V for Venous Pressure
by
Alex T. Jaffe

S.B., Massachusetts Institute of Technology, USA (2016)

M.Eng., Massachusetts Institute of Technology, USA (2018)
Submitted to the

Department of Electrical Engineering and Computer Science

in partial fulfillment of requirements for the degree of

Doctor of Philosophy
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
February 2023

© Massachusetts Institute of Technology 2023. All rights reserved.

Department of Electrical Engineering and Computer Science

September 30, 2022

Certified by . ..o e e e e e e e
Brian W. Anthony

Principle Research Scientist of Mechanical Engineering

Thesis Supervisor

ACCEP e DY . . oo e e

Leslie A. Kolodziejski
Professor of Electrical Engineering and Computer Science

Chair, Department Committee on Graduate Students






V for Venous Pressure

by
Alex T. Jaffe

Submitted to the Department of Electrical Engineering and Computer Science
on September 30, 2022, in partial fulfillment of requirements
for the degree of Doctor of Philosophy

Abstract

Cardiovascular disease is the world’s leading cause of death. Striving to decrease cardiovascular related
deaths and improve quality of life, medical treatments have advanced, and society has become better
informed on leading a healthy lifestyle. In parallel, our ability to monitor patients with cardiovascular
disease has progressed substantially. Yet, many measurements still require invasive means for clinically
acceptable accuracy. Medical ultrasound imaging noninvasively provides images of the heart and major
blood vessels in real-time while emitting no harmful radiation and costing relatively little to operate. In
this thesis, force-coupled ultrasound imaging techniques are developed to create accurate and
noninvasive methods to measure central venous pressure and central arterial pressure.

Force-coupled ultrasound imaging of blood vessels is a process which outputs ultrasound images
containing at least one segmented blood vessel of interest and assigns a force to each image. Data is
acquired with a force-coupled ultrasound probe — an ultrasound probe which measures force applied.
To analyze, three data processing steps proceed automatically in order: (1) ultrasound images are
synchronized with force data, (2) the blood vessel of interest is detected within the force-coupled
ultrasound images, and (3) the blood vessel is segmented in each relevant image. Central arterial
pressure is estimated calibration-free through force-coupled ultrasound imaging of the carotid artery
combined with inverse finite element modeling (n = 20, |A|4i, = 6.2 mmHg, |Z|SyS = 5.6 mmHg).
Collapse force — the force necessary to completely occlude a vein in a particular anatomical location — of
the internal jugular vein is shown to predict central venous pressure with high accuracy at MIT (n = 26,
r? = 0.89, |A| = 0.23 mmHg) with a limited range of venous pressures with healthy subjects and at
Massachusetts General Hospital (n = 11, 72 = 0.82, |A| = 1.08 mmHg) with a more vast range of
venous pressures and heart failure intensive care unit patients. Additionally, central arterial and central
venous pressure are simultaneously estimated through force-coupled ultrasound imaging and inverse
finite element modeling of the carotid artery and internal jugular vein in the same image ultrasound
viewing window.

The proposed force-coupled ultrasound imaging techniques are well-suited to improve how
central venous pressure is measured in patients with decompensated heart failure. These methods also
have potential to provide a more accurate and facile central venous pressure measurement for
compensated and early stage heart failure and a more informed central arterial pressure measurement
for cardiovascular disease in general.

Thesis Supervisor: Brian W. Anthony

Title: Principal Research Scientist, Department of Mechanical Engineering
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Chapter 1 — Introduction

1.1 Motivation

When | enrolled as an undergraduate at MIT, | was convinced | wanted to be a medical doctor.
My parents were doctors and in addition to having heard them discuss cases with me, | was fortunate to
shadow them and their colleagues on several occasions. What gravitated me to the medical field was my
desire to improve or even save lives by fixing problems that arose within the human body. In my view,
becoming a physician was a profession that could prioritize helping people without other incentives
getting in the way. However, my thoughts changed after discovering engineering. | majored in electrical
engineering as an undergraduate and noticed the type of research in the department that could be
applied to medicine. Observing the acceleration of technological development in the world, | realized |
was more attracted to inventing a solution (engineering/modeling) than discovering one

(science/biology).

The idea of this project was first introduced to me in fall 2016 when | was taking Medical Device
Design (MIT course numbers 2.75/6.525) as a first semester master’s in engineering student. Our group
came up with a single element force-coupled ultrasound device to be able to sense relative changes in
venous pressure through compression of the internal jugular vein. The translational impact on
congestive heart failure seemed palpable at the time and Brian Anthony, principle investigator of the lab
at MIT which did force-coupled ultrasound research, expressed interest in exploring force-coupled
ultrasound imaging for a more ambitious purpose of an absolute venous pressure estimate with an
ultrasound array. It was not until late spring 2017 when | decided I'd like to pursue a Ph.D. with this as
my project. What kept me motivated throughout the Ph.D. and what still keeps me motivated is the
potential of force-coupled ultrasound imaging to positively impact the lives of patients. This could be
through a milder, noninvasive way of accurately measuring venous pressure or possibly even early

detection of heart failure leading to better outcomes.

“All we have to decide is what to do with the time that is given us,” (J. R. R. Tolkien, 1954).
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1.2 Foundation

It is imperative to note what | consider to be foundational work for this thesis in the area of
force-coupled ultrasound blood vessel pressure estimation, which | see as the central topic of this thesis.
The history is actually quite extensive and far reaching, but | hope to highlight key inventions and

discoveries without which, it would be difficult to imagine my research taking place.

e 1905 — Nikolai Korotkoff invents the auscultatory method of arterial blood pressure
measurement. By measuring the pressure applied and observing a collapse of an artery with a
stethoscope when enough pressure is applied, Korotkoff provided the method from which the
compression of a blood vessel with force-coupled ultrasound is derived.

e 1942 — Karl Dussik, a neurologist, uses ultrasound to attempt to detect brain tumors in a human.

e 1949 — Brightness mode (B-mode) ultrasound images are first created by Douglas Howry and
Joseph Holmes of the University of Colorado.

e 2005 - The simultaneous measurement of contact force and ultrasound is first accomplished by
M. R. Burcher et al. of Oxford.

e 2010 - Brian Anthony’s lab at MIT begins force-coupled ultrasound based research with
graduate student Matthew Gilbertson. In the years immediately preceding the beginning of my
Ph.D., calibrated arterial pressure estimation with force-coupled ultrasound imaging was

accomplished by graduate student Aaron Zakrzewski.

These inventions and discoveries, among countless others, are excellent prior work from which to build

my own research.

“If I have seen further, it is by standing on the shoulders of giants,” (Isaac Newton, 1675).

1.3 Approach

The research in force-coupled ultrasound imaging of large superficial blood vessels seeks to
observe compressible blood vessels large enough to be observed visually in real time with ultrasound
imaging. The compressibility of a blood vessel depends on whether there is anything fixed and rigid
between the ultrasound probe contacting the skin and the blood vessel. Although arteries require more

force for compression to be observed, they are still compressible. On the other hand, the inferior vena
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cava, enveloped by the rib cage is not compressible as there will not be transmission of force from the
skin to the blood vessel which travels past the ribs. Furthermore, blood vessels must be superficial,
which we define to be within 5 centimeters of depth from the surface of the skin to the anterior wall of
the blood vessel. This is imperative in order to prevent the attenuation of the compression force within
the tissue and other blood vessels in between the skin and the blood vessel of interest. Although leg
veins are also studied in this thesis, the utmost attention is paid to the carotid artery and internal jugular
vein, which run anti-parallel to each other and have short-axis cross-sections nearly always visible in the

same ultrasound image.

Data acquisition of force-coupled ultrasound images requires creating artifacts which will be
visible in the force signal and ultrasound images, so the force can be synchronized with the ultrasound
imaging in post-processing. Also, during data acquisition, the blood vessel of interest should be as
horizontally centered as possible, so a reasonably symmetric force can be applied to it. In the analysis,
the approach is to have a modular, automated processing of force-coupled ultrasound images to arrive
at a segmented blood vessel in a set of relevant force-coupled ultrasound images. At this point, the

approach varies depending on which blood vessel is being analyzed, as we will cover later in this thesis.

The central intent of this research is to make significant improvements in noninvasive venous
pressure measurement and arterial pressure measurement, with more emphasis on venous pressure
measurement. This approach has not been researched with respect to force-coupled ultrasound, nor

even with respect to all technologies, nearly as much as arterial pressure.

1.4 Contributions

The major contributions of this thesis are:

e The automation of force-coupled ultrasound post-processing: Synchronization of force and
ultrasound images is executed reliably with peak detection in the force signal and a derived
optical flow based signal from tracking the vertical movement of pixels in the ultrasound images
from one frame to the next. Detection of the blood vessel of interest relies on an object
detection convolutional neural network trained on segmented images of the blood vessel of
interest in several different subjects. Segmentation employs a region-growing and point
optimization approach to automatically segment the blood vessel of interest from frame to

frame.
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o Relevant publication: “Automated force-coupled ultrasound method for calibration-free
carotid artery blood pressure estimation” (Jaffe, Zubajlo, Daniel, Anthony; Ultrasound in
Medicine and Biology; 2022)

The development of the carotid arterial pressure measurement into a stand-alone method: With
improvements in the finite element modeling to make it more physiologically accurate, no
calibration is necessary to provide moderately accurate central blood pressure prediction with
force-coupled ultrasound imaging of the carotid artery.

o Relevant publication: “Automated force-coupled ultrasound method for calibration-free
carotid artery blood pressure estimation” (Jaffe, Zubajlo, Daniel, Anthony; Ultrasound in
Medicine and Biology; 2022)

The novel collapse force measurement of the internal jugular vein: This measurement
demonstrates an accurate and simple methodology for noninvasive central venous pressure
measurement which has the potential to be assessed in real-time. It is automatically detected at
the force at which cross-sectional area of the vein, calculated from segmentation, is first below a
threshold to be considered collapsed. This collapse force measurement is verified against a
direct central venous pressure measurement with invasive catheterization at Massachusetts
General Hospital.

o Relevant paper in review: “Central Venous Pressure Estimation with Force-coupled
Ultrasound of the Internal Jugular Vein” (Jaffe, Goryachev, Sodini, Anthony; Scientific
Reports; 2022)

o Relevant study: “Noninvasive Assessment of Venous Pressure with Force-coupled
Ultrasound” (Jaffe, Aguirre; Massachusetts General Hospital; 2022)

Arterial and venous pressure wave measurement based on force-coupled ultrasound imaging
observations and analysis and inverse finite element modeling: From previous diastolic and
systolic pressure estimates in the case of the carotid and average central venous pressure
estimates in the case of the internal jugular vein, a sampled pressure wave can be predicted for
each through one stand-alone force-coupled ultrasound probe.

o Relevant publication: “Automated force-coupled ultrasound method for calibration-free
carotid artery blood pressure estimation” (Jaffe, Zubajlo, Daniel, Anthony; Ultrasound in

Medicine and Biology; 2022)
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o Relevant paper in review: “Central Venous Pressure Estimation with Force-coupled
Ultrasound of the Internal Jugular Vein” (Jaffe, Goryachev, Sodini, Anthony; Scientific

Reports; 2022)

1.5 Ethics

Given the translational medicine aspect of this research, an ethical discussion is merited. The
stakeholders are the researchers, the advisors, those funding the research, and those seeking to apply
the research, be that through technology licensing and/or clinical adoption. At this point, the research is
purely academic. Hence, no stakeholder stands to directly benefit financially or suffer from results
related to this research. Yet, there remains some inherent risk due to the fact the technology discussed
in this thesis does make meaningful contact with the human body. Ultrasound is radiation free and does
not emit enough acoustic power to damage the human body. That said, the force application is still of
concern. Steps must be taken when using force-coupled ultrasound on patients to ensure their safety.
This must be addressed through simulation and in vitro modeling if the technology is to be marketed as
a medical device. Finally, the decision to order the use of said medical device must be scrutinized to be
in the best interest of the patient and not mainly for the purpose of charging a billing code. For now, this
ethical discussion remains mostly hypothetical, but the circumstances surrounding this research could

change eventually.

1.6 Structure

This thesis can be divided into background information, methods, and studies. Regarding
background information, chapter 2 is technical background, covering topics important to the
understanding of study results from a science and engineering standpoint. Chapter 3 is clinical
background, providing a basis and significance in medicine for the research being done. The methods
section of this thesis has only one chapter solely dedicated to it. Chapter 4 seeks to explain in detail
everything created in order to process the force-coupled ultrasound images of the studies in the
proceeding chapters. Chapters 5 through 9 all refer to specific and isolated studies. Chapter 5 covers a
carotid artery study where central arterial pressure is estimated. Chapter 6 covers a leg vein study which
looks at collapse force in different orthostatic positions of different leg veins. Chapter 7 covers an

internal jugular vein study where central venous pressure is estimated and compared to the noninvasive
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standard. Chapter 8 covers an internal jugular vein study where central venous pressure is estimated
and compared to the invasive standard. Chapter 9 covers a study of the carotid artery and internal
jugular vein where both central arterial pressure and central venous pressure are estimated and
compared to noninvasive standards. Chapter 10 is the conclusion and future work chapter where final
thoughts on the research and suggestions for future relevant research directions are expressed. What
follows are appendices which do not fit cleanly into any of the chapters but are relevant research which

occurred while striving toward a Ph.D. and build on information provided in earlier chapters.

26



Chapter 2 — Background — Signal Processing, Ultrasound, Force

Measurement, and Structural Modeling

This thesis uses several fundamental concepts within the broad fields of mathematics, science,
and engineering. The goal of this chapter is to provide enough background information and formulation
to understand technical concepts presented in the remainder of this thesis. First, we cover fundamental
concepts in signal processing with respect to 1-D signals and 2-D images. Second, we cover the physics
and the signal processing involved in producing medical ultrasound images. Third, we cover the
engineering involved in measuring force applied which allows us to capture the force-applied to a
specific ultrasound image. Last, we cover the mechanical modeling of structures which allows us to

compare these models to physiological observations from force-coupled ultrasound images.

2.1 Signal and Image Processing

Signal processing is the concept of using mathematics to interpret, modify, and synthesize
scientific measurements. It’s a very broad field, but here we strive to explain the concepts repetitively
used in subsequent chapters when processing signals related to force-coupled ultrasound imaging.
These concepts are sampling, filtering, peak detection, and optical flow. Sampling and filtering are two
of the broadest concepts in signal processing while peak detection and optical flow are quite specific
and build on both concepts of sampling and filtering. In explaining these concepts, we attempt to work

in useful examples from the field of force-coupled ultrasound imaging.

2.1.1 Sampling

Sampling is the process of capturing an analog (real world) signal and converting it to a digital
signal at a certain capture frequency. This capture frequency is called the sampling rate. Conceptually,
we can think about the analog signal as having an infinite sampling rate in that it always exists. Hence, it
is continuous in time. The sampled, or digitized, signal only has a value at the exact time it is sampled.

From one sample to the next, there is no value. Hence, it is discrete in time [1].

The simplest form of sampling captures a single scalar value at a given time, such as when an
analog voltage signal representing the force applied by an ultrasound probe at a given time is captured

at a specific time. This single sample can be thought of as a zero-dimensional signal. In sampling a signal
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ultrasound element to observe a signal received at a specific time, such as in M-mode ultrasound
imaging where we only want to observe one vertical line of the image, a one-dimensional signal or
vector is captured. The rate at which this line is captured is called the line rate. When we consider a B-
mode ultrasound frame and the capture of that entire frame at a given time, that is called the frame

rate, as it is referred to with a video camera [1], [2].

It is important to distinguish the minimum sampling frequency necessary to capture a certain
phenomenon of a specific frequency in an analog signal. This is called the Nyquist rate, which is twice

the frequency of the highest frequency we intend to capture in a signal. We have the formula:
f. =2N (2.1)

which dictates that the Nyquist frequency N is the maximum frequency one can capture with a given

sample rate f;. To aid our understanding of this concept, we can use the concept of a sinusoid such as:
F = cos(2mt) (2.2)

where F is force in Newtons (N) and t is time in seconds (s). This signhal has a single frequency of 1 cycle
per second, or 1 Hertz (Hz), as we can see that it returns to its maximum position once per second. If we
were to imagine sampling the signal at 2 samples per second, we would note that in order to capture
the full signal, we would have to sample exactly at each half and whole second mark. If we were to
sample at each quarter and three-quarter second mark but not at any half or whole second mark, even
at 2 samples per second, we would have a digitized signal with a value of zero at all time points. If we
were to decrease the sampling frequency to 1 sample per second, we would have a digitized signal with

a constant value at all time points [3].
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Figure 2-1: Cosine force signal in time with frequency 1 Hz.
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2.1.2 Filtering

Filtering is the process of modifying a signal in order to eliminate irrelevant information, or
noise, from the signal. Some of these filters occur before a signal is sampled (continuous time analog
filters) while a larger portion happen after a signal is sampled (discrete time digital filters). We will
further subdivide this section into an analog subsection and a larger digital subsection with more

emphasis on the digital subsection as digital filtering is more relevant to this thesis.

2.1.2.1 Continuous Time Analog Filtering

When any analog signal is propagating through space, it could come into contact with something
that causes it to lose certain frequency components. For instance, when light travels from the sun to the
earth, ultraviolet wavelengths are attenuated in the earth’s ozone layer. More specifically considering
electrical circuits, there are certain arrangements of lump components which filter out high frequencies,
low frequencies, or a specific band of frequencies. In the case of force-coupled ultrasound, noise is
usually constrained to higher frequencies than the signal. In terms of cardiovascular physiology, blood
vessel compliance can be represented as a capacitor circuit component when making physiological
circuit models. Therefore, we will discuss the capacitive low-pass filter, which lets low frequencies
through and stops high frequencies. Basic electrical circuit knowledge is helpful to know when reading

through the remainder of this section.

The simplest capacitive low-pass filter is a resistor-capacitor circuit (RC circuit). It has a resistor
in series and a capacitor to ground with an input and output voltage on either side of the circuit. In this
arrangement of the resistor and capacitor, it is always a low-pass filter. The voltage across the capacitor

is represented by the differential equation:

dUC _ iC

pFraiaiv (2.3)
which has the following step response in response to the input voltage step:
-t
Ve = Vip (1 - eRC) (2.4)

This equation is in the time domain. In order to understand why this circuit is a low pass filter, we look at
the equation in the frequency domain. To convert from the time domain to the frequency domain, we

look at the continuous time Fourier transform (CTFT):
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X(w) = 7 x(t)e I@tdt (2.5)

In this equation, w is the angular frequency which is equivalent to cyclic frequency f multiplied by 27
radians, x(t) represents some time domain equation, X(w) represents the frequency domain
conversion of that equation, and j is an imaginary number such thatj2 = —1. With analog signals we
use parenthesis to index. Viewing the RC circuit equation in the frequency domain, we have:

ve = vin (150m0) (2.6)

We see from this equation that at low frequencies, v;, is conserved in v, or v,,;, while at high
frequencies, it is attenuated. The phase of the signal, or rather how many degrees off of the beginning

of the cycle the signal is at an arbitrary point in time, is shifted in response to an analog low pass filter.

Another type of filter is a differential filter, which takes two signals and subtracts one from the
other. This type of filter is often useful because there is often deterministic information we would like to
filter out which is common to both signals. When the signals are subtracted, this common mode

information is filtered out.
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Figure 2-2: (A) Series RC circuit model [4]. (B) Frequency response of the passive series RC circuit as a low pass filter [5]. (C)
Circuit model of a simplified differential amplifier [6].
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There are plenty of other frequency domain filter configurations one can construct with analog
circuit components, such as high pass, band pass, and notch filters. However, the work in this thesis

does not utilize them in favor of using them post digitization.

2.1.2.2 Discrete Time Digital Filtering

An analog signal is converted to a discrete time digital signal (digitized) by being sampled and
guantized. Sampling a signal captures the signal’s value at a certain point in time. Quantizing the signal
defines the decimal precision of that value to be finite. Digital signals have quantized values at sampled
times and are undefined at other times while analog signals always have a value and have infinitesimal
decimal precision. Regarding filtering in digital space, only math and computational power is required.
Furthermore, virtually every digital filter imaginable has already been created and is freely available for
public use. Therefore, there is quite a lot of flexibility in the filters one can construct with little mental
effort. In this thesis, we employ digital filters in the time domain, frequency domain, and two-

dimensional spatial domain.

Time domain filters look at signals in the time domain and adjust them by multiplying them by
another function in the time domain. These filters are generally called finite impulse response (FIR)
filters because they have a finite number of elements in the time domain. For instance, the moving
average filter is a type of low pass time domain filter which averages each point with a certain number

of proceeding and succeeding points. It is described by:

x[n] _ x[n—N]+~-+x[n—1]+;;£r:]1+x[n+1]+~--+x[n+N] (2.7)

where x is a discrete time signal, n is the current index, and 2N + 1 is the number of neighboring
elements in the signal to average. With digital signals we use brackets to index. The moving average

filter is the most common time-domain digital filter used in the analysis code which produced this thesis.

Frequency domain filters look at signals in the frequency domain and adjust them by multiplying
them by another function in the frequency domain. These filters are referred to as infinite impulse
response (lIR) filters because they have an infinite number of elements in the time domain. In digital
filtering, an actual infinite impulse response is not possible, but filters with a large number of points do
well to approximate an infinite response and decrease side lobes. In order to convert a digital signal to

the frequency domain from the time domain, we use the discrete Fourier transform (DFT):
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X[k] =XnZox[nle” v (2.8)

In this equation, k is the discrete frequency, x[n] represents a point in the time domain signal, X[k] is a
point in the frequency domain signal, and N is the number of points in the signal. Unlike with analog
filters, digital filters are able to completely negate all frequencies within a specified range through the
use of the DFT. We note that the low-pass filter has an infinitely steep drop off at the cutoff frequency,
which we can contrast with the analog low-pass filter’s finite slope. The complement to the low pass
filter is the high pass filter which passes all frequencies above the cutoff frequency and stops all below.
Slightly more intricate are the band-pass and band-stop filters which exclusively pass or stop a particular

range of frequencies, respectively.

Low-pass Band-pass
©
©
f f
High-pass Band-stop
© ©
f f

Figure 2-3: Examples of simple digital filters in the frequency domain. Frequency is on the x-axis while magnitude (a) is on the y-
axis [7].

Spatial image filters modify the intensity of pixels in images in two-dimensional space. Here, we

will briefly go over three types of image filters: thresholds, median filters, and Gaussian filters.
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e Thresholding a pixel will typically negate or maximize its intensity if it is above or below a
threshold intensity. This technique is useful to label certain pixels of interest and to amplify
features in images.

e Median filters are one way to remove noise from an image. A median filter of a certain size will
modify a pixel’s intensity to be the median intensity of its original value and the values of its
neighbors.

e Gaussian filters are another way to remove noise from an image. With a Gaussian filter of a
certain standard deviation, a pixel intensity will be modified to be a weighted average of its
intensity and the intensities of its neighbors according to the following Gaussian distribution:

1 —(n=0?+m-y)?)

Ifm,n] = X0 X5 (2.9)

2mo?

where [ is pixel intensity, m and n are the horizontal and vertical indices, respectively, M and N
are the horizontal and vertical image dimensions, respectively, and o is the standard deviation

of the Gaussian distribution.

We mainly use these three types of filters in the signal and image processing sections of this thesis when

we discuss automated post-processing of force-coupled ultrasound images.

2.1.3 Peak Detection
In the most general form, we define a peak in n-dimensional discrete space to be a point with
higher amplitude than all of its neighbors. In one dimension, the following inequalities will apply to a

peak at n:
x[n] > x[n—1],x[n] > x[n + 1] (2.10)

In this thesis, we create peak detection algorithms with more specificity to identify relevant signal
features to the formation of force-coupled ultrasound images by assigning a force to an ultrasound
image. We qualify what constitutes a peak with several conditions, such as a minimum peak distance
from one peak to the next, a minimum peak height, and a minimum peak prominence. Sometimes it is
useful to find troughs of signals as opposed to peaks which works by performing peak detection on the
negative of a signal. Aside from synchronization of force and ultrasound, we also utilize peak detections

to identify certain points on arterial pressure and venous pressure waves.
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pixel distributions in images and is able to capture a higher percentage of movement from frame to

Figure 2-4: (A) MATLAB peak detection run on number of sunspots (vertical axis) by year (horizontal axis) without a minimum

frame if the true total movement of all the pixels from frame to frame is small [9].

2.1.4 Optical Flow
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Figure 2-5: (A) Optical flow pixel velocity map with relatively translational movement [9]. (B) Optical flow pixel velocity map

with relatively chaotic rotational movement [9].



In this thesis, optical flow ties in with peak detection through integration of the vertical
components of the velocity of each pixel over time. Peak detection on that signal is then used to

synchronize with the peak detection on the force signal.

2.1.5 Convolutional Neural Networks

An artificial neural network is a powerful tool in applied statistics, machine learning, and
artificial intelligence which seeks to simulate the interaction of neurons in the human central nervous
system. Each neuron is typically some nonlinear function and the output of the network is usually some
classification. A convolutional neural network is a type of neural network, usually applied to images,
which has convolutional layers. Each neuron in a convolutional layer convolves its input. Convolution is
the operation of pointwise multiplication of every directionally and orderly consistent orientation of a

signal with respect to another signal and is represented in one-dimension by the equation:

(f * 9Inl = = f[mlg[n —m] (2.11)

where f and g are two discrete functions of finite length. Here g is shifted over f in every arrangement

of the two signals with respect to one another [10], [11].

2.1.5.1 Object Detection

An object detection convolutional neural network is used to automatically find certain objects
within images. It proposes regions and outputs a probability that a region is an object it has been trained
to detect. In this thesis, we train an object detection convolutional neural network called Faster R-CNN

to detect blood vessels, specifically the carotid artery and the internal jugular vein [11], [12].
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Figure 2-6: Diagram of Faster RCNN object detection convolutional neural network used for carotid artery detection
in ultrasound images [13].

2.2 Ultrasound Imaging

Ultrasound imaging generates sound waves at higher than audible frequencies and measures
their reflections at certain points in time. The magnitude of these reflections help form an image in a
short enough time span that the images can be thought of to be live. Medical ultrasound imaging is
perhaps most well-known for imaging a fetus in-utero. Among other medical subspecialties besides
obstetrics, cardiology has benefitted greatly by medical ultrasound allowing live images of the heart to
be taken with the echocardiogram and vascular imaging. In this thesis we will focus only on ultrasound
imaging of large, superficial blood vessels to form force-coupled ultrasound images. In this section, we
will go over the fundamental principles of ultrasound imaging necessary to understand the root of the

ultrasound images obtained in later chapters [2].

2.2.1 Acoustic Wave Propagation

Most people, knowingly or not, are familiar with the concept of electromagnetic waves, such as
visible light, radio waves, and X-rays. These waves propagate at a maximum speed of 300,000,000 m/s
and slow down depending on how dense the media is. Acoustic waves, ultrasound waves included, are

fundamentally pressure waves which travel from atom to atom within a medium. We have the following

formula for the speed of sound in a particular medium:
v= % (2.12)
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where K is the bulk modulus and p is the density of the medium. K is substituted for Y, or Young’s
modulus, when considering a solid as opposed to a fluid. Both numerator terms are quantifications of
stiffness. The stiffer the medium, the faster sound will propagate through it. Stiffnesses change more
drastically than densities between states of matter, such as solid, liquid, and gas. Therefore, speed of
sound tends to be faster in solids than in liquids and faster in liquids than in gases. For example, the
speed of sound in air is 331 m/s, the speed of sound in water is 1493 m/s, and the speed of sound in ice

is around 3900 m/s [14]-[16].

Another thing to consider in acoustic wave propagation is attenuation. Certain materials, such
as highly viscous materials, tend to attenuate sound waves as they propagate more than others by
absorbing more energy from the sound waves. Additionally, higher frequency acoustic waves attenuate
faster than low frequency waves. We can observe the propagation of an acoustic wave while

considering attenuation with the following one-dimensional (z) wave equation:
A(z,t) = Agel(@t-k2)g-az (2.13)

where A is amplitude, 4, is unattenuated amplitude, w is angular frequency, k is special wavenumber
and a is the attenuation coefficient. The lower the attenuation coefficient, the deeper an ultrasound
probe can image. There is much variance in attenuation coefficients in different human tissues and
organs. For example, @pio0q = 0.18, @rqr = 0.63, Acaraiac muscie = 1.8, Asketetal muscie = 3.3,
Apone = 20, and ay,ng = 41. These attenuation coefficients make it prohibitively difficult to image

through bones or lungs, which informs placement of an ultrasound probe [2], [17], [18].

Time-gain-compensation accounts for an estimated level of attenuation, depending on the body
part for which an ultrasound probe is optimized. This is accomplished by increasing the amplitude of the

ultrasound signal more when the ultrasound reflection occurs deeper [2].

2.2.2 Pulse-Echo Ultrasound

A conventional ultrasound image is constructed by having an array of piezoelectric ultrasound
transducers emit a pulse through a medium and then receive reflections of the pulse back. To do this,
the array is first in transmit mode for a small fraction of the cycle and then in receive mode for the
longer rest of the cycle. In transmit mode, the acoustic pulse is transmitted by an ultrasound element

which is excited by an electrical signal. In the receive mode, the reflected acoustic pulses are sensed by
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that same ultrasound element, converting them to electrical signals. No sensing happens in transmit
mode and no pulsing happens in receive mode, hence the term “pulse-echo”. The magnitude of the
echo depends on the difference of acoustic impedance at an interface described by:

R = (M)2 (2.14)

Z1+Z,

Where R is the reflection coefficient, Z; is the acoustic impedance of the anterior reflector, and Z5 is the
acoustic impedance of the posterior reflector. A reflector is any substance that reflects an acoustic
wave. Furthermore, the maximum resolution of the received signal depends on the wavelength of the
transmitted signal. A lower wavelength (higher frequency) will provide a higher resolution signal [2],

[19].

