
ABSTRACT 

MOORE, CHRISTOPHER JOSEPH. Viscoelastic Response (VisR) Ultrasound: Development, 

Methodologies and Application in Duchenne Muscular Dystrophy. (Under the direction of Dr. 

Caterina M. Gallippi). 

 

Duchenne muscular dystrophy (DMD) is a degenerative genetic disorder that damages 

healthy muscle tissue and replaces it with fat and fibrotic tissue. Current physical-based methods 

for monitoring individual muscle health due to dystrophic degeneration lack specificity, and 

biopsy is considered too dangerous for routine monitoring. In this work, development of 

Viscoelastic Response (VisR) ultrasound is presented as a novel, non-invasive, and muscle 

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

clinical study, and a longitudinal clinical trial.  
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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, RV = 
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Figure 5.9      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. These 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, GRMD = Golden Retriever Muscular 

Dystrophy, RE = Relative Elasticity. ..................................................................... 44 
 

Figure 5.10    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. These data are collected 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 Retriever Muscular 

Dystrophy, RV = Relative Viscosity. ..................................................................... 46 
 

Figure 5.11    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. These data are collected from 3D, T2 weighted 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 Resonance Imaging. ................................................ 48 

 

Figure 5.12    Boxplots of Control (left) and GRMD (right) RE DoA. The black bar and 

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 

 

Figure 5.13    Example images of percentage-bins used by the reading pathologist to grade 

inflammation in H&E-stained muscle sections. H&E = Hematoxylin and Eosin. 52 

 

Figure 5.14    Example images of percentage-bins used by the reading pathologist to grade 

necrosis in H&E-stained muscle sections. H&E = Hematoxylin and Eosin. ......... 53 

 

Figure 5.15    Example images of grade 0, 1 and 2, for both fibrosis/collagen content (blue) 

and fat (white lace pattern). Fibrosis is primarily observed in the Massonôs 

trichrome stain as shown above. Fat content was determined by both Massonôs 

and H&E stains. H&E = Hematoxylin and Eosin. ................................................. 54 

 

Figure 5.16    Control (top) and GRMD (bottom) histology summary statistic. Pie charts 

show the distribution of percentage muscle area or severity grade for each 

parameter. These data were acquired from 6-mo biopsy. GRMD = Golden 

Retriever Muscular Dystrophy. .............................................................................. 56 
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Figure 5.17      Control (top) and GRMD (bottom) histology summary statistic. Pie charts 

show the distribution of percentage muscle area or severity grade for each 

parameter. These data were acquired from 12-mo biopsy/necropsy. GRMD = 

Golden Retriever Muscular Dystrophy. ................................................................. 56 
 

Figure 5.18      Matched VisR RE (top-left)/ RV (top-right) images and serial Massonôs 

trichrome (bottom-left) and H&E (bottom-right) stains from serial sections in a 

GRMD ST muscle. VisR = Viscoelastic Response, RE = Relative Elasticity, 

RV = Relative Viscosity, H&E = Hematoxylin and Eosin, GRMD = Golden 

Retriever Muscular Dystrophy, ST = Semitendinosus. .......................................... 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 RE DoA as 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. ..................................... 58 
 

Figure 6.1      Plots of true elasticity, as a function of lateral position in a simulated phantom. 

Panels (a-b), (c-d), (e-f), and (g-h) come from four different simulated 

phantoms. The blue lines show the LUT-based result, as computed by using 

SSE. The orange line show the true value for each plot. LUT = Look-up table, 

SSE = Sum-Squared Error. .................................................................................... 68 
 

Figure 6.2      Panel a) ï All trained models and the RMS Error for each model. Panels b) and 

c) show the error plotted as a function of depth for the chose models with low 

error, and with low computation time. ................................................................... 70 
 

Figure 6.3      Plot of elasticity error in all test materials as a function of axial depth for the 

ensemble bagged trees method............................................................................... 71 
 

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. .................................................................. 72 
 

Figure 6.5      Elastic inclusion phantom processed using LUT and ML-based elasticity 

measurement. LUT = Look-up-table, ML = Machine Learning. ........................... 73 
 

Figure 7.1      Cross-section of the upper (top) and lower (bottom) leg, demonstrating the 

anatomical position of the muscles imaged in the clinical study. .......................... 78 
 

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 overlap when the transducer is rotated 90 degrees about its 

center. Note that in the lateral orientation the aperture can be shifted laterally 

(denoted by subscripts 1-3 and different gray levels) to span a range similar to 
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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.................................................... 85 
 

Figure 7.4      VisR texture features from RE 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 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 
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Figure 7.5      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 = Viscoelastic Response, Egln = Elastic Gray Level 

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

Femoris, VL = Vastus Lateralis, ST = Sartorius, GM = Gastrocnemius Medial 
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Figure 7.6      VisR texture features from RE 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 = Viscoelastic Response, Egln = Elastic Gray Level 

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

Femoris, VL = Vastus Lateralis, ST = Sartorius, GM = Gastrocnemius Medial 
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Figure 7.7      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 significant difference 

between groups. RF = Rectus Femoris, VL = Vastus Lateralis, ST = Sartorius, 

GM = Gastrocnemius Medial Head. ...................................................................... 91 
 

Figure 7.8      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 difference between groups. 
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Figure 7.10    QVisR elasticity (top) and coefficient of variation as a function of time for 
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Figure 7.11    QVisR viscosity (top) and coefficient of variation as a function of time for 
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Figure 7.12    QVisR viscosity (top) and coefficient of variation as a function of time for 
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longitudinal orientation. Black dot represents significant difference between 
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Figure 7.13    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 DMD and control subjects were significantly different. .. 100 
 

Figure 7.14    Scatter plot of effective 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 computed linear regression. VL = 

Vastus Lateralis, RF = Rectus Femoris, DMD = Duchenne Muscular 
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Figure 7.15    Scatter plot of effective shear viscous modulus vs hip flexion force. Blue and 

red symbols represent individual control subjects and DMD subjects, 

respectively, in the (a) transverse and (b) longitudinal orientations. Black line 
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Femoris, DMD = Duchenne Muscular Dystrophy. .............................................. 102 
 

Figure 7.16    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 orientations. 
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Black line shows computed linear regression. VL = Vastus Lateralis, RF = 
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CHAPTER 1:  Introduction  

Duchenne muscular dystrophy (DMD) is a progressive 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 eventually progresses 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 cure [1]. 

Current research on treatment for DMD is hindered by lack of reliable 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 DMD. The purpose of this work is to develop Viscoelastic Response 

(VisR) ultrasound, and acoustic radiation force-based imaging method, as a tool for 

assessing the structure and composition of dystrophic skeletal muscle, and developing VisR 

as a quantitative, reliable, and non-invasive biomarker for DMD . This will be accomplished 

via a series of studies, including computer simulation, an in vivo study of a canine model of 

DMD, and via a longitudinal clinical trial of boys with DMD. 

The remainder of this document will be structured as follows: Chapter 2 explains, in 

detail, how DMD progresses, what causes the disease, treatments, and current biomarkers. 

Chapter 3 focuses on the necessary background regarding VisR ultrasound, including the 

physical description of the VisR model, limitations, and some compensatory methods to improve 

VisRôs ability to serve as a biomarker. Chapter 4 describes the VisR-derived anisotropy metric, 

which uses the directionality and highly organized nature of healthy muscle, and the somewhat 

disorganized nature of dystrophic muscle as a comparative biomarker. In chapter 5, details of a 
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five-year long preclinical study of a dystrophic dog model are presented. This work includes 

comparison between VisR ultrasound, MRI, and histology based biomarkers. Conclusion of the 

preliminary data are presented in chapter 6, and chapter 7 serves as a temporary chapter which 

describes work which will be included in the final dissertation. 

