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Abstract

This thesis delves into the exploration of non-contrast Power-Doppler ultrasound (PD-US) for monitoring
blood perfusion in peripheral tissues, with a specific focus on its ability to track spatiotemporal changes
in muscle perfusion. The research initiates with a thorough investigation of spatial registration techniques
combined with Principal Components Analysis (PCA)-based clutter filtering. This approach substantially
improves the efficiency of narrowing the eigen-spectrum of tissue clutter, optimizing the efficacy of PCA
filters. It is imperative to note that the success of the clutter filter hinges on the spatial patterns of blood cell
motion. The results demonstrate a successful reduction of in-plane clutter motion, enhancing the overall
precision of the imaging process. However, challenges associated with out-of-plane movement persist, resulting
in clutter-filter leakage. These issues can be addressed through simple adjustments in scanning techniques
and implementing spatial averaging procedures.

The scope of the study expands to validate PD-US measurements through a comparative analysis with
laser speckle contrast imaging (LSCI) in pre-clinical rodent studies. The combination of spatial registration
and clutter filtering techniques enables consistent tracking of blood perfusion in skeletal muscle while
modulating hindlimb blood flow. The research encompasses invasive and non-invasive studies, with PD-US
measurements compared with LSCI under various conditions, including short-term arterial clamping and
prolonged hindlimb ischemia induction. Simultaneous B-mode imaging and PD-US are employed to assess
flow-mediated dilation (FMD) of the femoral artery and downstream muscle perfusion, quantifying reactive
hyperemia (RH). Measurements are conducted on adult male and female mice and rats, including those
subjected to exercise conditioning, to explore potential biological variables. The results validate the efficacy
of non-contrast PD-US through comparisons with LSCI, revealing no significant differences between sexes or
fitness levels in FMD or RH estimates. Encouragingly, post-ischemic perfusion improvements are observed
with exercise conditioning, suggesting variations in hyperemic responses between the conduit and resistive
vessels.

The research further examines the effectiveness of PD-US for monitoring shifts in muscle perfusion over
time, emphasizing changes relevant to biological variables, specifically diabetes. Experiments include the
induction of short and long-term ischemia in healthy and type II diabetic male and female mice, with
and without exercise. Perfusion measurements are taken during and after 5-minute ischemic periods and
throughout four-week recovery phases following irreversible femoral ligation. The results reveal differences in
perfusion recovery times between diabetic and non-diabetic mice. Additionally, measurements of FMD in
conduit arteries and the RH index in resistive vessels indicate a decline in sedentary diabetic mice compared
to sedentary non-diabetic mice. The reproducibility of perfusion measurements is primarily affected by the
ability to consistently select the same muscle region and effectively filter out tissue clutter. This study
underscores the capability of PD-US measurements to accurately track site-specific changes in skeletal muscle

perfusion over time, particularly in the context of diabetes. These findings offer promise in addressing the
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crucial need for techniques to monitor atherosclerotic changes leading to ischemic cardiovascular pathologies
regularly.

Extending beyond murine models, this research adopts a translational approach with porcine subjects. The
method utilizes a low-frequency ultrasound pulse and a handheld transducer to explore muscle perfusion at
greater depths. An ischemia model induced by an ameroid ring constrictor (ARC) is introduced, emphasizing
gradual arterial constriction, resembling the extended development of atherosclerosis in peripheral artery
disease (PAD) patients, in contrast to the acute ligation often used in murine models. The results confirm
that PD-US, without contrast enhancement, effectively monitors temporal changes in a human-scale phantom
using low-frequency probes.

In conclusion, these findings support the advancement of non-contrast PD-US as a robust tool for assessing

blood perfusion alterations and enhancing patient care in the context of peripheral artery disease.
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Chapter 1

Introduction

1.1 Motivation

Blood flow patterns play a crucial role in the diagnostic landscape of cardiovascular disorders, providing
profound insights into the underlying pathophysiological mechanisms. Employing advanced methodologies
such as Doppler ultrasound (US), computed tomographic angiography (CTA), and magnetic resonance
angiography (MRA), medical practitioners and researchers acquire the capability to intricately analyze blood
flow characteristics encompassing velocity, direction, and turbulence within the cardiovascular system. A
significant contribution is made toward identifying a diverse spectrum of clinical conditions by consistently and
longitudinally monitoring these dynamic circulatory alterations. This range encompasses not only metabolic
disorders like diabetes but also regional ischemia, systemic cardiovascular afflictions, and the progression of
tumors. This discerning assessment of flow patterns empowers healthcare professionals with the essential
instruments to identify emerging disease states promptly, customize patient-specific treatment approaches,
and diligently oversee the evolution of cardiovascular pathologies. Inadequate blood flow within the lower

limbs (ischemia) manifests as pain, an early indication of Peripheral Artery Disease (PAD) [1].

1.1.1 Peripheral Artery Disease (PAD)

PAD arises from atherosclerosis, culminating in obstructions within the arteries and arterioles of the lower
extremities [2]. This condition is closely linked to risk factors such as smoking, diabetes, hyperlipidemia,
and hypertension [3], each of which contributes to the development of endothelial dysfunction, fostering
atherogenic processes. The global prevalence of PAD surpasses 200 million individuals [4] and exhibits a
pronounced correlation with coronary artery disease, stroke, and cardiovascular mortality [5][6][7]. Treatment
approaches span a spectrum contingent upon PAD severity, ranging from lifestyle adjustments to peripheral
vascular bypass surgery. Due to the gradual advancement of initial PAD symptoms, often resembling other
prevalent conditions among elderly individuals, a demand arises for efficient, noninvasive methodologies to

image perfusion within the upper and lower limb musculature.

1.1.2 Contemporary Diagnostic Approaches for PAD

Currently, conducting a comprehensive clinical evaluation of PAD entails measurements of the ankle-brachial

index (ABI), coupled with subsequent MR or CT angiography aimed at detecting vascular occlusions [8].



The ABI is computed as the ratio of maximal bilateral systolic blood pressure values in the lower and upper
extremities [9]. Interpretation of ABI values, however, presents challenges, as age and metabolic conditions

can elevate ABI above 1.3, yielding an uncertain diagnosis [10].

1.1.3 Problem Identification and Research Objectives

The feasibility of measuring microvasculature flow in the lower extremities lies in applying molecular imaging
probes. This involves integrating contrast agents with optical [11][12], nuclear [13], MR [14], or US [15]{16]
imaging modalities to enhance the sensitivity and specificity of detecting blood cells within vascular spaces.
While each technique effectively caters to distinct clinical demands, concerns regarding risk and cost have
hindered their widespread utilization. The inclination leans towards achieving perfusion imaging without the
need for contrast agents, provided it fulfills criteria encompassing reliability, affordability, minimal risk, and
broad accessibility.

In this framework, Laser Doppler techniques emerge as secure and cost-effective alternatives for real-time
surface perfusion imaging. Nonetheless, their potential is limited due to their capacity to measure depth,
which typically extends to depths of only 1 to 2 mm [17]. On the other hand, conventional Power Doppler
Ultrasound (PD-US) demonstrates sensitivity to red blood cell (RBC) movements in vascular beds. It offers
superior depth penetration capabilities and real-time processing features. However, its applicability for clinical
perfusion estimation is compromised due to the considerably weaker echoes produced by blood cells compared

to tissue (Clutter) echoes, further compounded by their similar velocity ranges.

Tissue Motion Profiling

Tissue movement is primarily attributed to two sources: the motion of the sonographer’s hand and physiological
shifts in the patient, both of which currently limit the effectiveness of this technique in the absence of contrast
enhancement [18]. When dealing with faster flows within noticeable blood vessels, the spectral components
of the blood and clutter signals can be differentiated. Conversely, as blood flow velocities decrease, such as
in capillary beds, or when there is significant tissue motion, the spectra of blood flow and clutter begin to
overlap. This overlapping of spectra introduces complexity to separating blood and clutter based on temporal
information. Several researchers have introduced an alternate proposition suggesting that the distinct spatial
attributes of tissue and blood signals enable their separation. They posit that red blood cell scatterers exhibit
significantly greater deformability than tissue, leading to noticeable spatial decorrelation in the echo signal.
As a result, tissue signals display heightened spatial coherence compared to blood signals. This hypothesis
has paved the way for a new category of singular value decomposition (SVD)-based clutter filtering methods
[19][20][21][22][23].

Singular Value Decomposition (SVD)

PCA filters, derived from principal components analysis, are effective for separating clutter and blood echoes
in peripheral perfusion imaging. Echo data is arranged in a matrix structure with spatial and temporal
samples. Using SVD, these matrices generate singular values. Effective clutter filters are constructed by

discarding initial singular values and calculating residual signal power. Assumptions include:
1. Stable tissue echoes

2. Weakly scattered blood echoes



3. Strong signal-to-noise ratios.

Despite these assumptions, practical clutter filtering is often incomplete. Therefore, a shift in focus
occurred toward evaluating the clinical scanning environment. The primary goal of this research project
is to develop novel PD- US without contrast enhancement acquisition and clutter filtering methods that
provide consistent maps of blood-cell perfusion in peripheral muscle. Our proposed solution is centered
around developing a three-dimensional blood perfusion model, serving as the foundational framework for
a comprehensive assessment of the contributions made by individual measurement components and their

corresponding assumptions to the PD-US signal [24]. This endeavor has yielded two notable accomplishments:

e Firstly, the introduction of a streamlined and precise rigid spatial registration technique, strategically

employed to optimize echo conditioning;

e Secondly, the derivation of an echo correlation coefficient estimate, which assumes the role of a

benchmark for assessing the efficacy of clutter filtering.

1.2 Main Results

We illustrated our consistent ability to accurately isolate slow-moving blood from tissue echoes and noise

through a three-step process:

1. Method Validation: Initially, we establish the effectiveness of our methodology. This endeavor begins
by subjecting PD-US techniques to a thorough evaluation involving tests that explore their boundaries
via simulations and experiments utilizing phantom configurations. Simulations confirmed that spatial
registration narrows the bandwidth of the clutter subspace, resulting in a more distinct threshold for
effectively segregating the blood and clutter subspaces. Following this, we further substantiated the
reliability of our techniques through In vivo evaluations. This entails the utilization of Laser Spackle
Contrast Imaging (LSCI, the current validated modality for perfusion imaging) and a well-established
animal model for in vivo assessments. Additionally, our validation process incorporates a comparative
analysis of our outcomes against established findings in the existing literature. Through a comparative
evaluation of PD-US outcomes alongside those from LSCI and pre-existing literature, we substantiated
the capability of our proposed approach to accurately track the progression of perfusion patterns across

time.

2. Diagnostic Evaluation: Moreover, we delved into the potential of PD-US to detect shifts in perfusion,
considering influential biological factors. In pursuit of this objective, we employed a unilateral ischemic
hindlimb model developed by the Dobrucki lab. This model serves as a platform for investigating
perfusion dynamics in healthy and diabetic mice. To explore our method’s diagnostic capacity, we
meticulously tracked alterations in perfusion within the ischemic muscle in relation to the non-ischemic
contralateral control hindlimb. This comprehensive study spanned four weeks and contained eight
distinct mouse groups. These groups were characterized by variations in gender, health status (healthy
or diabetic), and activity level (sedentary or exercise-conditioned). The results showed that PD-US
measurements exhibit the capability to accurately track localized alterations in skeletal muscle perfusion
due to diabetes, addressing the requirement for methods that can consistently monitor the progression

of atherosclerotic changes that culminate in ischemic cardiovascular conditions.



3. Human—Scale Adaptation: Finally, we extend our measurements to encompass human-scale pro-
portions, as the larger scale introduces complexities related to penetration, attenuation, reduced
signal-to-noise ratio (SNR), and notable clutter motion. This transition to dimensions resembling those
encountered in clinical settings brings us closer to approximating the challenges faced during general
clinical scanning. We employed a pig model through a collaborative effort involving the Dobrucki,
Sutton, and Phillips labs to achieve this objective. In this context, we introduced an ameroid constrictor
ring around the right femoral artery of a pig. This setup aimed to replicate the effects of gradual
occlusion, aligning more closely with the gradual progression of PAD seen in diabetic patients. This
adjustment to the pace of PAD progression in a pig model enhances the relevance of our measurements

to clinical scenarios where such challenges are encountered.

1.3 Summary of Chapters

The dissertation’s core contribution lies in improving the sensitivity and specificity of perfusion imaging
using PD-US technology through offline clutter filtering. This research project is entirely devoted to the
advancement of non-contrast-enhanced PD-US techniques for peripheral perfusion imaging. Our paramount
goal is the development of acquisition methods followed by rigid registration and SVD clutter filter as a
clutter filtering method, leading to the consistent mapping of blood-cell perfusion in peripheral muscle tissues.

The following outlines the structure of the thesis:

Chapter 2: Development of a PD-US Echo Simulator

This chapter focuses on developing an echo simulator designed explicitly for blood perfusion imaging using
PD-US. The chapter provides an in-depth look at the registration and filtering techniques used in PD-US
imaging for blood perfusion. The validity of the simulation is supported by a comprehensive experimental

phantom study.

Chapter 3: Pre-clinical Investigation on Muscle Perfusion

Chapter three presents a pre-clinical study aimed at demonstrating the capability of PD-US measurements in
detecting temporal changes in peripheral muscle perfusion. Due to the unavailability of realistic phantoms
for experimentation, the study utilizes rodent hindlimbs, employing invasive and non-invasive methods to
temporarily modulate blood flow. The goal is to assess the effectiveness of PD-US in capturing dynamic

changes in muscle perfusion and its potential application in monitoring such alterations.

Chapter 4: Diabetic-Related Changes in Perfusion

This chapter extensively explores alterations in perfusion related to biological factors, especially diabetes,
in response to long and short-term ischemic conditions. It specifically investigates parameters such as the
maximum perfusion loss following femoral ligation, the duration required for complete perfusion recovery,
and the measurement of hyperemia response in both resistive and conduit vessels for identifying endothelial
dysfunction. The study underscores the remarkable sensitivity of PD-US imaging to changes associated with

diabetes in mice, offering promising prospects for monitoring peripheral perfusion in clinical settings.



Chapter 5: Advancing PAD Understanding with a Pig Model

Chapter five builds upon previous mice-model studies and introduces enhancements in understanding PAD.
It employs a pig-model approach, incorporating a 5-MHz ultrasound pulse and a handheld probe for deeper
muscle perfusion assessment. An ameroid ring constrictor (ARC) is surgically placed on the femoral artery,

inducing gradual muscle ischemia, more closely resembling the development of atherosclerosis in PAD patients.

Chapter 6: Conclusion

The final chapter summarizes the key findings and insights from the preceding chapters, highlighting the
potential of PD-US in blood perfusion imaging for both clinical and research applications. The research
presented in this thesis contributes to the development of non-invasive, cost-effective methods for early
detection and monitoring of PAD, intending to improve patient outcomes and the management of this

prevalent vascular condition.



Chapter 2

Simulation and Validation of Blood

Perfusion Imaging with PD-US

2.1 Study Overview

The clinical applicability of Perfusion PD-US imaging, devoid of contrast enhancement, heavily relies on the
efficient removal of clutter, ensuring that the acquired images accurately represent the echoes produced by
slow-moving blood cells within the microvasculature. Principal Component Analysis (PCA) has emerged as a
standard technique for constructing clutter filters based on the observed ultrasonic Doppler acquisition signals
[20] [25] [26] [27]. PCA filters are remarkably effective in eliminating the signal power originating from tissue
echoes, particularly in situations where weak blood echoes are the primary source of decorrelated-echo signals.
This effectiveness is most pronounced when blood cells perfuse tissues that remain stationary with respect
to the US beam. In such cases, signals from static tissue echos, although strong, exhibit a high degree of
correlation between echo frames in the ensemble. This correlation enables PCA filters to efficiently distinguish
them from the weaker, decorrelated echoes resulting from the motion of blood cells within the PCA spectrum.
As the subspaces for these two echo sources diverge, the PCA filter effectively removes clutter, leaving only
the signal power originating from the movement of blood cells and background noise.

In this chapter, we delve into developing an echo simulator tailored to the context of blood perfusion
imaging using Power-Doppler Ultrasound (PD-US). We present a comprehensive overview of the registration
and filtering techniques employed in the context of PD-US imaging of blood perfusion. Furthermore, we

substantiate the validity of our simulation through an extensive experimental phantom study. [28].

2.2 Method

2.2.1 Perfused Tissue Model

To faithfully replicate echo-signal frames acquired from perfused tissues scanned with a linear array transducer,
we adopt a discrete scatterer model. This model, which has been described in literature [29], allows us to
simulate the behavior of point reflectors within a clear gel representing the biological tissue. These point
reflectors are strategically placed within the gel, and they move freely between frames. Each individual scatterer

is characterized as a 3-D Dirac delta function §(x — x,,) situated at the spatial coordinates z,, = (z,y, 2)n. It



is worth noting that the position of each scatterer is not static but varies with time, z, = x,(¢). This dynamic
aspect is essential, as it mirrors the movement of scatterers in response to the incident sound beam. The
scattering field arising from these scatterers is mathematically represented by the object function, denoted as

f, which varies with both spatial coordinates x and time t. This function is defined as:

Fa,t) =" and(z — za(t)) (2.1)

neQ
Here, a,, corresponds to the reflectivity of the nth scatterer, and x,,(t) represents the dynamic spatial position
of each scatterer within the image. This formulation allows us to model the behavior of point reflectors as
they move in response to the US beam. Furthermore, our object function f can be further divided into two

components, representing tissue and blood scatterers, respectively. This separation is defined as:

flat) = fr(m,t) + fola,t) = Y 78 (x = xp(t) + D B8 (x = x4(1)) (2.2)

PEQ qeQ
Here, f; and fg represent the scattering contributions from tissue and blood reflectors, respectively. The
scattering amplitudes for tissue and blood reflectors are denoted as 7 and [, respectively, and are considered
constant within the imaging region 2. The spatial positions of tissue and blood reflectors are denoted as
xp(t) and z4(t), respectively, and n collectively represent the sets of tissue (p) and blood (q) reflectors. This
framework provides a comprehensive representation of the scattering behavior within our US imaging system,

enabling us to analyze and differentiate between tissue and blood components during image reconstruction.

2.2.2 Echo Signal Model

The signal model transforms the scatterer function described in Equation 2.1 into a time series of simulated
2-D radiofrequency (RF) echo frames. This transformation is achieved through the utilization of the spatial
sensitivity function (SSF), denoted as hg(x), which characterizes the contributions of scatterers at different
spatial positions to each sample of the RF signal. The SSF is fundamentally the pulse-echo impulse response
function, denoted as h(x,t), for a fixed measurement time, i.e., hg(x) = h(x | t) [29], [30]. This response
function encompasses the three-dimensional spatial sensitivity of our imaging system, allowing for contributions
to the echo signal from scatterers located at lateral (x), elevational (y), and axial (z) positions relative to
the US beam axis. A critical assumption in our modeling framework is that tissue and blood-cell speeds
are significantly slower than the acquisition frame rate. As such, we consider all scatterers to be effectively
frozen in position while each echo frame is acquired. Additionally, we assume that the SSF remains spatially
invariant within the imaging volume €2, adhering to the principle of local shift-invariance. In our US imaging
framework, let gxsnm describe a sampled time series of 2-D RF echo frames, where k£ denotes the axial sample,

[ represents the lateral sample, and m signifies the frame index. The acquisition process can be expressed as:

Jktm = €kem + / dxhs (v —x¢,y,2 — ctr/2) f (X, tm) (2.3)
xXEN

Here, €rs,, represents the bandpass white Gaussian acquisition noise. Equation 2.3 encompasses a three-
dimensional integral that effectively implements a two-dimensional convolution within the x — z scan plane.
The fast-time variable ¢, = (k — 1)T}, with 1 < k < K, identifies echo samples acquired along the beam
axis at position z, = ¢7i/2 for a given sound speed ¢ [mm/us]. The fast-time sampling rate is defined as
1/T = 38.5M H z. Lateral samples are characterized by xz; = (I — 1)X, where 1 <1 < L, and X = 0.1mm



represents the lateral sampling interval determined by the pitch of the linear array transducer. The frame-time
variable, denoted as t,,, = (m — 1)T,,, with 1 < m < M, sampled at Doppler frame rate 1/T,,, = 10Hz. This
Doppler frame rate is not fixed but rather adapts dynamically based on the velocity of blood cells, ensuring
optimal data acquisition in varying flow conditions. By combining the mathematical expressions provided in

Equations 2.1 and 2.3, we arrive at the formulation:

N
Jktm = €ktm + Z anhS (zn (tm) — T, Yn (tm) y Zn (tm) - Ctk/2) (24)

n=1

In Equation 2.4, a,, represents the reflectivity, and a,, = {7, 8} characterizes tissue and blood reflectors.
This equation captures the echo signals recorded during the mth frame as the weighted coherent summation
of shift-invariant SSF values, sampled at each scatterer’s position within the imaging volume 2 By employing
a functional representation for hg, this equation allows us to simulate echo signals for scenarios involving
continuously varying scatterer positions. To further refine our modeling, we apply a Gabor approximation to

the SSF tailored for a linear array transducer. This approximation is represented as:

2 2 2
ha (x5 ug,02,04,0) = mexp l—; ((;@) + (2?;) + (é) )] x sin (27 (2ug/c) z + @)

(2.5)

In this equation, ug, 0., 0., and @ are free parameters chosen to simulate specific experimental conditions.

ug denotes the carrier frequency of the US pulse, while ¢, and o, define the pulse width and length,
respectively. The parameter ¢ characterizes phase, offering control over the behavior of the SSF. Importantly,
we maintain a fixed ratio between the elevational beam width along the y-axis to be twice the lateral beam
width along the x-axis. These refinements and approximations enhance the fidelity of our US imaging model,

enabling accurate simulations and practical applications in various scenarios.

2.2.3 Blood and Tissue Scatterer Motion Model

The model inherently considers the dynamic motion of scatterers in space during the time intervals between
echo frames, with each frame assumed to be instantaneously recorded. The continuous variation in the
positions of scatterers between frames is dictated by the velocities of individual tissue and blood scatterers,

as described by the following equations:

Xp (tm) = (m = 1) Ty (tm) + Xp0

(2.6)
Xq (tm) = (m — 1) T (vp (tm) + Vg (tm)) + Xq0

Here, v, = (z)a:,vy,vz)—r and v, = (UJC,Uy,UZ);r represent the velocities of individual tissue and blood

cells, respectively, measurid in units of [mm/s]. The initial positions of scatterers are given by xpo and
Zq0. It’s crucial to note that the collective motion of blood cells is determined by the summation of their
individual velocities. All scatterer velocities are relative to the axis of the US sound beam. Our simulation
encompasses various types of tissue motion. In one scenario, we rigidly translated the tissue between frames,
denoted as v, (t,) = v (tm) for all p,p’ in Q. This rigid movement remained constant for each frame,
emulating the consistent velocity of the transducer during scanning. Additionally, we introduced oscillations
in scatterer positions to replicate physiological phenomena such as breathing and cardiac pulsations. Nonrigid,

scaled-coordinate deformations were also explored, where v, (t,,) = v (xp/a, Vayp, V/azp, ty) introduced a
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Figure 2.1: (a) Schematic representation of echo data acquisition in the (x, z) scanning plane involving an
ensemble of M echo frames. Displacements are computed relative to the initial frame within nine distinct
regions. (b) Assessment of clutter motion within a cross-sectional scan plane of the calf muscle. (c¢) Graphs
illustrating correlation coefficient variations concerning the transducer’s axial and lateral translation distances.

constant-volume scaling factor o to mimic muscle contractions.

For blood-cell motion, three distinct scenarios were considered. Firstly, we assumed a constant velocity
that was uniform for all blood cells. Secondly, we simulated blood cells moving with a defined mean velocity
and angular variability. Lastly, we introduced spatially diffuse motion, where individual blood cells moved
with constant speed but randomly changed direction uniformly between 0 and 47. Consequently, the spatially
averaged blood velocity wasV, (tm,) = 0. The results from the latter two blood-cell motion scenarios are
reported in this thesis. Each motion state exhibits predictable but not necessarily unique effects on the
Doppler spectrum. To maintain consistency with empirical data, the ratio of tissue to blood cell reflectivity
was set to 7/8 = 10. This amplitude ratio is derived from extensive literature sampling [31], [32] containing
backscatter coefficient measurements from whole blood and skeletal muscle in the frequency range of 5-10
MHz. The higher tissue reflectivity within this ratio implies that the spatial registration of the echo frames is

primarily influenced by the coherent motion of clutter.

2.2.4 Displacement Estimation and Spatial Registration

This section looks closely at the techniques employed for displacement estimation and spatial registration in

US imaging, which are essential components in separating blood from the clutter domain.

Region Selection and Motion Analysis

The process begins with the selection of regions within each Radio-Frequency (RF) echo frame, denoted as
Xo X Zy regions, typically representing 1 mm squares. These regions are chosen based on their homogeneous
echogenicity, as visually illustrated in Figure 2.1(a). In scenarios where the transducer remains rigidly fixed
in space, the range of motion observed in healthy subjects is typically less than 0.04 mm, as depicted in
Figure 2.1(b). Accurate spatial registration and displacement estimation are paramount in such cases, as

even slight motion can introduce distortions in the acquired data.

Coarse estimation

To estimate echo translation for each selected region, a two-stage process is employed, initially involving the

computation of the discrete two-dimensional spatial cross-correlation function for a set of M echo frames
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within the recorded ensemble. Here, spatial coordinates are represented as k' and ¢, and the displacement
in the horizontal and vertical dimensions is denoted as Ak and A/, respectively. For a stationary random

process g within an analysis region of dimensions X X Zj, the cross-correlation function is expressed as:

dakaemm =F " {F {grem} (F{gw.erm})"} (2.7)

Where F{-} denotes the discrete forward Fourier transform, F~1{-} is the inverse transform, and the
asterisk represents complex conjugation. The displacement of echoes between frames m and m’ is estimated

as an integer number of samples, obtained by identifying the peak of the cross-correlation function:

[Akv Aé]mm’ = arg i%age ¢AkA€m7n' (28)

)

In the absence of motion (e.g., v, = 0 or m = m’), the expectation is that Ak = Al = 0. It’s important
to note that, due to the echo samples being X = 0.1 mm laterally and the ¢T%/2 = 0.02 mm axially, this

initial step provides coarse estimates, with the resolution limited by the size of the echo-signal sample size.