A key assumption made in conventional commercial medical ultrasound imaging is that the
speed of sound is constant throughout the area of the body being imaged. For different types of human
tissue which are commonly imaged, therefore excluding bone and lungs, the speed of sound ranges
from about 1450 to 1640 m/s. However, the assumption of constant speed of sound is useful because it
provides an estimate for the depth of a certain reflected ultrasound pulse based on the time it takes to

return to the ultrasound probe. This simple formulation is as follows:

d=— (2.15)

ZCS,C

Where d is the estimated depth of the reflection, T is the time between the pulse occurring and the
sensed reflection, and ¢, is the speed of sound estimate for the given tissue being imaged. The
coefficient of 2 in the denominator signifies that we are interested in the amount of time it takes for the
ultrasound to travel to the point of reflection to give us the distance while T gives the round-trip time.
Speed of sound ultrasound imaging does not impose a constant speed of sound, but rather derives the

speed of sound through a computational inversion technique [2], [20], [21].

One can imagine a one-dimensional array of ultrasound elements which can produce an image
by each element emitting a pulse and then receiving reflections of that pulse. One could digitize
reflections coming back to each element in the line of elements as pixels. One element over would be
one pixel over horizontally. This would produce a low resolution and unfocused ultrasound image. In
2.2.3 and 2.2.4, we will complete the simplified explanation of forming a conventional B-mode

ultrasound image.

38



2.2.3 Focal Point and Focal Zone Determination
Any emitted plane wave will have a focal point which is dependent on the lens or aperture from
which the wave is emitted and the wavelength of the wave. For an acoustic plane wave, the simplest

formula to determine the focal point is for a circular aperture with diameter D is:

D2
ZominF = i (2.16)
where 4 = v/f is the wavelength determined by speed of sound v and frequency f and Z,;,,r is the
focal point. In reality, the apertures used are not circular; they are rectangular. However, it is still useful
to digest from this formula that increasing aperture size will increase focal point depth. Increasing
frequency should also increase focal point depth, but with higher frequency comes steeper attenuation,
as mentioned in section 2.2.1. Therefore, manipulating aperture size by turning on an off specific
elements in, say, a linear array of elements as with a vascular ultrasound probe, is the method of choice

when attempting to adjust focal point depth [2].

Depth-of-field is the zone where the beam width of the acoustic wave is at most twice the beam
width of the focal point. Specifically in ultrasound, this is called the focal Fraunhofer zone. It is crucial
when imaging blood vessels that the blood vessel to be segmented is within the focal Fraunhofer zone
to acquire crisp blood vessel cross-sections for optimal segmentation. If a blood vessel is outside of this
zone, more distortion will occur. However, in modern commercial ultrasound systems with linear arrays
of elements, dynamic focusing can provide adequate focus throughout the scan depth. Also,
apodization, which is a weighting of signal amplitudes in elements when transmitting and receiving a
signal, is able to increase depth-of-field such that less dynamic focusing with fewer focal points needs to
be provided to produce focus throughout scan depth. That said, a focal depth is still provided and the

most focused objects will occur at that focal depth [2].
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Figure 2-7: Three ways of showing focal points and depth-of-field in ultrasound imaging. (A) Generalized focusing for a beam in
a plane [2]. (B) Less generalized beam with a specified transducer as an aperture showing a near zone, a focused zone, and a far
zone [2]. (C) Two-dimensional layout of beam contours [2].

2.2.4 B-mode Image Construction

When acoustic reflections are received by an array of ultrasound transducers, certain
techniques are employed to maximize image quality. A conventional ultrasound image is called a
brightness mode (or B-mode) image. Here we will cover the basics of two essential techniques of B-

mode ultrasound imaging called beamforming and logarithmic compression.

2.2.4.1 Beamforming

Beamforming is a general term for methodology regarding delaying, weighting, and summing
received signals from an array of ultrasound elements to form a powerful and succinct reflected signal
from an object. We note that beamforming cannot be accomplished with a single element as can a focal
point because no delays can be provided. In the example below, we see that waves received from
elements not completely in-line with an object, or scatterer, will take longer to reach those elements by
a predictable margin given speed of sound is constant throughout the region being imaged. To reverse
those delays, a complement of delays is applied to each reflection after they are received such that all

received signals from the scatterer are in line. Then an apodization is applied to the signals in order to
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decrease sidelobe reflections which result from the aperture having a finite size. The apodization will
generally increase the signals received near the center of the aperture and decrease the signals received
close to the edge of the aperture. The final step is when each of these signals is summed together to
form a single reflected signal. Beamforming is an essential component of dynamic focusing, mentioned

in section 2.2.3 [2], [22], [23].
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Figure 2-8: Beamforming processing conceptual diagram [23].

2.2.4.2 Log-compression

After beamforming and dynamic focusing, ultrasound images come out focused and crisp.
However, if a human were to observe these images, as they often do with ultrasound images in real
time, only extremely highly reflective areas, such as bone, would be clearly observed. This is because if
one were to observe pixel intensity values on scale with actual magnitude of reflections, most
reflections would be close to invisible. To combat this and make ultrasound images more observable, a
compression is applied with a logarithmic function to the pixels of the image which will intentionally
reduce the dynamic range of pixel values and center the pixel intensities around half of the maximum
possible pixel intensity. However, when the average pixel intensity as high as half the maximum
possible, say 0.5 if the maximum is 1, the reflections appear brighter than ideal. Thus, a decrease in this
average pixel intensity can make images easier to observe as we see from the example in Figure 2-9

where the decrease is by 13 decibels or by a factor of 4.5 [2], [24].
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Figure 2-9: Comparison of an ultrasound image without any logarithmic compression (left) to the same ultrasound images with
logarithmic compression centered at half maximum pixel intensity (center) and at 13 decibels below half maximum pixel
intensity [24].

2.2.5 Shear Wave Elastography

A more recent development in ultrasound imaging is shear wave imaging. In this methodology,
an acoustic radiation force is briefly applied in a focused area overlaid on a conventional B-mode
ultrasound image. This force emits transverse shear waves in the defined focused area which can be
observed in lateral positions in order to derive the speed of the shear wave through the specific tissue.
Assuming an isotropic material, which implies consistent material properties independent of the

direction of perturbation, one can relate shear speed to the shear modulus via the following formula:
G = pc? (2.17)

where G is the shear modulus, p is density, and ¢ is the measured shear speed. The shear modulus is a
metric for stiffness itself, but it can be related to the more commonly used Young’s modulus via the

following equation assuming isotropic and homogeneous material:
E=2G(1+v) (2.18)

Where E is the elastic modulus (or Young’s modulus) and v is the Poisson ratio describing how
compressible the material is. It’s worth noting that human tissue is almost never entirely isotropic and
homogenous in any given area. We must not assume exceptional accuracy when attempting to convert
a measured shear speed to a Young’s modulus. Rather, we assume directional accuracy such as
interpreting a positive change in the shear speed to correspond to positive changes in the shear

modulus and Young’s modulus [2], [25], [26].
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Figure 2-10: (A) Conceptual diagram of shear wave generation from an ultrasound probe [27]. (B) Example of a shear wave
elastography image of a breast tumor [28].

2.3 Force Measurement

Mechanical force is the product of a mass and an acceleration of that mass. Perhaps the most
common measurement of force can be found in the act of weighing something or someone. Hence, the
weight of something is its mass multiplied by the acceleration of Earth’s gravity (about 9.8 m/s? at sea
level). Some weight scales — or balances — are digital in that they convert an applied force to an electrical
signal nearly perfectly proportional to that applied force. This type of force measurement is highly
relevant to force-coupled ultrasound, the application we will focus on for the rest of this section. In
force-coupled ultrasound, we use a load cell, comprised of strain gauges to measure force applied by an

ultrasound probe while accounting for the weight of the probe using an accelerometer [29].

2.3.1 The Strain Gauge and Load Cell

A strain gauge is a type of electrical resistor whose resistance changes depending on how much
mechanical strain it experiences, which is linear with stress — in other words, linearly elastic. A constant
current can be passed through a strain gauge to measure the voltage across the strain gauge. A load cell
is merely a combination of strain gauges best arranged to produce an accurate and large range of force

measurements. Often some strain gauges are specialized to compress and have lower resistance due to
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being wider while others are specialized to extend and have a higher resistance due to being narrower.

The formula for resistance R of a cylinder explains this phenomenon:
Tl
R = " (2.19)

where 1 is the intrinsic resistivity of the cylinder material, [ is its length, and A is its cross-sectional area.
Strain gauges can alter length and cross-sectional area. The Wheatstone bridge is a common
arrangement of strain gauges in a load cell which has the measurement capabilities of tension and
compression, which correspond to negative and positive force, respectively, in force-coupled
ultrasound. In terms of voltage measurement, it is the opposite. Load cells usually have an active end
and fixed end along with an inactive remainder of body to provide good constraint of measurement

[30]-[32].

Non-loading surface,
do not contact

[]
A [] Active End
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Figure 2-11: (A) Wheatstone bridge circuit configuration of strain gauges [31]. LSB205 load cell diagram [30].

2.3.2 Angle Calculation with Accelerometer

Many accelerometers have three axes on which acceleration can be measured to account for
physical space. Through rotation matrices and the assumption of gravity being the only acceleration

present when the accelerometer is fixed, we can derive two angles of orientation of a structure. For a
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force-coupled ultrasound probe, these angles are sufficient to determine the weight from the probe

pushing or pulling on the load cell. We start from the system of equations:

a, 0
[ay —r|o (2.20)
a, g

with the components of acceleration on the left and the rotation matrix R multiplied by the acceleration
of gravity g on the right. We end up with yaw ¢ and pitch 6 angles for the structure:

¢ =tan™?! (a—y) (2.21)

az

0 = tan~! (2.22)

9%
/a§,+a§
Being able to calculate the orientation of the structure on which a load cell resides, such as a force-
coupled ultrasound probe, accounts for weight experienced by the load cell due to the structure of what
it is mounted on. These angle measurements can also provide reference points for orthogonality of

blood vessels as we will cover in chapter 4 [33].

2.4 Structural Modeling

Direct signal and image processing of force-coupled ultrasound imaging are inherently
observations wherein one observes real physiology occurring in the force-coupled ultrasound images. In
order to predict measurements which cannot be measured via direct observation, some sort of model
must be applied which abstracts away real physiology for pure mathematics and aims to intelligently
predict that measurement. Definitionally, the model prediction can never be quite as accurate as a
direct measurement if one exists. That said, models are often far more convenient. In the case of this
thesis less costly and safer to apply than direct measurements. Therefore, “all models are wrong, but

some are useful” [34].

In this thesis our modeling is mostly of the carotid artery, internal jugular vein, and their
surrounding tissue. We call these structural models as they seek to emulate real structures. We will now
cover finite difference modeling which is seldom used in this thesis as a lead-in for finite element

modeling which is used often. We will then conclude this technical background chapter with an
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explanation of inverse modeling which allows us to effectively compare our structural models with

observations made in reality.

2.4.1 Finite Difference Modeling

As mentioned earlier in this chapter discretizing reality is often mathematically beneficial as it
offers a high flexibility of computation. A finite difference model lumps continuous structures into
discrete, volume-less points at a specific place in space and time. An electrical circuit model is a
commonly applied finite difference model as it contains discrete electrical potentials which may be time-
dependent but does not contain information for electrical potentials anywhere in space. An example of

a finite difference written out is the derivative formula for discrete mathematics:

dx x(t+At) — x(t)

~ A (2.23)

Here, the function x is only defined at times t and t + At and nowhere in between. Therefore, to
approximate its derivative in time, one must take a finite difference in the function and divide it by the

time in between the two points defined by the function.

2.4.2 Finite Element Modeling

Unlike a finite difference model, a finite element model has elements which have a finite size
and are directly connected to each other via a mesh, as shown in Figure 2-12A. This mesh can be
perturbed by some boundary condition acting on it, yielding various stress, strain, and displacement for

each element, with stress depicted in Figure 2-12B [35].
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Figure 2-12: (A) Triangular mesh of a finite element model of a hinge [36]. (B) Color-coded stress map of the hinge finite
element model in response to a downward force [36].

In structural finite element modeling, each element will have its own stiffness matrix which
must be derived through solving various partial differential equations (PDEs). Direct solving of these
PDEs with given boundary conditions is called the strong formulation. However, many partial differential
equations either don’t have a known analytical solution or require costly computation to produce an
analytical solution. Most finite element software instead use numerical approximations for the solutions
to the PDEs called weak formulations. The Galerkin method of weighted residuals, which uses a linear
combination of trial functions with unknown coefficients (weights) to formulate a solution to a given

PDE with residual error, is a commonly used weak formulation. We have:
y(x) = X wifj(x) (2.24)

with y(x) the solution, w; a weight, and f;(x) a trial function. In this method, the solution is found by
solving for the weights which minimize the residual error from plugging the solution back into the PDE

[35].

Solving finite element models are computationally expensive, often with tens of thousands, if
not hundreds of thousands, of degrees of freedom which depend on the number of elements in the

model. It is useful to have a large number of small elements in areas of the model in which
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measurement is sensitive because it leads to higher accuracy. Hence, the finite element modeling

software COMSOL is used to produce and solve the finite element models of this thesis.

2.4.3 Inverse Modeling

In this thesis, finite element models are nested into inverse models which allow one to
iteratively solve for parameters such as the lumen pressure and stiffness of a blood vessel. We use the
finite element model to predict measurements we can observe in real life. We use the inverse model to
measure the error between the predicted measurements and the real observations and provide new
informed guesses to plug into the finite element model. How we provide those new informed guesses is

where inverse optimization comes into play [37].

Gradient descent is an umbrella term for describing how an optimization decides what to guess
next. Every optimization has a cost which it aims to minimize. In gradient descent, a cost function which
most likely doesn’t have an analytical formula solution is numerically and locally linearized to estimate
its derivative. Then the optimization “descends” the cost function by adjusting its input variables in the
direction of the derivative (gradient). There are three main flavors of gradient descent: batch, mini
batch, and stochastic. Batch gradient descent calculates the gradient with respect to all parameters and
updates all parameters in the same iteration. Mini-batch gradient descent does so with a smaller subset
of parameters chosen at random for each iteration. Stochastic gradient descent does so with only one
parameter chosen at random for each iteration. In each of these versions, the learning rate, the
magnitude of the adjustment in any or all input variables, can be altered within the gradient descent.
Convergence criteria are usually specified based on the cost function and/or derivative of the cost
function falling below a specified value and/or the learning rate for the input variables falling below a

specified value [37].
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Figure 2-13: (A) Simplified model of a general gradient descent algorithm [38]. (B) Two-dimensional comparison of the three
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In this thesis, the optimization algorithm employed most often is the Nelder-Mead (downbhill
simplex) algorithm. This algorithm still descends a cost function in a variety of ways but does not
calculate a gradient or use randomness when doing so. Throughout the optimization, there is a structure
called a working simplex which can be thought of as a shape with n+1 vertices in n-dimensional space,
with each dimension representing a parameter. Vertices x; to x,, are generated off of an initial point x,

in the following way:
X; = Xo +1;€; (2.25)

where 7; is a step size or learning rate and e; is an orthogonal unit vector in n-dimensional space. The

simplex is then transformed until it meets the convergence criteria [39], [40].

Each transformation starts with ordering the vertices of the simplex from lowest to highest cost.
A centroid is calculated from all vertices except the one with the highest cost. Then a variety of different
transformations can ensue depending on the relationships among the vertices with the highest, lowest,

and second lowest costs J(x,), J(x1), and J(x,), respectively:

o Reflect: Find x,., the reflection of x;, across the hyperplane not including x. If J(x3) > J(x;) >
J(x1), replace x,, with x,.. This requires one cost function calculation (run of the forward

model).
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e Expand:If J(x;) > J(x,), replace x, with x,, the further expansion of x;. in the same direction
as reflection. Together with reflection, this requires two cost function calculations.

e Contractinside: If J(x;.) > J(x,), find x.;, a point between the centroid and x; not contained
in the hyperplane from which the centroid is calculated. If J(x.;) < J(x,), replace x, with x.,.
Together with reflection, this requires two cost function calculations.

e Contract outside: If J(x;,) > J(x,) > J(x3), find x.,, a point between the centroid and x,- not
contained in the hyperplane from which the centroid is calculated. If J(x.,) < J(x;), replace x,
with x.,. Together with reflection, this requires two cost function calculations.

e Shrink: If J(x.,) > J(x;) orif J(x) = J(xp), replace every point in the simplex except x; with
points closer to x;. Together with reflection and contraction, this requires n+2 cost function

calculations.

The convergence criteria of the Nelder-Mead method is that both the cost function range and
parameter range of the simplex must be below specified thresholds. It is possible for the method to

converge to non-stationary points if parameters are not well-conditioned [37], [39], [40].
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Chapter 3 — Background — The Cardiovascular System and its Pressures

The cardiovascular system provides the body’s organs with the oxygen they need to function
properly. Within the cardiovascular system there are pressure gradients which dictate the proper
direction of blood flow, the filling and emptying of both the right heart and the left heart, and the
diffusion of oxygen from blood vessels to tissue. The two ventricles of the heart are responsible for
providing increases in pressure as blood flows through it while everywhere else decreases pressure as

blood flows through. The pumping action of the ventricles is reflected in the pressure wave which

generally attenuates down the system and pulmonary arterial trees. Given arterial pressure and venous

pressure are at the center of this thesis, we will discuss the cardiovascular system in the context of

pressure [41].
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Figure 3-1: (A) lllustration of pressure in (mmHg) throughout the cardiovascular system [41]. (B) Hybrid circuit model of
cardiovascular system with pressure shown throughout. The graph lines are spatially dependent and conceptual [42], [43].
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3.1 Cardiovascular Physiology

The high-level path of blood through the cardiovascular system is as follows. Oxygen-rich blood
is pumped from the left atrium into the left ventricle through the mitral valve, where it is pumped out of
the left ventricle through the aortic valve. The blood travels through the systemic arterial tree through
smaller arterioles and then even smaller capillaries. The deoxygenated blood then travels through the
venules and then the veins until reaching the right atrium of the heart. The right atrium then pumps into
the right ventricle through the tricuspid valve, where it is pumped out of the right ventricle through the
pulmonary artery valve. The pulmonary circulation is a miniaturized version of the systemic network

where blood is oxygenated. This oxygenated blood finally enters the left atrium [41].

At any given time, about 7 percent of the blood is in the heart, 9 percent is in the pulmonary
circulation, and 84 percent in the systemic circulation. We note that the low pressure and very

compliant systemic venous system by itself holds 64 percent of the blood on average [41], [44], [45].
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Figure 3-2: Simplified diagram of the cardiovascular system blood volume distribution. Adapted from [41].

Within the systemic circulation, blood goes to various organs and muscle. Certain organs are
highly prioritized. For instance, despite its small mass of about 1.3 kg, the brain receives 14 percent of
cardiac output. This is due to the heart’s high prioritization of supplying blood to the brain. The kidneys,

which perform the function of filtering the blood, receive 22 percent of cardiac output [44], [45].
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Figure 3-3: Diagram of cardiac distribution among organs. Adapted from [41].

Next, we discuss how enough pressure gradient is generated to distribute blood throughout the

systemic circulation and pulmonary circulation via the heart.
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3.1.1 The Heart

The heart is the muscular organ which pumps blood to the rest of the body. In order to
synchronously pump blood from the atria to the ventricles and then from the ventricles to the
pulmonary and systemic circulation, an electrical signal propagates through the heart’s Purkinje fibers.
This propagation signals a contraction (depolarization) to pump blood out of a chamber and then a

relaxation (repolarization) to refill the chamber with blood [41].

The electrical path is as follows. The signal originates in the sinoatrial (S-A) node, which has cells
which automatically depolarize and repolarize with a frequency of the heart rate. The signal propagates
through the atria to get to the atrioventricular (A-V) node. After spending about a tenth of a second in
the A-V node, the signal propagates through the ventricles via the bundle branches located in the

intraventricular septum [41].

The electrocardiogram (ECG) shows a projection of the heart electrical signal onto an electrical
lead on the surface of the skin. There are three typical components to the ECG morphology for each
heart beat: the P-wave, the QRS-complex, and the T-wave. The P-wave signals the depolarization of the
atria. The QRS-complex signals the depolarization of the ventricles and the repolarization of the atria.
The T-wave signals the repolarization of the ventricles. We note that after, and not during, each

depolarization is when the contraction occurs, pumping blood out of each chamber [41], [46].
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The heart is divided into two pumps: the right ventricle which delivers blood to the pulmonary
circulation to be oxygenated and the left ventricle which delivers oxygenated blood to the systemic
circulation to be metabolized. The left ventricle is required to pump blood much farther in the body than
the right ventricle. Therefore, it is much more powerful — by a factor of ten — and generates a much
higher pressure. The left and right ventricle are electrically synchronized in that they fill and contract at
the same time. Additionally, the right ventricle largely mirrors the left ventricle, just at lower power [41],

[47].
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Figure 3-5: Showing work done per stroke of each ventricle as a function of respective atrial pressure. Adapted from [41].

The left ventricle has four phases: (1) Filling, (11) Isovolumetric Contraction, (Ill) Ejection, and (1V)
Isovolumetric relaxation. In filling, the mitral valve opens, letting in blood from the left atrium to fill the
left ventricle. Isovolumetric contraction occurs when the mitral valve closes and pressure rises to the
diastolic arterial pressure. At this point, the aortic valve opens, commencing the period of ejection
where blood is pumped into the systemic circulation until the pressure in the left ventricle goes below
the pressure in the aorta, causing the aortic valve to close. Isovolumetric relaxation occurs until left

ventricle pressure reaches left atrium pressure, allowing the mitral valve to open [41].

One quantity evident in left ventricular pressure volume loops is the stroke volume which is the
subtraction of the isovolumetric relaxation volume from the isovolumetric contraction volume. Cardiac
output is calculated by multiplying the stroke volume from the heart rate. Left ventricular ejection
fraction is the amount of blood expelled from the left ventricle divided by the end-diastolic volume of

the left ventricle [41], [48].
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Figure 3-6: Labeled left ventricular pressure-volume loop. Adapted from [41].

It is also common to track left ventricular volume and pressure in the time domain along with
the ECG and the phonocardiogram (PCG). The time domain affords one the ability to observe the
dependence of one signal on the other. In the span of one cardiac cycle, we first note the P-wave of the
ECG signifying the electrical depolarization of the atria leading to contraction of the atria, pumping
blood into the ventricles, seen in the left ventricular volume (LVV) and pressure (LVP) curves. The closing
of the mitral and tricuspid valves (A-V valves) causes the first heart sound. Next, the QRS-complex
signifies the depolarization of the ventricles leading on the contraction of the ventricles, seen in the LVV
remaining constant and then rapidly descending and the LVP ascending and descending. The closing of
the aortic and pulmonary valves causes the second heart sound. Finally, the T-wave signifies the
electrical repolarization of the ventricles, which leads to the relaxation and filling of the ventricles, seen

in the LVV constant and then increasing and LVP rapidly decreasing and then constant. The mitral and
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tricuspid valves opening allows for the filling of the ventricles. We also observe pressure signals from the

atrium and the aorta which illustrates what causes the opening and closing of heart valves [41], [47].
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Figure 3-7: Time-domain plot of multiple modality heart signals. Adapted from [41].

We now turn to the input of blood to the heart’s right atrium, the venous return, and the output
of blood from the left ventricle of the heart, the cardiac output. For completeness, we note that the
amount of blood entering the right atrium and left atrium should be about equal and the amount of
blood leaving the right ventricle and left ventricle should be equal. This is because the heart’s left and

right side should be have conserved blood flow [41].

Cardiac output and venous return curves are usually expressed as monotonic functions of right
atrial pressure. Cardiac output is increasing while venous return is decreasing. Their intersection point
acts as an operating point at a specific right atrial pressure and cardiac output / venous return. The
sympathetic nervous system can increase cardiac output and venous return by means of increasing

heart rate, increasing cardiac contractility, and vasodilation. The nonzero baseline sympathetic
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stimulation means that when it is removed, such as with spinal anesthesia, cardiac output and venous

return decrease [41], [44], [49].

Also displayed in the shifted cardiac output and venous return curves is the cardiac reserve. The
cardiac reserve is the difference between a person’s normal cardiac output and the maximum attainable
cardiac output. Sympathetic stimulation can cause cardiac reserve to rise to 400% of cardiac output in a
normal healthy individual, as shown by the maximum of the green plot compared to point A in Figure
3-8A. This allows the heart to pump adequate blood to the muscles of the body during heavy exertion

[50].
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Figure 3-8: (A) Cardiac output and venous return curves in response to different levels of sympathetic stimulation. Adapted
from [41]. (B) Cardiac reserve given various physiologies and pathologies. Adapted from [41].

3.1.2. The Blood Vessels

Various blood vessels transport blood throughout the pulmonary and systemic circulation. The
heart pumps blood through arteries at high pressure. The pressure drops significantly after passing
through high resistance arterioles. Capillaries are where the vast majority of nutrient and fluid exchange

takes place. This exchange is largely dictated by the expression:
PC - Plf +T[if — T, (31)

where F is capillary fluid pressure, P;y is interstitial fluid pressure, ;¢ is interstitial osmotic pressure,
and 7. is capillary osmotic pressure. The sign of this equation dictates which direction the fluid
exchange occurs: positive is out of the capillaries and negative is into the capillaries. Capillaries then lead

to venules, which then lead to veins [41], [51].
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Arteries and veins are the two largest types of blood vessels and are therefore easiest to
observe individually. Stiff and thick-walled arteries are designed for high pressure, pumping transport of
blood while compliant and thin-walled veins are designed for low pressure, passive transport of blood.
The pumping of the heart anterior to the arteries and the valves within the veins keep blood flowing in
the correct direction. One key difference between arteries and veins is the thickness of their walls as the
structural layers of their walls are similar. Thick walls contribute to less compliance but also sturdier
structures which are built to withstand high blood pressure without losing any fluid through them. In the
arteries, the stiffness of these walls and the narrowing of individual artery diameters along the arterial
tree causes a sizeable increase in pulse pressure compared to the aortic pulse pressure, mainly
manifesting in increased systolic pressure. Another difference, as mentioned before, is that veins have
valves. These valves work with muscle to push blood back to the heart, ensuring blood does not flow

backwards, especially in the legs [41], [52]—[55].
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Figure 3-9: (A) Artery wall layer structure, 3-D artistic rendering, adapted from [53]. (B) Artery wall layer structure, 3-D
pathology artistic rendering, adapted from [53]. (C) Comparing and contrasting artery and veins [56]. (D) Diagram of valves’

directionality in deep and superficial veins, adapted from [41].

Hydrostatic pressure is given by the expression pgh, where p is the density of blood, g is the

acceleration of gravity, and h is the height difference between the heart and the anatomical landmark. If

the vein pump system in the legs is inactive, venous pressures can attain their hydrostatic values as
blood will struggle to travel upward. This pooling of blood in the legs can sometimes cause fainting.
However, even small movements of calf muscles typical of a person standing, sitting, and especially

walking, will keep venous pressure in the legs below 20 mmHg no matter the orthostatic position [57],

[58].

Other factors besides the venous pump and valves are responsible for moving venous pressures

away from their hydrostatic values at certain anatomical landmarks. For instance, the internal jugular

vein (1JV) is exposed to atmospheric pressure, causing it to collapse if pressure dips below atmospheric
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pressure, clamping the minimum 1)V pressure at zero even when traveling up and decreasing hydrostatic
pressure. However, once atmospheric pressure exposure is taken away, such as in the subdural sagittal

sinus, the clamp is removed [41], [57].

Another example of a factor responsible in manipulating venous pressure is the downstream
pressure exerted by the squeezing of the subclavian vein by the top rib and the clavicle. This
phenomenon adds about 6 mmHg of venous pressure to any vein upstream of the subclavian vein, such

as the basilic vein in the upper arm or the radial vein in the lower arm [41].
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Figure 3-10: Map of venous pressures in an adult male standing completely still for hydrostatic pressure equilibration [41].
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3.2 Cardiovascular Pathophysiology

Cardiovascular pathophysiology refers to any abnormal, adverse, or diseased alteration of state
from normal cardiovascular physiology which is discussed in the previous section of this chapter. With
respect to cardiovascular pressures, there will often be a tradeoff of higher venous pressure (right atrial
pressure) for lower arterial pressure (mean aortic pressure). We note that as the pressure difference
(gradient) between arterial and venous pressure decreases, cardiac output also decreases, which is
often the root cause of the pressure gradient decrease. The decrease of this pressure gradient also
decreases organ perfusion, which can lead to hypoxia in the organs, which can cause them to go into

failure [41], [59].
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Figure 3-11: Plot of arterial (mean aortic) pressure, peripheral capillary pressure, and venous (right atrial) pressure in relation to
each other and in relation to cardiac output [41].
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Cardiovascular pathophysiology is a broad field with several disease states, many of which are
interdependent. Given the emphasis of this thesis on cardiovascular pressures, we will focus our
descriptions of cardiovascular pathophysiology to those affecting pressures. We will first describe
pathological alterations to arterial pressures and then focus on what congestive heart failure (CHF) does

to venous pressures.

3.2.1 Hypertension and Hypotension

Hypertension is defined to be a pathological cardiovascular state of consistently elevated
arterial pressure. This consistently elevated pressure causes arterial walls to stiffen, increasing systemic
vascular resistance, which allows blood flow to return to more normal levels. Hypertension puts one at
higher risk for myocardial infarction (heart attack), heart failure, stroke, and kidney disease.
Hypertension is classified as either Stage 1 with either a systolic blood pressure of over 130 mmHg or a
diastolic blood pressure of over 80 mmHg or Stage 2 with either a systolic pressure of over 140 mmHg or
a diastolic pressure of over 90 mmHg. About 116 million Americans have at least Stage 1 Hypertension

while about 52 million Americans have Stage 2 Hypertension [60]—-[64].

Hypotension is defined to be a pathological cardiovascular state of reduced arterial pressure. It
is a less common problem than hypertension, especially in the United States, but can still cause
inadequate organ perfusion. Ease of fainting can be a symptom of hypotension. Extreme hypotension
can lead to inadequate brain perfusion. Hypotension is classified as either absolute hypotension (systolic
< 90 mmHg, diastolic < 60 mmHg when resting), which affects people of all ages and tends to be
asymptomatic, or orthostatic hypotension, when blood pressure drops by at least 20 mmHg for systolic
and 10 mmHg for diastolic within three minutes of going from the sitting position to the standing

position. About 22 percent of the population above age 65 has orthostatic hypotension [59], [65], [66].
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Figure 3-12: (A) Plot of cardiac output as a function of arterial pressure with the normal range of arterial pressure is highlighted
[41]. Effect of severe hypotension on cerebral blood flow [41].