Briefly, chapter 7 of the final dissertation document will present a method for refining 

VisR into a quantitative biomarker. In chapter 8, results from a four-year long clinical study will 

be presented. These results will harness the improved VisR methods for quantifying tissue 

changes, and will  apply the aforementioned anisotropy biomarker as described in chapter 4. 

Chapter 9 will describe future directions for this work, including some advance anisotropy 

imaging techniques that were developed over the course of this dissertation work, in addition to 

other advanced techniques. Chapter 10 will present conclusions that can be drawn from this 

work. 
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CHAPTER 2:  Duchenne Muscular Dystrophy 

2.1.  Disease Description 

DMD is a neuromuscular disorder characterized by progressive loss of muscle function, 

in rare cases in girls, but primarily in young boys. DMD affects approximately 1 in 3500 - 4500 

male births each year [1]. Around age 3-5, boys begin showing signs of gait irregularity, 

apparent clumsiness accompanied by falls, and toe-walking [2].  The disease progresses in the 

skeletal muscles causing loss of ability to climb stairs, and eventual total loss of ambulation, 

being bound to a wheelchair, by 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 patients with DMD is 

usually caused by failure of the cardiac or respiratory muscles at a mean age of 19 years [2].  

Classical symptoms of DMD include delayed motor development, and compensatory 

motor behaviors such as the Gowerôs maneuver, where the young boy will walk himself up to 

standing using his hands. This maneuver is shown in Figure 2.1. These early symptoms are 

typically the first signs of DMD, and usually lead to follow-up by a physician who will perform 

blood tests for levels of serum creatine kinase and genetic testing [3]. In cases where familial 

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

 
Figure 2.1 The Gowerôs Maneuver: When rising from 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 their rise from the 

floor. DMD = Duchenne Muscular Dystrophy. Public Domain. 
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anticipatory planning and early interventions. Figure 2.2, from Bushby et. al., diagrammatically 

outlines the main disease stages and related clinical interventions for patients with DMD.   

2.2. Genetics  

DMD is an X-linked genetic disorder, which 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 inactivation [4]. In males, 

however, the presence of only a single X chromosome lends to a much greater risk of X-linked 

diseases, like hemophilia, autism, and DMD. 
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DMD can be caused by either by de novo mutation, or by inheriting a mutated X-

chromosome. At least one out of every three cases is considered to be due to de novo mutation, 

since no positive family history exists to suggest inheritance [3]. In the case of inheritance, the 

 
Figure 2.2 Main disease stages of DMD and related clinical intervention timeline. Reproduced from Bushby et. al.. DMD = 

Duchenne Muscular Dystrophy. 
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X-chromosome is passed by the mother, who was a carrier of the DMD gene. In most cases, 

carriers do not exhibit symptoms of DMD, but have been shown to have elevated risk of 

cardiomyopathy. In rare cases, either due to improper inactivation of the mutated X-

chromosome, or if two dystrophic X-chromosomes are present, female carriers can manifest 

DMD. These cases are, however, extremely rare in comparison to male DMD, comprising less 

than 8% of all cases [5].  

Genetically, DMD is caused by a mutation in the gene located at the locus Xp21. This 

DMD gene, the largest known in humans, encodes a protein called dystrophin [6]. Errors in the 

DMD gene inhibit production of dystrophin; the majority of these errors are caused by out-of-

frame deletions of the exons [3], [7]. Other mutations are caused by in-frame duplications, and 

point mutations. These other mutations can present as milder phenotypes, and are sometimes 

classified as a milder form of the disease known as Becker muscular dystrophy (BMD) [8].  

Although in-frame and point mutations can be present in DMD, the out-of-frame mutation is 

most common in severe phenotype DMD [3]. 

2.3. Experimental Treatments 

One of the most promising potential treatments for DMD symptoms, a gene therapy, is 

known as exon skipping [9]. Exon skipping is used to create a ómaskô on RNA sequences that 

prevents reading of mutant exons, essentially pieces of genetic code, 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 targeted exon, and 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, and in ex vivo human muscle cells [10], [11]. 
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At the time of writing, very recent, and yet unpublished results have been announced by 

Sarepta Therapeutics [12]. There announcement included news that micro-dystrophin, 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 

among a few genetic therapy trials which are ongoing. Other 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 DMD [13].   

2.4. Pathophysiology 

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 from well known, however, some data from genetic and biopsy-based studies provide clues 

about the disease and its progression in muscle. 

From such studies, we know that young dystrophic muscle cells have elevated 

intracytoplasmatic calcium content, which is followed by inflammation, degeneration and 

necrosis of the muscle cells as they age [3].  The damaged cells are then replaced by lipids and 

fibrosis. However, the rate and spatial extent of this process is different for individual muscles, 

muscle groups, phenotypes and individual patients [14]. A large portion of the work described 

herein aims at identifying changes in individual skeletal muscle 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 

biomarkers that offer insight to mechanisms of dystrophic muscle failure.  To understand why, 

consider the composition and structure of healthy skeletal muscle. Individual muscle fibers are 
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surrounded by protective connective tissue called endomysium. The muscle fibers exist in 

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 connective tissue 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, muscle 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 deposition [14]ï[18]. Further, collagen 

is deposited, primarily along the epimysium and perimysium 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 stopped by any known cure, however, some 

treatments have been shown to slow disease progression and increase life expectancy of DMD 

patients. The standard of care includes physical therapy, cardiopulmonary care, exercise, and 

medication [19]. Exercises for stretching lower limbs are prescribed by physical therapist to keep 

muscles in the lower leg from tightening. Tight lower limb muscles lead to toe-walking 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 duration [20]. In 

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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If heart function isnôt declining, ACE inhibitors may be prescribed as a preventative measure 

[21]. In addition to heart function, the standard of care closely monitors lung function. No 

pharmaceutical treatment is currently used to improve lung function, rather ventilation is the 

primary medical care used when lung function begins to decline [22].  

The most prominent, broad-impact 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 ambulatory duration, help subjects to retain 

skeletal muscle function, and delay onset of respiratory symptoms, among other benefits [2]. 

Many facets of steroid treatment, such as dosing, steroid type, and age at which treatment begins, 

are largely untested and as such, no exact regimen has been determined in standard of care. One 

of the primary issues in testing these facets, is that reliable testing metrics for monitoring DMD 

progression arenôt readily available [19]. 

 

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

The primary mode used for monitoring DMD progression is by the use of physical 

testing. Physical outcome measures for assessing response to therapy and disease progression 

include timed function tests, like the 6 minute walk (6MWT) [23], which measures the distance 

the boy can walk over six minutes, the time to standing test (TTS) [24], which assesses the time 

required to go from seated to standing five times, and quantitative muscle testing (QMT) [25] 

with a handheld dynamometer (HHD), which measures the maximal force applied under 

voluntary contraction or extension. These measures are limited for disease monitoring because 

they are nonspecific to a particular muscle, and they are subject to the volition of the patient, 

which may vary substantially between visits and subjects [24]. 
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Other outcome measures include magnetic resonance imaging (MRI) or ultrasound image 

metrics, such as T1 and T2 signal intensities [3], [26] or quantitative measures of ultrasound 

scattering characteristics, respectively [27].  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 muscle organization, 

rather than underlying composition. 

