case report form and (2) the device measurement.
The case report form included subject characteristics, medical history, and cardio-
vascular influencing factors; all parameters were self-reported by the individuals
except for height, weight, and left arm circumference which were measured during
the procedure. The device measurement was performed on the subject’s left arm in
supine position. Figure 4.1 shows an image of the testing setup in the Heart Lab.
The study involved three individuals: a physician, a chaperone, and an additional
female chaperone for female testers. Dr. Francisco Padilla, a general practitioner
physician, volunteered to perform the medical procedures for the study. The chaper-
one was present to supervise and monitor the proper operation of the device during
the procedure. They also collected qualitative feedback on the device and observed
its interactions with the user. An additional female chaperone was required to ensure
the comfort and privacy of female testers during the procedure.

Figure 4.1: Testing configuration for Caltech IRB. (Left) shows the setup used for
testing in the Heart Lab. (Right) shows the device and ecg configuration. [Digital im-
age; modified]. (n.d.). Created by Goran tek-en. Retrieved May 2, 2023, from Wiki-
media Commons website: https://commons.wikimedia.org/wiki/File:Male_front-
back_3d-shaded_human_illustration.svg

The signals captured during testing consisted of the cuff device and a three
lead ECG. The brachial artery in the left arm is the left subclavian artery that
directly connects to the ascending aorta. The device performs the pre-programmed
measurement described in Chapter 2, which has a duration of approximately 120
seconds. For more details on the measurement structure, please refer to section 2.6.
The ECG was a three electrode three lead shielded ECG: the white electrode over
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the right atrium, the black electrode over the left atrium, and the green electrode on
the left lower abdomen. A custom ECG patch for the right atrium and left atrium
electrodes was designed to ensure repeatable placement of the electrodes (Figure
4.1). Data acquisition was done using the AD Instrument PowerLab 26 Series,
PowerLab 4/26 with the LabChart software. The sampling rate for data acquisition
was set at 1kHz.

Subject data was collected with the CRF. The CRF was completed by the
physician with the information verbally provided by the subject during the testing
preparation. No verification to the accuracy of the data provided by the subjects was
available. The CRF included information on both general demographic characteris-
tics and medical characteristics. No identifiable information was stored in the CRF
and the document was associated with the SUBID.

The participants were welcomed to the testing room by the physician and su-
pervising personnel, testing was performed in the Heart Lab in Karman building
305. Upon arrival the individuals were given a quick briefing about the procedure
and were asked to read and sign the informed consent form. Following the physician
measured the left arm circumference, weight, and height of the individual. The
subject was asked to move to supine position on the testing bed. A correct testing
position consisted of the supine position with legs straight down with uncrossed
feet, arms lying along the body, open hands, and no muscular tension. The physi-
cian conducted the CRF medical questionnaire. The supervising personnel was
excused from the room during the entire medical questionnaire procedure to guar-
antee privacy. After the medical questionnaire, the physician prepared the subject
for testing; this involved removing any clothing obstructing the left arm, placing
the brachial cuff on the left arm and the three ECG patches. The placement of the
ECG patches was optional: the procedure was first demonstrated by the physician,
and subsequently the individual was given the option of self-performing, having the
physician place the electrodes or abstaining from the procedure. Once all testing
devices correcting placed, a five-minute rest period started. During the rest period,
no talking, movement, or external stimuli from phone or email were allowed. At the
end of the rest period, the physician informed the subject the procedure would start
and asked to maintain a regular breathing pattern, not talk and not tense muscles.
The cuff measurement lasted between 120 to 180 second. Upon cuff deflation at the
end of the measurement, the physician removes the cuff and asks subject to remove
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electrodes. The overall testing protocol is expected to last 20 minutes. Figure 4.2
for a flowchart overview of the major procedural steps.

Figure 4.2: Flowchart showing the main steps of the measurement procedure.

Data Analysis
Qualitative analysis of the recording and subject characteristics was manually

performed for each individual to ensure high quality data; this step looked for
undetected device malfunctions, sensor saturation, and irregular heart activity. The
measurement recordings contained time synced signals from cuff-device and ECG.
The analysis procedure segmented the cuff device measurement in four segments:
(1) BP measurements, (2) DBP hold, (3) MAP hold, and (4) sSBP hold. From
the BP measurement, the SBP, DBP, MAP and HR values are extracted as integer
values. For segments (2), (3), and (4) the pressure time signals were indexed, and
segmented. The algorithm identified the segment of longest sequential pulsations,
herein referred to as the sequential segment. Recordings with sequential segments
shorter than 8 pulsations were excluded from analysis.
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The raw pressure time signal from the sSBP hold is scaled to physiological
pressure units using the signal calibration methods discussed in Chapter 2. The
BP measurement results from the cuff, in the form of SBP and DBP, are used for
calibration. Two calibration methodologies discussed, the static calibration and the
dynamic calibration, are separately applied to the waveform. The output signals
from the calibration methods are qualitatively compared. Further details on the
algorithmic implementation of the static and dynamic signal calibration methods
are found in Chapter 2.

