ABSTRACT

MOORE CHRISTOPHER JOSEPHiscoelastic Response (VisR) Ultrasound: Development,
Methodologies and Applicatian Duchenne Muscular Dystrophfnder the directionf Dr.
Caterina M. GallippL

Duchenne muscular dystrophy (DMD) is a degenerajerestic disorder that damages
healthy muscle tissue and replaces it with fat and fibrotic tissue. Current pthaseal methods
for monitoring individual muscle health due to dystrophic degeneration lack specificity, and
biopsy is considered too dangerdaisroutine monitoring. In this work, development of
Viscoelastic Response (VisR) ultrasound is presented as a nowéhviagive, and muscle

specific method for monitoring muscle health. VisR is demonstrated herein via simulation, pre

clinical study, ad a longitudinal clinical trial.
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Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

X

screen. Paal c) shows the four marked biopsy sites that have also been marked
with permanent marker on the skin to guide the surgeon during biopsy. ST =
Semitendinosus, GRMD = Golden Retriever Muscular Dystrophy, VisR =
Viscoelastic Response, XDC = TranSAUCEL..........coovvveeeiiiiimmmneeeeeeeeeeeeeeneeens 32

Example H&E stain showing an artifact of inflammatory response to the
methylene lue dye, which was used to mark the biopsy site. The area between
the two black dashed lines was excluded from analysis in this example. H&E =

The top row is a time course of images from a control CS muscle. The second
row is similar for a GRMD CS muscle. The bottom panel shows the median and
median absolutdeviation of VisR RE values plotted as a function of time for
control (blue) and GRMD (orange). CS = Cranial Sartorius, GRMD = Golden
Retriever Muscular Dystrophy, VisR = Viscoelastic Response, RE = Relative

B ASTICITY e 34
Example time course of images from a control (top row) and dystrophic
(bottom row) RF muscle. RF = ReCtus FeBOr........ccoevveeieiiiiieiieeeee e 35

Plots of entropy (left column) and HI (right column) from the Rib)a/L (c-

d), CS (ef) and ST (gh) muscle, vs time. These texture features were derived
from the VisR RE parametric image. The black asterisk denotes significant
differences between control (red) and GRMD (blue) groups. HI =
Heterogeneity Index, RF = Rectusrkoris, VL = Vastus Lateralis, CS =

Cranial Sartorius, ST = Semitendinosus, VisR = Viscoelastic Response, RE =
Relative Elasticity, GRMD = Golden Retriever Muscular Dystrophy........... 37

heat maps showing within group p values at each time point over one year. Red
blocks show p values < 0.05. Rows 1, 3, 5, 7 are for the GRMD RF, VL, CS

and S muscles respectively. Rows 2, 4, 6, and 8 are from the control RF, VL,
CS and ST muscle. These data are collected from VisR RE parametric images.
This figure spans two full pages and the caption is intentionally duplicated. RF

= Rectus Femoris, VL = Vass Lateralis, CS = Cranial Sartorius, ST =
Semitendinosus, GRMD = Golden Retriever Muscular Dystrophy, RE =

Relative EIQSHICItY.........coiiiiiiiiiiteeee e e e e e e e e e e e 40

heat maps showing within group p values at each time point over one year. Red
blocks show p values < 0.05. Rows 1, 3, 5, 7 are for the GRMD RF, VL, CS

and ST muscles respectively. Rows 2, 4, 6, an@ &am the control RF, VL,

CS and ST muscle. These data are collected from VisR RV parametric images.
This figure spans two full pages and the caption is intentionally duplicated. RF

= Rectus Femoris, VL = Vastus Lateralis, CS = Cranial Sartorius, ST =
Sanitendinosus, GRMD = Golden Retriever Muscular Dystrophy, RV =

REIALIVE VISCOSILY.....cciiiiiiiiiiiiiiiitieee ettt e e e e e e e e e e e e e e e e e 42
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Figure 5.9

Figure 5.10

Figure 5.11

Figure 5.12

Figure 5.13

Figure 5.14

Figure 5.15

Figure 5.16

Xi

heat maps showing within group p values at each time point over one year. Red
blocks show p values < 0.05. Rows 1, 3, 5, 7 are for the GRMD RF, VL, CS

and ST muscles respectively. Rows 2, 4, 6, and 8 are from the control RF, VL,
CS and ST muscle hEse data are collected from VisR RE parametric images
oriented along muscle fibers. This figure spans two full pages and the caption is
intentionally duplicated. RF = Rectus Femoris, VL = Vastus Lateralis, CS =
Cranial Sartorius, ST = Semitendinosus, GRMBolden Retriever Muscular
Dystrophy, RE = Relative EIaStiCity.............uuuriiiiiiiiiiiiiiiciiee e 44

heat mapstowing within group p values at each time point over one year. Red
blocks show p values < 0.05. Rows 1, 3, 5, 7 are for the GRMD RF, VL, CS
and ST muscles respectively. Rows 2, 4, 6, and 8 are from the control RF, VL,
CS and ST muscle. These data areectdld from VisR RV parametric images
oriented along muscle fibers. This figure spans two full pages and the caption is
intentionally duplicated. RF = Rectus Femoris, VL = Vastus Lateralis, CS =
Cranial Sartorius, ST = Semitendinosus, GRMD = Golden RetrMuscular
Dystrophy, RV = Relative VISCOSILY...........cccccuuriiiiiiiireeiiiiiiiieeeee e 46

heat maps showing within grogpvalues at each time point over one year. Red
blocks show p values < 0.05. Rows 1, 3, 5, 7 are for the GRMD RF, VL, CS
and ST muscles respectively. Rows 2, 4, 6, and 8 are from the control RF, VL,
CS and ST muscle. These data are collected from 3D gighted MRI

images. This figure spans two full pages and the caption is intentionally
duplicated. RF = Rectus Femoris, VL = Vastus Lateralis, CS = Cranial
Sartorius, ST = Semitendinosus, GRMD = Golden Retriever Muscular
Dystrophy, MRI = Magnetic ResonanBaging.........cccccvvveeeeeeeeiiiiiccceeeeeeeeennn 48

Boxplots of Control (left) and GRMD (right) RE DoA. The black bad an
asterisk indicate that the GRMD DoA is significantly higher (p < 0.05,
Wilcoxon) than the control DoA. GRMD = Golden Retriever Muscular
Dystrophy, RE = Relative Elasticity, DoA = Degree of Anisotropy.............. 50

Example images of percentabms used by the reading pathologist to grade
inflammation in H&Estained muscle sections. H&E = Hetawylin and Eosin52

Example images of percentabims used by the reading patbgist to grade
necrosis in H&Estained muscle sections. H&E = Hematoxylin and Easin...53

Example images of grade 0, 1 and 2, for both fibrosis/collagen content (blue)

and fat (white | ace pattern). Fi brosi s i
trichrome stain as shown above. Fat cont
and H&E stainsH&E = Hematoxylin and EOSIN.............ccccceeeeiiiiiieeceiiiineennn, 54

Control (top) and GRMD (bottom) histology sunmatatistic. Pie charts

show the distribution of percentage muscle area or severity grade for each
parameter. These data were acquired framogbiopsy. GRMD = Golden
Retriever Muscular DYSIrOPNY........coooociiiiiiiiiiieeerii e 56
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Xii
Figure 5.17 Control (top) and GRMD (bottom) histology summary statistic. Pie charts
show the distribution of percentage muscle area or seveatiedor each

parameter. These data were acquired frormbzoiopsy/necropsy. GRMD =
Golden Retriever Muscular DyStrophy............ccocoiiiiiimemnieeee 56

Figure 5.18 Matched VisR RE (topeft)) RV (topr i ght ) i mages and seri al
trichrome (bottordeft) and H&E (bottorrright) stains from serial sections in a
GRMD ST muscle. VisR = Viscoelastic Response, RE = Rel&lasticity,
RV = Relative Viscosity, H&E = Hematoxylin and Eosin, GRMD = Golden
Retriever Muscular Dystrophy, ST = Semitendinosus............ccc.cvvvvvieemeenee.. 57

Figure 5.19 Comparison between histological scores and VisR RE DoA in control and
GRMD ST muscle. a) Inflammation, b) necrosis, c) fibrosis, and d) fat scores.
e) shows the control and GRMD DoA, f) shows the REARs a function of
histological score with GRMD in blue and control in orange. VisR =
Viscoelastic Response, DoA = Degree of Anisotropy, GRMD = Golden
Retriever Muscular Dystrophy, RE = Relative ElastiCity........................c..... 58

Figure 6.1 Plots of true elasticity, as a function of lateral position in a simulated phantom.
Panels (&), (cd), (ef), and (gh) cane from four different simulated
phantoms. The blue lines show the Lbdsed result, as computed by using
SSE. The orange line show the true value for each plot. LUT =-updkble,
SIS =¥ 2 5o [ = 1= I = o] USSP 68

Figure 6.2 Panel a) All trained models and the RMS Error for each model. Panels b) and
c) show the error plotted as a function of tieflor the chose models with low
error, and with low computation time..............eevvviiiiiiccce e 70

Figure 6.3 Plotof elasticity error in all test materials as a function of axial depth for the
ensemble bagged trees method.............cccooviiiiicc e T L

Figure 6.4 Repeatability of shear (a) elastic modulus and (b) viscous modulus as a
function of focal depth, across the entire image region. Orange bars in (a) show
the expected phantom elastiCity range..............cccceeeeiiiccmeeeeeiiiiiiiieeeeeeeeeeeaan d 2

Figure 6.5 Elastic inclusion phantom processed using LUT andidked elasticity
measurement. LUT = Loelp-table, ML= Machine Learning........................ 73

Figure 7.1  Crosssection of the upper (top) and lower (bottom) gmonstrating the
anatomical position of the muscles imaged in the clinical study................. 18

Figure 7.2  Representation of the shape of the acoustic PSF from a lensed linear array
ultrasound transducer, in lateral (a) and elevational (b) orientations. Panel (c)
shows the region (yellow) about the axial focal depth where the two PSF
orientations will @erlap when the transducer is rotated 90 degrees about its
center. Note that in the lateral orientation the aperture can be shifted laterally
(denoted by subscripts3 and different gray levels) to span a range similar to
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Figure 7.3

Figure 7.4

Figure 7.5

Figure 7.6

Figure 7.7

Figure 7.8

that of the elevational orientati. PSF = Point Spread Function................... 81

Quantitative VisR texture features fromtlaity images in the transverse
orientation. Blue boxplots represent control subjects and red boxplots represent
dystrophic subjects. Individual panels show progression of a single texture
feature through time, in a single muscle. The red rectangle éxlddd

emphasis in the text. Black dot represents significant difference between
groups. VisR = Viscoelastic Response, Elre = Elastic Long Run Emphasis, Esre
= Elastic Short Run Emphasis, RF = Rectus Femoris, VL = Vastus Lateralis, ST
= Sartorius, GM = Gasocnemius Medial Head..............ccccvvvvvivvieeeiiiiiiiiinne. 85

VisR texture features from RE images in the trarsyerientation. Blue

boxplots represent control subjects and red boxplots represent dystrophic
subjects. Individual panels show progression of a single texture feature through
time, in a single muscle. The red rectangle is added for emphasis in the text.
Black dot represents significant difference between groups. VisR = Viscoelastic
Response, Elre = Elastic Long Run Emphasis, Esre = Elastic Short Run
Emphasis, RF = Rectus Femoris, VL = Vastus Lateralis, ST = Sartorius, GM =
Gastrocnemius Medial Head...............cooooiiiiimmmn e 86

QVisR texture features from elasticity images in the transverse orientation.
Blue boxplots represent control subjects and red boxplots represent dystrophic
subjects. Individual panels show progression of a single texture feature through
time, in a single muscle. Black dot represents significant difference between
groups. VisR = Viscoaktic Response, Egln = Elastic Gray Level

Nonuniformity, Erln = Elastic Run Length Nonuniformity, RF = Rectus

Femoris, VL = Vastus Lateralis, ST = Sartorius, GM = Gastrocnemius Medial

VisR texture features from RE images in the transverse orientation. Blue
boxplots represent control subjects and red boxplots representptiystro

subjects. Individual panels show progression of a single texture feature through
time, in a single muscle. Black dot represents significant difference between
groups. VisR = Viscoelastic Response, Egin = Elastic Gray Level
Nonuniformity, Erln = Elast Run Length Nonuniformity, RF = Rectus

Femoris, VL = Vastus Lateralis, ST = Sartorius, GM = Gastrocnemius Medial

QVisR elastic (top) and viscous (bottom) anisotropy as a function of age, for
each muscle. Blue boxplots represent control subjects and red boxplots
represent dystrophic subjects. Black dot represents signifidéerence

between groups. RF = Rectus Femoris, VL = Vastus Lateralis, ST = Sartorius,
GM = Gastrocnemius Medial Head..............ccooiiiiiiieenn e 91

VisR RE (top) and RV (bottom) anisotropy as a function of age, for each
muscle. Blue boxplots represent control subjects and red boxplots represent
dystrophic subjects. Black dot represents significant differéetween groups.
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Figure 7.10
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Figure 7.12