Sub-sample Translation Estimation

The second stage of the process involves sub-sample translation estimation. Here, a combination of cubic
spline interpolation and a 2D unconstrained nonlinear optimization search procedure is implemented, utilizing
the Matlab function fminsearch. In each iteration of the search process, the M-th echo frame is interpolated
using Matlab’s interp2 function. Subsequently, a derivative-free simplex search technique [33] is employed,
involving a cross-correlation analysis between the interpolated M-th frame and -1 times the M’-th echo frame.
The choice to manipulate the sign of one of the two frames is made to facilitate the identification of the
correlation minimum. The fine-scale search begins with the preliminary coarse-scale estimates and concludes
upon reaching a convergence threshold of 10~*. This results in a sub-sample displacement vector estimate

represented as d’' = (Ax’, Az').

Net Displacement Estimate

The overall displacement estimate characterizing the translation of frame M’ relative to frame M in millimeters

) /
d = Az _ AAD;’ + Az (2.9)
Az o ARG + A -

This two-step approach has been demonstrated to yield unbiased sub-sample displacement estimates

is expressed as:

and is effective at mitigating the risk of becoming trapped in local minima, a common occurrence when
dealing with multi-cycle (narrowband) Doppler pulses. Simulated echo signals are subject to rigid frame
translations during the registration process, allowing for the averaging of estimates obtained from multiple
subregions within a frame, as depicted in Figure 2.1. These estimates are conducive to minimizing the
impact of random errors stemming from noise, with the SNR for simulations set at 30 dB. In the context
of measuring displacements relative to the first frame, the frames within the ensemble are spatially aligned
with the initial frame through spline interpolation, with a grid shift parameterized by di,, . If tissue motion
exhibits nonrigidity across the entirety of the echo frame, adjustments to the window size and position can

be made to detect deformation and spatially register each subregion individually.
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This comprehensive approach to displacement estimation and spatial registration is pivotal in enhancing
the quality and reliability of echo data in US imaging. It ensures that even in the presence of motion and

noise, accurate and coherent images can be acquired and analyzed.

2.2.5 Phantom Experiments Validation

The simulation presented in the previous sections underwent experimental verification, performed using a
gelatin phantom with uniformly distributed scatterers. To emulate real-world scenarios, a simple phantom
was crafted following established methodologies [34]. While this phantom did not incorporate perfusing
scatterers due to the complexities associated with introducing a realistic flow pattern, it was instrumental
in focusing on the critical task of spatially registering echo frames in the presence of moving clutter and
noise sources. The experimental setup involved scanning a stationary and congealed gelatin block using a
linear array transducer. The key aspect of this setup was the controlled motion of the gelatin block in three
dimensions, allowing for the assessment of registration errors under known conditions. These errors were
quantified as a function of the inter-frame correlation because correlation lengths characterize beam properties
[35]. Correlation lengths provide a robust measure of performance and accuracy, as they are independent of

the beam shape.

2.2.6 PCA Filtering

In this section, we discuss the application of PCA as a filtering technique for processing RF echo data in the

context of PD-US imaging.

Data Preparation

To begin the PCA filtering process, we start with the RF echo data collected from a specific 2-D subregion,
as illustrated in Figure 1. The RF echo data in the first frame of an ensemble is organized into a 1 x N row
array. This process is then repeated for the same subregion across all M frames, resulting in an M x N echo

matrix, denoted as X. Here, M represents the temporal samples, and N represents the spatial samples.

Temporal Covariance Approximation

The temporal covariance matrix of the zero-mean echo signals denoted as K, is approximated as:

1
M—-1

where the approximation assumes that the echo signals are derived from an ergodic random process. This

Kx = xXxT, (2.10)

approximation allows us to perform spatial averaging as a substitute for ensemble averaging.

Eigen-decomposition

Next, we apply an eigen-decomposition to the temporal covariance matrix Kx [36]:

Kx =VAVT, (2.11)

In this equation, the columns of the M x M unitary matrix V represent the eigenvectors of the temporal

covariance matrix, while the nonzero elements of the M x M diagonal matrix A represent the corresponding
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eigenvalues. These eigenvalues are real and sorted in descending order, with Ay > Ay > ... > Apy.

The principal components of Kx are extracted through the product:

Y =VTX. (2.12)

PCA filtering is employed to eliminate all principal components that are not associated with the blood
subspace, resulting in the filtered echo signal matrix Y’. Subsequently, the filtered echo data matrix X' is

reconstructed as:

X' =vy. (2.13)

Each column of X’ is then reassembled into a 2-D echo subregion. This step is crucial in isolating the signal
components attributed to the motion of blood cells. If the source subspaces are indeed separable and the
filter thresholds are judiciously selected, the remaining signal power in X’ predominantly comprises the echo
signals originating from moving blood cells. The utilization of PCA filtering in US imaging is a powerful
technique for enhancing the visualization of dynamic structures within the body, particularly in scenarios

involving the observation of blood flow and tissue motion.

2.3 Results

2.3.1 Estimation of Clutter Motion

This subsection presents the results of displacement estimation based on Equation 2.9 and discusses the
associated errors, represented as the difference between estimated displacement and true displacement, for
both radio-frequency (RF) and envelope (ENV) signals. The signals discussed here primarily consist of noisy
clutter echoes, without blood perfusion, aimed at emulating the phantom measurements presented later in
this section.

The in-plane motion results, depicted in Figure 2.2, simulate the estimates of clutter movement as the
transducer is moved within the x-z scan plane while scanning a fixed random scattering medium, as illustrated
in Figure 2.1 a. On the other hand, the out-of-plane motion results in Figure 2.3 are obtained by moving the
transducer in elevation along the y-axis. All the results are generated using a 5 MHz pulse frequency and are
categorized into two scenarios: 75% fractional pulse bandwidth (broadband, BB) and 25% fractional pulse
bandwidth (narrowband, NB). The pulse is calculated at a focal length of f/2 in-plane aperture and an f/4
elevational aperture, remaining shift invariant across the simulated echo field. Comparisons between RF and
ENYV results are made to examine the effects of pulse modulation on estimation errors, with the echo SNR
held constant at 30 dB.

A crucial factor in minimizing displacement errors when registering echo frames is to maintain a high
correlation between the pairs of echo frames under comparison. The impact of pulse SSF size and shape on
echo correlation is assessed through axial and lateral correlation coefficients, as depicted in Figure 2.1 ¢ for
in-plane motion and Figure 2.3 f for out-of-plane motion. Each correlation coefficient curve is derived from a
series of echo frames acquired as the transducer is moved along the axial, lateral, or elevational axes. In-plane
motion exhibits minimal echo decorrelation, while significant decorrelation is observed for out-of-plane motion
exceeding the elevational beam width. These correlation curves are derived from the ENV of the RF echo

signals.
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Figure 2.2: In-plane displacement estimates and errors for 5 MHz echo signal simulations.

These results offer valuable insights into the impact of different motion scenarios and pulse characteristics

on the quality of displacement estimation in US imaging.

2.3.2 In-Plane Measurements of In-Plane Motion from Simulated Echo Data

Here we presents the results of in-plane motion estimation based on simulated echo data, with a focus on
the evaluation of displacement estimates. The results of Figure 2.2 a, b are derived from the broadband
ENYV signals as the transducer undergoes diagonal motion within the scan plane. The total displacement
encompasses 0.46 mm along the x-axis and 0.26 mm along the z-axis. Dashed lines in the provided figures
represent the true values. Notably, these displacement ranges are notably larger, approximately 5-10 times
greater, than the range of clutter translation typically observed in clinical scenarios, as exemplified in Figure
2.1 b. The error plots illustrated in Figures 2.2 c-f display the mean errors along with the range of standard
deviation (£1 SD) computed from 9 non-overlapping subregions within an echo frame. A comprehensive
analysis of these results reveals several significant findings. For axial measurements, the smallest displacement
errors are observed, particularly when using narrowband radio-frequency (RF) signals. However, it is worth
noting that the errors associated with broadband RF signals are also within a similar range. Importantly,
pulse modulation techniques play a pivotal role in substantially reducing displacement errors in this range of
motion. Conversely, the largest displacement errors are encountered when making lateral estimates, with
error magnitudes roughly equivalent across various situations, even when employing a constant cross-range
beam width. To further comprehend the impact of pulse length and modulation, a direct comparison can be

made by examining the axial measurements represented by the blue curves in Figure 2.2 c-f.
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2.3.3 In-Plane Measurements of Out-of-Plane Motion from Simulated Echo
Data

Now we explore the results of in-plane displacement estimates obtained from simulated echo data, focusing
on the impact of out-of-plane motion. The transducer’s motion perpendicular to the scan plane, along the
y-axis, is the primary focus. In these scenarios, the true displacements are consistently zero in each plot, as
the motion is solely out-of-plane. The following observations are derived from the analysis:

Figure 2.3 a-e visually represents in-plane displacement estimates as the transducer is translated along
the y-axis. These translations induce out-of-plane motion, making it essential to monitor the corresponding
errors. Particularly, the 5 MHz broadband radio-frequency (RF) signals in Figure 2.3 a demonstrate that the
transducer can be translated in an elevational direction by up to 1.2 mm before encountering a notable increase
in estimation errors. The first 1.2 mm of data in Figure 2.3 a is presented more comprehensively in Figure
2.3 b, where a progressive rise in measurement errors is evident. These errors are primarily attributed to a
reduction in elevational correlation coefficients, which fall to approximately 0.1 (as illustrated in Figure 2.3 f).
Moreover, the results indicate that there is no significant distinction between lateral and axial displacement
errors in the presence of elevational decorrelation.

In summary, the analysis reveals that both measurement bias and variance for in-plane displacement
estimates exhibit a gradual increase as elevational correlation diminishes. For radio-frequency (RF) echo
signals, the tolerable range of elevational decorrelation extends up to 0.2, while for ENV signals, this range
reaches up to 0.4. Beyond these thresholds, displacement estimates become unreliable and, subsequently, fail
to provide accurate results. These findings establish critical limits that help define the permissible ranges of
out-of-plane clutter motion for robust perfusion imaging applications.

These findings shed light on the nuances of in and out of plane motion estimation and the factors
influencing displacement errors. It is evident that the choice of signal type, such as narrowband RF or
broadband ENV, and the implementation of pulse modulation techniques significantly impact the accuracy of

displacement estimates in response to various motion scenarios.

2.3.4 Experimental Verification of Simulation Results via Phantom Measure-

ments

This section presents an experimental verification of a subset of results obtained from Figures 2.2 and 2.3 by
conducting real-world measurements on a random-scattering gelatin phantom. The experiments involved
using an Ultrasonix SonixRP system operating at 5 MHz, mirroring the system parameters employed in the
simulated echo data. The SNR for the experimental setup was measured at 32 dB, aligning it closely with
the simulated conditions.

Figure 2.4 displays the experimental results for broadband ENV data, where the transducer was systemat-
ically moved along one of three axes in each experiment, with efforts made to minimize motion along the
other two axes. The following observations were made:

The experimental results closely resemble the simulations for both the ENV signal and the radio-frequency
(RF) signals (not shown). While the agreement is substantial, it’s worth noting that there may have been
minimal unintended movement along the axes that should ideally remain stationary, as evidenced by the small
axial displacement in Figure 2.4 a and lateral displacement in Figure 2.4 b. Furthermore, the comparison
of the correlation functions between Figure 2.4 d and Figure 2.4 f suggests that the actual beam width in

elevation may be broader than what is indicated by the nominal probe specifications. However, this broader
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Figure 2.3: Estimation of in-plane motion when the probe is moved in elevation for 5 MHz simulated
broadband (BB) and narrowband (NB) RF and ENV echo data.

sound beam’s impact on displacement estimates was found to be insignificant when assessing the experimental
results against simulations.

The results in this section, both from simulation and experiment, focus on registration errors for clutter
signals within a noisy environment, without the presence of blood perfusion. It is evident that by processing 5
MHz broadband RF echo signals, reliable measurements of in-plane-only translations greater than 0.005 mm
can be achieved, with negligible bias and SDs less than 0.02 mm, achieved through spatial averaging over 1
mm? regions. The in-plane errors arising from out-of-plane motion are largely determined by the beam width
in elevation and are predictable from the elevational correlation coefficient. The following section expands
upon these findings, introducing a blood echo signal to the simulations of clutter and noise components to
draw conclusions about the effectiveness of clutter filtering in perfusion imaging.

This experimental verification bridges the gap between simulation and real-world scenarios, providing

valuable insights into the potential of clutter filtering in US perfusion imaging.

2.3.5 Separation of Clutter and Blood Components

Two distinct spatial distributions of blood cell movements were examined in these simulations. In both
scenarios, blood is confined to a central perfusion region, as observed in the colored area in the PD-US images
shown in Figure 2.6. Within the perfusion region, the echo signals include contributions from blood, clutter,
and noise components, whereas outside this region, the volume contains clutter and noise only. Notably, all
blood cells move at a speed of |vy| = 0.2 mm/s.

In the first distribution, the average direction of blood cell motion aligns with the +z axis, while individual
blood cells’ directions are randomly varied over a 30° opening angle, creating a cone-like distribution centered
about the z-axis. In the second distribution, each blood cell moves in a random direction over a full 4pi

spherical area, simulating the random diffusion-like motion of the blood cells. The clutter motion, with
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Figure 2.4: Displacement estimations for 5 MHz phantom experiments.

velocity in [mm/s], remains constant at v, = 0.17% 4 0.23%, indicating movement down and to the right, as
illustrated in Figure 2.6 ¢ and 2.6 f. The ratio of tissue to blood amplitude reflectivity, 7/5 = 10, maintains
consistency with empirical data. To spatially register the echo frames, a two-step process is employed. Initially,
displacements are measured in each of the subregions within a 3x3 array, and the results are averaged. It’s
important to note that the central three subregions include contributions from blood, clutter, and noise
sources, while the remaining six subregions contain only clutter and noise. The average displacement obtained
is then applied to register the entire frame. Given the inherent variability of perfusion within tissues, mixing

subregions with and without perfusion to estimate clutter movement is a practical necessity in this context.

2.3.6 Doppler Spectrum Analysis

Following the clutter filtering process, the evaluation of remaining signal power is accomplished through the
computation of the Doppler power spectral density. Power spectra are computed at each sample within a
2 x 2 mm? region and subsequently averaged. In the ensemble consisting of M = 21 frames, 21 spectral
points are obtained, allowing for the examination of the Doppler spectrum. As these data are simulated, it
becomes feasible to separately compute the clutter and blood spectra and also explore their combined effects.
It’s essential to note that the integral of the Doppler spectrum, although not quantitatively linked to blood
perfusion, exhibits a monotonic relationship with changes in perfusion when measured in [ml/min per gram
of tissue], given that the clutter and noise components are effectively minimized.

In the case of spatial registration without PCA clutter filtering, the impact on the Doppler spectrum is
evident, as demonstrated in Figure 2.5. The top row of figures displays the registration errors and Doppler
spectra for axially directed perfusion, while the second row pertains to diffusive perfusion scenarios. Similar

to the findings in the noisy clutter simulations presented in Figure 2.2, the displacement estimates maintain
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Figure 2.5: Registration errors and power spectra with and without spatial registration

their unbiased nature. However, the introduction of blood scatterers results in an increase in the SD of
displacement estimates by approximately a factor of six. The most noteworthy observations stem from the
analysis of the Doppler spectra. With simulated blood perfusion in the presence of in-plane clutter motion,
as depicted in Figures 2.5 b, d, the Doppler spectra exhibit similarity before the registration process. Each
spectrum reveals a peak close to the axial component of clutter velocity. These spectral peaks undergo
broadening due to the lateral component of clutter motion and the variable movement direction of blood cells.

After the spatial registration process, the Doppler spectrum in Figure 2.5 b, associated with axially
directed perfusion, exhibits several distinct features. Firstly, a robust peak at zero velocity signifies the
signal power originating from spatially registered clutter echoes. Concurrently, there exists a weaker yet
broader peak, located near the mean velocity of the perfusing blood, specifically at 0.2 mm/s. By separately
processing the noisy clutter and noisy blood signal components, it becomes evident how these individual
components (depicted as dotted-line spectra) combine to create a spatially registered net spectrum, illustrated
in blue.

In the case of diffusive perfusion, as shown in Figure 2.5 d, the Doppler spectrum transforms into a
symmetric peak centered at the origin post-registration. The analysis of component spectra highlights that the
stationary clutter power is predominantly concentrated at zero velocity. On the other hand, the blood power
exhibits a more extensive distribution about zero velocity, which aligns with the expectation for directionally
variable blood cell movements featuring zero mean axial velocity. This transformation raises the question of
how to accurately compute the blood power while minimizing the influence of clutter within the Doppler

spectrum.
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2.3.7 DC-Blocker Clutter Filter

One of the simplest approaches to clutter filtering is the use of a DC-blocker filter. It assumes that spatial
registration is highly effective in concentrating all the clutter power at the origin of the Doppler spectrum.
Consequently, the filter estimates the blood power by integrating the Doppler spectrum while excluding the
value at the origin. Alternatively, in the temporal domain, the DC-blocker filter can be implemented by
subtracting the temporal average signal at each spatial position, squaring the results, and averaging over
both time and space. The efficacy of this filter in isolating the blood power is contingent on the perfusion
model. When the DC-blocker filter is applied to the results in Figure 2.5 b, associated with axially directed
perfusion, the measured power is 316.94 units. In comparison, the power within the blood-only component is
315.03. For this particular perfusion model, the DC-blocker filter works fairly well. However, in the case of
the results shown in Figure 2.5 d, corresponding to diffusive perfusion, the filtered power measures 173.08,
while the power in the blood-only component is 309.87. In this scenario, the DC-blocker filter eliminates a
significant portion of the blood power because a substantial fraction of the diffusive blood signal energy is
concentrated at the origin.

It’s essential to acknowledge that some loss of blood-signal power is expected when employing any clutter
filter. The quality of a clutter filter is often assessed by its ability to maximize the blood-to-clutter power
ratio. In the subsequent section, we investigate the performance of PCA clutter filters, both with and without

spatial registration.

2.3.8 PCA Clutter Filter: Axially Directed Perfusion

The PCA clutter filter, as described in Section 2.2.6, operates by expanding the echo signal into spatial and
temporal eigenbases. Unlike a Fourier basis, these eigenbases allow for the separation of signal components
based on the spatial coherence of motion and velocity differences. In this section, we evaluate the effectiveness
of combinations of registration and PCA filtering for clutter-blood separation, specifically for directed and
diffusive perfusion cases. We compare these results with those obtained using the DC-blocker filter. To apply
the PCA filter, it is necessary to define two thresholds: one to separate the clutter and blood subspaces in the
eigenspectrum, and another to distinguish the blood and noise subspaces (see Figure 2.6 b for reference). The
criteria for selecting these thresholds are to maximize both the blood power and the ratio of blood-to-clutter
power. The PCA clutter filter’s performance is assessed based on these criteria, and the results are presented

for the case of axially directed perfusion.

Perfusion with Nonzero Axial Velocity (Axial Directed Perfusion):

In this section, we explore the scenario of perfusion with a nonzero axial velocity, specifically axial-directed
perfusion. We investigate the effectiveness of PCA filtering without spatial registration for this case,
utilizing certain criteria to identify the blood subspace within the eigen spectrum. Table 2.1 presents power
measurements corresponding to various threshold values, with the bolded column indicating values that meet
the established criteria. The PCA-filtered Doppler spectra for unregistered echoes are illustrated in Figure
2.6 a.

Additionally, for the case of directed perfusion, we extend our analysis by employing PCA filtering with
spatial registration. This approach yields a different set of criteria for the blood subspace, spanning thresholds
in the range of 2-5 (Figure 2.6 e). The corresponding PCA-filtered Doppler spectra for the registered echoes

are displayed in Figure 2.6 d, while Table 2.2 provides power estimates for various threshold values.
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Eigenvalues 5-6 5-7 5-8 5-9 5-10 6-8 4-8
Blood power 177.98 | 213.06 | 220.96 | 226.43 | 228.58 | 117.63 | 307.32
Clutter power 4.86 8.55 10.13 11.10 11.73 8.25 81.87
Blood clutter power ratio | 36.62 24.92 21.81 20.4 19.49 | 14.26 3.75

Table 2.1: PCA filtered blood and clutter power estimates (without registration) at various filter thresholds
for directed perfusion. The true signal power from simulated blood perfusion is 215.19. Bolded values were
thresholds selected for spectra shown in Figure 2.6 a.

Eigenvalues 2-3 2-4 2-5 2-6 2-7 2-8 3-5
Blood Power 198.63 | 224.17 | 232.18 | 232.63 | 234.23 | 236.01 | 91.31
Clutter Power 1.52 2.15 2.74 3.36 3.93 4.67 1.77
Blood-Clutter Power Ratio | 130.67 | 104.26 | 84.74 69.23 59.60 50.54 | 51.58

Table 2.2: PCA filtered blood and clutter power estimates (with registration) at various filter thresholds
for directed perfusion. The true signal power from simulated blood perfusion is 237.69. Bolded values were
thresholds selected for spectra shown in Figure 2.6 d.

The PCA-filtered Doppler spectra for registered echoes are presented in Figure 6d, and the corresponding
power estimates for various threshold values are detailed in Table 2.

A comparative analysis of Figures 2.6 a and 2.6 d reveals several key observations. Firstly, the application
of spatial registration prior to PCA filtering (Figure 2.6 a) leads to several improvements: (a) a narrowing of
the clutter contribution to the Doppler spectrum, with values concentrated near zero velocity, (b) enhanced
clarity of the blood perfusion peak at 0.2 mm/s, and (c) an increase in clutter rejection across the spectrum.

Furthermore, for scenarios involving directed perfusion, the estimated blood power values closely approxi-
mate the true blood-signal power values, as listed in Tables 2.1 and 2.2. Notably, there is little qualitative
difference between the PD-US images displayed in Figures 2.6 ¢ and 2.6 f. Spatial registration provides the
advantage of superior clutter suppression, as evidenced by the larger Blood-To-Clutter Ratio (BTCR).

2.3.9 PCA Clutter Filter in Diffusive Perfusion Case

The same analysis is applied when the spatially averaged perfusion velocity is zero, representing diffusive
perfusion. However, the effects on blood-power estimation differ significantly from the directed flow results in
Figure 2.6.

For diffusive perfusion using PCA filtering without spatial registration, the blood subspace corresponds
to the eigen-index range 6-9. Table 2.3 presents power measurements for various threshold values. The
corresponding PCA-filtered Doppler spectra for unregistered echoes are displayed in Figure 2.7 a. Applying
PCA filtering with spatial registration for diffusive perfusion results in the criteria defining the blood subspace

as 2-10 (Figure 2.7 e), with power estimates for different threshold values provided in Table ?7.

Eigenvalues 6-14 | 6-13 | 6-12 | 6-11 6-10 6-9 6-8 5-8 4-8 7-8
Blood Power 45.01 | 42.6 | 39.3 | 35.96 | 31.95 | 28.97 | 24.21 | 46.62 | 135.86 | 14.84
Clutter Power 6.84 | 6.21 | 5.47 | 4.77 4.09 3.33 2.73 | 10.51 | 75.25 1.87
Blood-Clutter Power Ratio | 6.58 | 6.86 | 7.18 | 7.54 7.81 8.7 8.86 4.43 1.81 7.93

Table 2.3: PCA filtered blood and clutter power estimates (without registration) at various filter thresholds
for diffusive perfusion. The true signal power from simulated blood perfusion is 274.57. Bolded values are the
thresholds selected for spectra shown in Figure 2.7 a
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Figure 2.6: In Figures (a-c) and (d-f), we present the results of PCA clutter filtering for scenarios with axial
directed perfusion in the presence of a moving clutter field, while maintaining an echo SNR of 30 dB. The
spectra labeled ’original’ and ’filtered blood’ are derived from data within a central 2 x 2 mm? region where
both clutter and blood components are present. These spectra represent the average Doppler spectra within
this region. In contrast, the spectra labeled ’filtered clutter’ originate from a region of the same size near
the margins of the image where there is no blood perfusion. These spectra serve to measure the clutter
power that leaks through the PCA clutter filter. Notably, without the application of spatial registration, the
spectral extrema in Figure (a) are not located at zero velocity.

Comparing Figures 2.7 a and 2.7 d, it is evident that spatial registration narrows the clutter component in
the Doppler spectrum. The eigen-spectra no longer exhibit prominent blood velocity peaks on either side of
zero velocity, and diffusive blood velocities manifest broadly and symmetrically at both positive and negative
velocities in the Doppler spectrum. Significantly, the PCA filter now removes a substantial portion of the

measured blood power, primarily due to its suppression of stationary echoes.

Eigenvalues 2-5 2-6 2-7 2-8 2-9 2-10 2-11 2-12 3-10
Blood Power 103.34 | 110.42 | 116.18 | 122.78 | 127.46 | 131.01 | 135.08 | 136.39 | 92.91
Clutter Power 2.6 3.08 3.79 4.31 4.95 5.6 6.15 6.73 5.48
Blood-Clutter Power Ratio | 39.75 35.85 30.65 28.49 25.75 23.40 21.96 20.27 | 16.95

Table 2.4: PCA filtered blood and clutter power estimates (with registration) at various filter thresholds for
diffusive perfusion. The true signal power from simulated blood perfusion is 274.57. Bolded values are the
thresholds selected for spectra are shown in Figure 2.7 d.

However, spatially registering the echoes before PCA filtering yields two key benefits: (a) recovery of
4.5 times more of the true blood-signal power and (b) a threefold increase in the BTCR when compared to
measurements made without spatial registration prior to PCA filtering. The increase in perfusion is visually

indicated in Figure 2.7 f when compared to Figure 2.7 c.
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Figure 2.7: PCA clutter filtered results without (a-c) and with (d-f) spatial registration applied to the echo
ensemble before filtering are shown. These data have diffusive perfusion in a moving clutter field, and the
echo SNR is 30 dB. The spectra labeled ‘original’ and ‘filtered blood’ are an average from data in a central 2
x 2 mm?2 region where there are both clutter and blood components. The spectra labeled ‘filtered clutter’ are
from the same-size region near the margins where there is no blood perfusion. The latter spectra measure the
clutter power leaking through the PCA clutter filter. Notice that without registration, the spectral extrema
in (a) are not located at zero velocity.

PD-US Images: Spatial Registration Followed by PCA Clutter Filtering.