Pulse waveform analysis was performed on the waveforms from the sSBP hold.
A subset of 9 waveform parameters that characterize cardiovascular health were
selected for this analysis, the complete parameter list with respective description
is found in Table 4.1. Pulse waveform analysis was performed on a BTB basis
for all the high-quality waveforms selected from the algorithm.The pulse waveform
analysis parameters were evaluated across the population using two different analysis
methods: static analysis and dynamic analysis. The static analysis evaluated the
subject-mean pulse waveform feature on the entire study population. The parameters
were compared to the ranges reported in the literature for an understanding of
the distribution in the context of accuracy and reliability. The dynamic analysis
evaluated the pulse waveform magnitude fluctuation in response to physiological
breathing. This evaluation was purely qualitative in nature and goes to assess the
measurement capability of the device.

4.3 Results
Study Population

The IRB study was performed at Caltech from May 17th, 2022, to June 2nd,
2022. The study enrolled a total of 31 healthy control individuals. Qualitative ex-
clusion criteria from the recording evaluation discarded 0 individuals as no device
malfunctions, signal saturation and irregular heart activity were detected. Imple-
mentation of the algorithmic filtering excluded an additional 0 individuals from
analysis. The total population included in the analysis after filter was of 31 subjects.

The population analyzed in this study (n=31) is composed of 68% men and the
average age was 27 years. The mean BMI was 23.7 classifying the average subject as
healthy weight. The left arm circumference within the population ranged from 28 cm
to 36 cm, all of which fell within the operating range of the brachial cuff. Within the
study population, 3% reported hypertension, 13% reported hyperlipidemia, and 26%
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Parameter Description
AIx The augmentation index is a proxy indicator of left ventricular

systolic loading. [1]
AP The augmentation pressure is a measure of the wave reflection

contribution to systolic pressure. [2]
SPTI The systolic pressure time integral is a surrogate measure for cardiac

output and myocardial oxygen demand. [3]
DPTI The diastolic pressure time integral is an indicator of sub-

endocardial blood supply. [3]
SBP The systolic blood pressure is a measure of the peak pressure exerted

on the arterial wall.
DBP The diastolic blood pressure is a measure of the minimum pressure

exerted on the arterial wall.
ST The systolic time is a measure of the left ventricular ejection time.
DT The diastolic time is a measure of the left ventricular relaxation

time.
HR The heart rate is a measure of the number of heart contractions per

minute.

Table 4.1: Description of the sSBP pulse waveforms parameters used for the Healthy
control population study.

reported being current smokers. No prevalence of cardiovascular disease is present
within the population. Overall, the general physical and medical characteristics
confirm the good health of the selected population and validates their use as a healthy
control group for the study’s purposes. Table 4.2 shows the medical characteristics
of the study population. Note, all the shown numbers are derived from self-reported
data from the subject’s case report form.

Device Functionality
The device successfully performed the measurement on all 31 subjects during

the IRB study. For each subject, the procedure consisted of a complete device
measurement: the BP measurement followed by the DBP, MAP, and sSBP pressure
holds. Of the 31 BP measurements, 27 (87%) were performed in the default inflation
mode, and 4 (13%) automatically resorted to deflation mode. Case-specific reasons
for switching to deflation mode are unknown but usually fall within one of the
following conditions: low signal amplitude, noisy measurement, or irregular heart
rhythm. In all 31 measurements, the pressure holds were performed sequentially
following the BP measurement with subject-specific values. The DBP, MAP, and
sSBP hold had an inflation time of 30, 20, and 40 seconds, respectively. The pressure
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Characteristic Population (n=31)
General Characteristics

Male, n (%) 21 (68%)
Age, mean (years) 29 ± 10
Weight, mean (kg) 73 ± 11
Height, mean (m) 1.75 ± 0.09
BMI, mean (kg/m2) 23.8 ± 3.0
BSA, mean (m2) 1.89 ± 0.19
Left Arm Circumference, mean (cm) 29 ± 5
White, n (%) 25 (81%)

Comorbidities
Hypertension, n (%) 1 (3%)
Diabetes, n (%) 1 (3%)
Thyroid, n (%) 1 (3%)
Hyperlipidemia, n (%) 4 (13%)
Smoker, n (%) 8 (26%)
Blood Pressure Medication, n (%) 2 (6%)

Cardiovascular Disease
Heart Failure, n (%) 0 (0%)
Cardiomyopathy, n (%) 0 (0%)
LV Dysfunction, n (%) 0 (0%)
Stroke, n (%) 0 (0%)
Heart Valve Disease, n 0 (%)

Table 4.2: The medical characteristics of the Caltech IRB study population.

hold waveforms displayed features used in PWA for all 31 volunteers. Examples of
segmented and calibrated waveforms from four individuals for all pressure holds are
shown in Fig. 4.3. The pulse waveforms from the three pressure holds showed dis-
tinct waveform morphologies. Pulse waveform morphologies specific to a pressure
hold were consistent throughout the study population. This indicates the device is
capable of successfully identifying subject-specific target pressure locations from the
oscillometric measurement. The device was successfully operated using the remote
controller, and all the operator communications could be directly interpreted from
the DAQ without the need to access the device. No device malfunction occurred
during the testing protocol.