Figure 7.13
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Figure 7.15

Figure 7.16
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RF = Rectus Femoris, VL = Vastus Lateralis, ST = Sartorius, GM =
Gastrocnemius Medial Head. .........oon e et 92

QVisR elasticity (top) and coefficient of variation as a function of time for
control (blue) and DMD (red) muscles. These images were acquired in the
transverse orientation. Black dot represents significant difference&etw
groups. RF = Rectus Femoris, VL = Vastus Lateralis, ST = Sartorius, GM =
Gastrocnemius Medial Head..............cooovviiiiiieee e 94

QVisR elasticity (top) and coefficient of variation as a function of time for
control (blue) and DMD (red) muscles. These images were acquired in the
longitudinal orientation. Black dot represents significant difference between
groups. RF = Rectus Femoris, VL = Vastus Lateralis, ST = Sartorius, GM =
Gastrocnemius Medial Head............ccoovviiiiiiiiieen e 95

QVisR viscosity (top) and coefficient of variation as a function of time for
control (blue) and DMD (red) muscles. These images were acquired in the
transverse orientation. Black dot represents significant difference between
groups. FF = Rectus Femoris, VL = Vastus Lateralis, ST = Sartorius, GM =
Gastrocnemius Medial Head................ooooiiiimmmnii e 97

QVisR viscosity (top) and coefficient of variation as a function of time for
control (blue) and DMD (red) muscles. These images were acquired in the
longitudinal orientation. Black dot represents significant difference between
groups. RF = Retus Femoris, VL = Vastus Lateralis, ST = Sartorius, GM =
Gastrocnemius Medial Head...............ooooiiiiimmnn e 98
Results of all QMT and PT tests for all subjects compared between control and
dystrophic groups as a function of age. The blue boxplots represent control
results and the red boxplots represent DMD results. In this figure, all
comparisons between DMa&nd control subjects were significantly different.00

Scatter plot of effectie shear viscous modulus vs maximal knee extension
force from the RF QMT test. Blue and red symbols represent individual control
subjects and DMD subjects, respectively, in the (a) transverse and (b)
longitudinal orientations. Black line shows computeddimegression. VL =
Vastus Lateralis, RF = Rectus Femoris, DMD = Duchenne Muscular
Y2y 170] o] 0 )Y/ SO SS 101

Scatter plot of effective shear viscous modulus vs hip flexion force. Blue and
red symbols represent individual control subjects and DMD subijects,
respectively, in the (a) transverse and (b) longitudinal orientations. Black line
shows corputed linear regression. VL = Vastus Lateralis, RF = Rectus
Femoris, DMD = Duchenne Muscular DyStrophy..........ccccccceeeiiiiiaccneneenn. 102

Scatter plot of effective shear viscous modulus vs the time required to walk 30
ft. Blue and red symbols represent individual control subjects and DMD
subjects, respectively, in the (a) transverse and (b) longitudinal oriestatio
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CHAPTER 1: Introduction

Duchenne muscular dystrophy (DMD)agrogressive neuromuscular disease that
destroys healthy muscle tissue, and replaces it with fatty and fibrous infiltrates. As the disease
progresses, it causes loss of ambulation, causing patients to become wheelchair bound at an early
age, and eventuglprogresses through the body to the respiratory and cardiac muscles. Without
intervention to aid in breathing and circulation, DMD will cause death by the late teens to early
20s. There is no known cuf¥|.

Current research on treatment for DMD is t@retl by lack of relialel biomarkers. The
ability to monitor compositional change of muscle due to DMD progression is critical to
assessing viability of treatment. There is an urgent need for quantitative and noninvasive
biomarkers to track DMDThe purposeof this work is to develop Viscoelastic Response
(VisR) ultrasound, and acoustic radiation forcebased imaging methodas a tool for
assessing the structure and composition of dystrophic skeletal muscle, and developing VisR
as a quantitative, reliable, am non-invasive biomarker for DMD. This will be accomplished
via a serie®f studies, including computer simulati@nin vivo study of a canine model of
DMD, andvia a longitudinal clinical trial of boys with DMD.

The remainder of this document will bewsttured as follows: Chapter 2 explains, in
detail, how DMD progresses, what causes the disease, treatments, and current biomarkers.
Chapter 3dcuses on the necessary background regarding VisR ultrasound, including the
physical description of the VisR mekllimitations and some compensatory methods to improve
Vi sR6s ability to serve as adervéedamsatrogyeetricc Chapt
which uses the directionality and highly organized nature of healthy muscle, and the somewhat

disorgaineed nature of dystrophic muscle as a comparative biomarker. In chapter 5, details of a



2

five-year long preclinical study of@ystrophicdog model are presented. This work includes
comparison between VisR ultrasound, MRI, and histology based biomatkadusion of the
preliminary data are presented in chapter 6, and chapter 7 serves as a temporary chapter which
describesvork which will be included in the final dissertation.

Briefly, chapter 7 of the final dissertation document will present a methadfioing
VisR into aquantitativebiomarker. In chapter 8, results from a fg@ar long clinical study will
be presented. These results will harness the improved VisR methods for quantifying tissue
changes, andill apply theaforementione@nisotropy bimarker as described in chapter 4.
Chapter 9 will describe future directions for this work, including some advance anisotropy
imagingtechniques thawere developed over the course of thissertatiorwork, in addition to
other advanced techniques. Chag@wmill presentonclusions thatan be drawn from this

work.



CHAPTER 2: Duchenne Muscular Dystrophy

2.1 Disease Description

DMD is aneuromuscular disordeharacterized by progressive loss of muscle fungtion
in rare cases in girls, but primarily young bog. DMD affects approximately 1 in 35001500
male births each ye@t]. Around age8-5, boys begin showing signs of gaitegularity,
apparent clumsiness accompanied by falls, anaviadking [2]. The disease progresses in the
skeletal muscles causing loss of ability to climb stairs, and eventual total loss of ambulation
being boundo a wheelchaihy late childhood. In some cases, coincident cognitive issues will
arise in childhood, but are not usually progressive. Without intervention, progressive
complications in respiratory and cardiac systems will emerge. Death of patienBMixls
usually caused by failure of the cardiac or respiratory muscles at a mean age of [& years

Classical symptoms of DMD include delayed motor development, and compensatory
mot or behaviors such as the Gower s maneuver,
standing using his hands. This maneuver is shoviaigure2.1. These early symptoms are
typically the firstsigns of DMD, and usually lead to follewp by a physician who will perform
blood tests for levels of serum creatine kinasé genetic testini]. In cases where familial

history of DMD is found, genetic testing may be carried out before symptoms arise to allow for

=TT

Figure21Th e Go we r é:3VheM aising fuom the floor, a subject with DMD will 1) start from their knees with
hands on the floor, 2) walk their hands on the floor to begin to rise, and 3) brace on their knees to complete theithrése
floor. DMD = Duchenne Muscular Dystrbp. Public Domain.
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anticipatory planing and early interventionBigure2.2, from Bushby et. al., diagrammatically
outlines the main disease stages and related clinical interventions for patients with DMD.
2.2 Genetics

DMD is an Xlinked genetic disorder, vith means that the mutation that causes DMD
occurs on the X chromosome. For this reason, males tend to be affected by DMD since females
can typically silence the mutated X chromosome using antisense RNA inactj4ationmales,
however, the presence of only a single X chromosome lends to a much greater rlgketiX

diseases, like hemophilia, autism, and DMD.



Stage 1: wz:

Can be diagnosed Gowers' sign
at this stage if creatine
kinase found to be

raised or if positive Waddling gait
family history

Increasingly laboured Might be able to self Upper limb function
gait propel for some time and postural
maintenance is
increasingly limited

Losing ability to Able to maintain
climb stairs and posture
rise from floor

Might be toe walking

Might show
developmental
delay but no gait
disturbance

Diagnostic examination and genetic counselling Likely to be diagnosed by this stage unless delayed
for other reasons (eg, concomitant pathology)

Might develop scoliosis

Can climb stairs

Ui

Anticipatory planning for Continue assessment to ensure course of disease is as expected in conjunction with
future developments interpretation of diagnostic testing
= =
Ensure immunisation At least 6-monthly assessment of function, strength, and range of movement to define phase of disease
schedule is complete and determine need for intervention with GCs, g g of GC regi and side-effect g

Monitor for scoliosis: intervention with

posterior spinal fusion in defined situations

Consider surgical options

Orthopaedic surgery rarely necessary for TA contractures

j -4
in‘certalnsitvations Possible intervention for foot position
for wheelchair positioning

Education and support

Preventive measures to maintain muscle
extensibility/minimise contracture
Encouragement of appropriate exercise/activity
Support for function and participation
Provision of adaptive devices, as appropriate

Normal respiratory function i creasu i g rlsk of
Low risk of respiratory problems

Ensure usual immunisation
schedule includes

23-valent pneumococcal Monitor progress
and influenza vaccines r

Continue previous measures
Provision of appropriate wheelchair and seating, and aids and adaptations
to allow maximum independence in ADL, function, and participation

gh risk of

Tngger Tngger respl ratory

15 and interventions

Assessment same as in the younger group

) Maximum 24 months 104 1 i r . frac 3
Echocardiagram at r Lt Increa‘\smg risk of car}:llac problems with age; requires intervention
dindrios between investigations even if asymptomatic

gnosis or by age 3
6 until age 10 years, —
years annually thereafter
Use of ard heart failure i ions with d ion of function

Monitor for normal weight gain for age Attention to possible
Nutritional for over/underweigt dysphagia
Family support, early
assessment/intervention Assessment/intervention for learning, behaviour, and coping Transition planning
for development, Promote independence and social devel to adult services
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Figure 2.2 Main disease stages of DMD and related clinical intervention timeline. Reproduced from Bushby et. al.. D
Duchenne Muscular Dystrophy.

DMD can be caused by either by de novo mutation, or by inhedtmgtatedX -
chromosomeAt leastone out of every threeasess considered to bdue to de novo mutation

since no positive family history exisis suggest inheritand8]. In the case of imeritance, the



X-chromosome is passed by the motkéro was a carrier of the DMBene In mostcases,
carriers do not exhibit symptoms of DMbBut have been shown lave elevatedisk of
cardiomyopathyln rare cases, either due to improper inactivation ofrthtated X
chromosome, or if two dystrophic-ehromosomes are present, female carriers can manifest
DMD. These cases are, howevextremelyrare in comparison tmale DMD, comprising less
than 8% of all casd$)].

Genetically, DMD is caused ymutation in the gene located at the locus Xp21. This
DMD gene, the largest known humans, encodes a protein called dystrofjinErrors in the
DMD gene inhibit production of dystrophin; the majority of these errors are causedoiy out
frame deletions of the exof®], [7]. Other mutations are caused byfiame duplications, and
point mutations. Thesather mutationgan present as milder phenotypes, and are sometimes
classified as a milder form of the disease known as Becker muscular dystrophy [@MD)
Although inframe and point mutations can be present in DMD, thefBframe mutatio is
most common in severe phenotype DED.
2.3 Experimental Treatments

One of the most proising potential treatments for DMD symptoms, a gene therapy, is
known as exon skipping]. Exon skipping is used to create
prevents reading of mutant exons, essentially pieces of gendt¢ which would stop the
dystrophin protein from being created, if they were read through the reading frame. In exon
skipping, targeted therapies mask specific exons, based on the type of mutation, and allow the
reading frame to pass over the targetemheand continue building the dystrophin protein, with
little interruption.Trials of this treatment have been successful in a dystrophic mouse model,

known as the MDX mouse, andex vivohuman muscle celld.0], [11].
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At the time of writing, very recent, and yet unpublished results have been announced by
SareptaTherapeutic$12]. There announcement included news that mdystrophin, a shorter
version of the dystrophin protein, levels increase on average of 38%, and all 3 of the enrolled
subjects saw marked decrease in serum creatine kinase levels. The treatment from Sarepta is
amonga few genetic therapy trials which are ongoi@ther companies, such as Solid
Bioscience, and Pfizer are also conducting gene therapy clinical trials, all of which, if successful,
may lead to single dose symptom reducing treatments for [P
2.4. Pathophysiobgy

The general pathophysiology of DMD is poorly understood. The mechanism by which
each muscle, and other systems in the body, are affected by the lack of the dystrophin protein is
far fromwell known however, some data from genetic and bielpayed stueés provide clues
about the disease and its progression in muscle.

From such studies, we know that young dystrophiscte cells have elevated
intracytoplasmatic calcium content, which is followed by inflammation, degeneration and
necrosis of the muscle lieas they ag3]. The damaged cells are then replaced by lipids and
fibrosis.However, thaate and spatial extent of this process is different for individual muscles,
muscle groups, phenotypes and individual patigi#ts A large portion of the work described
herein aims at identifying changes in individual stalenuscle changes, as a function of both
spatial extent, and time.