Figure 2.8 illustrates examples of PD-US images for directed and diffusive perfusion. The key advantage
of power-Doppler (PD) methods is their ability to retain sensitivity to blood-cell movements regardless of
direction, distinguishing them from color-flow methods. In each of the six images, the speed of each blood
cell is 0.2 mm/s. In Figure 2.8 a, the mean velocity is directed downward along the beam axis. In Figure
2.8 b, the mean velocity is directed laterally, to the right, and in Figure 2.8 ¢, the mean velocity is directed
elevationally, into the scan plane. The figure captions indicate that the true blood-signal velocity is detected
primarily when perfusion is directed along the beam axis, while measured values decrease to approximately
10% for directed perfusion oriented perpendicular to the beam.

Examples of diffusive perfusion (also with blood cells moving at 0.2 mm/s but with zero mean velocity)
are presented in Figures 2.8d-f. As expected, the measured blood power remains roughly the same in each
flow channel, with values ranging from 30% to 50% of the true blood-signal power. Furthermore, when echo
frames are spatially registered before PCA filtering, the BTCRs are notably larger compared to PCA clutter

filtering alone.

2.4 Discussion

Here, we explore the advantages of Power-Doppler (PD) imaging in assessing peripheral perfusion. PD

imaging offers unique benefits over Color-Flow imaging, primarily due to its ability to detect blood cell
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Figure 2.8: PD-US images of directed perfusion where the mean velocity is along the beam axis (a), lateral
to the beam axis (b), and into the scan plane (c¢). In (d)-(f), the perfusion is diffuse. After modeling each
situation, the simulated echo signals are first spatially registered and then PCA-filtered before computing
blood power as a function of position. The three numbers are, respectively, the true blood power, the
measured blood power, and the BTCR after filtering.

movement without directional limitations or aliasing issues. This is achieved by using low Doppler sampling
rates (typically around 10 Hz), enhancing sensitivity to slower reflector speeds (below 1 mm/s). However,
this increased sensitivity introduces challenges in distinguishing tissue and blood-signal components, resulting
in spectral overlap.

Our approach to clutter filtering in peripheral perfusion PD-US involves spatially registering echo frames.
We assume that tissue reflectors are the dominant signal contributor and that tissue motion exhibits greater
spatial coherence than blood perfusion. By minimizing clutter power and optimizing echo SNR, we reliably
infer relative perfusion and regional ischemia. Simulated echo-signal frames represent slow continuous
scatterer movements of tissue clutter and blood cells. Through these simulations, we successfully estimate
spatially coherent clutter movements as small as 0.005 mm, with minimal bias and low SDs achieved through
spatial averaging. Accurate and precise registration methods are crucial for evaluating the benefits of spatial
registration in clutter filtering. Nevertheless, the key focus in perfusion imaging is obtaining a consistent
measure of blood power. PD-US imaging, while not providing quantitative perfusion measurements, serves as
a reliable and consistent indicator with predictable variations.

In our simulations, spatially registering echo frames before applying PCA clutter filtering significantly
improved the specificity of PD-US imaging for detecting true blood perfusion, leading to an increased
blood-to-clutter signal-power ratio. Simulations considered scenarios where individual blood cell speeds
were fixed at 0.2 mm/s, and the average speed was directed with known variability or diffusive with zero
average velocity (as depicted in Figure 2.8). The true blood-signal power was determined from simulated echo
power, excluding clutter but including noise components. In cases of directed perfusion, all true blood-signal

power was recovered when perfusion aligned with the sound beam, while only about 10% was detected
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when perfusion was normal to the beam axis. For diffusive perfusion, only one-third to one-half of the true
blood-signal power was recoverable, with lost power directing a significant portion of the blood energy to
the zero-frequency value in the Doppler spectrum, eliminated by the PCA clutter filter. Spatial registration
before PCA filtering consistently improved the BTCR, with sensitivity depending on the perfusion pattern.
In contexts with diffusive perfusion patterns, spatially registered and PCA-filtered PD-US images provide a
reliable representation of blood perfusion, enabling the interpretation of low echo power regions as potentially

ischemic.

2.5 Summary

PD-US imaging, without the need for contrast enhancement, is emerging as a valuable tool for monitoring
changes in blood perfusion. Although PD-US methods do not provide quantitative perfusion measurements,
they can effectively capture spatiotemporal variations in muscle perfusion when clutter and noise power are
adequately minimized. This chapter has explored a spatial registration technique applied to echo signals before
employing principal components analysis (PCA)-based clutter and noise filtering. The primary objective was
to obtain PD-US images that reliably map relative perfusion. Through simulations of echo-signal frames, the
study demonstrated the sub-sample spatial registration of echo frames before clutter filtering, even in the
presence of clinical tissue motion. This spatial registration approach narrowed the eigen-spectrum of tissue
clutter and enabled efficient PCA filtering, leading to minimized clutter power and enhanced echo SNR. It
was observed that PD-US images could consistently represent relative perfusion and regional ischemia. In
particular, spatially registered, PCA-filtered PD-US images were found to improve the specificity of the signal
for true blood perfusion. The reliability of PD-US as an indicator of blood perfusion was further confirmed
through simulation cases with both directed and diffusive perfusion patterns.

These findings suggest that spatial registration methods significantly enhance the dependability of PD-US
imaging in representing tissue perfusion. In addition, PD-US images show potential for monitoring dynamic
tissue changes, making them a promising tool for assessing PAD progression and evaluating responses to
therapeutic interventions. In the subsequent phase of our study, we sought to investigate the feasibility of
employing PD-US images for monitoring dynamic tissue changes. To achieve this goal, we conducted an in
vivo experiment aimed at tracking muscle perfusion during brief episodes of ischemia in rodent models. This
inquiry was undertaken to determine whether PD-US has the potential to enhance the assessment of PAD

progression and evaluate responses to therapeutic interventions.
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Chapter 3

Monitoring Muscle Perfusion in

Rodents During Short-Term Ischemia
Using PD-US

3.1 Study Overview

The present study [37] constitutes a pre-clinical investigation with the primary objective of demonstrating
the capacity of Perfusion PD-US measurements to detect temporal changes in peripheral muscle perfusion.
Given the unavailability of realistic phantoms that offer known perfusion states for experimentation, this
study focuses on the examination of measurements taken from rodent hindlimbs, employing both invasive
and non-invasive experimental methodologies. Both experimental approaches involve the utilization of
anesthetized animals, in which the blood flow to the muscles in the right hindlimb is intentionally and
temporarily modulated. The study seeks to elucidate the effectiveness of PD-US in capturing these dynamic
changes in muscle perfusion and its potential application in monitoring such alterations. This research aims
to contribute valuable insights into the applicability and reliability of PD-US as a tool for assessing perfusion

dynamics in peripheral muscles, thus offering a foundation for potential future clinical investigations.

3.1.1 Invasive Perfusion Measurements

In the context of our study, the invasive perfusion measurements are specifically designed to investigate
changes in deep-muscle perfusion. This examination is conducted by clamping the right iliac artery for a
period of 30 seconds. The primary objective of this procedure is to establish a temporal correlation between
perfusion changes occurring at the limb’s surface and those deeper within the muscle tissue. This approach
enables us to make direct comparisons between PD-US and Laser Speckle Contrast Imaging (LSCI) estimates
of perfusion.

LSCI is a well-established technique frequently utilized to infer changes in hindlimb perfusion over time.
It achieves this by analyzing temporal alterations in surface blood flow patterns [38] [39] [40] [41]. During the
temporary occlusion of the iliac artery, blood flow to the limb is interrupted. Upon release of the vessel clamp,
downstream muscle perfusion typically experiences a brief surge, exceeding baseline levels for a duration

of less than 30 seconds. This phenomenon is referred to as reactive hyperemia (RH) and is induced as
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Figure 3.1: Key arteries in mouse hindlimbs include the aorta (A), common iliac arteries (CI), cranial gluteal
arteries (CrG), caudal gluteal arteries (CaG), internal iliac arteries (II), external pudendal arteries (EP) and
right femoral (RF) and left femoral (LF) arteries. The vessel geometry was drawn from dissection photos
from Kochi et al. [43]. Green lines indicate suture (S) positioned at the site where an artery (and vein not
shown) is clamped and released. The vessels are occluded by pressing down on the cylinder surrounding the
suture, as indicated by the arrow. At ultrasonic scan plane A (SPA, dashed line), the B-mode image displays
the three subregions (white boxes) selected for the invasive study. At scan plane B (SPB), the color flow (CF)
image displays the three subregions selected for perfusion estimation in the non-invasive study. White arrows
in that image indicate the vessel segment where arterial diameters are estimated. The distal positioning of
the blood pressure cuff is also shown.

the ischemic stimulus triggers the production of shear-induced nitric oxide (NO), leading to the dilation of
resistive vessels [42].

It is important to note that neither PD-US nor LSCI provides quantitative estimates of perfusion on an
absolute scale. However, through our study, we aim to demonstrate the equivalence between the relative
changes detected by these two modalities. These modalities are subject to highly correlated variations in
tissue perfusion, allowing us to validate both methods. This validation process mirrors the way measurements
from a realistic perfusion phantom are used to establish the accuracy and reliability of these techniques in

quantifying perfusion changes.

3.1.2 Non-Invasive Perfusion Measurements

The non-invasive perfusion measurements within this study focus on the examination of variations in both

arterial lumen diameter and muscle perfusion, observed simultaneously before and after inducing a more
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extended ischemic period of 5 minutes in the hindlimb. This ischemic period is initiated by the application of
external pressure via a pressure cuff. As the pressure in the cuff is rapidly reduced, a series of perfusion-related
events unfold. Initially, there is a surge in blood flow, followed by a period of responsive hyperemia, during
which perfusion remains elevated for several minutes. Responsive hyperemia is mediated and sustained by
factors released during the initial surge of blood [42]. To monitor these changes in perfusion, we employ
PD-US estimates. Additionally, we measure flow-mediated dilation (FMD) of the left femoral artery [44].
The primary objective of the non-invasive study is to observe alterations in the tone of resistive vessels, as
indicated by the temporal variations in muscle perfusion, while simultaneously monitoring changes in the
tone of conduit vessels.

The significance of this study lies in its ability to investigate the involvement of the endothelium in
modifying vascular responses to muscle ischemia, both in diabetic animals and humans [45]. Blunted
hyperemic responses in mammals serve as an indicator of endothelial dysfunction, which, in turn, predicts an
increased risk of atherosclerosis and a higher incidence of cardiovascular events from various causes [42] [46]
[47] [48]. Changes in the endothelial function of conduit arteries are associated with age and hypertension,
while changes in the endothelial function of resistive vessels are indicative of risks associated with metabolic
imbalances often associated with high body mass index and diabetes [46] [47] [48] [49].

3.2 Method

3.2.1 Mice Study

The procedures outlined in this section were conducted in accordance with the ethical guidelines and
approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Illinois at
Urbana-Champaign.

For the mouse studies, we employed both invasive and non-invasive approaches to investigate perfusion

dynamics.

Invasive Experiment

The invasive experiment involved two healthy male C57BL/6 mice, each 16 months old and weighing 45 grams
(Charles River Laboratories, Thousand Oaks, CA, USA). After being anesthetized with 1% to 3% isoflurane,
each mouse was gently restrained in a supine position on a rigid heating pad to minimize movements and
maintain a constant body temperature of 37°C. To ensure clear access to the hindlimb vasculature, body hair
from the inner thighs was removed using a depilatory cream.

The vasculature was exposed through a small skin incision, performed using micro-scissors and blunt
dissection. A 6-O silk suture was placed around the artery and vein near the iliac-femoral artery junction,
passing through a small plastic cylinder, as indicated in Figure 3.1. At the predetermined time, both vessels
were temporarily clamped for 30 seconds by gently pushing down on the cylinder while pulling up on the
suture. Due to the presence of numerous collateral vessels, the degree of ischemia varied within the hindlimb.
The clamp was released, visibly restoring conduit vessel flow. During this procedure, LSCI or PD-US images

of the hindlimb muscles were recorded.
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Non-Invasive Experiment

The non-invasive study involved five male and five female C57BL/6 mice. Two of the male mice were also
part of the invasive study. The anesthetization and scanning preparation were identical to the procedures
previously described. Instead of surgery, a 5-minute period of partial ischemia was induced using an inflatable
cuff placed on the lower limb (refer to Figure 3.1).

Hemodynamic responses were measured both before and during cuff inflation and for 5 minutes after
rapid cuff deflation.

Flow Mediated Dilation (FMD)

FMD values were determined from 24 MHz US B-mode images by measuring the fractional change in the
femoral artery cross-sectional diameter. The diameter measured during a pre-occlusion baseline period (Dy)

and during peak hyperemic dilation after cuff release (D,) were combined to estimate FMD as follows:

Da_Db

FMD =
Dy

(3.1)
Reactive Hyperemia (RH)
The post-occlusion RH, measured in decibels (dB), was estimated in muscle by calculating the ratio of

the peak PD-US value after cuff pressure was released to the baseline PD-US value before occlusion:

_ peak
RH = 10log (baseline) (3.2)

In equation 3.2, RH = 0 dB indicates no change in perfusion, while RH = £3 dB indicates approximately
a doubling or halving of perfusion relative to the baseline value.

Exercise Regimen

In this subsection, we detail the exercise regimen employed in our study, which involved three out of the five
healthy male and female mice included in the noninvasive investigation. The goal was to assess the impact of
exercise conditioning on vascular function, specifically endothelial-dependent vasodilation, as measured by
FMD and RH responses.

The ”exercised mice” group underwent a comprehensive cardiovascular conditioning program over the
course of two weeks. The conditioning regimen consisted of forced swimming, a well-established exercise
model known for its cardiovascular benefits [50]. The exercise protocol was progressively intensified, with the
mice initially swimming for only a few minutes each day and gradually increasing to a total of 60 minutes per
day over the course of one week. In the final two weeks leading up to the experiment phase, each mouse
consistently swam for 60 minutes per day.

FMD and RH measurements were acquired from both the ”exercised” and ”non-exercised” groups of
male and female mice. It’s important to note that our study considered the potential impact of biological
variables such as sex and exercise fitness level. Previous research has suggested that perfusion levels may
exhibit variations in response to the sex of the animal and the level of exercise conditioning [51]. Therefore,
these variables were scrutinized in our non-invasive investigations to provide a comprehensive evaluation of

the effects of exercise on vascular function.
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3.2.2 Rat Study

Next, we’ll explore the findings from our rat studies, which aimed to replicate the invasive vessel-clamping
experiments conducted in mice, and additionally, we incorporated measurements of FMD. The rat study
involved two male Sprague-Dawley rats, both 9 months of age, with an average body weight of 980 grams.
This animal model was selected to provide insights into perfusion dynamics that could be translated to
clinical relevance. In the rat study, we investigated muscle perfusion using PD-US measurements, both before
and after the application of lidocaine. The purpose of applying lidocaine was to reduce the tone of resistive
vessels in the muscles fed by the clamped vessel, thus modifying the vascular response [52].

The surgical preparation for the rat study closely paralleled that of the mice; however, one notable
difference was the removal of the skin from the right leg before clamping. This modification allowed us
to apply a 1% lidocaine hydrochloride (HCI) solution (10 mg/mL vial without epinephrine, Hospira, Inc.,
Lake Forest, IL, USA) topically to the exposed area. Subsequently, we proceeded to measure the femoral
artery diameter and muscle perfusion at various time points, including before, during, and after clamping the
right iliac artery. This measurement series was performed twice: once before the application of lidocaine
and again 10 minutes after lidocaine was administered. It’s worth noting that the application of lidocaine
as a vasodilator was based on its molecular weight of 234.3 g/mol and concentration of 0.0437 M. At this
concentration range, lidocaine has vasodilatory properties, as documented in the literature [53].

The findings from these rat studies contribute to our understanding of vascular responses and their

modulation by the application of lidocaine.

3.2.3 Laser Speckle-Contrast Imaging

Laser speckle-contrast imaging is a valuable technique used to assess blood flow and perfusion in tissues. In our
study, laser speckle-contrast images were acquired using a moorFLPI-2 laser perfusion imager, manufactured
by Moor Instruments in Devon, UK. The system was operated through a Windows-based PC using the
moorFLPI software (moorFLPI Measurement, version 1.1, Moor Instruments).

The fundamental principle behind laser speckle-contrast imaging involves the assessment of blood flow to a
tissue’s superficial layers, typically to a depth of approximately 1 millimeter. This is achieved by illuminating
the skin surface with near-infrared (NIR) laser light at a wavelength of 785 nanometers. When the laser light
interacts with the tissue, coherent backscattered photons create an interference pattern known as a speckle
pattern. This speckle pattern undergoes changes based on the motion of blood cells within the tissue.

One key parameter of interest is speckle contrast, which is defined as the ratio of the SD to the mean
photon intensity. Speckle contrast values are inversely related to blood cell motion within the tissue: higher
speckle contrast corresponds to less motion, whereas decreasing speckle contrast indicates increased blood cell
movement. This relationship is integral to the assessment of perfusion and blood flow dynamics within the
imaged tissue [39] [54]. Speckle contrast is at its highest when the medium being imaged is relatively static
and composed of random scatterers that do not move significantly. As motion within the tissue increases,
the coherence of the detected photons decreases, resulting in reduced speckle contrast. In the final output,
the laser speckle-contrast image is displayed as a color representation of regional speckle contrast, providing
visual insights into the perfusion characteristics of the imaged area.

For the experiments conducted in our study, the moorFLPI-2 system was prepared and configured in
accordance with the manufacturer’s guidelines to ensure reliable and accurate results. A high-resolution 576

X 768 pixel CCD camera was employed, capturing the near-infrared photon flux from the tissues at a rapid
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frame rate of 25 frames per second (fps). To mitigate noise and improve data quality, a sequence of frames
was recorded over a period of 94 seconds in mice. Subsequently, these frames were processed by averaging
them in 2-second or 4-second intervals.

Laser speckle-contrast imaging serves as a valuable tool in our study, offering insights into tissue perfusion

dynamics and contributing to our assessment of vascular responses and endothelial function.

3.2.4 Ultrasonic Acquisition

The acquisition of ultrasonic data is a fundamental aspect of our study, allowing us to gain insights into
perfusion dynamics and vascular responses. To perform these measurements, we utilized a Vevo 2100 US
imaging system (FUJIFILM VisualSonics Inc., Toronto, ON, Canada) in conjunction with an MS400 linear-
array probe that transmits 24-MHz pulses. This high-frequency probe is particularly suitable for capturing
detailed information from the hindlimb muscles and vessels, providing us with the necessary data for our
research.

The US system records echo signals from the hindlimb muscles and vessels, and the raw data collected,
known as in-phase and quadrature (IQ) pulse-echo data, are subjected to offline processing using our custom
software. This software plays a crucial role in estimating PD-US signals [24] and generating perfusion images
[26]. By leveraging this approach, we can accurately assess blood flow and perfusion in the targeted regions
of interest.One important technical aspect of our data acquisition is the need for stability and precision. To
eliminate any hand-induced motion or jitter during scanning, we rigidly mounted the US probe above the
limb. This approach is particularly critical in ensuring the accuracy of our measurements. The reduction of
motion artifacts is essential for reliable and reproducible results, as discussed by Tierney et al. in their work
on jitter reduction processing for freehand scanning applications [25].

For the vascular clamping experiments, we selected a specific scan plane that is both anatomically relevant
and well-suited to our research objectives. This scan plane is parallel and medial to the femur and is located
within the gracilis anterior muscle, aligned along the muscle fibers (as illustrated in SPA in Figure 3.1). To
ensure the successful reproduction of the scan plane and the precise acquisition of images of muscle tissue, a
systematic protocol was employed. This protocol aimed to maintain consistency and accuracy in our US
imaging.

The following steps were followed to achieve the desired scan plane for muscle tissue imaging:

1. Femur-Centric Scan Plane: The initial step involved acquiring a scan plane that offered a compre-

hensive view of the femur, a prominent anatomical reference point.

2. Position Adjustment: Subsequently, the US transducer was carefully adjusted by moving it toward
the tail of the mouse. This adjustment continued until the entire femur bone was no longer visible
within the scan plane. The disappearance of the femur in the US image indicated that the transducer

was positioned beyond the bone.

3. Desired Muscle Tissue Location: The new location of the transducer, where the femur bone had
completely disappeared from view, was the scan plane specifically chosen for imaging the target muscle

tissue. This location allowed us to focus on the desired region with accuracy and precision.

By implementing this standardized protocol, we ensured that the scan plane was consistently positioned for
imaging the muscle tissue of interest. This approach minimized variability and contributed to the reliability

of our US data acquisition, ultimately enhancing the quality of our research findings. This positioning allows
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us to focus on the regions of interest in a consistent and standardized manner. To maintain consistency in our
analysis, we selected three specific 1 mm? regions within the chosen scan plane for perfusion estimation. These
regions are located at a depth of approximately 3 mm within the muscle tissue. The ultrasonic attenuation in
this scenario was measured at 3.6 dB. It’s important to note that the attenuation losses remained constant
across all measurements, eliminating the need for additional corrections.

During cuff inflation, a different scan plane (SPB in Figure 3.1) was selected, which included a long-axis
segment of the internal femoral artery along with the adjacent muscle. This approach ensures that we capture
the relevant anatomical structures during the experiments, facilitating our assessment of vascular responses
and perfusion dynamics. The robust and precise ultrasonic acquisition method employed in our study is
foundational to our research, enabling us to obtain high-quality and reproducible data for our investigations
into vascular function and perfusion in the hindlimb muscles. This meticulous approach provides a solid

foundation for our subsequent analysis and interpretation of results.

3.2.5 Data Structures

The data collected for perfusion estimation in our study are organized as follows:

Doppler-Frame Ensembles

Fach data set gathered for perfusion estimation consists of 96 Doppler-frame ensembles, as illustrated in
Figure 3.2. These ensembles are recorded in color mode over a 12-second duration, capturing eight ensembles
per second. Each ensemble is comprised of 17 individual color-mode frames, recorded at an effective frame
rate of 103 fps. However, for our PD-US measurements, we use only the first color-mode frame in each

Doppler ensemble. This results in an effective frame rate of 8 fps for our PD-US measurements.

IQ Echo Frame Details

Each 1Q echo frame has a total area of 6.71 x 15.1 mm, with a depth-sampling interval of 0.031 mm and a
lateral-sampling interval of 0.060 mm. Converting IQ data to RF echo data results in upsampling of the RF
signal by a factor of 16 along the beam axis (fast time). Consequently, the axial (depth) and lateral sampling
intervals for each RF data frame are 0.0019 x 0.060 mm, and each RF color-mode frame consists of 3531
x 252 pixels. In our procedures, three subregions are selected in one muscle from these data. The B-mode

spatial resolution at 24 MHz is 0.085 mm axially and 0.15 mm laterally.

Invasive Procedure Data Collection

In the invasive procedure, once the vessels are surgically exposed and the suture is properly positioned,
a baseline data set is recorded from the muscle tissue, lasting 12 seconds (equivalent to 96 frames). As
the vessel is clamped, an occlusion-period data set, also lasting 12 seconds, is recorded. After 30 seconds
of clamping, the clamp is released, and the first 12-second recovery data set is recorded from the same
tissues. Additional recovery data sets are recorded every 30 seconds until perfusion achieves a steady-state
condition. Steady-state perfusion is assumed to occur 10 seconds after changes in the artery diameter cease.
It’s important to note that 18 seconds are required to upload each 12-second echo-data set before another

can be recorded in research mode.
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Figure 3.2: Temporal partitioning of an echo data set for one spatial subregion. The 96 frames (12 s) are
parsed into six groups of 16 (2 s each). Each group of 16 frames is spatially registered to the first frame in
that group and clutter filtered, and the residual signal power is computed. The mean over three subregions
with a total area 3 mm2 is converted to decibels and displayed as data points in Figure 3.4.

Non-Invasive Procedure Data Collection

In the non-invasive procedure, a pressure cuff is positioned on a hindlimb immediately above the foot, as
illustrated in Figure 3.1. Prior to cuff inflation, a 12-second baseline data set is recorded on the cuffed
hindlimb, which includes a long-axis view of the femoral artery and muscle tissue (as seen in SPB in Figure
3.1). Each acquisition during this phase includes color-mode data for PD-US measurements and B-mode
data for vessel diameter estimation. The cuff is quickly inflated and held at a pressure higher than the level
at which the systolic pulse sounds are silenced for 5 minutes. During the occlusion phase, a 12-second data
set is acquired every minute. After 5 minutes, the cuff is rapidly deflated to restore limb circulation, and
12-second data sets are acquired every minute for 5 minutes.

These specific data structures and acquisition procedures are integral to our research, enabling us to assess

perfusion and vascular responses in a controlled and systematic manner.

3.2.6 Power Doppler (PD) Estimation

In our research, all ultrasonic signal processing and image formation computations were carried out using
MATLAB R2021b (The MathWorks, Inc., Natick, MA, USA) applied offline to the recorded echo data. The

following section provides a detailed account of the methods and techniques employed in PD estimation.

Subregion Selection

To ensure the accuracy of our PD estimation, subregions were carefully chosen within the B-mode image.
These subregions were selected to have visibly uniform speckle, with special attention to avoiding vessels and

muscle fascia. Each subregion was parsed in time, as illustrated in Figure 3.2.

Conversion to RF Echo Data

The initial step involved converting I1Q echo data to RF echo data using the method and parameter values
recommended by the manufacturer. This transformation allowed us to prepare the data for subsequent

analysis.
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Figure 3.3: (a) Example of in-plane displacements measured in hindlimb mouse muscle for each of 16 frames
relative to the first, as detected during spatial registration. Distance is determined from axial and lateral
displacements found during registration. (b) The corresponding PCA singular spectra obtained before (black)
and after (red) spatial registration. After registration, a clutter filter threshold (dashed line) is applied
to distinguish the clutter subspace (shaded region) from the blood subspace; singular values greater than
the threshold are considered clutter. (c¢) Doppler spectra are plotted before (black) and after (red) spatial
registration and before (solid) and after (dashed) PCA clutter filtering. PD-US signals are areas under the
filtered Doppler spectrum on a linear scale.

3.2.7 Spatial Registration

Spatial registration of the RF echo frames within each subregion was performed to ensure the alignment of
data frames. The 96 RF frames were partitioned into six groups, each consisting of 16 frames. The choice of 16
frames per group, corresponding to 2 seconds of echo data, struck a balance between the requirement for high
temporal resolution and the need for noise suppression through frame averaging. The displacement needed
to realign each RF frame with the first frame in its group was computed. A continuous rigid-body spatial
registration method was then employed to eliminate the in-plane translation estimated for each subregion.
This method was based on techniques described in the previous chapter [24].