Evaluation of Calibration Methods
The envelope function is the central component of the dynamic signal calibra-

tion method. With the current device design, the envelope function is approximated
using the data from the DBP, MAP, and sSBP pressure holds. For each hold, the
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Figure 4.3: Averaged pulse waveform examples from the three hold pressures.
The (left) DBP, (middle) MAP, and (right) sSBP hold pulse waveforms from four
subjects in the IRB study are shown. The dashed black line is the average of the
individual hold pulsations, red lines.

raw signal from the differential pressure sensor and the nominal cuff pressure pres-
sure are averaged to create the three cardinal points of the envelope function. The
envelope is recreated by linear interpolation of the points from the DBP to MAP
data pair and from the MAP to sSBP data pair. The top panel in Figure 4.4 shows
the three point reconstruction of the envelope functions for the study population.
The envelope function peaks at the MAP hold pressure indicating this as the point
of maximal cuff pulse amplitude. The slopes from the DBP to the MAP had a mean
of 0.036 and a standard deviation of 0.022. The slopes from the MAP to the sSBP
had a mean of -0.029 and a standard deviation 0.008.

The static and dynamic signal calibration methods were successfully applied
to the sSBP hold pressure for the entire study population. Figures 4.5 and 4.6 show
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Figure 4.4: The envelope function reconstruction data for the study population.
(Top) shows the reconstructed envelope function from the DBP, MAP, and sSBP
hold pressure data pairs. Please note that the use of color is solely intended to aid
in distinguishing between the lines and does not carry any additional meaning or
significance. (Bottom) shows the envelope function slopes from the DBP to MAP
point (left) and form the MAP to sSBP point (right).

side by side examples of the static and dynamic signal calibration methods. The
static calibration method effectively removed all signal fluctuations in scaling the
waveforms to SBP and DBP. The dynamic calibration method maintained breathing
related fluctuations of the BP values; in certain cases (Figure 4.5 the BP magnitude
fluctuations were significant and in other cases (Figure 4.6 these were a lot more
moderate. This behavior was seen throughout the entire population.
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Figure 4.5: The (top) static and (bottom) dynamic signal calibration for a 15 second
sSBP hold segment in an individual with large BP breathing fluctuations.

Figure 4.6: The (top) static and (bottom) dynamic signal calibration for a 15 second
sSBP hold segment in an individual with small BP breathing fluctuations.

Static Pulse Waveform Analysis
Pulse waveform analysis on the sSBP hold waveforms was successfully per-

formed on all study individuals (n=31) calculating the BTB values for all 9 parame-
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ters from Table 4.1. In the static analysis, the pulse waveform features were averaged
for each subject. Figure 4.7 shows histogram plots for the 9 pulse waveform fea-
tures analyzed in this study, the histograms were constructed with subject-averaged
features. The distributions were plotted in the range reported in the literature; the
narrow distributions show that healthy control individuals are categorically grouped
together. The subject averages for the parameters showed the following trend:

• SBP had a mean of 113 mmHg and min-max of 91 and 134 mmHg.

• DBP had a mean of 61 mmHg and min-max of 51 to 74 mmHg.

• SPTI had a mean of 26.8 mmHg and a min-max of 21.1 to 35.0 mmHg.

• DPTI had a mean of 43.2 mmHg and a min-max of 29.0 to 66.2 mmHg.

• AIx had a mean of -61.1 and a min-max of -86.8 to 12.0.

• AP had a mean of 31.4 mmHg and a min-max of -6.5 to 47.5 mmHg.

• ST had a mean of 0.308 s and a min-max of 0.258 to 0.359 s.

• DT had a mean of 0.654 s and a min-max of 0.403 to 1.046 s.

• HR had a mean of 64 bpm and a min-max of 44 to 91 bpm.

Dynamic Signal Fluctuations
The high resolution signal from the brachial cuff device displayed pressure

fluctuation characteristics that are consistent with the physiological pressure fluctu-
ations from breathing. Signal amplitude fluctuations are the most obvious breathing
induced pressure fluctuations; this phenomenon arises from the fixed cuff pressure
and the physiological variation of BP. Figure 4.8 shows that this signal characteristic
is present in all three pressure holds. At a qualitative level, one can also notice that
the pulse waveform features also experience sinusoidal fluctuations, this is most
obvious for features like AIx and the relative height of the dicrotic notch. These
observations are consistent with the pressure behaviors that are observed in typical
invasive catheter recordings [4].

The dynamic analysis on the pulse waveform features looked at the BTB
variation of the parameter magnitude across the sSBP pressure hold. Breathing
fluctuations were also measured on the parameter magnitudes; the magnitude of
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Figure 4.7: The population-wide mean distribution of the analyzed pulse waveform
parameters. Histograms ranges are taken from literature as a means of comparison.

these fluctuations varied amongst individuals. Figures 4.9 and 4.10 show examples
of the dynamic fluctuations for two test volunteers on the sSBP hold pressure data.
The top panels show the pulse waveform from the sSBP hold and the bottom three
panels shows the BTB pulse waveform features for SPTI, AIx, and HR. All three
pulse waveform features show sinusoidal fluctuations that can be associated with
the breathing process. These behaviors are observed across the entire population
yet for conciseness only two examples as shown.
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Figure 4.8: Ten second segments of the raw pressure signal captured with the cuff
device for the DBP, MAP, and sSBP hold pressures.

Observations on Device to User Interactions
Overall, the cuff-device was well-received by both physicians and test subjects

due to its similarity to a traditional BP cuff. Placement of the cuff on the left arm
was a smooth process that could be easily repeated with the subject in a standing
position. However, the connection of the device casing to the cuff proved to be a
challenge due to the short connector tubing (22cm), limited audio feedback from the
clipping mechanism, and the arrangement of the test setup which did not provide
the operator with sufficient confidence in the successful connection between the cuff
and the casing.

