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1. Summary

The breadth of functions attributed to muscle has only recently been grasped, augmenting it
from mere body locomotor to important metabolic and endocrine organ. Its structure, supported
by intramuscular connective tissue, is cause and consequence of many functional changes in
the muscle. Each muscle fiber is surrounded by endomysium; perimysium in turn engulfs
several muscle fibers forming a fascicle. Epimysium forms the outermost layer of a muscle and
is also known as fascia in clinical contexts. In pennate muscles, fascicles are not parallel to
the epimysium but lie at an angle allowing for more force to be generated per muscle cross-
sectional area. Changes of intramuscular connective tissue are difficult to track in a non-
invasive and inexpensive way. While ultrasound offers a chance to do so, it lacks reliability as
each measurement is highly dependent on operator and subject variables such as probe tilt,
ultrasound device settings, muscle pennation angle and subcutaneous fat layer.

Ultrasound waves are emitted from a probe and travel through connective tissue and muscle
at different speeds of sound. At each tissue interface a portion of them is reflected to the probe.
B-mode ultrasound images consist of pixels of different gray values determined by the sound
energy received at the probe, which is also called echo intensity.

Echo intensity in muscle increases with age and immobilization, but also in muscular
dystrophy, which may be attributed to muscle atrophy and denser intramuscular connective
tissue under these circumstances. This relationship allows for tracking muscle quality with
ultrasound and eventually could help with early detection of muscle pathology. However, echo
intensity decreases with increasing pennation angle if not corrected for. Similarly, different
probe tilts lead to differing echo intensities, i.e., a low inter-rater reliability. This study aimed to
establish a relationship between the insonation angle and echo intensity in order to
mathematically integrate this relationship in future measurements or even implementit in future
devices.

From the laws of specular reflection, we hypothesized (1) that the highest echo intensity would
result from a perpendicular insonation of muscle fascicles, i.e., with the probe parallel to the
fascicle. The mean gray value (MGV) of the ultrasound image at 0° of fascicle probe angle
(FPA) would then be comparable between muscles without the bias of probe tilt or pennation
angle. Next, we hypothesized (2) that the relationship between MGV and FPA could be
mathematically modeled and (3) that this would result in a trigonometric function.

51 muscles of Bos taurus from overall 10 different anatomical locations were scanned post-
mortem at 5 different insonation angles using an angulated ultrasound gel pad. The ultrasound
scans were obtained in longitudinal orientation to the fascicles with the skin, subcutaneous fat
and the superficial fascia removed. All ultrasound settings remained constant throughout

measurements. Pennation angle, tilt angle of the probe and mean gray value in a region of



interest were measured, the relationship between FPA and MGV was analyzed and the slope
of the linear function for each muscle was calculated (tilt echo gain; TEG).

Computation of FPA to MGV revealed a sinusoidal fit, confirming hypotheses 2 and 3. At
smaller FPAs the relationship could be modeled with a linear fit with high enough accuracy.
The linear fit was used for further calculations as it would be more user-friendly in the clinical
setting. We found that MGV was indeed highest at an FPA of 0° for every muscle aligning with
our first hypothesis. Both MGV at 0° FPA (MGV_00) and TEG showed muscle-specific
differences. They also behaved differently across muscles indicating that they reflect different
features of muscle architecture. In mixed effect models age was significant for MGV_00.
Limitations of this study include the unknown effect of internal image processing of the
ultrasound software which is inherent to all commercial scanners. Changes in echo intensity
could also have been caused by employing an ultrasound gel pad resulting in a slight variability
in scanning depth. However, no significant muscle-specific effects were detected for the depth
of the region of interest suggesting that scanning depth did not affect the results. While new
parameters for measuring echo intensity were found in this study, it cannot be determined
whether MGV_00 and TEG correlate with the amount of IMCT, which is a topic of ongoing
research. Finally, age could only be made available for part of the animals resulting in limited
validity of the data regarding the relationship between age and MGV_00.

This study established and validated a new method to quantitatively measure echo intensity in
muscles using angulation, from here on referred to as spatial gain sonography. MGV_00 and
TEG serve as more objective parameters than echo intensity alone, especially with regards to
probe tilt, and might serve as new muscle-specific variables to compare between or track
muscle echo intensity over time. This will allow for future muscular ultrasound studies to be
more comparable and is one step in the necessary standardization towards reliable ultrasound

diagnostics of musculoskeletal pathologies.



2. Zusammenfassung

Das breite Spektrum der Funktionen von Muskulatur wurde erst kirzlich erfasst und deren
Stellenwert damit von simplem Bewegungstreiber zu metabolisch und endokrin aktivem Organ
angehoben. Die strukturelle Architektur des Muskels, unterstutzt durch intramuskulares
Bindegewebe, ist dabei Ursache und Folge vieler funktioneller Anpassungen. Jede
Muskelfaser ist von sogenanntem Endomysium umgeben, wahrend Perimysium mehrere
Muskelfasern umschliet und damit ein Faszikel bildet. Epimysium, auch als Faszie
bezeichnet, bildet die auflerste Schicht des Muskels. In gefiederten Muskeln liegen die
Faszikel nicht parallel zum Epimysium, sondern in einem Winkel, der eine groRere
Kraftgenerierung bei gleicher anatomischer Querschnittsflache erlaubt. Veranderungen von
intramuskularem Bindegewebe lassen sich nicht-invasiv und kosteneffizient mittels Ultraschall
quantifizieren. Jedoch ist die Zuverlassigkeit solcher Messungen bisher kompromittiert, da
jene stark von Variablen wie Schallkopfneigung, Gerateeinstellungen, Fiederungswinkel und
subkutaner Muskelschicht abhangen.

Ultraschallwellen werden von einer Ultraschallsonde emittiert und setzen sich in Bindegewebe
und Muskel mit jeweils unterschiedlichen Schallgeschwindigkeiten fort. An jeder Grenzflache
zweier Gewebe wird daher ein Teil der Wellen zur Sonde zurick reflektiert. Ein B-Mode
Ultraschallbild besteht aus Pixeln unterschiedlicher Grauwerte in Abhangigkeit von der
empfangenen Schallenergie, der sogenannten Echointensitét.

Die Echointensitat von Muskel steigt mit hdherem Alter und Immobilisierung an, aber auch im
Rahmen neuromuskularer Krankheiten, wie zum Beispiel bei Muskeldystrophie, was in
Muskelfaseratrophie und Verdichtung des intramuskuldrem Bindegewebes begriindet liegen
koénnte. Diese Abhangigkeit erlaubt, Aussagen Uber die Muskelqualitat mithilfe von Ultraschall
zu treffen und kénnte in Zukunft die Friherkennung von Muskelerkrankungen erleichtern.
Allerdings muss beachtet werden, dass die Echointensitdt mit einem zunehmenden
Fiederungswinkel aufgrund simpler akustischer Gesetzmafligkeiten sinkt. Ebenso fuhrt
variable Sondenneigung zu unterschiedlichen Echointensitaten, das heil3t auch zu einer
niedrigen Interrater-Reliabilitat. Das Ziel dieser Studie war, eine mathematische Beziehung
zwischen Schallwinkel und Echointensitdt zu etablieren und diese dann in zukinftigen
Messungen zu verwenden.

Anhand des Reflexionsgesetztes stellten wir die Hypothese auf, (1) dass die héchste
Echointensitat bei senkrechter Beschallung der Faszikel auftreten wiirde, das heift mit einer
zu den Faszikeln parallel gehaltenen Sonde. Der mittlere Grauwert (MGV) des
Ultraschallbildes bei einem Faszikelsondenwinkel (FPA) von 0° ware anschliefdend zwischen
verschiedenen Muskeln und ohne den Einfluss der Sondenneigung vergleichbar. Als nachstes
stellten wir die Hypothese auf, (2) dass das Verhaltnis zwischen MGV und FPA mathematisch

zu rekonstruieren sei und (3) dass dies in einer trigonometrischen Funktion resultieren wiirde.



51 Muskeln von Bos taurus insgesamt 10 verschiedener anatomischer Lokalisationen wurden
daflir post-mortem mit fiinf verschiedenen Schallwinkeln mittels einer geneigten Vorlaufstrecke
mit Ultraschall untersucht. Haut, subkutanes Fettgewebe und die oberflachliche Faszie wurden
zuvor entfernt. Die Gerateinstellungen wurden Uber alle Messungen hinweg unverandert
gehalten. Der Fiederungswinkel, der Sondenneigungswinkel und der mittlere Grauwert wurden
in longitudinaler Richtung zu den Faszikeln gemessen und anschlieRend das Verhaltnis
zwischen FPA und MGV analysiert sowie der Anstieg der linearen Funktion jedes Muskels
berechnet (Tilt Echo Gain; TEG).

Die Aufzeichnung von MGV Uber FPA ergab eine sinusoidale Regression, was Hypothese 2
und 3 bestatigt. Fir kleinere FPA war es mdglich, eine lineare Regression mit ausreichender
Genauigkeit zu erhalten. Zur Vereinfachung in der klinischen Anwendung wurde diese lineare
Funktion fiir die weiteren Berechnungen verwendet. Entsprechend unserer ersten Hypothese
konnte der héchste MGV bei einem FPA von 0° (MGV_00) gemessen werden. MGV_00 und
TEG zeigten zudem muskel-spezifische Unterschiede. Sie verhielten sich Uber verschiedene
Muskeln hinweg nicht gleichgerichtet, représentierten also unterschiedliche Eigenschaften der
Muskelbinnenstruktur. Das Alter der Tiere war signifikant fir MGV_00 in der Berechnung in
gemischten Modellen. Eine Limitierung dieser Studie ist die unklare Bildverarbeitung durch die
interne  Ultraschallsoftware, Uber die jedes kommerzielle Ultraschallgerat verfugt.
Veranderungen der Echointensitat kdnnten zudem durch die Vorlaufstrecke und damit
unterschiedliche Schalltiefen entstanden sein. Es konnten jedoch keine signifikanten
muskelspezifischen Effekte flr die Tiefe der Messregion festgestellt werden, was eine
Beeinflussung der Ergebnisse durch die Schalltiefe nahezu ausschliel3en lasst. Mit MGV_00
und TEG konnten neue Parameter fur die Beschreibung von Echointensitat ermittelt werden,
jedoch kann nicht beurteilt werden, ob diese mit dem Gehalt an intramuskuldrem Bindegewebe
korrelieren, was weiterhin Gegenstand der Forschung ist. SchlieRlich ist die Validitat der
Aussagen zum Verhaltnis von Alter und MGV_00 eingeschrankt, da das Alter nur fiir einige
der Tiere verfligbar war.

In dieser Studie wurde eine neue Methode zur quantitativen Messung der Echointensitat von
Muskeln mittels Sondenneigung, ab hier als Spatial Gain Sonography bezeichnet, etabliert
und validiert. MGV_00 und TEG sind objektivere Parameter als Echointensitat allein, vor allem
in Bezug auf die Sondenneigung, womit sie als neue muskelspezifische Variablen zum
Vergleich zwischen Muskeln oder Messzeitpunkten dienen kénnen. Dies fiihrt zukinftig zu
besser vergleichbaren Ultraschallstudien des Muskels und ist ein wichtiger Schritt der
Standardisierung auf dem Weg zu zuverlassiger Ultraschalldiagnostik muskuloskelettaler

Pathologien.
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3. Introduction

3.1. Outline of the dissertation

The musculoskeletal system allows humans to stand, walk, breathe, grasp, speak and much
more. The consequences of muscle deterioration become apparent during rehabilitation of
patients after long hospitalization or of astronauts returning from microgravity. Either can lead
to lasting pathology or accidents which explains a clinician’s interest in quantification of these
changes. Muscle is composed of muscle cells and connective tissue and both change during
training and immobilization. This dissertation looks at the interface of ultrasonic images with
the objective to render intramuscular connective tissue more accurately quantifiable and
trackable over time and between patients.

The introduction will give an overview of muscle anatomy and physiology and take a closer
look at the function of intramuscular connective tissue (IMCT). An overview of the methods to
analyze IMCT that are already established will be given with an emphasis on ultrasound. Basic
principles of ultrasound will briefly be discussed leading up to the main parameter used in this
study: echo intensity (El). The introduction will outline how this value changes under different
physiological conditions and how it links to IMCT. Parameters confounding with EI
measurements will also be introduced and their significance for this study subsequently
dissected in the discussion.

The publication that resulted from this dissertation describes the critical step of standardizing
the measurement of El in ‘Material and Methods’. The results of the study can also be found
in the publication. In turn, a separate and in-depth introduction and discussion are to follow in
this dissertation.

The obijective of this study was to derive an equation that models the relationship between El
and insonation angle in order to then determine more objective parameters than pure El to

guantitatively assess internal muscle structure.

3.2. Anatomy of intramuscular connective tissue

3.21. Gross anatomic organization of muscle

Muscle is composed of muscle cells surrounded by connective tissue which in turn consists of
fibroblasts and extracellular matrix (ECM). Skeletal muscle cells are also called muscle fibers
due to their long and threadlike appearance. A muscle fiber is composed of several hundred
rod-like organelles, the myofibrils.

In the past the majority of research on changes regarding function and pathology in skeletal
muscle has been focused on the remodeling of muscle fibers only." However, in recent years
it was found that IMCT plays a similarly crucial role in muscle growth, repair, and functionality .