The gold standard for determining muscle composition is biopsy. However, as a 

biomarker, biopsy is highly controversial, since it is a highly invasive procedure, and removes 

muscle tissue from an already compromised subject who is typically very young. Further, the 

FDA limits posed in 20 CFR 50.53, an excerpt of which is presented below, states that biopsy 

can only be performed under very specific circumstances, of which, many non-therapy studies do 

not meet. The following is an abridged version of the aforementioned FDA regulation:  

Any clinical investigation [é] in which more than minimal risk to children is 

presented by an intervention 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 well-being of the subject, may involve children as 

subjects only if the IRB finds that: 

(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, or educational 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 

óminimalô risk is involved, biopsy is prohibited, and is therefore not a viable biomarker in many 

cases. Therefore, as the FDA also notes that ñThe controversy should provide us with a sense of 

urgency to develop alternative biomarkers that are less invasive and do not require a surgical 

procedure under general anesthesia.ò [28]. 

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, 

muscle-specific, and non-invasive biomarkers of disease progression, 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) Ultrasound - Background 

VisR ultrasound was developed as an extension of monitored steady-state relaxation and 

recovery (MSSR) ultrasound [29]. MSSR used 30, or more, short duration ARF pulses, delivered 

in quick succession, to induce a creep response in tissue. The displacements due to the ARF 

pulses are monitored using standard B-mode tracking pulses. The resulting creep response was 

used to estimate mechanical properties of the tissue. MSSR was limited, however, for clinical 

application because it required a relatively long duration acquisition, due to the many ARF 

pulses and tracking beams. Therefore, it was highly susceptible to noise due to motion, etc. As a 

solution to this problem, VisR was created. VisR uses only two ARF pulses, and fits the resulting 

displacements to the mass-spring-damper model to estimate tissue elastic and viscous properties. 

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 introduced, using a simplified 

method for estimating mechanical properties, in 2011 in [30]. The patent for VisR, 

US9244041B2, was granted to Scola (now Selzo) and Gallippi in 2012. This original VisR 

method applied a Voigt model [31] 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 tissue. To accommodate this issue, a three-

parameter, mass-spring-damper (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 element in series 

with a parallel spring-damper system. This mass term allows 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 data. A detailed description of VisR ultrasound in its current form can 

be found in [32]. A brief explanation of VisRôs strengths and weaknesses as well as its 

mathematical description are presented in the coming paragraphs. 

VisR was created to allow researchers to be able to estimate both the elastic and viscous 

properties of animal and human tissue. Many techniques exist to estimate, either qualitatively or 

quantitatively, 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 propagation. The 

differences between VisR and shear wave-based 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 changes in tissue 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, and by a priori 

information about the viscosity and 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 muscle using a 

combination of standard ARF-based methods. Again, the interested reader is directed to [32] for 

a full description of the methods. Briefly, to perform VisR, two ARF excitations are delivered to 

the same region of excitation, and displacements induced in the region of excitation are 

monitored over time (typically 1-5 ms) using conventional B-Mode type motion tracking pulses. 

Displacements are then measured using one-dimensional axial normalized cross-correlation [33], 
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[34] to yield displacement vs. time profiles that are fit to the solution of the MSD model. The 

MSD model is written as: 

Ὠ

Ὠὸ
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where u is displacement, t is time, ɤ is the natural frequency, Ű is the relaxation time 

constant, and S is the static sensitivity of the system. The right hand side of Equation (1) is the 

forcing function of the system, where H is the unit step function, tARF is the duration of each ARF 

excitation, and tS is the time between the two ARF pulses. 

The solution to (1) is based on parameters ɤ, Ű and S, which are materially dependent.  

The solution can be written in terms of the elastic constant, Õ, the viscous constant, ɖ, the mass, 

m, and the ARF amplitude, A.  
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Equation (2) can be rearranged to form more intuitive viscoelastic parameters evaluated 

relative to the applied ARF amplitude, A. Specifically, VisR Relative Elasticity (RE) is evaluated 

as: 

ὙὉ
ρ

Ὓ

А

ὃ
     σ 

and VisR Relative Viscosity (RV) as: 
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where A is generally unknown [35] but is assumed to be constant over a limited spatial 

extent. 
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The unknown magnitude of A leads to a limitation of VisR in its current form, that the 

parameters of RE and RV are not quantitative outside of a single individual at a single time 

point. A is unknown because its amplitude is determined, to a first-order approximation, by the 

speed of sound in the tissue, c, the tissue attenuation, Ŭ, and the acoustic intensity I such that:  

ὃ
ς‌Ὅ

ὧ
    υ 

Of these parameters, we can control the acoustic intensity, I, but the attenuation and speed of 

sound are generally unknown at all points in a given tissue, and therefore A is generally unknown 

[36]. This is unknown amplitude is problematic for all compressive ARF-based techniques since 

it makes the inversion of Hookeôs law to find the modulus impossible. In the future work section 

of the final dissertation document, a method will be presented that shows promise in eliminating 

this need to find A, therefore allowing for quantitative evaluation of elastic and viscous 

parameters with VisR. 

Although VisR is beneficial for estimating viscous and elastic properties in tissue, it does 

suffer from a few limitations, some of which have been overcome, and some of which remain for 

future work. First, there is the issue of complex system inertia. Inertia is the tendency of a body 

with mass to resist any change in its motion [37]. In the previous VisR description [38], inertia 

was neglected because mechanical parameters were estimated by fitting displacement profiles to 

the Voigt model, a lumped spring and dashpot system that assumes a massless material [39].  

However, in reality, all biological tissue has mass.  The mass density of most soft tissues is 

slightly higher than that of water, typically lying in the range of 1.00-1.07 g/cm3 [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 recover [41].  When inertial effects are ignored, 

these changes in the response of the material will be interpreted as an increase in the viscosity 
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and/or a decrease in the stiffness of the material, both of which will result in error 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 model was 

compared through finite element method (FEM) modeling of point force-induced dynamics in 

[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 spans millimeters in axial, 

lateral and elevation dimensions, as depicted in Figure 3.1, from [32] and in Figure 3.2 from 

Moore, C.J., qualifying review.  The three-dimensional nature of the ARF excitation induces 

displacement in tissue extending 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 

 
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. 
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MSD, as demonstrated by Zhao and Pelegri [43].  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 the results, which assume only a point load in space.    

 

Correcting VisRôs Ű overestimation due to the volumetric nature of the ARF excitation 

could be achieved by fitting displacements to a multiple degree of freedom (MDF) model, with 

associated mathematical complexities, which is a topic of future work. Alternatively, Selzo et. al. 

and Hossain et. al.showed in [32], [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 in VisR calculations is acoustic displacement underestimation 

[45], [46]. For VisR imaging performed using one-dimensional linear array transducers, 

measured displacement profiles 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 

 
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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distorted in such a manner that falsely reflects mechanical properties. As is the case for the 

volumetric forcing function, the degree of error in VisR calculations caused by acoustic 

displacement underestimation is materially dependent, with stiffer materials experiencing less 

displacement underestimation and therefore less displacement profile distortion. Again, rather 

than relying on a priori material property estimates to attempt to reverse acoustic displacement 

underestimation, in [32] Selzo et. al. empirically determined correction functions that were 

generated to correct for acoustic displacement underestimation and mechanical property 

simultaneously. However, the empirical solutions for mechanical property correction by Selzo et. 

al. were completely dependent on the properties 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 time-consuming limitation of VisR that will be addressed in future 

work.  

 
Figure 3.3 Example axial line from an RE or RV image. Note the parabolic tendency in the blue data. The orange line shows 

the parabolic fit to the blue data. This procedure is repeated across all axial lines in the image, and a mean parabola is 

computed. The mean parabola is then divided out from all axial lines to normalize the image. 
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The limitations 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 demonstrations of VisR have 

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 gradient, along the axial dimension, in the mechanical property that trends with 

depth. This is demonstrated in the example axial line shown in Figure 3.3. To compensate for 

this depth dependence, depth dependent normalization, similar to what was performed by 

Nightingale et. al. in [47] for ARFI imaging, was applied. In our approach, a parabolic fit was 

applied to each axial line of a VisR RE or RV image. The mean value of all of these parabolas 

was computed, 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 image. After the image is flattened, the median value from and ROI, 

1mm in axial dimension and the full width of the image at the focal depth, is multiplied as a 

scalar to the entire image, so that the scale of the original image is preserved for future 

 
Figure 3.4 a) Example VisR image before depth normalization. Note the gradient in the VisR parameter, where the 

value tends upwards away from the center of the image. b) The same image after depth normalization has been 

applied. VisR = Viscoelastic Response Imaging. 