During testing, no complaints were reported by the subjects regarding the
measurement portion. As expected, the subjects commented on an increasing
pressure from the cuff as the measurement progressed due to the increase in cuff
pressure. Although the sSBP portion of the measurement was described as tight, no
subjects reported pain or the inability to complete the measurement due to pressure.
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Figure 4.9: The pulse waveform feature fluctuations for Subject 1. Top panel shows
the calibrated pressure time signal. The bottom three panels show the calculated
feature evaluated for the corresponding pulse waveform. The SPTI, AIx, and HR
are sequentially shown from top to bottom.

It was observed that anticipating the progressive cuff tightness helped to reduce
unexpected discomfort for the subjects. Moreover, no measurements had to be
repeated due to subject movement or failure to comply with instructions, indicating
a successful execution of the measurement procedure.

The physician did not encounter any difficulties while operating the device
through the remote controller, which was found to be intuitive and user-friendly.
However, interpreting the device output required assistance from the device operator.
Due to the multi-segment structure of the measurement, there was some uncertainty
in the expected output for each segment, although this process became progressively
easier over the course of the study. Nevertheless, it would require a longer period
to fully master the interpretation of the device output. Device error messages were
easily noticeable, but understanding their source was non-trivial, and their rare
occurrence during the study added to the complexity of interpretation.
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Figure 4.10: The pulse waveform feature fluctuations for Subject 2. Top panel shows
the calibrated pressure time signal. The bottom three panels show the calculated
feature evaluated for the corresponding pulse waveform. The SPTI, AIx, and HR
are sequentially shown from top to bottom.

In summary, the device was successfully operated by the physician during the
entire test, and the subjects demonstrated a positive acceptance of the device and its
programmed measurement.

4.4 Discussion
The limitations of tonometer-based pulse waveform acquisition systems have

motivated the development of cuff-based approaches. However, the low resolu-
tion of captured pulse waveforms has hindered the adoption of these systems in
cardiovascular applications. This thesis proposes a novel high-fidelity pulse wave-
form acquisition approach that combines a pLPF and a high-resolution differential
pressure sensor. The differential pressure sensor measures the difference between
cuff signal in the measurement port and a dynamic mean signal in the reference
port. The pLPF acts as a moving average filter, enabling the differential pressure
sensor to operate at a net differential pressure of zero. As a result, the signal from
the pressure sensor is always centered, irrespective of the pressure behavior in the
system. This facilitates the configuration of a pressure sensor optimized for the
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pulse waveform amplitude, with a single filter conformation designed to fit all BP
physiological operating ranges. The proposed pneumatic filter requires minimal
hardware components to configure an NIBP module with tourniquet capabilities for
high-resolution signal capture, making it a promising solution for high-resolution
cuff-based pulse waveform acquisition.

This chapter reports on a proof-of-concept study conducted at Caltech under
IRB protocol number 21-1114, which aimed to validate the concept of a passive
pLPF for high-resolution pulse waveform acquisition using a cuff-based device. The
study successfully demonstrated the device’s ability to capture the pulse waveform in
all three pressure holds. The morphology of the pulse pressure waveform displayed
consistent behavior in all volunteers, with the MAP waveform showing the largest
amplitude and the sSBP waveform containing the highest information content, as
indicated by the pressure wave morphology. These results suggest that the device
effectively uses the BP measurement from the initial oscillometric measurement to
perform pressure holds at subject-specific targets.

Furthermore, the study confirmed the fluid-dynamic relationship between the
exerted cuff pressure and the physiological pressure signal. Increasing cuff pressure
reduces the inner diameter of the brachial artery, leading to a reduction in brachial
artery flow. When the cuff pressure reaches a level greater than the SBP, the artery
fully collapses, and flow in the brachial artery ceases. As the cuff pressure increases,
greater levels of detail appear in the pressure signal captured with the brachial cuff,
with maximal detail observed at sSBP. This observation confirms previous findings
from the literature that the sSBP hold pressure is equivalent to a pressure tap in
the ascending aorta, providing a purely pressure-dependent signal rich in content
[5]. The study also found that physical characteristics such as age, gender, height,
weight, and left arm circumference did not affect the recording quality or observed
behavior within the limited ranges tested. Overall, the device appeared to be a robust
solution for general population measurement of the pulse waveform.

Signal calibration is an algorithmic process to convert the non-invasive pulse
waveform signal to physiological BP units. This thesis proposes a new method to
dynamically scale the pulse waveforms by using the oscillometric envelope function
such that pressure fluctuation data in conserved. The reconstruction of the envelope
function with sparse pressure hold data proved successful and displayed the typical
characteristic of the amplitude maximum at MAP pressure. The DBP to MAP slope
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in the envelope function reported a wide distribution; these results are most likely
associated with the proximity between these two magnitudes and could potentially
be a source of BP overestimation in the oscillometric measurement. The dynamic
scaling method produced a signal with sinusoidal pressure fluctuations that varied
in magnitude across subjects, similar to what would be expected in an invasive mea-
surement. This approach holds promise in physiologically scaling the pressure time
signal with breathing fluctuations. The next step would be to validate this method
with invasive physiological data to further assess its accuracy and applicability.

The static pulse waveform analysis performed on the sSBP hold waveform
showed a narrow distribution for the parameter space. The parameter space interro-
gates a multitude of cardiovascular factors ranging from the heart cardiac output to
the cardiovascular stiffness. Considering the young and healthy nature of the study
population, these results indicate that the device results are repeatable and accurate.