Muscle ECM and IMCT are both being used in the literature. The term intramuscular
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connective tissue will be employed here, as the focus lies (a) on the entire tissue surrounding
muscle cells including muscle ECM and connective tissue cells and (b) on the intramuscular
part of connective tissue, i.e., endo- and perimysium rather than epimysium. IMCT serves as
a scaffold for muscle fibers, organizing them into subunits increasing in size. Each muscle fiber

is surrounded by endomysium (Figure 1).’

Figure 1: Scanning electron microscopic images of a domestic turkey’s lateral gastrocnemius
muscle. A Cross-section that shows morphological distinction between endomysium (En) and
perimysium (P) and B close-up view of the white rectangle in A. (adapted from Sleboda et al.?
and used with permission)
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Figure 2: A Schematic drawing of the macroscopic organization of muscle fibers and IMCT
and B its cross-section. Myofibrils make up muscle fibers which are surrounded by
endomysium. Several muscle fibers form a fascicle which is in turn encompassed by
perimysium. Many fascicles form a muscle enclosed by epimysium. The cross-sectional image
is a simplification: in reality, not all perimysial strands reach the tendon. (From Gillies and
Lieber et al." and used with permission).

Multiple endomysial strands are organized as perimysium forming a muscle fascicle (Figure
1, Figure 2). The structure of the perimysium has notoriously been difficult to study as it is too
large for microscopic quantification and too small for macroscopic analysis. Another reason for
the paucity of studies on the perimysium lies in its uncertain delineation. In contrast to the

endomysium which is found exclusively and ubiquitously between muscle fibers, fascicles
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surrounded by perimysium are harder to discern in any imaging method and perimysium is
often seamlessly connected to the tendon.” Several muscle fascicles are held together by
epimysium (Figure 2). This thickest form of connective tissue of the muscle is identical to the
outer muscle “fascia”, a term that is usually adopted by clinicians and physiotherapists. Rather
than being part of its internal structure, the epimysium surrounds a full muscle. While dividing
IMCT into the above entities allows for didactic clarity, it seems that these subunits have been
defined rather arbitrarily and that the organization of IMCT is much more complex when
examined under the microscope.’

In addition to the hierarchy of IMCT, it is important to understand that muscle fibers in most
muscles are oriented in an oblique fashion.* With the fibers not being parallel to the fascia, a

so-called pennation angle is created that will be of importance in this work.

3.2.2. Microscopic structure

Jarvinen et al. was able to distinguish between endomysium and perimysium in qualitative
scanning electron microscopic analysis.® Even though the main direction of fiber in perimysium
is often hard to distinguish, three distinct networks can be discerned, of which the longitudinal

and orthogonal can be seen in Figure 3.

Figure 3: A Scanning electron micrograph of mouse EDL showing longitudinal perimysial
strands. A cross-linking strand in the white box is enlarged in image B, showing it fraying
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across several longitudinal strands when connecting to a neighboring muscle fascicle. (from
Gillies and Lieber et al.” and used with permission).

In endomysium, the main collagen fiber orientation is longitudinal to the muscle fiber. These
fibers lie directly on the surface of the muscle fiber. The second layer consists of collagen
fibers that run orthogonally to the long axis of the muscle fiber and attach to adjacent muscle
fibers. The third part of the network is formed by collagen fibers that surround intramuscular
nerves and blood vessels.

Collagen fibers are built of many collagen fibrils, which in turn are polymers of helical
tropocollagen. Under the microscope the wavy structure of collagen fibers becomes apparent,
a feature that allows for compliance in IMCT, i.e., avoiding rupture upon acute stretching. The
curvature of the collagen fiber, the so-called crimp angle, differs between muscles and can

change depending on the type and frequency of the muscle’s use® (Figure 4).
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Figure 4: Schematic diagram of a crimped collagen fiber. Collagen fibers form a helix with a
crimp angle that allows for compliance when the fiber is stretched, e.g., due to muscle
extension. (From Vorhees et al.® with permission to use according to the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0))

3.2.3. Molecular composition of intramuscular connective tissue

Extracellular matrix in muscle is composed of collagens, glycoproteins, proteoglycans and
elastin. Collagen forms the central fibers of IMCT and is produced by dedicated IMCT
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fibroblasts. The endomysium, its adhesions to the myofibrils, the perimysium and the
epimysium are composed of different types and ratios of the 28 collagens so far described.’
The fibril-forming type | and Il collagen represent the majority of collagens in all entities of
muscular connective tissue. Type | collagen consists of strong parallel fibers which are
responsible for the tensile strength and rigidity of the muscle. Type Il collagen forms a looser
fiber network allowing for compliance of the tissue.® Perimysium consists primarily of type |
collagen and the proteoglycan decorin, a composition distribution it shares with tendon tissue
(Gillies und Lieber 2011). The basement membrane of muscle cells, predominantly consisting
of collagen 1V, is intimately connected to the endomysium which highlights the role of IMCT in

force transmission from the muscle tissue to the tendon.®

3.3. Physiological function of intramuscular connective tissue

Movement generated by muscles stems from the interaction of myosin and actin molecules
converting chemical energy from ATP into kinetic energy. The minimal quantity of these forces
becomes relevant only at the level of the muscle where thousands of muscle fibers' are joined
to one another and to the tendon, namely by connective tissue. This section shall briefly
highlight the relevance of IMCT in structural organization, force transmission and muscle

elasticity to underline the importance of studying it.

3.3.1. Organization of intramuscular structures

IMCT lends muscle its structure in order to function as a unit. It also embeds blood vessels
and neurons for both the muscle as a whole and each individual muscle fiber."" In fast twitch
fibers which use (anaerobic) glycolysis for energy transformation, capillaries can be found on
each corner of the polyhedral muscle fiber. In contrast, in slow twitch muscle which transforms
chemical energy aerobically using oxygen, there are additional capillaries along the
endomysial sheath between the corners.

Besides accommodating blood vessels and nerves, IMCT, especially the perimysium, serves
as a deposit for intramuscular fat.'? Increased intramuscular adipose tissue (IMAT) - which can
be a consequence of immobilization, injury and systemic disease - leads to decreased
contractile strength of the muscle as a whole.'® With regard to imaging studies, it is important
to recognize that both IMCT and IMAT undergo quantitative changes under these conditions

and are sometimes hard to distinguish.

3.3.2. Force transmission
IMCT serves as a scaffold and glue for the contractile portion of the muscle. It is not an active
contractile element itself, but is connected to muscle fibers at focal adhesions, which allow for

its crucial role in force transmission during muscle contraction. Contractile forces in the
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myofibrils are transmitted through the muscle fiber directly to the tendons that connect to bones
in order to move joints. However, it has been observed that a significant percentage of muscle
fibers end within the fascicle and never reach the tendon.'*'® This suggests that the
longitudinal transmission is not the only pathway of force transmission in the muscle. It was
shown (a) in mice that force is transmitted equally well longitudinally and laterally through shear
of the endomysium™® and (b) in a mathematical model that even more than 50% of the force
transmission in muscle occurs laterally.'”” The idea of force transduction from one muscle fiber
to another via endomysium can be expanded into the concept of lateral load sharing. This
mechanism also allows for sustained function during repair of damaged sarcomeres and
muscle growth: The IMCT network keeps the strain uniform across fibers and avoids loss of
function of a whole contractile strand while the torn muscle fiber is repaired or new sarcomeres

are added during muscle lengthening.®

3.3.3. Elastic energy storage capacity of intramuscular connective tissue

In addition, IMCT contributes to the elastic properties of muscle, i.e., the capability to return to
its original shape after strain is applied." In 1949, Hill proposed that the mechanical properties
of a muscle can be described with three elements: a contractile element and an elastic element
in series in addition to an elastic element in parallel to these."® This became known as the “Hill-
type three element model”.'? In part this has been proven by demonstrating the parallel tensile
strength of the endomysium: In an experiment correlating stress and strain in human muscle,
the tensile load bearing capacity of an endomysium and muscle fiber bundle was significantly

higher than that of muscle fibers alone.?°

3.4. Methods to quantify intramuscular connective tissue

As a structure-lending force transmitter, elastic load bearer and metabolic influencer, IMCT
has gained academic importance in the past two decades thus various methods were
developed to evaluate its quality and quantity for fundamental research and diagnostic
purposes.

On the molecular level, IMCT can be explored via proteomics, quantifying proteins involved in
ECM organization.?"?? Likewise, biochemical studies of collagen have been performed for
quantification of changes, although these solely reveal content, not structural features.?32*
Microscopically, the morphology of stained muscle cross section can be analyzed (Figure 5)
as well as composite distribution through immunohistochemical staining.2%26 All these methods
require a biopsy or post-mortem muscle. Due to their invasiveness, they are neither rapidly
available nor infinitely repeatable. Next to physiological metrics that can be obtained in
compliant volunteers, macroscopic imaging tools have been used increasingly in the past

years due to their non-invasiveness. These include the very readily available and cost-efficient
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ultrasonography?’-3° and shear wave elastography to examine muscle stiffness®'*?, as well as
computed tomography, conventional magnetic resonance imaging and diffusion tensor

imaging3334.

Figure 5: Trichrome stain of bovine muscle, 5-fold enlargement. Modified Masson stain
(adapted from Sigma-Aldrich Procedure No. HT15, revised 11/2016) using Bouin’s solution,
iron hematoxylin, Biebrich scarlet-acid fuchsin and aniline blue. Muscle cells are stained pink,
IMCT fibers surrounding muscle, nerves and blood vessels are stained blue. Dark purple
staining of nuclei was unsuccessful in this stain for unknown reasons. Large white areas are
shearing artefacts. While perimysium is well visible, endomysium is not stained in all regions,
which might indicate loss of it during freezing, cutting or staining. Even though perimysium can
be made visible under the microscope, its size relative to the image and irregularity in thickness
suggests that one section of this size is not representative of its content in the whole muscle
or even muscle region. (Image by the author in collaboration with the research laboratory of
Prof. Dr. Bent Brachvogel of the University Hospital Cologne)

3.5. Principles of muscle ultrasound analysis

3.5.1. Advantages of ultrasound compared to other modalities
Ultrasound has some advantages compared to other modalities for muscle and IMCT
evaluation. First of all, it is non-invasive which makes it more patient-friendly and suitable for

tracking a person’s muscle quality at multiple time points without lasting damage. Its rapidness
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and lack of contraindications render it even more suitable for point-of-care use.3® Devices can
still be relatively large, but are more easily transportable compared to an MRI or CT scanner.
Increasingly, handheld ultrasound probes linked to mobile devices as screens and control units
are being tested in the clinical context and even in remote environments such as the
International Space Station.3¢

Finally, ultrasonography can provide real-time and high resolution images which is especially
important in the study of muscle physiology and architecture as the direct changes during

muscle contractions become quantifiable.3®

3.5.2. Ultrasound wave generation

Ultrasound waves are longitudinal waves with a frequency greater than 20 kHz, i.e., above the
threshold for human hearing.®” They are formed by an alternation of compression and
relaxation of molecules in a medium. This is often depicted as a unidirectional wave for
simplicity (Figure 6). The cells or molecules in a tissue or liquid serve as coupled oscillators.
The speed of propagation of sound ¢ through the tissue depends on the characteristics of their
bonds and is defined as the frequency multiplied by the wavelength of the sound waves. For
example, the speed of sound in muscle (¢ = 1580 m/s) is higher than in water at body
temperature (c = 1524 m/s)®.

In an ultrasound transducer, ultrasound waves are generated by piezoelectric crystals. These
crystals change their conformation upon application of an electrical current (inverse
piezoelectric effect) generating a wave, and create a change in voltage upon mechanical
impact (piezoelectric effect). This means that in an ultrasound probe the piezoelectric crystals

serve both as emitter and receiver of the ultrasound waves.
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Figure 6: Schematic model illustrating ultrasound wave propagation in a medium. Ultrasound
leads to an alternation of compression and rarefaction in a medium, depicted as particles in a
network here (c, d). The change in local density (e) leads to a pressure change in the medium
that can be modeled with a wave (b). (From Harput et al.*® and used with permission)

Apart from frequency and wavelength, a sound wave emitted from an ultrasound probe is
defined by its amplitude which in turn depends on sound intensity. Brighter ultrasound images
may be obtained through increasing the voltage to the crystals, thereby increasing the output
power. Intensity is defined by the power over the cross-sectional area of the sound waves and

is proportional to the square of the wave’s amplitude.®’

3.5.3. Ultrasound image generation

While in computer tomography and magnetic resonance imaging tissues are directly depicted,
it is the interactions at boundaries of tissues with differing properties that are visualized in
ultrasound.?” Different ultrasound modes exist that generate images in different manners:
B-mode (for brightness) was used in this study and is used in many clinical settings for
identification and scaling of bodily structures. Each pixel in the image is assigned a brightness
value according to the energy received at the probe. Traveling time of the ultrasound waves
determines the location of the pixel. In A-mode (for amplitude), the amplitudes of waves are
computed over time as they travel back to the probe (Figure 7). This mode is hardly used
anymore. In M-mode (for motion), one longitudinal band of the image is shown over time, so

that moving structures, such as heart valves, can be examined more closely.
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Figure 7: Comparison of A-mode and B-mode ultrasound images. In A-mode the amplitude of
received ultrasound waves in one line is displayed. In B-mode, these amplitudes from several
lines (orange line as an example) are converted into pixels with the respective brightness and
displayed as an image. (From Wagner et al.*® and used with permission)

All modes have in common that they derive from soundwaves modified at tissue interfaces
converted into images. The depiction of these interfaces is determined by acoustic impedance

which itself depends on the densities and the speeds of sound in the respective tissues:
Z=p-c
Z = acoustic impedance

p = density of medium

¢ = speed of sound in medium
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Tissue Speed of sound (m/s) (Average
across studies)
Muscle 1588.4
Connective Tissue 1545.0
Tendon/Ligament 1750.0
Bone (cortical) 3514.9
Brain 1546.3
Fat 1440.2
Water (20°C) 1482.3

Table 1: Speeds of sound in different tissues. (Adapted from: Hasgall et al.*')

The reflected intensity at an interface of two tissues can be calculated using their specific

acoustic impedances?®® derived from the speeds of sound within them (Table 1):

Ip (Zz — Z1>2
Iy \Z;+ 7,

Ig = reflected intensity
Iy = insonation intensity (at perpendicular insonation)
Z1 = acoustic impedance of tissue 1

Z, = acoustic impedance of tissue 2

Connective tissue and muscle have different acoustic impedances leading to a tissue interface
that reflects sound waves, which becomes apparent in an ultrasound image of a muscle
scanned transversally to the fascicles: hypoechoic parts represent muscle tissue and
hyperechoic parts IMCT due to the difference in impedance at their interfaces*? (Figure 8).
With increasing acoustic impedance of a tissue, attenuation of ultrasound waves increases.
Within a whole muscle, the acoustic impedance stays constant. Interestingly, due to its
anisotropic structure, muscle as a whole has different attenuation coefficients from different
scanning angles: perpendicular fibers have an attenuation coefficient of 0.96 and parallel fibers
of 1.40 dB/cm at 1 MHz*3,
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Figure 8: Ultrasound image of a bovine muscle (extensor digitorum communis; EDC) in
fascicle-aligned orientation which highlights the anisotropic nature of muscle. IMCT is
represented by hyperechoic and muscle fiber by hypoechoic lines.