3.2.2 Congestive Heart Failure

Heart failure is a syndrome which describes when the heart is unable to adequately pump blood
to meet the demands of the body’s organs. Congestive heart failure (CHF) refers to the fluid buildup that
occurs in the cardiovascular system due to the heart’s decreased pumping ability. CHF is categorized
into diastolic and systolic types. Diastolic heart failure is also known as heart failure with preserved
ejection fraction (HFPEF) and is defined by difficulty in filling the ventricles with blood to be pumped.
Systolic heart failure is also known as heart failure with reduced ejection fraction (HFREF) and is defined
by difficulty in expelling blood from the filled ventricles. Here, we focus mainly on the pathophysiology,

diagnostics, and treatment of HFREF [41], [67]—[69].

CHF can be in one of two modes: compensated or decompensated. In compensated heart
failure, other organs, and even the myocardium (heart muscle) itself, adjust such that adequate cardiac
output is maintained to perfuse the organs. The most central non-heart organ in compensated heart
failure is the kidneys, including the adrenal glands. In the kidneys, reduced blood flow increases renin
secretion, which allows angiotensin Il to form from angiotensinogen (secreted by the liver) and
angiotensin converting enzyme (ACE). Angiotensin Il will increase water and salt reabsorption in the
kidneys and increase aldosterone secretion from the adrenal glands. Aldosterone will directly further
increase salt retention, which increases water retention by causing water to exit the kidney tubules into
the blood and antidiuretic hormone secretion due to overall high extracellular osmolality. This cycle is

called the renin-angiotensin-aldosterone (RAAS) cycle [70]-[72].
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The RAAS cycle combined with sympathetic nervous system stimulation and myocardium
recovery from any damage, such as collateral coronary supply creation, combine to bring cardiac output
up to a high enough level for adequate organ perfusion with oxygen, but also for the kidneys to excrete
enough salt and water to equal intake. Decompensated heart failure usually occurs when the kidneys fail
to excrete enough salt and water. Atrial natriuretic peptide (ANP), released by atrial walls when they are
stretched, can help the kidneys excrete more salt and water and delay decompensated heart failure. In
decompensated heart failure, compensatory bodily effects initiated are insufficient to restore cardiac
output to necessary levels for the kidneys to excrete enough salt and water and will continue until death

if no intervention occurs [41], [71], [73].
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Figure 3-13: (A) The renin-angiotensin-aldosterone system (RAAS) [71]. (B) Coronary artery endothelial and vascular smooth
muscle cells’ production of aldosterone [71]. Diagram of kidney status in compensated versus decompensated heart failure
[71].
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It is useful to compare and contrast compensated and decompensated heart failure given a
singular event which damages the myocardium, causing its pumping ability to decrease. Given
compensated heart failure, an event such as a myocardial infarction could severely decrease cardiac
output to less the half of its equilibrium resting value in only a few seconds. Sympathetic stimulation and
parasympathetic suppression will increase both the cardiac output curve and venous return curve within
one minute. In the next several weeks, collateral myocardial blood supply to increase pumping ability
and the RAAS cycle to increase blood volume will increase cardiac output and venous return curves such
that cardiac output is back to its original resting value. However, right atrial pressure (and central
venous pressure) will equilibrate to a higher intravascular volume state. Often damage to the

myocardium happens slowly over time with multiple events [41], [50], [67].

Given decompensated heart failure, the same event would decrease cardiac output and still
induce sympathetic and parasympathetic responses. Without intervention, the RAAS cycle and collateral
blood supply will not be enough to return cardiac output to its original resting state. Therefore,
intravascular volume (often measured with right atrial pressure) will continue to increase. Edema will
occur such that excess fluid moves from the vasculature to the interstitium. There will come a point at a
high enough right atrial pressure where detrimental effects to cardiac output will occur, such as the
overstretching of ventricular walls (mechanical pumping ability). If this condition persists, pulmonary
edema will occur, preventing the gas exchange of oxygen and carbon dioxide at the alveoli and the
pulmonary capillaries (i.e. decreased energy for ventricular contraction). It is vitally necessary for

intervention to happen at this critical juncture to save the life of the patient. [41], [71], [74], [75].

3.2.2.1 Treatments and Interventions

For compensated heart failure, specifically with left ventricular dysfunction, the most promising
treatment utilizes angiotensin-converting enzyme (ACE) inhibitors. ACE inhibitors prevent the
conversion of angiotensin | to angiotensin Il. These drugs ultimately decrease the compensatory efforts
of the RAAS system such that intravascular volume increases only modestly in response to the
weakening of the heart muscle. Cardiac output is still able to increase because ACE inhibitors also
decrease systemic vascular resistance such that a weaker heart could still pump sufficient blood to

perfuse the organs [76], [77].
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For decompensated heart failure, interventions consist of diuretics which decrease intravascular
volume and cardiotonic drugs which increase cardiac output. Many of the diuretic options act on the
nephron of the kidney, specifically the thick ascending loop of Henle, where they prevent salt from being
reabsorbed by the blood, which allows eventual flow into the urine. Cardiotonic drugs give strength to
the heart, first causing an increase in cardiac output which allows a downward shift of venous return

after several days [41], [78]—[80].
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Figure 3-14: (A) Cardiac output and venous return curves progressing from a healthy state (‘A’) to a low cardiac output state
immediately after damaging event ‘B’ to a sympathetic and parasympathetic influenced state about 1 minute after the
damaging event ‘C’ to a state of fully compensated heart failure ‘D’ [41]. (B) Cardiac output and venous return in
decompensated heart failure. The cardiac output curve is that of a severely damaged heart and is unable to attain adequate
cardiac output [41]. (C) A simplified simulation of cardiac output and venous return with multiple more minorly damaging
events in compensated heart failure. The first event is ‘A’ to ‘D1’. The second event is ‘D1’ to ‘D2’. The third event is ‘D2’ to ‘D3’.
Less extreme versions of points ‘B’ and ‘C’ are implied but not shown.

3.3 Arterial Pressure Measurement

A given method to measure the pressure in a specific artery is either invasive or noninvasive.
The noninvasive methods are much more desirable as they present a low-risk, low-cost, and easy-to-
execute alternative to the invasive methods. Some noninvasive methods, when combined and
calibrated, can even produce a full arterial blood pressure waveform given ample effort. However, the

invasive methods have higher accuracy and readily inform about the arterial pressure waveform without
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any additional effort. The most common noninvasive method is the brachial artery blood pressure cuff

and the most common invasive method is the radial artery fluidic pressure measurement [41], [81], [82].

There are two main types of blood pressure cuffs. The first is the auscultatory cuff, also known
as the Korotkoff blood pressure cuff, combines the use of the cuff with a stethoscope on the artery of
interest distal to the cuff. The cuff is inflated to a pressure surely above the systolic pressure of the
artery. Then it is slowly deflated from that pressure to below the diastolic pressure. The systolic
pressure is first identified by noticing at what pressure sounds, known as Korotkoff sounds, are first
audible in the stethoscope. The diastolic pressure is identified to be the pressure where the Korotkoff
sounds become inaudible. The second type is the oscillometric cuff, which automatically performs the
same procedure of increasing the cuff pressure above systolic pressure and slowly lowering the blood
pressure to below diastolic pressure. However, this cuff senses the pressure signal reflected by the
artery which peaks around the mean arterial pressure and significantly diminishes but doesn’t fully
disappear on the high side of systolic pressure and low side of diastolic pressure. Given they are properly
sized, these blood pressure cuffs can be used on any of the four limbs in multiple sites on each limb

[83]-[86].

Unlike the noninvasive, cuff-based methods of measuring arterial pressure, the invasive fluidic
catheter-based methods capture full arterial blood pressure waveforms. There are a few variations to
this methodology but the basic principle for each of these variations is that the fluidic pressure in the
chamber aims to mirror the pressure exposed to the catheter’s needle which is connected to the
chamber. The pressure is transduced to an electrical signal and sampled. The sample rate of this
pressure measurement can be driven up to 0.5 kHz, which is far past the Nyquist frequency of the
arterial pressure wave. Similar blood pressure cuffs, arterial line placement is limited to major arteries in

limbs [87], [88].
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Figure 3-15: (A) Auscultatory brachial blood pressure cuff functional diagram [41]. (B) Three similar pressure transduction
techniques using fluid chambers in arterial lines [41].

3.3.1 Force-based Arterial Pressure Measurement

Force-based approaches to arterial pressure measurements have been explored in the past with
notable success but fall short of the blood pressure cuff in terms of accuracy and ease of use. Arterial
applanation tonometry seeks to sense how much force is necessary to partially flatten an artery, most
often the radial artery, noninvasively. Modern applanation tonometry techniques can output blood
pressure estimates which include full waveforms with estimates of systolic and diastolic pressure. The
dicrotic notch should also be visible in the waveform. Furthermore, the systolic and diastolic pressure
estimates are usually within 5 mmHg of the blood pressure cuff and arterial line measurements when

calibrated to them or invasive central blood pressure measurements. However, the fact that these
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measurements are calibrated is a weakness of the method because it cannot stand alone as an

independent measurement [89]-[91].
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Figure 3-16: (A) Picture of applanation tonometer of the radial artery [89]. (B) Applanation tonometer pressure estimation in
the radial artery and the aorta via transfer function and calibration [89].

3.4 Venous Pressure Measurement

Unlike arterial blood pressure measurement, where the blood pressure cuff — auscultatory or
oscillometric, has become the noninvasive standard of care and is employed as a standard vital sign,
venous pressure measurement is far less established and is considered to be a more specialized
measurement for patients already diagnosed with a cardiovascular disease, most commonly heart

failure [92], [93].

The methodology which could best be described as the noninvasive standard for venous
pressure measurement is the jugular venous pulsation height measurement (JVP). In this measurement,
a clinician asks the patient to recline in order to observe the height of the highest visible pulsation of the
jugular venous pulse waveform on the neck. This point on the neck is thought to be where the pressure
is equal to zero. The hydrostatic pressure difference between this point and the middle of the right
atrium is made by measuring the height of the highest pulsation above the sternal angle. The sternal
angle refers to the top of the sternum, assumed to be 5 cm above the middle of the right atrium,
independent of angle of recline. There are several issues with this measurement which prevent it from

being a fully satisfactory analog to the arterial blood pressure cuff. The two most central are:

e Difficulty in spotting the highest jugular venous pulsation and differentiating from the nearby

and different carotid pulsation
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e Actual variation in sternal angle height above the right atrium across a population given a
constant angle and across a range of angles given the same person
For these reasons, the accuracy in the binary decision in deciding if CVP is above or below 10 mmHg is

only about 70% combined among medical students, medical residents, and cardiology fellows [92]-[96].

The invasive standard for venous pressure measurement is to pass a central line in either the
superior vena cava or the right atrium and directly measure the pressure, making sure the pressure
transducer, which is outside the body and usually on an intravenous cart beside the patient, is at the
same height as the tip of the catheter. This method is accurate, however, like arterial lines, it is not a

routine procedure due to risk, invasiveness, and cost [97]-[99].
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Figure 3-17: (A) Diagram of JVP height measurement with aligned jugular venous pulse, heart sounds, and electrocardiogram
measurements [100]. (B) Diagram of central line placement for invasive right atrial pressure measurement [101].

3.4.1 Ultrasound-based Venous Pressure Measurements

Ultrasound-based venous pressure estimations have shown promise in recent years in creating a
more accurate noninvasive standard of venous pressure measurement but have either fallen short of
accuracy requirements or are quite difficult to execute. The inferior vena cava (IVC) is the vein which
leads into the right atrium from below the right atrium. Although it is quite deep and has ribs in
between it and the ultrasound probe, ultrasound measurements of the IVC are possible with ample skill.
When measuring the diameter of the IVC at end-inspiration, a correlation of 72 =~ 0.25 has been

observed with invasive CVP measurement. An alteration to this methodology has been presented by
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measuring both end-inspiratory and end-expiratory IVC diameters, with a quick sniff as the inspiration,

to formulate a “caval index” (Cl).

Ccl = DIVC,end—exp - DIVC,end—insp (32)

DIVC,end—exp

This method adds difficulty to the measurement and requires post-processing of data. However, it has
been shown to be quite accurate when compared to the invasive CVP measurement with a correlation
of r? ~ 0.88 and sensitivity and specificity each over 0.8 when predicting whether CVP is above or
below 10 mmHg by noting if Cl is below or above 0.5. The difficulty of IVC ultrasound measurements and
the lack of empirical accuracy at lower CVP values — 10 mmHg is already very high — are what have most

likely prevented this methodology from becoming more prominent [93], [102]-[105].
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Figure 3-18: (A) Annotated ultrasound image of IVC with diameter labeled [102]. (B) Correlation of end-inspiratory IVC diameter
with invasive CVP measurements [102]. (C) Correlation of caval index with invasive CVP measurements [103].
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Chapter 4 — Force-coupled Ultrasound of Large Superficial Blood Vessels

In this chapter we introduce the idea of using an ultrasound probe attachment called a force-

coupling, which measures force as ultrasound images are being captured by a commercial ultrasound

probe and system. We first go over the hardware used for the force-coupled ultrasound data collection

and processing. We then walk through the process of starting with B-mode images of a large superficial

blood vessel and its surroundings and a force signal, (1) assigning a force to each ultrasound image we

seek to analyze through synchronization, (2) detecting the blood vessel of interest to be segmented, and

(3) segmenting the blood vessel of interest. The blood vessel of interest in this chapter will be either the

carotid artery or the internal jugular vein. At the end of this process, we have a segmented blood vessel

with known force applied to it for each ultrasound frame to be further analyzed. We stress that all three

steps in this process are automated.

Detection

Synchronization

¢ Find blood
vessel in
image

e Assign force
to each
image of

interest

Figure 4-1: Force-coupled ultrasound automated data processing flow chart.

4.1 Force-coupling Hardware
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We have developed a force-coupled ultrasound probe attachment, providing the ability to

measure the force applied to the surface of the skin by an ultrasound probe for each ultrasound image

obtained. We combine this probe attachment with a commercial ultrasound probe and system. The

components of the attachment connect to an electronics box via wire bundle and then to a display

tablet or laptop via USB. In this section, we cover the ultrasound transducers and systems used, the

force-coupled ultrasound casings used, and the electronics hardware used upstream from our signal and

image processing in software.
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4.1.1 Ultrasound Transducers and Systems

The commercial ultrasound probes used are the Philips XL14-3 xMATRIX vascular ultrasound
transducer and the GE 9L linear vascular ultrasound probe (Philips Inc., Amsterdam, Netherlands;
General Electric Co., Boston, MA, USA). The commercial ultrasound systems used are the Philips
Ultrasound EPIQ system and the GE Logiq E9 ultrasound system (Philips Inc., Amsterdam, Netherlands;
General Electric Co., Boston, MA, USA).

The Philips transducer is a 2-D array of piezoelectric elements and has the ability to acquire 3-D
images as well as 2-D images. The ultrasound system used is the commercial Philips Ultrasound EPIQ
system to display relevant ultrasound images to the data being acquired and save the images to later be
combined with the data from the force-coupled ultrasound casing. Neither of these components to the
overall system are experimental. The GE transducer is merely a 1-D array which has the ability to acquire
2-D images. 1-D M-mode imaging, which is presented a similar way to a photo finish in a track and field
race as a 2-D image with time on the horizontal axis and depth on the vertical axis, is also utilized in the

GE transducer for this thesis.

The primary safety concern for the ultrasound transducer and system is thermal-acoustic safety.

The ultrasound system and probe are only designed for imaging and are incapable of high enough
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acoustic intensities to thermally damage tissues. The Food and Drug Administration (FDA) has approved
both systems and transducers for clinical use. The ultrasound probe contacts the patient’s skin just as a
normal ultrasound probe would make contact. The guidelines by the FDA and the AIUM (American
Institute of Ultrasound in Medicine) provide quantitative guidelines in order to prevent any adverse

effects.

A

Figure 4-3: (A) Philips ultrasound transducer and system used in this thesis. (B) GE ultrasound transducer and system used in
this thesis.

4.1.2 Force-coupled Ultrasound Casings

The casing is equipped with a load cell and an accelerometer, both powered by an external
power source. The load cell measures force. For the Philips setup, the load cell is a Futek Miniature S-
beam with a 25 Ib capacity and an excitation (power) voltage of +- 10 V (model number LSB205). For the
GE setup, the load cell is a Futek Miniature S-beam with a 5 Ib capacity (model number LSB200). The
difference in capacities of the load cells is due to the fact that the Philips probe has about four times the
contact area as the GE probe has since the external pressure applied is a function of external force and
cross-sectional area. The accelerometer (ADXL 335, Analog Devices, Wilmington, MA, USA) measures

acceleration in principle, but can provide an estimate for two angles of orientation, pitch and yaw, for
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the force-coupled ultrasound probe as well. This is because the accelerometer has three axles with

rigidly known positions relatively to each other.

The casing is made with stainless steel and ABS plastic. The casing is grounded, has no electrical
current going through its exterior where someone would grip it, and is thermally insulated. The casing is

held together with metal wiring and magnets.

A

Figure 4-4: (A) GE Force-coupled ultrasound probe separated to show components. This force-coupled ultrasound probe is used
for all studies involved in chapters 5, 6, and 9. (B) Picture Philips of handheld probe with ultrasound gel on it. This force-coupled
ultrasound probe is used for all studies involved in chapter 7 and 8.

For the Philips setup, the accelerometer’s ability to estimate the angle of orientation of the
force-coupled ultrasound probe has additional functionality. Given the ability of the Philips setup to
produce 3-D ultrasound images, we are able to record the angles which are orthogonal to the long-axis
of the blood vessel in the orientation we attend to compress that blood vessel in. This functionality is
fruitful as it helps ensure that the minimum amount of force necessary compresses the blood vessel of
interest. For the GE setup, it is also possible to record an angle of orthogonality to the long-axis of the
blood vessel of interest. However, the probe would not be in the correct (short-axis) orientation for

compression.

The primary safety concern of the force-coupled ultrasound casing is mechanical. This concern is
minor as the casing is quite light, yet quite sturdy. Magnetic failure could cause part of the casing
desired entirely for grip ergonomics to fall off, but not part of the casing attached the load cell, so no

damage of equipment would occur. The weight of what could fall is less than 2 ounces and made of light
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plastic, so no injury should occur should it fall on a foot. There should be no contact of the force-coupled

ultrasound casing with the patient given no mechanical failure.

4.1.3 Force-coupled Ultrasound Electronics and Displays

The National Instruments data acquisition (NIDAQ) system (model numbers: PXI-6363 for A/D
conversion, PXle-1071 for power circuitry) acts as the analog to digital conversion and force-calculation
by means of a LabVIEW virtual instrument on either a tablet or laptop. This program is usually run on a
tablet but could be run on any Windows system. Full use is made of the force data while the
accelerometer data is used for angle of orientation measurement for the force-coupled ultrasound
probe. The NIDAQ is powered via USB by a computer or tablet. For the Philips setup, the load cell output
goes into a differential amplifier (model number IAA100), which is a low noise differential amplifier
designed to make the force signal clear. It is powered with two 9V batteries in series. For the GE setup,
the load cell output goes into a differential amplifier (model number CSG110) which is powered by wall
power. The display could either be a laptop or a tablet and functions much as a display for an ultrasound
system works in that it gives feedback to the operator to guide the data acquisition. Unlike the

ultrasound system, this display lets the operator know how much force is being applied.

Electronic safety is the priority concerning the electronics box and associated wiring. All wires
and cables outside the electronics box are properly insulated. The electronics box is grounded. No
electrical connection whatsoever is exposed at any accessible point in the system. The electronics box is
closed and fastened with four separate screws. The electronics box typically resides within the larger

plastic casing used to transport the electronics box and the force-coupled ultrasound casing.
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Figure 4-5: (A) Open carrying case for Philips force-coupled ultrasound powered by two 9V batteries in series. (B) Open carrying
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differential amplifier.

4.2 Synchronization

Synchronization of force and ultrasound is necessary as the force signal and ultrasound images
are recorded by two systems with independent clocks by the force-coupled ultrasound probe depicted
in Figure 4-4A. Our approach to automated synchronization is to apply a series of quick transient
compressions, before and after the smooth force sweep, which are unique patterns in the force signal
and in a derived signal from the ultrasound frames [106]. Specifically, three quick compressions before

the force sweep (1-3), the peak of the force sweep (4), and one quick compression after the force sweep
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(5) are signatures in the force signal shown in Figure 4-6C. Recordings which do not follow this

synchronization protocol are discarded before automated post-processing begins.

When tissue is compressed as it is when force is increased (Figure 4-6A,B), the tissue moves
closer to the ultrasound probe causing it to move up in the image. The signal derived from the
ultrasound images is the frame region integration of axial optical flow [107]. Optical flow estimates the
velocity of pixels in a sequence of image-to-image transitions. We use the Horn-Schunck method
(MATLAB function: opticalflowHS within its Computer Vision Toolbox) to acquire frame-to-frame pixel
velocities [9], which yields vertical and horizontal components of velocity for each pixel coordinate for
all image transitions [107]. For each image transition, we sum all the vertical velocity components for all
image pixels. Horizontal movement of the carotid to the left is not quantified for the purpose of
synchronization. We sum across all image transitions over time to obtain an aggregate pixel vertical

position signal as a function of discrete time P[t]. We have
Plt] = X622 vy jn (4.1)

where t is the discrete time, v, (; j +) is the vertical component of optical flow velocity for a given pixel at
a given time, and i and j are the respective vertical and horizontal image spatial coordinates. This optical
flow-derived signal and the raw force signal, seen in Figure 4-6C both present the patterns before and
after a force sweep. The force signal is synchronized with the optical flow-derived signal; a force is then

assigned to each ultrasound image.

4.2.1 Primary Synchronization

The force signal is sampled at 25 Hz (samples per second) to avoid lag in displaying real-time
force during data acquisition while sampling fast enough to capture systole and diastole with high
resolution. The ultrasound frame rate is slightly faster than the force sample rate at 33 Hz (frames per
second), as shown by the wider peak spread in Figure 4-6C. However, this frame rate is imprecise and is
subject to slight variations from frame to frame. Therefore, the reference time axis we use after

interpolation is that of the force measurement. The synchronization algorithm as follows:

1. The 5 most prominent peaks in the force signal and in the optical flow signal are detected.
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2. The peaks are aligned such that there are just as many samples between the first and last peaks
in the force signal as there are between the first and last peaks in the optical flow signal. The
data are interpolated into a common time axis.

3. We assess the accuracy of the synchronization by checking the alignment of the three middle
peak pairs (Figure 4-6D), placed as a result of the alignment of the first and last peak pairs in the
signals. These are the remaining peak pairs which are not guaranteed to have perfect alignment
after interpolation. The first two middle peaks are the second and third quick compressions
before the force sweep and the third is the peak of the force sweep. The synchronization passes
if the sum of the absolute values of the peak pair differences between the force and optical flow
peaks is less than 20 samples or about 0.7 seconds. This criterion is chosen to guarantee an
offset of less than one cardiac cycle during normal sinus rhythm. Given the slow and linear force
ramp applied, disagreement between true force and assigned force should remain low. Written

in inequality form, we use
Yizaltr — tor| < 20 (4.2)

where t ; is the sample number of a force peak, tor; is the sample number of an optical flow
peak, and the summation is indexed from 2 to 4 to indicate the three middle peaks originally

detected as depicted in Figure 4-6D.
4. Once the synchronization check passes, we assign a force to each ultrasound frame.

For synchronizations that fail the check in step 3, a more exhaustive peak detection method which
chooses up to 30 peaks in each signal is performed. The methodology for this secondary synchronization

is described in more detail in section 4.2.2 Secondary Synchronization.
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Figure 4-6: (A) Ultrasound image of the carotid artery in the trough of a synchronization compression. (B) Ultrasound image of
the carotid artery at the peak of a synchronization compression. (A,B) Red, dashed horizontal lines drawn to signify changes in
position of two labeled anatomical landmarks from trough (A) to peak (B). (C,D) Force signal (blue, left y-axis) and optical flow
integration signal (orange, right y-axis). with the synchronization peaks for force and optical flow integration (orange) marked
as circles. Associated peaks are numbered. (C) Pre-synchronization, force peaks marked as orange circles. (D) Post-
synchronization, force peaks marked as black circles.

For the internal jugular vein, the synchronization methodology is identical. The five most
prominent peaks are detected in force and optical flow and the first and fifth peaks are aligned. The
synchronization check is also the same. This is because the synchronization is independent of what
blood vessel is being imaged. It is merely dependent on the presence of a force signal and ultrasound

images subject to the same synchronization technique.
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Figure 4-7: Synchronization used on the internal jugular vein. (A) Force and optical flow overlay pre-synchronization . Force is in
blue while optical flow is in orange. Synchronization-relevant peaks are marked. (B) Force and optical flow overlay post-
synchronization. Force is in blue while optical flow is in orange. Synchronization-relevant peaks are marked.

4.2.2 Secondary Synchronization

Some initial synchronizations are not fully described in the four-step process outlined in section
[I-A. About 25% of those synchronizations which eventually pass initially fail by not satisfying equation
1.2. For those synchronizations, a more exhaustive synchronization is executed where up to the 30 most
prominent peaks are selected in the optical flow signal and up to the 12 most prominent peaks are
selected in the force signal. Different combinations of five-peak pairs in optical flow and force are tested
via steps two and three of the process in the Materials and Methods Synchronization subsection. If at
least one combination passes, the previously failed synchronization now passes. If more than one
combination passes, the combination chosen to complete step four of the process is the lowest total

error defined on the left side of equation 1.2.

Table 4-1: Summary of automated synchronization evaluation.

Total Primary | Primary Pass Secondary Secondary Pass | Total Total Pass Total
Passed Percentage (%) Passed Percentage (%) Failed | Percentage (%) Incorrect
191 141 73.8 47 94.0 3 98.4 0
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Figure 4-8: (A) Primary synchronization, pre-synchronization. (B) Primary synchronization, post-synchronization. (C) Secondary
synchronization, pre-synchronization. The correct peaks are marked with orange circles and the incorrect peaks are marked
with yellow circles. (D) Secondary synchronization, post-synchronization.

4 .3 Detection

After synchronization, the frames in the slow force sweep which have forces between 2 N and
15 N are segmented. We choose 2 N as the minimum because this is the lowest external force we find to
consistently produce a high-quality ultrasound image of the carotid artery. To initialize the carotid artery
in the sequence of images, we utilize a convolutional neural network for object detection called a
region-based convolutional neural network (R-CNN), which proposes regions via bounding boxes [108].
Specifically, we train Faster R-CNN to identify the carotid artery in 1500 raw ultrasound images [12],
[13]. This trained detector finds a supposed carotid and assigns a probability of detection, as seen in the
example in Figure 4-9A. From the bounding box, the center of the carotid is approximated and used as a

seed point. After seed selection, the segmentation of the carotid begins.
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Once a force is assigned to each ultrasound image, we must detect the carotid artery in one of
the ultrasound images which occur during the force sweep. For this, we use the object detection
convolutional neural network Faster R-CNN, trained with 1500 previously segmented images of the
carotid artery, to create a detector. The detector outputs a probability that an object is the carotid
artery. In evaluating this detector, we find that when we set a confidence threshold value of 0.7, the

default, our precision is at about 0.95 for most values of recall.

When we assess this detector’s ability to accurately find the carotid and initiate segmentation, it
succeeds about 99 percent of the time. This increase to near perfect accuracy is due to the increase of
the confidence threshold to 0.95 and the segmentation’s ability to test whether or not a detected
carotid is correct and tell the detector to try again if necessary. This is what we describe as our

secondary detection.

Table 4-2: Summary of automated carotid detection evaluation.

Total | Primary | Primary Pass Secondary | Secondary Pass | Total | Total Pass Total
Passed | Percentage (%) | Passed Percentage (%) | Failed | Percentage (%) Incorrect
188 174 92.6 12 85.7 2 98.9 0
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Figure 4-9: (A) Example of the Faster R-CNN detector being used for carotid detection. The labeled boxes highlight the carotid in
each image with the probability of (B) Comparing a carotid centroid detected by the carotid detector (blue asterisk) with a
centroid derived from the carotid segmentation points (red circle). (C) Precision/recall plot for holdout set of carotid detection
training data.

In order to initiate segmentation of the IJV in the force-coupled ultrasound images, the 1JV must
be detected and a seed point must be provided near the center of the IJV. The IJV is primarily detected
via Faster RCNN an object detector neural network, trained on 3000 IJV ultrasound images in a similar
manner to the automatic detection of the carotid artery [109]. To avoid the small risk of failure to detect

the 1V, the user can click in the IJV when presented with a synchronized force-coupled ultrasound image
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to initiate segmentation. All IJV detection is done in MATLAB 2021b (The MathWorks, Inc.; Natick,

Massachusetts, United States).

Table 4-3: Summary of automated IJV detection evaluation.

Total | Primary Primary Pass Secondary Secondary Pass Total Pass
Passed Percentage (%) Passed Percentage (%) Percentage (%)
128 82 64.1 35 76.1 91.4

C 1 IJV Detection: max(F1) = 0.70455
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Figure 4-10: (A) Detector bounding box drawn in the vicinity of the 1JV with high confidence during detector training. (B)
Comparing an 1)V seed point detected by the carotid detector (blue asterisk) with a centroid derived from the carotid

0.8

segmentation points (red circle). (C) Precision/recall plot for holdout set of carotid detection training data. TP is true positives.

FP is false positives. FN is false negatives.
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4.4 Segmentation

Segmentation provides dimensions of blood vessels for each frame of interest so we can

observe the compression and/or pulsation of the blood vessel of interest

4.4.1 Carotid Segmentation

The segmentation of the carotid, in each image starting with the seed point, is a modified
version of the region growing (connected components) method for short-axis internal jugular vein cross-
sections described in previous research [110]. The method is modified to better optimize for segmenting

the more elliptical shape of the carotid. The segmentation methodology within each frame is as follows:

A 2-D median filter of size 20 by 20 (14 mm by 14 mm) and then a Gaussian filter with a

standard deviation of 0.5 are applied to the image.