Typical in vivo motion primarily stems from diaphragmatic breathing, where hindlimb muscles exhibit
cyclic motion at respiration rates, covering a distance of less than 0.025 mm and mostly along muscle fibers
oriented approximately parallel to the lateral axis of the transducer. Given the speed of capillary flow in
muscle (typically less than 2 mm/s) and a SNR of 15 dB under typical scanning conditions [24], averaging
perfusion over 2 seconds and 3 mm? of tissue resulted in acceptable PD-US estimation precision. If needed,

the precision of power estimates could be further enhanced by averaging more echo frames from each Doppler
frame.
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In-Plane Displacements

The net in-plane displacements for a typical group of 16 frames were analyzed. In a representative case (see
Figure 3.3 a, the measured displacement exhibited oscillation in the scan plane at a rate of 2 breaths per
second, corresponding to a 4-frame period at 8 fps. In this scenario, the linear trend in displacement indicated
that the tissue also translated along a line within the scan plane. It’s important to note that hindlimb motion
resulting from vessel clamping and release was substantially greater than the respiratory motion (see Figure
3.3 a) observed. Spatial registration was employed instead of respiratory gating because respiration was just

one of several sources of tissue motion.

Residual Signal Power

Once the 16 frames were spatially aligned and subjected to PCA filtering, the residual signal power was
computed. Rigid registration ensured that the clutter signals were aligned without distorting the blood
signals. This was feasible because coherent tissue clutter dominated each recording, with tissue backscatter
being approximately 14 dB greater than blood backscatter at 20 MHz [32] [55]. Only spatially coherent
tissue movements were registered by these means. In this comprehensive process of PD estimation, careful
considerations were made to preserve data quality and accuracy, ensuring the reliability of our findings in the

assessment of perfusion and vascular responses.

3.2.8 Quality of PD-US Estimates

In our study, the quality of PD-US estimates plays a critical role in the accuracy of perfusion assessment.
Herein, we will address the factors that influence the quality of PD-US estimates and how we ensure reliable

perfusion descriptors.

Challenges with Tissue Echo Decorrelation

One of the key challenges in PD-US estimation is the presence of large out-of-plane tissue movements and
substantial in-plane tissue deformation. These dynamic tissue behaviors lead to the decorrelation of tissue
echoes between consecutive frames. Unlike in-plane translations, this type of tissue-echo decorrelation cannot
be effectively recovered through rigid registration methods. Consequently, a portion of the tissue-echo signal
power remains coupled to the blood echoes in the PCA singular spectrum, resulting in incomplete clutter
filtering.

Inter-Frame Correlation Coefficient

The inter-frame correlation coefficient, denoted as p and taking values between 1 (perfect correlation) and -1
(perfect anti-correlation), serves as a crucial indicator of the separability of clutter and blood signal power.
This coefficient, introduced in previous chapter [24], provides valuable insights into the effectiveness of PCA
clutter filtering. A higher p indicates a better separation between clutter and blood signal power, which is

essential for accurate perfusion assessment.

Mitigating Spatial Registration Errors

To reduce spatial registration errors stemming from tissue-echo decorrelation, we employ a practical strategy.

By averaging displacements over 3 mm? regions, we can mitigate the impact of tissue-echo decorrelation on
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the quality of PD-US estimates without significantly compromising the stationarity of tissue echoes. This

approach helps to enhance the reliability of perfusion descriptors.

Criteria for Valid PD-US Estimates

For a PD-US estimate to be considered a valid perfusion descriptor, specific criteria must be met. These

criteria are designed to ensure that the PD-US estimates faithfully represent perfusing-blood signal power:

1. The recorded signals in each frame before clutter filtering must be dominated by tissue echoes recorded
at high echo SNR.

2. Any tissue motion between frames must be describable as a rigid translation within the scan plane.

When these assumptions are met, and in-plane deformation or significant out-of-plane tissue motion is
minimized, the inter-frame correlation (p) will be sufficiently high. The criterion for considering a PD-US
estimate as a valid perfusion descriptor is that the correlation coefficient (p) between the first frame and other
frames in each post-registration group must exceed 0.9. This threshold ensures that the PD-US estimates
accurately reflect the perfusion dynamics under investigation.

In summary, the quality of PD-US estimates is a crucial aspect of our perfusion assessment methodology.
By addressing issues related to tissue-echo decorrelation, employing the inter-frame correlation coefficient,
and adhering to specific criteria, we maintain the reliability and validity of our PD-US-derived perfusion

descriptors.

3.2.9 Determining the Blood-Echo Subspace in the PCA Singular Spectrum

Proceeding to the process of determining the blood-echo subspace within the PCA singular spectrum a crucial

step in our perfusion assessment methodology.

Clutter Echo Elimination

Clutter echoes, which primarily stem from tissue movements and other sources of interference, are effectively
eliminated by selectively setting to zero all singular values outside the blood-echo subspace. This crucial
step is visually illustrated in Figure 3.3 b. After applying this filtering operation, the remaining signal power
within the filtered 16-frame group is attributed to the echo signals resulting from spatially diffuse blood cell

motion and any associated acquisition noise (as seen in Figure 3.3 ¢).

Identifying the Clutter-Blood Subspace Boundary

The process of determining the boundary that separates the clutter and blood subspaces within the singular
spectrum is carried out in a relatively straightforward manner. Prior to the application of rigid registration,
the intense signal generated by moving clutter is dispersed across the first 5 of 16 singular values, as exemplified
in Figure 3.3 b (indicated by the black spectral line). This broad tissue clutter component substantially
overlaps with the blood perfusion component in the singular spectrum. Upon successful spatial registration
(determined when p 0.9), the clutter and blood subspaces become more separable, and the energy of the
clutter signal becomes more concentrated within the initial singular values (as indicated by the red spectral
line in Figure 3.3 b). Singular values within the clutter subspace are subsequently set to zero, effectively

filtering out the clutter-signal power from the echo signal.
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Empirical Setting of the Clutter-Blood Threshold

The lower singular-spectrum threshold between the clutter and blood subspaces is determined empirically for
each 16-frame subregion after registration. This is achieved by identifying and discarding singular values that
exceed 0.4% of the first singular value within that group on a linear scale (i.e., -24 dB), as represented by
the dashed horizontal line in Figure 3.3 b. In contrast, an upper spectral threshold between the blood and
noise subspaces is not explicitly set. Previous findings have indicated that these components do not reliably
separate for diffuse perfusion patterns at typical echo SNR values [24]. Consequently, the upper end of the
singular spectrum remains unfiltered. The influence of noise power on changes in perfusion measurements

relative to baseline values is minimal, particularly for the data illustrated in Figures 3.4 and 3.6.

3.2.10 Doppler Spectrum Analysis after Spatial Registration and PCA Filtering

In this section, we discuss the analysis of the Doppler spectrum following spatial registration and PCA
filtering. The Doppler spectrum, after processing, is presented in Figure 3.3 ¢ as the dashed red curve. This
figure serves to highlight the significant disparity in estimated power spectra when comparing measurements
before and after spatial registration, even though the in-plane tissue translation in Figure 3.3 a is merely
0.015 mm. Notably, the application of PCA filtering demonstrates its effectiveness in mitigating stationary
contributions within the Doppler spectrum, specifically at 0 Hz. These stationary components encompass
the signal power arising from echoes of static blood cells. To estimate the static blood power, we perform
interpolation on the zero-frequency term within the registered and filtered Doppler spectrum shown in Figure
3.3 c. It is important to note that while interpolation consistently increases the PD-US estimates in Figures
3.4 — 3.6, this adjustment does not introduce any alterations to the relative perfusion changes that are under

observation. As such, interpolation was not employed in the reported results.

Frame Rate Considerations

Turning our focus to discuss considerations related to frame rates in Doppler US data acquisition. Specifically,
the analysis pertains to the processing of 2 seconds of echo data sampled at 8 fps, which enables the capture
of 16 Doppler frequencies within a range of £4 Hz and a frequency resolution of 0.5 Hz, as depicted in Figure
3.3 c¢. The conversion between Doppler frequency and blood velocity denoted as v in millimeters per second

(mm/s), is achieved by applying the pulsed Doppler equation in relation to the speed of sound, ¢:

v[ mm/s] = (¢/2[ mm/us]) x ( Dopplerfrequency [Hz]/ pulsefrequency [MHz]) (3.3)

Equation 3.3 highlights that a frequency resolution of 0.5 Hz yields a blood cell velocity resolution of
0.016 mm/s for a 24 MHz US pulse. This resolution is deemed acceptable for capturing capillary perfusion in
muscle, particularly for velocities within the range |v| < 2 mm/s. It is important to note that this frame
rate, although sufficient for various applications, is not high enough to prevent aliasing of the fastest blood
velocity components. Nonetheless, it should be emphasized that aliased signal power can still be accurately
estimated, as indicated by previous studies [56]. However, the 8 fps frame rate proves to be adequate for
capturing mouse respiratory motion without the occurrence of aliasing, ensuring an accurate representation

of this vital physiological parameter.
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3.2.11 PD-US Imaging

Up to this point, we have discussed the characterization of time-varying perfusion in 2-second intervals based
on spatially averaged PD-US estimates derived from a uniform region of ultrasonic speckle. Additionally,
PD-US perfusion images can be generated using similar processing methods. To create a PD-US perfusion
image, a subregion (20 x 20 samples, measuring 0.6 mm axially by 1.2 mm laterally, with a 1/3 spatial
overlap) is systematically scrolled over the entire frame, following the procedure described by Kim et al. [57].
The signal processing techniques remain consistent with those previously described. These PD-US values are

then superimposed as a color overlay on black-and-white B-mode images, as exemplified in Figure 3.5b.

3.2.12 Statistical Analyses

The values presented in Figures 3.4 - 3.7 represent sample means. The error bars accompanying these values
indicate either £1 sample SD (SD) or +1 standard error (SE), as specified in the respective text and figure
captions. When comparing paired groups, two-sided Student t-tests are utilized, with differences considered
statistically significant at a significance level of p < 0.05. It is important to note that sample statistics and

hypothesis testing results may vary depending on the sample size (V) reported for each measurement.

3.3 Results

This section presents the results obtained from invasive and non-invasive perfusion measurements conducted

in mice.

3.3.1 Invasive Measurements in Mice

Figure 3.4 illustrates the results of invasive perfusion measurements for one of the mice under examination.
Each PD-US data point in Figure 3.4 b is derived from a group of 16 echo frames averaged over a muscle

2 muscle area, as depicted

subregion, resulting in a spatiotemporal mean value over 2 seconds within the 3 mm
in Figure 3.5 b. The clusters of PD-US estimates displayed in Figure 3.4 a and 3.4 b represent a cumulative
12 seconds of perfusion data. The intervals between these point clusters correspond to the periods during
which echo data is uploaded.

The LSCI estimates presented in Figure 3.4 ¢ denote values averaged over 2 or 4-second intervals within
four distinct surface regions, as indicated in Figure 3.5 c. Regions 3 and 4 in LSCI are designed to avoid the
influence of large surface vessels found in regions 1 and 2. Region 1 encompasses the entire upper hindlimb,
including regions 3 and 4, while region 2 pertains to the lower hindlimb (foot) region. These results provide
valuable insights into the perfusion dynamics within the examined mouse model, as well as the comparative

analysis between PD-US and LSCI measurements.

Correlation Coefficients

Figure 3.4 a illustrates the minimum correlation coefficient (p) between the first frame and each of the other
15 frames in the group, both before (black) and after (red) the spatial registration of the echo frames. When
p > 0.9 at specific measurement times, it indicates that tissue clutter within the 16 frames is essentially

motionless. The slight decorrelation that is observed is attributed to diffuse blood motion and acquisition
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Figure 3.4: Measurements for one female mouse (a-c) and one male mouse (d-f). The minimum correlation
coefficient p between frame pairs in the 16-frame group before filtering are shown before and after spatial
registration in (a) and (d). PD-US measurements are shown in (b) and (e); the mean signal power over 2
s from three subregions £1 SD are plotted. LSCI results in (c¢) and (f) are measurements from hindlimb
regions 1-4 as marked in Figure 5d. The LSCI are averaged over 4 s intervals (100 frames) to give each point,
except between measurement times 48-72 s in the male mouse, where the averaging interval was reduced to 2
s to capture the hyperemic response. Magenta points indicate valid PD-US measurements (p > 0.9) during
steady-state perfusion. These values formed the mean bar-plot measurements in Figures 5a and b. The blue
curves in (b,c,e,f) are descriptive only to indicate the vessel clamping period.
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Figure 3.5: Plots (a) and (b) show the spatiotemporally averaged PD-US signal power (blue bars) from
the muscle region of a PD-US image indicated in (c), and LSCI values from the four hindlimb subregions
indicated in the LSCI of (d). Data shown are the mean + 1 SE for two female (a) and two male (b) mice,
including the data of Figure 4. Notice the similarity of the baseline and reperfusion measurements for the
male mice, which is a pattern not seen for the female mice.

noise. When p > 0.9, it is expected that PCA filtering will effectively reduce clutter power, thereby allowing
the PD-US measurements to reliably track the average perfusion within that muscle region.

Measurements taken at times when there are substantial differences between p values measured before
(black) and after (red) spatial registration indicate the presence of significant in-plane tissue motion, which
has been accurately aligned by the registration software. At the few instances where p < 0.9 after registration,
PD-US values are considered questionable estimates of perfusion since they contain significant levels of
residual clutter power. These points typically coincide with clamping transition times and are excluded from
the average values presented in Figure 3.5 a. It is worth noting that as mentioned in the previous chapter
[24], registration errors caused by reduced inter-frame correlation can be partially mitigated by employing

spatial averaging over larger areas, provided that the tissue echoes remain wide-sense stationary.

PD-US and LSCI Perfusion Measurements

Next, we’ll present the results of perfusion measurements obtained through PD-US and LSCI techniques.

PD-US and LSCI estimates, as depicted in Figure 3.4 b and 3.4 c, respectively, provide insights into
temporal changes in both deep muscle and surface perfusions. Magenta points in Figure 3.4 b highlight
valid PD-US estimates at steady-state values, whereas the initial 30 seconds post-occlusion period reflects
the transient hyperemic response. LSCI measurements characterize temporal changes in superficial tissue
perfusion, where the top half of the approximately 1mm depth of light penetration comprises skin tissue,
possibly including large vessels [58], and the bottom half represents muscle tissue.

Figure 3.5 a presents estimates of changes in perfusion relative to baseline, derived from Figure 3.4 b and

3.4 ¢, using a linear scale. Three distinct time periods are identified: steady-state perfusion values during
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pre-occlusion baseline, clamped-vessel occlusion, and post-hyperemic reperfusion recovery. The bars in Figure
3.5 a indicate means +1 SE. Figure 3.4 b demonstrates that 6 seconds after vascular clamping, the PD-US
signal power reduced to 53% of the baseline value (2.8 dB). Similarly, Figure 3.4 ¢ shows that 6 seconds after
vascular clamping, the LSCI values in regions 3 and 4 of Figure 3.5 d decreased to 63% of baseline. LSCI
regions 1 and 2 exhibited greater reductions, reaching 42% and 16%, respectively, owing to the inclusion of
large surface vessels. The LSCI values from regions 3 and 4, which exclude large surface vessels, are most
comparable with the PD-US estimates, and further discussion will focus on this aspect.

Upon the release of the clamped artery at t = 60 seconds, the PD-US signal increased to 3.1 times the
baseline (5 dB). The high correlation coefficient (p > 0.9) suggests successful clutter filtering, instilling
confidence in the post-ischemic hyperemic response for PD-US estimates. LSCI data in regions 3 and 4 of
Figure 3.4 ¢ follow a similar pattern, with a peak hyperemic response of twice the baseline. To emphasize the
surface hyperemic response, LSCI data were averaged over 2-second intervals (rather than 4 seconds) for
recording times within the range 48 <t < 72 seconds. Both PD-US and LSCI perfusion data returned to

values within 5% of their respective baselines before 30 seconds.

3.3.2 Non-Invasive Measurements in Mice

The results of non-invasive experiments are presented in Figure 3.6. The left column of plots (Figure 3.6 a —
3.6 d) provides a summary of measurements of the femoral artery diameter taken before, during, and after 5
minutes of partial hindlimb ischemia, which was induced by inflating the pressure cuff. All measurements
are expressed relative to the mean baseline arterial lumen values listed in Table 3.1. The right column of
plots (Figure 3.6 e — 3.6 h) presents the PD-US time series describing muscle perfusion. These PD-US values,
in decibels (dB), have been normalized by baseline measurements. It’s worth noting that this data was
recorded simultaneously with the artery diameter measurements. The results for non-exercised mouse groups
(with N = 2 individuals each for males and females) can be observed in Figure 3.6 a, 3.6 b, 3.6 ¢ and 3.6 f.
Meanwhile, results for the exercised mouse groups (with N = 3 individuals each for males and females) are
presented in Figure 3.6 ¢, 3.6 d, 3.6 g, and 3.6 h. These non-invasive measurements provide valuable insights
into the response to partial hindlimb ischemia in both non-exercised and exercised mouse groups, allowing for

a comparative analysis of arterial diameter changes and muscle perfusion responses.

Exercised (N = 3) | Non-exercised (N = 2) | Without lidocaine (N = 2) | With lidocaine (N = 2)
Female mice 0.310 £ 0.005 0.308 + 0.004 - -
Male mice 0.324 + 0.002 0.310 + 0.004 - -
Male rats - - 0.510 £ 0.019 0.518 + 0.015

Table 3.1: Measurement of baseline femoral artery diameters. N, number of animals studied in each group.

FMD Estimates

Here, we present a detailed analysis of FMD estimates, a key parameter in assessing vascular function. FMD
measurements were obtained from the mean femoral artery lumen diameter using a long-axis view in a 24

MHz B-mode image. The results are presented in Figure 3.6 a—d.
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Figure 3.6: Ultrasonic measurements (mean £ 1 SE) of the right internal femoral artery diameter (left
column) and muscle perfusion via PD-US measurements (right column) made before, during, and after 5 min
of hindlimb ischemia-induced using a pressure cuff. From these data, FMD is estimated via Equation 3.1 for
male and female mice with exercise training (N=3) and without exercise training (N=2). Simultaneously,
the RH estimates from adjacent muscle regions are computed via Equation 3.2. For all PD-US perfusion
estimates, p > 0.9.
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Measurement Method

To assess FMD, we employed scan plane B (SPB in Figure 3.1), which provided a longitudinal view of the
femoral artery. The measurements were derived using Equation 3.1, and the values are listed in Figure 3.6
for each mouse group. Due to the elevated heart rates of the mice, exceeding 600 beats per minute, precise
synchronization of B-mode frame acquisition proved challenging. However, we mitigated the associated small

diameter estimation uncertainty by averaging multiple measurements.

Temporal Variations

Temporal variations in vessel lumen diameter were consistently observed across all groups. During the
ischemic phase, the diameters decreased by 14% — 20% below baseline values as hindlimb blood flow slowed.
Subsequently, within 2 minutes after releasing the cuff pressure, the artery dilated to peak values that were
12% — 17% greater than the baseline. The overall average FMD value, as indicated in Figure 3.6 a—d, was
measured to be 0.136 &+ 0.013. Importantly, our analysis revealed no statistically significant differences
based on sex or fitness level within the studied mouse groups. Our FMD values are consistent with previous
measurements conducted on the same type of mouse but with younger all-male groups. Song et al. [59]
reported FMD values of 0.1196 £ 0.0098 for 2-month-old mice, Schuler et al. [60] reported 0.176 £ 0.022
for 3-month-old mice, and Leo et al. [61] reported 0.20 + 0.038 for mice aged 2 to 24 months. Notably,
the authors of the latter study found a SD of 0.12 with a sample size of N = 10, which we converted to
SE for meaningful comparison. It’s essential to note that our study measured vessel lumen in the proximal
hindlimb with the cuff positioned distally, near the foot. In contrast, Leo et al. [61] placed the cuff proximally
and measured vessels in the distal hindlimb. The influence of different cuff positions on FMD is a topic of
discussion in subsequent sections. This comprehensive analysis of FMD estimates provides valuable insights
into vascular function and the influence of various factors on FMD values in the context of our mouse model.

It contributes to our understanding of vascular health and its assessment in experimental settings. sections.

Perfusion Estimates

In this subsection, we delve into the perfusion estimates obtained through PD-US for muscle perfusion in
mice, exploring temporal variations, response to ischemia, and differences between exercise and non-exercise

groups.

RH estimates

The PD-US estimates of muscle perfusion are obtained by averaging data over time, space, and the number of
animals within each group, as shown in Figure 3.6 e —3.6 h. In each graph, estimates of post-occlusion RH are
included, and calculated using Equation 3.2. Specifically, the means 4+ 1 SE are derived from measurements
at six 2-second frame groups of echo data, focusing on a 3 mm? muscle region. The sample size (N) varies
between 2 or 3 animals depending on the group. Importantly, a comparison of RH estimates between males
and females within exercise and non-exercise groups reveals no statistically significant differences at the 5%

significance level.

Temporal Variations in Perfusion

The temporal variations in perfusion, as represented by the PD-US curves, closely mirror the changes observed

in arterial diameter. During the ischemic period, PD-US estimates indicate that perfusion decreases to
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approximately 0.32 to 0.40 of the baseline (equivalent to 4-5 dB) in all groups. Post-ischemic PD-US values
indicate hyperemic peaks at 2.5 to 3.2 times the baseline (4-5 dB), occurring approximately one minute after
the rapid release of cuff pressure. Notably, Leo et al. [40], utilizing laser Doppler methods, reported a similar

peak in perfusion at 2.7 £+ 0.75 (SD) times baseline values 65 seconds after cuff pressure release.

Reperfusion and Resistance Tone

During the reperfusion phase and after the hyperemic peak, perfusion steadily declines to baseline levels
within three minutes following cuff deflation in the exercised male and female groups. However, for the
non-exercise groups, the peak post-ischemic power falls below baseline levels for 2-3 minutes before eventually
returning to baseline. This observed perfusion dip suggests a difference in deep-muscle perfusion levels
between exercised and non-exercised mice following the hyperemic peak. Notably, in the non-exercise groups,
perfusion dips below baseline even as the femoral artery remains dilated during these periods, implying a
change in resistive vessel tone. The investigation of these perfusion estimates provides valuable insights into
the dynamics of perfusion, the response to ischemia, and potential variations based on exercise levels, offering

a comprehensive understanding of vascular function in the study of mice.

3.3.3 Invasive Measurements in Rats

Proceeding, We extend our investigations to healthy male rats, replicating the invasive PD-US measurements
reported in Figure 3.4 b and the non-invasive FMD measurements reported in Figure 3.4 a from healthy
male mice. The objective of the rat study is to measure simultaneous changes in femoral lumen diameter
and downstream muscle perfusion. These measurements were conducted before and after the application of
lidocaine to hindlimb muscles. Lidocaine, a known vasodilator with minimal influence on conduit vessel tone,
was expected to provide insights into vascular responses in this larger animal model. Rats were chosen for
this study due to their larger size, which facilitates the application of lidocaine topically to select tissues.
Additionally, the slower heart rate of rats compared to mice allows for cardiac synchronization of data

acquisition during vessel-lumen measurements.

Experimental Procedure

Measurements were initially taken without the application of lidocaine, and these baseline measurements are
represented by the red-line curves in Figure 3.7. Subsequently, a lidocaine solution (10 mg/mL) was topically
applied to the exposed hindlimb muscles, and a waiting period of 10 minutes was observed. During this wait
time, muscle perfusion was measured every minute, with no significant changes exceeding +11% (data not
shown). Following the wait period, the entire vessel clamping experiment was repeated, and the resulting
PD-US data is displayed as black-line curves in Figure 3.7. To facilitate comparisons of perfusion before and

after lidocaine application, each curve was normalized by its average baseline measurement.

Expectations and Results

It was anticipated that there would be minimal changes in the artery diameter measured before and
immediately after a short 30-second vessel occlusion, based on the findings of Leo et al. [61]. Leo and
colleagues measured the extent of vascular dilation as a function of the ischemic period duration, predicting
negligible dilation following a 30-second occlusion. Additionally, it was expected that lidocaine would primarily

dilate downstream resistive vessels in muscles during times well beyond any reactive hyperemic period.
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Figure 3.7: An iliac artery clamping experiment is summarized for one male rat with (black) and without
(red) lidocaine administered topically to muscles fed by the external femoral artery. (a) Measurements of the
fractional change in the femoral artery diameter (mean £+ 1 SD). Each point is formed by normalizing the
averaging lumen measurements acquired over 12 seconds with the mean baseline measurement. The average
baseline and occlusion period values are given along with reperfusion measurements made every 30 seconds
after the vessel is released. (b) Simultaneous PD-US measurements (mean 4+ 1 SD) indicate blood perfusion
in downstream muscle. Perfusion is estimated every 2 seconds over 12 seconds intervals before the vessel is
clamped (baseline) and during the 30 seconds clamping period. Perfusion is also estimated over 12 seconds
intervals every 30 seconds after the vessel is released. The 18 seconds gap following each 12 seconds recording
is compressed in time. Heart rate = 450 - 650 bpm, respiratory rate = 87 bpm and body temperature =
37°C.

The changes in the diameter of the right external femoral artery lumen relative to baseline are plotted
in Figure 3.7 a, with baseline diameters provided in Table 3.1. Each data point represents an average of
measurements collected over 12 seconds of B-mode data. The results of PD-US muscle perfusion are presented
in Figure 3.7 b, where each point indicates signal power relative to the average baseline measurement during
the 12-second recording. As expected, the topical application of lidocaine directly to hindlimb muscles had
limited influence on the tone of the femoral artery supplying the muscle. However, it was evident that
lidocaine enhanced muscle perfusion post-occlusion, extending beyond the duration of the hyperemic peak.
These findings provide compelling evidence that PD-US measurements are sensitive to changes in muscle

perfusion following the dilation of resistive vessels.
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3.4 Discussion

3.4.1 Invasive Studies

The comprehensive examination of invasive studies, as depicted in Figures 3.4 and 3.5, provides insights into
the congruence and distinctions between PD-US and LSCI in measuring tissue perfusion. These studies allow
us to explore the extent to which these two imaging modalities can yield comparable data and under what
conditions such comparability can be achieved.