At tissue interfaces four phenomena occur: reflection, absorption, refraction and scattering

(Figure 9, and Figure 1 of publication)
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Figure 9: A Reflection and refraction of an ultrasound ray at the interface of two media of
different acoustic impedance. The insonation angle 6, is equal to the reflection angle 8, while
the refraction angle is larger or smaller depending on the direction of impedance change. Part
of the ultrasound wave energy is absorbed by the tissue leading to an increase in tissue
temperature. B If surface irregularities within the range of the ultrasound wavelength are
encountered, the ultrasound ray is scattered in many, but unpredictable directions.

At defined and clear borders of two surfaces with differing acoustic impedance, part of the
ultrasound waves is reflected - with the incident angle equal to the reflection angle as shown
in Figure 9, part is transmitted through the medium at a different angle (refraction) and part is

absorbed by the tissue. If the medium surface has inconsistencies that are in the range of the
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wavelength of the ultrasound wave, the waves are scattered, i.e., their energy is passed on in
various directions.** Ultrasound images are a mixture of signals from reflected and scattered
waves.?” Reflected energy will be represented in a determined location on a B-mode
ultrasound image while scattering has a more probabilistic distribution. Hence, structures that
merely scatter elevate El but cannot be visually identified. Both phenomena affect the
brightness of the tissue behind them in the direction of the ultrasound beam.38

The question arising is how to predict whether an ultrasound wave is reflected or scattered,
i.e., whether the interface will be distinguishable on a B-mode image. One could also ask: what
is the minimal thickness of a strand of IMCT for ultrasound to still detect it?

This question can be answered by calculating the axial resolution. In ultrasound, axial and
lateral resolution determine to what degree of detail the tissue can be pictured. The axial
resolution depends on the wavelength. A higher ultrasound frequency allows for a higher
resolution, but the maximum reachable depth will simultaneously decrease due to attenuation.
Theoretically, the highest reachable resolution is half the wavelength.?”

This means that if the emitted frequency were 10 MHz in muscle (¢ = 1580 m/s), the

1580 =
wavelength would be A= % = To0e = 158- 107 m = 158 um. The maximum reachable
158 um

resolution would therefore be = 79 um. The thickness of endomysium in healthy young

humans is approximately 9 um.?® With a frequency of 15 MHz the resolution is 52.5 um. This
means that in the longitudinal direction, endomysium muscle fiber interfaces would hardly lead
to reflection with either frequency. The wavelength is too high. Perimysium in bovine muscle
as was examined in this study can range in thickness between 30 to 120 ym*® depending on
which hierarchical level the perimysium is measured at. Therefore, parts of perimysium will
cause reflection of ultrasound when using a frequency of 10 or 15 MHz.

Lateral resolution describes the ability to discriminate between objects in the plane

perpendicular to the ultrasound wave and depends on the width of the wave.®’

3.5.4. Current methods to quantify echo intensity in ultrasound

El is the sum of the ultrasound wave energy received by the piezoelectric ceramics in the
probe, both from reflected and scattered beams. Acoustic energy is transformed into electricity
and then translates into brightness of the respective pixel on the B-mode image. El has not
been described quantitatively for a very long time. A first approach was the Heckmatt scale, a
four-level scale based on the visual appearance of the muscle and bone distal to it in
ultrasound.*® A more quantitative approach uses gray values. The mean gray value can be
calculated in the whole image or a region of interest, with black represented by a gray value of
0 and white by 255.%° Interventional studies have also grouped these gray values into El bands,

looking at the increase or decrease of the number of gray value pixels, for instance, in the 0-
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50 or 200-255 EI band, arguing that these changes offer different and perhaps more tissue

content specific information than the mean gray value.*’

3.5.5. Influence of pennation angle on echo intensity in muscle

In muscle, El alteration through reflection is of particular significance because unlike in tissue
consisting of near round cells that have the same properties from any direction, muscle does
not possess this characteristic. Due to its long cylindric muscle fibers, it is anisotropic meaning
its reflection will differ if scanned from different directions even though the tissues’ acoustic
impedance remains unchanged.®“2 This anisotropy leads to the characteristic depiction of
skeletal muscle in ultrasound with layers of long fascicles visible in the longitudinal scanning
plane.

For this work it is important to understand that ultrasound beams are reflected most when they
encounter a surface perpendicularly.®” At a different angle, less energy is directed back to the
ultrasound probe leading to a lower El and a lower brightness on the image (Figure 10). This

is a phenomenon that was exploited and characterized in this dissertation.

ultrasound ray

fascicle
~orientation

Figure 10: A Bovine muscle scanned perpendicularly to the fascicle orientation versus B at a
different angle. Scanning at 90° leads to an overall brighter image, i.e., an increased echo
intensity.

In addition, the fascicles in many muscles lie at an angle to the epimysium or the aponeurosis
as demonstrated in an ultrasound image in Figure 11. This angle is called pennation angle. It
allows for more and shorter muscle fibers instead of few long ones to be arranged in a muscle,
thereby increasing the potential force that can be produced in a given muscle area (Figure
12)4
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Figure 11: Ultrasound image of an infraspinatus muscle in fascicle-aligned orientation showing
an angle a between aponeurosis and fascicle, called pennation angle.
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Figure 12: Schematic demonstration of the function of the pennation angle as shown in a
comparison of a non-pennate human hamstring muscle and a pennate rectus femoris muscle.
The pennation allows for a larger physiological cross-sectional area in reference to the
anatomical cross-sectional area. The pennate muscle can therefore create more force over
the same size. (From Carlson et al.*® and used with permission)

As each muscle fascicle is surrounded by perimysium creating echo interfaces, El will depend
on pennation angle. Oftentimes, it is therefore not possible to compare echo intensities of

muscles that are scanned perpendicularly to the skin since their pennation angle differs and
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affects El. It has become common practice to obtain ultrasound images at the angulation that
yields the highest El visually.*>*° This practice is of course highly subjective and leads to
variability between examiners, a problem the method presented in this work aims to solve.
Besides pennation angle, other physiological factors such as physical exercise and aging can

affect El which shall be introduced in the next section.

3.6. Physiological changes affecting echo intensity and intramuscular
connective tissue
It has been shown in a study of dogs with muscular dystrophy that increased El correlates with
a higher amount of fibrous tissue in the muscle which can be explained by an increased amount
of ultrasound energy being reflected due to more tissue interfaces causing a jump in acoustic
impedance.® Alterations of the muscle do not have to be as drastic as in muscular dystrophy
— changes of El can already be observed with physiological changes in aging, unloading and
exercise. Awareness to these changes as additional factors influencing El in muscle ultrasound
studies shall be raised in this section. The effects of aging and training status on IMCT will be

intercalated and finally both compared in Table 2.

3.6.1. Echo intensity with age

With age, IMCT content per area increases? and muscle fibers are lost or atrophy®' leading to
a smaller muscle diameter?®52°3, This would lead to an increase in El since more reflecting
structures are located within the same area compared with younger muscle. Indeed, studies
have shown that El increases with age?®%*, the correlation was found to be muscle-specific
and non-linear.?” Referring to the prior section, it should be noted that pennation angle
decreases with age. According to ultrasound physics, this could automatically lead to an
increased El. A study showed however, that even after statistically correcting for this decrease
in pennation angle, older subjects still had higher El in the gastrocnemius muscle, suggesting
that a change in intramuscular tissue composition could be responsible.>®

Bali et al. proposed that strength instead of age is the better predictor of El since muscle
strength had a much stronger correlation with EI than age.®® The studies included only
untrained subjects, i.e., with less than 4 sessions of lower-extremity exercise in a month. There
was still a positive if weak correlation between age and El, though this highlights the
importance of stratification into trained and untrained subjects in ultrasound studies.
Fukumoto et al. attempted this by grouping elderly subjects into higher and lower physical
activity group in a longitudinal 4-year-study.®” Interestingly, they found a decrease in El over 4
years in the highly active group and no change in El in the group with low physical activity.

This implies that some of the effects of aging could be “reversed” by physical activity. Certainly,
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caution should be taken when interpreting El values relating to age without any information on

physical strength or activity level.

3.6.2. Echo intensity with immobilization

As physical training seems to play an important role in muscle El in ultrasound, the next two
sections shall iluminate the effects of immobilization and exercise.

Although the effects of immobilization are easily measurable in bedridden patients or in
immobilized extremities after injury, very few studies exist on the matter. One study showed
that after knee joint immobilization in young volunteers, vastus lateralis muscle but not rectus
femoris muscle El increased.’®® Of note, the cross-sectional area (CSA) of the muscle
decreased with immobilization suggesting that increases in El are a direct effect of muscle
atrophy paired with a relative increase of IMCT per CSA. It had been thought for a long time
that absolute IMCT content increases during immobilization, after tenotomy or after
denervation of a muscle.’*% However, no increase in endomysium thickness could be
observed during immobilization but only an increase in IMCT content per CSA due to muscle
atrophy, i.e., a relative increase.?® Nevertheless, it has been observed that endomysium forms
more fibers, especially more perpendicular cross-links between muscle fibers during
unloading® (Figure 13) and perimysium becomes more disorganized (Figure 14) suggesting
that new reflection and scattering of ultrasound waves due to an altered IMCT structure on the

fiber level could cause an increase in El.

Figure 13: A Normal soleus muscle. B Immobilized soleus muscle. The number of endomysial
collagen fibers running perpendicularly to the muscle fiber increases in immobilized muscle.
(From Jarvinen et al.’ and used with permission)
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Figure 14: A Normal gastrocnemius muscle B Immobilized gastrocnemius muscle. The
amount of connective tissue is visibly increased in immobilized muscle with the perimysium
becoming more disorganized. (From Jarvinen et al.’> and used with permission)

Microgravity and bed rest studies offer an ideal testbed especially for lower extremity
unloading. However, while muscle ultrasound has been performed to measure muscle

thickness®, El of muscle has not yet been measured in these settings.

3.6.3. Echo intensity with exercise

In a review of the existing literature, Wong et al. found nine studies in which El decreased after
repeated resistance exercise, nine with no significant change and three with an increase in
El%* The data are as heterogenous as the speculation on the reasons for this. Potentially
influential factors could be the length of the training period and timepoints of measurement that
varied widely between studies ranging from one day® (acute effects) to 24 months®® (chronic
effects). It should be noted of course that the differences in findings could also be caused by
differing technical parameters during ultrasound examination; this shall be discussed in the
next section. Finally, it could be hypothesized that the type of muscle, for example antigravity
muscles that support maintaining posture vs. non-antigravity muscles or muscles with more
slow-twitch vs. fast-twitch fibers, could show a different reaction to acute and chronic training
affecting El. The heterogeneity of data continues into histological and biochemical IMCT
studies where an increase in collagen content was found in pennate but not in non-pennate
muscles in rabbits®” and thickness of IMCT remained unchanged between sedentary and
physically active mice®. Immediately after training, collagen synthesis increases but long-term
effects of endurance training on IMCT remain unknown.®8%° This highlights the challenges, but
also the chances in detailed mapping of IMCT and EIl. This study aims to propose a new
method setting measurement standards to reduce heterogeneity in El studies for more

definitive results.
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Condition Intramuscular connective tissue | Echo Intensity (EI)
(IMCT)

Age Denser and more regular IMCT | Increased El with higher age?%4,
(fewer cross-connections) but | Caution: Correlation probably compromised
smaller area percentage and | by training status*®

smaller total amount of collagen™

IMCT content per area increases?®

Immobilization

IMCT content

immobilization, after tenotomy or

increases during

after denervation of a muscle®®%2

IMCT fiber number

especially in

Increase in
endomysium
fibers

connecting muscle

perpendicularly®
Increased relative amount of
endomysium due to muscle fiber
atrophy while absolute amount of
endomysium measured by
thickness remains unchanged after

55 days of bed rest?®

Long-term: muscle fibers degrade
and are replaced by fibrous tissue

and fat®?