In many non-invasive pulse waveform acquisition devices, the dynamic behav-
ior of the pressure time signal is often not detected or overlooked. However, in
this study, all pressure hold recordings displayed the physiological fluctuations of
the cardiovascular system in response to breathing. Qualitatively, all three pressure
time signals displayed sinusoidal amplitude and mean fluctuations, as shown in Fig.
4.8. These fluctuations are also known to occur in pulse waveform features, and this
fact is confirmed by the results shown in Figures 4.9 and 4.10, which demonstrate
the BTB fluctuation of a small subset of pulse waveform features in the sSBP hold.
The high-fidelity signal allows for the measurement of these pulse waveform fea-
tures with elevated accuracy, giving confidence that the observed fluctuations are
physiology-based. These results are consistent with behaviors observed in invasive
catheter measurements [4]. The importance of these results is twofold: firstly, they
show that non-invasive systems can more accurately match their invasive counter-
parts, and secondly, such devices can meet the demands of the rising interest in
cardiovascular dynamics for diagnostic purposes.

With the rise of cardiovascular disease in the U.S. and worldwide, improving
non-invasive pulse waveform acquisition methodologies for diagnosis and subject
monitoring is essential. This study demonstrated the feasibility of using passive
pneumatic filters, the pLPF, to obtain high-resolution pulse waveform data with
cuff-based devices across a healthy control population. This is achieved using
the pLPF on the reference port of the high-resolution differential pressure sensors
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to capture the mean pressure as a measurement base dynamically. The results
from the study show that the high-fidelity signal generates consistent waveform
morphologies that exhibit characteristic pulse waveform features. Furthermore,
the improved sensor resolution also captures dynamic aspects of the cardiovascular
waveform that closely resemble the invasive catheter. The improved signal quality
from the proposed approach for cuff-based BP devices allows for a more widespread
application of non-invasive pulse waveform acquisition both in the clinic and at
home.

Limitations
While the study provided valuable insights into the reliability and accuracy of

the cuff-device, it is important to acknowledge some limitations of this work. One
limitation is that the study population consisted of young, healthy individuals. As
people age and develop various health conditions, multiple cardiovascular and phys-
ical factors can impact the strength and quality of the pulse waveform throughout
the body. This can potentially affect the quality of the non-invasive recording at
the brachial artery [6]. Therefore, further testing of the device on a more diverse
population will be necessary to fully optimize the system’s configuration. Another
limitation is that many of the study’s observations are based on qualitative com-
parisons with other literature results, and no direct comparison was tested in this
study. Future studies must assess the reliability and reproducibility of this device
configuration by comparing it with the invasive counterpart. This would provide
more concrete evidence of the device’s accuracy in capturing pulse waveforms and
enable better validation of the device’s diagnostic potential. Overall, while the
study provided encouraging results, further research is necessary to address these
limitations and fully evaluate the device’s potential in clinical settings.
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C h a p t e r 5

A SUPRA-SYSTOLIC CUFF-BASED METHOD FOR
ACCURATE MEASUREMENT OF CENTRAL

CARDIOVASCULAR PULSE WAVEFORM FEATURES

"Dimidium facti, qui coepit, habet: sapere aude, incipe."
He who has begun is half done: dare to know, begin.

— Quinto Orazio Flacco, Epistole

This chapter is based on the following manuscript:

Alessio Tamborini and Morteza Gharib. “A Supra-Systolic Cuff-Based Method
for Accurate Measurement of Central Cardiovascular Pulse Waveform Features.” In
Preparation. N.D..

CHAPTER 5 INTENTIONALLY REDACTED
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C h a p t e r 6

A BRACHIAL CUFF DEVICE METHOD FOR
CARDIOVASCULAR AUSCULTATION OF THE LEFT SIDE OF

THE HEART

"Conta ciò che si può contare, misura ciò che é misurabile e
rendi misurabile ciò che non le é."
Count what can be counted, measure what is measurable and
make measurable what is not so.

— Galileo Galilei

This chapter is based on the following manuscript in preparation:

Alessio Tamborini and Morteza Gharib. “A Brachial Cuff Device Method for
Cardiovascular Auscultation of the Left Side of the Heart.” In Preparation. N.D..

CHAPTER 6 INTENTIONALLY REDACTED
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C h a p t e r 7

AN OBSERVATIONAL STUDY ON THE IMPACT OF
BREATHING ON LEFT VENTRICULAR AND BRACHIAL

CUFF WAVEFORM PARAMETERS

"The fastest way to succeed is to double your failure rate."

— Thomas J. Watson

CHAPTER 7 INTENTIONALLY REDACTED
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C h a p t e r 8

CONCLUSION

"If I have seen further, it is by standing on the shoulders of
giants."

— Isaac Newton

This thesis documents the scientific journey of a medical device from a bench
top prototype to a multi-site clinical study. Throughout this process we have had a
flavor of all intricacies that are involved with ideation, design, development, manu-
facturing, and testing of a non-invasive diagnostic medical device. This experience
taught how to take ideas from a whiteboard and create functional prototypes that
can be safely tested, how to translate laboratory prototypes into manufacturable
devices, and how to analyze human data to develop algorithmic models that reflect
the underlying physiology. In particular this work focused on the development of a
brachial cuff technology for high-resolution pulse waveform acquisition. The tests
and studies performed have shown its accuracy and reliability in capturing high
fidelity information about the heart and cardiovascular system. These efforts aim to
narrow the information gap between invasive measurements and their non-invasive
counterpart in the field of cardiology.