While compositional changes underlie dystrophic muscle degeneration, such changes are
associated with corresponding structural and mechanical alterations, which are relevant
biomarkershat offer insight to mechanisms of dystrophic muscle failure. To understand why,

consider the composition and structure of healthy skeletal muscle. Individual muscle fibers are



surrounded by protective connective tissue called endomysium. The musdekistin
bundles, or fasciculi, surrounded by additional connective tissue called perimysium. Finally,
more connective tissue, called epimysium, groups the fasciculi into an individual skeletal
muscle, and muscles are separated from each other by deanissiue outside the epimysium
known as fascia. This arrangement creates highly organized skeletal muscles that are structurally
and mechanically anisotropic, i.e. the structural and mechanical properties of muscle vary with
orientation. Structurally, oscle fibers are long and cylindrically shaped, with their long axes
aligned along the long axis of the muscle.

Skeletal muscle organization breaks down in DMD as muscles undergo necrosis and
inflammation with muscle fiber fragmentation and fatty depwmsitL4]i [18]. Further, collagen
is deposited, primarily along the epimysium and pgsionm between fasciculi. These changes,
which occur in repeating cycles of progressive muscle wasting, alter both the structural and
mechanical anisotropy in dystrophic muscle.
2.5 Current Treatments

The degenerative process of DMD cannot be stoppeahypknown cure, however, some
treatments have been shown to slow disease progression and increase life expectancy of DMD
patients.The standard ofare includes physical therapy, cardiopulmonary care, exercise, and
medication19]. Exercises for stretching lower limbs gneescribedy physicalttherapistto keep
musclesm the lower leg from tightening. Tight lower limb muscles lead teatakking gait,
which can become severe and cause problems in ambulation. In extreme cases, surgical
intervention can be used to lengthen the heel cords, and extend the ambulatory [djation
addition to physical therapy, cardiovascular monitoring is used to confirm that heart function is

not declining.In the case of heart failure, standard interventions are used to treat the symptoms.
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[21]. In adlition to heart function, the standard of care closely monitors lung function. No
pharmaceuticareatment is currently used to improve lung function, rather ventilation is the
primary medical care used when lung function begins to dg@itje

The most prominent, brodthpact treatment for DMD subjects is pharmaceutical
treatment with glucocorticoids. Prednisone and Deflazacort remain the most common steroids for
use in DMD; they have been shown to increase ambulatwagidn, help subjects to retain
skeletal muscle function, and delay onset of respiratory symptoms, among other fgnefits
Many facets of steroid treatment, such as dosing, steroid type, and age at which treatment begins,
are largely untesteahd as such, no exaetgimenhas been determined in standard of care. One
of the primary isses in testing these facets, is that reliable testing métricaonitoring DMD

progressiomr endt redbl ly availabl e

2.6. State-of-the-Art Diagnostics and Monitoring

The primary mode used for monitoring DMD progression is by the use of physical
testing.Physicaloutcome measures for assessing response to themhoysease progression
include timed function testfike the 6 minute walk (6MWT[R3], which measures the distance
the boy can walk over six minutes, the time to standing test ([EBE)which assesses the time
required to go from seated to standing five tinaesl quantitative muscle testii@MT) [25]
with a handheld dynamometer (HHD), iehh measures the maximal force applied under
voluntary contraction or extensionh@se measurese limited for disease monitoring because
theyare nonspecific to a particular muscle, and they are subject to the volition of the patient,

which may vary sultantially between vigs and subjectR24].
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Otheroutcane measures include magnetic resonance imaging (MRI) or ultrasound image
metrics, such as T1 and T2 signal intensitB#s[26] or quantitative measures of ultrasound
scattering characteristics, respectividly]. While these imaging approaches are advantageous
in that individual muscles may be evaluated in isolation from other muscles in an objective
manner, they are limited in that their outcome metrics primarily reflect masgdeization,
rather than underlying composition

Thegold standard for determininguscle composition is biopsy. However, as a
biomarker, biopsy is highly controversial, sinties a highly invasive procedure, and removes
muscle tissue froran already compromised subj&dto is typically very youngrurther, the
FDA limits posed in 20 CFR 50.53, arcerptof which is presented below, states that biopsy
can only be performed der very specific circumstances, of which, many-tlerapy studies do
not meet. The following is an abridged version ofdf@ementionedDA regulation:

Any clinical i nvestigation [é] in which mo

presented by an inteention or procedure that does not hold out the prospect of

direct benefit for the individual subject, or by a monitoring procedure that is not

likely to contribute to the welbeing of the subject, may involve children as

subjects only if the IRB finds #t:

(a) The risk represents a minor increase over minimal risk;

(b) The intervention or procedure presents experiences to subjects that are

reasonably commensurate with those inherent in their actual or expected medical,

dental, psychological, social, adécational situations;
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(c) The intervention or procedure is likely to yield generalizable knowledge about

the subjects' disorder or condition that is of vital importance for the understanding

or amelioration of the subjects' disorder or condition; and

(d) Adequate provisions are made for soliciting the assent of the children and

permission of their parents or guardians as set forth in 50.55.

These regulations note that if no generalizable knowledge is likely, and more than
dminimalorisk is involved, biopsys prohibited, and is therefore not a viable biomarker in many
cases. Therefore, as the FDA also notes that
urgency to develop alternative biomarkers that are less invasive and do not require a surgical
procedure under general anesthedi28].

Although each of the methods mentioned in this subsection are, and are likely to remain
important in monitoring progression of DMD, there remains an unmet need for quantifiable,
musclespecific, and notfinvasive biomarkers of disease pregsion, location and composition.

In the remainder of this work, we will discuss Viscoelastic Response (VisR) ultrasound imaging,

and its application as a new biomarker for DMD.
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CHAPTER 3: Viscoelastic Response (VisR) UltrasoundBackground

VisR ultrasound was #eloped as an extension of monitored stestdye relaxation and
recovery (MSSR) ultrasourj@9]. MSSRused30, or more, short duratiohRF pulsesdelivered
in quick successiqro induce a creep response in tisstiee disphcements due the ARF
pulses are monitored using standarcthBde tracking pulses. The resulting creep response was
used to estimate mechanical properties of the tid48&R was limited, however, for clinical
application because it required a relatidelyg duration acquisitigrdue to the many ARF
pulses and tracking beanTiereforejt was highly susceptible to noise due to motion, etc. As a
solution tothis problem, VisR was created. VisRes only two ARF pulses, and fits the resulting
displacementto the masspringdamper model to estimate tissue elastic andus@roperties.
VisR requires a much shorter acquisition than MSSR, and is therefore less susceptible to motion
artifacts.

VisR was developed by Selzo and Gallippi and was first introdusaag a simplified
method for estimating mechanical properties, in 20J30h The patent for VisR,
US9244041B2was granted to Scola (now Selzo) and Gallippi in 20h originalVisR
method applied a Voigt modg1] to estimate viscoelastic properties of the tissue, but
development of the VisR technique revealed that the Voigt model poorly matched displacement
profile when compared to those acquired in tis$ioeaccommodate this issue, a three
pamameter, masspringdamper (MSD) model replaced the Voigt model and was able to more
accurately match displacement data from real tissue. The MSD performs better for tissue
applications than the Voigt model because the MSD add incorporates a mass elaaees |
with a parallel springlamper system. Thimass ternallows for 1D inertia in displacement

profiles. In its current form, VisR uses an MSD model to fit viscoelastic parameters to
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experimental displacement dafadetailed description of VisR ultsaundin its current forncan
be found iN32]. A brief explanation oV i s Br@rgths and weaknesseswell as its
mathematical descripticsre presented in the coming paragraphs.

VisR was created to allow researchers to be able to estimate both the elastic arsd visco
properties of animand human tissue. Many techniques exist to estimate, either qualitatively or
guantitatively, the elasticity of tissue, but at the time of development, there was no other ARF
based method that could estimate viscosity, without observing shear wave poypadsi
differences between VisR and shear whased techniques will be discussed in later sections of
this document.

The use of VisR for this work was essential, since dystrophic muscle undergoes complex
mechanical changes. By observing only changessoe elasticity, it would be difficult, if not
impossible, to make hypotheses about the underlying composition of dystrophic muscle.
However, by allowing us to estimate viscosity and elasticity in the muscle, angdrioyri
information about the viscogiand elastic of certain tissue types, VisR gives additional
information about tissue composition that fuels our understanding of dystrophic changes in
individual skeletal muscles.

VisR allows us to estimate viscoelastic parameters of skeletal nussctza
combination of standard ARBased method#gain, the interested reader is directefi3®] for
a full description of the methodBriefly, to perform VisR, two ARF excitations are delivered to
the same region of excitation, and displacements induced in the region dfi@xcita
monitored over time (typically-b ms) using conventional-Blode type motion tracking pulses.

Displacements are then measured usingdimensional axial normalized creserrelation[33],
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[34] to yield displacement vs. time profiles that are fit to the solutitheeMSDmodel. The

MSD model is written as:

Q Q, . L
@ 00 1 T58 0O 1 00
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whereuis displacement,i s ti me, ¥ i s the natural freque
constant, an&is the static sensitivity of the system. Tiight hand side of Equation (1) is the
forcing function of the system, whelreis the unit step functionrris the duration of each ARF
excitation, andsis the time between the two ARF pulses.

The solution to (1) iSwhbheae enaterialyndegerdena met er s
The solution can be written in terms of the e

m, and the ARF amplitudd,.
1Nt Inv 2o
a
Equation (2) can be rearranged to form mataitive viscoelastic parameters evaluated
relative to the applied ARF amplitudé, Specifically, VisR Relative Elasticity (RE) is evaluated
as:

P

vo P A
O N o
and VisR Relative Viscosity (RV) as:
+ =
Yo =, =
w3 T

whereA is generdly unknown[35] but is assumed to be constamer a limited spatial

extent.
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The unknown magnitude éfleads to a limitation of VisR in its current form, thag th
parameters of RE and RV are not quantitative outside of a single individual at a single time
point. Ais unknown because its amplitude is determined, to adiictr approximation, by the
speed of sound in the tisswethe tissue attenuatiob, and the acoustic intensitguch that:

¢ O 0

v

w

Of these parameters, we can control the acoustic intehdityt the attenuation and speed of

sound are generally unknown at all points in a given tissue, and thekafogenerally unkman

[36]. This is unknown amplitude is problematic for all compressive AB$ed techniques since
tmakes the inversion of Hook elbtiBe futueework sectiani n d
of the final dissertation document, a method will be presented that shows promise in eliminating
this need to findd, therefore allowing for quantitativevaluaton of elastic and vises

parameters with VisR.

Although VisR is beneficial for estimating viaand elastic properties in tissue, it does
suffer from a few limitations, sonw which have been overcome, and sarherhich remain for
future work.First, there is the issue of complex system inettiartia isthe tendency of a body
with mass to resist any change in its mof{®r]. In the previous VisR descriptig88], inertia
was neglected becausechanical parametengereestimated by fitting displacement profiles to
the Voigt model, a lumped spring and dashpot system that assumes a masslesg§3faterial
However, in reality, all biological tissue has ma$te mass density of most soft tissues is
slightly higher than that of water, typically lying in the range of 1L.@¥ g/cni[40]. In ARF
applications, inertia will manifest as a delay in the time it takes for the material to reach its peak
displacement and an increase in time needed to reptiMerWhen inertial effects are ignored,

these changes in the response of the material will be interpreted as an increase in the viscosity

t
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Axial

Figure 3.1 Example ARF volumetric PSF in 3D. The PSF spans multiple millimeters in all directions. ARF = Acoustic
Radiation Force, PSF = Point Spread Function, Reproduced from Selzo et. al.

and/or a decrease in the stiffness of the matdxaah of which will result irerror in VisR RE
and RV estimates.

If the ARF excitation was an ideal point force, such that only a small focal region caused
inertial effects, a potential solution to accounting for inertia would involve fitting measured
displacements to a lumped parameter MSD model that places a mass term in series with the
Voigt model[42]. VisR performance using the MSD verses the conventional Voigt madgel
compared through finite element method (FEM) modeling of point fimicheced gnamicsin
[32], which showed the MSD fits are more accurate in estimating material properties, when
properly applied.

While an ARF excitation may be modeled as an ideal point force, in reality, ARF
generated by conventional ultrasound transducers is volumetric and spansterfl in axial,
lateral and elevation dimensions, as depictdeigare3.1, from[32] and inFigure3.2 from
Moore, C.J., qualifying reviewThe threedimensional nature of the ARF excitation induces
displacement in tissuextending beyond the tracking focal region, and the complex system

inertia is not accurately accounted for by a single degree of freedom (SDF) model such as the



17

MSD, as demonstrated by Zhao and Pelgig]. The unaccounted complex system inertia
extends the duration of the force experienced at the tracking focus beyond that of the applied

ARF excitation thereby skewing theesults, whicrassume only a point load space.

Correcting VisRoés U overestimation due to
could be achieved by fitting displacements to a multiple degree of freedom (MDF) model, with
associated mathematical complexitiedich is a topic of futte work. Alternatively, Selzo et. al.
and Hossain et. al.showed[B2], [44], respectively, that correction of VisR estimates can be
achieved by either empirical observation, or by reducing the overall volume of the ARF
excitation.