 

a) b)
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processing. A resulting example image from before (Panel (a)) and after (Panel (b)) this process 

is shown in Figure 3.4. 

 

Finally, Hossain et. al., 2017, showed that VisR RV values, without correction, had a 

nonlinear relationship with true material viscous modulus. Our group therefore proposed a 

correction of the RV values by simulating, using finite element simulations [48], the VisR beam 

sequence with known parameters, and using the material natural frequency, ɤ, to correct RV 

values to the validated simulations. For more details on how this correction is applied to VisR 

data, the reader is directed to [49]. Briefly, it was observed that ɤ is linearly related to the 

material RV across a range of known viscosities. So, using a set of known ɤ and RV values for a 

given VisR sequence, RV can be corrected to a linear relationship with true viscosity by the 

following formula: 

Ὑὠ Ὑὠ ὦz ‫  ‫     φ 

Where RVô is 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 frequency, ɤ is the 

experimental natural frequency from the MSD model fit, and ɤr is the reference natural 

frequency from the simulation. 
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In summary, the VisR post-processing sequence is included in flow-chart form for clarity 

in the steps that occur, and in what order, in Figure 3.5. Also included in Figure 3.5, is an 

example of the final VisR processing step before display, which is the application of a spatial 

median filter with dimension of 1 mm2 

As noted before, one of the most important benefits of VisR is its ability to estimate not 

only elastic, but also viscous 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, relatively unexplored biomarker for DMD, the degree of mechanical 

anisotropy in healthy vs dystrophic skeletal muscle. 

  

 
Figure 3.5 Flow chart of the VisR image post-processing steps. On the right are example images of raw and median filtered 

VisR parametric images. 
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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 mechanical properties 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. Specifically, 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 elastographic techniques because the muscle fibers are viscoelastic and they are 

anisotropic [32], [50]ï[57], meaning their mechanical properties vary based on direction. To 

improve measurements of viscoelasticity in complex media, such as muscle, elastography-based 

techniques must account for the directionality of material properties, known as mechanical 

anisotropy. Although anisotropy can be a confounder in imaging mechanical properties, it has 

also been shown to be diagnostically relevant as a biomarker of some malignancies, such as 

breast cancer [58]ï[61] and prostate cancer [62], [63], and is likely relevant to DMD. For this 

reason, the aim of this chapter is to demonstrate the methods for assessing the degree of 

anisotropy (DoA) in tissue, using acoustic VisR and ARF-based techniques. In this chapter, we 

hypothesize point assessments of the degree of mechanical anisotropy in tissue can be rendered 

using the ratios VisR relative elasticity and relative viscosity, acquired using two orthogonal 

transducer orientations. 
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4.2. Assessing Mechanical Anisotropy in Muscle using Viscoelastic Response (VisR) 

Ultrasound 

The mechanical properties of skeletal muscle can be described as transversely isotropic 

(TI) [50], [57], [64]ï[67], meaning that the mechanical properties are consistent within but differ 

between planes oriented parallel and perpendicular to an axis of symmetry (AoS). These 

directional differences in mechanical property are interrogated in VisR ultrasound by using a 

spatially asymmetric ARF excitation impulse.  Hossain et. al. [68] demonstrated in silico that 

when the long axis of a spatially asymmetric ARF point spread function (PSF) is oriented along 

the AoS, the induced displacements primarily reflect the transverse shear elastic modulus.  

Further, when the long axis of a spatially asymmetric ARF PSF is oriented across the AoS, the 

induced displacements predominantly represent the longitudinal shear elastic modulus.  Finally, 

the ratio of displacements achieved with the long axis of the spatially asymmetric ARF PSF 

aligned along versus across the AoS reflect the degree of elastic anisotropy [68].  

In the context of VisR imaging, RE and RV measures obtained using spatially 

asymmetric ARF SFPs with long axes oriented 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 moduli. Finally, 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 amplitude, A, remains constant for both orientations of the 

spatially asymmetric ARF PSF:  

ὙА
ὙὉ

ὙὉ
 ‌ 
А

А
   χ 

and 



  24 

 

Ὑ
Ὑὠ

Ὑὠ
 ‌ 
–

–
  ψ 

where subscripts t and l represent the transverse and longitudinal directions, respectively. 

From here forth, we will refer to the elastic and viscous moduli oriented parallel to the AoS as 

the ñlongitudinalò moduli and the elastic and viscous moduli oriented perpendicular to the AoS 

as the ñtransverseò moduli.  

In assessing anisotropy, first the ultrasound transducer is positioned on the tissue, and the 

approximate AoS of the tissue is determined by maximizing the brightness of the fibers while 

making small rotations to the ultrasound transducer.  RE and RV DoA ratios are calculated using 

(7-8) by first acquiring a VisR sequence in the present orientation, and then rotating the 

transducer 90 degrees about its center (about the cable axis). These orthogonal acquisitions are 

recorded in regions of interest (ROIs) positioned laterally in the center of the imaging field of 

view and axially at the focal depth of interest. The ROIs generally span 2 mm laterally and 2 mm 

axially in this work.  The position and lateral size of the ROIs are chosen to encompass the 

region of muscle overlapped in cross-sectional and longitudinal muscle views, as determined by 

the elevational extent of the ARF PSF (Figure 4.1). Note from Figure 4.1 that the lateral aperture 

is translated to span a lateral range that matches the elevational extent of the PSF at the focal 

depth, such that the same volume of tissue is interrogated in both cross-sectional and longitudinal 

muscle views. For the VF7-3 (Siemens Healthcare, Ultrasound Business Unit, Issaquah, WA, 

USA), which is the primary transducer used throughout this work, the elevational extent of the 

PSF is ~2 mm; therefore, the lateral aperture is translated over 2 mm, as demonstrated by the 

multiple lateral apertures (labeled 1-3) in Figure 4.1.  The axial size of the ROIs is chosen to 

encompass a region of consistent degree of spatial asymmetry in the lateral-elevational ARF 

PSF, which varied over axial range due to electronic and geometric focusing.  
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Although this concept will be covered more thoroughly in Appendix A of this document, 

it is important to understand how the ñasymmetric regionsò of the ARF PSF are determined 

before imaging. We accomplished this by evaluating the dimensions of the ARF PSF in silico 

using Field II [69] simulations. To estimate degree of spatial asymmetry in the simulated ARF 

lateral-elevational SFPs, an ellipse was fit to the PSF isobaric -6 dB contour, and the ratio of the 

elevational to lateral extent of the ellipse was calculated to determine the asymmetry of the PSF 

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 clinical trials, which will be presented later in this document. 

  

 
Figure 4.1 Panel a) Shows the first orientation of the XDC for DoA assessment. Panel b) shows the orthogonal position of 

the XDC after rotation. Panel c) shows the overlap of the two orientations, and the subscripts 1,2,3 represent multiple lateral 

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

5.1. Introduction  

5.1.1. Golden Retriever Muscular Dystrophy 

The MDX mouse [70] and the Golden Retriever muscular dystrophy (GRMD) canine are 

the two popular animal models of DMD [71]. Although the MDX remains an important animal 

model for DMD-based studies, for our work with imaging, the large animal model, which has 

been shown to be a better predictor of DMD outcomes [72], was chosen.  