Chapters 2 and 3 discuss the design and functionality of the components in
the cuff-based system for high-resolution pulse waveform acquisition. The device
proposed herein aims to improve wide-spread applicability of non-invasive pulse
waveform analysis by addressing ease of measurement and result repeatability.
The challenge in this part of the project was the acquisition of a small pressure
signal in a large operating range. We exploited our knowledge of fluid dynamics
to design a pneumatic low pass filter to obtain the running mean pressure from a
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pulsatile input signal. This component was combined with a differential pressure
sensor to effectively capture a high-pass filtered version of the input signal. We
mathematically showed that the pneumatic low pass filter’s behavior is governed
by a set of equations that closely mimic the well-known electrical low pass filter.
From these set of equations we extracted the time constants of the model allowing
the reader to redesign the components for an application of their interest. The filter
characteristics were specified for a physiological application that would theoretically
generalize well to the entire population. The shape friendly design was integrated
into the device for high-resolution pulse waveform acquisition. Preliminary testing
results showed the system is user friendly and highly mitigates operator errors.
The iterative design process culminated with a medical device that captures high-
resolution pulse waveforms at distinct subject-specific pressure-flow conditions.

Chapters 4 and 5 discuss the human studies that were used to evaluate the
device’s accuracy. The first human IRB study was performed at Caltech and re-
cruited healthy volunteers for a quality control on the system. The study evaluated
the reliability of the measurement and validated that within a healthy population
pulse waveform parameters generate consistent results. The second human study
was a multi site clinical study with individuals referred for left heart catheterization.
The study consisted of simultaneous recordings with an invasive catheter, the cuff
measurement and an electrocardiogram; the study performed a measurement in the
left ventricle followed by a measurement in the aorta. The clinical data from the
catheter in the ascending aorta and the cuff measurement was analyzed to assess the
capability of the brachial cuff to accurately measure central cardiovascular health.
The study revealed that our cuff with sSBP hold pressure produces an high-fidelity
representation of the central cardiovascular signal parameters. Chapters 3 and 4 also
discuss the work done to study and conserve the dynamic modulation of the cardio-
vascular pressure signal, one of the measurement aspects that is typically neglected
in non-invasive systems. I introduce a novel method for signal calibration using the
subject-specific oscillometric envelope function to preserve the dynamic breathing
fluctuations. Evaluation against the pressure signal from the catheter showed the
calculated fluctuations from the cuff are proportional to those measured invasively.
These results show that advances in cuff-based systems allow to accurately measure
central cardiovascular parameters in a non-invasive and consistent manner.

Chapters 6 and 7 correlate the pulse pressure signal from the brachial cuff to left
ventricular functions. Chapter 6 introduces a method to extract the pressure-sound
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equivalent of the heart sounds from the brachial cuff measurement. These pressure
vibrations are shown to originate from the forceful opening and the closing stretch-
and-recoil behavior of the aortic valve. Left ventricular pressure gradients are found
to be one of the determining physiological factors in the generation of these sounds.
The cuff pressure-sound waveform parameters followed the expected physiological
behavior setting a first stepping stone towards the non-invasive characterization of the
left ventricular contractile function. Future studies will target developing predictive
models for the systolic and diastolic contractile function using cuff derived pressure-
sound waveform parameters. In Chapter 7 we perform an observational study on
the influence of breathing on the catheter signal in the left ventricular and the cuff
parameters. Pressure fluctuations caused by physiological breathing were shown to
produce measurable and equivalent effects in the left ventricle and the cuff signal.
With the improvement of medical technologies, the dynamic components of the
pressure time signal are starting to gain more attention in the cardiovascular space
and we hope the steps presented in this analysis can further motivate their advance.
In summary, accurately characterizing left ventricular functions is a big step towards
creating more informative non-invasive diagnostic tools.
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A p p e n d i x A

CUFF DEVICE PROGRESSION THROUGH TIME

The device used throughout this thesis is the latest version of our non-invasive pulse
waveform acquisition device. Yet, as most engineers would appreciate, the design
process required multiple iterations to reach a final version. This section highlights
the major device iterations that led to the final version shining light on the iterative
nature of the engineering design process and the lessons learned in designing a
medical device. The device stages that will be discussed below include proof-
of-concept, in-house prototype, medical grade prototype, and upgraded pneumatic
prototype.

Figure A.1: Timeline showing the major device iterations through time.

A.1 Proof-of-Concept Prototype
The main goal of this project was to design a medical device for non-invasive

pulse waveform acquisition that addresses the reliability issues of current tonometers
while maintaining the high-fidelity signal. The arm cuff was the preferred candidate
as it addresses measurement repeatability, reduces operator result dependence and
has a clear reference force, yet as previously discussed these systems suffer from
low signal resolution. The proof-of-concept phase had two main milestones: firstly,
shows that the reference force applied as the cuff pressure to the arm has an impact
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on the waveform shape, and, secondly, build a benchtop prototype to autonomously
perform the measurement.