Region growing is executed from a seed point to expand the region in vertical, horizontal, and

diagonal directions given candidate pixels have intensities below a threshold from [110]

Ipixel - Imean < O-OS(Imax - Imin) (4-3)

where Iyax, Imean, Imin are, respectively, the maximum, average, and minimum pixel intensities of the
entire image, and Iy, is the intensity of the candidate pixel [110]. The seed point and outline are

shown in the magenta scattered point tracing in Figure 4-11A.

16 radial lines originating from the calculated centroid from the region growing step are
generated. Along each line, a 3-point moving average is applied; the maximum intensity increase is
found and selected. This intermediate result is shown in the green asterisks in Figure 4-11A. These
points are adjusted until a cost function is minimized to the point where the cost decrease from one
iteration to the next is less than 10~°. This simple optimization is described by the following cost

function equations:

= —o (4.4)
D¢,o+Dnn,o
Cost = C(D, + Dyy) — VI (4.5)
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where VI is the sum of the radial pixel intensity gradients for each of the points, D, is the sum of the
distances to the centroid for each of the points, D,,,, is the sum of the distances to the two nearest
neighbor points of each of the points, and the subscript 0 indicates the value of these quantities before

the optimization starts. This penultimate result is represented as the red circles in Figure 4-11A.

An ellipse fit (MATLAB function fitellipse created by Richard Brown, The MathWorks, Inc.) of

these points is performed, as shown in the teal solid curve tracing in Figure 4-11A.

The centroid coordinates and the vertical and horizontal radii (the minor and major axes of the
ellipse fit) are recorded. The coordinates of this centroid are used as a seed point for the next frame in
the force sweep. We assume that during the force sweep, displacement of the carotid due to force is
gradual in that the carotid will never move more than half its vertical radius from one frame to the next,
or over about 30 milliseconds, which ensures the carotid is not lost between frames. This process
continues until the end of the relevant sequence of frames in the force sweep. Given the centroid of the
carotid remains in the center horizontal third of the ultrasound images for the frames in the force
sweep, the segmentation data can subsequently be used in the iterative inverse model to estimate
carotid pressure and stiffness parameters. We have this qualification so that the carotid horizontal
position in the segmentation approximately matches the horizontally centered position of the carotid in

the finite element model without edge effects coming into play.
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Figure 4-11: (A) Seed point and region growing output in magenta, intensity gradient maximization output as green asterisks,
shape and intensity gradient optimization output as red circles, and ellipse fit as teal ellipse. (B) Diastolic and systolic
segmentations at different forces, outlined in purple for low force, green for intermediate force, and yellow for high force. (C)
Vertical axis radius plot as a function of time with force as a function of time overlaid. Color-corresponding vertical arrows
(upward for diastolic, downward for systolic) are drawn to denote where each image is taken in time and how much force is
being applied.

4.4.1.1 Average Filtering

When the carotid artery is fully in the far field of the ultrasound image, which decreases image
resolution, a noisy carotid area waveform is likely to result. An in-band filter is developed in an effort to
decrease in-band noise to produce a carotid area waveform of a more typical and consistent
morphology. First, each beat is isolated from the rest of the signal, balanced such that the y-value of the
first point in the beat is equal to the y-value in the last point in the beat, interpolated such that the
number of samples in the beat is equal to the number of samples in the beat with the most samples,
and normalized such that the mean and standard deviation of the beat are zero and one, respectively.
At this point, an arithmetically averaged beat is produced (Figure 4-12A,B). Then, each isolated beat is
filtered by comparing each sample of the beat to the analogous sample in the average beat. If the

difference is larger than the standard deviation (Figure 4-12C) among the sample at each of the nine
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beats, the sample in the beat under examination is replaced with the average sample. Figure 4-12D

shows an overlay of the raw carotid area waveform and the “average” filtered carotid area waveform.
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Figure 4-12: (A) Raw carotid area waveform with beats numbered. (B) Average beat, normalized in y with a mean of 0 and a
standard deviation of 1 and interpolated in x. (C) Standard deviation at each normalized and interpolated beat sample. (D)
Overlay of raw carotid area and carotid area after going through “average” filter.



4.4.2 1)V Segmentation

When the 1)V is not near collapse, region growing from a seed point is followed by a radial line
intensity difference maximization, intensity difference and shape optimization, and finally a 2000-point
third-order interpolation. The differences from carotid segmentation are that 32 radial lines are drawn
after region growing instead of 16 and a 2000-point interpolation replaces the ellipse fit at the end of
segmentation [109]. Furthermore, when the 1)V is near collapse (area of previous image 1)V is less than 5
mm?), only region growing occurs because 1V wall pixels tend to be high-intensity when near collapse
such that the region does not grow outside of the walls. Area measurement occurs after the
segmentation for a frame is complete by creating a binary image differentiating what is outside the

segmentation boundary from what is inside and counting the pixels which are inside.
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Figure 4-13: (A) Segmentation of an open IJV with all intermediate steps included in subject 2. The pink indicates the first stage
region growing output. The green asterisks represent the second stage radial line intensity gradient maximization output. The
red circles represent the third stage intensity gradient and shape optimization. The blue tracing represents the final 2000-point
interpolation stage. (B) Segmentation of an open IJV in subject 21. The full segmentation algorithm is used. (C) Segmentation of
an almost collapsed 1}V in subject 21. Only the first region growing step is used.
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4.4.3 Trade-offs Between Full and Partial Vessel Segmentations

For the carotid artery and the internal jugular vein, there are slightly different versions of the
segmentation executed for each force-coupled ultrasound image in order to optimize for speed and
accuracy. As mentioned in the last section, when the 1JV is close to collapse the first step of the
segmentation (region growing) is sufficient and preferable to execute by itself because the reflections of
the 1JV walls tend to be strong when close to collapse, yielding high accuracy of the region growing
method. Also, the execution time of the region growing step is linearly proportional to the area
measured, yielding a tenth the execution time for an 1JV a tenth as large. Besides the specific situation of
the 1)V being near collapse, there are often two options to choose from when segmenting a vessel via
the methodology explained earlier in this chapter section: the fast small adjustment and the slow

generalized adjustment.

The slow generalized adjustment is exactly the full segmentation for the 1JV and the carotid with
all steps executed. The fast small adjustment removed the region growing step entirely and bases first
boundary estimates of the boundary points from the previous frame’s segmentation. The slow
generalized adjustment can take anywhere from 0.5 seconds to 5 seconds depending on the size of the
vessel while the fast small adjustment reliably takes 0.1 seconds to execute. The fast small adjustment
thrives when the vessel is stable positionally and isn’t expanding or contracting dramatically. Therefore,
this version is preferable for constant force application. This version also has the benefit of not looking
towards the center of the vessel where there could be noise which could actually cause the slow
generalized adjustment to error due to the region growing mistaking noise for a true vessel boundary
near the center of the vessel. However, one can easily lose track of the vessel if something beyond a
small change occurs from one frame to the next. In this case, the segmentation can be alerted to these
large changes and shift back to the slow generalized adjustment. The fast small adjustment is more
reliable for the carotid artery than the 1JV because the irregular shape of the 1JV is more conducive to
region growing for accurate boundary detection and the changes in vessel area for the 1)V tend to be

about an order of magnitude larger than when the carotid is compressed.

4.5 Manual Failsafes

Despite the automation of force-coupled ultrasound data processing, there are very occasional

instances where one can predict failure of each of the automated methodologies of synchronization,
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detection, and segmentation. Therefore, we must mention the manual failsafe implemented for each of
these automated methods. For the synchronization method the failsafe is to look for synchronization
peaks in the B-mode ultrasound images by paying attention to see which frames have the most
compression in each of the three initial quick compressions and one final quick compression. This
process is quite tedious but has never had to be employed because the synchronization of the force and
optical flow signals is so reliable. For the blood vessel detection, the failsafe is to manually click inside
the blood vessel of interest. This process is quick and has been employed more for the 1JV than for the
carotid and most for the leg veins. For the blood vessel segmentation, the failsafe is to automatically
draw lines at evenly spread angles which will intersect with the boundary of the blood vessel and to
manually click at each of those intersections. Due to the highly regular elliptical shape of the carotid, 16
points are used while 32 points are used for the 1JV. This failsafe has never been used for the leg veins as
it is only used when high quality segmentation is needed on specific frames and the automatic
segmentation makes major errors. These major errors are most often due to noise in the ultrasound

images.
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Figure 4-14: (A) Screenshot of manual failsafe of clicking in the 1)V with printed direction to do so at the bottom in the MATLAB
command window. (B) Manual failsafe for carotid segmentation. (C) Manual failsafe for IV segmentation.
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4.6 Summary

In this chapter, we describe in detail force-coupled ultrasound hardware and software relevant
to obtaining segmented force-coupled ultrasound images of large superficial blood vessels in a general
sense. We first discuss the hardware necessary to acquire B-mode ultrasound images of the short-axis
cross-sections of the blood vessels and their accompanying force signals. Second, we detail the process
of automatic synchronization of force and ultrasound to assign each force to an ultrasound image. Third,
we describe the object detection convolutional neural network-based approach to automatic detection
of the carotid artery and the 1JV. Fourth, we describe the automated segmentation of the short axis view
of the carotid artery and 1JV. Last, we briefly discuss seldom used manual failsafes for synchronization,

detection, and segmentation.
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Chapter 5 — Central Arterial Pressure Estimation from Force-coupled

Ultrasound Imaging of the Common Carotid Artery

We develop, automate, and evaluate a calibration-free technique to estimate human carotid
artery blood pressure from force-coupled ultrasound images. After acquiring images and force, we use
peak detection to align the raw force signal with an optical flow signal derived from the images. A
trained convolutional neural network selects a seed point within the carotid in a single image. We then
employ a region-growing algorithm to segment and track the carotid in subsequent images. A finite
element deformation model is fit to the observed segmentation and force via a two-stage iterative
nonlinear optimization. The first-stage optimization estimates carotid artery wall stiffness parameters
along with systolic and diastolic carotid pressures. The second-stage optimization takes the output
parameters from the first optimization and estimates the carotid blood pressure waveform. Diastolic
and systolic measurements are compared to those of an oscillometric brachial blood pressure cuff. In 20
subjects, average absolute diastolic and systolic errors are 6.2 and 5.6 mmHg, respectively, while
correlation coefficients are r = 0.7 and r = 0.8, respectively. Force-coupled ultrasound imaging presents
an automated, stand-alone ultrasound-based technique for carotid blood pressure estimation. We

propose that this finding inspires its further development and expansion of its applications.

5.1 Introduction

Ultrasound imaging is a prominent and growing modality in many fields of medicine. Force-
coupled ultrasound combines medical ultrasound imaging with force-measurement capabilities. A force
measuring load cell is coupled to an ultrasound probe by means of an external handheld casing, allowing
the user to know the force exerted by the ultrasound probe surface while capturing ultrasound images.
This technology can be utilized to help ultrasound sonographers obtain quality B-mode images while
knowing the force applied to the image. Applications of force-coupled ultrasound include quantitative
strain elastography for Duchenne muscular dystrophy, shear wave elastography of the thyroid under
varied preload force, and arterial blood pressure estimation for a litany of cardiovascular-related
diseases. Force-coupled ultrasound imaging of an artery typically involves measuring force while
observing the partial compression of the artery with ultrasound images. This method applied to blood

pressure estimation has a key advantage over the standard blood pressure cuff in that it does not
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require complete occlusion of the artery at any point in the measurement. This quality allows it to be
used on any artery which can be compressed by an ultrasound probe pressing on the surface of the
body without needing to be wrapped around a body part and does not limit measurement to peripheral
arteries. The carotid artery is clinically important; it pumps oxygenated blood from the aorta to the brain
and regulates blood pressure via its baroreceptors. Previous force-coupled ultrasound research focused

on the carotid[106], [111], [112][2], [25], [119]-[121], [41], [112]-[118].

Other approaches for estimating blood pressure in a noninvasive, calibration-free manor utilize
ultrasound and/or photoplethysmography (PPG) signals. One method combines ultrasound and PPG
sensing in a single novel device over the carotid to estimate blood pressure by measuring pulse wave
velocity and vessel wall distension. This method is significantly less accurate than a blood pressure cuff
and is prone to user error from poor placement over the carotid artery. Another method combines PPG
with biometric measurements, such as body mass index (BMl), to arrive at a brachial blood pressure
estimate with a modified pulse oximeter, but is likely to experience absolute errors of over 10 mmHg

[122], [123].

The established workflow of force-coupled ultrasound estimation of arterial blood pressure consists

of the following steps:

e Asynchronous ultrasound and force data acquisition
e Synchronization of ultrasound images and force readings
e Segmentation of the artery for each force-coupled ultrasound image in the force sweep

e Blood pressure estimation derived from the segmentation data and computational modeling

We aim to refine each of the analysis modules of this methodology. Previously, synchronization involved
a manual selection of synchronization frames and time points in the ultrasound image stack and force
signal, respectively. We automate the synchronization process with an algorithm based on optical flow
peak detection. The previous method segmented a relatively circular short-axis cross-section of the
carotid artery given a B-mode image but was manually initiated by user selection and was occasionally
prone to large errors, especially if given a more compressed, elliptical carotid cross-section. The
improved segmentation method accurately segments short-axis blood vessel cross-sections of all convex
shapes. We automated the start of carotid segmentation by using a trained object detection

convolutional neural network (CNN) detector to seed carotid selection. The carotid blood pressure
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estimation step established agreement within 10% of standard blood pressure cuff measurements but
required calibration. We create an iterative inverse finite element modeling approach with material
properties reflective of physiology to achieve strong positive correlation and small disagreement
compared with blood pressure cuff measurements without calibration. We validate these multiple
improvements to the force-coupled ultrasound methodology by evaluating the synchronization and
segmentation accuracy and by comparing the carotid blood pressure estimation to brachial blood

pressure cuff measurements [112], [120], [124], [125].

Synchronization Segmentation Blood Pressure

Estimation

e Assign force * Detect carotid e Solve inverse
to each image artery and problem for
segment carotid
pressure
parameters

J J J

Figure 5-1: Conceptual schematic for postprocessing of force-coupled ultrasound images of the carotid artery short-axis cross-
section to estimate carotid blood pressure.

5.2 Data Collection

We collect data on healthy adult subjects without serious cardiovascular disease or
hospitalization within six months of data collection. We acquire force and ultrasound data of the short-
axis cross-section of the carotid artery and surrounding tissue with the force-coupled ultrasound probe
[126]. While sitting upright, the subjects use the device on themselves while the researcher instructs
and operates the ultrasound and force data collection user interfaces. They perform a linear force
sweep from near O N to 15 N with the probe centered over the carotid at the base of the neck. 15 N is
chosen to avoid subject discomfort and to stay far away from complete carotid occlusion while still

capturing a wide force range.

It is imperative that good acoustic impedance matching and image clarity are confirmed.
Regarding acoustic impedance matching, before starting a recording and while the ultrasound probe is
contacting the skin in the same location as the recording, we confirm adequate ultrasound gel is present
at the contact pair of probe and skin and high intensity reflections are seen throughout the depth and

width of the live ultrasound images. Regarding image clarity, after an ultrasound recording is made, it is
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played back in its entirety while saving to disk. If blurriness is found during the playback or if the carotid
artery is found firmly to be in the far field (e.g. past the depth of the focal point which is shown as the
symbol between the bottom red dashed line and the 2-centimeter depth hashmark in Figure 4-6A,B),
the recording is deleted and a replacement is recorded. For a more quantitative metric of blurriness

guantification in ultrasound images please refer to previously published work [127].

Within five minutes after acquisition of the ultrasound and force data, an oscillometric blood
pressure cuff is used to capture brachial systolic and diastolic pressures. In postprocessing, given the
subject successfully performs the force sweep up to 15 N, a force is assigned to each ultrasound image,
the carotid artery in each ultrasound image within the force sweep range of interest is segmented, and
finally the carotid blood pressure is estimated by fitting the segmentation data with an iterative finite
element model optimization. Figure 4-1 is a flow chart which highlights the key points of this process

through segmentation.

The MIT Institutional Review Board approved this study under protocol number 1601370427.
Informed consent was obtained for all subjects of the study. All ultrasound images are acquired with a
LOGIQ E9 ultrasound system (General Electric Company; Boston, Massachusetts, United States) with the
9L linear ultrasound probe (General Electric Company; Boston, Massachusetts, United States). The force-
coupling casing is a custom designed retrofit to the 9L probe. Force is acquired by a LSB200 load cell
(FUTEK Advanced Sensor Technology, Inc.; Irvine, California, United States) and a CSG110 strain gauge
amplifier (FUTEK Advanced Sensor Technology, Inc.; Irvine, California, United States), then digitized by
the USB-6001 DAQ (National Instruments; Austin, Texas, United States). A LabVIEW (National
Instruments; Austin, Texas, United States) virtual instrument was previously designed to display and
record the force readings in real time. Brachial artery blood pressure cuff readings for each subject are
taken after the force-coupled ultrasound data is acquired with the oscillometric blood pressure cuff
model BP3MV1-3W (CVS Pharmacy, Inc.; Woonsocket, Rhode Island, United States). The synchronization
and segmentation algorithms are implemented in MATLAB 2018b (The MathWorks, Inc.; Natick,
Massachusetts, United States). The iterative inverse finite element modeling algorithms are
implemented with the finite element modeling software COMSOL 5.6 (COMSOL Inc.; Burlington,
Massachusetts, United States) and MATLAB 2020a (The MathWorks, Inc.; Natick, Massachusetts, United
States). The trainings of all convolutional neural networks are implemented in MATLAB 2021b (The

MathWorks, Inc.; Natick, Massachusetts, United States) [107].
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Figure 5-2: (A) Oscillometric brachial blood pressure cuff used as the noninvasive standard for comparison in the carotid blood
pressure study. (B) Blood pressure cuff recordings from the oscillometric cuff on the 42 subjects of the carotid blood pressure
study. Solid lines are drawn to identify Stage 1 Hypertension.

5.3 Analysis to Obtain Central Blood Pressure Estimate

The physiological parameters of the carotid artery are predicted by comparing observations to a
model. The numerical model mirrors what is observed in the ultrasound image. The model is perturbed
similarly to the force sweep acquisition and compared to observations. Consistent with previous
versions of this method, the forward problem solves a finite element model of a short-axis cross-section
for carotid artery deformation. Here, the finite element model is redesigned and expanded to more
accurately reflect carotid artery anatomy and physiology by using more inputs from the segmentation

over a wider range of forces and nonlinear material elasticities [106], [111].

5.3.1 Finite Element Forward Model

The finite element modeling software COMSOL is used. The model is observed in the COMSOL
GUI and then automated with the aid of the LiveLink software (COMSOL, Inc.) in MATLAB. The finite
element model design in terms of geometry, meshing, boundary conditions, and parameters is

described below.

A 20 cm by 6 cm rectangle with a circular hole and an annulus around the circle, as seen in
Figure 5-3, represents the nominal geometry. Within this short-axis cross-section, the hole represents

the carotid lumen and is placed in reference to the carotid segmentation data. The annulus represents
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the carotid wall and is 1 mm thick to reflect literature values. The remainder of the rectangular domain
represents the surrounding tissue. The smooth circular carotid lumen assumes the carotid wall to have
an unperturbed shape of a circular annulus and no asymmetric plaque distribution lining its interior. The
width of the modeled geometry is about 350 percent wider than the width of an ultrasound image to
prevent the left and right boundaries of the model from having an edge effect on what is going on at the

center [128], [129].

The height of the geometry is about 70 percent greater than the depth of the ultrasound image
and accounts for tissue compression that could be going on in deeper tissue. The size of the carotid
lumen in the model geometry is referred to as the unperturbed radius r of the carotid, which is a
hypothetical estimate of what the carotid radius would be if no forces were acting on the carotid and
there was zero transmural pressure between the lumen and the surrounding wall and tissue. The

geometry of the model is shown in Figure 5-3 [130].

The triangular mesh must capture the contact and the interaction between the annulus
representing the carotid wall and the rectangle representing the surrounding tissue. To achieve accurate
interaction at this contact boundary, the elements representing the carotid wall are at least twice as fine
as the elements representing the tissue. Finer elements are used in the vicinity of the carotid, where
smaller scale interactions take place and key measurements are made in the model, compared to the
surrounding tissue in the model, which are less significant. The meshing is depicted in Figure 5-3A [131],

[132].

The finite element model has fixed, free, and loaded boundary conditions. The bottom of the
model is fixed to anchor the model while the sides of the model are free, preventing unrealistic stress
from forming near the side boundaries. The loaded boundary conditions represent (1) the external force
of the ultrasound probe compressing from the top of the model for a segment of the length of the
ultrasound probe and (2) the blood pressure acting on the inner walls of the carotid artery. To improve
convergence of the forward model, both loads are numerically increased from zero to their intended
strengths over several steps. In Figure 5-3B, a blue line segment at the top of the model represents the
external force from the ultrasound probe and the symbol P; represents the blood pressure in the lumen

of the carotid [131], [133].
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The model’s material parameters approximate the tissue properties of the two distinct uniform
materials of the carotid wall and the surrounding tissue. The carotid wall has an exponentially strain-

dependent elastic modulus
E = Eoeag (51)

where E is the base elastic modulus, a is the exponential term, and ¢ is the absolute radial strain from
the unperturbed radius 1 [130]. The Poisson ratio used for the carotid wall is 0.46. The surrounding
tissue is modeled to be a modified version of COMSOL’s Ogden hyperelastic material based on success
of previous efforts to model soft tissue. COMSOL'’s input parameters for an Ogden hyperelastic material
are the bulk modulus K and the shear modulus. To simplify the tissue model and allow the tissue to
reliably stiffen in response to compression as seen in previous works, while also accounting for the
tissue stiffness values found in literature [134], the shear modulus is set equal to the bulk modulus.

Additionally, an external force-dependent linear adjuster to K is applied
K = KO + FextKl (52)

where K is the base bulk modulus, F,,; is the external force applied to the top of the model, and K; is
the linear dependency term. The two tissue stiffness parameters are assumed constant (K, =

75 kPa,K; = 4 x 10~° Pa/N) across all optimizations to avoid overfitting and because tissue
displacement is difficult to quantify given the tissue uniformity simplification in our forward model. A
sensitivity analysis to deviation from these assumptions can be found in Figure 5-4. The material

parameter terms are labeled in Figure 5-3B. The finite element model is summarized by the equation
f(Pl' E! K, Fext) = [dy] (53)

where f symbolizes the finite element model and [d, ] is a vector of vertical displacement of all the

elements of the model [124], [134]-[137].
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Figure 5-3: COMSOL generated triangular finite element mesh of carotid artery short-axis cross-section. (B) The external force
boundary condition is at the top of the model in blue. The tissue stiffness parameters (K0, K1), the carotid wall stiffness
parameters (EO, a), the carotid unperturbed radius (r0), and the carotid lumen pressure (Pl) are labeled. Optimization
parameters are labeled in red while constants are labeled in black.

5.3.1.1 Forward Model Input Parameter Sensitivity

We assess the estimation sensitivity to parameter perturbation for each of the parameters in
the iterative inverse finite element method. We allow -30% to +30% deviation from selected values near
initial guess values of each parameter. In Figure 5-4, each individual parameter is perturbed while
holding all other parameters constant. We observe that the estimation is most sensitive to 1y while P; is
moderately sensitive and a and K; are the least sensitive parameters. Moreover, K, and K; are least

verifiable because surrounding tissue deformation is least indicated by minor (vertical) axis radius, which
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is further reasoning for K, and K; being held constant across all force sweeps during inverse

optimization.
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Figure 5-4: A forward model sensitivity analysis for each of the parameters used to run the forward finite element model to
determine carotid artery deformation resulting from external force from a force-coupled ultrasound probe. They are varied
between -30% and +30% of the initial guess.

5.3.2 Iterative Inverse Model

The finite element model of the short-axis cross-section of the carotid artery is nested in an

iterative (inverse model) optimization process to select the pressure parameters of pulse pressure P,

and diastolic pressure Py, the carotid wall stiffness parameters Ey and «, and the unperturbed radius

parameter 1y. The scalar parameters combine to form a vector of parameters p. A Nelder-Mead simplex
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(downbhill simplex) method for unconstrained nonlinear optimization from MATLAB's optimization
toolbox, called “fminsearch”, is used on the force sweep to converge on values for each of these

parameters [40].
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Figure 5-5: Conceptual diagram of force-coupled ultrasound observation guided iterative inverse finite element modeling to
produce lumen pressure and wall stiffness parameter estimations

The dimensions of the carotid centroid of the nested forward model are initialized with the
segmentation data from the minimum force ultrasound image. Peak detection of the carotid vertical
radius signal determines the diastolic and systolic (minimum and maximum) frames of the segmentation
and the forces at those frames are used in the parametrized external force sweep. The carotid vertical
and horizontal radii in these frames are used to determine radial strain € used in the carotid wall
stiffness while only the vertical radii are used in the optimization’s cost function due to the relatively
higher accuracy of ultrasound imaging in determining depth compared to determining horizontal

position. Representative finite element model solutions and segmentation data are shown in Figure 5-6.
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Figure 5-6: (A) Forward model run with vertical axis displacement of elements color coded. The horizontal and vertical carotid
radii are labeled by x and y, respectively. (B) Segmented carotid artery in a force-coupled ultrasound image with x’ and y’
labeling the measured horizontal and vertical carotid radii, respectively.

Each iteration of the forward model uses all the diastolic and systolic points in the force sweep,
25 cycles of each on average, and serves to reduce the difference between the vertical axis radii of the
carotid observed in segmentation with what is predicted in the forward model output, as illustrated in

Figure 5-6. In the nested forward model equations:
fm(PdlEO'a'rO'Fd»Sd) = Dd (54)
fm(PprPd:EO' a,To, F:?'SS) = DS (55)

fm symbolizes the nested forward finite element model, F; and F; are vectors of the external force by
the force coupled ultrasound, S; and S are the observed segmentation data, and D; and D, are the
diastolic and systolic difference vectors between observed vertical axis radii in the segmentation and
the predicted vertical axis radii in the forward model. Due to observation uncertainty in the
segmentation of the carotid, any element in either difference vector with a magnitude of less than 0.2
mm is set to zero (additional observation uncertainty notes are found in Figure 5-7). The scalar cost

function minimized over the optimization is:
Cost =D, + DZ, + CR} (5.6)

where Dé,z is the L2 norm squared the vector D, DSZ'2 is similar but for systole, R% is the regularization

term, and C is a scaling constant of value 10™# to allow the difference terms and the regularization
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terms to be at roughly the same order of magnitude. The regularization term is used to penalize
parameter ranges that are beyond the physiological ranges expressed in the literature for carotid
pressure and wall stiffness [130], [138]. The regularization term equation is:

R2 =Y, (%)2 (5.7)

where i is the parameter index, p; a parameter, and A(p;) the distance from the nearest boundary of
the parameter’s penalty-free range. If all parameter values are within their respective penalty-free
ranges, the regularization term is zero. Initial values are within these ranges. The penalty-free bounds
for 1y and tissue stiffness values are determined empirically. 1y is a theoretical dimension, unobservable
in a live subject. The initial guess for 1y, 1 5¢4 in Table 5-1, is determined from the segmentation data to
be the radius at the point in the force sweep where there is the largest difference in radial strain
between diastole and systole. The initial values and regularization penalty free bounds for each
parameter are displayed in Table 5-1. To account for the hydrostatic pressure difference due to the
height above the heart at which the force-coupled ultrasound images are taken at the base of the neck,
8 mmHg, corresponding to about 11 cm of height, is subtracted from the initial guess and regularization

bounds and then added back to the converged diastolic pressure [41].

Table 5-1: Iterative inverse model parameter initial guesses and regularization penalty-free bounds.

Parameter Units Initial Guess Regularization Penalty-Free Regularization Penalty-Free
Lower Bound Upper Bound
P, mmHg 31 18 44
P, mmHg 75 (67) 64 (56) 94 (86)
E, kPa 20 15 180
o - 3.0 2.5 4.5
To mm To,seg 2.5 3.5

From this optimization, diastolic and systolic pressure are estimated. Systolic pressure is the
sum of diastolic pressure and pulse pressure and can be checked against the blood pressure cuff
measurement. A subsequent optimization runs with the converged carotid wall and surrounding tissue
stiffness parameters being used as known values while only optimizing over lumen pressure P; (blood

pressure). For each frame the carotid is segmented, the nested forward model and cost equations are

fm,k(Pl,k) = Dy (5.8)

Cost = D + CA% (5.9)
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where subscript k denotes the frame. Dy, is the difference between observed and predicted vertical axis
radii for the frame. C is the same scaling factor as the antecedent optimization (10™%). /1%( is the
regularization term calculated by

2
A2 = (M) (5.10)

Pk

A(Pyy) is the distance from the nearest boundary of the penalty-free range [Py, Py + P,] which are the
diastolic and systolic converged values from the antecedent optimization. The output of this
optimization is a sampled carotid blood pressure wave with a sample rate equal to the frame rate of the

ultrasound image sequence.

5.3.3 Uncertainty Quantification

In solving for the pulse pressure, diastolic pressure, and other optimization parameters, one
must solve an inverse model where a forward finite element model predicts deformation of the carotid
artery based on the parameter inputs and an external force. The model adjusts according to distance
differences between this deformation and what is observed at the same force from segmentation of
force-coupled ultrasound images. In determining these differences, we note that there is inherent
uncertainty in the segmentation methodology due to the pixel resolution of the image and the range of
pixel intensities where our segmentation algorithm draws the ellipse boundaries signifying the carotid
wall. This range has been found to be between 0.30 and 0.55 of grayscale pixel intensity where zero is
black and one is white. We have deduced that this transition usually takes place over 3 pixels or 0.2 mm.
Therefore, when measuring differences between the deformed carotid radius in the forward model
output and those measured in the segmentation data, differences of less than 0.2 mm are set to zero

when calculating the cost function for a given iteration of the inverse model.
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Figure 5-7: (A) Processed and segmented carotid artery in the same image. (B) Zoomed in section of segmented carotid artery
highlighting the uncertainty range between pixel intensities 0.30 and 0.55 on a zero to 1 grayscale. (C) Finite element forward
model convergences showing relative error threshold. The units for the y-axis is meters.