Increase in El with
immobilization®
Higher El in subjects with less

physical activity’?

Exercise

Resistance:
15-week jump training in rabbits
increased muscle stiffness and
collagen content only in pennate
muscles EDL and RF (rectus
but

decreased in psoas major muscle®’

femoris) collagen content

9 studies with decrease in El, 9 with
no change, 3 with increase in EI%
with long-term exercise in most
studies.

Thereof one study with short-term
effect (up to 72h after resistance
exercise) showing an increase in
E|65
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IMCT thickness in sedentary mice
compared to 10 week voluntary

wheel running unchanged®

Endurance:

Immediately after training with a
peak at 24h, collagen synthesis
increases in humans®®

Structural effects and effects of

habitual training unknown®8

Table 2: Overview of studies on effects of age, immobilization and exercise on IMCT structure
vs. echo intensity. This table is not comprehensive but rather serves as a basis in the attempt
to link IMCT structure and echo intensity.

3.7. Measurement variables affecting echo intensity

Given its high dependability on the examiner, ultrasound imaging naturally has some
disadvantages in quantification and diagnostics compared to other tools. Similar to MRI,
muscle thickness and cross-sectional area, pennation angle, fascicle length and El can be
measured using ultrasound.” These data can be used to broadly characterize muscle atrophy
for example. However, some of these parameters, especially El, have not been linked to
clinical conditions with certainty.®* One big challenge with ultrasound in regards to
quantification is reliability between operators, evaluation methods and devices. A high degree
of standardization is necessary for measurements by two different operators to yield the same
results, for example in terms of experience in musculoskeletal ultrasound’ or probe tilt’s.
Moreover, ultrasound software has evolved to include complex algorithms to optimize images
for clinical use so that comparison between devices is virtually impossible.”® These variables
limiting quantitative muscle ultrasonography shall be discussed in more detail and approaches

for necessary standardization will be reviewed here.

3.71. Device settings and processing

Reliable measurements of El in ultrasound require a set of constant device settings, e.g.,
frequency and gain. A higher frequency leads to better resolution but shallower penetration of
the tissue and vice versa. A higher gain will increase the gray value in either the whole image
or an image band chosen by the operator. Time Gain Compensation increases the gray value

behind a structure that particularly attenuates or reflects ultrasound waves in order for it to be
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visible in the clinical setting. These settings directly affect EI and should not be changed in
between measurements.”’

Unfortunately, even if these settings were equal in two different ultrasound devices, two
different values for El can result. This is in part due to the postprocessing changes performed
automatically. As all commercially available ultrasound devices use postprocessing software
and raw data are hard to obtain due to restrictions by the manufacturers, this study will not be

able to address this problem beyond keeping all device settings constant across all muscles.

3.7.2. Insonation angle

This study originated in the idea that the insonation angle takes an influence on El by simple
geometric consideration as demonstrated in Figure 10. Only two studies have quantified this
effect before. Ishida et al. reported a decrease in El of 7.8 % with a transducer tilt from 0 to 9°
in the rectus femoris muscle.”® Dankel et al. measured El at -8 to 8° in 2° increments rolling
the probe around its longitudinal axis and scanning the muscle transversally.”® The greatest
change in El was detected in the tibialis anterior muscle, with 10.5% in a 2° tilt and a 29.5%
change in El with a 6° tilt. This underlines the importance of standardizing the probe tilt as the
smallest changes in scanning angles inadvertently made by the examiner can lead to relevant
changes in El.

Another challenge in this regard involves the pennation angle. Even if the probe were to be
held exactly perpendicular to the muscle, different pennation angles across muscles would still
bias the results for El. With El being only measured at one angle, it is also hard to correct for
pennation angle later on. Hence, this study proposes a method to avoid the influence of
different angles between probe and fascicles altogether. This required taking measurements
at a minimum of two different angles in the sagittal plane of the muscle, i.e., fascicle-aligned.
Different insonation angles can be achieved by the machine’s internal feature called beam
steering (Figure 15, left). Beam steering results in a fixed insonation angle of 12°. In order to
achieve higher angles manual probe tilt was adopted in addition in this study using an

angulated ultrasound gel pad (Figure 15, right).
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Figure 15: Changing the insonation angle via beam steering versus probe tilt with an angulated
gel pad. Top: non-modified ultrasound image of a bovine flexor hallucis longus (FHL) muscle
with visible layers of a flat gel pad, epimysium, muscle, aponeurosis (from the top). Left:
Diagram of the mechanism behind beam steering. The ultrasound waves are emitted at
different time points from the probe thereby creating a tilted wave front. This results in an
angulated ultrasound image and an altered insonation angle, in this case by 12°. Right:
Demonstration of an angulated ultrasound gel pad with a tilted probe on top of it and with the
probe holder removed. This technique similarly results in an angulated ultrasound image and
a new insonation angle. (middle left image from Thijssen et al.”®, middle right image by DLR,
both used with permission)
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3.7.3. Pressure

Pressure on the probe leads to deformation of muscle and will therefore change EIl in
ultrasound. One study showed that with increased probe pressure between 1.5 and 10 N, El
increased linearly. Additionally, inter-rater reliability for El values was higher with near
maximum pressure.® This implies that El measured with minimal force, as is standard practice,
increases variation in results. Ensuring higher pressure during examination for higher reliability
poses a significant challenge as force applied can vary among examiners, and exerting
maximum pressure may compromise patient comfort. Nevertheless, it is crucial to

acknowledge and understand this relationship.

3.7.4. Size of region of interest

A region of interest (ROI) must be set either manually or automatically in the muscle on the
ultrasound image in order to calculate a mean gray value within and to avoid confounding by
vessels, nerves and epimysium. Studies have determined that the size of this ROI affects El
consistency between scans with a trend towards higher consistency with greater ROl as would
be expected for an average value, however, this relationship was non-linear.?"82 Importantly,
one of these studies also found that the minimum ROI for a reliable evaluation of El is about
15% of the maximal rectangular ROI.82 It is therefore not necessary to employ the maximum
ROI for reliable El values. The discussed study has limited applicability for the present project
as the former used transverse muscle scanning while this work uses longitudinal (fascicle-
aligned) scans. Nonetheless, we expect some convertibility to longitudinal scanning in terms
of reliability. The ROI had to be kept relatively small in order to fit it in all images including
those with extreme angulation. The ROI was always kept in the same location of the muscle,

i.e., it was adjusted to the angulation of the probe accordingly.

3.7.5. Subcutaneous adipose tissue

Subcutaneous adipose tissue (SAT) absorbs a portion of the ultrasound wave energy, thus a
thicker fat layer may decrease EI.?%8 Some studies nowadays match® or correct for
subcutaneous tissue®® using a coefficient experimentally determined by Young et al. which,
however, neglected IMCT.?%% |n this study, ex-vivo muscles were conveniently scanned

without a fat layer. Even the outer layer of epimysium was removed for minimal confounding.

3.7.6. Scanning depth

Similar to an additional layer of tissue, ultrasound waves are attenuated more the deeper they
travel into the tissue. Hence, El decreases with increasing depth.®’ It is therefore important to
keep the scanning depth constant across measurements. In many studies, depth is allowed to

be varied between subjects aiming to include the whole muscle in the image.?”°¢#' This was
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not necessary in this study as the ROI had to be small enough to avoid it from being placed
outside of the muscle after angulation any way. Care was taken in the planning of the study so
that the constant depth would lead to an ROI within the muscle in every type of muscle
scanned. As mentioned before, it is also not necessary to include the whole muscle in the ROI
for high reliability so that scanning depth could actually be kept constant across measurements

in many more studies to avoid bias.

3.7.7. Scanning site in the muscle

Finally, it should be considered that ultrasound never results in a scan of the full muscle but
only produces an image of a cross section at one site. This leads to the question whether El is
constant throughout the muscle. One study comparing two measurement sites in the rectus
femoris muscle found that El significantly differed between the two concluding that two muscle
regions should not be used interchangeably for a reliable El analysis.””® In this study the
scanning site was constant within one muscle as no movement other than that of a robotic axis
(Figure 16) was undertaken between scans. Between muscles however, scanning site may
not have always been the same as priority was given to lack of vessels and large epimysial
strands as well as large enough thickness of the muscle to be able to take appropriate images

in all angle setting.
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Figure 16: Robotic axis controlled by an Arduino UNO unit (Arduino, Monza, ltaly) to perform
small and precise movements and keep the probe in the same location during sequence
recording for each angle. The set-up translates the probe in one direction only. A probe holder
is attached to the axis, the gel pad was fixed to the probe and probe holder and placed between
the probe and the bovine muscle. (Image by DLR)

The breadth of variables with potential to confound with El highlights that standardization is a
necessity in muscle ultrasonography. In in-vivo and diagnostic studies clinicians’ skills, patient
anatomy, especially varying layers of fat and skin, types of devices and device settings require
particular attention. Hardly any degree of standardization will lead to results free of
confounders, but in this ex-vivo animal study, many of the above-mentioned parameters were

standardized in order to produce the most reliable data possible.

3.8. Hypotheses and objective of this study

The idea of this study originated in the phenomenon that El of muscle will vary depending on
the insonation angle. The angle between the probe and the insonated fascicles was named
fascicle probe angle (FPA). The probe was placed in a longitudinal orientation to the fascicles.
When FPA is 0°, i.e., the probe parallel to the fascicles, ultrasound rays hit the fascicles
perpendicularly.

It was hypothesized (1) that echo intensity, represented by the mean gray value (MGV), would
reach its maximum at an FPA of 0°. We also predicted (2) that the relationship between MGV
and FPA could be mathematically modeled and (3) that this model would follow a trigonometric

function.

This hypothesis is based on the laws of specular reflection that also apply to ultrasound.
Changing the FPA from 0° by angulating the probe results in a change of the angle of reflection

at the fascicle (9). This displaces the reflected ultrasound ray by Ax « sin(29) (Figure 17).

Az o sin(29)

probe

fascicle

Figure 17: Schematic diagram of the reflection of an ultrasound ray at a fascicle with an
insonation angle 3. Ax is the length of the probe. 3 is the insonation and the reflection angle.
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Since all reflected rays will be displaced by that amount, the MGV decreases. The more the

angle approaches 0° again, the higher the MGV becomes, meaning there is a “gain in echo

intensity”. We hypothesized that a function of the form y = g, — (%) sin (2x) would model this
relationship, with x being 9 and y being MGV. The coefficient B, represents scattering that
does not depend on the individual fascicle’s reflection. Next, we hypothesized that for small
FPAs, a simpler linear fit (y = By — B1 - x) would be sufficiently accurate. We defined the slope
of this function B, as tilt echo gain (TEG) and predicted that it would be muscle-specific
depending on the respective IMCT architecture.

The aim of this study was to model the relationship between El and insonation angle and to
create two new valid parameters for El quantification in muscle, namely the MGV extrapolated
to an FPA of 0° (MGV_00) and TEG in order to surpass mere El in independence of
confounding parameters.
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Ex-vivo validation of spatial gain
sonography for the quantification
of echo intensity in fascicle-aligned
ultrasound images in ten
anatomical muscles in Bos taurus

Sophie C. Rosahl®**, Philipp Rauschendorfer®?, Lukas Arndt?, Thomas Voigtmann®23,
Uwe Mittag® & Jérn Rittweger®*

This study aimed to validate the concept of spatial gain sonography for quantifying texture-related
echo intensity in B-mode ultrasound of skeletal muscle. Fifty-one bovine muscles were scanned
postmortem using B-mode ultrasonography at varying fascicle probe angles (FPA). The relationship
between mean gray values (MGV) and FPA was fitted with a sinusoidal and a linear function, the

slope of which was defined as tilt echo gain (TEG). Macroscopic muscle cross sections were optically
analyzed for intramuscular connective tissue (IMCT) content which was plotted against MGV at 0° FPA
(MGV_00). MGV peaked at FPA 0°. Sine fits were superior to linear fits (adjusted r2-values 0.647 vs.
0.613), especially for larger FPAs. In mixed models, the pennation angle was related to TEG (P <0.001)
and MGV_00 (P=0.035). Age was relevant for MGV_00 (P <0.001), but not TEG (P> 0.10). The
correlation between the IMCT percentage and MGV_00 was significant but weak (P=0.026; adjusted
r?=0.103). The relationship between fascicle probe angle and echo intensity in B-mode ultrasound can
be modeled more accurately with a sinusoidal but more practically for clinical use with a linear fit. The
peak mean gray value MGV_00 can be used to compare echo intensity across muscles without the bias
of pennation angle.