The GRMD dog undergoes progressive muscle degeneration, and although the age can 

vary, GRMD is ultimately fatal [71]. The GRMD phenotype is similar to that observed in DMD, 

with inflammation of the cell, myofiber degeneration, 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 DMD [73]. 

5.1.2. Study Rationale 

In this chapter, we will present a study that was designed to test VisR imaging and its 

potential to interrogate the structure and composition of dystrophic skeletal muscle, 

longitudinally as the disease progresses. The study was performed in the GRMD model to allow 

for additional imaging, via MRI. Additionally, the GRMD model afforded the opportunity for 

surgical biopsy and/or necropsy of the dystrophic muscle, and the related histological validation 

of tissue composition. 

Our hypotheses for this work were three-fold. We hypothesize that: 

1) Texture features from VisR images differentiate healthy and diseased canine skeletal 

muscles, both at one time point, and through time with disease progression.  
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2) VisR-based texture features will perform comparably to MRI-based texture features 

for separating control from dystrophic muscle. 

3) Mechanical anisotropy, as estimated by 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 detailed discussion, presented in Appendix A. 

5.2. Methods 

5.2.1. Animal Care and Use Statement 

This study used the GRMD canine model of muscular dystrophy. The Institutional 

Animal Care and Use Committee (IACUC) of the University of North Carolina at Chapel Hill 

approved all procedures. The animals were bred, reared, housed, and cared-for by the veterinary 

team in the department of veterinary and integrative biosciences at Texas A&M University. 

During standard imaging procedures, both VisR and MRI, dogs were sedated Acepromazine at 

0.02 mg/kg, Butorphanol at 0.4 mg/kg and Atropine at 0.04 mg/kg, to reduce motion. In imaging 

studies where needle guided biopsy would be performed, dogs were placed under general 

anesthesia, using sevoflurane gas, under the supervision of a veterinarian. 

5.2.2. VisR Imaging 

VisR imaging, as described in Chapter 3, was implemented on a Siemens Acuson Antares 

ultrasound scanner using a VF 7-3 linear array transducer (Siemens Healthcare, Ultrasound 

Business Unit, Issaquah, WA, USA). A custom VisR beam sequence was programmed and 

implement on the scanner, using the system parameters reported in Table 5.1. The focal depth 

was adaptively set near the bottom of the muscle of interest in the center of the imaging frame. A 
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spatially 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 assessed using B-Mode guidance by 

a trained sonographer with 15 yearsô experience. The sonographer would apply ultrasonic 

coupling gel to the dogs freshly shaved leg.  Then she manually aligned the ultrasound probe 

across muscle fibers in the center of the muscle lengthwise, 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 sequencing was as follows. First, a 

conventional B-Mode image was acquired with lateral beam spacing of 0.17 mm spanning 40 

mm laterally. Then, ensembles of two 70 µs ARF pushes, separated in time by four tracking 

beams. Immediately following the second ARF push, 50 additional tracking beams were 

acquired. This ensemble was delivered in 40 lateral positions spaced 0.5 mm apart spanning 20 

mm and centered in the B-Mode imaging frame. The VisR sequence was acquired using wiper 

blading to reduce likelihood of local tissue heating from the excitations and tracking pulses. 

Radio frequency data from the tracking pulses was recorded to the scannerôs memory and 

Table 5.1 VisR imaging parameters used for GRMD canine muscle imaging. 

Parameter Value 

Transducer Siemens VF7-3 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 (tARF) 70 µs 

Time between ARF Excitations  0.4 ms 

Tracking Frequency 6.15 MHz 
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subsequently transferred to a PC for post-processing. The beam parameters of the ARF push and 

tracking pulses are reported in Table 5.1. 

VisR RE and RV were computed by first estimating time-dependent tissue displacement 

from the acquired raw RF data using one-dimensional axial normalized cross-correlation with a 

kernel size of 3ɚ and a search size of 0.1 mm [33], [34]. The resulting displacement versus time 

profiles from each pixel within the 2D VisR imaging field of view were then fit to the MSD 

model described in (1-2) using a custom C++ implementation of the Nelder-Mead [74] 

minimization algorithm. The resulting fits were used to estimate RE and RV, as described in 

Equations (3-4). Parametric VisR RE and RV images were rendered, and the RF or GM muscle 

in each image was manually segmented using B-mode guidance, for visual review of VisR 

outcomes. Finally, in the case of anisotropy assessment, RE and RV ratios were calculated using 

(7-8) in regions of interest (ROIs) positioned laterally in the center of the imaging field of view 

and axially at the focal depth. The ROIs for anisotropy imaging were 2 mm2 about 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 which ARF PSF spatial asymmetry varied over depth was evaluated in 

silico using Field II [69] simulations of ARF excitations generated using the system parameters 

described in Table 5.1 in simulated tissue with attenuation of 1.0 dB/cm/MHz.  To estimate 

degree of spatial asymmetry in the simulated ARF lateral-elevational SFPs, an ellipse was fit to 

the PSF isobaric -6 dB contour, and the ratio of the elevational to lateral extent of the ellipse was 

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 non-expressing carriers, or GRMD-negative 

controls. Sex of the dog was not controlled in 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 granularity during the time of rapid growth in the dogs [15]. Additionally, the first half 

of the year is more similar to the human growth pattern during the pre-teen years, which was the 

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

Four upper-hind-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, fibrosis and fat expected in each 

muscle. The rectus femoris (RF), vastus lateralis (VL), cranial sartorius (CS), and 

semitendinosus (ST) muscles were imaged in this study. Figure 5.1 shows the locations of these 

muscles in the leg, and their approximate relation to one another.  

  

 
Figure 5.1 Diagram of the canine upper-hind-limb. The RF, VL, VS and ST muscles, which 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 in the same muscles as those listed above. The basis for the texture analysis is the 

application of the gray-level run-length matrix (GLRLM) to the image data [75]. The textural 

analysis applied to both the VisR and MRI data in this work are an extension of [75] and 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 (NIRAL) at 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 

determining image parameters. For a complete description of these parameters, the interested 

reader is directed to [77], or for a basic overview of texture feature analysis to [75]. Briefly, the 

parameters of interest in this study, 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 the 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 Non-Uniformity or Heterogeneity Index (HI) 

a. The larger the value of 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 these parameters 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 performed on both VisR and MRI-based 

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 Pearsonôs linear regressions were performed on longitudinal data to test the null hypothesis 

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 study. Two sequences, both T2 weighted (T2), and T2 weighted, fat suppressed 

(T2FS) both with 1 mm3 voxels, were acquired in quick succession to maintain co-registration. 

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 was manually segmented into the four muscles 
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groups by the author. A segmentation was done in all three orthogonal dimensions at every third 

slice and then interpolated using ITK-SNAP [78], following the methods presented in [77]. The 

custom NIRAL texture feature analysis uses the interpolated muscle maps to determine texture 

features on a per-muscle basis. 

In parallel to the automated processing applied to the MR data, a radiologist with over 15 

yearsô experience was tasked with reading the MR images, and identifying areas of 

inflammation, necrosis, fibrosis and fat in the images. The reader was asked to rank any 

identified features on a scale of 0-4, from ranging from mild to severe, based on the following, 

established scale, used in [26], [79]: 

Stage 0: Normal appearance  

Stage 1: Scattered small areas of increased presence 

Stage 2: Numerous discrete areas of increased presence 

Stage 3: Washed-out appearance due to confluent areas increased presence with muscle 

still present at the periphery 

Stage 4: End-stage appearance, muscle entirely replaced by areas of increased presence. 