5.4 Central Blood Pressure Estimation Results

20 relatively high-quality segmentations, each from a different subject, are chosen to go through
the optimization. Their converged parameters are recorded in Table 5-2 along with the initial guesses
for the optimization. We note that only force and ultrasound data is used to produce the converged
parameters, including systolic and diastolic pressure, despite known positive correlation between age
and blood pressure. On the other hand, to assess the accuracy of the carotid blood pressure estimates
relative to the blood pressure cuff measurements, we first estimate carotid systolic blood pressure
based on the brachial systolic blood pressure cuff value and age. Diastolic pressure is assumed equal in
the carotid and the brachial arteries in the same individual. We use the systolic cuff value and the age of
each of the volunteers to generate the cuff-derived carotid systolic pressure from a lookup table from a
previous study which derives a carotid blood pressure wave via a diastolic brachial blood pressure cuff
measurement, ultrasound measurements at the carotid artery and an assumption of constant

compliance of the carotid artery wall [138]—[140].

113



Table 5-2: Initial guess and converged parameter values for 20 volunteers’ force sweeps

# Age EO a L) Pd Pd,cuff |A|d Ps Ps,cuff,adj |A|s
Range | (kPa) (mm) | (mmHg) | (mmHg) | (mmHg) | (mmHg) = (mmHg) | (mmHg)
(yrs)

1 20-29 20 4.5 2.5 73 75 2 117 110 7
2 20-29 31 2.5 3.0 66 78 12 103 103 0
3 20-29 19 4.1 3.5 83 77 6 116 126 10
4 70-79 15 3.6 3.9 95 108 13 129 129 0
5 40-49 33 2.9 3.5 93 91 2 121 109 12
6 20-29 29 2.5 3.1 70 82 8 109 115 6
7 20-29 29 2.9 2.7 65 71 6 102 103 1
8 60-69 32 3.1 3.5 74 78 4 105 113 8
9 20-29 34 3.2 2.5 80 81 1 111 104 7
10 | 20-29 28 2.5 2.7 74 74 0 118 115 3
11 | 70-79 15 2.5 4.5 96 84 12 129 130 1
12 | 20-29 27 3.0 2.5 66 76 10 101 109 8
13 | 20-29 29 2.8 3.1 76 88 12 111 117 6
14 | 20-29 30 3.0 2.9 74 79 5 108 116 8
15 | 60-69 15 3.5 3.6 94 92 2 134 125 9
16 | 60-69 30 3.0 3.1 75 76 1 106 105 1
17 | 20-29 19 3.4 2.9 76 75 1 120 123 3
18 | 20-29 23 2.6 3.0 95 79 16 130 131 1
19 | 20-29 32 3.2 3.0 64 61 3 98 81 17
20 | 20-29 31 3.1 2.9 80 77 3 116 112 4

We observe strong positive correlations and average absolute errors within 10% of the blood
pressure cuff-derived values for both diastolic and systolic estimates in Figure 5-8. For diastolic
estimates in Figure 5-8A,B, a correlation coefficient r = 0.70, an average error of -1.6 mmHg, and an
average absolute error of 6.4 mmHg are found. For systolic estimates in Figure 5-8C,D, a correlation
coefficient r = 0.80, an average error of 0.4 mmHg, and an average absolute error of 5.6 mmHg are
found. We note that these average absolute errors are slightly greater than the American Medical

Association standard of 5 mmHg [141].

We perform a simple sensitivity analysis on 1, for all 20 force sweeps which went through the
optimization. We find for a perturbation of plus or minus 0.1 mm in the 1y initial guess, none of the
force sweeps experienced changes in their converged parameters. We also find that when the
converged value of 1 is adjusted by one percent (around 0.03 mm) and allow for convergence of the
other parameters, all of the converged cost values increased. Finally, when we adjust all converged
parameters by one percent, we find the average cost function increase to be 53 percent. This sensitivity
analysis indicates our inverse problem is relatively convex and well-conditioned given its inputs. Error

bars are drawn in Figure 5-8A,C to show how much the diastolic and systolic pressures need to be
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changed to display a discernable increase in the cost function without regularization penalties ((0.2

mm)? = 0.04 mm?).
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Figure 5-8: (A) Correlation plot comparing brachial cuff diastolic measurements with converged diastolic values from the
inverse optimization. (B) Bland-Altman plot comparing brachial cuff diastolic measurements with converged diastolic values
from the inverse optimization. (C) Correlation plot comparing adjusted brachial cuff systolic measurements with converged
systolic values from the inverse optimization. (D) Bland-Altman plot comparing adjusted brachial cuff systolic measurements
with converged systolic values from the inverse optimization.

Figure 5-9 shows a sampled blood pressure wave of one of the volunteers for about 4 cardiac
cycles as output by the subsequent optimization to determine a sampled carotid blood pressure wave.
Quick expansion and slower relaxation are visible with dicrotic notches somewhat visible on the first,
third, and fourth cardiac cycles. The systolic and diastolic estimates from the sample pressure wave are
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consistent across the cardiac cycles despite a ramped external force and a further compressed carotid

with increasing force between the first cardiac cycle and the last.
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Figure 5-9: Reconstructed carotid blood pressure wave from the second optimization.

On average, each iterative inverse optimization takes about 10 hours to run on a Dell desktop

computer running Windows 10 Enterprise with a 3.4 GHZ quad-core processor and 16 GB of RAM.

5.5 Discussion

We present a calibration-free, automated force-coupled ultrasound computational method to
estimate carotid artery blood pressure along with less verifiable parameters such as carotid wall
stiffness. Compared to previous versions of the method, the automation allows data processing to run
without any monitoring or manual input, making it far more easily deployed, and the inverse model
does not need blood pressure cuff calibration to provide an accurate estimate of blood pressure. We
summarize the progress made with the current methodology compared to previous methodology of
force-coupled ultrasound estimation of carotid blood pressure. We then consider limitations to our
current methodology and examine how they propagate through subsequent modules to affect the result
of carotid blood pressure estimation. We also examine ways to mitigate these limitations. Finally, we

describe potential future application of our technology with emphasis on safety concerns.
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The synchronization algorithm implemented by synchronizing a raw force signal with an optical
flow signal derived from ultrasound images is automated and accurate. Most primary synchronization
failures are automatically fixed through a secondary synchronization method. Our segmentation
automatically initializes by means of a developed carotid detector. It has similar accuracy to past
segmentation algorithms for B-mode images of the short-axis cross-section of the carotid and is without
large segmentation errors [106], [120], whether the carotid is highly circular or compressed to be more
of a horizontal oval. This segmentation is also able to segment more irregularly shaped veins at various
levels of compression [110]. The region growing approach makes the segmentation quite generalizable

to segment any short-axis image of a blood vessel of at least moderate size.

The iterative inverse finite element optimization approach takes segmentation data as inputs to
estimate carotid blood pressure in addition to carotid wall stiffness and surrounding tissue stiffness
parameters. A subsequent optimization of just blood pressure produces a sampled carotid blood
pressure wave. In comparing the systolic and diastolic pressure outputs from the optimization with the
brachial blood pressure cuff, we find similar, if not slightly smaller, error to past calibrated force-coupled

ultrasound approaches [106], [111], here without any calibration from the blood pressure cuff.

5.5.1 Limitations

Although our approach yields strong positive correlation and average error of less than 10
percent when compared with the blood pressure cuff, we note that our average error is greater than 5
mmHg. Upon closer examination, there are multiple examples of error greater than 10 percent and
other studies indicate that the blood pressure cuff is able to predict central blood pressure with a
notably stronger correlation than ours [82], [141], [142]. To help our method achieve medical level

accuracy, we now discuss various error sources to address.

The synchronization module is largely successful in that, given a standard commercial
ultrasound probe and system, it correctly assigns forces to ultrasound images for virtually all force
sweep datasets, providing reliable data to be segmented. Rare persisting synchronization errors occur
largely because the operator of the device (the subject) provides low quality synchronization
compressions before and after the force sweep. This problem could be mitigated in the future by

providing automatic feedback to the operator when insufficient compression was applied. That said, the
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synchronization procedure would be unnecessary if force measurement occurred within the ultrasound
system such that the force signal and ultrasound images are subject to the same clock via a hardware

connection, easing overall convenience of the methodology.

The carotid detection to initiate segmentation experiences very few errors, none of which are
significantly consequential or result in the wrong object being segmented throughout the force sweep.
The shortcomings of our segmentation algorithm lie in the noise seen in carotid vertical radius tracking
during force sweeps and the manual carotid detection necessary at the beginning of a force sweep.
Some ultrasound-based carotid measurements employ the radiofrequency (RF) signals upstream in the
ultrasound signal processing from B-mode image formation [143], [144]. These methods track the strong
deflections of the anterior and posterior walls of the carotid and can clearly see more subtle elements of
the arterial pressure wave such as the dicrotic notch. Future work in force-coupled ultrasound carotid
segmentation would benefit from combining the RF approach with the B-mode approach to track the
anterior and posterior walls with a high sample rate and spatial resolution while also being able to trace
the perimeter of the carotid for any ultrasound image obtained. These improvements should allow a
blood pressure wave with more accuracy and a higher sample rate to be calculated after our inverse

optimizations.

Several potential error sources in the finite element modeling must be explored before this
approach can obtain accuracy up to the American Medical Association standard [141] as there is
substantial variation in our measurement. A major assumption made in the finite element forward
model is that the surrounding tissue of the carotid is a uniform Ogden hyperelastic material. The tissue
surrounding the carotid is quite diverse, consisting of the sternocleidomastoid muscle, the thyroid, and
internal jugular vein. This diversity causes observable asymmetric deformation of surrounding tissue
despite a relatively uniform external compression executed by the force-coupled ultrasound probe,
implying nonuniform elastic properties of the surrounding tissue. Not accounting for this nonuniformity
of tissue and its variation across different subjects leads to error in our blood pressure estimation. A
more detailed optical flow or speckle tracking approach could help inform the finite element model
generation of nonuniform surrounding tissue [145], [146]. Nonuniform tissue in the finite element
model would also allow for slight horizontal movement of the carotid within the center horizontal third,
which is observed in segmentation data, to be reflected in the forward model. Additionally, 3-

dimensional ultrasound imaging could provide more observation of surrounding tissue and its
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interaction with the carotid artery, allowing one to discern the angle of incidence of the ultrasound

probe and the long axis of the carotid artery while also observing the short axis compression [147].

Compared to the blood pressure cuff, it has the potential to be used on arteries, such as the carotid, for
which a blood pressure cuff cannot safely or practically function. However, the blood pressure cuff has
its own accuracy questions as it is often found to have errors of 5 mmHg or more [41], [82], [141], [148],
[149]. There is also added uncertainty when estimating carotid systolic pressure from brachial systolic
values with only the age demographic and without a cuff-generated pulse pressure waveform [138],
[142], [144]. That said, using any model to convert from brachial blood pressure to carotid blood
pressure is inferior to directly measuring carotid blood pressure. Perhaps a more practical invasive
verification of the accuracy of our method would result from combined comparison to the invasive

radial artery line [150] and noninvasive estimates of central blood pressure [90], [142].

Other sources of error for our carotid blood pressure estimation concern our method of data
collection. First, having a subject sit upright introduces a significant hydrostatic pressure difference
between the aortic valve and the carotid artery. This difference is accounted for by assuming a
hydrostatic pressure difference in our calculations which is dependent on height of measurement above
the aortic valve, which can vary among individuals. This orthostatic position could introduce motion
artifacts of accidentally sliding the force-coupled ultrasound higher on the neck and shifting the carotid
off center during the force sweep. These motion artifacts are not easily accounted for. Large movements
of the carotid off center during the force sweep can be observed from carotid segmentation. Instruction
to keep the ultrasound probe at the same height throughout the force sweep is provided while the
sliding upward is possible but more difficult to observe in postprocessing. Second, error sources
associated with brachial-cuff measurement, such as heavy respiration and inconsistent or dynamic
orthostatic positioning, can occur despite instruction of best practices [151]. Hence, even normal
breathing can slightly alter blood pressure [152], [153]. Third, true blood pressure could change in the

time between the force-coupled ultrasound data capture and the cuff measurement [154].

When considering processing time, finite element iterative inverse optimization could be sped
up from about 10 hours to about 3 seconds by running a Monte Carlo simulation across all input
parameters to the model, storing all the converged outputs and interpolating a table-lookup method
when introduced to new data. This rapid method is executed in a past version of this method with
different data, different forward model, and different iterative inverse methodology [106].
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5.5.2 Future Application Considerations

To be applied in practice in the future, our method will not only have to become more accurate,
but also more simplified for the user. Specifically, synchronization of force and ultrasound should occur
in real time via wire connection of force measurement electronics to an ultrasound system to remove
the need to apply synchronization compressions before an after the force sweep. Also, guidance should
be provided to the user in real time to ensure proper imaging of the carotid artery is occurring. Lastly,
postprocessing should happen on the ultrasound system and produce a carotid pressure result in a

similar time frame to an oscillometric cuff.

In considering the application of force-coupled ultrasound for other hemodynamic
measurements, the approach has potential for noninvasive jugular venous pressure estimation, as one
recent proof-of-concept study has shown [155], a measurement field in which noninvasive standards are
less accurate than their arterial counterparts [92]. Furthermore, the carotid and jugular short-axis cross-
sections are nearly always visible in the same ultrasound image, which allows for simultaneous and
automated segmentation [156]. Thus, it is feasible for future simultaneous carotid arterial pressure and

jugular venous pressure estimation.

5.5.3 Safety Considerations

In concert with thinking about future application of our methodology, the safety of this method
should be considered, especially given a high-risk patient as opposed to the healthy subjects of this
study. Carotid artery full occlusion reducing cerebral perfusion is virtually impossible given the high
pressure and stiffness of the carotid preventing occlusion and the Circle of Willis providing alternate
avenues for oxygen perfusion in the event of one common carotid occlusion [41]. Although the site over
the carotid where we measure is not typically an atheroprone area, compressing the carotid poses the
risk of dislodging plaque which could migrate to the brain and potentially cause a stroke. Despite low
risk of this happening, it is nonzero in high-risk patients. Further reducing the maximum force applied by
the ultrasound probe down from 15 N should reduce this risk by decreasing the amount of strain the

inner walls of the carotid experience [41].
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5.6 Summary

We develop an automated force-coupled ultrasound method to estimate carotid arterial blood
pressure without calibration. We synchronize force and ultrasound by an optical flow-derived signal
generation and a peak detection synchronization method. After detecting the carotid using a
convolutional neural network trained detector, we segment it across the relevant frames of a force-
sweep through a region growing approach. Finally, we use segmentation observations to solve an
iterative inverse finite element optimization problem to estimate carotid blood pressure. We find strong
correlation and low error when comparing diastolic and systolic estimates to those derived from blood
pressure cuff measurements. Our method has the potential to be developed further for more accuracy

and speed and applied to a wider range of cardiovascular health problems.
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Chapter 6 — Force-coupled Ultrasound Imaging of Large Superficial Leg

Veins

We quantitatively explore the compressibility of the thigh and calf great saphenous vein (GSV)
and the femoral vein using force-coupled ultrasound imaging to sense the amount of force necessary to
completely occlude each leg vein, the collapse force, in different orthostatic positions. Collapse force is
measured by noting the lowest force at which the cross-sectional area of the vein is below the collapsed
area threshold of 0.5 mm?. In one healthy individual, we measure collapse force in supine and standing
positions for the calf GSV, the thigh GSV, and the femoral vein. In ten healthy individuals we measure
collapse force in supine position for the calf GSV, the thigh GSV, and the femoral vein and in the
standing position for the thigh GSV. We find that cross-sectional area and hydrostatic pressure both
correlate strongly with higher collapse force measurements with a lowest measured collapse force of
about 1 N in the calf GSV while supine and a highest collapse force of over 45 N in the femoral vein while
standing. Furthermore, through shear wave elastography, we deduce increases in stiffness from

observed increases in shear wave speed in tissue surrounding the thigh GSV.

6.1 Introduction

Cardiovascular disease is presently the leading cause of death of Americans and the leading
natural cause of death in American veterans [157], [158]. Within this large clinical classification is venous
disease which covers pathologies of the veins which passively return deoxygenated blood to the heart
[41]. Types of venous disease include, but are not limited to, venous insufficiency and thrombosis.
Venous insufficiency causes veins to be unable to efficiently return blood to the heart most often
causing pooling of blood in the leg veins. Thrombosis is the formation of blood clots in the veins which
can potentially migrate into the heart and arterial system, resulting in obstruction of blood flow to vital
areas [159]. Ultrasound imaging plays a large role in real-time detection of both venous insufficiency and
thromboses [160], [161]. Force-coupled ultrasound imaging allows one to know the force applied by the
ultrasound probe to the area being imaged. It has been applied to imaging the carotid and brachial
arteries to estimate arterial blood pressure and the internal jugular vein to estimate venous pressure
[109], [112], [155], [162]. Since veins are compressible, it is possible and often quite easy to completely
occlude a vein of interest noninvasively with the imaging surface of the ultrasound probe and measure
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the force necessary to do so — the collapse force. In the internal jugular vein, the collapse force has
proven to be highly predictive of venous pressure for a wide range of venous pressures in several
different individuals [163]. Furthermore, shear wave elastography yields stiffness estimates of tissue by
measuring the speed of transverse shear waves traveling laterally in a defined area of an ultrasound

image, providing a method of assessing stiffness of tissue surrounding blood vessels [25], [28].

In this study, we, for the first time, examine collapse force with force-coupled ultrasound
imaging of leg veins. We focus specifically on the great saphenous vein (GSV) in the thigh and in the calf
and on the femoral vein in the orthostatic positions of standing upright and lying supine. We also
employ force-coupled ultrasound combined with shear wave elastography to assess the stiffness of
tissue surrounding the leg veins as a function of force, which gives us a viewpoint from which to

evaluate compressibility and elasticity assumptions often made for soft tissue.

6.2 Methods

Here we describe the data collection and data processing methods for finding the collapse force
of different leg veins in different orthostatic positions. We collected data on 10 healthy subjects in a
study approved by the MIT Institutional Review Board. For each subject, a relevant blood vessel is
localized by an expert using ultrasound imaging. Three quick compressions are provided to the vessel,
then between five and eight slower compressions ensuring full occlusion of the vessel occur, then three
more quick compressions occur. The three quick compressions before and after the slow compressions
are used to synchronize force and ultrasound, in that a force is assigned to each ultrasound image, with
similar methodology to previous work [109]. The slower full compressions are used to estimate collapse
force. Hence, the vein will collapse at some force within the slow full compression. The aim is for force
to increase linear with time during a compression. When transitioning from standing to supine, we wait
a minimum of 60 seconds before image capture begins and tell subjects to be still while standing. We
divide the data capture into regions only useful for synchronization and regions useful for collapse force
measurement in Figure 6-1. Depending on the vessel and the orthostatic position, the force application

required to collapse the vein will vary greatly.
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Figure 6-1: (A) Data capture force measurement from the thigh GSV of subject 1 in the supine position. (B) Data capture force
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measurement from the femoral vein of subject 1 in the standing position. Blue vertical lines divide synchronization regions from

collapse force region.

The collapse force is found by noting the minimal force at which the cross-sectional area of the

vein of interest, measured in segmentation, is less than 0.5 mm?. The segmentation consists of a region

growing step followed by an active contour based point optimization step. When the leg vein is close to

complete occlusion, only the region growing step is performed to estimate area. This methodology is

further explained in previous work [163].

124



Figure 6-2: Calf GSV segmentation in subject 1. (A) Segmented calf GSV in open state. (B) Segmented calf GSV in collapsed state.
The blue lines signifies region growing and active contour segmentation was performed and the magenta lines signify only
region growing was performed. The numbers on the right side of each image signify depth in centimeters.
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Figure 6-3: Thigh GSV segmentation in subject 1. (A) Segmented thigh GSV in open state. (B) Segmented thigh GSV in collapsed
state. The blue lines signifies region growing and active contour segmentation was performed and the magenta lines signify
only region growing was performed. The numbers on the right side of each image signify depth in centimeters.
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Figure 6-4: Femoral vein segmentation in subject 1. (A) Segmented femoral vein in open state. (B) Segmented femoral vein in
collapsed state. The femoral artery is just above the femoral vein in the images. The blue lines signifies region growing and
active contour segmentation was performed and the magenta lines signify only region growing was performed. The numbers
on the right side of each image signify depth in centimeters.
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Force-coupled shear speed images are generated by holding the force-coupled ultrasound probe
at a relatively constant force while the shear speed image is being calculated (about 2 seconds) and then

assigning the force to that image through synchronization [109].

6.3 Results

We first observe collapse forces in the calf GSV, thigh GSV, and femoral vein in the supine and
standing positions. Figure 6-5 contrasts distributions of standing and supine collapse forces in the calf
GSV, thigh GSV, and femoral vein in the same subject. We note that the thigh GSV has a larger increase
in average collapse force from supine to standing than the calf GSV. Furthermore, the femoral vein has
the largest increase in collapse force from supine to standing. We also note that the mean collapse force
for calf GSV in the supine position is lowest and the mean collapse force for the femoral vein in the
supine position is highest among supine collapse force. We also note that the range of collapse forces

for the standing thigh GSV is about 20 N within the same subject.
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Figure 6-5: (A) Distribution of supine and standing collapse forces for the calf GSV of subject 1. (B) Distribution of supine and
standing collapse forces for the thigh GSV of subject 1. (C) Distribution of supine and standing collapse forces for the femoral
vein of subject 1.

In Figure 6-6, we confirm that most of these trends hold in a population of ten subjects but only

use the thigh GSV for standing collapse force measurements. Furthermore, we note that the average
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minimal compression force diameter of calf GSV, thigh GSV and femoral vein across the subjects was

measured to be 0.25 cm, 0.40 cm, and 1.0 cm, respectively.
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Figure 6-6: (A) Box and whisker plot of collapse force data on 10 subjects for the thigh GSV in the supine position. (B) Box and
whisker plot of collapse force data on 10 subjects for the calf GSV in the supine position. (C) Box and whisker plot of collapse
force data on 10 subjects for the femoral vein in the supine position. (D) Box and whisker plot of collapse force data on 10
subjects for the thigh GSV in the standing position. The red center line signifies the median collapse force. The top and bottom
horizontal blue lines represent the 75t and 25t percentile collapse forces, respectively. The top and bottom black lines
represent the maximum and minimum collapse forces which are not outliers. The red pluses represent outliers.

We next observe how shear speed in the tissue around the thigh GSV in subject 10 changes in
response to increased external force. In Figure 6-7, we observe that the shear speed in the image is
higher when the thigh GSV is collapsed than when it is open. The thigh GSV is collapsed at a higher
external force than when it is open. We next calculate the average shear speed in each force-coupled

shear-wave image.
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Figure 6-7: (A) Shear wave speed color map scale with a maximum measurable speed of 7.1 meters per second. (B) Shear wave
speed image of the thigh GSV of subject 10 in the open state with low force. (C) Shear wave speed image of the thigh GSV of
subject 10 in the collapsed state with high force.

We observe in Figure 6-8 that the average shear speed increases with increasing external force.
We find a second order polynomial is able to well-approximate the relationship between average shear

speed and external force applied by the force-coupled ultrasound probe.
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Figure 6-8: Average shear speed data as a function of force for subject 10 fit with a second order polynomial.
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6.4 Discussion

In this study, we seek to investigate how collapse force is altered in different leg veins and in
different orthostatic positions of supine and standing for a single healthy subject and a population of ten
other healthy subjects. With respect to orthostatic positions, it is known that hydrostatic pressure in leg
veins increases immensely when transitioning from supine to standing [41]. We see a concomitant
increase in collapse force for each of the leg veins tested in every subject when transitioning from
supine to standing, as observed elsewhere with respect to cuff occlusion pressure of the femoral artery

[164].

Cross-sectional area also seems to correlate highly with collapse force as the femoral artery
presents much higher collapse forces than the great saphenous vein in supine and standing positions.
This is observed even though the thigh GSV and the femoral vein are measured at the same height. The
calf GSV should have a higher hydrostatic pressure than both the femoral vein and thigh GSV given
venous pumps are not activated through muscle activation around the leg veins. In fact, when
considering Figure 6-1B and Figure 6-5C and noting that the maximum force measurement the load cell
used is capable of is about 45 N, we can deduce that the true collapse force of the femoral artery in the
standing position is likely higher than what is implied by these two figure panels. Yet, the lack of valves
in the femoral vein as opposed to the presence of valves throughout the GSV present a confounding
variable. It is also possible that the pressure is far higher in the femoral vein while standing than it is
anywhere in the thigh or calf GSV. Vessel depth is another variable which likely correlates with collapse
force, independent of lumen pressure, but like with cross-sectional area, there is not enough evidence

to confirm this trend.

We also looked at shear speed estimates with force-coupled ultrasound imaging for the first
time. The force measurement represents a stress applied to the tissue. Soft tissue stiffness has often
been characterized using Young’s modulus, implying a linear stress-strain relationship [165]. However,
we show here that since shear speed correlates with shear modulus and shear modulus correlates with
Young’s modulus, soft tissue stiffness is observed to increase with increasing stress, implying a Poisson
ratio less than 0.5 and compressibility. Therefore, linear elastic modeling may be a convenient and easy
way to model soft tissue, but it is not the most accurate way, especially compared to hyperelastic tissue

models [124], [136].
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6.5 Summary

Here we utilize force-coupled ultrasound imaging of the great saphenous vein and the femoral
vein to measure collapse force in healthy subjects in supine and standing positions. We note a marked
increase in collapse force in relationship to leg vein hydrostatic pressure and suspected correlation of
collapse force with cross-sectional area and depth from the surface of the skin. We also observe
increases in shear speed when increasing force to compress the thigh GSV. We look to continue collapse
force experiments of leg veins with hopes of providing key insights in the detection of venous

insufficiencies and thromboses in a quantitative manner.
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Chapter 7 — Central Venous Pressure Estimation from Force-coupled

Ultrasound Imaging of the Internal Jugular Vein

We estimate central venous pressure (CVP) with force-coupled ultrasound imaging of the
internal jugular vein (1JV). We acquire ultrasound images while measuring force applied over the IJV by
the ultrasound probe imaging surface. We record collapse force, the force required to completely
occlude the vein, in 27 healthy subjects. We find supine collapse force and jugular venous pulsation
height (JVP), the clinical noninvasive standard, have a linear correlation coefficient of r>=0.89 and an
average absolute difference of 0.23 mmHg when estimating CVP. We perturb our estimate negatively by
tilting 16 degrees above supine and observe decreases in collapse force for every subject which are
predictable from our CVP estimates. We perturb venous pressure positively to values experienced in
decompensated heart failure by having subjects perform the Valsalva maneuver while the 1JV is being
collapsed and observe an increase in collapse force for every subject. Finally, we derive a CVP waveform
with an inverse three-dimensional finite element optimization that uses supine collapse force and

segmented force-coupled ultrasound data at approximately constant force.

7.1 Introduction

Congestive Heart Failure (CHF) is a clinical syndrome in which the heart’s pumping ability
decreases, leading to fluid buildup in the circulatory system. It currently affects about 6.2 million people
and is recorded on about 380,000 death certificates annually in the United States [157]. In heart failure
progression, this fluid buildup, which increases venous pressure, begins as the circulatory system’s way
of compensating for a decreased pumping ability in order to maintain adequate cardiac output to
perfuse the organs with oxygen [41]. Decompensated heart failure occurs when the increase in fluid
volume is no longer able to maintain cardiac output, initiating a vicious cycle of continually increasing
fluid volume despite eventually detrimental effects to cardiac output [41], [166]. At this point, venous
pressure is high enough to release fluid from the circulatory system, causing peripheral and pulmonary

edema, which can lead to death [41], [67], [167].

Treatment for elevated venous pressure in decompensated heart failure involves administration
of diuretics informed by central venous pressure (CVP) measurement [75]. The gold standard for CVP

assessment is direct measurement of pressure in the superior vena cava or right atrium with
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catheterization [168], [169]. However, noninvasive assessment is often chosen unless the patient is
already catheterized [75], [169]. The standard noninvasive venous pressure measurements are jugular
venous pulsation height (JVP) measurement and inferior vena cava diameter measurement [92], [102].
Although rooted in physiological principles, these methods fall short of achieving a reliable noninvasive
standard to guide treatment decisions compared to their arterial pressure counterpart, the brachial
blood pressure cuff, which has a methodology not replicable in veins [82], [102], [170], [171]. There
have been several attempts to improve venous pressure assessment in recent years, especially in the

field of medical ultrasound [125], [172]-[175].

Force-coupled ultrasound is a technique which combines ultrasound imaging with simultaneous
measurement of the force applied by the imaging surface of the ultrasound probe to the skin over the
image plane [116], [162], [166]. This technique has had moderate success in the accurate estimation of
blood pressure in the carotid artery in which the carotid artery is never close to being fully collapsed
[106], [109], [111]. Additionally, a force-coupled single-element ultrasound study shows that changes in
mean jugular venous pressure can be sensed by measuring the force necessary to completely occlude
the internal jugular vein (1JV) [155]. A Korotkoff blood pressure cuff (sphygmomanometer) estimates
systolic and diastolic brachial blood pressure by recording the maximum (systolic) and minimum
(diastolic) cuff pressures at which the sound of artery wall opening-from-collapse action occurs [176].
While acknowledging that symmetric application of external pressure to the 1)V is not feasible, we
believe asymmetric compression of the 1JV with force-coupled ultrasound imaging should be studied as
a venous analog to the Korotkoff cuff [41]. The IJV is of lower pressure and stiffness than any of its
surrounding anatomical landmarks, which should allow for its compression at a lower force than what
would compress other surrounding tissue. Additionally, since there is no valve in between the 1JV at the
base of the neck and the right atrium, the pressure waveform of the right atrium should be reflected in

that of the IV [41].

Here we compare force-coupled ultrasound compression of the IJV to a quantitative version of
the noninvasive standard JVP measurement in the same subjects in the supine position and when
elevated to a small angle above supine. We have healthy subjects perform the Valsalva maneuver to
artificially increase venous pressure to the range measured during decompensated heart failure [41],

[177]. Finally, we use the correlation of supine collapse forces to JVP measurements and force-coupled
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ultrasound 1)V area measurements to derive a jugular venous pressure waveform in an effort to identify
components of the right atrial pressure waveform.

7.2 Data Collection

Our study involves obtaining force-coupled ultrasound data on the left internal jugular veins of
27 healthy volunteers. The MIT Institutional Review Board approved this study under protocol number

2007000193. Informed consent was obtained for all subjects of the study. All data collection is

noninvasive and is carried out in accordance with subject anonymity and minimal risk practices.