PD-US measurements of muscle perfusion are inherently distinct from LSCI measurements of superficial
tissue perfusion in several aspects. PD-US acquires data in a tomographic plane, delving into the depth of
the tissue, while LSCI, in contrast, captures data from the proximal tissue surface. This inherent difference
in data acquisition modalities introduces challenges in directly comparing the results. One critical finding
that emerges from these studies is the remarkable agreement between measurements of relative perfusion
obtained using PD-US and LSCI, provided that surface vessels are excluded from spatially averaged LSCI
values. Figure 3.5 a beautifully illustrates this convergence when surface vessels are carefully omitted from
the analysis. This agreement suggests that both modalities, when used selectively, can reliably reflect regional
changes in tissue perfusion. Consequently, when substantial differences between the responses of these two
modalities are observed, as documented in previous ischemic hindlimb experiments [40], it bolsters our
confidence that such discrepancies genuinely represent distinct regional perfusion patterns.

In the field, it is not uncommon for researchers to apply LSCI specifically to the foot region, denoted as
"region 2”7 in our study 3.5. This is particularly relevant when monitoring changes in surface perfusion, and
Figure 3.4 ¢ accentuates this practice by demonstrating that the foot region exhibits the most pronounced
deviation from the baseline during ischemic periods. In summary, the invasive studies presented in this section
highlight the compatibility and divergence between PD-US and LSCI measurements of tissue perfusion. The
agreement found in the measurements, particularly when surface vessels are excluded, underscores the utility
of these modalities in revealing regional perfusion changes. This understanding can be instrumental in future

research and clinical applications where precise perfusion assessment is critical.

3.4.2 Non-Invasive Studies

In Figure 3.6, we present the outcomes of non-invasive experiments, focusing on vascular responses to a
5-minute ischemic period in both male and female mice. The observations within this section provide insights

into the interaction between different biological variables and the overall health status of the subjects.

Vascular Responses

Figure 3.6 illustrates that there were no statistically significant differences in the vascular responses between
male and female mice during the 5-minute ischemic period. This finding suggests that the vascular responses
were consistent across genders. Temporal variations in femoral artery diameter (Figure 3.6 a - 3.6 d) were
similar for all four mouse groups. Furthermore, the changes in the muscle-perfusion time series (Figure 3.6 e -
3.6 h) mirrored the observed variations in artery diameter. These results are indicative of healthy vascular

endothelial function and response in these adult mice, with no notable distinctions based on sex.
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Comparison of FMD and RH Estimates

Detailed analysis of the data revealed minimal discrepancies among FMD and RH estimates among the four
groups, none of which reached statistical significance. The absence of significant differences in these measures
is in alignment with previously reported findings, suggesting normal vascular endothelial function in these
healthy adult animals. While the majority of our findings pointed to highly consistent vascular responses,
there was an exception noted when comparing non-exercised animals with their exercised counterparts. After
an initial reperfusion burst, non-exercised animals experienced a period of reduced post-ischemic reperfusion.
This phenomenon was not observed in the exercised groups. This observation hints at a potential difference
in the hyperemic responses of conduit and resistive vessels between the two sets of animals. Such variations

are worthy of further investigation, as they might be influenced by the impact of regular physical activity.

Comparative FMD Measurements

An interesting point of consideration is the comparison of our FMD measurements with those reported by
Leo et al. [61]. Our measurements in the proximal hindlimb were found to be only 68% of those reported
by Leo and colleagues in the distal hindlimb. This discrepancy can be attributed to the differences in the
positioning of the occlusion cuff during experiments. While we placed the cuff near the foot and measured
proximally, Leo et al. employed proximal occlusion with distal measurements. A parallel can be drawn to a
study involving FMD techniques in humans [62], where it was demonstrated that the choice of occlusion site
can significantly influence FMD values. Distal occlusion at the wrist resulted in FMD values only 62% of
those obtained with upper bicep occlusion. These findings emphasize that the choice of occlusion site plays a

pivotal role in the interpretation of FMD measurements.

Unique Experimental Limitations

It is important to acknowledge that some of the limitations encountered during these experiments are unique
to non-invasive approaches. For instance, the duration of tissue sampling through US was limited to 12
seconds, and each recording needed to be offloaded for 18 seconds before the next 12-second time series could
be recorded. This temporal constraint resulted in the gaps observed in the time plots of Figures 4b and 7b.
Additionally, vessel clamping, while effective for experimental purposes, presented challenges related to tissue
deformations and out-of-plane tissue movements during clamping transitions. This led to incomplete clutter
filtering for PD-US estimates, a concern that does not apply to clinical assessments where real-time onboard
processing is more readily available. The incorporation of fast rigid spatial registration methods in system
software is proposed as a valuable addition to addressing this challenge.

In conclusion, the non-invasive studies provide valuable insights into the vascular responses of healthy
mice during ischemic challenges, and the findings are pivotal for the next experiment in the context of
diabetic animal models. These experiments, along with the invasive studies conducted, contribute to a more

comprehensive understanding of perfusion dynamics in different settings.

3.5 Summary

The primary objective of this chapter was to assess the reliability of PD-US measurements without the use of
contrast enhancement for monitoring temporal changes in peripheral blood perfusion. Through pre-clinical

rodent studies, we developed and validated a combination of spatial registration and clutter filtering techniques
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applied to PD-US signals, allowing the consistent tracking of blood perfusion in skeletal muscle. In invasive
studies, we compared PD-US measurements in deep muscle with LSCI of superficial tissues before, during,
and after short-term arterial clamping. Additionally, non-invasive studies involved the use of a pressure
cuff to induce prolonged hindlimb ischemia. These studies included B-mode imaging to measure FMD of
the femoral artery and simultaneous PD-US monitoring of downstream muscle perfusion to quantify RH.
Biological variables, such as the sex and fitness levels of adult male and female mice and rats, were explored.

Our PD-US methods were validated through comparisons with LSCI measurements. As expected, we
observed no significant differences between sexes or fitness levels in FMD or RH estimates. However, exercise
conditioning did enhance post-ischemic perfusion, suggesting differences in the hyperemic responses of conduit
and resistive vessels. Furthermore, our ability to assess endothelial function and vascular responses across
a spectrum of biological variables positions us well for the next phase of our study. Specifically, we aim to
apply the insights gained from these experiments to estimate hindlimb perfusion in both healthy and diabetic
mice. The literature has highlighted several factors influencing endothelial function in diabetic animal models,
and our non-invasive approach using PD-US provides a sensitive tool for monitoring deep-muscle vascular

responses in both healthy and diabetic individuals.
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Chapter 4

Power-Doppler ultrasonic imaging of

peripheral perfusion in diabetic mice

4.1 Study Overview

Our primary objective in this study [63] is to showcase the potential of PD-US imaging in detecting perfusion
changes associated with diabetes, particularly in assessing endothelial function. The independence of
endothelial responses in conduit and resistance vessels introduces scale-dependent information regarding the
risk of atherogenesis advancing towards coronary artery disease [46] [64]. Changes in the function of conduit
vessel endothelium provide insights into the risks associated with advancing age and hypertension. On the
other hand, changes in the endothelial function of resistive vessels, a feature uniquely described by PD-US
[37], indicate risks associated with metabolic imbalances linked to a high body-mass index and diabetes,
which are known precursors of PAD [49].

In the course of this research, we delve into diabetic-related changes, specifically focusing on the maximum
loss of perfusion following femoral ligation, the time required for full perfusion recovery, and the resistance to
blood flow (RH) in resistive vessels. Our study demonstrates that PD-US imaging exhibits high sensitivity to
disease-specific changes in diabetic mice, suggesting its potential to revolutionize the monitoring of peripheral
perfusion in clinical practice. The findings and insights presented in this thesis contribute significantly to the
development of non-invasive, accessible, and cost-effective methods for the early detection and monitoring
of PAD, offering the potential to improve patient outcomes and the overall management of this prevalent

vascular condition.

4.2 Method

4.2.1 Animal Preparation

In this study, a total of 30 male and 30 female C57BL/6 mice, sourced from Charles River Laboratories in the
United States, were carefully selected for our experimental cohort. To ensure rigorous control over variables,
these mice were categorized into eight subgroups based on key factors such as health, sex, and fitness levels,
as outlined in Figure 4.1. Prior to conducting any experimental procedures, ethical considerations were

paramount. All animal research protocols and procedures were conducted in strict adherence to the guidelines
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Figure 4.1: Breakdown of the mouse cohorts examined. From Elsevier with permission.

established by the Institutional Animal Care and Use Committee (IACUC) at the University of Illinois at
Urbana-Champaign. The TACUC approval ensures the ethical treatment of animals and compliance with

relevant regulatory and welfare standards.

Anesthesia and Positioning

Each mouse underwent anesthesia, with isoflurane administered at a concentration of 2-3%. Following
successful anesthesia, the mice were placed in the supine position on a heated pad to maintain their body
temperature during the entire experimental process. The use of a heating pad is crucial in preventing any
temperature-related stress or complications during the procedures. To minimize unintended body movements
that could interfere with measurements, each limb was securely fastened using Velcro straps. This restraint

ensured the stable positioning of the mice during data acquisition.

Fur Removal and Vessel Exposure

In preparation for the experimental procedures, the fur on the inner surface of both hindlimbs was carefully
removed using a depilatory cream. This step was taken to facilitate clear access to the targeted anatomical
areas. Following fur removal, a small incision in the skin was made using micro scissors, and gentle dissection
was carried out to expose the right femoral artery and vein. The exposed vessels were ligated together
using 6-0 silk suture. The choice of ligation site was made judiciously to reduce perfusion by 30-50% while
preserving sufficient blood flow patterns in adjacent vessels to circumvent the ligation site. This careful

approach aimed to prevent muscle necrosis, ensuring the viability of the limb for further experimentation.

Recovery and Restoration

It is noteworthy that natural recovery processes were leveraged to restore blood flow to the ligated limb. Over
the course of two weeks, the limb underwent normal arteriogenic and angiogenic compensatory processes,

leading to the natural restoration of perfusion[65] [66] [67].

4.2.2 Data Acquisition Schedule

In addition to acquiring baseline measurements before femoral ligation, Power-Doppler Ultrasonic (PD-US)

data were obtained from muscles in the ligated right hindlimb and the control left hindlimb at various time
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Figure 4.2: PD-US data are acquired from muscles in both mouse hindlimbs according to this measurement
schedule. Baseline measurements are recorded before right femoral ligation at t = 0. From Elsevier with
permission.

points spanning from 10 minutes to 4 weeks post-ligation, as indicated in the measurement schedule outlined
in Figure 2. The meticulous preparation and standardized procedures applied to the animal subjects are
crucial for ensuring the accuracy and reliability of our study’s results, contributing to a comprehensive

understanding of the vascular dynamics in response to our experimental interventions.

4.2.3 Diabetic Mouse Model

In this investigation, we employed an obesity-induced type-2 diabetes mellitus mouse model to investigate the
impact of diabetes on peripheral perfusion in the C57BL/6 mouse strain, a widely used model for biomedical
research. The diabetic mouse model was implemented following a well-established protocol, which aimed to

replicate features of type-2 diabetes that are commonly observed in humans [68] [69].

Model Induction

To induce diabetes, a single low dose of streptozotocin (STZ) was administered intraperitoneally (i.p.) at 20
mg/kg. STZ is a compound known for its ability to damage pancreatic § cells, resulting in a state of reduced
insulin production, a hallmark of type-2 diabetes. Subsequently, the mice were transitioned to a high-fat,
carbohydrate-free diet (HFD) provided by Research Diets (Catalog #D12492). This diet, with an energy
content consisting of 72% lard, 28% protein, and less than 1% carbohydrate, was maintained for a duration of
three months. One of the key features of this model is the heterogeneity of the metabolic response among the
mice. It was anticipated that only approximately 50% of the mice subjected to this protocol would develop
the obese diabetic phenotype [69]. This inherent variation mirrors the clinical heterogeneity seen in human
patients with type-2 diabetes.

Diabetic Confirmation

Diabetic induction was validated through an intraperitoneal glucose tolerance assay. In this assay, glucose (1
g/kg) was injected i.p. after a 6-hour fasting period. Blood glucose levels were monitored at specific time
points (-30, 0, 30, 60, and 90 minutes after glucose administration) by collecting a 3.5 uL blood sample from a
tail vein and measuring it using a glucose meter. A mouse was classified as diabetic when the fasting glucose
baseline level (at T-30) exceeded 200 mg/dL, and both the area under the curve (AUC) for the intervals
T0-T30 and T30-T90 exhibited statistically significant differences compared to non-diabetic animals [70].
This model is particularly relevant to the study of human diabetic physiology. It mimics key aspects of

type-2 diabetes, including obesity-induced insulin resistance and the absence of 8 cell compensation, ultimately
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resulting in impaired glucose tolerance. Furthermore, the model is characterized by being environmentally
induced, as opposed to genetic or chemical factors [71]. It is noteworthy that hyperglycemia induced by
low-dose STZ is unlikely to induce diabetes in animals fed a standard diet [72]. The adoption of this diabetic
mouse model provides a robust platform for investigating the impact of diabetes on peripheral perfusion, given
its ability to replicate important features of the disease observed in humans. The heterogeneous response
observed in this model adds a layer of complexity and clinical relevance, making it a valuable tool in our

pursuit of understanding vascular dynamics in diabetic subjects.

4.2.4 Exercise Regimen

During this exploration, a carefully designed exercise regimen was implemented to assess the impact of
physical activity on vascular health in both healthy and diabetic male and female mice, as depicted in Figure
4.1. Physical activity is recognized as a pivotal factor in shaping vascular health, especially in the context of

metabolic disorders [73].

Group Stratification

To systematically evaluate the effects of exercise, the mice were categorized into two main groups: sedentary
and exercised subgroups. This stratification allowed us to make precise comparisons and analyze the distinct
vascular responses resulting from the exercise regimen. Each of these subgroups included both healthy and
diabetic mice, providing a comprehensive view of how exercise influences vascular dynamics across different
health conditions and sexes. the exercise protocol for the pre-ligation phase was described in detail in the

previous chapter 3.2.1.

Post-Ligation phase

Following the pre-ligation phase, the mice continued the 60-minute daily exercise routine throughout the four
weeks of post-ligation testing. This allowed us to examine how exercise influenced vascular health during the
critical recovery period after femoral ligation. The exercise regimen was meticulously tailored to provide
valuable insights into the role of physical activity in vascular health under various health conditions and
across different sexes. By systematically analyzing the vascular responses of these subgroups, we aimed to

gain a comprehensive understanding of the interplay between exercise, diabetes, and vascular dynamics.

4.2.5 FMD and RH Estimates

In this study, we evaluated endothelial function in the mouse groups by assessing two critical parameters:
FMD of the left femoral artery and the RH Index, while simultaneously obtaining PD-US perfusion estimates
in the muscles of the left hindlimb. The methodology for these assessments has been detailed in the previous
chapter 3.3.2.

FMD is a pivotal indicator of endothelial function, specifically in conduit vessels. To measure FMD, we
employed a well-established approach. Following a 5-minute pressure-cuff occlusion, we monitored changes in
the diameter of the femoral artery using 24 MHz B-mode US imaging. These measurements were recorded
every minute for a total of 5 minutes. Normal FMD values for mice typically fall within the range of 0.13 to
0.14, as established in the prior chapter [37]. Values below this range are indicative of reduced endothelial
function in conduit vessels. Simultaneously with FMD measurements, we assessed the RH Index. RH serves

as an important indicator of endothelial function in resistance vessels. This assessment was carried out using
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the same data acquisition setup. Based on the previous chapter [37], the normal range for the RH Index
typically falls between 3.9 and 5.2 dB. Smaller RH values are suggestive of reduced endothelial function in
resistance vessels.

These assessments allowed us to gain valuable insights into endothelial function in both conduit and
resistance vessels within the mouse groups, providing a comprehensive view of the vascular dynamics and

their response to the experimental interventions.

4.2.6 NO Inhibition

In the context of our study, we made an intriguing observation as perfusion in the hindlimb declined following
right femoral ligation. Approximately 20 minutes after ligation, we noted the emergence of a sudden, short-
lived perfusion peak. This unexpected event prompted us to develop a hypothesis, which centered around
the role of endothelium-dependent, flow-mediated NO release in inducing this transient vasodilation. We
posited that the surge in NO production was responsible for this vasodilatory response, as the blood flow in
the hindlimb adapted to the sudden onset of ischemia. To test this hypothesis and explore the involvement of
NO in the observed phenomenon, we conducted a separate experimental study. In this study, we used an

additional group of 10 C57BL/6 mice, all 9-month-old sedentary males.

Experimental Design

The 10 mice were divided into two groups, each consisting of five individuals. The first group received an
intraperitoneal (i.p.) injection of a non-specific nitric oxide synthase (NOS) inhibitor known as L-NAME
(Cayman Chemicals #80210, Ann Arbor, MI). Each mouse in this group received a dose of 3 mg of L-NAME,
administered one hour before the right femoral ligation procedure. This group was designated as the ”L-NAME
group.” The second group, serving as a control, consisted of an additional five mice that underwent the
right femoral ligation procedure without receiving the L-NAME inhibitor. These mice were also healthy,
9-month-old, sedentary males.

The administration of L-NAME, a NOS inhibitor, allowed us to specifically target the production of NO
in these mice. By comparing the response of the L-NAME group to the control group, we sought to gain
insights into the role of NO in the sudden perfusion peak observed after femoral ligation. This investigation
not only adds depth to our understanding of the underlying mechanisms behind the observed vasodilatory
response but also sheds light on the involvement of NO in adjusting blood flow in the hindlimb in response to
ischemia. The results from this study will contribute to our broader understanding of the vascular dynamics

and regulatory processes in our experimental model.

4.2.7 Data Acquisition and Processing

To assess perfusion in the hindlimb muscles, we employed meticulous data acquisition techniques using a
Visualsonics system. A specialized MS 400 probe was used to record pulse-echo signals. While the surgical
procedures to prepare the mice were similar to previous descriptions, anesthesia was adjusted to 1.3%
isoflurane, ensuring the well-being of the subjects. The processes detailed in the preceding chapter 3.2.4 have

been thoroughly elucidated. In the subsequent section, we provide a concise overview of these processes
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Figure 4.3: (a) Positioning of the 24 MHz linear array (not to scale) on a mouse wearing a nose cone to
maintain anesthesia. Inset: the dashed white lines indicate the PD-US scan plane locations on muscles in
both legs. (b) PD-US images of pre-ligation and 60-min post-ligation hindlimbs. Three 1 mm2 analysis
regions in the gracilis muscle are selected to estimate the spatially averaged perfusion. Illustration in (a) was
created with BioRender.com. From Elsevier with permission.

US Imaging

The US imaging was conducted using the Vevo 2100 system, with the scan planes directed at the right
(ischemic) and left (control) hindlimb muscles. The precise positioning of the scan planes can be observed in

the inset of Figure 4.3 a, indicated by dashed lines. Perfusion images were generated offline from the IQ data.

Probe Alignment

To ensure that the same image plane was consistently located for each measurement, the US probe was
initially aligned to capture the long axis of the femur. Following this alignment, the probe was translated
medially and perpendicularly to a scan plane until the femur was no longer visible. The probe was then

mechanically fixed in this position, eliminating any hand jitter during the measurements.

Region of Interest (ROI)

Within the gracilis muscle, three distinct 1 mm? regions were selected for analysis, as illustrated in Figure 4.3
b. The regions of interest for PD-US estimates were centered approximately 4 mm from the probe, at a tissue
depth of 2 mm. This positioning ensured that the ultrasonic attenuation losses remained approximately 5 dB

for all acquisitions. We opted not to compensate for attenuation, as the signal loss was uniform for all scans.

52



This approach resulted in an echo SNR of approximately 15 dB, which in turn produced acceptable PD-US

estimation uncertainties [24].

Stability of Muscle Region

It’s important to note that femoral ligation induces alterations in perfusion distribution within the hindlimb
as the body adapts to compensate for the lost blood flow. To minimize estimation variability caused by
changing spatial perfusion patterns, we consistently selected the same muscle region at each time point. This
approach ensured that the hindlimb vasculature remodeling did not introduce additional variability among

mice in our study.

Data Averaging

The PD-US values reported in our analysis were obtained through the aggregation of echo data across space,
time, and the number of animals in each cohort. To ensure robust and reliable results, we recorded ninety-six
Doppler frames of echo data over a period of 12 seconds at a frame rate of 8 fps. A transmit pulse frequency
of 24 MHz was employed. Following the acquisition of each dataset, a minimum of 18 seconds was allocated
for downloading the echo data from the scanner to facilitate offline processing. This step was crucial to
ensure that additional data could be recorded without interruptions. The process was carefully executed to

guarantee the integrity and accuracy of the data collected.

4.2.8 Doppler Frame Partition and Processing

In our study, we thoroughly processed Doppler frames to extract valuable information about muscle perfusion.
Each Doppler frame, comprising 17 echo frames, was acquired in CF mode at a frame rate of 1000 fps. We

adopted a structured approach to ensure data accuracy and quality.

Frame Selection and Grouping

To begin, we selected the first echo frame from each of the 96 Doppler frames, forming the foundation for our
subsequent analysis. These echo frames were then partitioned into six distinct groups, each consisting of
16 echo frames. Each of these groups spanned a 2-second interval of muscle perfusion data, allowing us to
meticulously assess the dynamics within this timeframe. This approach provided us with a high Doppler-
frequency resolution of 0.5 Hz and a remarkable velocity resolution of 0.016 mm/s [37]. Our bandwidth

extended to +4 Hz, enabling us to capture a wide range of perfusion dynamics.

Data Processing Steps

The initial stage of PD-US estimation involved converting the IQ signals recorded into RF echo data, following
the manufacturer’s instructions.

The subsequent step involved spatially registering the 16 echo frames in each 2-second interval to the
first echo frame. This registration was performed with precision to minimize the decorrelation of tissue
echoes caused by tissue motion occurring between Doppler frames. To achieve this, a rigid spatial registration
method was employed, which offered sub-sample RF echo-signal registration accuracy with micron-scale
precision as described in the previous chapter 2.2.4. An example of axial and lateral displacements before

and after spatial registration for a mouse experiment is illustrated in Figure 4.4 b. It’s worth noting that the
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tissue movement in this example was in sync with respiration, where the scan plane periodically translated
0.010 mm in a direction lateral to the beam axis and along the muscle fibers while simultaneously trending
downward along the beam axis and to the left toward the foot.

The final data processing step involved passing the spatially registered data through PCA clutter filter.
Our findings revealed that when the tissue remained motionless over the 2-second interval, removing the first
singular value in the PCA filter output effectively minimized tissue clutter power [24] [37]. Consequently, blood
cell motion emerged as the primary source of decorrelation for echo signals that had undergone PCA filtering.
The post-filtered echo-signal power was computed for each hindlimb and normalized by its pre-ligation
baseline value. Mean values and SEs were computed for the sample size, and the results were converted to
decibels (dB). The resulting data was presented in Figure 4.6, offering a comprehensive visualization of the
perfusion dynamics in the hindlimb muscles. Our systematic data partition and processing strategy enabled
us to obtain accurate and meaningful insights into muscle perfusion dynamics, ensuring the integrity and

quality of our results.

4.2.9 Spatial Registration and Clutter Filtering

Our analysis encompassed data processed both with and without spatial registration applied before PCA
clutter filtering. The effectiveness of these steps depended on specific conditions, especially regarding tissue
motion within the scan plane. In situations where tissues exhibited translations exceeding 10-20 pm in the
scan plane, we observed that spatial registration significantly improved the separation of signal subspaces.
This separation was particularly vital for distinguishing between strong, slow-moving tissue echoes and weak,
slow-moving blood-cell echoes. By enhancing the efficacy of clutter filtering, spatial registration played a
crucial role in ensuring that PD-US estimates accurately represented blood perfusion dynamics without the

need for contrast enhancement.

Significance of PD-US Estimates

It’s important to note that while PD-US estimates do not provide quantitative measurements in units of flow
per mass of tissue, they offer valuable signal-power estimates. These signal-power estimates were found to
consistently reflect perfusion changes occurring over the course of our four-week study period [37]. The ability
to reproducibly capture perfusion changes in this manner proved to be essential in our research, allowing
us to monitor and analyze the vascular dynamics and their response to experimental interventions with
a high degree of accuracy and reliability. The inclusion of spatial registration and PCA clutter filtering
contributed to the precision and consistency of our PD-US estimates, offering an indispensable tool for
the comprehensive evaluation of blood perfusion in the hindlimb muscles and their response to various

physiological and pathological conditions.

4.2.10 Parameters Characterizing the Ischemic Response

The results section in this chapter of the thesis displays a comprehensive time series of hindlimb muscle
perfusion changes observed over the 28-day post-ligation measurement schedule depicted in Figure 4.2. Within
this section, we delve into the description of three critical parameters derived from these results. These
parameters have been thoughtfully selected to characterize the average response of the hindlimb vasculature

following right femoral ligation in both healthy and diabetic animal models.
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Figure 4.4: (a) Twelve seconds of echo data are recorded in 96 Doppler frames, each consisting of 17 color-mode
echo frames. We select the first echo frame in each Doppler frame to assemble 2-s time intervals composed of
16 echo frames at 8 fps for each PD-US estimate. A 12-s recording yields PD-US estimates at six-time points
for one mouse; averaging values over N mice yields points plotted in Figure 4.6. An example of relatively
large echo displacements measured before (b) and after (c) applying rigid registration to the 16 frames in one
2 s interval is shown. Axial (blue) and lateral (red) movements are plotted as a function of time, where there
are 0.125 s between frames.From Elsevier with permission.
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Group Date of Ex- Age Ligation Sex Avg. N’ N
periment (months) type Weight (g)
Healthy, 8.95.2020 FA F NA 5 F=5
Sedentary 10
M NA 4
(HS) M =8
6.21.2023 9 FA&V M 34.1 9
Diabeti 10.5.2020 12 FA&V F 06.82 4 F=9
1abetic, M 63.26 2
Sedentary
(DS) 11.5.2021 25 FA&V F 546 b M =6
M 55.86 4
Diabeti 7.2.2021 7 FA&V F 44.08 4 F=9
1abetic, M 46.64 5
Exercise
(DE) 11.19.2021 11 FA&V F 18.68 b M =7
M 53.52 2
gealtb?/, 2.18.2022 14 FA&V F 3276 o F=5
xereise M 45.78 5 M=5
HEN

Table 4.1: Summary of mouse-group information. The sources of variability in this study are represented as
columns. Values in columns listed as Date of Experiment, Age, Avg. Weight are baseline values at t = 0. N’
is the number of mice that survived the 4-week trial out of 5 (in one case 10). N indicates mouse numbers
for Males and Females after combining data from different experiments within one Group. FA = femoral
artery, FA&V = femoral artery and vein. From Elsevier with permission.