Keywords Intramuscular connective tissue, Fascia, Musculoskeletal ultrasonography, Spatial gain
ultrasonography, B-mode ultrasound

Abbreviations

a Pennation angle

DLR Deutsches Zentrum fiir Luft- und Raumfahrt (German Aerospace Center)
ECR Extensor carpi radialis muscle

EDC Extensor digitorum communis muscle
EDL Lateral digital extensor muscle

FCR Flexor carpi radialis muscle

FHL Flexor hallucis longus muscle

FL Fibularis longus muscle

FPA Fascicle probe angle

FT Fibularis tertius muscle

GA Gel pad angle

IMCT Intramuscular connective tissue

MGV Mean gray values

MGV_00 Mean gray value at 0° fascicle probe angle
MRI Magnetic resonance imaging
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PSO Psoas major muscle

ROI Region of interest in ultrasound images

ROICy Scanning depth or y-coordinate of the region of interest in ultrasound images
SCH Infraspinatus muscle

SSp Supraspinatus muscle

TEG Tilt echo gain

The role of connective tissue in muscle

Intramuscular connective tissue (IMCT) is essential to the functioning of the muscle. The smallest entity of
IMCT is endomysium which surrounds muscle fibrils in interconnected tubular sheaths’. Several muscle fibers
forming a fascicle are engulfed in perimysium. The whole muscle is surrounded by epimysium. Together, these
IMCT entities tightly connect the contractile components of the muscle, organize and uphold the structure of
the muscle?, transmit forces generated by the myofibrils®, and allow for plasticity during growth or injury of the
muscle?. They also connect to other connective tissues, which have been referred to as ‘fascia’ in the recent past®.

Quantification of intramuscular connective tissue

Evidence suggests that IMCT composition, structure and quantity are altered with age®®, by muscle loading
by immobilization''"'* and in diseases such as spastic cerebral palsy'® and Duchenne muscular dystrophy'®.
Therefore, analyzing IMCT is of diagnostic, therapeutic and prognostic value. Microscopic analyses reveal the
structure mainly of endomysium!*>!"* and do not allow for perimysium content assessment. In addition, ex-vivo
observations require a muscle biopsy, hence are not feasible for rapid assessment or long-term tracking. A
non-destructive, non-invasive, simple, and objective method is desirable for assessment of IMCT quantity and
structure. While magnetic resonance imaging studies allow for an overview and volume analysis®, a more readily
available and more cost-effective method is muscle ultrasonography!”. Pillen et al. found that the ultrasound echo
intensity increases in dystrophic muscle'®. On physical grounds it can be expected that the structure of IMCT
leaves an imprint on echo intensity. Our study aims to explore and exploit this connection further.

9,10
>

Ultrasonography of intramuscular connective tissue
Ultrasound waves are reflected at surfaces where materials of differing acoustic impedance adjoin'®. The border
between perimysium and muscle fibers comprises one of the main differences in acoustic impedance.

The angle of insonation influences echo intensity (Fig. 1A). The measured reflection is strongest when the
ultrasound rays hit the surface perpendicularly and the ultrasound probe is oriented parallel to the surface®.

We hypothesize that echo intensity is highest at a fascicle probe angle (FPA) of 0°—when probe and fascicle
are parallel (hypothesis 1). We further hypothesize that the relationship between echo intensity and FPA can be
mathematically modeled (hypothesis 2). It is also hypothesized that this model is best described by a trigono-
metric function that can be derived from the laws of specular reflection at the fascicles (hypothesis 3). Lastly, we
suggest that this model can be well approximated with a linear relationship between MGV and FPA.

Therefore, we propose that the rate of change in echo intensity per change in FPA will differ for each muscle
depending on the architecture of its IMCT. This ratio will be termed tilt echo gain (TEG) here. Notably, a simi-
lar technique utilizing angulation in ultrasound has proven useful in detecting experimental inflammation in
tendons?»*, albeit without mathematical foundation and analysis.

We have conceptualized these above ideas and submitted them for patent (Deutsches Marken- und Patentamt,
102019 118 823.7). The present study aimed to validate tilt echo gain by testing our hypotheses 1 to 3.

Materials and methods

Provenience and preparation of sample muscles

Ultrasound images of 51 limb and torso muscles of Bos taurus were obtained. All animals were female and of
either one of the breeds “Rotbunt” and “Schwarzbunt”. Due to the availability of samples only of different age for
female and male cattle (only older bulls or young calves) at the abattoir, an un-biased sex comparison was not
possible and therefore an analysis of solely female cattle was performed. To emulate in-vivo analyses in humans,
post-mortem muscles of domestic cattle were used. The bovine limbs and torso muscles were obtained within
24 h after slaughter from the abattoir Schlachthof Frenken in Diiren, Germany, where they were cooled at 6 °C,
and brought to the lab at the Institute of Aerospace Medicine at the German Aerospace Center (DLR), Cologne,
in cooled state. The limbs and muscles were then stored in a refrigerator at 5 °C until their examination zero
to two days after retrieval. Before ultrasound scanning was started all muscles were allowed to warm to room
temperature (20 °C) to allow for comparability. The animals’ age could be made available by the abattoir only
in 12 out of 24 animals.

Ten different muscles were analyzed. From the forelimb, extensor carpi radialis (ECR), flexor carpi radialis
(FCR), and extensor digitorum communis (EDC) muscle were scanned. Muscles from the hindlimb included
the lateral digital extensor (EDL), fibularis longus (FL), fibularis tertius (FT) muscle and the deep digital flexor
muscle with the flexor hallucis longus muscle (FHL) as part of it. Torso muscles included the supraspinatus (SSP),
infraspinatus (SCH) and psoas major (PSO) muscle. For ultrasound measurements, the superficial fascia was
removed and limb muscles remained attached to the bone.
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Ultrasound scanning procedures

Ultrasound images were obtained using the linear-array probe ML6-15 of a GE LOGIQ S8 ultrasound device (GE
Healthcare, Milwaukee, W1, USA) in B-mode with a center frequency of 15 MHz. Ultrasound device settings
were kept constant between all measurements, using a scanning depth of 3.5 cm and a gain of 50 dB. Time gain
control and CrossXBeam were turned off to avoid corrections to individual images by the ultrasound software.

The limbs or muscles were affixed onto a board. Ultrasound video sequences were obtained with the ultra-
sound probe placed on the epimysium—which can also be referred to as the aponeurosis—where the muscle
fascicles insert. The probe was in longitudinal alignment with the muscle fascicles (Fig. 1A).

Using a 3D-printed probe holder, the probe was mounted to a robotic axis run by an Arduino UNO (Arduino,
Monza, Italy). The robotic axis allowed for translation of the probe holder by 14.04 mm in a single direction dur-
ing an ultrasound video sequence (Fig. 1B). Three images from each sequence were used later in order to increase
internal validity. The probe holder facilitated to keep the manually adjusted angulation setting of the probe
consistent in relation to the epimysium and the longitudinal axis of the fascicles. The robotic axis allowed for
consistency of the scanning site between measurements at different angles. An ultrasound gel pad (Vorlaufstrecke
SONOKIT soft, 200 x 100 x 40 mm, Co. Sonogel, Bad Camber, Germany; ultrasound velocity ¢ = 1460 %, absorp-
tion coeflicient a = 0.053 %) cut to angles of 0°, 12° and 24° was used for each measurement. Ultrasound
video sequences were obtained at 0°, 12°, 24°, -12°, and - 24° probe angle in relation to the epimysium (Fig. 1A).

Preparation of muscle sections and imaging

Muscles were subsequently cut transversally into three parts equal in length and frozen at — 25 °C. Muscle cross
sections of 1 mm thickness were obtained from each of the three parts using a cutting machine (Slicer Master
M20, Graef, Arnsberg, Germany). After fixation in a 1:10 37%-formaldehyde/tenfold-PBS buffer solution for
four hours, each muscle section was photographed according to a standardized procedure with constant camera
and lighting parameters using a digital single-lens mirrorless camera with a macro lens. These images were then
segmented via thresholding using the machine learning software ilastik: Interactive Learning and Segmentation
Toolkit (ilastik Team, 2011) that was initially fed with data from manual segmentation differentiating between
IMCT and muscle visually. The images were then evaluated for IMCT content using the percentages of pixels
above and below that threshold determined by the machine learning algorithm for all images (Fig. 1D).

Image processing

A three-step custom-made Python algorithm (Python 3, http://www.python.org), QuantICUS (Quantification
of Intramuscular Connective tissue with Ultrasound) in version 1.0, was developed to extract single images from
the ultrasound video sequences at the same locations in each muscle and to determine the pennation angle a,
FPA (Fig. 1c) and mean gray value (MGV) in a region of interest (ROI) of the same rectangular size and orienta-
tion in each image (for further details see Supplementary Material “Image Processing: Calculation of Pennation
Angle and Fascicle Probe Angle”).

Data processing

Output data from the QuantICUS tool were further processed and analyzed with R (http://www.r-project.org)
in its version 4.2.2 by merging data obtained from separate muscles into one database. Homogeneity of frames
within sweeps was verified by statistically testing for the effect of frame number (i.e. of probe translocation)
upon epimysium angle and MGV, which both were found to be non-significant (linear mixed effect models from
R-package ‘nlmé) all P>0.20). Accordingly, all frames were included in the analysis.

Next, we assessed the relationship between FPA and MGV, hypothesizing that a trigonometric function
would serve this purpose (s. Figure 1A). Fitting was effectuated with the basic R-function ‘lm), with a prior
sine-transformation of the independent variable (y=,— (B,/2) - sin(2x) where x is the absolute value of FPA).
For comparison and simplicity reasons, we also tried a linear fit (y=p,—, - x) which can be derived from the
trigonometric function for smaller angles when sin(2x) approximates 2x. To compare between both fitting
results, we used residual plots and quantile-quantile plots to judge residual deviation from normality, and also
Akaike’s information criterion.

To finally obtain spatial gain sonography results, we then fitted a linear relationship between FPA and
MGV for all individual muscle specimens, in order to arrive at estimates for the expected gray value at FPA 0°
(MGV_00=,). Tilt echo gain (TEG) was then computed as 100 * 3,/ B, to give the % change in MGV per FPA
change (s. Table 2).

Statistical analyses
Correlations between TEG values were performed with the R-function ‘Im’ after visual inspection of the plots.
The following criteria were adopted to interpret the magnitude of the correlations: r<0.1, trivial; 0.1 <r<0.3,
small; 0.3 <r<0.5, moderate; 0.5<r<0.7, large; 0.7 <r<0.9, very large; and r> 0.9, almost perfect®.

Linear mixed effect models were run with the R-function ‘lme’ to compare differences in pennation angle
a with ‘Muscle’ as fixed factor and animal ID as random effect. Similarly, differences in MGV_00, TEG, and in
ROICy (y-coordinate of the region of interest in the ultrasound scans) were tested with setting Muscle and o as
fixed effects. Separate models were run, once excluding Age and once including Age. From the mixed models, we
extracted p coefficients, i.e. the offset and slope for each fixed factor, as well as the contribution from fixed effect
variables towards the overall r>-value, using the function rsqImm’ from the library ‘rsq. All models were scruti-
nized with residual plots and quantile-quantile plots, and residuals were found to be well-behaved for all models.

Data are presented as means (standard deviation) if not stated otherwise. The level of significance was set
to 0.05.
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«Figure 1. Visualization of ultrasound image acquisition and analysis. (A) The fascicle probe angle (FPA) is
subject to variation in both the pennation angle (a, middle) and the gel pad angle (GA, right). Only GA can be
controlled by the operator, while a stays constant in a resting muscle. The ultrasound gel pad enables angulation
affording minimal ultrasound attenuation prior to coupling into the tissue. At a muscle/IMCT interface,
reflection, transmission, absorption, and scattering (not indicated) occur and change with the FPA. A change
in FPA causes a change in the angle of reflection x=|FPA|, and hence causes the reflected ultrasound ray to be
displaced by Ax & sin(2 -|FPA|) in the probe. Thus, a change in FPA will cause all reflected rays within a detector
area of fascicle-transverse length Ax to be reflected away from the probe, and thus the MGV decreases by an
amount & Ax. The image in the middle exemplifies the trigonometric relationship between the probe angle and
the amount of ultrasound waves being reflected back to the probe. The echo intensity detected is determined
by the function y=p, - (,/2) - sin(2|FPA|) where f is the mean gray value at 0° FPA (MGV_00) and B, is
the tilt echo gain (TEG). (B) Set-up for ultrasound image acquisition: The linear probe is held in place by a
probe holder that is attached to a robotic axis translating the probe in the shown direction. (C) Representative
ultrasound images of an infraspinatus muscle scanned with a 0° (left), + 12° (middle) and — 2° (right) gel pad.

a is the pennation angle, between fascicle (F) and epimysium (E). w is the fascicle probe angle (FPA), between
fascicle and probe (P). The mean gray value is visibly higher at a smaller FPA (middle < top <bottom). (D)
Segmentation of macroscopic photo of muscle cross section (left) with ilastik (right).

Results

Animals were between 3.34 and 8.22 years old (mean 5.90 years). There were no missing datasets from the image
processing, and no data were excluded during data processing, so that all data could be subjected to statistical
analysis. Table 1 gives an overview of the number of tested muscle specimens.

MGV peaked for FPA =0° (Fig. 2A,B). When comparing the results for fitting a sine function y=, - ($,/2)-
sin(2|FPA|) (Fig. 2A) with results for a linear fitting y=p,— B, - |FPA| (Fig. 2B), the former was superior both
in terms of adjusted r>-values (0.647 vs. 0.613) and Akaike’s information criterion (7846 vs. 7942). For greater
values of FPA residuals were larger for the linear plot (Fig. 2D), thus with slightly greater deviation from normal
distribution (Fig. 2F) than for the sine fit (Fig. 2C,E). This demonstrates the correctness of the assumed sine
function, but also that the function can conveniently be linearized as long as the range of observation is not too
far from 0°. Therefore, the spatial gain sonography parameters were calculated with the linear fit (Fig. 3A), as
this will be more practicable in the clinical setting. The adjusted r>-values were > 0.7 for 48 out of 51 specimens
(see Fig. 3B). TEG was found to be entirely unrelated to MGV_00 (P=0.33, Fig. 3C) (Table 2).