The first milestone served as a motivation for building a system that imposed a
controlled forcing condition on the measurement location; the hypothesis was that
the forcing function alters the pressure-flow relationship inside the artery causing
the wave morphology to change. Without accurate control on this condition, no
system can generate repeatable results regardless of the resolution. To show the
waveform morphological changes with hold pressure, a pressure sensing pneumatic
circuit was attached to a handheld manual blood pressure system. This system
allowed to measure BP in the form of SBP and DBP using the Korotkoff sound
method with a stethoscope. Using these BP values as reference the entire spectrum
from sub DBP to sSBP pressures were tested in ten mmHg incremental intervals.
For each pressure, the cuff was inflated with the manual pump and the pressure
was maintained to capture at least ten seconds of pulse waveforms. The waveform
morphologies from the measured ten second segments are overlayed in Figure A.2.
These results clearly show that the nominal cuff pressure, the forcing condition on
the brachial artery, has a direct impact on the shape and amplitude of the measured
waveform. Signal amplitude is maximal at the MAP pressure, yet the signal is poor
in pressure features. As the cuff is inflated to pressures higher than MAP, the signal
amplitude decreased, yet the signal become more rich in pressure features. These
results motivated the next step in the design of the device.

The first build of the device was a breadboard-based bench top model. The
device in its bare form included all the components necessary for its functionality:

• the Arduino Uno was the microcontroller running the device operations,

• the PAR Medizintechnik NIBP module is the OEM board with BP monitor
functionality,

• the pressure sensor and air-valve are used to capture the high-resolution signal,

• the relay, DAC, and transistor are for signal output, and

• the LCD screen is used for operator communication.

All electrical connections were made using jumper wires on a breadboard for flexible
and fast prototyping. The pneumatic circuit was built with Luer fittings for similar
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Figure A.2: Figure shows ten second recording segments of pulse waveforms at hold
pressures in ten mmHg steps. Observe how the waveform morphology is dependent
on the hold pressure.

reasons. Serial communication between the Arduino and the NIBP module was
done using jumper wires. Multiple power units were used to accommodate for the
different input voltages: Arduino was USB powered from the computer, the NIBP
module was powered from an external power source and all other components were
powered from the Arduino. The output signal is an analog voltage and was measured
using the Arduino board. The measurement is initiated by manually closing a loop
trigger on an input pin. The device in its raw form is shown in Figure A.3. The
device described above successfully completed a measurement comprising a BP
measurement and a hold pressure acquisition. The captured waveform contained
all the features of a physiological waveform giving a solid benchmark for the first
design.

A.2 In-House Prototype
Following the successful build of the proof-of-concept prototype, the next step

must combine the components in a device that can be operated safely. This design
stage consisted of placing all components in an enclosure, facilitating measurement
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Figure A.3: First device build and measurement. (Left) shows the proof-of-concept
prototype built on a breadboard and jumper wires design. (Right) shows a sample
measurement from the device. The red dashed line circles the communication
signals, the green dashed line circles the BP measurement, and the black dashed
line circles the hold pressure signal acquisition section.

procedures, and structuring the measurement. A 3D enclosure was designed using
SolidWorks to fit all the device components and inner pneumatics. The device was
now operated using push buttons on the device casing, LED feedback was built in.
The start button is pressed once to initiate a measurement and the abort button (red)
is pressed to cut power to the device, acting as a kill switch. Upon removal of power,
the device deflates and stops the measurement. The electronics on this design have
been manually soldered to a PCB. As space was a concern in this design, the Arduino
Uno was replaced with the Arduino Nano, which maintains all functionality yet has
a form advantage. This design also contains voltage stepping on the PCB to allow
for a single power input and voltage modification as necessary for each unit. The
device has three connections: power and analog out which are electrical and the
cuff which is pneumatic. The power is a power jack connection, the analog out is a
BNC connection, and the cuff is a push to connect two-piece stainless-steel fitting.

Once powered, the device sits in idle state till the operator interacts using the
buttons. In idle state, the Arduino is waiting for a command to initiate the measure-
ment. Upon pressing the start button, the measurement starts with an oscillometric
BP measurement and followed by two pressure holds. Upon measurement termi-
nation, the device returns to idle state and waits for another user input. Pressing
the abort button at any time during the measurement, will immediately cancel the
measurement, deflate the cuff, and return to idle state. The 3D printed version of
the device successfully enclosed all electronics and pneumatics with a user-friendly
interface for operations.
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Figure A.4: Second device build and measurement. (Left) shows a 3D rendering
of the CAD model from isometric view with transparent top cover. (Middle) shows
the device enclosure from a top view with the cuff. (Right) the electronics of the
device safely placed within the enclosure.

Figure A.5: Figure shows the measurement structured used in this device. This
measurement features a unique start (red) and stop (blue) signal, a BP measurement
(red) and two pressure holds (black and orange).

A.3 Medical Grade Prototype
Translating a medical device from a laboratory environment to a clinical setting