Perfusion Spike at 20 Minutes (Ppax)

At the 20-minute mark following ligation, a notable and consistent perfusion spike is observed in all animals.
This spike is denoted as Py ax, and it represents the maximum increase in perfusion relative to baseline
values during the study. To estimate Pp.x, we applied a second-order polynomial curve-fit to the PD-US
measurements taken prior to ligation and at time points of 10, 30, and 60 minutes post-ligation. The value
of Ppax is determined by the difference (in decibels, dB) between the measured PD-US values and the
corresponding curve-fit values, as exemplified in Figure 4.5 a. The error bar associated with Py, estimates

is calculated based on the SD of PD-US measurements taken at the 20-minute time point.

Recovery Time (T)

An essential parameter in characterizing the ischemic response is the duration it takes for perfusion to
recover and return to the baseline level. This parameter is denoted as T'. Perfusion in the ischemic hindlimb
experiences a progressive decline during the initial 24 to 48 hours post-ligation. However, at the 20-minute
time point, there is a transient doubling of perfusion. To estimate the recovery time T, we applied a
second-order polynomial curve-fit to the PD-US measurements collected at time points 1, 2, 3, 7, and 14 days
post-ligation, as demonstrated in Figure 4.5 b. Since PD-US values are measured relative to the average
baseline value, the recovery time T is determined as the point at which the curve-fit line crosses the 0-dB

perfusion axis.
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Figure 4.5: (a) Points are perfusion measurements made before (pre) and at four times after right femoral
ligation. The solid line is a polynomial fit to these four points. Ppax is the difference (in dB) between
measured and fit values at 20 min. The 3.5 dB shift indicates a two-fold increase in perfusion-related signal
power at 20 min relative to the trend between 10-60 min. (b) Example of a recovery time measurement T
from the polynomial fit of perfusion data, where 1 < ¢ < 14 days. In this example T = 9 days. The points in
both plots are from the data in Figure 4.6. From Elsevier with permission.

Minimum Perfusion Index (Ppin)

The third parameter, Py, characterizes the minimum recorded PD-US value during the 28-day experiment.
It serves as an essential indicator of the lowest perfusion level reached in the hindlimb muscle.

These parameters collectively offer an in-depth understanding of the vascular response in the hindlimb
following right femoral ligation, shedding light on the dynamic changes in perfusion and their relationship
to health and diabetic conditions. The rigorous methodology and precise analysis applied to obtain these

parameters ensure the reliability and robustness of the findings presented in this study.

4.2.11 Statistical Analyses

This section uncovers the statistical aspects of our study, where we explore the key variables influencing our

measurements, outline our analytical approach, and address the challenges posed by changing sample sizes in
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our data analysis.

Variables and Data Handling

First and foremost, it’s vital to elucidate the key experimental variables that underpin our measurement
results, as illustrated in Table 4.1. Notably, this table provides an essential reference for the various factors
and conditions that could impact our observations. Furthermore, we must consider the temporal dynamics of
our sample sizes (denoted as 'n’) over the course of the study, a detail clearly depicted in Figure 4.6. Our
data analysis was rigorously conducted using MATLAB, a powerful tool for statistical computation and

visualization.

PD-US Measurements

Each measurement in our study was derived from PD-US data, which plays a pivotal role in characterizing
perfusion within the hindlimb muscle. To ensure the reliability and consistency of our measurements,
we employed a meticulous approach. Each PD-US measurement represents the mean echo-signal power
observed during a 12-second data acquisition, which is an average of six sequential 2-second estimates. These
measurements are critical in assessing perfusion changes over time. The time points plotted in Figure 4.6
represent the culmination of our efforts to provide a comprehensive overview of PD-US measurements. To
ensure robust results, these time points are characterized by further averaging PD-US measurements, a
process that hinges on ’sample size’ (n). The ’sample size’ denotes the number of mice in each group under
study and is thoughtfully provided beneath the corresponding plots. To assess the reliability of our data, we
have also presented representative error bars, providing a visualization of the variability in our measurements,
typically denoted as £1 SE.

Addressing Sample Size Variability

A noteworthy challenge we encountered in our study pertains to sample size fluctuations, particularly within
certain diabetic groups over the four-week experimental period. To address this, we executed a secondary
study involving a subset of mice from the original cohort. These additional mice underwent the same
experimental procedures but were studied several months later, as detailed in Table 4.1. This approach
was necessary to mitigate the influence of falling sample sizes on the statistical power of our analysis. By
incorporating data from the second study, we were able to restore sample sizes, enhancing the robustness of
our statistical tests. Specifically, these additional data points were included in our analysis, ensuring that the

sample sizes were sufficiently representative for subsequent statistical testing.

Non-parametric Analysis of Covariance (ANCOVA)

The analysis of covariance (ANCOVA) is a powerful statistical technique used to investigate the impact of one
or more continuous covariates on the relationship between an independent variable (IDV) and a dependent
variable (DV). ANCOVA is a valuable tool when the covariate(s) exhibit a significant association with the
DV, and its inclusion as a control variable is necessary to elucidate the true effect of the IDV. However, the
assumptions of ANCOVA, including normality and homogeneity of regression slopes, may not always be met
in real-world data. Non-parametric methods offer a robust alternative when these assumptions are violated.
Non-parametric ANCOVA, also known as Kruskal-Wallis ANCOVA, extends the traditional Kruskal-Wallis
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test to accommodate covariates. In this section, we delve into the principles, procedures, and applications of
non-parametric ANCOVA.

Principles of Non-parametric ANCOVA

Non-parametric ANCOVA is based on the following principles:

1. Rank-Based Analysis: Like other non-parametric tests, it relies on rank-based data rather than the

actual values, making it distribution-free.

2. Group Comparison: It compares the ranks of the DV across different levels of the IDV while

controlling for the covariate.

3. Medians as Summary Statistics: Instead of means, non-parametric ANCOVA utilizes medians to

summarize data within groups.

Procedure

The procedure for non-parametric ANCOVA is as follows:

1. Ranking Data: Rank all data points within the DV while preserving the grouping structure of the
IDV and the covariate.

2. Calculate Group Medians: Calculate the median for each group within the IDV for the ranked data.

3. Test for Group Differences: Use the Kruskal-Wallis test to assess if there are significant differences

in the group medians.

4. Covariate Adjustment: After assessing group differences, use the covariate to control for its influence
on the DV. This step is crucial for isolating the effects of the IDV.

5. Report Results: Report the results, including p-values, effect sizes, and confidence intervals.

To account for the potential influence of mouse weight and age on perfusion measurements [61], we
implemented a non-parametric ANCOVA for our two datasets. This sophisticated statistical technique was
employed to determine whether the mean PD-US estimates for the two groups were statistically equivalent.
Importantly, ANCOVA allowed us to control for continuous covariates, namely, mouse age and weight.

After meticulous analysis, we found that we could accept the null hypothesis, indicating that the mean
PD-US estimates for these two groups were statistically equivalent at the significance level of p = 0.05.
Consequently, we made the decision to merge these two groups, thereby increasing the sample sizes available
for our subsequent statistical analyses, as elucidated in the right-most column of Table 4.1. In the following
sections, we will explore the impact of our data processing methodologies and the significance of various
biological variables in our study. Our comprehensive statistical analysis aims to unravel the complex dynamics

of perfusion in response to different conditions and treatments.

The Box-Cox Transformation

The Box-Cox transformation is a powerful statistical technique used to stabilize variance, normalize data,
and make it more closely approximate a normal distribution. Named after statisticians George E. P. Box
and Sir David R. Cox, this transformation is particularly valuable when dealing with data that violates the
assumptions of normality and homoscedasticity in various statistical analyses. In this section, we explore the

principles, procedures, and applications of the Box-Cox transformation [74].
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Figure 4.6: PD-US measurements for male (a,b) and female (¢,d) mice as a function of time are plotted on
log-log scales. Measurements are made on the non-ligated (control) left leg (a,c) and the ligated (ischemic)
right leg (b,d). Black lines indicate perfusion changes relative to the pre-ligation baseline in healthy (non-
diabetic) mice while red lines indicate that for diabetic mice. Solid lines indicate results for exercised mice
and dashed lines for sedentary mice; e.g., DE labels the curve for the diabetic exercised group while HS labels
the healthy sedentary group. The time axis extends from pre-ligation baseline measurements (pre) through
four weeks post-ligation (4w) as indicated by the schedule in Figure 4.2. Below the time axis are sample
sizes (n) over the 4-wk experiment for the four mouse groups. Animal numbers vary because of attrition and
unavailable data. Error bars at 10 min, 1 d and 2 w for the HE mouse group indicate +1 SE.

Principles of the Box-Cox Transformation

The Box-Cox transformation is based on the following principles:

1. Normalization of Data: It aims to make the data conform more closely to a normal distribution by
applying a power transformation.

2. Stabilization of Variance: The transformation can stabilize the variance, making it approximately
constant across different levels of the IDV.

3. Parameter \: The transformation involves a parameter A, which determines the type of transformation
applied. The choice of A depends on the characteristics of the data.

Procedure

The procedure for applying the Box-Cox transformation is as follows:

1. Identify the Appropriate \: Determine the optimal value of A that makes the data as close to
normal as possible. This can be done through graphical methods or statistical tests.
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Transform the Data: Apply the Box-Cox transformation formula to each data point in your dataset:

X 1
yoy={ x HAFD (4.1)
In(X) iftA=0

Analyze the Transformed Data: Perform your statistical analysis on the transformed data. This

may include regression, analysis of variance, or any other relevant statistical techniques.

Back-Transform (if needed): If you performed any analyses on the transformed data, you may need

to back-transform the results to their original scale to make meaningful interpretations.

The Wilcoxon Rank Sum Test

The Wilcoxon Rank Sum Test, also known as the Mann-Whitney U test, is a non-parametric statistical

test used to determine if there is a significant difference between two independent groups. It is a valuable

alternative to the t-test when the data do not meet the assumptions of normality and equal variances. In this

section, we explore the principles, procedures, and applications of the Wilcoxon Rank Sum Test.

Principles of the Wilcoxon Rank Sum Test

The Wilcoxon Rank Sum Test is based on the following principles:

1.

Ranking Data: It involves ranking all the data points from both groups together, regardless of their

group membership.

. Comparison of Ranks: The test compares the sum of ranks of one group to the sum of ranks of the

other group. The test statistic, U, is calculated based on this comparison.

Null Hypothesis: The null hypothesis (Hy) posits that there is no significant difference between the
two groups, while the alternative hypothesis (Hy) suggests that there is a difference.

Procedure

The procedure for conducting the Wilcoxon Rank Sum Test is as follows:

1.

Combine and Rank Data: Combine the data from both groups and rank them. Assign lower ranks

to smaller values and higher ranks to larger values.
Calculate Test Statistic U: Compute the test statistic U using the formula:

U:Rl_w

(4.2)
where R; is the sum of ranks for group 1, ny is the sample size of group 1.

Compare to Critical Value: Compare the calculated U statistic to a critical value from the Wilcoxon
Rank Sum Test table or use a statistical software package to determine if the result is significant at a

chosen alpha level.

Report Results: Report the test statistic, the critical value, and whether the null hypothesis is

rejected or not.
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we examine the necessity of applying spatial registration to the perfusion profiles. The analysis was
conducted by processing the data presented in Figure 4.6 in two distinct ways, with a singular exception:
in one set of profiles, spatial registration was applied before performing PCA clutter filtering, while in the
other set, the filtering was applied directly to the unregistered echo frames. The primary objective of this
investigation is to determine whether tissue motion during the acquisition of echo frames has a significant
impact on the perfusion profiles.

To facilitate a more robust analysis, a Box-Cox transformation was applied to the mean PD-US measure-
ments for all data points within a given perfusion profile.

Subsequently, both parametric and non-parametric statistical tests were employed to evaluate differences
between the perfusion profiles obtained with and without the application of spatial registration. The following

tests were conducted:

1. Parametric Two-Sided t-Test: This test was used to assess the mean differences between the two

sets of perfusion profiles.

2. Non-Parametric Kruskal-Wallis Test: The Kruskal-Wallis test was employed to determine whether

there are significant differences between the ranked data distributions of the profiles.

3. Wilcoxon Rank Sum Test: The Wilcoxon Rank Sum Test was used to evaluate differences in median

values between the two sets of profiles.

The significance level for all three tests was set at p = 0.05.

Analysis Results

The results of our statistical analyses revealed that, for all three tests, we were unable to reject the null
hypothesis at the p = 0.05 significance level. Therefore, when considering the entire perfusion profile in
the analysis, spatial registration before PCA clutter filtering did not significantly modify the PD-US-based
perfusion profiles. These findings suggest that the impact of tissue motion during the acquisition of echo
frames may be considered negligible in our specific experimental context.

Additionally, we conducted an assessment of mean differences between registered and unregistered data at
individual time points using the Wilcoxon Rank Sum Test without applying the Box-Cox transformation.
Remarkably, only five out of 88 point-wise comparisons indicated that spatial registration before clutter
filtering resulted in significantly different mean values compared to unregistered data. Notably, these outliers
were often observed near the perfusion profile minima, primarily around days 1 and 2. As a result, we opted
to employ spatially registered PD-US profiles for the comparison of ischemic parameters, as described in
Section 4.2.10 and presented in Figures 4.9 - 4.11, as only a portion of the perfusion profile contributed to

those parameter estimates.

Analysis Scope

In our analysis, we specifically focused on testing the null hypothesis between two groups that differed in
terms of a single biological variable. For instance, we tested for differences between healthy and diabetic mice
within the sedentary female groups. However, we did not conduct tests for differences between sedentary
diabetic males and exercised healthy females. These findings provide valuable insights into the impact of
spatial registration on the analysis of perfusion profiles and underscore the importance of carefully considering

the context and goals of the analysis when making decisions regarding spatial registration.
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4.3 Results

4.3.1 Temporal Perfusion Profiles

This section presents a comprehensive analysis of temporal perfusion profiles, with a focus on Figure 4.6,
which summarizes PD-US measurements describing muscle perfusion over the course of a four-week study
relative to pre-ligation baseline values (pre). The abscissa of the figure marks the time elapsed after right
femoral ligation, a pivotal event in the study. It is important to note that spatial registration was not applied
prior to PCA clutter filtering during the generation of these data.

The measurements presented in Figure 4.6 pertain to both male and female mice, with the data divided

into four distinct panels:

1. Panels (a) and (b) depict measurements for male mice.

2. Panels (c) and (d) depict measurements for female mice.

Within each panel, comparisons are made between measurements on the intact left hindlimb and
measurements taken on the ischemic right hindlimb following femoral ligation. This division allows for
the assessment of perfusion changes in response to the ligation procedure.

Further subdivision is provided based on the four experimental groups:

—_

. Healthy Exercised (HE)

[\

. Healthy Sedentary (HS)
3. Diabetic Exercised (DE)

4. Diabetic Sedentary (DS)

Each of these groups is represented by a distinct curve in the respective panels of Figure 4.6, facilitating a
comparative analysis of how muscle perfusion evolves over time within each group. Additionally, to provide
context for the analysis, the sample sizes for each group are listed below the time axes. It’s worth noting that
these sample sizes can vary throughout the study due to factors such as the progression of the experimental
protocol, variations in data collection, and potential attrition of subjects. Understanding these variations in
sample sizes is crucial for interpreting the results and assessing the robustness of the findings.

In summary, Figure 4.6 and the associated data present a rich source of information for studying temporal
changes in muscle perfusion in response to femoral ligation across different gender and experimental groups.
The absence of spatial registration before PCA clutter filtering underscores the need to carefully consider the
potential impact of spatial factors in the subsequent analysis. The following sections will delve deeper into

the specific findings and implications of this data in the context of the research objectives and hypotheses.

4.3.2 Spatial Registration and the PCA Clutter Filter Threshold

Herein, we will address the critical aspects of spatial registration and the determination of the PCA clutter
filter threshold. Our examination builds upon the findings akin to those depicted in Figure 4.6, where
echo frames underwent spatial registration before any clutter filtering. The pivotal observation is that
spatial registration of echo frames, when performed prior to PCA clutter filtering, did not yield significantly

different perfusion profiles. This intriguing result underscores the effectiveness of a pragmatic approach in
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this study—rigidly fixing the position of the US probe and gently binding the hindlimbs with Velcro straps
proved highly efficient in mitigating clutter, or tissue, motion. The implications of this are profound, as it
suggests that sophisticated registration techniques may not always be imperative in achieving high-quality
data.

This finding stands in contrast to a previously conducted invasive vascular study [37], where in-plane
tissue motion greater than 0.01 mm was frequently observed and was found to exert a substantial influence
on the PD-US signal unless spatial registration of the echo frames was diligently performed. This contrast
highlights the context-specific nature of the spatial registration requirement and underscores the importance
of tailoring methodologies to the specific characteristics of the study.

Figures 4.7 and 4.8 provide visual representations to shed light on why spatial registration had minimal
influence on PD-US estimates in this study. In Figure 4.7 a, a representative Doppler spectrum is presented at
various stages of processing. Two notable spectra, the ”original” and ”"registered,” are symmetric about zero
frequency, a characteristic of diffuse blood-cell-scatterer motion. Peaks in the original spectrum at +2.5 Hz,
associated with respiration, are significantly attenuated after spatial registration. However, it’s noteworthy
that the PCA "filtered” and "registered & filtered” spectra exhibit remarkable similarity, regardless of whether
the echo frames were initially spatially registered. In both cases, the PCA filter threshold is set to allow the
passage of all singular values except the first. It’s these filtered Doppler spectra that serve as the basis for
PD-US estimates, as their area under the spectrum is proportional to these estimates.

Figure 4.7 b complements these findings by illustrating the singular-value spectra, which are analogous to
the Fourier spectra from Figure 4.7 a. The ”original” singular spectrum is derived before spatial registration
is applied, while the "registered” spectrum is generated post-registration. The most notable impact of
registration on PD-US estimates is the enhancement of separation between the first two singular values.
This separation is pivotal, as it informs the selection of the PCA filter threshold. Notably, this threshold is
crucial, as it effectively delineates the boundary between the clutter-echo and blood-echo subspaces. Our
analysis demonstrates that spatial registration plays a pivotal role in increasing the disparity between the first
two singular values, effectively reducing the overlap between the clutter and blood subspaces. This finding
highlights the key contribution of spatial registration to the separation of these crucial parameters.

However, it is noteworthy that, regardless of whether spatial registration is employed, the same filter
threshold, as indicated by the dashed lines in Figure 4.8, consistently distinguishes the first and second
singular values at every point in time. This suggests that coherent tissue motion, measuring less than 0.01
mm, does not alter the PCA filter threshold between the clutter and blood subspaces. In essence, the filter
threshold remains robust under these conditions. Only with greater tissue motion does a single threshold no
longer suffice to separate adjacent singular values, necessitating the preliminary spatial registration of echo
signals. An additional indicator of minimal tissue motion between frames is the correlation coefficient among
the pre-filtered echo frames. It remained consistently above 0.8 for unregistered frames and above 0.9 for
registered frames, corroborating the assertion that little tissue motion occurred between frames [24]. This
insight is essential for understanding the reliability of the data and the validity of the subsequent analysis.

Figure 4.7 complements this perspective by revealing a substantial difference in the filtered power-spectral
density at zero frequency with and without spatial registration. However, this difference, which remains
relatively consistent across all measurement times during the four-week study, is effectively mitigated by
normalizing the PD-US estimates with respect to the pre-ligation baseline value. Normalization not only
addresses variations attributable to the registration process but also enhances the comparability of data

points across different measurement times.
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Figure 4.7: (a) Doppler spectra are displayed at different levels of processing. “Original” indicate the
power spectral density for echo data as it was recorded. “Registered” labels the spectrum obtained after
spatially registering the 16 echo frames in a 2 s acquisition. “Filtered” and ”Registered & Filtered” are
spectra obtained after applying a PCA clutter filter without and with spatial registration, respectively. (b)
Singular spectra are shown from SVD processing of the same data shown in (a) with and without spatial
registration. From Elsevier with permission.
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The subsequent section will delve into the sensitivity of each perfusion profile to diabetic changes, exploring
the influence of sex and fitness level. This analysis represents a pivotal step in understanding the broader

implications of the study’s findings and their relevance to the overarching research objectives.

4.3.3 Perfusion Profiles for Healthy and Diabetic Hindlimb Muscles

This section focuses on the detailed examination of perfusion profiles for hindlimb muscles in the context of
health and diabetes. The discussion begins with the depiction of the perfusion profiles for the ligated right
hindlimb (Figures 4.6 b and 4.6 d). Initially, these profiles exhibit a notable decrease in perfusion. However,
at approximately 20 minutes post-ligation, a sudden 2-3 dB burst of perfusion is observed across all mouse
groups. Subsequently, perfusion continues to decline between 30 minutes and 1-2 days, reaching a minimum
value of -5 dB to -7 dB, which corresponds to approximately 20-32% of the baseline perfusion level. It’s
essential to note that the rate of this decline is correlated with the properties of the specific mouse groups
under examination.

Figures 4.6 a and 4.6 c provide a crucial point of comparison, illustrating the muscle perfusion profiles
for the left hindlimb, which serves as a control measurement. These figures indicate that irrespective of the
mouse group, no significant changes in muscle perfusion are observed for the left hindlimb. The perfusion
levels remain essentially constant within +1 dB of the baseline values. This consistency underscores the
fact that the right femoral ligation, which induces changes in the blood flow of the right hindlimb, does not
generate systemic effects that manifest as alterations in the perfusion of the left peripheral muscles.

Furthermore, it’s worth noting that no significant differences in baseline perfusion measurements were
identified among the eight groups under investigation, although this information is not presented here.
The exception to this uniformity was observed in baseline PD-US estimates for females, which consistently
registered 2-3 dB higher than their male counterparts. This sex-related difference in baseline PD-US estimates
may hold implications for the interpretation of subsequent results and should be taken into consideration.

In summary, the analysis of perfusion profiles for healthy and diabetic hindlimb muscles provides valuable
insights into the temporal dynamics of perfusion changes following right femoral ligation. The distinctive
responses observed in Figures 4.6 b and 4.6 d, as well as the consistency of the control measurements in
4.6 a and 4.6 c, reveal the nuanced interplay between local and systemic factors in the context of perfusion

dynamics.

4.3.4 Minimum Perfusion (Ppin)

Here, we explore the critical parameter of Minimum Perfusion (Ppn), which provides insights into the
lowest recorded perfusion levels experienced by different mouse groups following the ligation procedure. The
findings in Figure 4.9 depict a consistent trend among all mouse groups, as they collectively exhibited reduced
perfusion to a value between one-fifth and one-third of the baseline levels. While it may appear that healthy
animals experienced a nominally greater reduction in perfusion compared to their diabetic counterparts, it is
essential to note that the only statistically significant difference was observed between the healthy and DS
male groups. This particular disparity underscores the importance of accounting for sex, fitness level, and
health status when interpreting the physiological responses to vascular perturbations.

The observation of reduced perfusion levels following ligation raises pertinent questions about the underlying
mechanisms and potential clinical implications. This decline in perfusion, while consistent across the groups,

suggests a substantial disruption in blood flow to the affected hindlimb muscles. However, the identification of
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Figure 4.8: The first two singular values from singular spectra obtained at each muscle measurement time are
plotted for the ischemic (right) and control (left) hindlimbs. Comparing values before spatial registration of
the echo frames (a) with those after registration (b) shows that spatial registration increases the difference
between the first and second singular values. Greater separation generates less overlap between the clutter
and blood subspaces, thus increasing the reliability of clutter filtering. From Elsevier with permission.
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Figure 4.9: The average reduction in perfusion relative to baseline within the right hindlimb muscles, Py,
is shown for the eight mouse groups. Significant differences are indicated by p values between compared
groups. Error bars indicate 1 SE. From Elsevier with permission.
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Figure 4.10: The time following ligation when perfusion returned to baseline values T [days] is shown for the
eight mouse groups. Significant differences (p j 0.05) were found between healthy and diabetic females and
diabetic males. Error bars indicate £1 SE. From Elsevier with permission.

a significant difference between healthy and DS males may hold implications for understanding how diabetes

interacts with other biological factors in shaping the vascular response to ligation.

4.3.5 Recovery Time ((T')

Our attention now shifts to the crucial parameter of Recovery Time (T), which sheds light on the duration
it takes for muscle perfusion to return to baseline levels following the vascular perturbation. The insights
presented in Figure 4.10 illustrate notable differences in recovery times between various groups of mice.
Observations reveal that muscle perfusion recovery is more rapid in healthy female mice compared to diabetic
female mice, irrespective of their exercise regimen. A similar trend is observed in males. These findings suggest
that diabetes may have an impact on the rate of perfusion recovery, with diabetic females, in particular,
requiring more time to return to baseline perfusion levels when compared to diabetic males.

Furthermore, an intriguing trend emerges concerning the role of exercise in the recovery process. It
appears that diabetic animals, both male and female, that engaged in exercise tend to recover more swiftly
than their sedentary diabetic counterparts. However, it’s important to note that while these trends are
evident in the data, they do not reach the threshold of statistical significance. The differential rate of recovery
observed between healthy and diabetic mice, as well as the potential influence of exercise, holds implications
for understanding the interplay between diabetes, exercise, and vascular responses. These findings may
contribute to a broader comprehension of the dynamics of vascular recovery and inform potential therapeutic

strategies in the context of vascular health.

4.3.6 P, FMD, and RH: Insights into Vascular Dynamics

We will now take a closer look at the critical parameters of Py .y, FMD, and RH to gain a deeper understanding

of the vascular dynamics in the context of the ischemic hindlimbs, as illustrated in Figures 4.6 b and 4.6 d.
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Figure 4.11: The magnitude of the spike in muscle perfusion appearing 20 min post-ligation Py, in Figure
6 is shown for the eight mouse groups. Error bars indicate £1 SE. From Elsevier with permission.

One prominent feature within the perfusion profiles is the appearance of a 2-3 dB spike in muscle perfusion
approximately 20 minutes after the femoral ligation procedure. This transient surge in perfusion is a notable
characteristic that can be seen across all eight experimental groups, and it is represented in Figure 4.11 as
Phax estimates. This figure highlights significant differences between paired healthy and diabetic groups,
signifying variations in this particular parameter.