Visual inspection of MGV_00 and TEG suggested muscle-specific variation in MGV_00 and TEG across
the different anatomical muscles (Fig. 4) That impression was confirmed by statistical testing with mixed effect
models, which revealed muscle-related differences with regards to o (P=0.043), MGV_00 (P=0.041) and TEG
(P=0.01). The pennation angle a was also related to TEG (P<0.001) and MGV_00 (P=0.035) across Muscle.
No effects of Muscle or a were observed for ROICy (both P>0.1), suggesting that variation in scanning depth
does not explain the former findings. When including age as fixed factor into these mixed effect models, it was
significant for MGV_00 (P <0.001) but not for TEG (P>0.10). Of note, Muscle remained significant for MGV_00
and TEG after including age into the mixed models, and the amount of variation that was explained by fixed
factors (r? fixed in Table 3) increased. The percentage of IMCT in a muscle cross section measured optically
significantly affected MGV_00 but the amount of variance accounted for by the regression was low (r*=0.103).

Discussion

All three initial hypotheses were confirmed: Echo intensity is generally peaking at a fascicle probe angle of 0°
(hypothesis 1). Echo intensity decreases with increasing deviation from a 0° fascicle probe angle which can be
modeled with a sinusoidal function and approximated with a linear function (hypothesis 2 and 3).

TEG, i.e. the slope of this linear function for each muscle, and MGV_00 did not show a strong correlation.
MGV_00 can be seen as an extensive measure describing the echo intensity (quantity) of echo-reflecting texture
within the muscle tissue. As a second, independent descriptor, TEG can be regarded as a more ‘qualitative’ vari-
able that probably assesses the order of ‘directionality’ of the tissue-textures. MGV_00 and TEG were differently
expressed between different anatomical muscles. The pennation angle was related to MGV_00 and TEG across
muscle groups. Age increased the amount of variance explained by anatomically different muscles and pennation
angle in the mixed models. Increased echo intensity at FPA 0° in ultrasound correlated with an increased per-
centage of IMCT in a macroscopic muscle cross section when measured optically, suggesting that echo intensity
could at least in part reflect the amount of IMCT.

Tilt echo gain fit

Echo intensity was found to be dependent on fascicle probe angle, with the maximum echo intensity measured
at 0° FPA. We originally assumed that a sinusoidal function would prove a better fit than a linear function due
to trigonometric laws underlying the physics of reflection, and that was indeed the case. Other factors such as
differences in acoustic impedance between muscles may influence echo intensity but the angle-dependency
clearly dominates, hence a trigonometric regression could be derived. Interestingly however, a linear function
showed almost equal performance, in particular at smaller fascicle probe angles. This can be explained by the
fact that deviations of y =2 x from y = sin(2x) amount to approximately 10% at an angle of 20°. For an angle of
0° (MGV_00) which was of particular interest in this study, results obtained from a linear fit compared to the
trigonometric fit showed almost no difference. A linear variation of the intensity with FPA approaching zero
can be taken as the most generic model-free expectation, und thus suggests itself as a robust analysis method for
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Figure 2. Comparing results for fitting a sine function (left column) versus a linear function (right column) for
the grand ensemble of all data. Note that both fits were performed with absolute FPA as independent variable.
(A, B) Scatter plot of raw data with fitted function curves. As can be seen, gray values peaked at FPA=0°. (C,

D) Residuals (i.e. vertical distance of data point from fitted line in upper row) plotted vs. fitted values (i.e.
y-coordinate of fitted curve in A and B, upper row). As can be seen, residuals at extreme ends of x-axis deviate
more from 0 in D than in C. (E, F) Observed quantiles plotted versus expected quantiles. A straight line would
indicate normal distribution of residuals. Although residuals from both fittings seem to be reasonable, they seem
slightly closer to normal distribution at extreme ends for the sinusoidal fit.

small enough FPAs. In consequence, we opted to work with the linear function for practicality and suggest that
use of this function and clinical ultrasound measurements be restricted to an FPA range between — 30° and 30°.

It should be noted though that the ultrasound software might have affected the gray values in the images
via post-processing. It was ensured that time gain control was kept constant at all levels, and that other correc-
tion features were turned off to avoid intrinsic correction of the images. Nonetheless, insight into the complete
ultrasound post-processing algorithm is probably needed to fully comprehend and exclude the possibility of
interference with the acquired data.
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Figure 3. Illustration of spatial gain parameters. (A) The green line indicates the sinusoidal fit and the red

line the linear fit. The green and red circle represent the predicted MGV_00 (gray value at FPA 0°) for each

fit. Estimates for MGV _00 were directly derived from the fitted line at x-value 0° and the negative slope was
defined as tilt echo gain in percent MGV_00 per degree (TEG). For this plot, we used data from fhl muscle in
animal R6, since the adjusted r?-value for that specimen coincided with the median of all adjusted r*-values. (B)
Distribution of all adjusted r>-values, with the median marked as vertical dashed line in red. (C) Correlation
between TEG and MGV_00 was very weak. (D) Correlation between MGV_00 and IMCT ratio measured
optically in cross sections was significant, but weak.

Variable | pso edc ecr ft fer fhl sch fl edl ssp Pa P. Muscle | post-hoc

N 3 10 8 4 10 4 3 5 1 3 - - -

« 11.1(05) |7.4(52) |13.1(3.9) |17(6.9) 116 (49) |102(2.3) |152(49) |10(10.3) |14.3 (NA) |1.6(0.4) - 0.043* ?;Z 58%17)
No

MGV_00 |66.8(57) |68.9(13.7) | 72.1 (13.1) | 72.3 (4.7) |72.5(10.9) | 75.4 (12.6) | 83.1 (11.2) | 84.8 (7.1) |93.1 (NA) |94.1(7.7) 0.035* | 0.041* ;lgé?_?foacm
findings

TEG 2.1(0.01) [1.98(0.35) |1.68(0.27) |1.31(0.26) |2.16 (0.31) | 1.89 (0.21) | 1.65(0.33) | 1.9(0.49) |1.9(NA) |2.01(0.62) | <0.001%"*| 0.01** ftl;fgrmg)

ROIC 410.14 449.67 420.93 380.42 419.31 402.23 414.67 438.53 431.82 439.14 017 looa ~

4 (16.69) (61.02) (39.68) (13.97) (47.01) (42.72) (37.65) (41.78) (NA) (43.38) : :

Table 2. Descriptive statistics (given as means and their standard deviation in brackets) for the different
anatomical muscles tested, and results of testing with mixed effect models and Dunn’s post hoc test, using the
entire data set and not including Age into the models.
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Figure 4. Box plots for MGV_00 and TEG across all analyzed muscles, shown by identical anatomical muscles
(x axis) and grouped by forelimb, hindlimb and trunk muscles via color. (A) Forelimb muscles (edc, ecr, fcr,
edl), hindlimb muscles (ft, thl, fl) and trunk muscles (pso, sch, ssp) can hardly be distinguished by MGV_00,
rather, differences exist between each muscle. (B) TEG is distributed differently across muscles compared with
MGV_00.

Age excluded Age included

Variable Offset P (Muscle) | B (a) r? fixed | Offset P (Muscle) | B (a) B (Age) 12 fixed
— * (= — * (=

MGV_00 74.6°** (60.8 to 88.4) | 0.041 0.7 (~1.29 0.43 27.6***(7.7t0 47.5) | 0.013 0.61* (-1.12 6.5%** (3.8109.2) 0.68
to—0.11) to—0.1)
—0.034*** (- 0.051 —0.032** (- 0.049

k5% k% _
TEG 2.48%** (2.1 t0 2.86) 0.01 t0-0017) 0.55 1.99** (1.3 t0 2.68) | 0.007 to-0.015) 0.04 (-0.05t0 0.13) | 0.63

Table 3. Comparison of linear mixed model results with excluding or including Age as fixed effect. Beta
denotes the regression coeflicient, and r? fixed the contribution from fixed factors to the overall r? value. Values
for Offset and Beta are given as means (95% confidence interval). Asterisks denote significance as follows:
*P<0.05, ***P<0.001.

Comparison of different anatomical muscles

The muscle specimens tested in this study yielded systematic variation with regard to MGV_00 and TEG across
the different anatomical muscles. This was more evident for TEG than for MGV _00, as the latter failed to yield any
significant post hoc results. For TEG, a significant post hoc difference was found between fibularis tertius muscle
(hindlimb) and the supraspinatus muscle (torso). However, there was no general trend for trunk, hindlimb or
forelimb muscles.

It should be considered that this study was not designed to find IMCT differences across anatomical muscles,
but rather included a variety of different muscles to validate the concept of spatial gain sonography. Moreover, two
factors need to be considered here. First, muscles from different breeds of Bos taurus were analyzed and literature
suggests that muscle architecture varies between different breeds?*?’. However, that group also found that the
variation in the density of slow muscles fibers had greater variation within the muscle than across breeds which
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relativizes the problem of different breeds but reveals another obstacle for the comparison between muscles. The
scanning site was not always the exact same in every anatomically equal muscle. Rather, attention was given to
choosing an area with parallel fascicles without blood vessels and sufficient muscle thickness to scan across all
angles. In order to make anatomical observations across different muscles, the muscle structure varying within
a muscle needs to be considered***.

It is apparent from Fig. 4, however, that variation in TEG and in MGV_00 was different across different
anatomical muscles, further corroborating that these two measures are independent and convey diverging
information.

Influence of pennation angle on spatial gain parameters

We also observed an effect of pennation angle a on spatial gain sonography parameters independent of FPA.
Muscles are pennated in order to increase force per unit muscle mass®®. Because muscles differ in their function
and size, their pennation angles vary likewise as observed in this study. The pennation angle might therefore
depend on the function of the specific muscle, e.g. load-bearing antigravity muscles versus non-antigravity
muscles, which in turn could influence IMCT architecture and hence spatial gain parameters.

Influence of age on spatial gain parameters

Age was significant for MGV_00 when included as a fixed factor into mixed models. Other studies have con-
firmed increased echo intensity at higher age”’~?’. However, as clearly demonstrated in this study, echo intensity
is subject to fascicle probe angle changes. Therefore, and as much as pennation angle systematically decreases
with aging®*-*?, reporting age-related effects without adjusting echo intensity for fascicle probe angle, surely has
potential to over-estimate age and immobilization-related changes. In that sense, our new parameter MGV_00
can be regarded as a standardized and more robust version of ‘echo intensity’ as it was used in literature for
characterizing perimysium in skeletal muscle.

Correction for pennation angle in echo intensity measurements

Former clinical studies have suggested that increases in muscular echo intensity can be utilized in the diagnostic
approach to muscle atrophy and dystrophy****. However, dystrophy and atrophy have a bearing on pennation
angle. Whilst pennation angle decreases with immobilization-related atrophy?” it was found to be increased in
Duchenne muscular dystrophy®®. Again, such effects will lead to bias, and to systematic under- or over-estima-
tion of skeletal muscle echo intensity, unless adjustment is performed. One group researching neuromuscular
disorders in children visually corrected for pennation angle by adjusting the probe over the muscle until the
echo intensity was highest*”*%. Another study even measured echo intensity alteration with a probe tilt up to 6°
in both directions in relation to the skin and proposed that the operator shall minimize the probe tilt during
muscle examination®. While both strategies are in line with the presented evidence, they are less quantitative
than our approach, raising issues of intra- and inter-operator reproducibility. Moreover, whilst those proposed
‘work-arounds’ for echo intensity could be regarded as precursors for MGV _00, we are not aware of any former
attempt to model and assess TEG functions.

Reflection of perimysium content in echo intensity

Upon optical analysis of muscle cross sections, higher IMCT percentages were measured for higher values of
MGV_00 from ultrasound analysis. This finding is in line with a previous study that showed that histological
fibrous tissue content in dogs with muscular dystrophy linearly correlates with echo intensities in the respective
muscles'®. As opposed to that study, we took samples from healthy bovine muscles and analyzed macroscopic
cross sections of the whole muscle instead of microscopic images. We presumed that the perimysium measured
in ultrasound would be better represented by these large sections as perimysium is too vast to be estimated
reliably in one microscopic field. This approach in turn relies on the assumption that solely perimysium, and
not endomysium, is reflected in ultrasound echo intensity measurements. Axial resolution, the resolution lon-
gitudinal to the ultrasound beam, depends on the length of an ultrasound pulse and the wavelength. A smaller
wavelength will also lead to a shorter pulse length thus allowing for better discrimination between objects that are
closer together. An ultrasound wave with a frequency of 15 MHz traveling through bovine muscle, in which the
average speed of sound is 1580 m/s*’, has a wavelength of 105 um. The best axial resolution that can be achieved
is half the pulse length*!. Under optimal conditions, if the pulse length is only one wavelength and hence axial
resolution is 52.5 um, bovine perimysium with a thickness between 30 and 120 pm will contribute to an echo
alteration*>*’. However, endomysium with a thickness of 5 to 15 um depending on the muscle*® is probably not
represented in current B-Mode ultrasound images and at most contributes to scattering of ultrasound waves
which occurs when the wavelength is considerably greater than the size of the encountered object*.