A second source of error WisR calculationss acousic displacement underestimation
[45], [46]. For VisR imaging performed using edanensional linear array transducers,
measured displacemenipfites will be underestimated, with displacements measured shortly
after the ARF excitation more severely underestimated than those measured later after the
excitation. The net impact is that the shape of the acoustically tracked displacement profile is

20

30

Axial (mm)

40

-2 0 2
Lateral (mm)
Figure 3.2 Experimentally observed PSF in the Lateral/Axial plane from a focused linear array transducer with an
elevational lens.
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Figure 3.3 Example axial line from an RE or RV image. Note the paralefidency in the blue data. The orange line sho
the parabolic fit to the blue data. This procedure is repeated across all axial lines in the image, and a mean parabola
computed. The mean parabola is then divided out from all axial lines to norrhalizeage.

distorted in such a manner that falsely reflecehanical propertie#\s is the case for the

volumetric forcing functin, the degree of error in Visgalculations caused by acoustic
displacement underestimation is materially dependent, with stiffer matexjgeriencing less
displacement underestimation and therefore less displacement profile distortion. Again, rather
than relying ora priori material property estimates to attempt to reverse acoustic displacement
underestimationin [32] Selzo et. alempirically determined aeection functionghat were

generated to correct for acoustic displacement underestinzettbmechanical property
simultaneously. However, the empirical solutions for mechanical property correction by Selzo et.
al. were completely dependent on the props of the VisR sequence, including focal depth,

F/#, and duration. Therefore, a different empirical function must be derived for any change in the
listed variables. This is a tir@nsuming limitation oVisR that will be addressed in future

work.
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Figure 3.4 a) Example VisR image before depth normalization. Note the gradient in the VisR parameter, wh
value tends upwards away from the center of the image. b) The same image #fteodeplization has been

applied. VisR = Viscoelastic Response Imaging.

Thelimitations listed above have not been fully addressed to date, however, issues of
focal depth, and error in the natural frequency of the MSD model have been addressed and are
currently implemented in the VisR processing routine. Previous demonstratidisRdfiave
focused on accurately representing tissue mechanical properties at the ARF focal depth.
However, when making an image of VisR RE or RV, without any compensation for depth, there
is a notable gradienalong the axial dimensiom the mechanicgdroperty that trends with
depth. This is demonstratedthre example axial line shown kigure3.3. To compensate for
this depth dependence, depth dependent normalization, similar to what was performed by
Nightingale et. al. if47] for ARFI imaging, was applied. In oapproacha parabolic fit was
applied to each axial line of a VisR RE or RV image. The mean value of all of these parabolas
was compute, and the resultant parabola was divided out along depth for each line. This has the
effect of flattening out any depth dependence in the VisR image, and increases contrast of true
mechanical difference in an imagdter the image is flattened, the medigalue from and ROI,
1mm in axial dimension and the full width of the image¢he focal depthis multiplied as a

scalar to the entire image, so that the scale of the original image is preserved for future
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processing. A resulting example imdgem befoe (Panel (a)) andfter (Panel (b)Xhis process

is shown inFigure3.4.

Finally, Hossain et. al., 2017, showed that VisR RV values, without correction, had a
nonlinear relationship with true matenascaus modulus. Our grougherefore proposed a
correction of the RV values by simulatingsing finite element simulatio48], the VisR beam
sequence with known parameters, and using the material natural frequetecgprrect RV
values to the alidated simulations. For more details on how this correction is applied to VisR
data, the reader is directed[4®]. Briefly,i t was observed that ¥ is |
materi al RV across a range of known viscositi
given VisR sequence, RV can be corrected to a linear relationship with true viscosity by the
following formula

Yo  Y® 0] ] 0
WhereR V6 the corrected RV value, RV is the experimental RV value from the MSD model fit,

b, is the slope of the linear relationship between viscosity and natural frequeisdje
experimental natural frequentipym the MSD model fit, and is the reference natural

frequency from the simulation.
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In summary, the VisR pogirocessing sequence is included in flolart form for clarity

in the steps that occur, and in what ordeFigure3.5. Also included irFigure3.5, is an
example of the final VisR processing step before display, which is the application of a spatial

median filter with dimension of 1 nfm

Raw

Axial (mm)
3

Normalized VisR Parameter

| e
Apply RV Natural -10 0 10
Frequency Lateral (mm)
Correction Filtered

Raw RE and RV
Data
[

| |
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Images with B- RE RV — &
Mode Guidance E g:-
| / | 3 rE

7 T é 8

;t‘;fet.forl Apply RE Median Apply RV Median 053
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Comparisons 2

10 0 10
Lateral (mm)
Figure 3.5 Flow chart of the VisR image peptocessing steps. On the right are example images of raw and median filt
VisR paranetric images.

As noted before, one of the most important benefitgisR is its ability to estimate not
only elastic, but also vises properties of tissue. This ability will be exploited throughout the
remaining chapters of this work. In addition to viscosity, however, using VisR we can also
investigate another, relatiyeunexplored biomarker for DMD, the degree of mechanical

anisotropy in healthy vs dystrophic skeletal muscle.
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CHAPTER 4. Estimating Mechanical Anisotropy

4.1 Using VisR Anisotropy as a Biomarker

Ultrasound elastography has been used for characterizing the ncatipaoperties of
tissue for decades. During the development of the elastography techniques, researchers have
been progressively relaxing assumptions about biological tissue, in order to make more robust
measurements of intrinsic material properties. Bipally, by relaxing the assumptions of a
purely elastic and isotropic medium, investigators have shown that more precise estimates of
viscoelastic moduli can be made in complex tissue such as skeletal muscle. Muscle is a complex
medium for elastographtechniques because the muscle fibers are viscoelastic and they are
anisotropid32], [50]i [57], meaning their mechanical properties viaaged on direction. To
improve measurements of viscoelasticity in complex media, such as muscle, elastbaisgthy
techniques must account for the directionality of material properties, known as mechanical
anisotropy. Although anisotropy can be a confitemn imaging mechanical properties, it has
also been shown to be diagnostically relevant as a biomarker of some malignancies, such as
breast cancgb8]i [61] and prostate cancfg2], [63], and is likely relevant to DMDFor this
reason, the aim dhis chapter is to demonstrate thethods folassessinthe degree of
anisotropy (DoA) in tissue, using acoustisR and ARFbased techniqueh this chapterwe
hypothesiz@oint assessmentd the degree of mechanical anisotropy in tissue can be rendered
using the ratiod/isRrelative elasticity and relative viscosity, acquired using two orthogonal

transducer orientations.



23

4.2. Assessing Mechanical Anisotropyn Muscle using Viscoelastic Response (VisR)
Ultrasound

The mechanical properties of skeletal muscle can be described as transversely isotropic
(T [50], [57], [64]i [67], meaning that the mechanical properties are consistent within but differ
between planes oriented parallel and perpendicular to an axis of symmetry TheS)
directional differences in mechanical property are interrogated in VisR ultrasound by using a
spatially asymmetric ARF excitation impulse. Hossain ef68].demonstrate silico that
when the long axis of a spatially asymmetric AR¥nt spread functio(PSH is oriented along
the AoS, thenduced displacements primarily reflect the transverse shear elastic modulus.
Further, when the long axis of a spatially asymmetric AfSfFis oriented across the AoS, the
induced displacements predominantly represent the longitudinal shear elastiasndduahlly,
the ratio of displacements achieved with the long axis of the spatially asymmetrie 2 RF
aligned along versus across the AoS reflect the degree of elastic ani$68ppy

In the context of VisR imaging, RE and RV measures obtained using spatially
asymmetric ARF SFPs with long axes atexd along the AoS reflect transverse shear elastic and
viscous moduli, respectively. Similarly, VisR RE and RV measures made with spatially
asymmetric ARF SFPs with long axes directed across the AoS reflect longitudinal shear elastic
and viscous modulFinally, by Equations 3 and 4, the ratios of transverse to longitudinal RE and
RV measures reflect the ratios of transverse to longitudinal elastic and viscous moduli,
respectively, provided that the ARF amplitu8eremains constant for both orientatiaighe
spatially asymmetric ARPSE

4, YO A
A 'Y'Ol A X

and



24
Yo -
Yo -

where subscriptsand| represent the transverse and longitudinal directions, respectively.
From here forth, we will refer to the elastic ansicous moduli oriented parallel to the AoS as
the Al ongitudinal 6 moduli and the elastic and
as the Atransverseo modul i

In assessing anisotropyrst the ultrasound transducer is positioned on the tisswkethe
approximate AoS of the tissue is determined by maximizing the brightness of the fibers while
making small rotations to the ultrasound transdu&dt.and RV DoA ratios are calculated using
(7-8) by first acquiring a VisR sequence in the preseieintation, and then rotating the
transducer 90 degrees about its center (about the cable axis). These orthogonal acquisitions are
recordedn regiors of interest (ROIs) positioned laterally in the center of the imaging field of
view and axially at the fotaepthof interest. The ROIs generally spamm laterally and 2Znm
axially in this work The position and lateral size of the R@tschosen to encompass the
region of muscle overlapped in cressctional and longitudinal muscle views, as determined by
the elevational extent of the ARFSF(Figure4.1). Note fromFigure4.1 that the lateral aperture
is translated to span a lateral range that matches the elevational exteiR ®Ftehe focal
depth,such that the same volume of tissue is interrogated in bothsgosenal and longitudinal
muscle views. For the VF3 (Siemens Healthcare, Ultrasound Business Unit, Issaquah, WA,
USA), which is the primary transducer used throughout this Wekeleational extent of the
PSFis ~2 mm; therefore, the lateral aperture is translated over 2 mm, as demonstrated by the
multiple lateral apertures (labeleeB) in Figure4.1. The axial size of the ROis chosen to

encompass a regiof consistent degree of spatial asymmetry in the |lagdeahtional ARF

PSF which varied over axial range due to electronic and geometric focusing.
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Figure 4.1 Panel a) Shows the first orientation of the XDC for DoA assessment. Panel b) shows the orthogonal positi
the XDC after rotation. Panel ¢) shows the overlap of the two atiens, and the subscripts 1,2,3 represent multiple late
apertures in position a that fit within orientation b. The yellow box in Panel c) is the ROI where estimates of DoA are
captured. XDC = Transducer, DoA = Degree of Asymmetry.

Although this concept will & covered more thoroughly Appendix Aof this document,
itisimportant o under stand how t he nfRSaradetermimedc r egi 01
before imaging. We accomplished this by evaluating the dimensions of th® 8RF silico
using Field 1l[69] simulations To estinate degree of spatial asymmetry in the simulated ARF
lateratelevational SFPs, an ellipse was fit to BfeFisobaric-6 dB contour, and the ratio of the
elevational to lateral extent of the ellipse wakculated to determine the asymmetry of RS-
at each axial depth

Using these techniques, both point estimates, as well as full images can be created of
DoA in tissue.These methods for assessing anisotropy using VisR will be applied in both the

pre-clinical and clinicaltrials, whichwill be presenteddter in this document.



26
CHAPTER 5: VisR in the Golden Retriever Muscular Dystrophy Model

5.1 Introduction
5.1.1 Golden Retriever Muscular Dystrophy

The MDX mousg70] and theGolden Retriever muscular dystrophy (GRMianine are
the two popular animahodels of DMD[71]. Although the MDX remains an important animal
modelfor DMD-based studies, for our work with imaging, the large animal model, which has
been shown to be a better predictor of DMD outcofvi2g was chosen.

The GRMD dog undergoes progressive muscle degeneration, and although the age can
vary, GRMD is ultimately fatdl71]. The GRMD phenotype is similén that observed in DMD,
with inflammation of the cell, myofiber degengoa, necrosis, and infiltration of fat and
fibrosis. Like boys, severity of involvement varies for certain muscle groups, however, the
muscle groups are not necessarily the same between GRMD and 31D
5.1.2 Study Rationale

In this chapter, we will present a study that was designed to test VisR imaging and its
potential to mterrogate the structure and composition of dystrophic skeletal muscle,
longitudinallyas the disease progresses. The study was performed in the GRMD model to allow
for additional imaging, vidMRI. Additionally, the GRMD model afforded the opportunity for
surgicalbiopsy andbr necropsy of the dystrophic muscle, and the related histological validation
of tissue composition.

Our hypotheses for this work were thifeéd. We hypothesize that:

1) Texturefeatures from VisR images differentiate healthy and disezs@de skeletal

muscles, both at one time point, and through time with disease progression.
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2) VisRbased texture features will perform comparably to MBR$ed texture features
for separating control from dystrophic muscle.

3) Mechanical anisotropy, as estinagtby Viscoelastic Response (VisR) ultrasound, will
be higher and associated with histological differences in GRMD versus control
muscle.