A plausible explanation for this brief surge in perfusion is related to changes in the tone of resistance
arteries and arterioles due to the release of NO from collateral vessels that are adapting to the sudden ischemia
following femoral ligation. This hypothesis is further validated by results from a side study, as summarized in
Figure 4.12. In this side study, we repeated perfusion measurements in mice during the first 60 minutes after
ligation, represented by solid lines showing the average PD-US estimates in the ligated and control hindlimbs
of four mice. Subsequently, we injected the NOS inhibitor, L-NAME, into an additional five mice 60 minutes
before ligation and repeated the measurements. The results of this side study confirm the high correlation
between the 20-minute perfusion peak and endothelium-dependent NO activity. Notably, the administration
of L-NAME completely eliminated the 20-minute peak without significantly altering perfusion in the control
hindlimb. Consequently, it is reasonable to conclude that the lower peak perfusion observed in diabetic mice
(Figure 4.11) is a consequence of endothelial dysfunction related to NO regulation.

To further explore the extent and localization of endothelial dysfunction, we conducted measurements of
both FMD and RH before femoral ligation, utilizing a 5-minute pressure-cuff occlusion. The results, presented
in Figure 4.13, indicate a reduction in FMD in DS mice when compared with HS mice. This suggests that
exercise provides a degree of protection against endothelial dysfunction in the conduit arteries of diabetic
mice. Additionally, Figure 4.13 b illustrates a reduction in the RH index for all diabetic groups, implying
that endothelial dysfunction extends to resistance vessels. These findings provide compelling evidence of
diabetic-induced alterations in endothelial function, affecting both conduit and resistance vessels.

It’s worth noting that the data in Figures 4.11 and 4.13 consistently support the presence of diabetic-

related changes in endothelial function. However, FMD and RH measurements are more sensitive indicators
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Figure 4.12: PD-US measurements for the ischemic hindlimb (red) and control hindlimb (black) up to 60
min post ligation for HS male mice. The dashed lines describe perfusion in mice receiving an i.p. injection
of NOS inhibitor L-NAME 60 min before ligation (N = 5). Solid lines describe perfusion in mice without
L-NAME injections (N = 4). Error bars indicate +1 SE. From Elsevier with permission.

compared to Pyax, as they provide a deeper insight into vascular dynamics. To enhance the robustness of
our analysis, male and female groups were combined for the measurements reported in Figure 4.13, thereby
increasing the sample size to 10.

In summary, the evaluation of Py.x, FMD, and RH offers valuable insights into the vascular responses in
the context of diabetes, exercise, and endothelial function. These findings contribute to an understanding of

the intricate interplay between vascular parameters and health-related factors.

4.3.7 Changes in Body Weight: A Consideration in Perfusion Profiles

Here, we address the aspect of changes in body weight and its potential implications for the comparison
of perfusion profiles between healthy and diabetic mice. The motivation for this investigation arose from
the findings of Belcik et al. [75], which highlighted a correlation between insulin resistance, often linked to
increased body weight and reduced microvascular blood flow and capillary blood volume in skeletal muscle.
This correlation prompted our exploration of the complex influence of body weight when analyzing perfusion
profiles. The observations, as summarized in Table 4.1, reveal that the diabetic groups were significantly
heavier than their healthy counterparts at the time of the baseline measurements. Moreover, Figure 4.14
provides an additional perspective on these weight changes. It is evident that all mice experienced a weight
loss ranging from 4 to 8 grams during the week following the right femoral ligation procedure. While this
weight loss continued over the subsequent four-week trial in sedentary animals, it stabilized in animals that
adhered to an exercise regimen.

One interesting aspect to highlight is that exercise emerged as the variable most correlated with time-
dependent weight loss among the eight experimental groups. Despite this strong correlation, it is noteworthy
that exercise had no significant effect on perfusion, as reported in Figures 4.9 -4.11. Therefore, it is reasonable
to conclude that variations in mouse body weight had little effect on the relative perfusion profiles. These
findings are significant as they suggest that, while changes in body weight are evident across the experimental
groups, these variations do not significantly impact the perfusion profiles. This observation is particularly

valuable as it implies that other factors, such as diabetes and exercise, may play more dominant roles in
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Figure 4.13: (a) FMD of the femoral artery applied to the control (left) hindlimb before right femoral
ligation. (b) RH index estimated for the same groups measured at the same time as FMD describes the peak
in excess muscle perfusion following 5 min pressure cuff occlusion. Error bars indicate +£1 SD. From Elsevier
with permission.
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Figure 4.14: The change in mean body weight for each of the eight mouse groups during the four-week
study. While all mice lost at least 4 g during the first week after ligation, the weight of animals that exercised
stabilized while that of sedentary mice declined. From Elsevier with permission.

shaping the observed perfusion dynamics.

4.4 Discussion

4.4.1 Recovery Time

The results presented in this study illuminate the sensitivity of PD-US estimates to the diabetes-related
changes in perfusion experienced during ischemic challenges. Our investigation revealed that all mice in
the study managed to recover their baseline levels of muscle perfusion within four weeks following femoral
ligation. However, what stands out prominently is the fact that the perfusion recovery time (T) exhibited
substantial increases, with an average of 47% in diabetic males and 74% in diabetic females when compared
with their non-diabetic counterparts. This protracted recovery period in diabetic mice holds significant clinical
relevance. Notably, our findings align with the observations of other investigators [76] and [77], who reported
incomplete recovery after 14 days when monitoring perfusion at the surface of the foot and calf muscles
in diabetic mouse models compared with non-diabetic controls. While the specific ischemic response may
exhibit variations based on the details of each experimental approach, the consistent findings of diminished
and delayed perfusion recovery underscore the vascular endothelial damage anticipated during persistent
hyperglycemia in insulin-resistant mice [78]. This emphasizes the critical role of endothelial function in the

context of diabetes and its implications for vascular responses.
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4.4.2 The Effect Of Exercise

A key aspect of our investigation was to assess the potential influence of exercise on vascular responses. The
literature reports that exercise training has the capacity to enhance overall endothelial function in humans
with no clinical evidence of vascular disease [79]. Our study corroborates these observations, as we found that
exercise effectively preserved endothelial function in diabetic mice, as illustrated in Figure 4.13. However, it
is noteworthy that our data also indicate that, aside from endothelial function, fitness levels had a minimal

effect on the perfusion profile describing ischemic recovery.

4.4.3 The Effect Of Body Weight

The impact of body weight on the experimental outcomes is another aspect we scrutinized. Our findings
revealed that, in the group of animals that adhered to an exercise regimen, body weight tended to stabilize
within a week following surgery. In contrast, sedentary animals continued to lose weight over the entire
four-week duration of the study, as depicted in Figure 4.14. This observation correlates with the active
behavior of healthy animals, irrespective of their fitness levels, after surgery. It was evident that greater
activity was linked to stable body weight and deeper ischemia, as indicated by the lower values of Py, in
Figure 4.9.

4.4.4 The Effect Of Age

The most consistent parametric differences observed in this study were evident when comparing sedentary
healthy and sedentary diabetic mice, a pattern observed in both male and female groups. An intriguing
aspect that should not be overlooked is the age factor, as highlighted in Table 4.1. Age, indeed, emerges as a
confounding factor in perfusion recovery, compounded by the presence of diabetes. It is essential to recognize
the intricate interplay of these variables in shaping vascular responses. A noteworthy study by Farber et al.
[51] provides insights into the impact of age on vascular responses. Their findings revealed that healthy older
mice exhibited fewer and smaller-diameter native collateral vessels, leading to increased severity of ischemic
injury following ligation and slower perfusion recovery. Similarly, Westvik et al. [80] reported delayed recovery
in older healthy mice compared to their younger counterparts when subjected to ischemic hindlimb challenges.
Despite the higher capillary density observed in older mice, suggesting a vigorous angiogenic response to

ischemia, perfusion recovery remained attenuated due to significantly impaired arteriogenic responses.

4.4.5 Diagnosis of PAD

One crucial aspect that surfaces from our findings is the long-term loss of endothelium-dependent vasodilation
in both conduit and resistance arteries. This phenomenon holds profound implications, particularly in
the context of PAD, which escalates a patient’s risk of developing coronary artery and cerebrovascular
diseases [81] [82]. While there is no direct evidence of mice developing PAD during our experiment, the
apparent diabetes-related endothelial dysfunction in these mice parallels the prominent vascular challenges
faced by patients in the process of developing PAD. Consequently, the paradigm for addressing intermittent
claudication and vascular health in humans is shifting towards interventions that prioritize the enhancement
of endothelial function [83], particularly in resistance vessels that are most profoundly affected by metabolic
diseases [49]. The insights garnered from this study reinforce the significance of investigating the influence of

age, diabetes, and their combined effects on vascular responses. The findings in this context contribute to
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a broader understanding of the complexities underlying perfusion dynamics and their relevance to clinical

scenarios.

4.4.6 RH Index

Peripheral arterial tonometry (RH-PAT) is a well-established clinical technique employed for the assessment
of endothelial function in resistance vessels [49], [84], [85]. RH-PAT devices provide a non-invasive means of
measuring arterial pulsatile volume changes at the fingertip or forearm during RH following short-duration
ischemic episodes [77]. In this context, PD-US imaging offers a site-specific alternative to RH-PAT, where
ultrasonic echo-signal power, primarily originating from the motion of red blood cells, is spatially mapped. It
is essential to highlight the assessment of the intra-subject coefficient of variation (CV) in the context of
RH-PAT. Reports indicate that in young human males, the CV for RH-PAT measurements falls within the
range of 15-22% [84]. In comparison, the CV for PD-US-based RH measurements, as depicted in Figure
4.13 b for healthy male mice, ranges from 8-29%, and this variability increases to 16-46% in diabetic males.
This variation in PD-US measurement reproducibility is notably influenced by several factors, including the
accuracy of selecting a consistent ROI in the muscle, the day-to-day perfusion changes linked to activity, and
our ability to minimize tissue motion during echo acquisition to optimize the effectiveness of PCA clutter

filtering.

4.4.7 NO Peak

One intriguing observation from our study is the absence of literature reports regarding the 20-minute
perfusion peak seen in Figure 4.6 and quantified in Figure 4.11. Figure 4.12 provides a clear depiction of
the correlation between this peak and NO-mediated dilation. While the height of this peak is linked to
endothelial function, it is important to note that this measurement exhibits less sensitivity compared to other
established methods such as FMD and the RH index when implemented via PD-US measurements.

In conclusion, this study highlights the intricate interplay of various factors that impact perfusion recovery,
including age and diabetes, and their broader implications for vascular health. The observed endothelial
dysfunction in mice parallels pathophysiological processes seen in patients developing PAD, opening avenues
for further investigation aimed at enhancing clinical interventions for vascular diseases. These findings
underscore the complexity of perfusion dynamics and offer valuable insights with the potential to improve

our understanding and management of vascular health.

4.5 Summary

This study aimed to investigate the capabilities of power-Doppler ultrasonic (PD-US) imaging without
contrast enhancement in monitoring changes in muscle perfusion over time. Ischemic recovery was examined
in male and female mice, both healthy and type II diabetic, with and without exercise interventions. The
study also included perfusion measurements during and after 5-minute ischemic periods, as well as during
the four-week recovery phases following irreversible femoral ligation. The primary goal was to assess how
diabetes-related changes in endothelial function influenced perfusion. The key findings of this study are as

follows:

1. The average recovery time following ligation increased by 47% in diabetic males and 74% in diabetic

females compared to non-diabetic mice, underscoring the impact of diabetes on skeletal muscle’s ability
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to recover from ischemic challenges.

2. Sedentary diabetic mice exhibited a significant decline in FMD in conduit arteries and the RH index in
resistive vessels, with values approximately halved compared to sedentary non-diabetic mice. These

results emphasize the detrimental effects of diabetes on endothelial function.

3. Exercise interventions were found to mitigate the loss of endothelial function associated with diabetes in
both male and female mice, highlighting the potential of exercise as a therapeutic strategy to counteract

diabetes-related vascular dysfunction.

4. Reproducibility of perfusion measurements was limited primarily due to challenges in consistently

selecting the same region in muscle and effectively filtering out tissue clutter.

In conclusion, this study has demonstrated that PD-US measurements can accurately track site-specific
changes in skeletal muscle perfusion over time, particularly in the context of diabetes. The results address
the need for reliable techniques capable of continuously monitoring atherosclerotic processes. These findings
contribute to our understanding of the intricate relationship between diabetes, vascular health, and the
potential benefits of exercise interventions, shedding light on avenues for improved clinical management of
vascular diseases. In the Next Phase of our study, we scale the animal model up to be more compatible with
human size. For this we use a pig model that Expands on rodent findings, using 5-MHz ultrasound pulses for
deeper muscle perfusion measurements. We utilize a method to induce progressive muscle ischemia during a 1

to 4-week observation.
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Chapter 5

Monitoring Peripheral Perfusion in a

Porcine Model of Progressive
Hindlimb Ischemia using PD-US

5.1 Study Overview

This section builds upon prior Mice-model studies to advance our understanding of PAD by employing a
pig-model approach 4. This study introduces two crucial enhancements aimed at facilitating more accurate
PD-US estimates for clinical assessments.

First, we employ a 5-MHz ultrasound pulse combined with a handheld probe to assess muscle perfusion at
depths ranging from 2 to 4 cm. This represents a notable departure from previous mouse studies which utilized
a fixed-position 24-MHz probe, focusing on much shallower depths of 2 to 5 mm. The deeper penetration
capability of the 5-MHz US pulses is particularly advantageous for evaluating muscle perfusion in the context
of PAD.

Second, we surgically placed an ameroid ring constrictor (ARC) on the right superficial femoral artery
of each pig in our study. This procedure induced gradual and progressive muscle ischemia over a span of 2
to 4 weeks. This approach contrasts with the acute ligation of the mouse hindlimb in a previous study 4.
The benefit of the ARC-induced ischemia model is that it more accurately mimics the gradual development
of atherosclerosis in PAD patients over many years, in contrast to the abrupt occlusion observed in acute
ligation. This distinction is vital because Yang et al. [86] have shown that the rate of arterial occlusion
significantly influences the mechanisms governing blood-flow recovery. By inducing ischemia in a gradual
manner, we allow the animal’s body to adapt to the diminishing blood supply, mirroring the conditions
experienced by PAD patients.

It is important to note that the pigs in our study were chosen for their young age and the absence of
known PAD risk factors, such as inflammation, endothelial dysfunction, and hypertension. This selection
was deliberate to eliminate confounding factors that could contribute to the development of atherosclerotic
conditions. Nonetheless, the temporal changes in deep muscle perfusion observed in this human-scale model of
progressive ischemia provide invaluable insights that anticipate the dynamic characteristics often encountered

when monitoring PAD patients in clinical settings. These enhancements in our experimental approach pave
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the way for more accurate and clinically relevant assessments of muscle perfusion in the context of PAD.

5.2 Methods

In the course of this research, we selected four healthy, 4-month-old castrated male Yucatan miniature pigs
from Premier BioSource, located in Rensselaer, Indiana. These pigs were individually identified as #613,
#614, #615, and #618. They were housed in pairs, creating a social and comfortable environment to ensure
their well-being throughout the study. During the research period, the pigs had unrestricted access to both
water and feed.

All experimental procedures were carried out in strict adherence to ethical guidelines established by the
Institutional Animal Care and Use Committee (IACUC) at the University of Illinois at Urbana-Champaign.
The research also conformed to the principles outlined by the American Veterinary Medical Association,
emphasizing the paramount importance of ensuring the welfare and ethical treatment of the animals involved

in the study.

5.2.1 Anesthesia and Surgical Preparation

Before the surgical procedures, each pig underwent a 12-hour fasting period to minimize the risk of compli-
cations. Anesthesia was initiated through the administration of premedications via the intramuscular (IM)

route. The premedications included:

e Ketamine at a dosage of 10 mg/kg
e Midazolam at 0.2 mg/kg
e Morphine at 0.5 mg/kg

e Dexmedetomidine at 25 ug/kg

Additionally, a single dose of ceftiofur at 5 mg/kg was administered before surgery to reduce the risk of
respiratory infection.

Isoflurane anesthesia was introduced by exposing each pig to 2% isoflurane in oxygen via a mask.
Subsequently, endotracheal intubation was performed using a cuffed endotracheal tube, ensuring a secure
airway for the pigs. The anesthesia was maintained at 2% isoflurane in 100% oxygen throughout the
surgical procedures to ensure consistent and appropriate levels of anesthesia. Post-surgery, maropitant at a
concentration of 10 mg/ml was administered intravenously (IV) at a dose of 0.5 mg/kg to prevent nausea and
vomiting, which are common side effects of anesthesia. The depth of anesthesia was continually monitored
by closely observing the vital signs of the pigs to ensure their safety and well-being throughout the surgical

procedures.

5.2.2 Surgical Procedure

The surgical procedure was performed with strict adherence to aseptic techniques to minimize the risk of
infection. A 9-cm incision was meticulously made in the skin and subcutaneous tissues along the longitudinal
axis of the medial right hindlimb, starting from the inguinal ligament and extending towards the stifle muscle.

The incision was carefully carried out using a #10 blade. Following the incision, the right superficial femoral
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artery was isolated from the vein and surrounding tissues. This was achieved through a combination of both
blunt and sharp dissection techniques using Metzenbaum scissors, ensuring the delicate handling of the tissues.
A crucial component of the surgical procedure involved the placement of a 3.5 mm ameroid ring constrictor
(ARC; Research Instruments NW, Lebanon, OR) around the proximal portion of the vessel. To secure the
ring in place, Kelly hemostatic forceps were employed, allowing for the insertion of the key to complete the
ring formation. This precise placement was vital to achieve the intended constriction of the artery. To further
secure the ring proximally and prevent any unintended slippage distally, a single interrupted suture of 3-0
PDS was meticulously placed. This suture passed through the fascia and muscle of the pectineus muscle
and through the lumen of the ARC. This step was crucial in maintaining the constriction and ensuring the
success of the procedure.

For postoperative pain management and analgesia, liposomal bupivacaine at a concentration of 13.3
mg/ml was injected into the incised tissues at a dose of 2.6 mg/kg. The specific product used for this purpose
was Nocita™ by Elanco, Greenfield, IN. Additionally, for inflammation control and pain management, a
single IV administration of flunixin meglumine at a dose of 1 mg/kg was given postoperatively. To further
address postoperative pain, buprenorphine at a concentration of 1.8 mg/ml was administered once, IM, at
a dose of 0.02 mg/kg. The meticulous execution of this surgical procedure, combined with comprehensive
postoperative pain management and analgesia, ensured the well-being and comfort of the subjects, and the

successful implementation of the experimental model.

5.2.3 Postoperative Care and Monitoring

Following the successful completion of the surgical procedures and the recovery of the pigs from anesthesia,
they were discharged from the hospital and transferred to an institutional research farm. During their stay
on the farm, the animals were subject to daily observation over the four-week study period. This systematic
and continuous observation was crucial to ensuring their well-being and tracking their progress.

Given the absence of established pain scales designed specifically for pigs, the evaluation of postoperative
pain required a comprehensive approach. Clinical parameters were meticulously monitored during the initial
3-5 days post-operatively to assess any signs of pain or discomfort. These parameters included the assessment

of respiratory rate (RR). Abnormal findings related to RR were defined as any of the following:

e RR exceeding 60 breaths per minute (bpm).
e Rapid and shallow breathing patterns.
e Manifestation of dyspnea.

e Any aberrant or unusual behavior.

In cases where signs of pain were observed, appropriate pain medication was administered as needed.
The careful and individualized management of postoperative pain was a priority to ensure the pigs’ comfort
and recovery. It is noteworthy that, throughout the study, no animal exhibited excessive pain necessitating
rescue analgesia, and there were no significant postoperative complications. This observation underscores
the effectiveness of the surgical and postoperative care procedures in place, demonstrating the successful
management of the animal subjects during the study. The comprehensive clinical monitoring and attentive

postoperative care contributed to the overall success and ethical handling of the research subjects.
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5.2.4 Ameroid Ring Constrictors (ARCs)

ARGCs represent a valuable medical tool employed in clinical veterinary practice. They are primarily used to
gradually occlude extrahepatic portosystemic shunts, offering an alternative to traditional suture ligation
techniques [87]. These shunts involve abnormal vascular connections that bypass the liver, and their occlusion
is crucial to redirect blood flow through the liver for proper metabolic processing. The ARC itself possesses
a distinctive doughnut-shaped design, featuring an outer surface made of stainless steel (Figure 5.1a). Its
interior is filled with a unique ameroid material, which consists of compressed casein, a highly hygroscopic
milk protein derivative. This material exhibits a distinctive property - it expands when exposed to body
fluids. As the ameroid material gradually absorbs fluids from the surrounding tissue, it undergoes expansion.
This expansion process triggers the formation of fibrous clots, effectively occluding the target vessel. Studies
have reported that ARCs are capable of reducing femoral arterial flow by more than 80% within a relatively
short timeframe of 2-4 weeks [88].

For visual reference, Figure 5.1 illustrates the implantation of an ARC into pig 613, providing a clear
depiction of this crucial component of the surgical procedure. The deployment of ARCs in medical practice,
as highlighted in this context, plays a pivotal role in the gradual and controlled occlusion of specific vessels,

ensuring successful and well-regulated physiological changes in the subjects under study.

5.2.5 Ultrasound Scanning

The process of ultrasound scanning played a pivotal role in our study, enabling us to monitor critical
physiological changes in the subjects. Each animal underwent weekly ultrasound imaging sessions, commencing
one week after the surgical procedure. The measurements obtained during the first week served as a reference
baseline against which subsequent measurements were compared, allowing us to describe alterations in muscle
perfusion and femoral artery blood velocity over time.

Upon the animals’ arrival from the research farm, a specific anesthesia regimen was administered to
prepare them for ultrasound scanning. Each animal received a calculated dose of 0.05 mL per kilogram of

body weight of TKX. This anesthetic blend comprised as following per milliliter of solution:

e 50 mg of tiletamine
e 50 mg of zolazepam
e 80 mg of ketamine

e 20 mg of xylazine.

This ensured the safe induction of anesthesia. The anesthetized animals were carefully weighed and
subsequently placed on a scanning table. To maintain anesthesia throughout the ultrasound session, the
animals were intubated and received a continuous supply of 1-4% isoflurane in 100% oxygen, tailored to
their individual requirements, for a duration of up to two hours. The ultrasound scans were systematically
recorded in three scan planes on both hindlimbs. The animals were positioned either in the prone or lateral
positions, as illustrated in Figures 5.2 a and 5.2 b. To minimize body movements during echo acquisition,
ventilation was temporarily halted for approximately 30 seconds, ensuring the stability of the ultrasound
probe relative to the target area. The three scan planes represented in Figure 5.2 specifically targeted three

distinct muscle groups:
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Figure 5.1: The 3.5 mm ARC before implantation into pig 613 (a) and recovered four weeks after implantation

(b).

1. the vastus lateralis (S1)
2. the vastus medialis (S2)

3. the tensor fasciae latae (S3).

These scans were instrumental in estimating muscle perfusion via PD-US. Additionally, S1 was employed
for spectral Doppler measurements to estimate the relative blood velocity in the femoral artery. To validate
that these selected muscles were indeed perfused by the superficial femoral artery, a separate postmortem
study was conducted. This involved visualizing the distribution of dye within each muscle following the
arterial infusion of a contrast agent, as exemplified in Figure 5.2 g. The ultrasound scanning procedure,
combined with targeted measurements and anatomical verification, offered a comprehensive means of assessing
the subjects’ physiological changes, providing valuable insights into the effects of the surgical intervention

over time.
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Figure 5.2: (a, b) Scan planes S1, S2, and S3 and location of the ARC are illustrated in the ischemic pig
hindlimb muscle. Similar scan planes were selected for the control left hindlimb. An example B-mode image
from S3 (c) and a color-flow image from S1 (d) from which Doppler spectra are estimated (Figure 5.3 ¢). (e,
f) PD-US images are presented as color overlays onto B-mode images of muscle at S3 at one week (W1) and
four weeks (W4) following surgery to install the ARC. White boxes indicate the 1x2 cm regions over which
spatially averaged PD-US values (Fig. 3a and 3b) are estimated. (g) A postmortem injection of blue dye into
the occluded artery indicates regions most likely to be ischemic. The blue color guided scan plane selection.
Nlustrations in (a) and (b) were created with BioRender.com.

Imaging and Data Collection

The four pigs were subjected to ultrasound imaging for the assessment of muscle perfusion and the Blood
Flow in the superficial femoral artery. Pigs 615 and 618 were imaged for a duration of two weeks, whereas
pigs 613 and 614 were monitored over a period of four weeks. Interestingly, the results for pig 615 revealed
no significant changes in muscle perfusion and no notable alterations in the inner diameter of the ARC.

Consequently, the perfusion data for pig 615 were not included in the analysis.

Ultrasound Imaging Setup

Hindlimb imaging was performed using a Sonix RP 410 ultrasonic imaging system manufactured by Ultrasonix
Medical Corporation, located in Richmond, British Columbia, Canada. The system was equipped with an

L14-5 linear array transducer that transmitted 5 MHz pulses.

Data Acquisition

RF echo signals were acquired at 20 MHz from both broadband B-mode echo frames (see Figure 5.2 ¢) and
narrowband C-mode echo frames using the scanner’s research mode. All perfusion data estimates based on

PD-US were generated offline from the CF mode recordings.
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5.2.6 Additional Measurements

In addition to perfusion data, CF images (as depicted in Figure 5.2 d) and pulsed-Doppler spectra (as shown
in Figure 5.3 c¢) were recorded to estimate peak systolic blood velocities in the femoral artery distal to the
ARC.

Animal Body Weights

The body weights of all animals were measured at regular intervals throughout the study and are presented

in Table 5.1 for reference.

Pig # | Week 1 | Week 2 | Week 3
615 25 Kg 28 Kg -
618 29 Kg 31 Kg -
614 25 Kg 30 Kg 31 Kg
613 28 Kg 31 Kg 32 Kg

Table 5.1: Mini-pig body weight measurements (kg) during the four-week study.

These comprehensive imaging and data collection methods were employed to provide a thorough assessment

of muscle perfusion and related parameters in the study animals.

5.2.7 Frame Sampling and Doppler Frame Analysis

In the ultrasound imaging process, frame sampling played a crucial role in capturing relevant echo signals for

the analysis of muscle perfusion. Specifically, the following steps were taken:

Color Box Adjustment

Within each scan plane, the size of the color box for CF acquisitions was meticulously adjusted to encompass
the echo signals originating from the pertinent muscles of interest. This adjustment was necessary due to

variations in the size and depth of the color box.