In addition, in this study we were careful not to include planes with visible adipose tissue, blood vessels or
nerves that might cause increases in echo intensity. Nonetheless, for in-vivo studies this is sometimes unavoid-
able and it therefore remains a matter of discussion whether echo intensity truly reflects the amount of IMCT
in a muscle*>,

Discussion of implementation in the clinical setting

Beam steering is one tool already implemented into ultrasound software which would allow for implementation
of spatial gain sonography into clinical practice. The clinician would have to obtain an ultrasound image of a
muscle longitudinally with no angulation first. Second, an image of the exact same location using beam steering
is needed. In one of these images, the pennation angle would need to be measured, which is possible on most
ultrasound devices or can be measured using computer software. Using the linear function, MGV_00 would
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result from the regression fit of mean gray value and fascicle probe angle. The measurement can be repeated at
any given time point and MGV _00 tracked over time for a muscle echo intensity evaluation without the influence
of a potentially changing layer of subcutaneous fat or an altered muscle volume in patients.

Limitations

Although our study did find significant effects by anatomical muscle in age and pennation angle, the study
was not designed to find such effects. Therefore, the interpretation of these effects must remain on a somewhat
speculative level. It should also be noted that our photographic image analysis of the perimysium assessed
quantity, but not structural or textural information. However, conducting such an assessment would constitute
a considerable undertaking, and we therefore decided to demonstrate the viability of spatial gain sonography in
principle before making larger investments into potentially moot and certainly costly perimysium assessments.

Also, one needs to consider that our specimens stem from older female cattle only, and did not contain
younger or very old animals, and also no male cattle. The next step will be a larger human study to validate our
novel approach, and to further explore the effects of age, sex, immobilization and exercise training.

The potential effects on echo intensity from using an ultrasound gel pad should also be discussed. Different
scanning angles required gel pads of varying thickness, which lead to a varying amount of sound wave energy
absorption in each angle setting. This may have biased our results, which is placed into a relative context again by
(1) the absorption coefficient of the gel pad being only half that of muscle (0.053 vs. 0.11 MHdZBmm respectively*’)
and (2) the proportions of the gel pad: the gel pad for 0° was 1 cm in thickness while the gel pad for 12° was 0
cm on one end and 2 cm on the other allowing for some amount of averaging out of the mentioned distortion.
Due to these circumstances, a complex calculation of the minor effects of the gel pad on echo intensity in each
image was not included in this analysis.

Another limitation arises from the fact that we used a commercial ultrasound scanner, and that the image
processing therefore contains elements unknown to us*. For example, ultrasound images may be displayed using
a logarithmic scale instead of linear which would influence the model. However, this device-internal informa-
tion could not be verified and therefore remains a limitation of the study which can only be circumnavigated
using hard to obtain raw ultrasound data in future studies. For example, there is a possibility that brightness is
adjusted for depth by the machine, and that the observed effects by pennation angle could be a by-product of
our study scanning deeper tissue portions for muscles with greater pennation angle**°. To rule that possibil-
ity out, we examined whether pennation angle was related to scanning depth (ROICy). This was not the case,
which enhances our confidence in the results related to pennation angle, as well as the viability of spatial gain
sonography in general.

Conclusions
The present study has validated the concept of spatial gain sonography in principle by demonstrating that echo
intensity peaks when the probe is parallel to skeletal muscle fascicles. Hereby, we can derive MGV _00 as an esti-
mate of perimysium content that is not biased by concomitant variation in pennation angle. Our method can also
work in cases where the ultrasound cannot be aligned parallel to the fascicle orientation, e.g. in muscles with large
pennation angle or with an anatomical axis that is oblique to the skin. For these reasons MGV_00 constitutes an
improvement of the currently used ‘echo intensity’ that could be readily adopted for making medical diagnoses.
Perhaps even more importantly, we showed that through introduction of TEG as a new variable, another
tissue property can be captured that assesses systematic and meaningful effects that are largely independent of
MGV_00. Future fundamental research will be required to develop a better understanding of what this variable
reflects where it is clinically relevant. If the outcome of that future research demonstrates viability of the spatial
gain approach to yield clinically relevant information, then the scanning analysis procedures would have to be
standardized for clinical usage, e.g. by replacing the gel pads with a more time-efficient method. Eventually,
automated computation of TEG and MGV _00 into the scanner software would further facilitate the applicability.
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All data analyzed during this study are available from the corresponding author on reasonable request.
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Supplementary Files

Image Processing: Calculation of Pennation Angle and Fascicle Probe Angle

1. Pennation Angle
The pennation angle was indicated manually on each ultrasound image and calculated using
the custom-made Python script “QuantlICUS” (Quantification of Intramuscular Connective

Tissue with Ultrasound).

Supplementary Figure 1: Workflow for Ultrasound Image Angle Calculation in Python

»  Superficial aponeurosis (yellow) and fascicle (red) are marked with
two points each manually.

Determining
the pennation
angle and
ROI

1. Setting

aponeurosis

and fascicle

» Arectangular region of interest (ROI) appears.

2. Setting
region of

interest

* The ROl is adjusted in the primary image to avoid blood vessels and
fat accumulations if necessary.
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3.
Measuring
angles and

echo

intensity

In all subsequent scans of that muscle, the ROI is computed by the
script according to the angulation in the respective images. Example
0° vs. 12° beam steering angle:

The examiner does not move the ROl anymore, unless it is outside
of the ultrasound image.

Results: The aponeurosis probe angle and mean gray value inside
the ROI are measured.

The pennation angle is calculated.
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2. Fascicle Probe Angle
The fascicle probe angle was calculated in R using the appropriate equation derived from the
geometric outline as shown below. This image serves as an example and will differ slightly for

each angle and gel pad configuration.

LOGIQ S
S8

aponeurosis

Supplementary Figure 2: Ultrasound image with angles a through € used in image analysis.
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Greek Letter in

Suppl. Figure 2

Angle Name

Values or Equation

a Pennation Angle a=w-f
B Aponeurosis Probe Angle/ see a
Measured Gel Pad Angle

% Beam Steering Angle +12/0/-12°

0 Aponeurosis Insonation Angle | 6 =¢-|q|

€ Fascicle Insonation Angle If a>0° (w > B),thene=90°+w -y
Ifa<0° (w < B),thene=90° -w -y

w Fascicle Probe Angle see ¢

Given Gel Pad Angle

+24/+12/0/-12/-24°

Supplementary Table 1: Angle descriptions displayed in ultrasound image in Supplementary

Figure 2 and their mathematical relationship.
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Supplementary diagrams

A Gray Values at 0° B Tilt Echo Gain®
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Supplementary Figure 3: Histograms showing the mean as a red line for MGV_00 (A) and
TEG (B) of all analyzed muscles.

A: Mean gray value at FPA 0° ranged from 43.24 to 98.96, while the mean and most frequent
value was 75.1.

B: TEG ranged from 0.99 to 2.83 across all muscles. The arithmetic mean was 1.89.
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Supplementary Figure 4: Relationship of pennation and aponeurosis angle to MGV_00 and
tilt echo gain (TEG).

A/B: Pennation angle and aponeurosis angle did not significantly affect MGV_0O.

C/D: Pennation angle had a significant influence on TEG, however with a very weak

correlation and aponeurosis angle had no significant influence on TEG.




5. Discussion

5.1. Summary of results

All three hypotheses were confirmed in this study. First, echo intensity was indeed highest
when ultrasound waves were directed perpendicularly to the fascicle, i.e., at a fascicle probe
angle of 0°. After El was confirmed to depend on insonation angle in muscle, the relationship
between echo intensity and FPA could be mathematically modeled. This model showed a
trigonometric function, confirming hypotheses 2 and 3. These experimental results were
utilized to establish simplified approaches for potential clinical application.

First, it was observed that at smaller FPAs the trigonometric function approaches a linear
function, which would be much more convenient for clinical use. Hence, this function was
employed for further data analysis. MGV_00, i.e. the highest El at the point where fascicles
are scanned perpendicularly showed significant variation between muscles allowing for it to be
used as a distinctive parameter in muscle studies. Tilt Echo Gain (TEG), the other novel
parameter introduced in this study, was also found to be a muscle-specific value, and hence

provides a more objective means to compare echo intensities between different muscles.

5.2. Relevance of mean gray value and tilt echo gain

TEG can be calculated by obtaining echo intensities at a minimum of two different FPAs, i.e.,
by tilting the probe between two measurements. The more data points, the more valid the
function and its slope TEG will be. Using this method, the probe angle is no longer a
confounding variable when comparing echo intensities between muscles or time points, which
has been a considerable inter-rater validity problem in former studies. Other groups have tried
to circumnavigate this problem by visually correcting the probe tile until the echo intensity was
highest*>®, or by quantifying the change in El with a probe tilt of 6°.78 It was suggested that
probe tilt should be minimized by the ultrasound operator. While this increases awareness of
the problem it does not necessarily heighten validity considering that holding an ultrasound
probe at a certain angle while looking at a screen is rather unreliable. The method presented
in this work uses 3D-printed probe holders to keep the probe in place. It has additionally been
tested on human gastrocnemius muscle holding the probe in place with straps on the lower
leg.8®

When adopting spatial gain parameters for echo intensity comparisons, the subcutaneous fat
layer and pennation angle become less relevant as a confounder, as they are the same in both
measurements taken and hence filtered out to a large degree. In longitudinal or comparative
studies of muscles, MGV_00 as an absolute variable and even more so TEG as a relative
variable are highly useful to increase internal and external validity of echo intensity

measurements.
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5.3. Factors affecting mean gray value and tilt echo gain
While not the main objective of this study, the standardized approach taken grants the
possibility to compare between muscles of different anatomical location, and determine the

influence of age and pennation angle on TEG measurements.

5.3.1. Anatomical location

Muscles of ten different anatomical locations from forelimb, hindlimb and torso of Bos taurus
were analyzed. As these muscles serve different functions and are therefore thought to contain
different amounts of IMCT, a comparison of their TEG and MGV_00 was warranted. It was
especially of interest to determine any difference between the muscle groups “stabilizing trunk
muscle” and “mobilizing limb muscle”.

Their differences in IMCT content are known from studies in the meat industry, which examine
beef tenderness and compare it to IMCT content. The distal muscles of the limbs are long
muscles with a pennate structure and therefore a high connective tissue content.®® This
structural feature could be explained by the higher amount of shear strain they have to
accommodate during movement compared to trunk muscles.®'-* The meat from the distal limb
is tough, but very lean due to the constant activity of these muscles in the live animal.®* More
proximal “trunk” muscle such as the supraspinatus or the psoas major muscle (known as filet)
are very tender parts of beef which could indicate a lower IMCT content.*?

Extrapolating from studies by Pillen et al. it can be hypothesized that the trunk muscles which
contain less IMCT have lower echo intensities.*°

A systematic variation of TEG between muscles was observed with a significant post hoc
difference between the fibularis tertius muscle (hindlimb) and the supraspinatus muscle (trunk)
showing that TEG is most likely a muscle-specific value. However, this study showed no
general trend in TEG or MGV_00 difference for forelimb, hindlimb and trunk muscles. Factors
that may have influenced these results include the use of different breeds of Bos taurus
between which muscle architecture may vary®% and different scanning sites in each muscle
aiming for an unobstructed ultrasound image.

One could argue that the data is consistent with the expectation for the psoas major muscle
showing the lowest MGV_00 as it is one of the most tender and fine-grained parts of the beef.®
However, this study was not designed to find such specific differences. Their detection would
require a higher number of specimens per muscle and an endpoint dedicated to the difference
in MGV_00 between anatomical muscles or muscle groups.

Of note, the distribution of MGV_00 and TEG does differ across muscles implying that these

two values contain different information derived from echo intensity.
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5.3.2. Age

In muscles of older adults, higher El values can be observed compared to younger
subjects.?%545% Additionally, muscles have lower pennation angles in older subjects.%*%"% This
suggests that the lower pennation angle may be the cause for the increased El in older people
when not corrected for fascicle insonation angle in ultrasound studies. However, in a study
comparing El values of 24 young men (age 19.8 + 1.7 y) and 21 older men (69.3 + 3.3 y), El
values were still higher in the older group after statistically correcting for pennation angle.%® In
a mixed model analysis of our data, age as a fixed factor was significant for MGV_00.
Unfortunately, only the ages of the cattle for the limb muscle were known so a more
comprehensive analysis is warranted in the future. Notably, when using spatial gain
sonography performing a statistical correction for pennation angle is no longer necessary and
comparable values can be obtained immediately.