Table 7-1 includes deidentified subject population details. While ensuring that the long axis of

the 1)V is perpendicular to the compression of the short-axis seen in the ultrasound images, as
diagrammed in Figure 7-1, each 1JV is compressed to complete occlusion under various conditions:
breathing normally while supine, breathing normally while elevated (negative venous pressure

perturbation), and performing the Valsalva maneuver while supine (positive venous pressure
perturbation).
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Figure 7-1: (A) 3-D rendering ultrasound image showing orthogonality of transverse image plane with the long-axis of the

internal jugular vein. (B) 3-D rendering ultrasound image showing lack of orthogonality of transverse image plane with the long-
axis of the internal jugular vein. Long-axis view imaging shows unevenness of long-axis indicating further lack of orthogonality.
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Table 7-1: Subject data population and results. The sixth column is the noninvasive jugular venous pulsation height
measurement while the last three columns are the experimental collapse force measurements. Dashes in the last three
columns indicate no collapse force is obtained for the given condition and subject.

Subject | Age Sex Height | BMI Jvp Supine Collapse 16-Deg Collapse Valsalva Collapse
Number | (years) | (M/F) | (cm) (kg/mz) (mmHg) | Force (N) Force (N) Force (N)
1 31 M 173 25.1 3.1 7.4 3.6 14.3
2 32 M 168 26.6 2.0 5.0 - 24.7
3 28 M 183 23.7 3.2 8.0 4.1 -

4 30 M 170 215 2.1 4.3 3.2 -

5 64 M 180 23.7 4.0 8.5 4.7 17.0
6 26 M 180 20.9 3.6 8.1 5.4 19.4
7 28 M 175 28.1 2.5 7.2 4.2 11.7
8 30 M 175 23.8 1.7 3.5 2.2 12.3
9 72 M 173 25.8 4.5 9.8 - -

10 26 M 178 23.0 2.3 6.1 4.3 14.6
11 29 M 191 30.0 3.3 7.6 5.1 -

12 30 M 173 25.8 3.1 7.2 4.0 11.6
13 24 M 165 25.8 2.8 6.3 3.7 12.2
14 30 M 173 25.1 4.3 9.8 - 29.9
15 26 F 163 24.0 3.0 7.3 4.1 204
16 27 F 163 20.6 3.1 7.0 3.9 10.3
17 25 F 173 17.5 1.3 3.5 2.1 10.6
18 26 M 180 24.4 2.1 6.2 2.4 13.8
19 30 F 165 21.1 3.8 8.9 - -

20 28 M 170 23.5 4.5 10.5 5.7 19.5
21 28 F 150 21.2 3.2 8.5 2.5 15.8
22 31 F 160 24.3 2.4 5.7 2.6 -

23 30 M 178 22.2 2.3 5.8 - 11.5
24 25 F 157 20.1 3.0 - 3.0 13.9
25 26 M 173 18.2 2.3 4.5 3.8 10.7
26 31 M 175 22.0 2.9 5.6 2.2 21.4
27 29 F 165 21.1 3.3 8.7 4.4 21.8

7.2.1 Jugular Venous Pulsation Measurement

A subject is slowly tilted downward on a tilt table starting from 60 degrees until the angle where
IJV pulsations are visible at the base of the neck. This angle is recorded with an iPhone8 angle sensor
app and converted to a hydrostatic pressure by assuming 10 cm between the right atrium and the base

of the neck and converting cmH20 to mmHg.

The JVP is most conventionally estimated by measuring the height above the sternal angle. In
this study, we aimed to make the method more quantitative by looking for pulsations just above the
clavicle while reclining the subject and noting the angle at which pulsations first start to be visible. The
precision of this angle is to the single degree, which corresponds to a JVP precision of about 0.1 mmHg

after converting from cmH20 to mmHg. For every subject, 10 cm is assumed to be the distance from the
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center of the right atrium to the pulsation viewing window just above the clavicle. The JVP is calculated

from the following equation:
JVP = 0.7356 * 10sin 6 (7.1)

where the four-digit decimal is the conversion from cmH20 to mmHg, 10 is the assumed distance in cm
from the center of the right atrium to the base of the neck, and theta is the largest angle at which 1JV

pulsations can be seen at the base of the neck.

7.3 Collapse Force Measurement

An example of segmentation during normal breathing supine compression is shown in the force-
coupled ultrasound images of Figure 4-13. When the 1)V is near complete occlusion, the segmentation is
simplified to only include the initial region-growing step (Figure 4-13C). We define the collapse force to
be the force at which the cross-sectional area of the 1)V is first below the collapse threshold of 0.5 mm?,
shown in Figure 7-2A with time on the x-axis and Figure 7-3C with force on the x-axis. In Figure 7-2A, we
track both 1)V area and external force as functions of time to add explanation for where the collapse
force is sensed before any uncertainty in cardiac cycle or segmentation is quantified. The collapse force
in our force-coupled ultrasound method is analogous to quantifying JVP, as both seek to estimate

venous pressure.
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Figure 7-2: (A) Diagram of collapse force derivation. The collapse force threshold is denoted at 0.5 mm?2. A horizontal line is
drawn from this area on the left y-axis to where the 1)V area curve first intersects. Then a vertical line is drawn from there to
the force curve where the collapse force is marked with a horizontal line to the right y-axis. (B) Adapted from
https://nurseslabs.com/patient-positioning/. Diagram of the jugular venous pulsation (JVP) height derivation. We assume 10 cm
between the center of the right atrium and the base of the neck and take the sine of the angle of the visible pulsation in the JV
at the base of the neck to get JVP.
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7.3.1 Uncertainty Quantification

We quantify the uncertainty in collapse measurement from two sources: (1) variation in 1JV area
(pressure) based on the right atrium cardiac cycle (Figure 7-3C), and (2) segmentation uncertainty
(Figure 7-3B). On the cardiac cycle uncertainty, when plotting force on the x-axis and IJV area on the y-
axis, we do not see a purely monotonic decreasing area curve but rather a monotonic decreasing curve
with variation superimposed. This variation stems from the contraction and relaxation of the right
atrium during the cardiac cycle causing variation in right atrial pressure and central venous pressure
[41]. The collapse force could occur at any point in the cardiac cycle. The segmentation uncertainty is
derived from the possible range of pixel coordinates where the true wall could reside based on the
region growing pixel intensity threshold and how much force is used to compress those pixels’ area
(0.25 mm? at the collapse force threshold). These pixels are highlighted in gold in Figure 7-3B. We
compare our collapse force measurements in each subject to a quantitative version of the clinical
noninvasive standard jugular venous pulsation height (JVP). We assume the distance from the right
atrium to the clavicle to be 10 cm and measure the angle of recline when pulsations first start to be
visible just above the clavicle. This method is illustrated in Figure 7-2B. Uncertainty here is quantified via
a recent repeatability study at 0.1 mmHg [178]. These are the horizontal error bars in Figure 7-4A. The
vertical error bars represent the sums of the cardiac cycle uncertainties and segmentation uncertainties

for each subject.
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Figure 7-3: (A) Segmentation of a collapsed )V in subject 21. (B) Collapse force uncertainty contribution due to segmentation.
Uncertainty pixels are shaded in gold. (C) Collapse force uncertainty contribution due to cardiac cycle.

7.3.2 Supine and Normal Breathing
Figure 2F correlates the measured collapse forces of 26 subjects in the supine position breathing
normally to their respective JVP measurements. The linear correlation coefficient is 72 = 0.89. We can

use the least squares correlation line of best fit to predict JVP from collapse force:

JVP = 0.416 = CF + 0.0539 (7.2)
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In Figure 7-4B, we measure the disagreement between the predicted JVP and the measured JVP with an

average absolute disagreement of mean|A| = 0.23 mmHg.
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Figure 7-4: (A) Correlation with uncertainty of JVP height and supine collapse force. (B) Bland-Altman plot of predicted JVP

based on collapse force compared to measured JVP.

7.3.3 16-degree Elevation and Normal Breathing

We next perturb venous pressure in the negative and positive direction. We decrease the

pressure in the 1)V for each subject by elevating on a tilt table to 16 degrees above supine to decrease

hydrostatic pressure. We see in Figure 7-5A that the 1JV is much more collapsed in the same subject at

the same force when the subject is elevated to 16 degrees than when the subject is supine. We note the

trend of increasing difference between supine and 16-degree elevated collapse forces when supine

collapse force increases in Figure 7-5B. We also note that we cannot measure a collapse force less than

2 N because that is the minimum contact force required for clear images to be obtained.
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Figure 7-5: (A) Demonstration of hydrostatic effect when elevating a patient from supine to 16 degrees with images at the same
force in subject 20. The blue outlines the IJV segmentation while the magenta dot signifies an 1JV near collapse. (B) Differences
between Supine CF and 16-degree CF in individual subjects. The solid black line signifies the expected effect on collapse force if
only hydrostatic effect was present and our linear regression could perfectly predict collapse force from a perfect venous
pressure measurement.
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7.3.4 Supine and Valsalva Maneuver

To perturb venous pressure in the positive direction, simulating decompensated heart failure
venous pressures in healthy subjects, we measure airway pressure during the Valsalva maneuver as a
proxy for venous pressure [179]. Figure 7-6A shows the increase in 1)V area as a result of increasing
airway pressure during the Valsalva maneuver at relatively constant force. This increase in 1)V area
implies an increase in venous pressure. While measuring airway pressure, we compress the 1JV during
the Valsalva maneuver at an airway pressure between 10 and 20 mmHg. We consider the difference
between Valsalva collapse force and supine collapse force in Figure 7-6B. We see that there is virtually
no correlation between supine collapse force and this difference, yet there is a wide range of

differences. The mean difference signified by the solid blue line is about 9.5 N.
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Figure 7-6: (A) Effects of Valsalva maneuver on increasing IJV area while under force in subject 20. The blue outlines the JV
segmentation while the magenta dot signifies an 1JV near collapse. (B) Difference between Valsalva collapse force and supine
collapse force in the same subjects. The solid blue line represents the mean difference.

7.3.5 Collapse Force Perturbation Analysis

We see in Figure 7-7 that for each subject who had data recorded for the supine measurements
and each of the two perturbations, the collapse forces during Valsalva while supine are larger than the
collapse forces while breathing normally and supine. These supine collapse forces while breathing
normally are larger than the collapse forces while breathing normally while elevated to 16 degrees
above supine. We examine the relationships between the perturbed collapse force measurements and

JVP in Figure 7-9.
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Figure 7-7: Collapse forces when subjects measure between 10 and 20 mmHg of airway pressure by the Valsalva maneuver
compared to collapse forces when subjects are breathing normally while supine and while elevated by 16 degrees.

In Figure 7-8A, we see a combined plot of collapse forces while supine, while elevated to 16
degrees above supine, and while supine and performing the Valsalva maneuver along with their
corresponding venous pressure measurements through JVP and airway pressure. We see a generally
monotonic increasing trend in collapse force with respect to venous pressure. We can also observe
asymptotic behavior of the 16-degree collapse force as it approaches zero as collapse force cannot be
negative. One last observation which is apparent is that the linear regression described by equation 7.2
would underestimate the venous pressures measured during the Valsalva maneuver based off of the

collapse force during Valsalva.

The perturbations of venous pressure allow us to examine collapse force at a wide range of
venous pressures. In considering a Korotkoff blood pressure cuff, there is a symmetric compression of a
limb such that the pressure outside the artery is equal to the pressure inside the artery when the artery
collapses. This is essentially how blood pressure is measured with a cuff. With force-coupled ultrasound,
there is an asymmetric compression. Therefore, we cannot make the same assumption that venous
pressure is equal to external pressure provided at collapse. We can, however, note what the external

pressure is which causes a collapse for a given collapse force:

F,
P ==
ext,c 7

(7.3)
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where F_ is the collapse force and A is the contact area of the force-coupled ultrasound probe. We can

calculate what fraction the venous pressure is of that external pressure used to collapse, abbreviated by
Fepc:

Py

Fepe = (7.4)
Pext',r:

where P, is the venous pressure measured with either JVP or the airway pressure during the Valsalva
maneuver. We see in Figure 7-8B that for all venous pressures and collapse forces, this fraction is closer
to zero than one. Additionally, we notice that the fraction tends to get larger as venous pressure
increases. This trend and the corresponding observation with regard to collapse force as venous
pressure increases in Figure 7-8A suggest a superlinear relationship between collapse force and venous

pressure as venous pressure increases.
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Figure 7-8: (A) Combined collapse force and venous pressure plot for all perturbations. The blue corresponds to the JVP
measurement and the collapse force in the supine position. The orange corresponds to the JVP measurement by with a
hydrostatic offset applied to account for the 16-degree elevation and the collapse force in the 16-degree elevation position. The
yellow corresponds to the airway pressure measurement made when the Valsalva maneuver is performed to increase venous
pressure and the collapse force measurement made during Valsalva. (B) Fraction of the external pressure applied to collapse
equal to the venous pressure measured through JVP and Valsalva.

In Figure 7-4A, a linear least squares line of best fit, which only accounts for uncertainty in the
dependent variable, is generated relating supine normal breathing collapse force and JVP measurement
because the uncertainty in the collapse force is far greater than the repeatability uncertainty in JVP.
However, in the negative and positive perturbations, the uncertainty in the JVP measurement is more

equal in magnitude to the uncertainty in collapse force. When elevating the subject to 16 degrees, the
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JVP measurement is adjusted assuming the distance from the right atrium to the base of the neck is 10
cm to account for the hydrostatic pressure decrease without allowing venous pressures below 0 mmHg.
The population of subjects ranges in height, which adds uncertainty to the measurement. Regarding the
Valsalva maneuver, a digital manometer measures airway pressure, which is used as a proxy for venous
pressure. The uncertainty here stems from the imprecision of the manometer measurement and the
indirectness of the airway pressure proxy, yielding an uncertainty of 3 mmHg on each side. Furthermore,
the cardiac cycle variation of collapse force decreases because the right atrium is unable to expand and

contract during Valsalva.

A Deming regression line accounts for uncertainty in both the dependent and independent
variable and is used to produce lines of best fit for the supine normal breathing collapse force and JVP,
the 16-degree elevation collapse force and hydrostatic offset adjusted JVP, and the Valsalva collapse
force and airway pressure in Figure 7-9A, Figure 7-9B, and Figure 7-9C respectively. The r? correlation
coefficient works to provide a certain level of confidence in the Deming regression lines in that low r?
should yield low confidence and high r? should yield higher confidence. That said, the progressively
steeper slopes of the Deming regression lines at higher venous pressures, shown in Figure 7-9D, lends
credence to the theory that as venous pressure increases, a smaller percentage of the external force
applied is dedicated to collapsing the 1JV. Evidence against this theory is also present given the large gap

in assumed venous pressure between the supine and Valsalva Deming regression lines.
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Figure 7-9: (A) Deming regression of supine collapse force with JVP height. (B) Deming regression of 16 degree collapse force
with JVP height adjusted for hydrostatic offset. (C) Deming regression of Valsalva collapse force with airway pressure
manometer measurements. (D) Combination of Deming regression lines at different collapse forces and inferred JVP
measurements.

7.4 Central Venous Pressure Wave Construction

We utilize frame-by-frame constant force 1JV segmentation data, our predicted venous pressure
from collapse force, and three-dimensional inverse finite element modeling to produce a venous
pressure waveform in the 1JV. We first create a triangular prism meshed cylindrical three-dimensional
finite element model for the internal jugular vein and surrounding tissue. The vein is modeled as a
cylindrical hole in the otherwise uniform Ogden hyperelastic structure. We note a fixed boundary
condition at the center of the model to signify the vertebral column, but there is no carotid artery

present in the model. A force-coupled ultrasound probe is modeled as a stiff linear elastic material
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compressing the top of the model over the IJV. In the center of the meshed cylinder is a fixed hole
boundary condition to represent the vertebrae. The mesh is depicted in Figure 7-10A while the
displacement upon compression is shown in Figure 7-10B,C. This model is fit to two-dimensional short-
axis cross-section force-coupled ultrasound segmented data of the left 1)V as it is compressed, as seen in
Figure 7-10D and demarcated with the white dashed lines in Figure 7-10B,C. In our iterative inverse
modeling, we set the venous pressure of the average ]V area frame to be the predicted venous pressure
from the linear regression of measured collapse force from Figure 7-4 by tuning forward finite element

model parameters.
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Figure 7-10: (A) 3-D finite element model mesh of the 1)V passing through the neck and the force-coupled ultrasound probe
contacting the surface of the skin above it. (B) 3-D finite element forward model Euclidean displacement (x-z view). The dashed
white box is analogous to ultrasound imaging window. (C) 3-D finite element forward model Euclidean displacement (y-z view).
The dashed white line signifies the ultrasound imaging x-z plane. (D) 2-D ultrasound image of segmented IJV (solid blue) and
carotid artery (dashed red) short-axis cross-sections for subject 20.
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We then arrive at a converged venous pressure for each frame in the sequence via a downhill
simplex optimization. For each force-coupled ultrasound frame, venous pressure converges, and we use

that pressure as the initial guess for the subsequent frame. We minimize the following cost equation:
2
Cost = ||Aseg — Amod”2 (7.5)

where A, is the observed 1)V area from segmentation and A4 is the UV area found from running
the forward finite element model for a given venous pressure guess. The superscript and subscript 2
indicate we are taking the square of the L2 norm. Figure 7-11 shows the IJV area waveform, the carotid
area waveform, the applied external force, the relevant linear regression results from collapse force
measurement to predict CVP, and the venous pressure waveform. We note that the venous pressure
waveform has nearly identical morphology to the IJV area waveform. Figure 4-12 details the filtering of
the carotid area waveform while the carotid waveform in Figure 7-11 has an additional 3-point moving
average filter applied to it. We note that in Figure 7-10D, the segmented carotid artery short-axis cross-
section lies just below that of the IJV. Furthermore, in Figure 7-11, we note that when the carotid is in
systole, the 1JV waveform is depressed relative to the CVP waveform reference [180]. The labeled
elements of the waveform (a, c, x, v, y) refer to filling and emptying of the right atrium and opening and

closing of the tricuspid valve.
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Figure 7-11: 1V area, carotid area, IJV pressure estimation, and force plot at an almost constant external force for subject 20.
The scalar venous pressure estimate from collapse force is shown with correlation and error data of collapse force and JVP.
Black vertical lines symbolize visually-assessed end-diastole from the ultrasound images. A reference central venous pressure
waveform from catheterization is overlaid from Tansey et al (2019). In the dashed box and on the 1)V area waveform,
components of the right atrial pressure waveform reflected in the 1)V area waveform are labeled. a: Right atrium (RA) pumps
into right ventricle (RV). c: Tricuspid valve closes at systolic onset. x: RA relaxes. v: RA passively fills; tricuspid opens. y: RA
passively empties before pumping.
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Creation of the three-dimensional forward finite element model was done using COMSOL
Multiphysics software version 5.6 (COMSOL Inc.; Burlington, Massachusetts, United States). Running an
inverse optimization involved using COMSOL’s LivelLink functionality with MATLAB (The MathWorks,

Inc.; Natick, Massachusetts, United States), allowing MATLAB to run and adjust COMSOL models.

7.5 Discussion

Our goal in creating a force-coupled ultrasound methodology to estimate lumen pressure in the
IJV is to provide a noninvasive, quantitative, and automated approach to venous pressure measurement.
Given our high correlation of collapse force with subjects in the supine position breathing normally
compared to JVP, we present a method with similar accuracy to JVP in healthy subjects. Like the
Korotkoff blood pressure cuff’s ability to measure arterial pressure by measuring the amount of external
pressure necessary to collapse a major limb artery, our method yields a collapse force of the IV
proportional to CVP. Given the cuff wraps all the way around the arm, it is able to apply a uniform
pressure around the artery of interest. In our case, the force-coupled ultrasound probe provides an
external pressure subject to loss such that not all of the external pressure is dedicated towards
compressing the 1JV. In our narrow, healthy, venous pressure range with the same force-coupled
ultrasound, the proportion of loss is predictable. This is likely due to the low pressure of the 1)V relative
to its anatomical surroundings. Given specifically the supine results, our hypothesis for force-coupled
ultrasound collapse force measurement predicting CVP performs well in the relatively narrow range of

healthy venous pressures.

When we perturb venous pressure, our experiments yield several noteworthy results. The
simplest analysis is that each perturbation of venous pressure produced a concomitant change in
collapse force for every subject. Regarding the negative perturbation, we observe a strong trend that as
supine collapse force decreases, the difference between supine and 16-degree collapse force decreases
to approach zero. This trend is actually quite intuitive. Collapse forces can only accurately be measured
above 2 N while venous pressures around zero can be inferred from hydrostatic offset from supine
position and JVP measurement. What’s more, the IJV does not attain pressures below 0 mmHg because

it is exposed to atmospheric pressure transmurally, unlike the sagittal sinus which is subdural, and will
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collapse at 0 mmHg [41]. Thus, as supine venous pressures approach zero, one would expect less of a

decrease in venous pressure when raised to 16 degrees above supine.

Regarding the positive perturbation of the Valsalva maneuver, on the one hand, the result gives
us confidence that a collapse force will be able to be measured in patients with decompensated heart
failure and high venous pressure with our current setup. Hence, none of the venous pressures reached
with the Valsalva maneuver were high enough to require a collapse force of more than 30 N. The force-
coupling has been shown to translate force entirely and linearly up to at least 45 N while the load cell
capacity is 110 N, as addressed in the Supplementary Information. On the other hand, although an
increase in collapse force is observed for each subject, the high variability of increase could mean that
collapse force is a less reliable predictor of high venous pressures than of venous pressures in a normal
healthy range. However, our highly noisy airway pressure measurement makes ascertaining a venous
pressure measurement independent from what can be derived with collapse force quite challenging and
unreliable. Other sources of variability in our Valsalva collapse force could be different levels of
expansion of the 1JV downstream toward the superior vena cava yielding variable compliances across
the subject population where the 1V is being collapsed and poor Valsalva execution. A more accurate
venous pressure measurement at high venous pressures could remove much of the variability observed.
Further validation of this method at high venous pressures with a gold standard is of paramount

importance to understand its potential impact on heart failure patients.

An additional takeaway from our venous pressure perturbation analysis on collapse force is the
trend of an increasing fraction of external pressure causing 1)V collapse being represented by the venous
pressure as venous pressure increases. One can predict from this result that as CVP increases, although
there should be a monotonic increase, the increase in collapse force should be sublinear. If this
prediction is true, at higher CVP, CVP would be more sensitive to small changes in collapse force than it

would be at lower CVP.

An assumption for our study is the validity of the JVP measurement which is also reliant on the
hydrostatic pressure assumption. When calculating the JVP, one measures the height of the pulsations
seen in the 1JV in cmH20 and converts to mmHg. This models the 1)V as a tube of water and the right
atrium as the body of water below it. Our results indicate that the JVP is quite reliable in our healthy
subjects given its high correlation to the different collapse force methodology. That said, difficulties in
JVP measurement often have to do with the ability to see the IJV pulsations in patients with high BMI or
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facial hair which includes part of the neck [92], [93]. Conversely, collapse force sensing should not be
any more difficult in a high BMI patient than in a low BMI patient and facial hair does not obscure
ultrasound image clarity given proper acoustic coupling of the probe to the skin. In addition, JVP
methodology has poorer accuracy when estimating high venous pressures such as those observed in
decompensated heart failure [92]. This is a major motivation for the development of our collapse force

based force-coupled ultrasound method of estimating CVP.

Regarding our three-dimensional inverse finite element optimization to produce a venous
pressure wave, we are able to produce a wave which is conceivably accurate, due to the collapse force’s
ability to predict JVP (r2 = 0.89, mean|A| = 0.23 mmHg), but not verifiable. It is highly constrained in
that the average venous pressure of the waveform is informed by what is predicted by the collapse force
measurement. Additionally, there is a high dependence on the quality of segmentation of the IJV in a B-
mode ultrasound image. Errors in segmentation area readily translate to venous pressure waveform
errors. Given an accurate segmentation, elements of the right atrial pressure waveform are visible in the
venous pressure waveform produced, but they seem to be altered due to the nearby pulsation of the
carotid artery, for which our previous study provides a blood pressure estimate [109]. We do not
account for the carotid artery in our optimization, which introduces unverifiable error in our IJV pressure
waveform, but we can surmise that we are underestimating the v-wave peak in the venous pressure
estimate as this occurs during systole. Further investigation with access to central venous pressure or
right atrial pressure waveforms from an invasive catheterization is required to examine whether
pathological conditions of the right atrium can be accurately inferred from this noninvasively obtained

waveform.

In addition to the necessity for further study with comparison against gold standard invasive
metrics for venous pressure, there is also reason to make our forward finite element model more
accurately reflect observations from the force-coupled ultrasound images other than the IJV. An
increase in complexity of the three-dimensional finite element model to include the carotid artery and a
distributed tissue stiffness, informed by observed differential tissue compression in our force-coupled
ultrasound images, could allow for our optimization to become significantly less constrained. These
improvements could not only provide a more informed optimization for the venous pressure waveform,
but also for a carotid artery pressure waveform to be measured simultaneously. Force-coupled

ultrasound of the carotid artery has demonstrated potential to provide accurate, rapid, and automated
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blood pressure measurements [109]. Furthermore, the 1JV short-axis cross-section is always visible in the
same frame as the carotid short-axis cross-section for all 27 subjects tested. If proven to be accurate and
easy to use, force-coupled ultrasound has the potential to provide low cost, noninvasive, and rapid

arterial blood pressure measurements while also providing venous pressure measurements.

7.6 Summary

Here we show that collapse force measurement of the left 1JV can estimate venous pressure
about as well as JVP in healthy individuals with relatively low venous pressures. We perturb our collapse
force measurement to measure lower collapse forces when subjects are elevated to 16 degrees,
demonstrating that a hydrostatic pressure decrease is reflected in collapse force. We measure higher
collapse forces during the Valsalva maneuver to simulate venous pressures experienced during
decompensated heart failure. Finally, we create a venous pressure waveform using force-coupled
ultrasound segmentation, collapse force measurement, and three-dimensional finite element inverse
optimization. We believe this initial study shows enough promise to merit future clinical studies which
include comparison to invasive gold standard direct measurement of CVP via catheterization and further

efficacy assessment in heart failure diagnostics and management.
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Chapter 8 — Force-coupled Ultrasound Based Central Venous Pressure
Estimation in Comparison with Invasive Catherization Measurement and

Other Noninvasive Technigues

This chapter covers our venous pressure study at Massachusetts General Hospital, comparing
our collapse force based method against the invasive gold standard CVP measurement from central lines
and Swan Ganz catheter lines. This chapter arguably contains the most clinically comparable results of
this thesis because they are the only results where an invasive gold standard is present for comparison.
Here, we test our method for estimating venous pressure based on collapse force against this invasive
gold standard while quantifying uncertainty inherent to the gold standard measurement and our
methods under test. We first utilize a linear regression developed with data from MIT in chapter 7 to
predict CVP with collapse force and hydrostatic offset. We then form linear regressions from the MGH
collapse force data and hydrostatic offset data and evaluate accuracy compared to the invasive
catheterization. We also assess JVP in this study and compare its accuracy with respect to the invasive

measurement and usability compared to our metrics centrally based on the collapse force of the IJV.

8.1 Introduction

Congestive heart failure is currently affecting about 6 million people in the United States and is a
central component to the leading cause of death which is cardiovascular disease. Venous pressure
assessment in CHF is essential to determine optimal treatment. Careful invasive measurement of venous
pressure and intravascular volume status in general allows a clinician to confidently determine
treatment. However, invasive measurements are risky and costly. Hence, they are often reserved for
heart failure patients who are in acute decompensated heart failure to effectively guide a dangerously
high venous pressure down to more manageable levels. For other heart failure patients, noninvasive
metrics, such as jugular venous pulsation height (JVP) and, more rarely, inferior vena cava diameter, are
used. However, these techniques require high experience and skill to perform accurately and are not

trusted by physicians who treat heart failure as a reliable substitute for the invasive CVP measurement.

In chapter 7, we develop a collapsed force based method to estimate central venous pressure in

27 healthy individuals. The results are promising but are limited due to two main reasons. The first is
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that a slightly more quantitative form of jugular venous pulsation height (JVP) is used as the main
standard of comparison. JVP is indeed the method we are trying to replace. Thus, we must use an actual
gold standard measurement as the standard of comparison. The second is the limited range of assumed
true central venous pressures we measure which was between 1.5 and 5 mmHg. In patients with
congestive heart failure, depending on intravascular volume status, CVP could reach over 20 mmHg. We
attempt to simulate high CVP by using the Valsalva maneuver, but it is not a reliable method to produce

a precise and predictable CVP increase.

Here, we seek to validate and further develop our method based on force-coupled ultrasound
imaging of the internal jugular vein in MGH Cardiac Intensive Care Unit (CICU) heart failure patients with
a ground truth measurement of invasive CVP. We utilize CICU CVP waveform data to examine waveform
morphology in terms of cardiac cycle variation and respiratory variation. We also compare our

measurement to JVP in by means of various accuracy and uncertainty metrics

8.2 Data Acquisition

The acquisition of data at MGH is approved by the MGH institutional review board (IRB) under
protocol number 2021P003587. Before data acquisition, a doctor on the study approaches eligible
patients to inform about the study and answer any questions. Eligible patients must have an invasive
CVP measurement at the time of collapse force measurement. Consent is obtained if an eligible patient
wants to participate in the study. Data collection for the study can proceed once consent is obtained but

can proceed days after consent is obtained.

Many of the patients in the CICU are very sick and have certain cardiovascular health issues
which would not arise in healthy patients. Only one 1)V is available as the catheter is threaded through
the other one. Two of the eleven patients on which data is already collected have substantial clotting in
the 1JV where the catheter is not located. We refer to this as a thrombosed 1JV which cannot be fully
compressed. Therefore, we compress the external jugular vein (EJV) which has a smaller cross-sectional

area. An ultrasound image of a patient with a thrombosed 1)V is shown in Figure 8-1.
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Figure 8-1: Ultrasound image of a thrombosed 1}V, carotid artery, and EJV from the MGH cardiac ICU from subject 6.