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. At 12 months 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 veterinarian. For biopsy, 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 acquisition. An 
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image showing how the transducer is placed during biopsy marking is shown in Figure 5.2 panel 

a, and an image of the procedure taken closer to the probe in panel b. After the injection, the 

injection site is marked with permanent marker to assure the operating veterinarian of the 

entrance site as shown in panel c of Figure 5.2. Immediately following removal of the tissue 

during biopsy or necropsy, the muscle samples were placed into a buffered formalin solution to 

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 samples were stained with 

a hematoxylin and eosin (H&E) stain for structural analysis, as well as a Massonôs trichrome 

stain for to identify areas of collagen/fibrosis. All histological processing, embedding, and 

staining was completed by the animal histopathology core at the University of North Carolina at 

Chapel Hill.  

 
Figure 5.2 Panel a) shows the imaging of the ST muscle on the upper hind limb of a GRMD canine. The syringe in the 

image is filled with methylene blue, which will stain the muscle, allowing the veterinarian to extract to VisR co-registered 

portion of the muscle during surgical biopsy. Panel b) shows that the tip of the needle is placed at the edge of the XDC at a 

slight angle toward the XDC. This allows the needle to be viewed by the sonographer on the ultrasound scanner screen. Panel 

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 

= Transducer. 

 

a) c)b)
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After histological processing, all of the processed, transverse sections of muscle tissue 

were transferred to glass slides which were subsequently read and graded by an experienced 

veterinary pathologist with over 16 yearsô experience. The pathologist was asked to grade the 

percentage of tissue on the slide that was composed of inflamed muscle cell and 

necrotic/degenerating cells. These percentages were binned as follows: <1%, 1-10%, 11-20%, 

21-30%, 31-40%, 41-50%, and >50%. The reader also assigned a severity score to lipid content, 

and collagen/fibrosis, which ranged from none (0), mild (1) to severe infiltration (4). This 

scoring scheme was chosen as an adaptation of that proposed in [26], to allow for generalization 

to all four parameters of interest in this study. In all 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 dye was present in the section, an inflammatory response to the dye was 

sometimes observed. In these cases, the linear needle track and adjacent tissue was excluded 

 
Figure 5.3 Example H&E stain showing an artifact of inflammatory response to the methylene blue 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 = 

Hematoxylin and Eosin. 
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since the inflammation from the dye could skew observations. An example of this needle artifact 

is presented in Figure 5.3.  

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 of time. In Figure 5.4, 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. 

 

Figure 5.4 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 absolute deviation 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 Elasticity. 

 

Control 

GRMD
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In some cases, however, the differences are not as clear or simple. Figure 5.5 shows a 

sample time course for the RF muscle of a control and a dystrophic canine. Note at 3 and 4.5 

months, the muscles of the control and dystrophic dog have a similar appearance. At 6, and 9 

months, however, the muscles diverge, with the dystrophic RF again becoming heterogeneous 

and stiffer, while the control remains generally unchanged from the 4.5-month acquisition. At 12 

months, seem to regain the similarity that was observed at 3 and 4.5 months, 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 critical differences in the control and dystrophic muscle. 

5.3.2. Texture Features ï Cross Sectional Comparison 

Example texture-feature plots, shown as a function of time, for the RF, VL, CS and ST 

muscles and computed using RE images, are shown in Figure 5.6. The asterisk demarks time 

points at which the control and GRMD groups differed significantly. For brevity, only entropy 

and HI are shown in Figure 5.6. However, comprehensive between-group comparisons are 

 

Figure 5.5 Example time course of images from a control (top row) and dystrophic (bottom row) RF muscle. RF = Rectus 

Femoris. 

 

Control

GRMD
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presented in table form in and Table 5.2.  In Table 5.2, p values of between group differences are 

reported for images acquired in the transverse orientation, for both RE and RV parametric 

images, and for 3D MRI images. Table 5.3 is organized identically to Table 5.2, with the data 

Table 5.3 Between-group p values from Wilcoxon rank sum between control and GRMD texture features as a function of 

time point. VisR p values derived from transverse images RF = Rectus Femoris, VL = Vastus Lateralis, CS = Cranial 

Sartorius, ST = Semitendinosus, LRE = Long Run Emphasis, SRE = Short Run Emphasis, GLN = Gray Level Non-

uniformity, RLN = Run-Length Non-uniformity. 

RF LRE RE LRE RV LRE MRI SRE RE SRE RV SRE MRI Entropy REEntropy RV Entropy MRI GLN RE GLN RV GLN MRI RLN 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 0.000 0.198 0.763 0.000 0.095 0.040 0.152 0.040 0.106 0.036 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 0.000 0.003 0.715 0.330 0.000 0.991 0.510 0.013 0.897 0.356

VL LRE RE LRE RV LRE MRI SRE RE SRE RV SRE MRI Entropy REEntropy RV Entropy MRI GLN RE GLN RV GLN MRI RLN 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 0.000 0.694 0.121 0.000 0.397 0.232 0.004 0.463 0.463 0.001 0.281 0.694 0.000

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 0.151 0.024 0.275 0.208

CS LRE RE LRE RV LRE MRI SRE RE SRE RV SRE MRI Entropy REEntropy RV Entropy MRI GLN RE GLN RV GLN MRI RLN 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 0.017 0.950 0.662 0.011

9 mo 0.485 0.937 0.589 0.937 0.699 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 MRI Entropy REEntropy RV Entropy MRI GLN RE GLN RV GLN MRI RLN 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 0.000 0.121 0.336 0.044 0.094 0.232 0.006 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 0.000 0.149 0.430 0.000 0.036 0.369 0.011 0.165 0.341 0.002 0.004 0.399 0.001 

Table 5.2 Between-group p values from Wilcoxon rank sum between control and GRMD texture features as a function of 

time point. VisR p values derived from along-fiber images RF = Rectus Femoris, VL = Vastus Lateralis, CS = Cranial 

Sartorius, ST = Semitendinosus, LRE = Long Run Emphasis, SRE = Short Run Emphasis, GLN = Gray Level Non-

uniformity, RLN = Run-Length Non-uniformity. 

RF LRE RE LRE RV LRE MRI SRE RE SRE RV SRE MRI Entropy RE Entropy RV Entropy MRI GLN RE GLN RV GLN MRI RLN 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 0.000 0.175 0.544 0.000 0.665 0.100 0.152 0.840 0.112 0.036 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 0.006 0.678 0.619 0.000 0.281 0.106 0.330 0.281 0.056 0.510 0.229 0.407 0.356

VL LRE RE LRE RV LRE MRI SRE RE SRE RV SRE MRI Entropy RE Entropy RV Entropy MRI GLN RE GLN RV GLN MRI RLN 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 0.000 0.536 0.779 0.000 1.000 0.867 0.004 0.955 1.000 0.001 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 0.002 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 MRI Entropy RE Entropy RV Entropy MRI GLN RE GLN RV GLN MRI RLN 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 0.009 0.328 0.050 0.013 0.130 0.015 0.026 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 0.002 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 MRI Entropy RE Entropy RV Entropy MRI GLN RE GLN RV GLN MRI RLN 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 0.003 0.574 0.959 0.000 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 0.000 0.106 0.373 0.000 0.011 0.081 0.011 0.016 0.023 0.002 0.038 0.307 0.001 
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reported in table Table 5.3 being derived from images acquired in the along fiber orientation.  

Values of p < 0.1 are highlighted in yellow, and values of p < 0.05 are highlighted in red for both 

tables. 