For more information on anisotropy and its applications to imaging, the interested reader is
directed to the detailediscussion, presented in Appendix A.
5.2 Methods
5.2.1 Animal Care and Use Statement

This study used the GRMD canine model of muscular dystragte/Institutional
Animal Care and Use Committee (IACUC) of the University of North Carolina at Chapel Hill
approved all procedure¥he animals were bred, reared, housed, and -tardxy the veterinary
team in the department of veterinary and integrative biosciences at Texas A&M University.
During standard imaging procedurésth VisR and MRIdogs were sedaté\cepromazine at
0.02 mg/kg, Butorphanol at 0.4 mg/kg and Atropine at 0.04 migkgduce motion. In imaging
studies where needle guided biopsy would be performed, dogs were placed under general
anesthesia, usirgpvoflurane gasunder the supervisiorf a veterinarian.
5.2.2 VisR Imaging

VisR imaging, as described in Chapter 3, was implementedsignzens Acuson Antares
ultrasound scannersinga VF 73 linear array transducer (Siemens Healthcare, Ultrasound
Business Unit, Issaquah, WA, USA) customVisR beam sequence wapsogrammed and
implement on the scannersing the system parameters reporte@iahle5.1. The focal depth

was adaptively set near the bottom of the muscle of interest in the center of the imaging frame
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Table 5.1 VisR imaging parameters used for GRMD canine muscle imaging.

Parameter Value

Transducer Siemens VF3 linear array
Bandwidth 53%

Lens focal depth 37.5 mm

ARF Excitation center frequency 4.21 MHz

ARF Lateral F/# 1.5

ARF Elevation F/# 5.0

ARF Duration fkp 70 us

Time between ARF Excitations | 0.4 ms

Tracking Frequency 6.15 MHz

gpatially asymmetric ARF, with a larger elevational than lateral aspect at the focal depth, was
delivered to the muscle with the long axis of the ARF oriented first along and then across the
long axis of the muscle fibers. Muscle fiber orientation was ssdassing BMode guidance by
a trained sonogr ap h eThe senogrdphelviould/appdyulsaS8onie x per i en
coupling gel to the dogs freshly shaved ldgpenshemanually aligned the ultrasound probe
across muscle fibers in the center of the neungthwise, and VisR data were collected. Then,
the sonographer manually rotated the ultrasound probe about its center axis to be positioned
along the muscle fibers, and VisR data were again collected.

For both transducer positions, VisR beam seguegnesas as follows. First, a
conventional BMode image was acquired with lateral beam spacing of 0.17 mm spanning 40
mm laterally. Then, ensembles of two 70 us ARF pushes, separated in time by four tracking
beams. Immediately following the second ARF pdghadditional tracking beams were
acquired. This ensemble was delivered in 40 lateral positions spaced 0.5 mm apart spanning 20
mm and centered in theode imaging frame. The VisR sequence was acquired using wiper
blading to reduce likelihood of locatsue heating from the excitations and tracking pulses.

Radi o frequency data from the tracking pul ses
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subsequently transferred to a PC for gmsicessing. The beam parameters of the ARF push and
tracking pulses amneported inTable5.1.

VisR RE and RV were computed by first estimating tidependent tissue displacement
from the acquired raw RF data using a@hmensional axial normalized creserrelation with a
kernel si ze eife of®.&mm38]d[34hThe resalting displacement versus time
profiles from each pixel within the 2D VisR imagifigld of view were then fit to the MSD
model described in (2) using a custom C++ implementation of the Neliead[74]
minimization algorithm. The resulting fits were used to estimate RE and RV, as described in
Equations (34). Parametric VisR RE and RV images were rendered, and the RF or GM muscle
in each image was manually segmented usingdile guidance, for visual review of VisR
outcomes. Finallyin the case of anisotropy assessmBlt and R\tatios were calculated using
(7-8) in regions of interest (ROIs) positioned laterally in the center ahtaging field of view
and axially at the focal deptfihe ROIs for anisotropy imaging were 2 gabout the focus. For
texture feature analysis, which will be described in the following paragraphs, the entire muscle
was used as the ROI.

The extent to whiclARF PSFspatial asymmetry varied over depth was evaluiated
silico using Field 11[69] simulations of ARF excitations generated using the system parameters
described inrable5.1 in simulated tissue with attenuation of 1.0 dB/cm/MHz. To estimate
degree of spatial asymmetry in the simulated ARF latdealational SFPs, an ellipse was fit to
thePSFisobaric-6 dB contour, and the ratio of the elevational to lateral extent oflthsesivas

evaluated
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5.2.3 Subjects

This study consisted of five litters of four dogs. In each litter, there were two dogs with
GRMD, and the other two were either GRMD rexpressing carriers, or GRMbegative
controls.Sex of the dog was not contrallén this study. Each litter of dogs was imaged with
VisR approximately five times over the course of one year, at the ages of 3, 4.5, 6, 9, and 12
months. Emphasis on imaging frequency was weighted toward the first half of the year to
increase granularitguring the time of rapid growth in the ddd$]. Additionally, the first half
of the year is more similar to the human growth pattern during thie@neyears, which was the

approximate age groups of the subjects in our concurrent clinical trial.
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5.2.4 Muscle Groups

Four uppethind-limb muscles were imaged in each dog, in either one or both legs,
depending on age. Four muscles were imaged in order to capture a range of phenotypic
involvement, with various degrees of inflammation, necrosis,dibrand fat expected in each
muscle.The rectus femoris (RF), vastus lateralis (VL), cranial sartorius (CS), and
semitendinosus (ST) muscles were imaged in this skigyre5.1 shows the locations of these

muscles in the leg, drtheir approximate relation to one another.

Cranial Sartorius

Vastus Lateralis Rectus Femoris

Semitendinosus

Figure 5.1 Diagram of the canine uppéind-limb. The RF, VL, VS and ST muscles, iwh were imaged in this study, are
called out with arrows.
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5.2.5 Texture Analysis

To analyze the spatial distribution of RE and RV values in the VisR images, texture
analysis was applied to the images. Texture analysis was also applied to T2 MRI images
acquired inthe same muscles as those listed above. The basis for the texture analysis is the
application of the grajevel runlength matrix (GLRLM) to the image daf@5]. The textural
analysis applied to both the VisR and MRI data in this work are an extengics] ahd more
recently[18], [76], which uses an omnidirectional GLRLM to compute 2D or 3D texture features
from image data. The custom GLRLM code used for this project was developed by the Neuro
Image Research and Analysis Laboratory (AlliRat the University of North Carolina at Chapel
Hill. The software is open source and freely available on Github at
https://github.com/NIRALUser/niral_utilities/

The GLRLM allows for the computation of multiple texture features that are useful in
detemining image parameters. For a complete description of these parameters, the interested
reader is directed §@7], or for a basioverview of texture feature analysis[@®]. Briefly, the
parameters ahterest in this stdy, and their simple description, are as follows:

1) Long Run Emphasis or Long Run Index (LRI)

a. The larger the value for LRI, the more relatively large homogeneous regions are
present in the image.

2) Short Run Emphasis or Small Lesion Index (SLI)

a. The larger tk value for SRI, the more relatively small homogenous regions are
present in the image.

3) Entropy
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a. The larger the value of entropy, the larger the range of values present in the
image.
4) Run Length NorJniformity or Heterogeneity Index (HI)
a. The larger the valuef HI, the higher the variability in size of homogeneous
regions present in the image.

These parameters are used and applied identically to both VisR RE/RV parametric images and
T2 weighted MRI images. It is important to note, however, that since thesegiars are
relative to pixel dimension, the range of values for VisR vs MRI images will differ, since the
dimension of the pixels differ between the two modalities.
5.2.6 Statistical Analysis

Statistical analysis of texture feature data was performdxbthnVisR and MRbased
data. Wilcoxon rank sum tests were used to test the null hypothesis of identical means between
control and dystrophic groups, as well as through time within groups. In addition, mixed model,
and Pearsonds | i nferrmed onrloagitudiead datia to test thevnellk hgpotipesis
of no change in median texture feature value through time. p values of <0.05 were considered
significantly different throughout this work, unless otherwise noted.
5.2.7. Magnetic Resonance Imaging

Due to the extreme cost of MRI, dogs were only imaged twice, at 6 and 12 months during
the longitudinal studyTwo sequences, both T2 weighted (T2), and T2 weighted, fat suppressed
(T2FS) both with 1 mrhvoxels, were acquired in quick succession to mairdairegistration.
Immediately following imaging, data were transferred to a PACS system, and the subsequently
transferred to an Ubuntu based PC for texture feature analysis. In order to separate the muscle

data within the MR image, each T2/T2FS pair wasumidy segmented into the four muscles
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groupsby the author. A segmentation was done in all three orthogonal dimensions at every third
slice and then interpolated using FTINAP[78], following the methods presented[#¥]. The

custom NIRAL texture feature analysis uses the interpolated muscle maps to determine texture
features on a panuscle basis.

In parallel to the automatedqressing applied to the MR data, a radiologist with over 15
yearso experience was tasked with reading the
inflammation, necrosis, fibrosis and fat in the images. The reader was asked to rank any
identified features on scale of 64, from ranging from mild to severe, based on the following,
established scalesed in26], [79]:

Stage 0: Normal appearance

Stage 1: Scattered small areas of incregsesence

Stage 2: Numerous discrete areas of increpsesknce

Stage 3: Washedut appearance due to confluent areas incrgassegnceavith muscle

still present at the periphery

Stag 4: Endstage appearance, muscle entirely replaced by areas of incpeesewlce.

5.2.8 Biopsy and Necropsy

At 6 months of age, all dogs enrolled in the study were biopsied all four muscles of
interest, in one leg, within two hours of VisR imaging. &trhionths of age, control and carrier
dogs were again biopsied, this time in the other leg. Affected dogs were sacrificed at 12 months
and full muscle necropsy was performed. All biopsies and necropsies were performed by one
experience veterinariakor bigsy, the veterinarian was guided to the biopsy location via an
injection site marked with methylene blue. The methylene blue injection was performed by a

veterinarian, with ultrasound guidance to ensure exact spatial match to the VisR acgaisition.
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Figure 5.2 Panel a) shows the imaging of the ST muscle on the upper hind limb of a GRMD canine. The syringe in th
image is filled with methylenblue, which will stain the muscle, allowing the veterinarian to extract to Visiegistered
portion of the muscle during surgical biopsy. Panel b) shows that the tip of the needle is placed at the edge of the XI
slight angle toward the XDC. Thidl@aws the needle to be viewed by the sonographer on the ultrasound scanner screel
c¢) shows the four marked biopsy sites that have also been marked with permanent marker on the skin to guide the s
during biopsy. ST = Semitendinosus, GRMD = GuidRetriever Muscular Dystrophy, VisR = Viscoelastic Response, XI
= Transducer.

imageshowing how the transducer is placed during biopsy marking is shawgure5.2 panel
a, and an image of the procedure taken closer to the probe in paftelrithe injection, the
injection site is marked with permanent marko assure the operating veterinarian of the
entrance sitas shown in panel ¢ &igure5.2. Immediately following removal of the tissue
during biopsy or necropsy, the muscle samples were placed into a buffered formalim$olutio
fix for at least one week, before histological processing.
5.2.9 Histological Processing

Once the muscle samples were fully fixed, they were removed from formalin and
transferred to paraffin blocks to be serially sectioned and stained. All sampéestaiaed with
a hematoxylin and eos{iM&E)st ai n for structural analysis, a
stain for to identify areas of collagen/fibrosdl histologicd processing, embedding, and
stainingwas completed bghe animal histopathologyce at the University of North Carolina at

Chapel Hill.
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After histological processing, all of the procesdeahsverse sections of mustiksue
were transferred to glass slides which were subsequently read and graded by an experienced
veterinary patholpi st wi th over 16 yearsd experience.
percentage of tissue on the slide that waspmsed of inflamed muscle cell and
necrotic/degenerating cellEhese percentages were binned as follows: <1¥)%, 1120%,
21-30%, 3-40%, 4150% and >50%The reader also assigned a severity score to lipid content,
and collagen/fibrosis, which ranged from none (0), mild (1) to severe infiltratiomh{i).
scoring scheme was chosen as an adaptation of that prop$26f to alow for generalization
to all four parameters of interest in this stulayall cases, the reader was blinded to the
phenotype of each dog.

In reading the images, the reader observed that in the case where the methylene blue dye

was injected, and the dyeas present in the section, an inflammatory response to the dye was

Figure 5.3 Example H&E stain showing an artifact of inflammatory response to the methylene blue dye, which was u:
markthe biopsy site. The area between the two black dashed lines was excluded from analysis in this example. H&E
Hematoxylin and Eosin.

sometimes observed. In these cases, the linear needle track and adjacent tissue was excluded
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since the inflammation from the dye could skew observatdngxample of this needle artifac
is presented ifigure5.3.
5.3 Results
5.3.1 VisR RE and RV Parametric Images

In some cases, the raw parametric VisR RE and RV images of control and dystrophic
muscle showed marked and clear differences as a function ofitiffigure5.4, an example
time course of RE images is shown for one control and one affected canine. In the bottom panel,
the median and median absolute deviation of the RE parameter are plotted as a function of time.
In this example, we can see that the control has a relatively stable and homogeneous RE
distribution in the CS muscle over the year, but the dystrophic muscle becomes more

heterogeneous, and relatively stiffer through time.