5.4. Technical limitations

5.4.1. Fascicle alignment in other planes

In this study, changing fascicle alignment in the sagittal plane was done on purpose by probe
angulation and addition of an ultrasound gel pad. Both, alignment in the transversal and
coronal plane were kept constant. However, potential fascicular angles in these planes and
differences between muscles were not quantitatively accounted for. They, too, could influence
the echo intensity of a muscle, especially if it is considered that IMCT runs in bands and not
merely round strings that reflect equally into all directions. As IMCT angles in these other
planes are not as simple to measure as the pennation angle, it will be difficult to include or
correct for them in future studies. Hence, for now the only option in the planes not shown in
the ultrasound image is visual correction to reach maximum echo intensity. One could also
argue that if standardization by quantification of these angles is not possible, another reference
needs to be used. This was done in one study by aligning the probe in transverse image until
the underlying bone had the highest echo intensity, which is however also a visual correction

method.®®

5.4.2. Scanning depth and gel pad
Ultrasound waves are constantly attenuated as they travel through tissue, so that an increased
scanning depth and a thicker gel pad could have led to lower El. While some degree of

accuracy may have been lost due the gel pad, a look at the absorption coefficients of the gel

dB
MHzmm

dB
MHz -mm

pad, a, = 0,053 , compared to muscle tissue, a,, = 0,11 , reveals that their

difference in magnitude probably prevented any relevant attenuation by the gel pad.’®

Compared to in-vivo studies, an advantage in this study was the lack of a subcutaneous fat
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layer allowing for a constant scanning depth across muscles. Merely, manual angulation led
to some systematic variation in scanning depth compared to no angulation or angulation using
beam steering. In an analysis of the relationship between the distance of the center of region
of interest from the probe (ROICy) and El, neither anatomical muscle nor pennation angle had
an effect for ROICy. This suggests that scanning depth did not have a systematic influence on

results in this study.

5.4.3. Scanning site within the muscle

The scanning site between different muscles of the same anatomical location varied in this
study, e.g., when scanning the supraspinatus muscle of two different animals the location of
the probe on the muscle may not have been the same on each muscle. The only
standardization in this regard was visual in that the largest area of uniform fascicles with no
blood vessels or intramuscular aponeuroses was chosen. This limits the possibility to draw
conclusions about differences between muscles since it has been shown that different
scanning sites within some muscles can result in different Els.'°"%2 Once these in-vivo
measurements had been corrected for SAT layer the variability was reduced which in turn is
in favor of the presented data. Nonetheless, muscle-specific differences in this study shall be
interpreted with caution, and it should be noted again that the study was not designed to find
these differences. The objective was to model a mathematical relationship. The described
limitation therefore has no impact on the validity of the equation or the new parameters since

within each muscle the location was kept constant using the precision of a robotic axis.

544. Ultrasound processing software

As discussed in the introduction, many internal settings of the ultrasound device, such as gain
and depth have an influence on EIl. These manually adjustable settings were kept constant
across all measurements to rule out any confounding effect. However, modern ultrasound
software often enhances the image automatically. This ensures optimal visibility of structures
in a clinical setting when visual detection of organs and tissues is key. In a scientific setting,
these corrections can lead to biased results. For example, if brightness is automatically
increased by the software in a darker image, El at perpendicular insonation of the aponeurosis
will be elevated in all muscles with a greater pennation angle. Again, all controls related to gain
were turned off, but in order to rule out any internal corrections, one would need to dissect the
ultrasound software or access raw ultrasound data which are hard to obtain with commercial
ultrasound scanners.

Other studies have attempted two different approaches to address this problem:

Pillen et al. measured echo intensity in images of animal muscles and human subjects from

two devices and then created a conversion equation for the echo intensities.'® This ensured
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that all hardware and software changes were incorporated into the conversion. The availability
of such equations would lower the threshold for examiners using quantitative muscle
ultrasound compared to them having to devise a conversion scale themselves. However,
phantom measurements would need to be taken with all ultrasound devices available and all
on the same phantom muscles.

O’Brien et al. were able to design a portable ultrasound device without any postprocessing
software.'* This is the ideal machine for quantitative echo intensity analysis. At the same time,
clinical imaging requiring image adjustment and high resolutions is not supported by the device
which would therefore require a clinician to acquire both devices. The optimal solution would
be an ultrasound device that features both, a postprocessing algorithm for use in the acute
clinical setting and the possibility to turn it off for precise quantitative diagnostic measurements

in muscles.

5.5. Reflection of intramuscular connective tissue content in echo intensity
The discussed experimental series was initiated with the objective to map and quantify
connective tissue within the muscle. Using ultrasound, this would pertain primarily to
perimysium as the wavelength of a common clinical ultrasound device does not permit
detection of the delicate endomysium.

The assumption that echo intensity serves as an indicator for echo intensity stems from a study
performed on seven muscles each of two dogs with muscular dystrophy by Pillen et al.*® The
group found that in muscle with increased fibrous tissue echo intensity was higher. Little
interstitial fat was present in all muscles so most of the effect can be attributed to fibrosis, i.e.,
increased connective tissue.

However, an earlier study comparing ultrasound and biopsies showed that IMAT has a greater
influence on echo intensity than IMCT."'% |t is questionable whether microscopic studies can
reflect what is seen in an ultrasound image, however. In the present project, several Sirius
Red-stained muscle cross sections were studied under the microscope after spatial gain
sonography was performed. Since mostly endomysium and merely parts of perimysium were
represented in these, it was concluded that a comparative study with ultrasound would not lead
to internally valid results. Another study demonstrated that higher echo intensity in ultrasound
correlates with an increased IMAT content in MRI and an increased extramyocellular lipid
content as determined in magnetic resonance spectrometry.'%” In yet another study, a thicker
layer of subcutaneous fat lead to an increase in echo intensity implying that correspondingly
increased IMAT leads to an increase in EI.?8 The authors rightfully stated that attenuation by a
thicker fat layer may have lead to a more pronounced correction by the ultrasound device

accounting for the increased El.
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Both IMCT and IMAT appear hyperechogenic compared to skeletal muscle tissue in ultrasound
images leading to an almost impossible discrimination between the two.'%®

Therefore, a first step was taken in reviewing the literature on how age, immobilization and
training affect echo intensity and comparing this to the effects on IMCT structure and content
(Table 2 in Introduction). The comparison shows that for some conditions such as age and
immobilization, correlations between El and IMCT structure can be drawn. However, studies
examining the effects of exercise are not as homogenous and IMCT structure in this setting
has not been well studied showing that a major gap in the research has yet to be filled.

In summary, without IMAT present, echo intensity can be an indicator of IMCT content,
however when present, IMAT seems to have a pronounced effect on echo intensity. This
means that echo intensity may well be used as an indicator of muscle quality, though it is highly
individual whether an elevated echo intensity represents IMAT or IMCT.

It shall be noted, however, that TEG in this study emphasizes the anisotropic features of
muscle, namely IMCT organizing muscle into parallel bundles. The confounding effect of
evenly distributed, isotropic IMAT would be eliminated to a certain degree using TEG based
on this method. A comparative study between muscles of the same IMCT content with differing

IMAT content would be required in order to validate this assumption.

5.6. Comparability to human muscle in-vivo

Quantifiable muscle ultrasound is developing into a valuable diagnostic tool in humans,
especially due to its wide availability and time and cost efficiency. The question naturally arises
whether beef muscle is comparable to human muscle in ultrasound and if spatial gain
parameters can be used in human in-vivo studies.

Human and beef muscle both consist of muscle fibers surrounded by IMCT which is
hierarchically structured into endomysium, perimysium and epimysium.'?% Pennate muscles
can be found in both species suggesting that the proposed method will lead to an increased
level of standardization and therefore validity in human muscle studies as well.

Regarding in-vivo versus ex-vivo analysis, it is important to note that changes in meat post-
mortem can be observed. AlImost immediately after slaughter myofibril diameter and myofibril
spacing decrease. A change in muscle fiber diameter and spacing can be observed within 24
hours, e.g., for the breed “Hereford” an increase by 5% and a decrease by 0.04%
respectively.'® Since the samples were collected within 24 hours after slaughter and analyzed
within 48 hours, muscle fiber structure had indeed already been affected. This could potentially
have influenced the echo intensity in ultrasound measurements. However, the differences
would have been subtle as demonstrated in the aforementioned example from a bovine muscle
study.'® In addition, the entirety of any muscle was analyzed within a few hours so that no

bias is to be expected within measurements of one muscle.
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Other challenges in the transition to in-vivo studies pertain to rest duration and participant
positioning. With current measurement methods, a standardization is necessary as fluid shifts
in different positions and with different rest times affect E|.56:108

Finally, SAT thickness will influence echo intensity in in-vivo studies. Of note, TEG is designed
as a relative value examining the rate of change of El over the angulation, so that the value
may not be impacted by a constant layer of SAT as much as El. If this can be validated in
human studies, employing TEG would set an important step for reliable in-vivo measurements.
In conclusion, beef muscle is highly comparable to human muscle regarding its architecture.
Use of the spatial gain methods in humans in-vivo will necessitate minor changes in study
design compared to this ex-vivo study in animals, however, they are feasible to implement.
Before spatial gain parameters are used for tracking purposes in humans, they should be
validated in a methodological experimental series, studying the effects of pennation angle, rest

duration, subject positioning and subcutaneous fat layer in humans.

5.7. Clinical implications and potential clinical use

While qualitatively described in other studies before, the data presented here quantitatively
prove that the tilt of the probe affects echo intensity.*°%%8 Therefore, any methods that did not
use a fixed probe tilt or did not correct for it in the data evaluation should not be employed for
quantitative echo intensity tracking in muscle.

Beyond merely highlighting the importance of standardized alignment, spatial gain sonography
has the potential to serve as a tool for tracking muscular changes in athletes, in the elderly, in
bedridden patients, and in astronauts. Once the above-mentioned challenges for
measurements in humans have been resolved it also promises to offer an objective parameter
in the diagnosis and tracking of neuromuscular disorders.

Previous studies already offer data, if limited, on these topics. Echo intensity decreases with
muscle strengths'?, while it increases with inactivity in elderly test subjects’. A study in young
women showed an increase in echo intensity in the vastus lateralis after two weeks of knee
joint immobilization.%® Consistent with the present study, muscle echo intensity increases with
age as shown in a multiple regression analysis of 95 healthy volunteers.®® Echo intensity is not
only subject to change in a physiological range of parameters such as activity and age, but
also shows alterations in disease. In Duchenne muscular dystrophy, echo intensity increases
indicating replacement of muscle fibers by other tissues.""" Likewise, multiple sclerosis patients
showed increased echo intensity in affected muscles compared to volunteers.''? While by no
means representing a comprehensive overview of muscle echo intensity studies, this excerpt
highlights the potential of ultrasound echo intensity measurement for tracking intramuscular

changes in various physiological and pathological conditions. However, as of now the absence
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of absolute El cut-offs for presence of disease limits the use of the method for diagnosing
neuromuscular diseases.

Lastly, in clinical application inter-rater comparison is challenged by different ultrasound
devices and by the lack of standardization of ultrasound settings. Both can be mitigated by

going further than solely measuring absolute El and calculating MGV_00 and TEG instead.

5.8. Conclusion

Ultrasonography is an increasingly relevant tool in musculoskeletal diagnostics. Muscle
thickness and cross-sectional area have been measured for many years but these do not
reflect muscle quality. Hence, echo intensity of ultrasound images has been used increasingly.
Echo intensity could be used for tracking training and deterioration processes as well as
serving as a diagnostic tool for neuromuscular diseases. However, quantification still presents
a challenge due to lack of standardization in image acquisition and because IMCT and IMAT
can hardly be distinguished on current ultrasound images. This study aimed to circumnavigate
the former by establishing that the relationship between MGV and FPA can be modeled with a
trigonometric function. Moreover, for small FPAs a linear function is a good enough fit which
led to the definition of MGV _00, the MGV at perpendicular insonation of the fascicle, and TEG,
the rate of change of MGV over FPA, as muscle-specific values in this study. Both could be
used in clinical practice for tracking and diagnostic purposes once validated in human in-vivo
studies. Impeding factors to the quantification of IMCT via ultrasound remains the impossibility
to distinguish IMCT from IMAT with this imaging modality as well as image postprocessing by
internal ultrasound software. Despite this, the method presented in this dissertation, spatial
gain sonography, advances the standardization and applicability of quantitative ultrasound of

the muscle structure.

5.9. Outlook

Next steps in the application of spatial gain sonography entail studying the feasibility and
validating MGV _00 and TEG for in-vivo use. A crucial step would be to scan each muscle at
the exact same site across subjects to allow for comparability. The relevance of spatial gain
parameters as characteristic and reliably measurable features could for instance be
established in a study measuring young versus old and exercising versus inactive subjects.
Other ideas include measuring sex differences for spatial gain parameters in specific muscles.
These are often overshadowed by the dependence on SAT layer thickness and strength and
it would therefore be of interest whether TEG could serve as an imaging parameter with a
strong correlation with muscle quality independent of these confounders.’" A comparison of
antigravity muscle to non-antigravity muscle could likewise offer a new perspective. Antigravity

muscles, e.g., the soleus, quadriceps and paravertebral muscles, are responsible for
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maintaining posture meaning they are activated almost consistently and over long periods. It
explains why most of them consist mainly of aerobic slow type | fibers."® This feature could
help distinguish them in muscle ultrasound which has recently been proved possible but seems
unreliable using solely EL.'* If significant differences were detected in antigravity muscles
using spatial gain sonography, this could offer a new method to determine and track muscles
that are most affected in bed-rest or microgravity.

It should be noted that implementing any of these ideas requires a set-up for reliable angulation
of the probe. Internal beam steering of ultrasound waves offers a mechanism to change the
insonation angle without physical manipulation of the probe. The impact of internal corrections
associated with this feature such as automatic gain adaptation on El remains to be determined.
If this feature can be employed without any automatic internal corrections, spatial gain
sonography could be used in any setting with little effort by the examiner and without much
hardware other than a probe holder. Future tools would have to include measurement of
pennation angle and echo intensity as well as calculation of MGV_00 and TEG within the
ultrasound device for rapid applicability. With this in mind, spatial gain sonography has the

potential to serve as an important tool in clinical diagnostics in the future.
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