 

Figure 5.6 Plots of entropy (left column) and HI (right column) from the RF (a-b), VL (c-d), CS (e-f) and ST (g-h) 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 = Rectus Femoris, VL = Vastus 

Lateralis, CS = Cranial Sartorius, ST = Semitendinosus, VisR = Viscoelastic Response, RE = Relative Elasticity, GRMD = 

Golden Retriever Muscular Dystrophy. 
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Table 5.4 shows the result of fitting each VisR and MRI texture feature to both a linear 

and quadratic model, and then testing the null hypothesis that the result of model is equal to a 

line with zero slope. The p values shown in the table test if the within-group change over time is 

statistically significant. Table 5.4 presents data from both transverse, and along-fiber RE and RV 

images. Values shown as NaN represent model non-convergence, meaning the fit to the linear or 

quadratic model was too poor to converge on any possible solution, and thereby, p value. 

5.3.3. Texture Features ï 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 heat maps are used to show significant difference (in red) overlaid on the p value from the 

Wilcoxon test. Figure 5.7 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 rows and the GRMD in the even numbered rows. In Figure 5.7, texture features 

are derived from VisR RE images. 

Table 5.4 p-values from linear and quadratic fits of texture features through time. p values signify if the slope of the model 

fit is significantly different from zero. NaN values represent non-convergent model fits. Upper section derived from 

transverse images and lower section from along-fiber images. 

Transverse

SRE RE SRE RV SRE MRI LRE RE LRE RV LRE MRI RLN RE RLN RV RLN MRI GLN RE GLN RV GLN MRI Entropy REEntropy RVEntropy MRI

RF Linear 0.05 0.8 0.2 0.3 NaN 0.2 0.09 0.5 0.2 0.4 0.4 0.07 0.7 NaN 0.2

RF Quad 0.04 0.9 NaN 0.2 NaN NaN 0.6 0.5 NaN 0.09 0.6 NaN 0.3 NaN 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 0.1 NaN 0.2

CS Quad 0.4 0.9 NaN 0.4 0.3 NaN 0.7 NaN NaN 0.4 NaN NaN 0.2 NaN 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

SRE RE SRE RV SRE MRI LRE RE LRE RV LRE MRI RLN RE RLN RV RLN MRI GLN RE GLN RV GLN MRI Entropy REEntropy RVEntropy MRI

RF Linear 0.1 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 0.3 NaN 0.3 0.2 NaN 0.4 0.5 NaN 0.5 0.6 NaN 0.9 0.6 NaN

VL LinearNaN 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 0.9 NaN 0.8 1 NaN 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 0.9 NaN 0.01 0.4 NaN 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 0.5 NaN 0.2 0.4 NaN 0.5 0.9 NaN 0.4 0.2 NaN 0.2 0.9 NaN   
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Figure 5.8 is organized identically to Figure 5.7, except the data are derived from VisR 

RV images. Similarly to Figure 5.7, Figure 5.8 shows significant differences within-group 

between time points, serving to visualize variability within group as a function of time. 

Figure 5.9 and Figure 5.10 are organized, and contain similar data sets to, Figure 5.7 and 

Figure 5.8, respectively, excluding the orientation of the RE and RV images, which case of 

Figure 5.9 and Figure 5.10, were acquired along the muscle fibers. 

Finally, the results of a similar analysis of the 3D MRI texture data are presented in 

Figure 5.11. 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 < 0.05. 

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 VisR RE parametric 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, 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 < 0.05. 

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 VisR RE parametric 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, 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 < 0.05. 

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 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 = 

Semitendinosus, GRMD = 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 < 0.05. 

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 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 = 

Semitendinosus, GRMD = Golden Retriever Muscular Dystrophy, RV = Relative Viscosity. 
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Figure 5.9 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. These 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, GRMD = Golden Retriever Muscular Dystrophy, RE = Relative Elasticity. 
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Figure 5.9 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. These 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, GRMD = Golden Retriever Muscular Dystrophy, RE = Relative Elasticity. 
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Figure 5.10 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. These data are collected 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 Retriever Muscular Dystrophy, RV = Relative Viscosity. 
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Figure 5.10 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. These data are collected 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 Retriever Muscular Dystrophy, RV = Relative Viscosity. 
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Figure 5.11 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. These data are collected from 3D, T2 weighted 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 Resonance Imaging. 
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Figure 5.11 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. These data are collected from 3D, T2 weighted 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 Resonance Imaging. 
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5.3.4. VisR Anisotropy Results 

In addition to texture analysis, the VisR RE and RV ratios were also acquired, as 

described in Chapter 4. Figure 5.12 shows RE anisotropy ratios from the ST muscle of the 10 

control and 10 GRMD canines. We observe in Figure 5.12 that the DoA in the control ST is near 

1.0 (1.13 ± 0.27) on average, whereas 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 properties. 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 parameter that the MRI reader, a trained radiologist, was 

confident could be visualized using the T2/T2FS images, was inflammation of the muscle in the 

form of edema. Table 5.5 shows the tabulated data as acquired by the radiologist. Notes, for 

 
Figure 5.12 Boxplots of Control (left) and GRMD (right) RE DoA. The black bar and 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. 
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some acquisitions, are also included in the final column of Table 5.5. These notes suggest 

interesting or unexpected findings in the data that did not directly affect any of the four 

parameters that the radiologist was tasked with identifying. Rows that are colored black represent 

Table 5.5 MRI-based reader scores of edema in control and GRMD canine muscles. 

 

 

 

Dog ID Phenotype Age

Edema Score (1-4) Edema Score (1-4) Edema Score (1-4) Edema Score (1-4) Notes:

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 1)

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 2)

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 3)

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 4)

10 Carrier 6 mos 0 0 0 0 0 0 0 0

12 mos 0 0 0 0 0 3 0 0 5)

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 5)

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 1 0 0 0 0 1 0

12 mos 0 0 0 0 0 0 1 1 6)

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 0 0 0 7)

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: 5) Related to biopsy site

6) Adductor compartment affected

7) Distal VL grade 1 distally, bilaterally

4) Right VL score of 3 distally, Left ST: score of 3 proximally

1) Very slightly increased signal in cranial sartorius bilaterally

2) Left ST is slightly decreased from prior, though not enough to change the score

3) Sartorius appears hypertrophied compared to 6m

Rectus Femoris Vastus Lateralis Cranial Sartorius Semitendinosus

Muscle
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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 

Figure 5.13 shows example H&E stained muscle sections for each of the six pathologist-

identified percentage-bins for inflammation, as observed in the data. The example images are all 

skeletal muscle from the canine model. Most of the images are from GRMD dogs, except the 

mildest case, which is from a non-affected dog. For these examples, the specific muscle was not 

a choice-metric; rather each example was chosen by the radiologist to be the best representation 

for each bin. Inflammation can be identified in these panels by areas of increased nuclear 

density. 

Figure 5.14 is similar to Figure 5.13, however in these examples the radiologist provides 

images identifying percentage-bins for necrotic and degenerating cells. Necrosis can be 

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

 

Figure 5.13 Example images of percentage-bins used by the reading pathologist to grade inflammation in H&E-stained 

muscle sections. H&E = Hematoxylin and Eosin. 
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from the collagen matrix, and in some cases, large, smooth-looking, deep-red cells. These deep-

red cells are sometimes colloquially identified as ñdead-reds,ò and are a telltale sign of tissue 

necrosis. 

Figure 5.15 shows example Massonôs trichrome images that represent fat and fibrosis 

scores of 0, 1, and 2, when the panels are read from left to right, and top to bottom. Using 

Massonôs trichrome stain, muscle cells stain red, and collagen stains blue. Using this stain, the 

pathologist was able to determine a baseline level of collagen for each muscle, which allowed 

her to determine the degree fibrous infiltration due to GRMD. Fat is visible using either H&E or 

Massonôs trichrome stains. Fat can be identified in any of the example images as a lace-like 

patter, which is primarily white. This occurs because the fat matrix has a lace-like pattern, and 

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

area on the slide in its place. 