8.2.1 Force-coupled Ultrasound Data

As observed in force-coupled ultrasound data is acquired in two stages. The first is a force ramp
where a collapse force is obtained through complete occlusion of the IJV. The second is a constant low
force where the 1)V is partially compressed to obtain an 1JV area waveform to be input into a finite
element model to determine a venous pressure wave. Additionally, the LabVIEW graphical user interface
(GUI) has been updated to be more user-friendly. Only what is necessary to capture a force recording

along with directions and displays are present. Figure 8-2 displays the GUI.
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Figure 8-2: User-friendly LabVIEW front panel used for contact force data acquisition at MGH with a produced but realistic
example of a data acquisition force profile.

8.2.2 Jugular Venous Pulsation Height

In most patients, JVP is captured by the typical method of estimating the height of the highest
pulsation above the sternal angle, independent of angle of inclination, as described in section 3.4 and
Figure 3-17A. In some patients the pulsation cannot be seen or there is no time to make a measurement

in the study.

8.2.3 ICU Waveforms

In this study, we have access to all appropriate and relevant waveforms measured in the ICU.
These waveforms always consist of a central venous pressure wave, presenting from either a central line
or a pulmonary artery line, and one of the leads of a surface electrocardiogram (ECG). Some patients
also have a pulmonary artery wave (most common), radial artery pressure wave, and/or a femoral
artery pressure wave (least common). Figure 8-3 shows a five-second segment of each subject’s CVP
waveform and ECG. The ECG morphologies are atypical in subjects 1, 2, 3, 5, 10 and 11 due to

pacemakers. A wide range of respiratory variation is also visible among the subjects — subject 10 has a
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respiratory variation of about 10 mmHg while subject 7 has almost no respiratory variation. Cardiac

cycle variation ranges from about 3 mmHg in subject 11 to about 10 mmHg in subject 2.

A 20 Subject 1 B 2 ’ Sub,et:‘t2’ 7 : C 20 Subject 3 D Subject 4
:E; g U N[\ %‘,
£ 10 | | mml o E0 o E
£ i H ) e & e &
a 5 “‘w ‘u“‘l””"m a 5§ w o
> V VN > >
[5) | L\‘ V\ ‘ [&] S
0 v 0
5 5 5 — 5
352 353 354 355 356 308 310 312 314 52 58 74 75 76 77 78
Time (s) Time (s) Time (s) Time (s)
E , Subject 5 F . Subject 6 G, Subject 7 H ., Subject 8
15 ‘ 15 15 15 /v, J\‘\V‘ N AJ»J'W Al
:'[5 L NN A ;.,\ ;?\ :’E‘, . ‘\ v Y
€ 10 l T T F M o E10 o E10 o E10 A MNMTH{\ l .‘q bl o
£ AdAdmde |8 & o E o £ | VR P o
a \ A Hoa sty Yoa s Yoa s W . i
> 7 > > > | |
O o O O I I
0 0 0 0
- 5 5
546 548 550 552 258 260 262 264 562 564 566 568 170 172 174 176
Time (s) Time (s) Time (s) Time (s)
| 0 Subject 9 J " Subject 10 K20 Slubjrct'11
15 } 15 15 .
- = ?
a5 \ Yoa s g s
> A Al sl ‘ A > >
O M\ “M“‘“w“‘\\‘u“ \lw \ o [ o
0 o YUY ‘”\ 0 V 0
-5 -5 -5
430 432 434 436 590 592 594 596 74 76 78 80
Time (s) Time (s) Time (s)

Figure 8-3: (A) Subject 1 invasive CVP and surface ECG waveforms. (B) Subject 2 invasive CVP and surface ECG waveforms. (C)
Subject 3 invasive CVP and surface ECG waveforms. (D) Subject 4 invasive CVP and surface ECG waveforms. (E) Subject 5
invasive CVP and surface ECG waveforms. (F) Subject 6 invasive CVP and surface ECG waveforms. (G) Subject 7 invasive CVP and
surface ECG waveforms. (H) Subject 8 invasive CVP and surface ECG waveforms. (1) Subject 9 invasive CVP and surface ECG
waveforms. (J) Subject 10 invasive CVP and surface ECG waveforms. (K) Subject 11 invasive CVP and surface ECG waveforms.

8.3 CVP Predictor

In this section, we predict CVP using our collapse force based technique rooted in force-coupled

ultrasound imaging of the 1JV and compare our results to the invasive measurement for eleven patients.
We also, when possible, measure the JVP in patients and compare those results to the invasive
measurement. However, before discussing our results, we quantify uncertainty for each measurement
we make as well as for the gold standard comparison in order to give our results proper context in terms

of measurement sensitivity.
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8.3.1 Uncertainty Quantification

The uncertainty quantification for collapse force is a simplified version of what is done in
chapter 7 in that the method described in Figure 7-3C regarding cardiac cycle uncertainty is quantified.
This method also quantifies uncertainty with respect to the respiratory cycle by principle of
superposition as it extrapolates the maximum and minimum feasible collapse force based on the IJV
area waveform variation as the 1)V is near collapse. Segmentation uncertainty is not quantified as it is
typically much smaller than the superposition of cardiac cycle uncertainty and respiratory cycle

uncertainty.

Unlike in the MIT study, patients in the ICU are reclined to variable angles and are rarely
completely supine. Therefore, any hydrostatic adjustments made to a predicted CVP are subject to
uncertainty. We estimate that the combination of angle measurement uncertainty and deviation from
our assumed 10 cm between where our measurement of the jugular takes place and the middle of the
right atrium amounts to 0.3 mmHg and should be added to the collapse force uncertainty after it is also

converted to pressure units.

Regarding the gold standard invasive CVP, it has relevant uncertainty for which to account.
Looking at Figure 8-3, we notice that both cardiac cycle variation and respiratory variation can be
significant in the CVP waveform, such as in subject 6 (Figure 8-3F). However, we notice cardiac cycle
variation definitionally occurs within a fraction of a cardiac cycle while respiratory variation occurs over
several cardiac cycles. We observe that the fast cardiac cycle variation is attenuated at the 1JV and the
slow respiratory variation is largely conserved in the 1)V area. We see extreme respiratory variation with
superimposed typical cardiac cycle variation in the unfiltered invasive CVP waveform in Figure 8-4. This
subject is the only one out of the eleven with such a high respiratory variation and is the only one where
the phenomenon shown in Figure 8-4A and Figure 8-4B occurs. No other subject demonstrated such
high 1)V area variation at similar force, despite other subjects having similar and even greater cardiac
cycle variation than subject 10 (Figure 8-3J). Therefore, when quantifying uncertainty with respect to
the invasive CVP measurement, we filter out the cardiac cycle variation, as observed in Figure 8-4C, and
measure the standard deviation o of the remaining respiratory variation. We quantify the uncertainty in

the invasive signal to be 20 and to be directionally symmetric.
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Figure 8-4: (A) Subject 10 segmented force-coupled ultrasound image of the IJV while exhaling. (B) Subject 10 segmented force-
coupled ultrasound image of the 1)V while inhaling. (C) Subject 10 unfiltered (blue) and filtered (orange) CVP waveform to
highlight respiratory variation for about 25 seconds.
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8.3.2 Trained MIT Regressor Results

Two to four force-coupled ultrasound data captures are executed on the 1)V of each of the nine
subjects. Each collapse force is combined with a hydrostatic pressure object based on the estimated
height of the measurement above the middle of the right atrium to predict CVP using the linear

regression developed in chapter 7.
CVPyir =CFxm+ b+ hsinf (8.1)

where m and b are the slope and intercept of the regressor from section 7.3.2, 0 is the angle of
inclination above supine, and h is 10 cmH, 0 converted to mmHg which is about 7.356 mmHg. Hence,
we assume 10 cm between the middle of the right atrium and the area of measurement for all subjects
as we assumed in chapter 7. A predicted CV P is calculated for each collapse force measurement and
those predictions are averaged to produce a single CVP prediction for each subject.

We compare those CVP predictions to average invasive CVP measurements during the time the
data is collected. We see that Figure 8-5A shows invasive CVP on the horizontal axis and predicted CVP
based on collapse force on the vertical axis displaying a correlation coefficient of 0.46. Error bars are
used to quantify uncertainty in both axes. We see that Figure 8-5B shows an error plot with the gold
standard invasive measurement on the horizontal axis and their difference, or error of the collapse force
based method on the vertical axis. This shows a mean absolute difference of 1.60 mmHg and a standard
deviation of 2.17 mmHg. We note that higher CVPs tend to be underestimated by this model while
lower CVPs tend to be accurate or slightly overestimated. We further note that the highest CVP
estimated by this model is 6.92 mmHg which is yielded by the subject with the largest hydrostatic offset
(6 =40° > hsin 6 = 4.73 mmHg).
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Figure 8-5: (A) CVP predictions from a previously trained linear regressor using collapse force measurements and hydrostatic
pressure offset based on angle of inclination plotted against average invasive CVP measurement for 11 subjects. Error bars

show quantified uncertainty in each measurement. (B) Error plot comparing average collapse force and hydrostatic pressure
based measurement with average invasive CVP measurement for 11 subjects.

8.3.3 Collapse Force Results

If we ignore hydrostatic offset and the MIT-trained linear regressor, we are left with only

collapse force as the force-coupled ultrasound output. In Figure 8-6A we plot collapse force against

invasive CVP with uncertainties displayed in each axis in Newtons for collapse force and in mmHg for

invasive CVP. When creating a linear least squares regression, we find a correlation coefficient of 0.82.

We also find a mean absolute error of 1.08 mmHg, and a standard deviation of error of 1.24 mmHg, as

displayed by the error plot in Figure 8-6B.
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Figure 8-6: (A) Collapse force measurements plotted against average invasive CVP measurement for 11 subjects. Error bars
show quantified uncertainty in each measurement. (B) Collapse force CVP prediction from linear regressor error plot against
average invasive CVP measurement.

8.3.4 Multi-feature Regression Results

The model in the previous section does not consider hydrostatic offset whatsoever. The MIT
trained model essentially assigns it a coefficient of 1 as it is directly added to the supine collapse force
regressor CVP estimate. Here, we create another linear model but utilize collapse force and hydrostatic

offset as features. A multi-linear least squares regression yields an equation of the following form:
CVPCF,HO = CF * xCF + h Sin 9 * xHO + b (82)

where x.f is the coefficient for collapse force, xy is the coefficient for hydrostatic offset, and b is the
intercept term. The collapse force coefficient converges to be 1.047 with a p-value of 0.000244. The
hydrostatic offset coefficient converges to be 0.267 with a p-value of 0.44. The combination of the low
p-value and relatively high collapse force coefficient highlight the importance of the collapse force term
while the high p-value and coefficient far less than 1 diminish the importance of the hydrostatic offset
term when estimating CVP. In Figure 8-7, we see that with the added term, there is a minuscule increase
in model accuracy compared to the plain collapse force linear regression. The correlation coefficient
increases by 0.01 to 0.83. The mean absolute error decreases by 0.02 mmHg to 1.06 mmHg and the

standard deviation of the error decrease by 0.05 mmHg to 1.19 mmHg.
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Figure 8-7: (A) CVP prediction from collapse force and hydrostatic offset linear regressor plotted against average invasive CVP
measurement. Error bars show quantified uncertainty in each measurement. (B) Error plot of CVP prediction from collapse
force and hydrostatic pressure linear regressor.

An additional quadratic regression is calculated. Justified by the increasing fraction of external
pressure to collapse accounted for by the venous pressure, a quadratic regression allows for an offset,
linear, and quadratic coefficient. This regression produces the most accurate results but runs the most

risk of overfitting the data given the increase in coefficients for each feature.
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Figure 8-8: (A) CVP prediction from collapse force and hydrostatic offset quadratic regressor plotted against average invasive
CVP measurement. Error bars show quantified uncertainty in each measurement. (B) Error plot of CVP prediction from collapse
force and hydrostatic pressure quadratic regressor.

164



8.3.5 JVP Results

In a subset of patients, jugular venous pulsation height (JVP) is measured by a trained
cardiologist visually estimating the height of the highest IJV pulsations above the sternal angle. Only five
out of the eleven patients had their JVP measured. Three of the remaining six had no JVP measurement
attempted. The other three had JVP attempted but could not produce an estimate. This failure to
produce an estimate occurs if the height of the highest 1)V pulsations is either too low to observe or too

high to observe. The range of observable JVP shifts up and expands when a person is angled up.

The uncertainty with respect to JVP is the repeatability of the measurement which is found to be
0.1 in both directions. It is the same uncertainty as in chapter 7 when JVP is used as the standard of
comparison. The JVP accuracy in comparison to the invasive gold standard CVP for this dataset is
expressed by the correlation coefficient of 0.58, the mean absolute error of 1.29 mmHg, and the
standard deviation of error of 1.69 mmHg. A subtler observation is that the range of the JVP
measurement in terms of invasive CVP measurement is 3 mmHg while the range of the other

aforementioned metrics in terms of invasive CVP measurement is 10 mmHg.
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Figure 8-9: (A) JVP in mmHg plotted against average invasive CVP measurement. Error bars show quantified uncertainty in each
measurement. (B) Error plot of JVP in mmHg compared to average invasive CVP measurement.

8.3.6. CVP Prediction Method Comparison
Now we strive to compare the three methods explored for CVP prediction in this chapter. These
methods are the standard noninvasive JVP, our experimental noninvasive collapse force based

technique, and the invasive CVP measurement.
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Table 8-1 provides a summary of the gold standard invasive measurements along with the force-
coupled ultrasound CVP estimations studied and the noninvasive standard JVP measurement. We note
that all estimates are successfully made for all methods aside from the JVP. We also note that the

external jugular vein (EJV) is compressed in two of the subjects due to thrombosed 1JVs.

Table 8-1: Summary of CVP measurements and estimates made during the study for all subjects. Dashes symbolize JVP
measurements not attempted. Exes symbolize JVP measurements attempted but unable to measure. The “Vein” column lists
the vein measured for each subject. LIJV stands for left V. RIJV stands for right 1JV. LEJV stands for left EJV. REJV stands for
right EJV.

Subject | Average Vein Collapse | Hydrostatic | Trained Collapse Force | Multi-feature | JVP (mmHg)
Number | Invasive Force Offset Model Predicted CVP | Predicted CVP

cvp (N) (mmHg) cvp (mmHg) (mmHg)

(mmHg) (mmHg)
1 8.5 LUV 9.73 2.03 6.13 10.14 9.94 -
2 5.0 LV 3.66 3.68 5.25 3.78 4.03 3.68
3 4.5 LUV 5.31 3.68 5.94 5.51 5.76 -
4 4.0 LUV 3.18 3.11 4.48 3.28 3.38 3.68
5 5.5 LUV 591 1.90 4.42 6.14 591 X
6 0.5 LEJV 2.23 0.00 0.98 2.28 1.55 X
7 10.5 LV 8.38 1.90 5.44 8.72 8.50 X
8 9.0 REJV 7.53 2.99 6.18 7.83 7.90 -
9 3.0 LUV 3.38 3.68 5.14 3.49 3.73 3.68
10 5.5 RV 5.70 4.73 6.92 5.92 6.44 9.19
11 3.5 LUV 2.37 2.52 3.55 2.43 2.37 441

Factoring in uncertainty quantification for each of our methods, we compare each method’s
accuracy with respect to invasive CVP measurement. For each method, we examine the error bars and
the estimates together in an effort to see if there is overlap with the CVP measurement with three
distinct benchmarks for what qualifies as an overlap. We describe these benchmarks specifically in the
caption of Figure 8-10. We further see from the figure that the multi-feature predicted CVP performs
the best while the JVP performs the worst. Regarding the force-coupled ultrasound derived CVP
estimates, the subjects where the EJV is compressed due to a thrombosed 1)V are not considered. With
respect to JVP, the three estimates which do not take place are not considered while the three

estimates that took place but failed to make an estimate are considered to be a missed overlap.
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Figure 8-10: Bar graph showing overlap of predicted CVP including quantified uncertainty with gold standard average invasive
CVP with three different benchmarks. The harsh benchmark (blue) includes no gold standard CVP uncertainty and assumes
infinite precision. The moderate benchmark (orange) assumes a precision of 0.5 mmHg for the gold standard CVP. The lenient
benchmark (yellow) assumes a precision of 0.5 mmHg and factors in invasive CVP uncertainty based on respiratory variation.
The harsh benchmark fraction for the JVP is zero.

8.3.7 Uncertainty Comparison

We now turn to only uncertainty quantification comparison between collapse force derived
uncertainty and invasive CVP derived uncertainty, keeping in mind that collapse force uncertainty
guantifies respiratory variation and cardiac cycle variation. Figure 8-11A shows the scatter plot of
invasive CVP uncertainty with the collapse force uncertainty transformed to reflect the collapse force
predicted CVP regression and to make it symmetric in the positive and negative direction. The

transformation is:

N +ecp-)
Ecvp,cF = %x (8.3)
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where g-r4 and g-r_ are the positive and negative collapse force uncertainties, respectively, and x is
the slope of the linear regressor used in section 8.3.3. We see that the correlation of the uncertainties is
0.92 while the mean absolute error is 0.52 mmHg and the standard deviation of the error is 0.66 mmHg,
as seen in Figure 8-11B. We note that the two subjects with EJV compression are left out due to low
collapse force uncertainty of the EJV in comparison to the 1JV. Also, the highest uncertainty in invasive

CVP is overestimated by the collapse force uncertainty model by over 1.5 mmHg.

A ; n=9,r?=0.92 B . mean|A| =0.52494
% Error
E Mean Error
E6r ok e Std Dev of Error
>
S
g
8°[
e T
=} 5 D
L4 z
(@] € o
3 <
©3F o
E w
a AF
g2f
(<)
g
Rl > 2r
Q
]
3
0 | . . . L ) 3l \ . . . . . .
0 1 2 3 4 5 6 7 1 1.5 2 25 3 3.5 4 4.5
Invasive CVP Uncertainty (mmHg) Invasive CVP Uncertainty (mmHg)

Figure 8-11: (A) Collapse force CVP prediction uncertainty plotted against invasive CVP uncertainty. (B) Error plot of collapse
force predicted CVP uncertainty compared to invasive CVP uncertainty.

8.4 Discussion

This study at MGH is ongoing, yet there are several key takeaways from the analyzed data so far

which can be utilized by themselves but also guide further data collection efforts as this study continues.

First, it is worth discussing the similarities and differences in data collection conditions with
respect to force-coupled ultrasound at MGH compared to data collection at MIT. For the MIT study, all
subjects are healthy and have their left 1JV compressed. At MGH, subjects are CICU heart failure patients
and eight out of eleven of them had their left IJV compressed while the other three and a right 1}V, a left
EJV, and a right EJV compressed. At MIT, | am the one to use the force-coupled ultrasound on subjects
and collect data by myself. At MGH, Dr. Aaron Aguirre uses the force-coupled ultrasound on patients

while | help collect data.
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Perhaps the most significant difference in measurement between the MIT study and the MGH
study is the fact that all MIT subjects are supine while only one out of eleven subjects at MGH are
supine. Supine collapse force measurements allows one to assume no hydrostatic offset in venous
pressure occurs between the right atrium, where CVP is invasively measured, and the 1JV just above the
clavicle. As seen by the current results, hydrostatic offset is very minorly predictive of what collapse
force will be measured for a given invasive CVP measurement. Assuming hydrostatic offset, aside from
its inherent uncertainty, is perfectly predictive is what is done when using the MIT linear regressor

which is only trained on supine collapse force measurements.

Next, we discuss the two methods which use models which have not seen any MGH invasive
CVP data, the trained MIT model and the JVP. These two models perform similarly in terms of
correlation and the JVP performs slightly better than the trained MIT model in terms of error
measurement. However, the range of ground truth CVPs tested under the trained MIT model is over
three times the range tested with JVP. Furthermore, in this specific set of patients the MIT model is able
to provide an estimate for CVP with minimal discomfort and no necessary movement from the patient.
On the other hand, JVP would have required an increase in angle of inclination in order to measure CVPs
which were too high and could not measure CVPs which provide a height below the sternal angle.
Finally, the uncertainty quantification in the trained MIT model provides more insight into the invasive

CVP waveform characteristics — specifically respiratory variation — than does the JVP visual assessment.

Perhaps the most encouraging result so far from the study is that collapse force by itself
correlates highly with invasive CVP even with the confounding variable of different hydrostatic offsets
for each patient. Collapse force is a measurement which can be made quickly and, in theory, can be

inferred in real-time with current technology.

The result to examine the closest and try to examine in future data collection for the study is
subject 7 which has an average invasive CVP of 10.5 mmHg. This subject has a lower collapse force than
the invasive CVP would suggest even though the hydrostatic offset is on the lower side. Obtaining more
force-coupled ultrasound measurements on the 1JVs of patients with invasive CVP above 10 mmHg
would lend more insight into the suggestion that a superlinear model for CVP as a function of collapse
force could be useful at high CVP. This result is somewhat in line with what the combined plot in Figure

7-11 suggests when showing the fraction of external pressure used to collapse represented by the
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venous pressure rising when venous pressure rises to pressures obtained by means of the Valsalva

maneuver.

Finally, the uncertainty quantification of invasive CVP with respect to only respiratory variation
appears to tightly track the collapse force uncertainty which depends on respiratory variation and
cardiac cycle variation of the 1)V area waveform. This inference implies that the full cardiac cycle
variation in the right atrium never reaches the 1V in terms of amplitude, although it reaches the IJV in
terms of waveform morphology. Therefore, the cardiac cycle variation amplitude appears to drastically
attenuate while the respiratory variation amplitude is largely preserved. Further data collection from
patients with high respiratory variability in invasive CVP and more 1)V area waveform analysis could

provide more relevant information on this topic.

8.5 Summary

In this chapter, we cover the beginnings of the MGH-based study to validate our collapse force
based venous pressure measurement against invasive catheterization. The results show a high
correlation of collapse force with invasive CVP measurement. The results further suggest that a force-
coupled ultrasound collapse force based technique for venous pressure assessment would far
outperform JVP as a noninvasive quantitative metric. More data collection is merited for this promising

technique.
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Chapter 9 — Simultaneous Arterial and Venous Pressure Estimation from
Force-coupled Ultrasound Imaging of the Common Carotid Artery and

Internal Jugular Vein

Similar to last chapter, this chapter is focused on a study which is partially complete. Three
subjects have been tested while the goal for the study is around 25 subjects. However, the analysis is in
a complete form. Unlike last chapter which emphasized clinical verification of our collapse force based
venous pressure method with gold standard invasive measurements, this chapter seeks to augment
force-coupled ultrasound data acquisition and parameter estimation. Here we combine methodologies
first discussed in chapter 5 (carotid blood pressure) and chapter 7 (central venous pressure) to
simultaneously observe the carotid artery and internal jugular vein with force-coupled ultrasound
imaging. In doing this, we simultaneously estimate carotid blood pressure and central venous pressure.
We also look to improve the waveform estimation in each pressure wave. For the carotid, we use M-
mode imaging, as described in section 4.1.1, to achieve a higher sample rate. For the 1)V, we create a
finite element model which has the carotid and 1)V to account for the effects of the pulsation of the

carotid on the 1JV area waveform.

9.1 Introduction

A vital sign is considered to be an essential physiological measurement of a human; therefore,
vital signs are often assessed [181], [182]. Arterial blood pressure, along with temperature, heart rate,
and respiratory rate, is one of the four measurements widely considered to be vital signs [181]. The
brachial blood pressure cuff is a noninvasive, convenient, and sometimes automated method of
measuring blood pressure, making it by far the most common method [41]. However, as expressed
earlier in chapter 5, the blood pressure cuff is known to be prone to errors in both systolic and diastolic
measurements [82], [148]. Hence, there is motivation to improve on the blood pressure cuff assessment

without sacrificing any of its strong suits.

Unlike, arterial blood pressure, central venous pressure is not currently a vital sign. It is rarely
measured in patients who are not diagnosed with congestive heart failure and have not recently

suffered a myocardial infarction [169], [178]. At the same time, congestive heart failure is quite common
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in the United States —about 2% of people are currently living with congestive heart failure [183]. What's
more, the pathophysiology of heart failure usually begins with a compensated stage where the kidneys
compensate for lack of heart pumping ability by increasing blood volume [41], [71]. During this stage,
increases in blood volume mean increases in central venous pressure (CVP), which has deleterious
effects on one’s physiology [70]. Angiotensin converting enzyme (ACE) inhibitors have been successful in
preventing further blood volume increase in heart failure patients and improving outcomes [77]. Thus, it
would be interesting to investigate the effects of ACE inhibitors on those with early heart failure, where

central venous pressure has increased compared to its baseline minutely.

Investigating early heart failure in terms of CVP is only possible if CVP is measured. The incentive
to measure CVP in patients who aren’t very sick is quite low. When combining this reality with the desire
for improved arterial blood pressure measurement, we are incentivized to try to combine arterial blood
pressure measurement with central venous pressure measurement. In this chapter we focus on this
simultaneous measurement through force-coupled ultrasound imaging of the short axes of the carotid
artery and the internal jugular vein in the same viewing window. We also focus on producing carotid
blood pressure waves, utilizing M-mode imaging for a higher sample rate, and central venous pressure

waves through inverse finite element modeling, similar to chapters 5 and 7.

9.2 Data Acquisition and Processing

Force-coupled ultrasound data is acquired using the GE Logiq E6 system with the GE 9L
ultrasound probe. It is essentially the same hardware setup as what is used in chapter 5. However, the
ultrasound data acquisition differs because it records M-mode in addition to B-mode images. The frame
rate becomes slower in B-mode — about 18.5 frames per second, down from 33 frames per second. The

M-mode line rate, the amount of M-mode lines sampled per second, is 185.

The data acquisition has three stages which all occur while the subject is supine. The first is a
ramp from low force to high force. This stage seeks to determine the collapse force of the 1}V, yielding
central venous pressure in scalar form, and compress the carotid to determine systolic and diastolic
pressure by means of an iterative inverse finite element model. Just before the collapse of the IV

happens, the subject exhales lightly and holds breath until after collapse force occurs to minimize
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respiratory variation in venous pressure. Figure 9-1A,B show how the IJV compresses entirely and the

carotid compresses partially during the ramp.
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Figure 9-1: (A) Combined B-mode and M-mode image of the carotid and )V at low force with the M-mode line going through
the carotid. (B) Combined B-mode and M-mode image of the carotid at high force and the 1)V completely collapsed with the M-
mode line going through the carotid. (C) Force and optical flow synchronization plot subdividing into three distinct regions of
analysis. The yellow double arrow points out the time and force of the low force signal while the green double arrow points out
the time and force of the high force signal.

The second stage is a constant medium force where the M-mode line goes through the carotid,
which provides an estimate of a carotid blood pressure waveform when combined with systolic and
diastolic pressure estimates from the first stage. Figure 9-2A shows the carotid under medium force
during this stage with the 1JV fully collapsed. The third stage is a constant low force where the M-mode
line goes through the 1}V, which provides an estimate of a jugular venous pressure waveform when
combined with CVP estimate from the first stage. Figure 9-2B shows the 1JV and the carotid under low

force with the M-mode line going through the IJV.
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Figure 9-2: (A) Combined B-mode and M-mode image of the carotid under medium constant force with the 1)V completely
collapsed and the M-mode line going through the carotid. (B) Combined B-mode and M-mode image of the carotid and lJV
under low constant force with the M-mode line going through the 1JV. (C) Force and optical flow synchronization plot
subdividing into three distinct regions of analysis. The gray double arrow points out the time and force of the constant medium
force signal while the purple double arrow points out the time and force of the constant low force signal.

After synchronization, carotid detection takes place with the Faster R-CNN detector trained with
segmented carotid images, and 1)V detection takes place with the detector trained with segmented IJV
images, both described in section 4.3. For all three-stages, B-mode segmentation takes place. In order
for B-mode segmentation to proceed with minimal error, the M-mode line is detected and removed

from each B-mode image prior to segmentation, as shown in Figure 9-3.
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Force =5.1111 N

Figure 9-3: (A) B-mode image of the carotid and IJV with an M-mode line going through the carotid. (B) B-mode image of the
carotid and JV with the M-mode line removed.

M-mode segmentation takes place for only the second stage. The high sample rate isn’t
necessary for the first stage, and the 1JV has too irregular a shape to utilize M-mode images without
clever input from accompanying B-mode images, which has yet to take place. Each M-mode frame is 4

seconds long and consists of 740 lines into the past. The M-mode segmentation process is as follows:

1. Every 74 lines the B-mode segmentation and M-mode line is used to provide a guess reference
for the M-mode segmentation.

2. For each line, an intensity gradient maximization is performed near the anterior and posterior
walls on an interpolated and low-pass filtered M-mode line

3. The intensity gradient result for the previous line (one to the right) is the guess for the next line.

Figure 9-4 shows an M-mode image of the carotid segmented with the resultant anterior and posterior

walls highlighted.

After carotid M-mode segmentation is accomplished, it is fed into a constrained iterative inverse
finite element model, using the converged parameters from the optimization to determine systolic and
diastolic pressure from the ramp stage. As mentioned in section 5.4, the systolic and diastolic pressure
are used as regularization bounds while the unperturbed radius and carotid wall stiffness parameters
are fed in as constants. An optimization is done for each point of the force-coupled ultrasound M-mode

segmentation.
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Figure 9-4: M-mode segmentation example of the carotid artery at constant medium force. The maximum depth of the image is
2.5 centimeters and each hashmark at the bottom of the image represents a tenth of a second back in time from right to left.

Nonexperimental data is acquired for comparison after the experimental data is acquired as
described above for up to three acquisitions per subject. For venous pressure, jugular venous pulsation
height (JVP) is measured in the same quantitative way as described in chapter 7.2. For arterial pressure,
the Omron oscillometric brachial blood pressure cuff is used to acquire brachial systolic and diastolic

pressure.

9.3 Simultaneous Carotid Blood Pressure and Central Venous Pressure Estimation

Figure 9-5A shows the results of our scalar venous pressure estimates for three subjects. For
each subject, the displayed collapse force is the average of three data separate and sequential data
captures. Uncertainty is quantified via identical methodology to that of section 7.3.1. These are the first
collapse forces attained with the GE 9L force-coupled ultrasound probe, which has a lower cross-
sectional area than the Philips XL14-3 force-coupled ultrasound probe and also does not have three-
dimensional imaging capabilities. There is no correlation line attempted because of the small size of the
dataset. The relationship between the three points appears to be monotonic increasing with respect to

JVP.