Control

400

3 Months

4.5 Months

6 Months 9 Months 12 Months

300
E
200 S

w
100 &

-15 -10 -5 0 g — — 1 -15 -10 -5 o 5 10 15
Lateral (mm) 0 - 0 N o a5 0 s o 5 10 Lateral (mm)
Lateral (mm) Lateral (mm)

GRMD 9 Months

3 Months 4.5 Months

-5 0
Lateral (mm)

-0 -Control
-0 -GRMD

3 4 5 6 7 8
Age (Months)

Figure 5.4 The top row is a time course of images from a control @Scie. The second row is similar for a GRMD CS
muscle. The bottom panel shows the median and median absolute deviation of VisR RE values plotted as a function
for control (blue) and GRMD (orange). CS = Cranial Sartorius, GRMD = Golden RetrieveulsiuBystrophy, VisR =
Viscoelastic Response, RE = Relative Elasticity.
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In some cases, however, the differenaesnat as clear or simplEigure5.5 shows a

sample time course for the RF muscle of a control and a dystrophic ddateeat 3 and 4.5
months, the muscles of the control and dystrophic dog have a similar appearance. & 6, and
months, however, the muscles diverge, with the dystrophic RF again becoming heterogeneous
and stiffer, while the control remains generally unchanged from thexdnbh acquisition. At 12
months, seem to regain the similarity that was observed at 3&ntb#ths, at least in terms of
median value. For this reason, it was also necessary to assess the texture of the images, which
accounts for not only the absolute value of the RE or RV parametric image, but also the spatial
information that may contain ciéal differences in the control and dystrophic muscle.
5.32. Texture Featuresi Cross Sectional Comparison

Example texturdeatureplots, showras a function of timgor the RF, VL, CS and ST
musclesandcomputed using RE images, are showRigure5.6. The asterisk demarks time
points at which the control and GRMD groups differed significantly. For brevity, only entropy

and HI are shown iigure5.6. However, comprehensil@tweergroup comparisonare

Control

3 Months

6 Months

9 Months
4.5 Months .

12 Months
P

Axial (mm)
RE (1/mm)

-15 -10 -5 0 5
Lateral (mm)

5

10 -
Lateral (mm)

-0 5 0 5 10

Lateral (mm) Lateral (mm) Lateral (mm)

GRMD

3 Months

9 Months
4.5 Months 6 Months e

Axial (mm)
RE (1/mm)

Lateral (mm) Lateral (mm) 15 10 5

Lateral (mm)

Lateral (mm)

Lateral (mm)

Figure 5.5 Example time course of images from a control (top row) and dystrophic (bottom row) RF muscle. RF = Re
Femoris.
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Table 5.3 Betweengroup p values from Wilcoxon rank sum between control and GRMD texture features as a functior
time point. VisR p values derived from transverse images RF = Rectus Femoris, VL = Vastuss| &8ralCranial
Sartorius, ST = Semitendinosus, LRE = Long Run Emphasis, SRE = Short Run Emphasis, GLN = Gray Level Non
uniformity, RLN = RunLength Nonruniformity.

RF LRE RE LRE RV LRE MRI|SRE RE SRE RV SRE MRIEntropy REEntropy RV Entropy MRI|GLN RE GLN RV GLN MRIRLN RE RLN RV RLN MRI
3 mo 0.531 0.339 0.277 0.249 0.410 0.410 0.575 0.531 0.668 0.869
4.5 mo 0.878 0.161 0.959 0.130 0.798 0.798 0.721 0.574 0.959 0.442
6 mo 0.095 0.529 0.009 0.198 0.763  0.00Q 0.095 0.040 0.152 0.040 0.106 0.034 0.023 0.046 0.109
9 mo 0.589 0.065 0.240 0.041 0.015 0.485 0.026 0.093 0.009 0.180
12 mo 0.049 0.243 0.006 0.117 0.263  0.00Q 0.003 0.715 0.330 0.000 0.991 0.51Q 0.013 0.897 0.356
VL LRE RE LRE RV LRE MRI|SRE RE SRE RV SRE MRIEntropy REEntropy RV Entropy MRI|GLN RE GLN RV GLN MRIRLN RE RLN RV RLN MRI
3 mo 0.275 0.073 0.130 0.084 0.379 0.460 0.379 0.418 0.307 0.418
4.5 mo 1.000 0.485 0.937 0.394 0.589 1.000 0.310 0.818 0.394 0.699
6 mo 0.613 0.613 0.00q 0.694 0.121  0.009 0.397 0.232 0.004 0.463 0.463 0.00]l 0.281 0.694 0.00q
9 mo 0.004 0.177 0.247 0.082 0.177 0.931 0.052 0.662 0.247 0.329
12 mo 0.452 0.254  0.001] 0.680 0.645  0.002 0.035 0.320 0.230 0.021 0.396 0.15. 0.024  0.275 0.208
Cs LRE RE LRE RV LRE MRI|SRE RE SRE RV SRE MRIEntropy REEntropy RV Entropy MRI|GLN RE GLN RV GLN MRIRLN RE RLN RV RLN MRI
3 mo 0.543 0.460 1.000 1.000 0.323 0.307 0.939 0.647 0.543 0.275
4.5 mo 0.945 0.366 0.295 0.628 0.445 0.234 0.445 0.295 1.000 0.731
6 mo 0.142 0.950 0.009 0.059 0.491  0.013 0.228 0.414 0.026 0.755 0.228 0.0lﬂ 0.950 0.662 0.01%
9 mo 0.485 0.937 0.589 0.937 0.698 0.699 0.485 0.589 0.818 1.000
12 mo 0.700 0.487 0.002 0.227 0.554  0.003 0.085 0.857 0.394 0.054 0.857 0.162 0.341 0.817 0.032
ST LRE RE LRE RV LRE MRI|SRE RE SRE RV SRE MRIEntropy REEntropy RV Entropy MRI|GLN RE GLN RV GLN MRIRLN RE RLN RV RLN MRI
3 mo 0.218 0.916 0.379 0.418 0.460 0.916 0.418 0.916 0.307 1.000
4.5 mo 0.534 0.836 0.534 0.945 0.445 0.181 0.366 0.138 0.445 0.234
6 mo 1.000 0.281 0.003 0.613 0.613  0.00Q 0.121 0.336 0.044 0.094 0.232 0.00d 0.040  0.152 0.009
9 mo 0.945 0.945 0.731 0.945 0.945 0.138 0.836 0.181 0.731 0.181
12 mo 0.165 0.463 0.00q 0.149 0.430  0.009 0.036 0.369 0.011 0.165 0.341 0.00: 0.004  0.399 0.00%

presented itable form inandTable5.2. In Table5.2, p values of between group differences are

reported foimages acquired in the transverse orientationboth RE and RV parametric

images, and foBD MRI imagesTable5.3 is organized identically tdable5.2, with the data

Table 5.2 Between-group p values from Wilcoxon rank sum between control and GRMD texture features as a functior
time point. VisR p values derived from alefiger images RF = Rectus Femoris, VL = Vastus Lateralis, CS = Cranial
Sartorius, ST = Semitendinosus, LRE = gdRun Emphasis, SRE = Short Run Emphasis, GLN = Gray Level Non
uniformity, RLN = RunLength Nonuniformity.

RF LRE RE LRE RV LRE MRI|SRE RE SRE RV SRE MRIEntropy RE Entropy RV Entropy MRI |[GLN RE GLN RV GLN MRIRLN RE RLN RV RLN MRI
3 mo 0.497 0.165 0.430 0.149 0.289 0.135 0.399 0.201 0.369 0.087
4.5 mo 0.505 0.279 0.574 0.328 0.959 1.000 0.878 0.798 0.878 1.000
6 mo 0.583 0.544 0.00d 0.175 0.544 0.004 0.665 0.100 0.152 0.840 0.112 0.03q 0.751 0.141 0.109
9 mo 0.366 0.181 0.181 0.138 0.731 0.731 0.628 0.628 0.534 0.628
12 mo 0.507 0.709 0.00 0.678 0.619 0.009 0.281 0.106 0.330 0.281 0.056 0.51Q 0.229 0.407 0.356
VL LRE RE LRE RV LRE MRI|SRE RE SRE RV SRE MRIEntropy RE Entropy RV Entropy MRI |GLN RE GLN RV GLN MRIRLN RE RLN RV RLN MRI
3 mo 0.677 0.890 0.454 0.978 0.488 0.421 0.637 0.421 0.760 0.560
4.5 mo 0.589 0.589 0.937 0.937 0.180 0.065 0.180 0.041 0.180 0.065
6 mo 0.463 0.694 0.009 0.536 0.779 0.004 1.000 0.867 0.004 0.955 1.000 0.00% 0.867 0.779 0.000
9 mo 0.019 0.610 0.038 0.610 0.610 0.914 0.914 0.914 0.610 0.762
12 mo 0.542 0.788 0.001 0.542 0.575 0.007 0.393 0.864 0.230 0.272 0.751 0.151 0.317 0.981 0.208
Cs LRE RE LRE RV LRE MRI|SRE RE SRE RV SRE MRIEntropy RE Entropy RV Entropy MRI [GLN RE GLN RV GLN MRIRLN RE RLN RV RLN MRI
3 mo 0.224 0.004 0.403 0.048 0.012 0.023 0.040 0.149 0.019 0.028
4.5 mo 0.035 1.000 0.101 0.445 1.000 0.366 0.731 0.295 0.731 0.628
6 mo 0.442 0.161 o.ooq 0.328 0.050 0.013 0.130 0.015 0.024 0.028 0.021 0.017 0.328 0.038 0.011
9 mo 0.485 0.699 0.589 0.485 0.132 0.015 0.132 0.041 0.180 0.015
12 mo 0.186 1.000 0.00: 0.473 0.678 0.003 0.273 0.004 0.394 0.345 0.011 0.162 0.212 0.005 0.032
ST LRE RE LRE RV LRE MRI|SRE RE SRE RV SRE MRIEntropy RE Entropy RV Entropy MRI |[GLN RE GLN RV GLN MRIRLN RE RLN RV RLN MRI
3 mo 0.791 0.910 0.678 0.970 0.140 1.000 0.273 0.571 0.140 0.850
4.5 mo 0.240 0.937 0.394 0.937 0.818 0.485 0.589 0.589 0.394 0.310
6 mo 0.161 0.721 0.001 0.574 0.959 0.00q 0.195 0.130 0.044 0.382 0.130 0.006 0.130 0.279 0.009
9 mo 0.310 0.310 0.589 0.310 0.310 0.310 0.240 0.589 0.394 0.180
12 mo 0.410 0.373 0.00 0.106 0.373 0.009 0.011 0.081 0.011 0.016 0.023 0.002 0.038 0.307 0.001
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Figure 5.6 Plots of entropy (left column) and HI (right column) fronetRF (ab), VL (c-d), CS (ef) and ST (gh) muscle,

vs time. These texture features were derived from the VisR RE parametric image. The black asterisk denotes signific
differences between control (red) and GRMD (blue) groups. HI = Heterogeneity RielexRectus Femoris, VL = Vastus
Lateralis, CS = Cranial Sartorius, ST = Semitendinosus, VisR = Viscoelastic Response, RE = Relative Elasticity, GR

Golden Retriever Muscular Dystrophy.

reported in tabld able5.3 being derived from images acquired in the along fiber orientation.

Valuesof p < 0.1 are highlighted in yellow, andlues ofp < 0.05 are highlighted in rédr both

tables



41

Table5.4 shows the result of fitting each VisR and MRI texture feature to both a linear
and quadratic model, and then testingribk hypothesis that the result of model is equal to a
line with zero slopeThe p values shown in the table test if the wiipioup change over time is
statistically significantTable5.4 presents data from both transverse, dodgfiber RE and RV
imagesValues shown as NaN represent model-nonvergence, meaning the fit to the linear or
guadratic model was too poor to converge ongossiblesolution, and thereby, p value.
5.3.3 Texture Featuresi Longitudinal Comparison

In this section, analysis of within group change on a time point by time point basis will be
presented. In order to show significance for each group, muscle, and texture feature, symmetric
5x5 heatmaps are used to show significant difference (in red) aikon the p value from the
Wilcoxon testFigure5.7 shows the within group significant changes for control and dystrophic
RF, VL, CS and ST. The control and GRMD figures are grouped with the control groups in the
odd numbered ms and the GRMD in the even numbered rowds:igure5.7, texture features
are derived from VisR RE images.

Table 5.4 p-valuesfrom linear and quadratic fits of texture features through time. p values signify if the slope of the m«
fit is significantly different from zero. NaN values represent-nonvergent model fits. Upper section derived from
transverse images and lowecten from alongfiber images.