Pulse-Repetition Frequency (PRF) Adjustment

To accommodate the variable size and depth of the color box, the pulse repetition frequency (PRF) for the
10-frame ensemble recorded within each Doppler frame was automatically adjusted. This PRF adjustment
led to PRF values ranging between 1.5 to 3 kHz. Fach Doppler frame contained 10 CF frames, which were
recorded at the adjusted PRF. The PRF adjustment had a direct impact on the velocity range and resolution

of PD-US estimates, as discussed below.

Temporal Sampling Interval

PD-US estimates were compiled throughout the scan plane from a total of 60 Doppler frames, recorded at a
rate between 9 to 16 fps. The acquisition time, during which tissue motion was minimized, varied between
3.75 seconds and 6.67 seconds. The 60 Doppler frames were organized into three groups of 20 frames each.
Within each Doppler-frame ensemble, the first, fifth, and tenth CF frames were selected for subsequent

analysis. The temporal sampling interval for power Doppler estimates was determined by the Doppler frame
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rate and ranged from 1/16 seconds to 1/9 seconds. This ensured a comprehensive assessment of the dynamic

changes in muscle perfusion.

5.2.8 Velocity Resolution and Range

The total time encompassed in each PD-US estimate ranged from 20/16 seconds to 20/9 seconds. As a result,
the Doppler frequency resolution ranged between 9/20 Hz and 16/20 Hz over a measurement bandwidth that
extended from +9/2 Hz to +16/2 Hz. Doppler frequencies (u) were converted into blood-cell velocities (v) by
applying the pulsed Doppler equation:

v =cu/ (2focos @) (5.1)

where ¢ = 1.54 mm/us is the speed of sound in tissue, 8 = 60° is the Doppler angle, and fy = 5 MHz is
the pulse transmission frequency.

The resulting velocity resolution was 0.139 mm/s at the low end and 0.246 mm/s at the high end, covering
a net range of +£1.39 mm/s and +£2.46 mm/s, respectively. These parameters were carefully selected to
encompass the typical range of blood cell velocities in the microvasculature, with an average velocity of

approximately 0.3 mm/s and a peak value of 2 mm/s.

5.2.9 Aliasing Considerations

In the context of the collected data, it is important to note that between 5-15 samples within the blood-signal
bandwidth were included in each PD-US estimate. Furthermore, it was observed that the aliasing of blood
signals did not introduce distortions in the PD-US estimates, ensuring the accuracy and reliability of the
data. The meticulous frame sampling and Doppler frame analysis procedures described above were essential

for obtaining detailed insights into muscle perfusion and related parameters during the study.

5.2.10 Echo Registration and Clutter Filtering

During the acquisition process, it was observed that tissues exhibited motion of up to approximately one
millimeter in relation to the beam axis of the handheld probe. This motion roughly corresponds to three
wavelengths at the 5 MHz frequency used. To address this challenge and ensure the accuracy of the data, a
spatial registration method was employed, as detailed second chapter [24]. Tissue echoes were meticulously
aligned over the 20 sequential Doppler frames that were analyzed for each PD-US estimate.

Once the echoes were successfully registered, the SVD clutter filter was applied to the signals within the
defined analysis region. The filter was set at a fixed threshold, as further described in the subsequent section.
This process allowed us to effectively eliminate unwanted clutter and artifacts from the data. Subsequently,
the filtered signal power at each spatial position within the PD-US image was computed. To improve the
accuracy and quality of the PD-US images, temporal averaging was performed. The following steps were

taken:

Measurement Bandwidth Averaging

Signal power within the measurement bandwidth was averaged over three sequential 20-frame time intervals

at each spatial location within the tissue. This temporal averaging strategy aided in reducing noise and
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enhancing the SNR.

Color Frame Selection

For each of the 20-frame time intervals, power measurements were obtained from the first, fifth, and tenth
color frames within the ensemble. This selective frame sampling was instrumental in reducing the impact of

tissue and blood cell motion while preserving the key information needed for the analysis.

Uncoupling Measurements

Given the relatively slow speeds of perfusing blood cells and the high PRF of the imaging system designed
for flow assessment, estimating signal power from every fifth frame within the ensemble provided adequate
temporal uncoupling of the measurements. This approach significantly reduced uncertainty during the

temporal averaging process, resulting in more accurate and reliable data.

Image Formation

The final step in the data analysis involved mapping the PD-US estimates onto B-mode images using a color
overlay. This technique allowed for the visualization and interpretation of the perfusion data, as illustrated in
Figures 5.2 e and 5.2 f.

In summary, the combined processes of echo registration, clutter filtering, and temporal averaging were
pivotal in enhancing the quality of the PD-US images and ensuring the accuracy of the results presented in
this study.

5.2.11 Spatial Averaging for Temporal Perfusion Profiles

In order to provide a comprehensive representation of the temporal perfusion profiles, each data point
presented in Figures 5.3 a and 5.3 b underwent further spatial averaging. This spatial averaging was carried

out over the pixels contained within a specific 1 cm x 2 cm window, as indicated in Figures 5.2 e and 5.2 f.

Degrees of Freedom Adjustment

When computing the standard deviation after spatial averaging, it was essential to appropriately adjust
the degrees of freedom. This adjustment was necessary to account for the 5-MHz speckle correlation area,
estimated to be approximately 0.081 mm? [24]. Correctly assigning degrees of freedom played a crucial role in
accurately representing the error bars reported in Figures 5.3 a and 5.3 b. The RF echo-sampling interval was
0.039 mm along the beam and 0.30 mm lateral to the beam axis, resulting in approximately 7 samples per
speckle correlation area 0.081/(0.039 x 0.3) ~ 7. To account for this, the degrees of freedom were adjusted

to% — 1 during the computation of error bars.

Spatiotemporal Mean Calculation

The net spatiotemporal mean at a specific point in time for an individual animal was further averaged over the
total number of animals included in the study. This averaging process allowed for the generation of an overall
mean value, along with the corresponding SE. The results of this analysis, along with the calculated means
and standard errors, are visually represented in 5.3 a and 5.3 . Sample sizes for each data point are indicated

by numbers in proximity to the plotted points. These figures provide a clear and concise presentation of the
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Figure 5.3: PD-US estimates of muscle perfusion for the ischemic and control hindlimbs over four weeks in
scan planes S2 (a) and S3 (b). The anatomical locations of scan planes are marked in Figure 5.2. Values are
normalized (0 dB) by the week 1 baseline values. Numbers 2 and 3 appearing near plot points indicate the
number of animals included in the mean value, and error bars indicate =1 SE. t-test results where differences
between ischemic and control measurements were significant at the p < 0.05 level are shown along with
statistical power estimate, 1- 8. (c) Doppler spectra acquired over 3 s for pig 613 are shown for the ischemic
and control hindlimbs over the four-week study. (d) Changes in mean peak systolic blood velocity are shown
for the femoral artery of two animals relative to week 1 values.

findings, allowing for a comprehensive understanding of the temporal perfusion profiles and their associated
uncertainties.
Accurate spatial and temporal averaging, along with proper degrees of freedom assignment, were essential

in ensuring the robustness and reliability of the results presented in this study.

5.3 Results

5.3.1 Muscle Perfusion and Blood Velocity Estimation

The study aimed to assess muscle perfusion and blood velocity in the weeks following the placement of an
ARC around the right superficial femoral artery. The results are presented in Figures 5.3 a and 5.3 b. Due to
the unavailability of baseline perfusion values before ARC placement, we selected measurements from week
1 as the baseline. The changes in mean PD-US estimates are displayed for the right ischemic hindlimb (in
black) and the left control hindlimb (in red) relative to this chosen baseline. Perfusion measurements were
taken from one animal each week for two weeks and from two animals each week for four weeks. Figures
5.3 a and 5.3 b depict perfusion changes in scan planes S2 and S3, situated within the anterior-side and
posterior-side hindlimb muscles, respectively. It is important to note that these muscle regions are typically

perfused by the occluded artery, as confirmed by post-mortem dye infusions conducted during a pilot study.
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The findings reveal that PD-US estimates for the control hindlimb remain relatively stable over time. In
contrast, the ischemic hindlimb experiences a decline of 10 dB in S2 and 14 dB in S3 between weeks 1 and 4.
By week 4, the average perfusion change amounts to -12 dB, indicating a significant 94% loss of perfusing
blood-signal power in the ischemic hindlimb when compared to the control. This substantial loss in perfusion
aligns with the observations in Figure 5.1, where the inner lumen diameter of the ARC for pig 613 decreased
from 3.5 mm to less than 1 mm after 4 weeks. To evaluate these differences statistically, the null hypothesis
was tested at each time point, comparing ischemic and control perfusion values in the S2 and S3 regions. The
p-values representing differences at the 5% significance level are listed in Figures 5.3 a and 5.3 b. Additionally,
the statistical power (1 — ) was calculated at time points with significant differences and is also provided in
the figures.

Figures 5.3 ¢ and 5.3 d illustrate that peak femoral artery blood velocity decreases to 30% of the baseline
value between weeks 1 and 4. This velocity decline demonstrates an approximately linear trend over time,
with velocity decreasing each week to 67% of the value observed in the previous week. Notably, there were no
discernible systematic changes in femoral blood flow in the control hindlimbs.

These results offer valuable insights into the impact of ARC placement on muscle perfusion and blood

velocity, providing an understanding of the observed changes over the study period.

5.3.2 Verifying Assumptions

In the pursuit of reliable muscle perfusion assessment using PD-US, it is imperative to validate the underlying
assumptions and processes. Figures 5.4 and 5.5 provide insight into intermediate steps in the PD-US
estimation process, offering a means to ensure the success of clutter filtering—a critical factor in establishing

the reliability of the PD-US measurements presented in Figure 5.3.

Significance of Successful Clutter Filtering

Successful clutter filtering is fundamental in ensuring that the PD-US measurements accurately reflect muscle
perfusion. The following figures serve as a visual representation of the validation process, examining the range
of tissue movement, the efficacy of spatial registration, and the effects of alignment errors on the inter-frame
echo correlation coefficient. Furthermore, they assess the potential impact of out-of-plane probe motion.
Both Figures 5.4 and 5.5 delve into the assessment of tissue movement and the steps taken to mitigate its
effects. These figures capture a spectrum of tissue motion scenarios encountered during freehand scanning,
encompassing both relatively large tissue movements in Figure 5.4 and relatively small tissue motion in Figure
5.5.

In-Plane and Out-of-Plane Movement

In both figures, (a) quantifies the extent of in-plane motion detected by the spatial registration algorithm
along the axial (beam axis) and lateral (perpendicular to the beam axis) dimensions. Predominantly, the
detected motion corresponds to lateral probe translations, which can significantly impact the quality of the
acquired data. The plots in (b) depict the residual motion that remains after the spatial registration process
has been completed. This element is crucial in evaluating the effectiveness of the registration process and the
extent to which it compensates for tissue movement. The figures collectively serve as an essential means of

verifying that the assumptions and processes underlying the PD-US estimation methodology are robust and
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Figure 5.4: (a) Intermediate results during processing of one of the PD-US estimates in Figure 3a, where there
is a relatively large (0.8 mm) lateral translation of tissue relative to the sound beam and a small (0.05 mm)
axial translation. The movement occurred during a 1.25 s echo acquisition of 20 Doppler frames. (b) The
residual translation of Doppler echo frames after spatial registration to align the frames, showing alignment
errors | 0.05 mm. Error bars denote £1 SD. (c¢) Correlation coefficients for echo signals relative to the first
frame are shown before and after spatial registration is applied. Spatial registration increased the average
interframe echo correlation coefficient above 0.8. Smaller values indicate out-of-plane tissue movement. (d)
The singular values for this 20-frame acquisition are shown before and after spatial registration is applied.
Differences across the singular-value bandwidth show that large tissue motions generate broad-spectrum
clutter-signal power that overlaps the blood-signal power unless the frames are spatially registered. A fixed
clutter filter threshold at 180 dB determines the clutter and blood subspaces.

that the collected data accurately reflects muscle perfusion. This validation process ensures the integrity and

reliability of the study’s results.

5.3.3 Validation of Spatial Registration for Clutter Filtering

To validate the effectiveness of spatial registration in the context of clutter filtering, Figures 5.4 and 5.5

provide a detailed analysis of tissue movement and the associated registration process.

Figure 4: Large Tissue Motion

In Figure 5.4 a, it is evident that the net tissue translation amounts to 0.8 mm, equivalent to approximately
2.6 wavelengths, over the course of 20 frames. After spatial registration, as shown in Figure 5.4 b, the signals
are precisely aligned within a minuscule range of 0.05 mm, or about 0.2 wavelengths. This exceptional
alignment highlights the accuracy of the spatial registration process. The slight variation observed in the
alignment of frames post-registration suggests that, in addition to in-plane motion, some probe motion
perpendicular to the scan plane might have occurred. It is important to note that out-of-plane clutter motion,

while increasing the uncertainty in displacement estimates for registration, does not introduce biases, staying
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Figure 5.5: (a) Intermediate results during PD-US processing of one estimate in Figure 3a are shown, where
there is a relatively small ( 0.1 mm) lateral translation of tissue and negligible axial translation during a 1.25
s acquisition. (b) The residual translation of Doppler frames after spatial registration is less than 0.005 mm.
(c) Alignment is confirmed by the correlation coefficient for echo signals relative to the first frame are shown
before and after spatial registration is applied. (d) The singular values for this 20-frame acquisition before
spatial registration are like those after registration because the tissue motion is small. The clutter filter
threshold set to 180 dB determines the boundary between the clutter and blood subspaces. With negligible
tissue motion and homogeneous echogenicity over the analysis region, clutter power is confined to the first
singular value.

within the limits documented in [24].

To enhance the precision of displacement estimates during registration, an innovative approach was
employed. The size of the window for spatial averaging (indicated by white boxes in Figures 5.2 e and 5.2 f)
was extended to the maximum extent possible while remaining within the muscle region in each scan plane.
It’s worth noting that tissue motions other than in-plane translations generate inter-frame echo decorrelations

that cannot be restored using rigid registration techniques.

Figure 5: Small Tissue Motion

Figure 5.5 a presents a different acquisition scenario where the net tissue motion over 20 Doppler frames
is minimal, measuring less than 0.1 mm laterally, which is approximately 0.33 wavelengths. In this case,
the spatial registration algorithm successfully aligns these small subsample translations, as demonstrated
in Figure 5.5 b. Given that the interframe correlation, as depicted in Figure 5.5 ¢, remains unaltered after
registration, spatial registration proves unnecessary in such scenarios. Importantly, when spatial registration
is applied, it does not introduce significant new displacement errors that would compromise the effectiveness

of Singular Value Decomposition (SVD) filtering.
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Advantages of Spatial Registration for Clutter Filtering

The benefits of spatial registration for clutter filtering are vividly illustrated in Figures 5.4 d and 5.5 d
for cases involving both large and small tissue translations. In scenarios with significant tissue motion,
spatial registration effectively adjusts the singular values across the entire spectrum (Figure 5.4d), ultimately
eliminating clutter power contamination from the blood components. Conversely, in cases where clutter
motion is minimal (Figure 5.5 d), the change in the singular spectrum before and after registration is likewise
small. The comparative analysis in Figures 5.4 and 5.5 serves as a crucial validation, confirming that initially
misaligned tissue-echo frames are successfully aligned through spatial registration. This alignment process
enables the subsequent application of SVD clutter filtering with a fixed threshold, contributing to the success

and reliability of the estimation process.

5.3.4 Clutter Filter Threshold

In all the data collected for this study, we employed an SVD filter threshold for the purpose of clutter rejection
within the singular spectrum. Specifically, we set the threshold at 180 dB. Under this thresholding scheme,
singular values below this threshold were retained as blood echoes, while those above the threshold were
set to zero, effectively removing clutter from the dataset. It is important to note that the clutter-blood
threshold value is sensitive to acoustic output and gain settings. Therefore, once determined, these values
were consistently preset when tracking individuals over time. At this threshold setting, small tissue motion, as
illustrated in Figure 5.5, typically results in only the first singular value being assigned to the clutter subspace
for elimination by the SVD filter. This first singular value quantifies the echo power of the fundamental
spatial mode that remains temporally stationary between Doppler frames. However, in cases involving larger
tissue movements, such as those shown in Figure 5.4, the first four singular values are assigned to clutter
and subsequently eliminated by the SVD filter. While there may be some blood-signal contributions within
these singular values, simulations [24] indicate that the PD-US estimates more accurately reflect blood-signal

power when all intense clutter elements are filtered.

5.3.5 Noise Filtering

In our approach, we did not set a secondary upper threshold in the singular spectrum to distinguish between
blood and noise power. As we discussed in Chapter 2, under simulated conditions, where blood cells primarily
move in a single direction [24], the inclusion of a noise filter can enhance the accuracy of blood-power estimates.
This is because an interface between the blood and noise subspaces can be distinctly defined. However, in
the context of in vivo muscle perfusion assessments, blood flow is typically spatially diffuse. This spatial
distribution makes it challenging to establish a reliable noise threshold [37]. Given that our instruments
maintained a consistent echo SNR of 30 dB [24], which remained constant over time, there was no necessity
for noise filtering to monitor relative changes in PD-US estimates over time.

This choice in noise filtering reflects the unique characteristics of in vivo muscle perfusion assessments

and the stability of our instrument’s SNR, further supporting the reliability of the study’s findings.
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5.4 Discussion

5.4.1 Translation of Techniques to Lower Frequency

The techniques initially developed at 24 MHz for mouse studies were successfully translated to 5 MHz
measurements in pigs with minimal modifications. Despite the larger probe movements introduced by
handheld probes during mouse acquisitions compared to fixed probes, our spatial registration algorithm
effectively aligned Doppler frames in both scenarios, ensuring the efficacy of clutter filtering. A notable aspect
of our scanning technique was the temporary cessation of breathing in the animals for approximately 30
seconds to facilitate the recording of echo data. These scanning limitations obviate the need for injectable

contrast agents when assessing relative changes in regional muscle perfusion over time.

5.4.2 Variations in Arterial Occlusion

One prominent distinction between the mouse and pig studies pertains to the nature of arterial occlusion.
While muscle perfusion in mice displayed a recovery between 5-10 days post-ligation [63], the pig study
revealed a steady decline over four weeks, as evidenced in Figures 5.3 a and 5.3 b. PD-US estimates in acutely
ligated mouse hindlimbs consistently declined over two days post-ligation, reaching approximately -7 dB (80%
reduction) of the pre-ligation baseline value. In contrast, PD-US estimates in the progressively occluded pig
study decreased to -12 dB (94%) relative to the week-1 baseline value.

Comparative Studies

While there are no identical studies to compare with the substantial reduction in muscle perfusion observed
in pigs, some related studies draw parallels. For instance, Hansen et al. [89] applied a tourniquet to the
hindlimb of a 1-year-old Yorkshire female pig, observing a 95% decrease in muscle perfusion. They reported
that perfusion returned to normal values within 30 minutes after releasing the tourniquet. Additionally,
several studies have explored changes in vascular flow and blood velocity following acute femoral ligation
in pigs. One such study indicated an immediate reduction in blood flow in the iliac artery to one-third of
the baseline, with iliac flow subsequently restored to 73% of baseline within two weeks through arteriogenic
processes acting on collateral vessels [90]. Another study found that acute femoral ligation initially reduced
peak systemic blood velocity in the femoral artery distal to the ligation site to zero, followed by a gradual rise
over seven weeks to approximately 30% of baseline values [91]. These studies suggest that a longer observation
period may have revealed perfusion recovery in our pig study, highlighting the role of experimental design

specifics and investigator-selected features in study outcomes.

5.4.3 Sample Size and Study Design

Another key distinction lies in the sample size used in the mouse study, allowing for statistical significance
testing when drawing conclusions. In contrast, the pig study, which solely examined healthy animals, leans
more toward an anecdotal case study approach. Nonetheless, it provides support for the utility of PD-US
without contrast enhancement in monitoring changes in tissue perfusion over extended periods, a crucial

aspect of following patients with PAD.
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5.4.4 Blood Velocity Changes Post-Implantation

An anticipated outcome was the expected increase in blood velocity in the femoral artery post-implantation,
assuming that the arterial response cuff (ARC) primarily narrowed the femoral lumen through external force.
However, others [92] have reported that the ARC reduces arterial blood flow by inducing a fibrous thrombus
within the artery at the ARC site, ultimately leading to complete occlusion of the vessel [93]. In this context,
the gradual reduction in blood velocity depicted in Figures 5.3 ¢ and 5.3d can be explained. It is noteworthy
that there was a 5 dB reduction in perfusion loss during week 4 when perfusion was measured immediately

after anesthesia administration.

5.4.5 Frequency and Tissue Scattering

Despite the lower frequencies employed (5 MHz), which result in a lower blood-to-tissue scattering ratio, the
effectiveness of PD-US estimates remained intact. This underscores the advantages of ultrasound over LSCI

in terms of its ability to probe deeper into tissues.

5.4.6 Relevance to PAD and Clinical Applications

It is important to acknowledge that while the ARC model does not yield a perfect representation of PAD, it is
a notable improvement over acute ligation. Moreover, the observed responses in the ARC model are distinct,
suggesting a more complex pathophysiological context. These findings may have implications for future
studies exploring the pathophysiology of PAD. In a clinical context, quantitative perfusion measurements
using PD-US estimates can serve as a valuable baseline for serial assessments of peripheral perfusion changes

over time, benefiting patients with PAD and related conditions.
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Chapter 6

Conclusions

6.1 Registration and Filtering Techniques

The core of this thesis has been an in-depth examination of the transformative role that spatial registration
and SVD clutter filtering techniques play in refining PD-US imaging for PAD diagnosis. The meticulous
process of spatial registration, aimed at optimizing the correlation coefficient among echo frames, significantly
enhances the clarity and accuracy of PD-US estimates. This optimization is crucial for the effective application
of SVD clutter filtering, which distinguishes blood flow from surrounding tissue echoes. Through detailed
simulations and experimental validations, the research has confirmed the critical assumptions underpinning
successful spatial registration, the spatial coherence of tissue scatterer movement and the significant contrast
between tissue and blood echo intensities. These findings not only validate the technique’s robustness but also
pave the way for its application in complex in vivo settings, where dynamic tissue movements and varying
echo characteristics present unique challenges. This work sets a new standard for accuracy in non-invasive

PAD diagnostics by addressing and mitigating potential distortions from out-of-plane clutter motion.

6.2 Large and Small Animal Models

Exploring the application of PD-US across different animal models has shed light on the challenges and

opportunities presented by varying anatomical and physiological contexts.

6.2.1 Small Animal Models: Precision and High-Frequency Ultrasound

In small animal studies, particularly rodents, PD-US employs high-frequency ultrasound pulses (24 MHz)
to acquire data on blood flow in muscle tissues. This high frequency is advantageous due to the increased
scattering of ultrasound waves by blood cells compared to tissue, enhancing the contrast and resolution
of perfusion images. Rodent models have facilitated the development of disease models, such as acute
femoral ligation, to induce and subsequently measure changes in muscle perfusion. These studies have been
instrumental in validating PD-US’s capability to monitor perfusion dynamics and assess endothelial function,
critical for understanding PAD’s pathophysiology. The precision and scalability of PD-US in small animal

models demonstrate its potential for early-stage research and therapeutic evaluations.
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6.2.2 Large Animal Models: Bridging the Gap to Clinical Relevance

The transition to large animal models, specifically pigs, marks a critical step towards clinical applicability.
Utilizing lower-frequency ultrasound pulses (5 MHz) allows for the penetration needed to assess muscle
perfusion at greater depths (2-4 c¢m), aligning closer with human anatomical conditions. This adaptation
acknowledges the physiological differences between small and large animals, particularly in terms of tissue
thickness and blood flow dynamics. The introduction of an ameroid ring constrictor to induce progressive
muscle ischemia in pigs simulates the slow, gradual progression of PAD in humans, offering a more relevant
model for studying the disease’s long-term implications. This approach underscores the versatility and
adaptability of PD-US techniques across varying model complexities, highlighting its potential for broader

clinical diagnostic applications.

6.2.3 Technique Adaptations and Challenges

While both small and large animal studies have underscored PD-US’s utility in perfusion imaging, they
also reveal the nuances of adapting the technique to different models. Small animal studies benefit from
high-resolution imaging capabilities but are limited by the depth of penetration. Conversely, large animal
models address depth penetration but face challenges in achieving the high-resolution images possible in
small animals. Furthermore, the studies emphasize the importance of minimizing movement artifacts through

limb restraint and probe stabilization, which are crucial for accurate perfusion measurement.

6.3 Assessing Endothelial Functions through Reactive Hyperemia

The innovative application of PD-US in assessing endothelial functions through reactive hyperemia has
introduced a non-invasive, relatively precise method for evaluating the vascular health of patients with PAD.
This research offers a comprehensive view of endothelial responsiveness in both conduit and resistance vessels
by integrating the RH-index with FMD measurements. This dual-assessment approach is pivotal for a difficult
understanding of vascular health, providing valuable insights into the endothelial dysfunction characteristic
of PAD. The RH-index enables a more localized evaluation of endothelial function, offering a promising
alternative to traditional methods. This research highlights the potential of PD-US not just for diagnosing
PAD but also for monitoring the vascular effects of the disease over time, offering a powerful tool for tracking
disease progression and response to treatment. The detailed examination of endothelial function assessment
through PD-US signifies a major advancement in non-invasive vascular imaging, setting the stage for more

targeted and effective PAD management strategies.

6.4 Future Work

The culmination of this thesis marks a significant advancement in the field of non-invasive vascular imaging,
particularly in the management and understanding of PAD. Through the development and meticulous
validation of advanced spatial registration and SVD clutter filtering techniques, this work has significantly
enhanced the precision and applicability of PD-US imaging. The exploration of PD-US across both small
and large animal models has not only demonstrated the technique’s versatility and adaptability but also its
potential to bridge the gap between preclinical research and clinical practice. Furthermore, the application of

PD-US in assessing endothelial function via reactive hyperemia has opened new avenues for comprehensive
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vascular health evaluation, providing a non-invasive, relative tool for monitoring PAD progression and
treatment efficacy. As we look to the future, the insights gained from this research hold the promise of
transforming PAD diagnostics and treatment, moving towards more personalized, non-invasive, and effective
management strategies. The potential of PD-US to revolutionize vascular medicine is vast, paving the way

for improved patient outcomes and advancing our understanding of vascular diseases.
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