 

Figure 5.14 Example images of percentage-bins used by the reading pathologist to grade necrosis in H&E-stained muscle 

sections. H&E = Hematoxylin and Eosin. 
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Summary statistics for histology grades of inflammation, necrosis, fibrosis, and fat from 

the 6-mo biopsy, are shown in Figure 5.16. The top row of Figure 5.16 are the results from non-

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 than 10% necrosis, 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. 

Figure 5.17 shows data organized similarly to Figure 5.16, however the data in Figure 

5.17 are from the 12-mo biopsy or necropsy. Note that the control group shows little change. The 

GRMD group shows a decrease in inflammation, concurrent with an increase in necrosis and 

fatty infiltration. 

5.3.7. Comparative Analysis 

Figure 5.18 shows a matched set of VisR RE and RV images, with the Massonôs and 

H&E serial sections in the ST muscle of a GRMD canine. Note on the left side of the RE image 

 

Figure 5.15 Example images of grade 0, 1 and 2, for both fibrosis/collagen content (blue) and fat (white lace pattern). 

Fibrosis is primarily observed in the Massonôs trichrome stain as shown above. Fat content was determined by both Massonôs 

and H&E stains. H&E = Hematoxylin and Eosin. 
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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 collagen deposition shown in the Massonôs stain. Similarly 

in the RV image, 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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Finally, Figure 5.19 shows the results of a direct comparison between VisR derived 

anisotropy estimates, and histology results from the ST muscle. As expected, all four histological 

 

Figure 5.16 Control (top) and GRMD (bottom) histology summary statistic. Pie charts show the distribution of percentage 

muscle area or severity grade for each parameter. These data were acquired from 6-mo biopsy. GRMD = Golden Retriever 

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

muscle area or severity grade for each parameter. These data were acquired from 12-mo biopsy/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 

RE DoA was significantly higher in the GRMD vs control dogs, and the GRMD ratio was 

greater 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. 

  

 

Figure 5.18 Matched VisR RE (top-left)/ RV (top-right) images and serial Massonôs trichrome (bottom-left) and H&E 

(bottom-right) stains from serial sections in a GRMD ST muscle. VisR = Viscoelastic Response, RE = Relative Elasticity, 

RV = Relative Viscosity, H&E = Hematoxylin and Eosin, GRMD = Golden Retriever Muscular Dystrophy, ST = 

Semitendinosus.  
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5.4. Discussion  

5.4.1. Texture Features 

From Table 5.2 we observe that generally VisR RE texture features are more sensitive to 

the differences in texture between control and GRMD images. This may be due to the age of the 

dogs observed in this study. At a young age, it is expected, and was observed in our histological 

 

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 RE DoA as 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. 

 

a) b)

c) d)

e) f)
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data, that fat is not a highly prominent feature in the GRMD muscle. We expect fat to cause a 

viscous change in the muscle property, therefore, with a limited fat presence in the muscle, the 

majority of the compositional changes over the first year manifest as elastic changes. 

We also note from Table 5.2, Table 5.3 and Table 5.4, that at 3 and 4.5 months, VisR 

does not detect any change in texture 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 no 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 MRI, it is important to note that MR and VisR data are not necessarily assessing 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 cases a texture 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. 

From Table 5.2, Table 5.3 and Table 5.4, 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. The most marked 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 true-hypertrophy of the muscle cells [15]. Cell death and 

degeneration is expected to cause viscoelastic 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 VisR-based texture features. 
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Figure 5.7 and Figure 5.8 show that there is a great deal of both elastic and viscous 

variability between time points in the healthy RF muscle. This sort of variability was 

hypothesized for GRMD muscle, but was unexpected in healthy muscle. Observation of healthy 

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 nature [80] and growing rapidly over the first year of the dogôs life, the compositional 

and viscoelastic property of the RF changes rapidly and frequently. This rapid change causes 

large within-group variability 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 observed in the CS 

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 fibers, as in Figure 5.9 and Figure 

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 transverse case, and again it may be explained by the bi-pennate 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 visible. Therefore, 

in longitudinal images, the rapid growth and complex structure looks more homogeneous than in 

the transverse case. 

Table 5.5 shows the results from the MRI reader. We note from the table that, even 

though the reader was asked to score inflammation, necrosis, fibrosis and fat, only inflammation 

(edema) could be confidently scored. Further, 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 presented in Figure 5.16 and Figure 5.17 show good 

agreement with previous work on GRMD muscle [15], [72], [73], [81], [82]in terms of the 

overall composition of the tissue. At 6 months, our data show that a large percentage of dogs 

have high-grade 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, fibrosis score increases 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 using spatially matched histology, VisR could successfully localize 

regions of fibrosis and fatty infiltration, in some cases, as demonstrated in Figure 5.18. This 

result suggests that VisR serves as not only a tool for assessing the overall muscle 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 suggest that VisR-derived anisotropy estimates detect meaningful 

differences in control and dystrophic muscle quantitatively. The VisR-derived results are also 

supported by histologic findings that suggest elevated degree of anisotropy in RE occurs 

coincidentally with increased levels of inflammation, necrosis, fibrosis and fat. Most markedly, 

the RE DoA estimates, as presented in panel f) of Figure 5.19 suggest that there is a positive 
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correlation between DoA and the percentage of necrotic tissue in the GRMD ST muscle. This 

result suggests that the change in RE DoA may be due to the breakdown in the muscle cell 

integrity along its length, after apoptosis occurs. The breakdown of the cell may effectively lead 

to a decrease in the longitudinal modulus of the dead muscle fibers, which would increase the RE 

DoA (recalling equation 7 from Chapter 4). This result is also in agreement with anisotropy 

study in human skeletal muscle [83]. 

5.5. Conclusions 

From the pre-clinical study in the GRMD model, we conclude that application of texture-

feature analysis, using the GLRLM approach, to VisR RE and RV images, can provide insight to 

the spatial changes in the viscoelastic composition of skeletal muscle. Our one-year-long study 

showed that we successfully detect changes in texture features, both cross-sectionally and 

longitudinally, in transverse and along fiber images, both within and between cohorts. 

Additionally, our MRI-based 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 that VisR-based 

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 to find the strengths and weaknesses of VisR imaging 

when performed pre-clinically. 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 identify 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 important non-invasive monitoring tool in the many ongoing 

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 

qualitatively asses the viscoelastic properties of muscle tissue. Although quantitative markers can 

be derived from these qualitative values, VisR does not directly yield quantitative elasticity and 

viscosity estimates. In this chapter, a novel, quantitative method, for processing VisR data will 

be demonstrated. 

Quantitative Viscoelastic Response (QVisR) imaging estimates the quantitative values 

for tissue elasticity and viscosity by comparing experimental displacement data, generated via a 

VisR excitation sequence, to a pre-computed set of displacement data which have known 

material properties. Using the similarities between the experimental and pre-computed data, the 

experimental elasticity and viscosity are determined. 

The primary benefit to a quantitative method such as QVisR, is 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 necessary. While these markers are important and useful, they do not allow for 

direct comparison between viscoelasticy, which directly reflects underlying tissue composition. 

Currently, other ultrasound elasticity methods exist to quantitatively assess tissue 

viscoelasticity. Primarily, these methods are based on measuring the shear wave propagation. 

Shear wave methods are plentiful and are generally based on estimating the group velocity of the 

shear wave to estimate the shear elastic modulus of the tissue [84]ï[86]. Methods for exciting the 

shear wave are varied, but can be generally grouped into either ARF-based [66], [86]ï[88], 

external vibration [67], [89]ï[91], or physiological sources [92]ï[94]. Additionally, some shear 
























































































































































































































































































