Figure 9-5B shows the comparison of systolic and diastolic pressures estimated via the
simultaneous force-coupled ultrasound method. This involves input of segmentation into an iterative
inverse model to determine unperturbed carotid radius and carotid wall stiffness parameters in addition

to systolic and diastolic estimates, as described in section 5.3.2. We make the same assumptions as
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chapter 5 in adjusting the cuff systolic pressure down from the carotid to the brachial as a function of

age. However, in this chapter, we account for the measurement uncertainty by adding horizontal error

bars to the average disagreement between systolic and diastolic cuff estimates and systolic and diastolic

model estimates. The systolic uncertainty in this cuff conversion is 3 mmHg. This yields an uncertainty of

1.5 when averaged with diastolic uncertainty which is zero.
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Figure 9-5: (A) Scatterplot of JVP measurement versus collapse force measurement for simultaneous venous pressure
estimation for three subjects. (B) Comparison of brachial oscillometric cuff systolic and diastolic pressure measurements with
force-coupled ultrasound inverse finite element model estimates for systolic and diastolic pressure for three subjects. The top
and bottom of the vertical error bars represent systolic and diastolic pressure estimates, respectively. The black vertical dashed
line is the average absolute error found in the carotid study from chapter 5.

9.4 Carotid Blood Pressure Waveform Using M-mode

Figure 9-6A shows the carotid M-mode vertical axis measurement with force for a span of about

25 seconds. The initial areas of segmentation where there is no force is due to force being below the

range at which it is deemed to be constant. Some segmentation errors are visible here. Given a sample

rate of 185 lines per second for M-mode, the sample rate of the carotid waveform is about six times that

of the waveform measured in section 5.4 (33 samples per second). Figure 9-6B shows a zoomed in

example of a carotid vertical diameter segmentation for slightly more than one cardiac cycle. The time

points of the cardiac cycle for the carotid wave are as follows:

1. End-diastole (1): ~6.27 seconds
2. Systole: ~6.47 seconds

3. Dicrotic notch: ~6.69 seconds
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4. End-diastole(2): ~7.19 seconds

These time points are in-line with those of a typical carotid blood pressure waveform [143], [184].
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Figure 9-6: (A) Carotid M-mode vertical axis measurement in blue with force measurement in orange. The blue arrow points to
the zoomed in carotid waveform in the second panel. (B) A zoomed in carotid vertical axis waveform for one cardiac cycle.

Figure 9-7 shows carotid pressure waveforms for three different subjects derived from the M-

mode segmentation, which is also displayed. The top subject has four beats. The middle subject has five

beats, and the bottom subject has eight beats. In comparison to the M-mode segmentation, the

pressure waveforms occasionally get attenuated near the peak and trough. This is due to regularization

penalties for exceeding the estimated systolic and diastolic estimates, respectively, from the first

optimization. There is also a range of waveform morphologies for the different subjects, who are all

healthy with no cardiovascular disease, which can be attributed to the M-mode segmentation. The

subject shown in the middle panel has baseline wander in the third through fifth beat, which could be

due to respiratory variation in blood pressure.
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Figure 9-7: Carotid blood pressure waves in three different individuals. Carotid vertical radius is represented by the blue lines.
Carotid pressure is represented by the orange solid lines. Force is displayed as the orange dashed lines.

9.5 Finite Element Model of Carotid and IJV

Regarding venous pressure estimation, accounting for the carotid artery pulsation did not occur
in the initial finite element model of the IJV presented in section 7.4. This model is simpler than that of
section 7.4 because it is only two-dimensional as opposed to three-dimensional. This model is more
complicated because of its possession of the carotid artery. The carotid artery is positioned diagonal
down from the 1)V and pulses in rhythm with the cardiac cycle. Carotid pressure is not solved for in this
inverse model. Rather it should be input using the results of the first and second optimization. A
modified linear elastic shell, inversely dependent on venous pressure, is provided for the internal jugular
vein which aids in its expansion and contraction in response to small changes in venous pressure,
attempting to emulate what occurs under real observation. Figure 9-8A shows a forward model run
where venous pressure is low while Figure 9-8B shows a run where venous pressure is quite high,

displaying the difference 6 mmHg of pressure can make in cross-sectional area; all else equal.
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Figure 9-8: (A) Finite element model run with low 1)V pressure. (B) Finite element model run with high 1JV pressure and all else
the same as the first panel.

9.5.1 Accounting for Carotid Pulsation

Since the carotid pressure in the forward model is already determined, the purpose for including
it rests solely with its effect on the 1)V area waveform. In Figure 9-9A, we see an observational example
of a carotid segmentation and IV segmentation displaying vertical radius and area, respectively. We can
see that the v-wave in the 1)V area is depressed relative to the more academic atrial pressure v-wave
shown in Figure 3-7. We also see a c-wave, as defined in Figure 7-11, that is elevated relative to that
same earlier waveform. We posit that these phenomena are due to the pulsation of the carotid adjacent
to the IJV. Hence, the carotid compresses the 1JV as it is near systole during the v-wave. It also lets the

IJV expand as it is in end-diastole during the c-wave.

In Figure 9-9B, we create idealized carotid pressure and venous pressure waves in proper
cardiac cycle synchronization and measure ]V area in response to a forward finite element model
simulation. Here, we reproduce the depressed v-wave and elevated c-wave seen in the segmentation
observation. We use these tuned model parameters in the inverse model when we seek to determine

the venous pressure wave given the 1)V area waveform and carotid waveform.
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Figure 9-9: (A) Segmented carotid artery and 1V showing elements of right atrial pressure waveform with a compressed v-wave
and expanded a-wave and c-wave compared to the right atrial pressure waveform. (B) Forward finite element model simulation
of an input carotid pressure and an input jugular venous pressure showing intended suppression of v-wave and expansion of a-
wave and c-wave in area waveform compared to venous pressure waveform.

9.5.2 Inverse Model for Venous Pressure Wave

Data from the MGH study is utilized to produce a jugular venous pressure wave for subject 9
and compare it to the invasive CVP waveform measured in the cardiac intensive care unit (CICU) at the
same data force-coupled ultrasound data is recorded but not to the point that the data is synchronized.

The mean venous pressure in the inverse finite element model waveform output is set to be the mean

invasive CVP.

In Figure 9-10A, we observe the invasive CVP waveform from the right atrium along with a radial
artery pressure waveform. These are both gold standard measurements. In Figure 9-10B, we see an IJV
area waveform, a relatively constant force, a simplified carotid waveform formed from segmentation of
the carotid, and the venous pressure estimate output from our inverse finite element model. We see
that the radial artery waveform is delayed relative to the venous pressure in comparison to the carotid
waveform because the radial artery is further down the arterial tree than the carotid and the JV is a
branch of the venous tree while the right atrium is the stem. The a-wave and c-wave morphology are
not discernable from one another as observed in the invasive CVP waveform. Furthermore, the

amplitude of the jugular venous pressure waveform is lower on average than that of the invasive CVP

waveform.
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Figure 9-10: (A) Central venous pressure (CVP) measurement from a Swan Ganz catheter in the right atrium of subject 9 from
the MGH study in blue. A radial arterial line from the same patient is shown in orange. The components of the CVP waveform is
are labeled. (B) Inverse finite element model output of a jugular venous pressure wave in blue with waveform components
labeled. 1)V area is plotted in orange and a simplified carotid pressure waveform is plotted in orange.

9.6 Discussion

In this study, simultaneous carotid and IJV pressure estimates are achieved with carotid
pressure waveforms produced for each subject and the feasibility of producing IJV pressure waveforms
for each subject. As mentioned earlier, there are three stages to the data capture. We will now evaluate
the performance of each of the data acquisitions and analyses with respect to each stage and suggest

improvements.

The first stage involved joint B-mode and M-mode imaging. The B-mode segmentation of the
carotid and 1V is used effectively for carotid systolic and diastolic pressure determination and JV
collapse force determination and CVP estimation in comparison to the study in chapter 5 for the carotid
and the study in chapter 7 for the 1JV. The carotid results are of slightly lower accuracy to the study in
chapter 5. Aside from a very small dataset of only three, segmentation in B-mode tended to suffer due
to poorer image resolution stemming from also having M-mode in the ultrasound image (pixel size
about 1.3 times the size in the previous study) and a lower sample rate (18.5 Hz compared to 33 Hz).

Future data captures should benefit from only running B-mode imaging for this stage.

The second stage involved joint B-mode and M-mode imaging of only the carotid at constant
medium force. The B-mode segmentation is useful in that it provides a guide for the M-mode

segmentation in terms of the vicinity of where to expect the anterior and posterior walls of the carotid.
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The M-mode segmentation is used to acquire a carotid segmentation with high time resolution. This

stage should continue to run joint B-mode and M-mode imaging.

The third stage involved joint B-mode and M-mode imaging of the carotid and 1JV and constant
low force. The M-mode line went through the 1JV. However, M-mode was ineffective in segmentation of
the 1)V partially due to the irregular shape of the IJV and partially due to unreliable B-mode
segmentation. B-mode segmentation at 33 frames per second would likely fare better than B-mode
segmentation at 18.5 frames per second so changes in 1JV area are less harsh from frame to frame and
image resolution improves slightly. Therefore, future data captures would benefit from running only B-
mode for this stage. This would mean stage one and stage three should be in the same data capture
with only B-mode imaging while stage 2 should be its own data capture with joint B-mode and M-mode

imaging.

Regarding the scalar estimates of arterial pressure and venous pressure, the methodology for
carotid pressure is nearly identical to that of chapter 5, so one would expect similar results. When
analyzing the results for carotid pressure, one must expect an undershoot of between 10 and 20 N for
systolic pressure. This overshoot occurred in one of three subjects, although systolic pressure did
overshoot in some respect in all three subjects. For diastolic pressure, one would expect similar
estimates to the brachial cuff measurement if accuracy is achieved. Two of the three subjects were
within 3 mmHg of the cuff measurement. Given the moderately accurate results noted in chapter 5,
these results meet the expectations. With respect to the collapse force measurements, it appears the
smaller cross-sectional area will, as expected, yield a lower collapse force for a given venous pressure. It
also appears that collapse force is monotonic increasing with venous pressure. The breath hold after
small exhalation acted valuably to control respiratory variation predictably in the IJV. For these scalar

estimates, more subjects need to be studied for a more confident assessment to be made.

Regarding the waveforms, the carotid pressure waveform morphology would likely benefit from
less regularization penalties for guessing outside the systolic and diastolic range. On the other hand, the
systolic and diastolic pressures in some of the cardiac cycles may be too high and too low, respectively.
The 1)V pressure waveform was not produced from the IJV segmentation of stage three for any of the
three subjects. Therefore, improvements must be made to the data acquisition to improve JV
segmentation as suggested earlier in this section. Additionally, the morphology of the calculated
pressure wave looks discernably similar to its accompanying CVP waveform with an elevated v-wave
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compared to its area waveform. Therefore, it appears the modeling of the carotid artery in the finite

element model of the 1JV has made the venous pressure waveform more accurate.

9.7 Summary

This chapter covers the first simultaneous arterial and venous pressure estimate using force-
coupled ultrasound imaging. The carotid and IJV are imaged in three stages using B-mode and M-mode
imaging. Stage one is a force ramp which yields scalar CVP and systolic and diastolic blood pressure
estimates. Stage two is a constant medium force observing the carotid which yields a carotid pressure
wave. Stage three is a constant low force observing the 1JV and carotid which yields a venous pressure
wave. Further data will be collected and further analysis will be executed for this study. Here, we stated
the analysis and inferences at this midpoint of the study in terms of analysis and early point in terms of
data collection. The largest takeaway is that simultaneous arterial and venous pressure estimation with
force-coupled ultrasound imagining is feasible by viewing the compression of the carotid and IJV short

axes.
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Chapter 10 — Conclusions and Future Work

10.1 Conclusions

Force-coupled ultrasound imaging adds a quantifiable layer of dimensionality to one’s
observation. Here, we apply force-coupled ultrasound imaging to large superficial blood vessels
including the carotid artery, the great saphenous vein, the femoral vein, and the 1)V, while automating
the post-processing analysis, allowing for analysis of large datasets without as much manpower. For the
carotid artery, a calibration-aided methodology to estimate systolic and diastolic pressure is
transformed into a stand-alone technique. This is achieved without loss of accuracy through more
physiologically accurate inverse finite element modeling of the artery and its surrounding tissue. With
this method, we estimate systolic and diastolic pressure but also a sampled carotid blood pressure
waveform. For all veins, a new metric called collapse force is created which measures the amount of
force needed to occlude the vein by using the force-coupled ultrasound imaging surface to compress it.
When used on the 1)V, this metric is shown to be a strong predictor of CVP when compared to
noninvasive JVP at MIT and invasive CVP measurements at MGH. Hence, collapse force of the JV
appears to be the most accurate noninvasive point of care technique to determine CVP. Furthermore,
inverse finite element modeling is utilized on the 1JV to produce a venous pressure waveform. Finally,
the carotid and 1)V techniques are combined to provide a simultaneous estimate of carotid blood
pressure and CVP by observing the compression of the carotid and 1JV in the same viewing window. To
build on the progress made during this research, further exploration of force-coupled ultrasound

imaging is merited in the technical and clinical realms.

10.2 Future Work

There are three categories of future work | would suggest with respect to force-coupled
ultrasound imaging of large superficial blood vessels: technical improvement, clinical testing, and
product development. Given the current state of the research and recent results, there is sufficient

motivation to pursue, or continue to pursue, all three of these categories in the immediate future.

185



10.2.1 Technical Improvement

The central area of technical improvement which is necessary is in the inverse finite element
modeling. Currently, our forward finite element model assumes uniform Ogden hyperelastic tissue
which leads to a carotid and/or 1JV compression which is symmetric with respect to the horizontal axis.
Using speckle tracking and/or optical flow to track how tissue deforms in response to a relatively
uniform compressive force could better inform the forward finite element model, making the tissue
more diverse and nonuniform and leading to a more precise compression compared to observation. The
most physiologically accurate finite element model, in addition to having distributed tissue properties,
should be three-dimensional and include both the carotid artery and the 1)V, which have been
accomplished separately in this thesis but will face forward model stability and runtime challenges when
implemented together. A useful verification technique which has not been used before for the 1JV, in the
absence of gold standard data, is having a consistent venous pressure inverse finite element model
output with varying force. | would start off by examining vertical and horizontal optical flow
measurements in the surrounding tissue areas to see what would need to be replicated in a forward

finite element model with diverse tissue.

A secondary area of technical improvement is higher sample rate and higher accuracy
segmentation. In chapter 9, M-mode ultrasound is employed for the first time to segment the carotid
artery at a constant medium force while guided by B-mode segmentation. However, the M-mode
ultrasound used actually has lower spatial resolution than the B-mode ultrasound that is simultaneously
recorded. Since the shape of the carotid is highly regular, elliptical if compressed, M-mode’s high line
rate can be utilized to provide intermediate B-mode segmentation estimations for at least the vertical
axis if not also the horizontal axis. This approach should lead to a lower noise and higher sample rate
carotid segmentation to be input into an inverse finite element model to determine a carotid pressure
waveform. Another approach worth exploring is using an ultrasound research system, such as a
Verasonics Vantage system, to collect force-coupled ultrasound images with the most flexibility. This
specialization could lead to improved segmentation in terms of sample rate and resolution but will also
require a high level of understanding of the ultrasound research system. | would start off by completing
the simultaneous arterial and venous pressure study with the appropriate adjustments applied to the

M-mode and B-mode data collection suggested here and in section 9.6.
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On the computational side, an approach of statistical inference could take place in attempting to
predict arterial and venous pressure in general through creating features to be fed into a neural network
which would predict the clinical parameters. Although this approach could yield more accurate results,
risk of overfitting is high and ample training data must be captured. To be clear, this is a powerful
approach and merits effort put towards it. However, it veers away from actual physiology and physics in
favor of statistical inference. Therefore, utmost caution should be exercised when pursuing this
approach. | would start off with feature selection of derivable features from the fully processed force-

coupled ultrasound images by means of regression analysis.

10.2.2 Clinical Testing

Although collapse force of the 1)V is in the process of being validated at MGH and appears to be
quite accurate when tested against invasive catheterization measurement of CVP, more validation is
absolutely necessary to provide more confidence in the measurement. The current plan is to collect data
on around 40 more patients at MGH and refine our CVP prediction models before the study is complete.
After comprehensive validation against the gold standard of invasive CVP as compared to the
noninvasive standard JVP, the proposed techniques could be utilized in patients (subjects) who are not
severely ill. For instance, this sample could be composed of individuals diagnosed with CHF, but without
a central line. Our method could be compared to JVP in terms of measurement and treatment decisions
potentially informed by such measurements. Even further down the line, the measurement could be
employed in primary care doctors’ offices, obtaining longitudinal measurements in a large number of
patients. This would help determine more precisely when congestive heart failure first presents in its
early stages, as alluded to in Figure 3-14C, and potentially determine more optimal treatment of early

stage heart failure to deter its progression.

10.2.3 Product Development

The farther from an academic lab force-coupled ultrasound travels, the more necessary it is to
make techniques related to it as user-friendly as possible. Developing real-time localization of the vessel
of interest and real-time collapse detection in the case of the 1)V would make post-processing less

necessary and provide an immediate estimate for CVP. Theoretically, by making segmentation of the
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carotid and 1V real-time and using a large number of forward finite element model runs to create a
table-lookup method for given segmentation measurements, we could measure arterial and venous

pressure in a time similar to that of an oscillometric blood pressure cuff.

Concerning the force-coupling attachment, angle sensing accuracy could be improved and
combined with real-time segmentation from ultrasound data in three-dimensions to reliably determine
when the force-coupled ultrasound probe’s angle is orthogonal to the long axis of a vessel, better
ensuring that minimal force is used to provide a specific level of vessel compression. Additionally, the
force-coupling attachment could be rendered obsolete if contact force-sensing is successfully

incorporated into commercial ultrasound probes and systems.

Regarding form factor, ergonomics and contact area are important. Most people should be able
to hold the force-coupled ultrasound probe comfortably with one hand, but some may need to use two
hands. A smaller grip circumference would improve the ergonomics of the device. A smaller contact area
would decrease the amount of force necessary to produce a given level of compression of a blood
vessel. It could also help ensure efficient force transmission to compressing the blood vessel of interest.
The sternocleidomastoid muscle (SCM), if flexed, can partially block the transmission of force to the IJV.
This would occur if the imaging surface that is compressing is over the SCM. It is easier to avoid the SCM

with a smaller contact area. Vascular ultrasound probes with small contact area should be explored.

The data capture methodology must also be standardized and further specified to minimize
variability among different users. High variability in data capture methodology could lead to vastly
difference blood vessel compression results. Testing compressions before recording and noting the
angle of incidence which produces the most compression of a blood vessel given a specific force is a
currently implemented idea. However, there may be a way to automate maximizing efficiency of
compression by noting compression response to force with a simplified real-time segmentation (perhaps

in just the vertical dimension).

10.3 Future Outlook

Given our arterial and venous pressure estimation capabilities now and our plans for the future,
it is useful to predict the impact of our technology given assumed improvement which does not require

a major technical breakthrough. Out of what is mentioned in the previous future work section, notable
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improvement in arterial pressure scalar estimation is a major technical breakthrough and will not be
assumed. Other ideas mentioned, such as further automation and straightforward hardware

improvements are assumed.

In Figure 10-1, we generate a semi-quantitative plot, accounting for relevant metrics to
likelihood of clinical adoption. The range for each axis is between zero and ten. The horizontal axis is
safety and ease. For noninvasive standard methods, such as the blood pressure cuff and JVP, a ten is
automatically given, citing high clinical adoption, noninvasive methodology, real-time capabilities, and
high frequency of measurement. For other measurements, a rating is given between zero and ten for
safety. Invasive measurements are given a zero while noninvasive measurements are given a ten. This
rating is averaged with another zero to ten rating for ease of use. The ease of use rating concerns
accessibility of the measurement, automation of analysis, and real-time capabilities of the

measurement.

The vertical axis is accuracy. For invasive gold standard methods, such as an arterial line and a
central line, a ten is automatically given. For other measurements, the following formula is applied for
accuracy (ACC):

4]
range

ACC =712 — (10.1)

where our experimental 72, mean absolute error, and range measurements are used for force-coupled

ultrasound and JVP and are estimated from literature values for the blood pressure cuff.
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Figure 10-1: (A) Arterial pressure: safety and ease on the horizontal axis and accuracy on the vertical axis. Marker size indicates
yield of relevant clinical information. A-line is the invasive gold standard arterial line cannulation pressure measurement. Cuff is
the noninvasive standard blood pressure cuff. FCU is force-coupled ultrasound compression of the carotid artery. (B) Venous
pressure: safety and ease on the horizontal axis and accuracy on the vertical axis. Marker size indicates yield of relevant clinical
information. CVP-line is the invasive gold standard central line catheter or right-heart catheterization. JVP is the noninvasive
standard jugular venous pulsation height measurement. FCU is force-coupled ultrasound compression of the internal jugular
vein.

We note that the marker size for force-coupled ultrasound (FCU) is larger than the invasive gold
standard and the invasive is larger than the noninvasive standard. The force-coupled ultrasound has
been demonstrated to be able to estimate venous and arterial pressure with the same device at the
same anatomical location and can yield pressure wave estimates for each. The invasive gold standards
can yield pressure waves while the noninvasive standards just yield single scalars (venous pressure) or

an ordered pair (arterial pressure).

Our semi-quantitative assessment of clinical adoption likelihood bodes well for our venous
pressure methodology if the suggested straightforward improvements are made. The arterial pressure
methodology will require both a major breakthrough in accuracy and a major breakthrough in ease to be

clinically adopted.

This concludes the chapters of my thesis.
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Appendix A: Using LabVIEW for Instantaneous CVP Estimation with

Force-coupled Ultrasound

An instantaneous central venous pressure estimation is developed with the intention of being
used during the compression of the internal jugular vein while a patient is supine. In the figure, we
observe a collapsed IJV as well as an approximate indicator on the force profile of when the IJV is
collapsed as determined by post-processing. However, since the operator of the force-coupled
ultrasound is able to observe the ultrasound images (and with adept skill, force) as they are being
acquired, the operator should notice when the collapse of the 1JV occurs. Since an operator should have
an idea of when the collapse will occur, this method should be better at determining the collapse force
in real-time than just determining the peak of the force ramp without looking at the images in post-

processing which should overshoot the collapse force.

Force (N)

0 5 10 15 20 25 30
Time (s)

Figure A-1: (A) Ultrasound image of collapsed 1)V diagonal up and right from the open carotid artery. (B) Force profile
overlaying the collapse force at a specific time during the force ramp.

There is a linear regressor developed at MIT to estimate CVP from collapse force in the supine
position described by equation 7.2 and modified by equation 8.1. The LabVIEW estimate, as shown by
the block diagram in the following figure, simplifies the slope coefficient, rounding it to the tenths place
and completely removes the bias coefficient. Thus, the formula for the conversion of collapse force to

CVP in the estimate is simply:

CVP = 0.4 « CF (A.1)
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It is feasible to account for angle of inclination in the estimate if it is measured beforehand and LabVIEW

code is written to incorporate a hydrostatic pressure offset into the CVP estimate.

If this method is to be used by a single operator, it would benefit from having a mechanical
button located on the ultrasound probe as opposed to clicking a button on a computer or tablet screen
as shown here. If this method is successfully implemented and produces similar CVP estimates to post-
processing analysis, it would be a means to provide a real-time CVP estimate based on force-coupled
ultrasound imaging and user observation. If force and ultrasound imaging are synchronized from the
start instead of synchronized in post-processing, it would be possible to create an automated and

instantaneous CVP estimate.
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Figure A-2: (A) LabVIEW front panel showing the button to be pressed by the operator when 1)V collapse is achieved and an
instantaneous CVP estimate. (B) LabVIEW block diagram showing the simplified CVP estimation triggered by the front panel
button to capture collapse force as well as the saving of the CVP estimate.

193



Appendix B: Observations on Carotid Blood Pressure with In-phase and

Anti-phase Breathing

In-phase and anti-phase breathing is a breathing technique newly developed by MIT research
scientist Praneeth Namburi to modulate heart rate at a specific and singular frequency, depending on
the individual. In a short time frame of only a few seconds, increases and decreases in heart rate lead to
increases and decreases in blood pressure because the body does not have time for compensatory
effects to take place. Anecdotally, these breathing patterns may lead to positive mental and physical
health outcomes. Therefore, changes to homeostasis resulting from these breathing patterns is worth

understanding mechanistically.

Tracking the blood pressure in response to in-phase and anti-phase breathing is studied here
with force-coupled ultrasound imaging. Like in chapter 5, the carotid artery is segmented under
constant force and input into an inverse finite element model to determine a pressure wave. Unlike
chapter 5, systolic and diastolic pressure are not determined beforehand so the model is less
constrained in a regularization sense, allowing blood pressure estimation to fluctuate according to the
breathing pattern implemented by the individual being imaged. We observe in the same individual,
force-coupled ultrasound based carotid blood pressure waveform estimation when breathing normally,

breathing in an in-phase pattern, and breathing in an anti-phase pattern.

The first figure shows the normal breathing pattern. This pattern is autonomic and unintentional
and is executed while focusing on something else besides breathing. We see diastolic pressure remains
relatively stable, while systolic pressure varies more. However, this could be due to segmentation error
as morphologies of the carotid waveform seem to be quite imprecise. Furthermore, there is evidence of

a slight offset between ECG and ultrasound.
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Figure B-1: Force-coupled ultrasound information of carotid blood pressure and heart rate during a normal breathing pattern
and constant force at about 10 N. The black line represents RR interval heart rate estimates from surface ECG.

The second figure shows the in-phase breathing pattern. There is an identifiable frequency in

heart rate and mean carotid arterial pressure fluctuation of about 0.1 Hz. Heart rate is not calculated

where carotid segmentation is too inaccurate to discern where end-diastole is. Furthermore, there are

two outlier samples in the R-R intervals which are low. This occurrence signals that an QRS-peak in the

ECG is missed as the estimated heart rate is approximately halved.
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Figure B-2: Force-coupled ultrasound information of carotid blood pressure and heart rate during an in-phase breathing pattern
and constant force at about 10 N. The black line represents RR interval heart rate estimates from surface ECG.
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The third figure shows the anti-phase breathing pattern. There is an identifiable frequency of
about 0.2 Hz for the fluctuation of heart rate and mean carotid blood pressure which is twice that of the
in-phase breathing. The offset between ECG and ultrasound is most apparent here because the RR
intervals appear to be anti-phasic with the mean blood pressure. There is also an increase in estimated

carotid blood pressure as the anti-phase breathing extends for past 15 seconds.
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Figure B-3: Force-coupled ultrasound information of carotid blood pressure and heart rate during an anti-phase breathing
pattern and constant force at about 10 N. The black line represents RR interval heart rate estimates from surface ECG.

Force-coupled ultrasound imaging presents a way to track blood pressure modulation in
response to in-phase and anti-phase breathing. The estimation would be more precise with more
accurate segmentation of the carotid as displayed in chapters 5 and 9. Still, further exploration of in-

phase and anti-phase breathing should be explored with respect to force-coupled ultrasound imaging of

the carotid artery.
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Appendix C: Carotid Pressure Estimation with Long-axis Segmentation

and Finite Difference Modeling

A finite difference model of the carotid artery using lump circuit components is constructed
based on long-axis segmentation of the carotid. This first figure illustrates a reduced version of the finite
difference model which actually has 169 nodes with most occurring in the middle of regions. The figure’s
model has five nodes which describe the boundary conditions of the model. The €, term describes a
linear stress-strain relationship for the arterial walls which are assumed to be linear elastic. The a; term
describes a quadratic stress-strain relationship for the tissue anterior and posterior to the carotid artery.
It is a simplified version of hyperelastic tissue. The p; term describes a linear stress-strain relationship
representing the pressure inside the artery, making it a passive component as opposed to an active
component like in the finite element modeling run in previous chapters. Each node has a finite

difference equation describing it over the form:

dxl-

o = Al — x)P = B(x; — x-4)P (C.1)

where A = B if within a region, p = 2 if in tissue, and p = 1 otherwise.
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Figure C-1: A circuit based one-dimensional finite difference model for compression of the carotid artery overlaid on a rotated
long-axis ultrasound image of the carotid. A diagrammed partition is also overlaid describing various regions around and within
the long axis carotid artery.

Force-coupled ultrasound imaging of the long-axis of the carotid is used as observational data

for the inverse finite difference model. The long-axis of the carotid artery provides easier viewing of the
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carotid wall intima but it is more difficult to compress without a slip, causing it to fall out of frame. The
short-axis case will still have the carotid in the image if a shift in angle or position of the ultrasound
probe happens. This would manifest as a shift to the left or the right of the carotid artery in the image. A
shift in angle or position in the long-axis case could remove the carotid artery from the viewing frame as
the ultrasound imaging is only two-dimensional. The following figure shows the compression of the
long-axis of the carotid with compression of anterior tissue quite evident, but also with visible

compression of the carotid lumen.
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Figure C-2: (A) Force profile for a force ramp of the long-axis view of the carotid. (B) Long-axis carotid segmentation at low
force. (C) Long-axis carotid segmentation at high force.

In running the inverse finite element model for each force-coupled ultrasound frame of the
long-axis of the carotid artery, five separate parameters are converged. There are two arterial wall
stiffness parameters for the anterior and posterior wall, two tissue quadratic stiffness parameters for

the anterior and posterior tissue, and the lumen pressure parameter. However, the most impactful
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parameter for each frame is the lumen pressure p;. We see from the carotid pressure waveform

produced that no dicrotic notch is sensed. Furthermore, while diastolic pressures are reasonably

consistent, systolic pressures are quite inconsistent and average pulse pressures are higher than typical.

That said, the advantage of the finite difference model over the finite element model is in runtime.

Producing all of the 180 convergences for all five parameters only takes 5.4 seconds. In the case of a

more complicated two-dimensional finite element model with tens of thousands of nodes, the same

task would take several hours.
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Figure C-3: Force-coupled ultrasound inverse finite difference model output of a carotid blood pressure wave estimation,
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