Transverse

SRERE SRERV SREMRILRERE LRERV LREMRIRLNRE RLNRV RLN MRIGLN RE GLN RV GLN MRI Entropy REEntropy RVEntropy MRI

RF Linear 0.05 0.8 0.2 0.3NaN 0.2 0.09 0.5 0.2 0.4 0.4 0.07 0.7 NaN 0.2
RF Quad 0.04 0.9NaN 0.2NaN NaN 0.6 0.5NaN 0.09 0.6 NaN 0.3NaN NaN
VL Linear 0.6 0.3 0.9 0.8 0.4 0.9 0.4 0.5 0.4 0.6 0.6 0.6 0.9 0.5 0.4
VL Quad 0.6 0.6 NaN 0.8 0.7 NaN 1 0.7 NaN 0.8 0.4 NaN 0.5 0.7 NaN
CS Linear 0.2 0.8 0.4 0.2 0.2 0.4 0.9 NaN 0.9 0.7 NaN 0.7 0.1NaN 0.2
CS Quad 0.4 0.9 NaN 0.4 0.3NaN 0.7 NaN NaN 0.4 NaN NaN 0.2NaN NaN
ST Linear 0.8 1 0.05 0.6 0.09 0.05 0.7 0.2 0.4 0.8 0.8 0.3 0.3 0.6 0.2
ST Quad 0.6 0.8 NaN 0.3 0.09NaN 0.3 0.2 NaN 0.5 0.8 NaN 0.6 0.6 NaN
Along Fibers

SRERE SRERV SREMRILRERE LRERV LREMRIRLNRE RLNRV RLN MRIGLNRE GLN RV GLN MRI Entropy REEntropy RVEntropy MRI

RF Linear 01 0.2 0.2 0.2 0.08 0.2 0.2 0.1 0.2 0.2 0.3 0.07 0.7 0.3 0.2
RF Quad 0.2 0.3NaN 0.3 0.2NaN 0.4 0.5NaN 0.5 0.6 NaN 0.9 0.6 NaN
VL LineaNaN 0.8 0.9 0.4 1 0.9 0.8 0.9 0.4 0.6 0.7 0.6 0.6 0.5 0.4
VL Quad NaN 0.8 NaN 0.3 0.9NaN 0.8 1NaN 0.6 0.7 NaN 0.7 0.7 NaN
CS Linear 1 0.8 0.4 0.9 0.9 0.4 0.002 0.02 0.9 0.0004 0.01 0.7 0.04 0.3 0.2
CS Quad 0.9 0.8 NaN 0.8 0.9NaN 0.01 0.4NaN 0.02 0.6 NaN 0.3 0.7 NaN
ST Linear 0.3 0.5 0.05 0.2 0.4 0.05 0.1 0.9 0.4 0.9 0.4 0.3 0.01 0.8 0.2
ST Quad 0.2 0.5NaN 0.2 0.4 NaN 0.5 0.9NaN 0.4 0.2NaN 0.2 0.9NaN
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Figure5.8 is organized identically tBigure5.7, except the data aderived from VisR

RV images. Similarly td-igure5.7, Figure5.8 shows significant differences withgroup
between time points, serving to visualize variability within group as a function of time.
Figure5.9 andFigure5.10 are organized, and contain similar data setBigyre5.7 and
Figureb.8, respectively, excluding the orientation of the RE BMlimages, which case of
Figure5.9 andFigure5.10, were acquired along the muscle fibers.
Finally, the results of a similar analysis of the 3D MRI texture data are presented in
Figure5.11. In this figure, it is important to note that only a single temporal comparison could be

made, since MRI acquisitions were only performed at the 6 mo and 12 mo time points.
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Figure 5.7 heat maps showing within group p values at each time point over one year. Red blocks show p values <0
Rows 1, 3, 5, 7 are for tteRMD RF, VL, CS and ST muscles respectively. Rows 2, 4, 6, and 8 are from the control F
VL, CS and ST muscle. These data are collected from VisR RE parametric images. This figure spans two full pages
caption is intentionally duplicated. RF = Res Femoris, VL = Vastus Lateralis, CS = Cranial Sartorius, ST =
Semitendinosus, GRMD = Golden Retriever Muscular Dystrophy, RE = Relative Elasticity.
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Figure 5.7 heat maps showing within group p values at each time point over one year. Red blocks show p values <0
Rows 1, 3, 5, 7 are for tteRMD RF, VL, CS and ST muscles respectively. Rows 2, 4, 6, and 8 are from the control F
VL, CS and ST muscle. These data are collected from VisR RE parametric images. This figure spans two full pages
caption is intentionally duplicated. RF = Res Femoris, VL = Vastus Lateralis, CS = Cranial Sartorius, ST =
Semitendinosus, GRMD = Golden Retriever Muscular Dystrophy, RE = Relative Elasticity.
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Figure 5.8 heat maps showing within group p values at each time point over one year. Red blocks show p values < 0
Rows 1, 3, 5, 7 are for the GRMD RF, VL, CS and ST muscles respectively. Rows 2, 4, 6, and 8 are fsatrotHeF;

VL, CS and ST muscle. These data are collected from VisR RV parametric images. This figure spans two full pages
caption is intentionally duplicated. RF = Rectus Femoris, VL = Vastus Lateralis, CS = Cranial Sartorius, ST =
Semitendinosus;RMD = Golden Retriever Muscular Dystrophy, RV = Relative Viscosity.
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Figure 5.8 heat maps showing within group p values at each time point over one year. Red blocks show p values < 0
Rows 1, 3, 5, 7 are for the GRMD RF, VL, CS and ST muscles respectively. Rows 2, 4, 6, and 8 are fsatrotHeF;

VL, CS and ST muscle. These data are collected from VisR RV parametric images. This figure spans two full pages
caption is intentionally duplicated. RF = Rectus Femoris, VL = Vastus Lateralis, CS = Cranial Sartorius, ST =
Semitendinosus;RMD = Golden Retriever Muscular Dystrophy, RV = Relative Viscosity.
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Figure 5.9 heat maps showing within group p val@sach time point over one year. Red blocks show p values < 0.05.
Rows 1, 3, 5, 7 are for the GRMD RF, VL, CS and ST muscles respectively. Rows 2, 4, 6, and 8 are from the contrc
VL, CS and ST muscle. These data are collected from VisR RE paraimmetges oriented along muscle fibers. This figure
spans two full pages and the caption is intentionally duplicated. RF = Rectus Femoris, VL = Vastus Lateralis, CS = C
Sartorius, ST = Semitendinosus, GRMD = Golden Retriever Muscular Dystrophy, REtivérElasticity.
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Figure 5.9 heat maps showing within group p val@®ach time point over one year. Red blocks show p values < 0.05.
Rows 1, 3, 5, 7 are for the GRMD RF, VL, CS and ST muscles respectively. Rows 2, 4, 6, and 8 are from the contrc
VL, CS and ST muscle. These data are collected from VisR RE paraimetges oriented along muscle fibers. This figure
spans two full pages and the caption is intentionally duplicated. RF = Rectus Femoris, VL = Vastus Lateralis, CS = C
Sartorius, ST = Semitendinosus, GRMD = Golden Retriever Muscular Dystrophy, REtivérElasticity.
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VL, CS and ST muscle. These data are collected from VisR RV parametric images oriemgedwsole fibers. This figure

spans two full pages and the caption is intentionally duplicated. RF = Rectus Femoris, VL = Vastus Lateralis, CS = C
Sartorius, ST = Semitendinosus, GRMD = Golden Retriever Muscular Dystrophy, RV = Relative Viscosity.
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Figure 5.12 Boxplots of Control (left) and GRMD (right) RE DoA. The black bar and asterisk indicate that the GRMD
is significantly higher (p < 08 Wilcoxon) than the control DoA. GRMD = Golden Retriever Muscular Dystrophy, RE =
Relative Elasticity, DoA = Degree of Anisotropy.

5.3.4 VisR Anisotropy Results

In addition to tekure analysis, the VisR RE and RV ratios were also acquired, as
described in Chapter Eigure5.12 shows RE anisotropy ratios from the ST musdlthe 10
control and 10 GRMD canine¥/e observe irfrigure5.12 that the DoA in the contr@T is near
1.0 (1.13 £ 0.27pn averagewhereas the GRMD ratio is greater than 1.0 (1.23 £ 0.25). Recall
that the RE ratio is calculated to reflect the transverse shear properties, divided by the
longitudinal shear proptes. The GRMD DoA was significantly (p = 0.04) higher than that of
the control in the ST muscle. Significant difference in DoA was not observed in the other
muscles between control and GRMD.
5.3.6 MRI Reader Results

Of the four parameters, the only paeter that the MRI reader, a trainedliologist was
confident could be visualized using the T2/T2FS images, was inflammation of the muscle in the

form of edemaTable5.5 shows the tabulated data as acquired by the radiologitts Nor



some acquisitions, are also included in the final colunifabfe5.5. These notes suggest

interesting or unexpéed findings in the dattnatdid notdirectly affect any of the four

parameters that thradiologist was tdeed with identifying Rows that are colored black represent

Table 5.5 MRI-based reader scores of edema in control and GRMD canindesusc

Dog ID|Phenotype |Age Muscle
Rectus Femoris Vastus Lateralis Cranial Sartorius Semitendinosus
Edema Score (1-4) |Edema Score (1-4) |Edema Score (1-4) [Edema Score (1-4)
Right Left Right Left Right Left Right Left
1 |Affected 9 mos 0 0 0 0 0 0 0 0
12 mos 0 0 0 0 0 0 0 0
2 Normal 9 mos 0 0 0 0 0 0 0 0
12 mos 0 0 0 0 0 0 0 0
3  |Affected 9 mos 0 0 1 0 0 0 0 0
12 mos 0 0 0 0 0 0 0 0
4 Normal 9 mos 0 0 0 0 0 0 0 0
12 mos 0 0 0 0 0 0 0 0
5 |Affected 6 mos 2 0 3 1] 0 0 1 1]
12 mos 2 1] 2 1] 0 0 2 1]
6 [Normal 6 mos 0 0 0 0 0 0 0 0
12 mos 0 0 0 0 0 0 0 0
7 |Affected 6 mos 0 0 0 0 0 0 0 0
12 mos 0 0 0 0 1 0 0 0
8 |[Carrier 6 mos 0 0 0 0 0 0 0 0
12 mos 0 0 0 0 0 0 0 0
9 Affected 6 mos 1 1 1 1] 0 0 0 0
12 mos 2 2 2 1] 0 0 1 2
10 (Carrier 6 mos 0 0 0 0 0 0 0 0
12 mos 0 0 0 0 0 3 0 0
11  |Affected 6 mos 0 0 0 0 0 1] 0 0
12 mos
12 |Carrier 6 mos 0 0 0 0 0 0 0 0
12 mos 0 1] 0 1] 0 1] 0 0
13 [Normal 6 mos 0 0 0 0 0 0 0 0
12 mos 0 0 0 0 0 0 0 0
14 |Affected 6 mos 0 l 0 0 0 0 1 0
12 mos 0 0 0 0 0 0 1 1]
15 |(Carrier 6 mos 0 0 0 0 0 0 0 0
12 mos 0 0 0 0 0 0 0 0
16 |Affected 6 mos 0 0 0 1] 0 0 0 0
12 mos
17  [Normal 6 mos 0 0 0 0 0 0 0 0
12 mos 0 0 0 0 0 0 0 0
18 |Normal 6 mos 0 0 0 0 0 o) 0 0|
12 mos 0 0 0 0 0 0 0 0
19 |Affected 6 mos 0 0 0 0 0 0 2 1
12 mos 0 0 0 0 2 0 3 1]
20 |Affected 6 mos 0 0 0 0 0 0 0 0
12 mos
Notes: 1) Very slightly increased signal in cranial sartorius bilaterally 5) Related to biopsy site

Notes:

D

2)

3)

4)

5)

5)

6)

7

2) Left ST is slightly decreased from prior, though not enough to change the scor 6) Adductor compartment affected
3) Sartorius appears hypertrophied compared to 6m
4) Right VL score of 3 distally, Left ST: score of 3 proximally

7) Distal VL grade 1 distally, bilaterally

54
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acquisitions that could not be performed due to scheduling conflicts. Note that the reader was
blinded to the phenotype while reading the MR images.
5.3.6 Histology Summary Statistics

Figure5.13 shows example H&E stained muscle sections for each of the six pathologist
identified percentagbins for inflammation, as observed in the datae example images are all
skeletal muscle from the canine model. Most of the imagefrom GRMD dogs, except the
mildestcase, which is from a neaiffected dog. For these examples, the specific muscle was not
a choicemetric;rather each example was chosen by the radiologist the best representation
for each binlnflammation carbe identified in these panels by areas of increased nuclear
density.