requires meeting the safety standards within the operating procedure. One of the
most important aspects to consider in testing a medical device is patient safety. In
the context of the arm cuff device, electrical and operational safety apply. Generally,
for a sphygmomanometer system, the safety standards describe the allowed maximal
pressure and pressurized time for the cuff. For adult applications, the overpressure
limit is of 300 mmHg and the maximal continuous inflated time is of 180 seconds.
The system must deflate upon reaching any of these conditions. These safety
measures were both programmed in the microcontroller and the NIBP module.
Further information on the standards for a non-invasive sphygmomanometer can be
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found in EN ISO 81060-2. On the other hand, medical electrical equipment safety
for the device looks at the hardware composition, these elements are described
in EN 60601. While the PAR Medizintechnik NIBP subsystem is certified from
the manufacturer to meet these standards, the assembled device must also meet
these requirements. For this design task, three main items had to be addressed.
Firstly, power input must come from a medical graded source, these solutions are
commercially available. Secondly, all system components must be rated for electrical
and fire safety. These tests are typically performed by manufacturers and specified
within component manuals. Lastly, internal electrical wiring must be at least 10 mm
from the device enclosure. While these are minor details in the design, failure to
comply with any component will not allow the device to be used in a clinical setting.
The device enclosure was purchased from a medical device enclosure manufacturer
such that the enclosure can be disinfected and to meet our size and water tightness
requirements. Connectors to the device were selected to meet the medical grade
rating as described in the documents above. With the reported modifications, the
device is shown in the Figure A.7. CAD models were designed to layout the
device and ensure all elements would fit inside the model (Figure A.6). Assembly
protocols, assembly testing manuals, and standard operating procedure documents
were designed for this version of the device.

Figure A.6: Figure shows the CAD rendering used to build the device. (Left) shows
the device within its enclosure in its bottom view. (Middle) shows the bottom view
of the device with transparent casing to show the layout of the inside components.
(Right) shows an isometric view of the device with transparent casing.

A.4 Upgraded Pneumatics Prototype
The first device versions shown above use an on-off air-valve to create a pres-

sure differential across the differential pressure sensor. The air-valve technology
had significant drawbacks including data losses from pressure decays, significant
energy consumption, and increased complexity from active control systems. The
new proposed design reduces the energy consumption, minimize the active control
necessary and improves data acquisition.
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Figure A.7: Device Version 3 Build. (Left) shows the device within its enclosure in
top view. (Middle) shows the device in bottom view without the base. Bottom view
shows the electronics of the device. (Right) shows all the components necessary to
operate the device.

The idea was to create a LPF by introducing a resistance to flow. In a tube
with a large radius to length and no blockage, there is negligible resistance to air
flow. On the other hand, blocking the tube is equivalent to adding infinite resistance.
Thus theoretically, inserting the correct amount of resistance should act as a LPF
and only pass mean flow. This hypothesis was first validated by inserting increasing
lengths of cotton in a tube to act as a resistance. As the the amount of cotton in
the tube increased, the output signal started resembling the pulse waveform. Once
the amount of cotton reached a given threshold, this acted as an obstruction and
no signal passed through. This effectively showed that it was possible to create a
pneumatic LPF using flow resistance.

After a couple iterations, the final filter design consisted of tubing with very
small radius to length ratio and a compliant tubing, effectively making up the
resistance and capacitance elements. The radius to length ratio and the compliance
are the filter characteristics that determine the cutoff frequency, more details about
this are described in Chapter 3. The build of the LPF filter is shown in the figure
below. This system together removed the air valve and created a passive method
to maintain the reference port always at mean pressure effectively removing power
consumption of the valve and the active system controls. The design of the resistance
element also allowed for a more robust pneumatic connection removing the leakage
problem encountered before. As the behavior of the system is now governed by
fixed fluid dynamic behaviors, a pressure sensor with a smaller operating range
and a higher resolution was substituted. On the overall this new technology gave a
substantial technological upgrade to the device. The invention described herein has
been patented and is currently under review by the USPTO as US20200323427A1.
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Figure A.8: Illustration shows the pneumatic system upgrades discussed above.
(Left) shows the PCB design with the air valve and the pneumatics. (Middle) shows
the PCB with the passive RC filter and the pneumatics. (Right) shows the assembled
device within its enclosure with the upgraded pneumatics. Note that in all three
figures elements have been removed to highlight specific parts of the design.
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LIST OF ABBREVIATIONS

A-wave Atrial wave.

AES Aortic Ejection Sound.

AIx Augmentation Index.

AO Aorta.

AP Augmentation Pressure.

BMI Body mass index.

BP Blood pressure.

BPM Beats per minute.

BSA Body surface area.

BTB Beat-to-Beat.

CRF Case Report Form.

CVD Cardiovascular Disease.

DAC Digital to analog converter.

DAQ Data acquisition.

DBP Diastolic blood pressure.

dPdt-Dia Maximal Diastolic Pressure Fall Rate.

dPdt-Fall Maximal Systolic Pressure Fall Rate.

dPdt-Max Maximum Pressure Gradient during Isovolumetric Contraction.

dPdt-Rise Maximal Systolic Pressure Gradient.

DPTI Diastolic Pressure Time Integral.

DT Diastolic Time.

ECG Electrocardiogram.
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FF Form Factor.

FSS Full Scale Span.

HR Heart Rate.

IC Informed Consent.

inH20 inches of H2O.

IRB Institutional Review Board.

LPF Low pass filter.

LV Left ventricle.

LVEDP Left ventricule end diastolic pressure.

MAP Mean blood pressure.

mmHg millimeter of mercury.

ms milliseconds.

ndPdt-Max Maximum Negative Pressure Gradient during Isovolumetric Relax-
ation.

NIBP Non-Invasive Blood Pressure.

PCB Printed Circuit Board.

pLPF Pneumatic Low-Pass Filter.

PP Pulse Pressure.

PT Pulse Time.

PWA Pulse Waveform Analysis.

RC Resistor capacitor.

RMSE Root Mean Squared Error.

RT Systolic Rise Time.
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SBP Systolic blood pressure.

SPTI Systolic Pressure Time Integral.

sSBP Supra systolic blood pressure.

ST Systolic Time.

SUBID Subject Identification.
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