Figure5.14is similar toFigure5.13, however in these examples the radiologist provides
imagesdentifying percentagédins for necrat and degenerating cells. Necrosis can be

identified in these examples by areas of extremely dense nuclei, separation of the muscle cell

11-20%

m‘&

%

Figure 5.13 Example images of percentalgms used by the reading pathologist to grade inflammation in-st&Bed
muscle sections. H&E = Hematoxylin and Eosin.
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11-20%

Figure 5.14 Example images of percentafgms used by the reading pathologist to grade necrosis in${&ked muscle
sections. H&E = Hematoxylin and Eosin.

from the collagen matrix, and in some cases, large, srlooking, deepred cells. These deep

red cells are sometimeso | | oqui al ly -ideéantdofared asenadetel | ta
Nnecrosis.
Figure5.15s hows exampl e Ma s sthatrépresent fatiacdHibrasisme | ma g

scores of 0, 1, and 2, when the panels are read from lgfhtpand top to bottonmJsing

Massonds trichrome stain, muscle cells stain
pathologist was able to determinbaselindevel of collagen for each muscle, which allowed

her to determine the degreerbins infiltration due to GRMDEat is visible using either H&E or
Massonds trichrome stains. Fat can 4dke i dentif
patter, which is primarily white. This occurs because the fat matrix has-bkegattern, and

during the sectioning and staining process, the lipid washes out of the tissue, leaving the white

area on the slide in its place.
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Summary statistics for histology grades of inflammation, necrosis, fibrosis, and fat from
the 6mo biopsy, are shown fRigure5.16. The top row ofigure5.16 are the results from nen
affected dogs, and the bottom row is from GRMD dogs. Note that in the control dogs, all of the
dogs show little to no inflammation, less thad/dfecrosis, and grade 0 or 1 for fat and fibrosis.
In the GRMD dogs, 40% of the dogs have more than 10% inflamed muscle area, 20% have
greater than 20% necrotic area, yet very few show elevated levels of fibrosis or fat.

Figure5.17 shows data organized similarly fagure5.16, however the data iRigure
5.17 are from the 12no biopsy or necropsiNote that the control group shows little change. The
GRMD group shows a decreasemflammation, concurrent with an increase in necrosis and
fatty infiltration.

5.3.7. Comparative Analysis
Figure5.18s hows a matched set of VisR RE and

H&E serial sections in the ST muscle dBRMD canineNote on the left side of the RE image

Figure 5.15 Example images ajrade 0, 1 and 2, for both fibrosis/collagen content (blue) and fat (white lace pattern).
Fibrosis is primarily observed in the Massonbds tricl
and H&E stains. H&E = Hematoxylin and Eosin

RV
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there is a region of high elasticity shown in Red. The placement of this high elasticity region is
concurrent with the region of dense coll agen
in the RV mage, a region of high RV is shown, which is spatially matched to the large fatty

region shown in the H&E stain below.
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Figure 5.16 Control (top) and GRMD (bottom) histology summary statistic. Pie charts show the distribution of percent
muscle area or severity grade for each parameter. These data were acquirethfrdniosy. GRMD = Golden Retriever

Muscular Dystrophy.

Finally, Figure5.19 shows the results of a direct comparison between VisR derived

anisotropy estimateand hstology resuli from the ST musclés expected, all four histological
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1 (6%) 1 (6%)

Control

0(94%) 0(94%)

12 Mo - Inflammation
40 (3%)
30 (6%)
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107%) 1(78%)

12 Mo - Fibrosis.
30 (3%)

12 Mo - Fat
30

10 (25%)

10 (28%)

1(63%)

Figure 5.17 Control (top) and GRMD (bottom) histology summary statistic. Pie charts show the distribution of percent

muscle area or severity grafte each parameter. These data were acquired fremdlBiopsy/necropsy. GRMD = Golden
Retriever Muscular Dystrophy.
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figures were statistically more severe in GRMD vs control dogs. The figure also shows that the

250

VisR RE
Axial (mm)
VisR RV

Lateral (mm)

Figure 5.18 Matched VisR RE (togeft)/ RV (topr i ght ) i mages a hrdmegbetorredt)andW&Es s o n
(bottomright) stains from serial sections in a GRMD ST muscle. VisR = Viscoelastic Response, RE = Relative Elasti
RV = Relative Viscosity, H&E = Hematoxylin and Eosin, GRMD = Golden Retriever Muscular Dystrophy, ST =
Semiendinosus.

RE DoA was significantly higher in the GRMD vs control dogs, and the GRMD ratio was
greder than 1. Finally, we see that there is no histological correlation with DoA in the control

dogs, but in the GRMD dogs, there is an obvious positive correlation between histological

necrosis score and RE DoA.
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Figure 5.19 Comparison between histological scores and VisR RE DoA in control and GRMD ST muscle. a) Inflamm
b) necrosis, c) fibrosis, and d) fat scores. e) shows the control and GRM)Bbows the RE DoA as a function of
histological score with GRMD in blue and control in orange. VisR = Viscoelastic Response, DoA = Degree of Anisotr
GRMD = Golden Retriever Muscular Dystrophy, RE = Relative Elasticity.

5.4. Discussion
5.4.1 Texture Features

FromTable5.2 we observe that generally VisR RE texture features are more sensitive to
the differences in texture between control and GRMD imagesnidysbe due to the age of the

dogs observed in this study. At a young age,ekgected, and was observed in our histological
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data, that fat is not a highly prominent feature in the GRMD muscle. We expect fat to cause a
viscaus change in the muscle property, therefore, with a limited fat presence in the muscle, the
majority of the ompositional changes over the first year manifest as elastic changes.

We also note frm Table5.2, Table5.3 andTable5.4, that at 3 and 4.5 months, VisR
does not detect any changedenture at any age. This result is in agreement with the observed
phenotypic response of the GRMD dogs. At 3 and 4.5 months, the physical DMD symptoms are
limited, but at 6 months motor function in the GRMD dogs has begun to decline. Note that there
are o MRI data for 3 or 4.5 months, so this result cannot be directly compared. In future work,
we plan to add 3 and 4.5 month MRI acquisitions to compare the methods at a young age. Also
with MR, it is important to note that MR and VisR data are not nedgsaasessing the same
muscle characteristics. VisR texture features assess the composition of the muscle in terms of
viscoelasticity, whereas MRI assesses the structure and organization of the muscle. This
important difference may explain why in some caadexture feature differs significantly by one
modality, but not the other. For this reason, it is important to consider MRI and VisR to be
complementary, rather than competing means of assessing muscle health.

FromTable5.2, Table5.3 andTable5.4, we observe that the GLN and RLN texture
parameters, which reflect heterogeneity in the image, were most robust at detecting changes,
both between and within groups, through time. Thetmmasked result is observed in the CS
muscle. This result is supported by previous work, which suggests the CS undergoes large
amounts of necrosis, as well as thugpertrophy of the muscle ce[ls5]. Cell death and
degeneration is expected to cawsscoelastic heterogeneity, and hypertrophy causes
heterogeneity in hydrogen content, and therefore the MRI images, which supports changes in the

RLN and GLN of both MR and VisiRased texture features
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Figure5.7 andFigure5.8 show that there is a great deal of both elastic andwgsco
variability between time points in the healthy RF muscle. This sort of variability was
hypothesized for GRMD muscle, but was unexpected in healthy muscle. Observaiattiog
RF muscle VisR images revealed that the variability of the texture features through time was due
to the structure and growth of the healthy RF. The healthy RF muscle is complex, being bi
pennate in natur@0] and growing rapidly over the first year of ttieo glifie,she compositional
and viscoelastic property of the RF changes rapidly and frequently. This rapid change causes
large withirgroup vaiability to occur. This is further supported by observing the CS muscle,
which grows more slowly in healthy dogs, in the same figure. The CS muscle shows almost no
within group variability in control dogs. Note that although no variability is observiri€S
texture through time, it is still significantly different from the control when observed on a single
time point basis, as mentioned above.

When the texture features are viewed along the muscle fiberskmgine5.9 andFigure
5.10, the texture results are generally unchanged from the transverse images. Note that in the RF,
however, almost no variability is observed in the control RF. This is exactly opposite to what
was observed in the transversese, and again it may be explained by thgeninate nature of
the RF. When viewed along the muscle fibers, the fibers are all generally oriented in the same
direction, whereas in the transverse images, two distinct fiber orientations are visibleoreheref
in longitudinal images, the rapid growth and complex structure looks more homogeneous than in
the transverse case.

Table5.5 shows the results from the MRI reader. We note from the table that, even
though the reader was askedstore inflammation, necrosis, fibrosis and fat, only inflammation

(edema) could be confidently scoré&durther, although many of the dogs were shown to be
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highly inflamed via histology, the majority of the scores by the reader reflect little or no
inflammation of the muscle. These results suggest that T2 MRI images, although useful for some
cases, are not well equipped to assess composition of dystrophic canine muscle.
5.4.2 Anisotropy and Histology

The histological summary statistic presente#figure5.16 andFigure5.17 show good
agreement with previous work on GRMD muddlB], [72], [73], [81], [82]n terms of the
overall composition of the tissu&t 6 months, our data show that a large percentage of dogs
have highgrade inflammation and necrosis, but relatively little fibrosis and fat. At 12 months,
the inflammation tends to decrease, since the tissue has died and become necrotic, therefore
increasing necrotic area in the summary statistics. Also at 12 months, fibrosissoeases in
the GRMD muscles, and some fat begins to present. The majority of fatty infiltration observed in
this work occurred in either a) the most aggressive phenotype cases or b) the semitendinosus
muscle in less severe cases.

We also found that usirgpatially matched histology, Vis€buldsuccessfully localize
regions of fibrosis and fatty infiltration, in some cases, as demonstraeglie5.18. This
result suggests that VisR serves as not only a tool for assessingtak imuscle health, but for
localizing areas of disease, and potentially tracking their progression with time. Implementing
tracking of specific viscoelastic features through time is the topic of future investigation.

Finally, our results also suggestttNasR-derived anisotropy estimates detect meaningful
differences in control and dystrophic muscle quantitatively. The \desfiRred results are also
supported by histologic findings that suggest elevated degree of anisotropy in RE occurs
coincidentally wih increased levels of inflammation, necrosis, fibrosis and fat. Most markedly,

the RE DoA estimates, as presented in panelFguire5.19 suggest that there is a positive
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correlation between DoA and the percentage of necissiad in the GRMD ST muscle. This

result suggests that the change in RE DoA may be die tareakdown in the muscle cell

integrity along its length, after apoptosis occdiise breakdown ahe cellmay effectively lead

to a decrease in thengitudinalmodulus of the dead muscle fibers, which would increase the RE
DoA (recalling equation 7 from Chapter Zhis result is also in agreement with anisotropy

study in human skeletal mus¢&s].

5.5 Conclusions

From the preclinical study in the GRMD model, we conclude that application of texture
feature analysis, using the GLRLM approach, to VisR RE and RV images, can provi {0
the spatial changes in the viscoelastic composition of skeletal muscle. Gyearteng study
showed that we successfully detect changes in texture features, botbentimsally and
longitudinally, in transverse and along fiber images, bathin and between cohorts.

Additionally, our MRIbased texture analysis generally agreed with the results of our VisR
images, and with previously published work.

We also found that by assessing the mechanical anisotropy of muscle tissue, VisR could
discriminate between control and dystrophic muscle. This result suggests thdiagses®
mechanical anisotropy measurement could be uses as an additional biomarker for GRMD and
DMD subjects. These anisotropy results were supported by our histological assessment.
Histology results showed that in cases of increased necrosis in the ST muscle, the degree of
anisotropy increased, suggesting a loss of longitudinal modulus in the tissue, which is expected
with muscle cell apoptosis.

This body of work was performed tafl the strengths and weaknesses of VisR imaging

when performed prelinically. By comparing to the established imaging methods of MRI, and
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by validating our findings with histology, we have attempted to comprehensively assess the
viability of VisR, and idatify improvements to be made in future work. The results of this work
suggest that VisR will be a useful tool for assessing skeletal muscle health for cases of DMD.
Particularly, VisR may serve as an important4orasive monitoring tool in the many ongg

and likely upcoming clinical trials of gene therapies and other, potentially curative, DMD

treatments.
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CHAPTER 6: Quantitative Viscoelasticity Imaging Methods

6.1 Introduction

The methods of VisR imaging, presented to this point, have been demonstrated to
gualtatively asses the viscoelastic properties of muscle tissue. Although quantitative markers can
be derived from these qualitativalues VisR does not directly yield quantitative elasticity and
viscosity estimates. In this chapter, a novel, quantitatetad, for processing VisR data will
be demonstrated.

Quantitative Viscolastic Response (QVisR) imagiregtimates the quantitative values
for tissue elasticity and viscosity by comparing experimental displacement data, generated via a
VisR excitation segence, to a preomputed set of displacement data which have known
material properties. Using the similarities between the experimental acdmppited data, the
experimental elasticity and viscosity are determined.

The primary benefit to a quantitative thed such as QVisRs the ability to directly
compare viscoselasticy results between subjects. With the original VisR methods, RE and RV
values could not be directly compared, and instead, secondary biomarkers including texture and
anisotropy were necesgaWhile these markers are important and useful, tleegotallow for
direct comparison between viscoelasticy, which directly reflects underlying tissue composition.

Currently, other ultrasound elasticity methods exisfuantitativelyassess tissue
viscoelasticity. Primarily, these methods are based on measuring the shear wagatmop
Sheamwave methods are plentiful and are generally based on estimating the group velocity of the
shear wave to estimate the shear elastic modulus of the [884Ug86]. Methods for gciting the
shear wave are varied, but can be generally grouped into eithebadig66], [86]i [88],

external vibratiorj67], [89]i [91], or physiologicakourceg92]i [94]. Additionally, some shear




















































































































































































































































































































































































































































































